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ABSTRACT
Soil compaction has become a major challenge in tropical agriculture due to the increasing use of heavy
agricultural machinery for tillage. Soil compaction sets in a spiral of soil degradation processes
through reduced infiltration increased runoff and soil erosion. Ultimately, soil and crop productivity
are impaired. Several remedial measures have been proposed to minimize soil compaction-induced
degradation. Among these is biochar application to soils. Though the impact of biochar on enhancing
soil physical properties is increasingly reported in the literature, data in Ghana continue to be scant
and research also continues to lag on this front. The focus of this was three-fold. First, the impact of

biochar application on compacted soils with regard to their physical and hydraulic properties such as

the bulk density, moist estigated using laboratory

studies. Second, the gro erica 14) under a range of
biochar-amended compa tions. For laboratory and
greenhouse studies, the In a final study, two (2)
biochar-modified runoff cting runoff from biochar-

amended compacted Toj

The laboratory study was actorial arrangement with

three (3) compaction leve *and  high bulk density D3

= 1.7 Mg/m?), rice husk & Jing to 0, 10 and 20 ton/ha,

respectively) was usr , Cp em height and 16 cm
] : - |

diameter were irrigated from all simulator. Data were collectgd iltration and saturated

hydraulic conductivity. The va#ﬁigrgﬁﬁlkﬂﬁwmgp lication was also determined.

The soil moisture characteristic (SMC) was determined on samples of the various treatments using

the Haines equipment and the dominant soil pore size was derived from the SMC.
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In the case of the greenhouse study, a similar experimental arrangement was used but with the PVC
column heights of 40 cm. In addition, Nerica rice was planted and intermittently irrigated until
maturity. There were 3 levels of irrigation (low: seasonal irrigation = 338.5 mm; medium = 419 mm

and high = 569.5 mm).

Both biochar application rate and bulk density and their interactions showed significant effects on the
pore size and saturated hydraulic conductivity (Ksa). The dominant pore size increased from 0.0075
cm for the very high compacted soil (D3) at 0 ton/ha biochar application to 0.015 cm for low
compacted soil (D1) at 20 ton/ha biochar application. Similarly, the Ksat was lowest (0.78 cm/h) for

D3 with no biochar application and highest for D1 with 20 ton/ha biochar application. The increased

pore size for the low de e high Ksat values since

according to Poiseuille’s power of the pore radius.

It was observed that bio ity. Soil compaction also
significantly impacted i orton’s (1948) infiltration
model showed that the hi 4.7 cm/s) was observed for
D1 with 20 ton/ha bioche ton/ha biochar application

rate. With respect to Phil as highest (12.1 cm/min

05) for D1 at 20 ton/ha biog ychar. The biochar-induced

parameters used to predic

laboratory determineio _@I
A -

The greenhouse results shox@}bioch&applicaﬂouaduced# : k density, offsetting the soil
NTEGRI PROCEDAMUS *—

compaction effect on plant growth as well-as-the-runoff, drainage and evapotranspiration

lip’s equations predicted the

components of the water balance. The actual seasonal evapotranspiration (ETa) was reduced with

increasing soil bulk density for each water regime. The highest yield was recorded for the treatment
Vi
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combination of the high-water regime, 10 ton/ha biochar application and bulk density, D1. In
general, the grain yield response to soil compaction was in the D1 > D2 > D3. The Water Use
Efficiency (WUE) decreased with increasing density levels except for D2. Biochar had only a small
significant effect on the WUE of the compacted soils. The input of the biochar and soil compaction
modified ETa in the Doorembos and Kassam (1979) yield production function showed that rice yields
under varying soil compaction and biochar application could be satisfactorily predicted (R? = 0.67;

Willmott d-index (0.89).

Runoff was well predicted using the models of Ive et al. (1976) and the USDA Natural Resource

Conservation Service (NRCS, 1972) Curve Number (CN) that were modified to respond to soil

compaction and biochar e performance of the two

modified models was a .67.

In general, it can be duced by tillage can be

effectively addressed by biochar application.

TEGRI PROCEDAMUS |
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CHAPTER ONE
1 INTRODUCTION

1.1 Background

Agriculture is the dominant industry in most developing countries of the world, especially West
African countries. As part of the efforts to achieve food security, many governments are eagerly
following the modernization of agriculture because it is a better alternative approach to other
traditional methods (such as manual cultivation). In our society today, the term ‘“modernized
agriculture’ has been used synonymously with mechanization, which refers to the use of tractors, heavy

agriculture machinery, and fertilize

r application to achieve intensification of crop production. Studies
in Ghana have shown the ' Iy among farmers (Diao et
al., 2018) and the use of on (Houssou et al., 2013).
Though mechanization ften associated with soil
degradation. Mechanizatio ultural machinery may not be
suitable for all types of § e continuous use of heavy

machinery would lead ta

It is also observed that th juencyofhigh’ as i _ any countries worldwide,
apparently due to climate ia ) guency of extreme rainfall
events. Adiku (2019) observe ainfallg . ensities at several locations

in northern Ghana. @Qaﬂo of

runoff and erosion y__vith associated nutrient..losses.. Earm-l-zer r
=T WTEGR| PROCEDAMUS

environmental degradation. Excess nutrient fosses-from-the soil into water

Its _i._rlneconomic loss and
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bodies can result in eutrophication and methemoglobinemia owing to a high influx of nitrates leading

to the death of aquatic organisms and blue-baby disease, respectively.

Soil compaction is becoming a severe agricultural problem in poorly structured soils. It is often seen
as the most challenging type of soil degradation in arable lands because it is an insidious process
(McGarry, 2003). Soil compaction causes the rearrangement of soil particles and reduction in macro-
porosity and total pore space by stresses which can be caused by both internal (increasing pore water
suction during drainage and drying) and external (machinery) forces. The leading cause of subsoil
compaction in agricultural soils is the use of heavy-duty machinery, especially heavy air carts,

harvesters and chaser bir

rampling and overburden
pressure. Compact soils ase nutrient leaching and

the emission of greenhou

The degradation effects ectares of cultivated land

have also been reported o‘ effects of soil compaction
on soil quality and crop p soil pore spaces, reduction
in water infiltration rate i on into the soil root zone
and the subsoil, increase runoff, and soil erosion.
The reduction in air and W iI aggregates, reduction in

crop emergence due to soil iting.the soil volume explored

by roots and root pen he subsoil, and'the restriction ofre aiion which decreases
nutrients uptake are other nﬂgﬁiﬁﬂi HH@@EM%&{% hese factors will eventually

result in increased stress to the crop, reduce crop yield (Radford et al., 2000; Hamza and Anderson,

2005; Mckenzie, 2016) and reduced crop yield.
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1.2  Problem statement and justification

As soil compaction reduces soil productivity due to its resultant effects of high bulk density and
decreased porosity. Several amendments have been proposed by researchers to offset the effect of high
soil bulk density. In recent times, the application of biochar has been reported to significantly improve
soil physical and hydraulic properties, due to its large surface area and presence of internal micropores,
which aid increase the overall soil porosity (Nguyen et al., 2004; Mukherjee et al., 2011). Thus,
researchers have identified the use of biochar as a good soil amendment material (Mukherjee and

Lai, 2013, Xie et al., 2015).

The biochar technology has proven to be effect ive i i il and crop productivity but still has
low adoption rates amo ‘ at even when successfully
applied to soil, large qua under heavy rainstorms
when field soil cover pplication may eventually

reduce runoff and erosion

Many studies have been ohysiochemical properties

and crop productivity (C al., 2016). Qi Liu et al.
(2016) indicated that co biochar application. This
has contributed immense g its bulk density, pore

size distribution. However,ir air il
leaching and runoff @@l al riculture. THe study Was desi
m pacted:soit-of Ghand= = 1 1 41 |
PPEEHT PROTEDAMUS.

data on nutrient losses by

=%

examine runoff and

|
drainage in a biochar-amend



University of Ghana http://ugspace.ug.edu.gh
1.3 Hypothesis

It is the hypothesis of this study that the application of biochar to alleviate compaction challenges in
soils is due to several effects. Firstly, the increase in soil porosity due to biochar application would
increase the time to runoff and erosion, giving sufficient time for infiltration. Secondly, the high-water
absorption ratio of hydrophilic biochar would increase water retention in the soils and reduce the
frequency of soil desiccation. Third, the reduction of runoff on biochar-amended compacted soils,

even under high rainfall storms, would enhance crop growth better than non- biochar amended soils.

Therefore, a better understanding of the impact of biochar application on soil physical and hydraulic
properties would enhance the development of appropriate management practices that would reduce the

rate of soil degradation. dat Limp( 3 0 lack in Ghana as well as

tropical literature.

Furthermore, since plant ses to @ pn depé ngly on es in the soil water regime
(Gomez et al. 2002), qua‘ ative dat on soil Water storage and nutfient 16sses by leaching and runoff
is required for careful d e proble ontrolled nd laboratory conditions

experiments were designe RQ) were as follows:

RQ1: Will a soil cond th and yield caused by

compaction under all rain

501 com_pgction on runoff and
|

|

RQ2: Will biochar tec_hnl

drainage losses of ap ients? ‘ Jﬂ

o — e e p— 5 |

~— N INTEGRI PROCEDAMUS ' —
RQ3: Will the inclusion effects of bio%ﬁoftﬂgﬁ&%ﬁggﬂmce the simulation of the runoff
component of the water balance equation, thereby assessing its impact on crop growth and yield on

Toje series, a Rhodic Khandiustalf of Ghana?
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It is also hypothesized that the slow pace of soil degradation research in many developing countries can
be attributed to the high costs of field experimentation, especially when resources are also lacking.
Field research is also often time-consuming and location-specific, there is a limitation to the
extrapolation of results. In recent times, simulation models have been shown to be additional effective
tools for analyzing the impact of a host of management practices on soil and crop productivity.
In a recent study, (Adiku et al., 2021) developed a model for assessing the impact of soil degradation
on soil water and nutrient balance as well as maize yield. The model could be applied at various
locations including Ghana, Zimbabwe and India. Thus, it is hypothesized that the use of modelling

approaches would also support the assessment of biochar impact on soil degradation and crop yields.

1.4  Objectives

The overall objective of e effect of biochar on soil

physical properties as we he water balance and rice

growth under varying degrees.of soi action. ifica : as designed to:

(i) determine the changes alid ic propertia amended compacted soils

during controlled irrigati

(i) determine the water be ation) and rice growth and

the yield on biochar-amen nder 3 irrigation regimes,

and

(iii) assess two runoff models f ir suitability for improving.th management of crops grown

~——1 INTEGR| PROCEDAMUS '—

on biochar-amended compacted soils.
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CHAPTER TWO
2 LITERATURE REVIEW

2.1 Rice production in Ghana

Rice (Oryza sativa) is a major staple food in West Africa and demand has doubled in recent years
due to the high population growth rate in the region (Seck et al., 2010). As the staple food of more
than half of the world’s population, its high production variability has many concerns for global food
security, especially, in sub-Saharan Africa (SSA) where there is a fast- growing disparity between
domestic production and consumption (Seck et al., 2010). This situation has caused large importation

of rice by many governments in the region.

In Ghana, there is low as they depend largely on

imported rice (Abel et al onsumption. However,

in recent years, bra provement in quality

(Ayeduvor et al, 2008). Va and modern varieties namely,

drought tolerance, weed ich are being promoted in

northern Ghana (Ragasa onditions: upland rainfed,

lowland rainfed and irriga portions of upland rainfed,

lowland rainfed and irric 2.7%, 30.4%, and 57.0 %,

respectively (Buri et al., 20z

A new variety/ offsp aduced fro : WO species @hﬁva L. (Asian rice)
and Oryza glaberrima Steum rice) called NERICA i for Africa) which has high
EGAI PROCEDAMUS

yielding potential and the ability to survive in-aharshenvironment was developed and adopted (Manneh,
2004). It is referred to as upland rice as it can thrive well in rain-fed upland ecosystems. In Ghana, the

government executed a project in the year 2003 called the Nerica Rice Dissemination Project (NRDP)

6
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to promote the production of locally produced rice, which has a higher yield, to achieve food security
and also alleviate poverty (Abel et al., 2014). However, there are different genotypes of this improved
rice that are produced among which are NERICA 4, 5, 8, 10 and 14. Its ability to perform better than
the other traditional varieties (Ndebeh et al., 2018) in terms of drought tolerance, better fertilizer
response and higher yields have been reported (Evenson & Gollin, 2003). It is thus the focus of this
study to investigate the response of the upland NERICA to soil and climate factors such as soil water

regimes and soil compaction.
2.2  Tillage practices and crop production

The history of land tillage.i h, R. 1998). In the early century

-10,000 years ago, plant owing around crops were

removed by hand usin hoes to till the land for

cultivation. Such imple eet low demands. With a

population estimated to _production must increase

drastically to offset the

The several approaches p ncrease in cultivated land

area, including sometim dernization of agriculture

(intensification by incree Ilage). Undoubtedly, the

modernization of agriculture d the productivity of the land.

-

Tillage is the mechani crops, involving the

1

‘ D
breaking, digging and rearran en"él'!tr &ﬁﬁbmuﬂﬁ int’o‘ﬁlrimary and secondary
tillage. Tillage is used in controlling weeds, incorporating amendments. Mechanized form of farming uses
heavy implements such as tractors, ploughs, and harvester for the function of tilling soil, but small-scale

farmers may also use animals in tilling the soil. This mechanized form of agriculture has helped in
7
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various ways; by increasing the production of crops for increasing population, boosting labour
productivity, and reducing drudgery (Fonteh, 2010) compared to subsistence farming. Thus, when
used adequately, mechanization can help to ameliorate and restore the problems encountered with soil

(Lal, 1993; Rashidi and Keshavarzpour, 2008).

Yet, mechanization has also brought along a myriad of environmental challenges. Conventional tillage
or ploughing increases mechanical stress reaching subsoil layers (Mcmaster et al., 2013). Soil tillage
affects different soil physical properties that ultimately influence plant growth and yield (Ozpinar and
Cay, 2006; Majid Rashidi and Keshavarzpour, 2007; Rashidi and Keshavarzpour, 2008). Therefore,

inappropriate use of mechanized tillage can accelerate the degradation and destruction of soil structure

(Lal, 1993). Furthermore, d intensetillage operations

lead to the problem of co and Keshavarzpour, 2007).
Seixas and Tim (1997) ex fluence of tillage, and how

subsoil compaction can be fe wheel in-furrow.

TEGRI PROCEDAMUS |
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2.3 Environmental e

2.3.1 Influence of soi

The issue of soil compact in Ghana, since, like any

other intensified upland nventional tillage, where
heavy machinery is incre ndicated that of the three
main tillage practices ¢ servation and minimum
tillage, the adoption of pace of three years. This

suggests that the product ‘produced on mechanically

tilled lands and soils% @1

Soil compaction mfluences soil p ?E_énelegtcal and-chemical PJ hjgn'ls which'inturn have a direct
Ri PROCEDAMUS —

effect on the growth and yield of a wide range of crops (Kayombo and Lal, 1993; Ozpinar and Cay,
2006; Yusuf, 2006; Rashidi and Keshavarzpour, 2008). Soil compaction may reduce the soil oxygen
content of the root zone (Ozpinar and Isik, 2004) and increase mechanical impedance that limits

9
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root growth (Ocloo et al., 2014; Elfadil and Salih, 2017). Soil compaction has been reported to inhibit
the downward rooting/ elongation of crop roots (Ozpinar and Cay, 2006) because roots can develop
an only to maximum stress above which they cannot grow/magnify in soils (Seixas and Tim, 1997).
Studies have reported the negative impacts of soil compaction on root dry matter yield reduction
(Asady et al., 1985; Lipiec and Hakannsson, 2000). A 40% reduction in dry root mass was reported
to have been caused by an increase in bulk density from 1.3 to 1.9 Mg/m?®(Ocloo et al., 2014). An
analysis of variance from this work showed that soil compaction influenced soybean root mass with
the lowest mass at 1.9 Mg/m?® compared to the density of 1.1 Mg/m®. However, Ozpinar and Cay

(2006) reported no effects on the lateral spread of roots. A study carried out to access the soil water and

soil strength on irrigated estricted the elongation of

maize roots and confine tal., 1998). However, the
growth of maize root w ch was not significantly

different from the contr 6).

In an experiment on so es carried out in Brazil, it

was observed that the roc il layer due to compression
of aggregated soil, high opsoil, however, the root
development was higher e grassroots causing new
aggregates to form and a r _ 2016). In another study, it
was observed that uplan ion level of 1.5 M g/md,

In general, the effect J cording to Henderson
(1989) as: - INTEGR| ﬁFlEDAI:ﬂU:E_- —
%Y =100 — 32.4 X (PR — PR,yit) 2.1

where % Y is the percentage of the maximum forage growth attained due to increased penetration
10
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resistance and PRqrit IS the critical penetrometer resistance beyond which growth declines. According
to Henderson (1989), PRerit = 1 MPa. Root elongation is not only influenced by penetration resistance
but also by other factors such as anaerobic conditions (Seixas and Tim, 1997), and initiation of
laterals on the same axis, which is modified by compacted soils (May et al., 1967). The reduction
of root growth will impact root functions in the uptake and supply of water and nutrients, inability
to support the crops for anchorage, impair the growth of shoot and reduce crop yield.

The use of irrigation to offset the adverse impact of soil compaction on crop growth is often
unsuccessful because of increased runoff which washes the fertilizers away. In general, the adverse
effects of mechanical tillage are often insidious and remain unnoticeable until irreparable “damage” is

done to the soil.

2.3.2 Temperature and
Crop development (i.e., ‘ a functic ‘ Nt erature. The popular day-

degree (GDD, °C d) form

GDD = (T,, —
where Tay is the ambient a

2.2

and tis the chronological
time between any two d een temperature and crop
development. The GDD

determined for several crops

Other environmental soil water and nutrient availabi

ED e P 7 F
crops. Seeds require a subst nﬂﬁfnﬁﬁﬁ* Fmﬁm%_ brecht and Carberry (1993)
opined that maize silk and tassel initiation were delayed, primarily by slowing the rate of leaf
appearance when severe water stress was imposed for 19 days succeeding emergence, but consequent

developmental stages were reached earlier. This was in contrast to the finding made by Campos et al.
11
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(2004), who reported that under water-stressed conditions, anthesis and silking for maize (Zea mays L.)

happened a little later and the anthesis-silking interval increased.

It is important to note that crops’ response to water stress may vary and depend on time and severity of
imposed stress, as well as species and genotypes differences (McMaster et al., 2008). The effect of water
stress can cause the early maturity of crops. Rosenow et al. (1983) found that the development
of sorghum cultivars that differed in the stay-green trait under severe water deficits responded equally
over the entire growing season, nonetheless, severe water deficits developed quickly near the
flowering stage and caused cultivars lacking the stay-green trait to mature earlier. This may explain

why for a particular crop, the effects of water stress may differ for different developmental stages.

From different studies ca effects on developmental

stages are more pronoun and seed filling duration

shortened, causing early olf 2002; McMaster et al.,

2003, 2005; Campos et a

The combination of te ressure Deficit (VPD) is

another major determinan hat VPD (how much more
room there is in the air and transpiration process
(Leonardi et al., 2000; e higher the temperature,

the higher the VPD, leadi ctance (to reduce water loss

and acute strain in t ). Plant ofte anspiration @PD peak and beyond
this peak, photosynti]esis angg%th are r.e;duced and nausmg—a ra |c fallure (Grossiord et al.,
TEGR| PROCEDAM |

2020). This is due to the higher difference in vapour-pressure between leaf and air. Pressure act on
the plant from the leaves to the roots causing drying and heating and the resulting drought increases

the stress effect on the plant (Dai 2013; Peter, 2016). On the contrary, the lower the temperature,

12
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the higher the humidity and the lower the VPD (Peter, 2016), impairing transpiration and crop growth,

in general. The crop remains “lazy”.

Photosynthetic responses to vapour pressure deficit were conducted in the tropical rainforest of
Australia and it was reported that tropical trees showed a greater increase in water use efficiency with
increasing VPD (Cunningham, 2005). However, under high leaf-air vapour pressure deficit, some
other studies reported decreasing rate of stomatal transpiration called feed-forward response rather than

feedback in the former (Cunningham, 2004; Whitley et al., 2013).

2.3.3 Water use efficiency

Water Use Efficiency (W op.to water availability. From

the point of view of an ag per total water evaporated

and transpired from the s e season (Abbate, 2004).
However, from the farme ainfall amount. Water use
efficiency is important in_determining ate g i a ed_moisture applied for optimum
growth and yield of crops. especially nitrogen which
is taken up by mass flow. he nitrogen use efficiency,

NUE (Kappen et al., 200(

Several researchers have

pressure deficit, average rel

limitation to water S@Eh can be wate

| 1 —_ .-H - . 1
has a greater effect-on_the mw%ﬁ?rﬁlﬁmm@n tions (Abbate et al., 2004).

High WUE in water limiting conditions caused the closure of stomata restricting the rate of transpiration

izen and Slatyer 1965) and

-

étic conditions, VPD

pnditions. Amon

in the day. On the contrary, plants growing under severe and moderate water stress at early and middle

stages may exhibit increased WUE (Ge et al., 2012). Yin et al. (2005) reported increased WUE under
13
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water stress conditions. Almost half the increase in WUE was reported under water-stress conditions
and a 50-100% increase in the well-watered condition of upland rice. When the rate of photosynthesis
increases under reduced transpiration levels, WUE increased significantly by 65% (Karaba et al., 2007).
It is important to note that total biomass increases both in well-watered conditions and water stress
conditions, however, the contributing factor differs. For example, in well-watered conditions, the shoot
growth contributes mainly to the total biomass while for the stressed condition, the root growth
contributes to the total biomass. Similar effects are reported by other researchers (Marron et al., 2002;

Siemens and Zwaizek 2003; Zhang et al., 2004).

The question of water use efficiency improvement has become a challenge in agricultural sustainability

security especially in se of rainfall (Bhattacharya,

2019). Araus et al (2002 apacity will be increased,

and stomatal conductanc es transpires. Mulching is
an option for reducing evaporation, soil temperz and thereby increase he yield and WUE (Gan et
al., 2013). Plastic films ‘ ulch by some researchers,
however, problems enco ure, nutrient transport and

crop growth (Liu et al., 2
2.4 Soil physical prop

Though there are general relat rop yields to soil compaction,

they do not offer a@rﬁmnding 0 hy and ho@il compaction alter

| ‘ eyl —-— |
the soil properties to-explal twpgﬂﬁjﬁﬁ)ﬁ@iwu tions -need to be understood

for the design of better management practices. As indicated earlier, soil compaction was defined as
the re-arrangement of soil particles to form denser soils and is influenced by external factors such

as the weight of tractor’s wheel, animal’s trampling feet, hefty machinery trafficking (Jamshidi et al.,

14
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2008), regular chemical fertilizer application and intense tillage operations (Shafig et al., 1994) to
cause a reduction in the volume of soil which affects the productivity of soil and environmental quality
(Seixas and Tim, 1997). Soil compaction caused by agricultural machinery movement was also related
to the initial soil water content (Shafiq et al. 1994). In other words, soils can be more compacted as
the water content increases, but this rise comes to a peak or maximum bulk density (MBD), and
thereafter, the bulk density declines at higher water content. The density of soil increases as the soil
gets wetter to the wetter/ dryer the soil, the more difficult it can be compacted. This relationship is
otherwise called the proctor test. Compaction has been considered a big threat or problem to the

fertility of agricultural soil which resulted in degradation of 68000 km?area globally (Oldeman et al.,

1991), especially the co‘ lematic due to its inability

to ameliorate. In additio ticeable in this compacted

topsoil (Berli et al., 200

With regards to this effe e negative impacts on the

physical properties of soi sical properties are being
used which includes bulk olthusen et al., 2018), soil
strength, penetration, soil nant pore radius sizes, soil
hydrological properties, a ese aforementioned factors

can cause a reduction in pe

I, s T -
al., 1992; Passioura, @__ 1 7 -_@!
2.4.1 Soil bulk denS|ty an@ JE'“ |

INTEGR| PROCEDAMUS I'—

Bulk density is the ratio of the mass of solids in-a medium-to its total volume and can be expressed ing

- of the plant (Kirkegaard et

cm™® or Mg m™ Machines induce compaction leading to higher bulk densities after traffic (Evy

Ampoorter et al., 2012), thus increasing the bulk density of soil is the focal direct effect of

15
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compaction (Adekalu and Osunbitan, 2001; Berli et al., 2004; Reichert et al., 2009). However,
increasing bulk density does not necessarily impede crop growth and yield. Indeed, at some
increased density levels, it can encourage soil water storage and support root anchorage. On the other
hand, soil compaction can also significantly aid good seed-soil contact (Elfadil and Salih, 2017).
This explains that each soil type has its limits of acceptable bulk density for adequate growth and

yield of crops (Reichert et al., 2009).

The ideal bulk density was reported by (Seixas and Tim, 1997) for different soil textures, stating less
than 1.40 gcm-3 for sandy clay loam, sandy loam and silty clay loam soil. Cambi et al. (2018) found out

that the passing of the first vehicle significantly affected the soil’s physical properties before forest

logging and 7 days after (1994) likewise reported

that with eight passing of sed by 15% and 7% under
0.095 kg/kg and 0.155 k depth. At 40-70% of soil
water contents, a significa 2 Si ed 1 D- 100% of available water,
there was no further incr‘ fall occasions and other
subsequent disturbance eby increasing the density
(Hunsnjak et al., 2001). k density in his study of
compaction problems on _amandé et al., 2018, who
tested the effects of traffic | SIC 3 ‘ ki 5 ‘ | . S increased the bulk density
of the topsoil from 1.3 ' 7 ‘ _ air ‘ bility into the soil. As
compaction levels |ncr 2

the effects of continuoUs m cH&HJ@E‘ﬁE& ﬁwm

the soil increased by 11.7% at 0-10 cm depth (Kayombo and Lal, 1993). This direct effect of

' densities also Increase (Berli . A six-year study on

i Nigeria and the density of

compaction on bulk density has led to changes in other soil physical properties.

16
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The compaction effect on the increase in bulk density causes an indirect effect on porosity. In other
words, the increase in bulk density causes a decrease in soil porosity (Culley et al., 1982, Ampoorter
E. etal., 2007). Porosity also referred to as void fraction (air & water) is the fraction ratio of the volume
of voids to the total volume of the soil expressed in percentage or fraction. Compaction in turn affects
the macro-pores which are important for air and water passage in the soil. The changes in the total
porosity of soil are affected by the pore size distribution modifications (Lipiec et al., 2006). Bigger
pores are reduced as the soil particles are more intricately connected, causing lower air permeability
(Edwards, 1988), this disconnects the movement of water and nutrient to the root of crops (Seixas and

Tim, 1997). This makes the soil more susceptible to erosion and fertility reduction.

2.4.2 Soil structure

Soil structure is referre vidual soil particles into

aggregates of different , prismatic, granular and
blocky. The soil structure"can-also be affectec > effect of tillage or erations, especially poorly
structured soil. Compacﬁ ), and deterioration of soil
structure (Rashidi and K ous soil structure with little
or no natural voids. Also, ed soil organic matter, and

high sesquioxide) can inc

2.4.3 Soil hydraulic prop

The soil porous syst@gﬁtion to th ar ccuratej@r understanding and

explanation of the smlhydro%roperw (Crawford,.1994;- ek 004) Inthls respect, as the
EGRI P ,c EDAMLU :

soil structure takes another form and size as a result-of compaction, changes are made to the porous

system which in turn changes the hydraulic properties such as water infiltration and percolation,

hydraulic conductivity, and soil moisture retention. Macro pores (soil big pores) are being reduced,

17
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causing a reduction in water infiltration into the soil (Shafiq et al., 1994) implying the susceptibility of
the soil to erosion (Ampoorter et al., 2007). Infiltration is the amount/volume of water entering into
the soil via a permeable medium per unit area through the upper surface. Infiltration rate is the rate
at which water enters the soil profile. Both are controlled by the pore size distribution (PSD) and
pores alleyway and increase with an increasing effective pore diameter of soil (Kutilek, 2004; Lipiec
et al., 2006). A study carried out in Nigeria on long-term tillage indicated that it caused more
compaction on ploughed watersheds than no-tillage which reduced cumulative infiltration from 65
cm to 5 cm from the year 1976 to 1980. This sudden decline was reported to cause structural collapse
and elimination of transmission pores (Lal, 1985). Compaction causes a reduction of conductive

properties due to the cor ter of soil (Kuncoro et al.,

2004)

Compaction induces br s hydraulic conductivity

drastically (Ohu et al., It was reported that with
increasing bulk density: se penetration resistance
decreases with increasing relationship between bulk
density and saturated t of 96% correlation of
determination. Ocloo et ydraulic conductivity with

increasing density which 1.9 Mg/m?3 respectively. In

the study conducted @c e with an_increase in the degree of
e | -y ]

compactness which “relates to the field bulk density to the bu_lgw%;d through the soil
compaction test in .é'laboraté':g’r%gdilﬁﬂ&:bfpﬁ-t%%m

significantly. These changes in the hydraulic and aeration properties of soil can diminish the

5hyd'raulic-.conductivity reduced

nutrient uptake by plants resulting in poor crop growth. However, compacted soil with its finest pores

still holds water strongly. It holds more water at field capacity than the un-compacted soils (Currie
18
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1984, Cambi et al., 2015), even when the water is not readily available for plant use.
2.5 Management of soil compaction

The best way is to avoid soil compaction in all possible ways (Hatley et al., 2005). Literature has
recommended the law of ‘do not plough when the soil is too wet or too dry’, however with the
demand of achieving food security for an ever-increasing population, it is difficult not to apply
mechanization to the production of food (Batey, 2009). It is therefore important to manage the impact
of soil compaction on agricultural lands for soil and crop productivity. To ameliorate soil compaction
problems is of pronounced importance for food security, global warming mitigation, as well as soil

sustainability and productivi ifferent methods have been

proposed in the literat revention or compaction

alleviation. In preventing ease the normal stress or
the axle load by decreasi ge, also by improving soil
macro-porosity. However, a d be alleviated either by sub-
soiling (deep ploughing fallowing) or the use of
amendment (practicing s have suggested the use
of mulching in alleviati l., 2006). However, large
quantities of mulch are ved. Qi Liu et al. (2016)

indicated that compaction ar application.

Biochar is a product %is groduce der little or no oXygen whm@alcitram carbon and

| - |
acts as an alternative-io alle atME@H‘P Hﬁnﬁyﬁﬁmw 0 its perous structure, large

surface area and hydrophilic properties (Asai et al., 2009; Lee et al., 2013). It is an amendment
that enhances the soil physical, chemical and biological properties of soil (Lehmann et al., 2011,

Mukherjee and Lal, 2013). Biochar is a carbon-rich material produced by pyrolysis of biomass under
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anaerobic or oxygen-limited conditions (Atkinson et al., 2010; Lehmann and Joseph, 2009). In recent
years, there has been an increased interest in the potential of biochar as a soil amendment to improve
soil structural properties and carbon sequestration (Xie et al., 2015). Specifically, biochar with a low
hydrogen-to-carbon ratio and a crystalline carbonaceous structure is kinetically stable in soils
(Schimmelpfennig and Glaser, 2012; Sun et al., 2014; Wang et al., 2016) and may lead to long-term
changes in soil properties (Atkinson et al., 2010). Application rates of biochar that have led to
improved soil structural properties typically range between 0.5 to 5 kg m~2 (Major, 2010; Sun et al.,
2013), and effects have been observed after rather short soil/biochar equilibration periods of 6 to 15

months (Liu et al., 2012; Jien and Wang, 2013).

Biochar can be produced al straw, wood, and animal

manures, and the effects ¢ s the pyrolysis conditions

(Ladygina and Rineau, 2 s a large specific surface

area with a high density of‘carboxylic groups supp e l change capacity, which, in

turn, facilitates physicoc anic matter in the soil

(Lehmann, 2007; Singh potentially improve soil

ay

aggregation due to intern et al., 2014; Sun and Lu,
2014), although such effe ‘ansen et al., 2016). Hence,

because of the somewhat il properties, sizes and type

of biochar is import@nder e ‘phy cas. Peng et al. (2016)
found that the effect of ric i biochar was negligible be_cm e s’usc?ptibility of the fine-
g |

textured biochar to water erosio"n'l.!||I TEGFH E HE’EEE}A”UL e =
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2.6  Biochar effects on crop yield

One of the constraints related to the Crop yield of Oryza sativa in the savannah area of Brazil was said
to be water limitation caused by rainfall variability (de Melo Carvalho et al., 2013). de Melo Carvalho
et al., (2013) reported that short-term biochar’s application effects in the savannah region of Brazil can
be evident on the grain yield of aerobic rice under less favourable conditions i.e., water limiting
conditions. Under non-limiting conditions, it was reported that biochar did not show any observable
effect on the grain yield of rice. Similarly, literature reported the positive effect of the biochar- inorganic

fertilizer interaction on the growth and yield of cereals (Zhang et al., 2012; Petter et al., 2012).

Awad et al. (2018) reporied on the high yi rice F application of biochar and
concluded that it is an e lated with producing rice

sustainably around the w

2.7  Biochar modifica al and hydraulic

properties

2.7.1 Soil bulk density

Biochar application to s educe the density of soil

(Revell et al., 2012; Gith . Jeff White (2018) carried

\
out a study on the relatior to 80 ton/ha, he plotted a

graph of the relationship.and r¢ d"from ;4;0 0.37 Mg/m? Other
%: il ‘ |

studies also describe FE of biochar on bulk density, j@=ge Tesult was shown in a
* e e————————— 3

OM\)EE&EBMEWMHQ coarse-textured soils (Abel et

al., 2013; Artiola et al.; 2012; Periera et al., 2012). These studies stated that reductions of bulk density

laboratory incubation study,

to approximately 25% with 40 g/kg biochar, however, 8% reduction of bulk density was recorded with

50 g/kg chicken litter biochar in a Virginia sandy loam (Revell et al., 2012). Soil structure changes
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and adjustment of soil aggregate sizes are also a factor in the biochar modification to soil bulk density
and other properties. We could also indicate the reduction of bulk density and increased porosity to the
changes occurring in soil structure and adjustment of soil aggregate sizes (Tejada and Gonzalez, 2007;
Jien and Wang, 2013). Githinji, 2014 described the relationship between bulk density and biochar
application rates, he reported a significant 0.99% correlation of determination. The bulk density

decreased from 1.33 Mg /m?® for the soil without biochar to 0.36 Mg/m? for 100% biochar rate.

2.7.2 Infiltration and infiltration rate

Compaction problem happens at the expense of pores within the soil, this affects the remaining pores

to transmit water and air within the soil. Poiseuille’s law stated that the flow of fluid through a permeable

medium is proportional within that medium. In

compacted soil, pores n of water into the soil. In
other words, if the pore s uld be reduced by 1-16™.
Biochar application to s pr / soil hydraulic properties.
Glab et al., 2016 in their ties of sandy soil, reported
the improvement of soil ndence on biochar particle
size and rates. A higher ra ater capacity of the soil.
Other studies also confir and biochar rates (Herath et

al., 2013; Mukherjee and | easing trend of cumulative

infiltration with incr
) =]

matter present in the bioc P :
EGFH FFII{:EDAMUE [|

2.7.3 Saturated hydraulic conductivity

nature of the organic

1

One other modification of biochar is on saturated hydraulic conductivity (Ksa). This is the ability at

which the pores of a saturated soil transmit water under a hydraulic gradient. Various research has
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been carried out on the effect of biochar application to soil hydraulic changes caused by many factors
which may be a degree of saturation, bulk density, particle size distribution, water contents etc. all these
factors contribute to the flow of water through saturated pores.

Biochar application significantly increases soil porosity, soil permeability, and soil saturated hydraulic
conductivity (Oguntunde et al., 2008). Asai et al. (2009b) studied the biochar amendment techniques
for upland rice production on soil physical properties in Laos and reported increased saturated
hydraulic conductivity of the topsoil. There was an increase in total porosity and pores >0.25 mm
in diameter exhibiting the best structural stability index after the application of biochar to compacted

soil (Wang and Zhang, 2019).

Some bhiochar made fro ies to increase the number

of macropores and meso mbined with soil particles
to form stable large aggr of biochar can change the
reorganization of soil por . (2015) found that biochar
application at the rate of z total porosity and Ksa in
Sandy loam soil. Howe s of application. With all
these positive results shc ppposite results of biochar
reported. 1- 50 tons/ha o hree years of sampling, no
increase was reported in t conductivity (Jeffery et al.,
2015). Similarly, another reseal ‘ ochar on loamy and sandy loam

soil, and after 15 to a{s observed on bulk

density, porosity, arrd satu teﬂfmnf%@ﬂﬂlﬁs

2016 also reported a decreasing trend of saturated hydraulic conductivity with increasing biochar

va-etal., 2017). Glgb et al.,

rates which was explained by the hydrophobic nature of the organic matter present in the biochar used.

This has caused controversy about whether biochar is efficient in improving soil’s physical properties
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or not.

2.8 Simulation of runoff from biochar-amended compacted soils.

Soil compaction directly affects the bulk density and porosity, which in turn determines runoff and
infiltration terms of the water balance equation, given by:

+tAW=P+1—ET—-Q—-DR 2.3

where P/l is the rainfall/Irrigation, ET is evapotranspiration, Q and Dr are runoff and drainage,
respectively. The runoff term is a major determinant of the partitioning of applied water (rainfall and/or
irrigation) between surface losses and soil water replenishment, and hence of significance to crop

yields (Seixas and Tim, 1997). Adekalu et al. (2006) also observed that soil compaction significantly

increased runoff on a Ni infall of 100 mm/hr.

It is, therefore, desirable . Furthermore, as biochar

application modifies th nsity would also capture

biochar application effects; provided a buik-density-biochar relation-ispreviously derived.

Runoff modelling has th eral equations have been

published in the literatur modelling are the USDA
Natural Conservation Se 0), and the Ive et al (1976)
model. The strengths of e daily rainfall instead of

hourly intensities that are not'c er input required is the initial

' - - L
| surface cone S, soil water itions only. The two

— .-H il 1
IMFMrPﬁ?%Emmmﬁn ffectsor biochar application

effects. Indeed, it is only in recent studies that the effects of bulk density have

soil water storage an

models have not been-deriv

been directly included in the USDA Curve Number model (Pugh, 2020). For the Ive et al. (1976)

model, there are currently no functions to account for soil compaction effects on runoff.
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2.8.1 NRCS-CN runoff model

Different analytical and numerical models have been used, especially in USDA Soil Conservation
Service to develop runoff models. The most common is that by Rallison (1980). This model is the most
used to quantify the extent of runoff from a small watershed. It is easy to use as it provides the required
soil information in Look UP Tables (LUTS) for varying soil, management and slope conditions. The

daily runoff, Q (mm) from a given rainfall is determined as:

0= Lo
where, Q =Runoff depth (mm) Q=0ifP<0.2S

P=rainfall, S = potential maxi

§= 222254 2.5
and CN is the Curve Nu 2.6

2.8.1.1 Limitations o

The input data for the mo ed runoff data from fields

of varying acreages. Thus al weaknesses have been
identified. First, various tors/variables which were
not initially considered b
which can impact the hydrola e Willard sondly, it was pointed out by
Smith and Eggert @iﬁat the CUTVE \ genérted_ fr | er experiments were

different from those.gubhsh%%ﬁﬂtp% D&Eﬁﬂiﬁ |

and chemical properties (bulk density, pH, hydraulic~conductivity) on the CN as it can affect the

nstrated the effect of physical

hydrologic behaviour of the soil. The effect of the initial soil water content on runoff has now been
receiving some attention. Therefore, it can be deduced that the CN method may oversimplify the
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runoff prediction problem (McCuen, 2002, Downer and Ogden, 2011, Pugh, 2020) especially with
regard to soil compaction. For this current study, the interest is how to include a bulk density effect in

the NRCS CN method.

2.8.2 TSTWO runoff model

The lve et al (1976) was developed in a response to address some of the shortcomings of the USDA CN
method. The model was adopted and validated in the TSTWO crop model. The model estimates
runoff from natural watersheds using inputs such as the daily rainfall and the antecedent average
soil water content of the top 20 cm of the soil. The daily runoff is estimated using.
Q=(P—-0o)f1(P)+ Pf2(6) 2.7

where Q is runoff (mm),
f1(P) = 0.346 + 0.006

F1(P) = 0 (P < 50)

£2(6)=0.0

£2(0)=038

28.2.1

‘small catchments, it is

| S e }
the fact that the mulqthi'p'lé*cb ﬁwrﬁm fﬁ\ﬁ@&ﬂ?ﬂw_@. ondition-specific and hence
must be related to soil compaction parameters (e.g., bulk density) and management (e.g., biochar

application. This will remain a major focus and task in this study.
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CHAPTER THREE
3 MATERIALS AND METHODS

3.1 Soils

Three sets of studies were carried out in this research. The first was directed to the understanding of
the impact of soil compaction on the physical and hydraulic properties of biochar-amended soils.
The second was to investigate crop growth response to the compacted amended soils. Finally, to simulate
runoff from biochar-amended compacted soil using two runoff models. For all the studies, the soils
were sampled from the University of Ghana Farms, located within the Greater Accra Region of the
Coastal Savannah zone of Ghana. The site carries v_egetation of tal I.grass savannah, receiving an annual

rainfall of 900 mm (Mo major season lasting from

April to July and a mino humidity ranges between

59 % in the afternoon a of about 28 °C (Dowuona

et al 2012).

Toje soil series, classifie il Taxonomy and Nitisols

according to WRB (Eze was the most commonly

cropped soil under conve d subsoil compaction and
also bear similarities wi . Literature data showed

that the soil is a sandy clay. 1d 17.5 % silt and is located

within the coastal sa@‘neo hana tions of the@ of Ghana farm.

3.2 Laboratory ez("p?-rimmg—ﬁﬁ E H&Eﬂ;ﬂm o

The laboratory experiments were designéd to understand how soil compaction influences the

physical and hydraulic properties of soils and to what extent the application of biochar could

alleviate any adverse effects. A series of experiments were conducted in the Soil Physics Workshop
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of the Department of Soil Science, University of Ghana from September 2020 to March 2021. The
data collected in the experiments include runoff from compacted soil columns, infiltration from the

columns, hydraulic conductivity and soil moisture retention/characteristics, among others.

3.2.1 Setup of the laboratory experiments

Twenty-seven (27 PVC) pipes, each with a height of 20 cm and diameter of 16 cm with an area of 201
cm? were used for these studies. Runoff holes were made at the height of 4.5cm from the top of the
column (Plate 3.1) to collect runoff while the column end caps at the bottom were perforated to allow
free drainage. The columns were packed with soils to three (3) bulk density values (D1 = 1.3, D2=1.5
and D3 = 1.7 Mg/m®) with the top 5 cm below the_ runoff hole co_mpacted. The top 5 cm of the soils

in the columns also rece

nd 20 ton/ha (Table 3.2).

The soil beneath the co d bulk density of D1 =1.3

Mg/m®. All the treatment:

3.211 Laboratory

Rainfall simulators, simi used in the experiments.

Following the packing of d to drain for 2 days.

The columns were weig 15 mm, 50 mm, 100

mm, 70 mm, with about 5 yation durations varied

and 37.5 mm/h. For each

|

re runoff onset, total
1

runoff, and total drainage. Ea h‘ﬂlquﬁm event,

such that the application intent

irrigation event, data onset, rainfall i

28



1. Set-up of the laboratory.
INTEGR PROCEDAMUS. T
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Table 3.1 Treatment combination and description

Densities Rice husk biochar rates

0 ton/ha 10 ton/ha 20 ton/ha
Field bulk density (D1 =1.3 Mg/m3) BO0D1 B10 D1 B20 D1
Medium bulk density (D2=1.5M BO0D2 B10 D2 B20 D2
g/m3)
High bulk density (D3 =1.7 Mg/m3) BO D3 B10 D3 B20 D3

The data from the experiments were used to determine the parameters of two runoff models. The first

was the model by Ive et a noff from agricultural soils

and have been validatec in Australia. The model is
given by:
Australia. The model is g
Q=(P—-c)f1(P) + Pf2(8) 3.1
where Q is runoff (mm),
f1(P) = 0.346 + 0.006
f1(P) = 0 (P < 50)
£2(6) =-1.19+7.416 (0.
f2(6)=0.0

£2(0)=08

[ _applicati | [ ¢ is of interest to this study
INTEGRI PROCEDAMUS 1—

because according to Ive et al. (1976), the parameter-¢-will vary with soil conditions.

How soil compactjg_g and

The second model is the USDA Soil Conservation Service Curve Number (CN) method, which was
developed in the USA and is widely used for the simulation of runoff in medium catchments. The model
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is also widely used in crop growth modelling to estimate runoff. The model is given as:

_ (P-0.25)?

Q P+0.8S 3.2a

where S is a water retention parameter given by:

g = 25400 254 3.2b
CN

with CN being the curve number, which is a function of a host of factors such as texture, and other soil
conditions. Though CN values are tabulated for different soil conditions, the particular way soil
compaction and biochar application affect the CN is largely unknown. This is also of interest to this

study.

3.2.1.2 Laboratory

After the last irrigation e or the soil columns to dry

out and thereafter, infiltra S were sealed, and a water
head of 4.5 cm was imp g evel to drop by 1 cm was
recorded. After each dror e procedure was repeated.

A set of 7 to 8 data points

The data obtained were ation | with time and the

infiltration rate, i curves. eters of two models. First,

the Horton (1948) infiltratia

i =ic+ (io— ic)e@

| £ , , : 3.3a
| ﬂ' - —_
e ~——_INTEGR| PROCEDAMUS
I =ict +@ (1—e k) o o 3.3b

where io is the initial infiltration rate, ic is the final infiltration rate in cm/min and k is the decay

constant (how fast the curve fall depending on texture). The curves were fitted using SigmaPlot
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(Version 14.0). All parameters in the equation were derived as a function of bulk density which is
influenced by biochar application.

The second model used was that of Philip (1957) as:

i =0.550t7%° + Bt 3.4a
And,
I = So\/t +B 3.4b

where So is the sorptivity (the ability of the soil to absorb water) and B is a constant, approximately

equal to the saturated hydraulic conductivity. The S for the various treatments were obtained as the

slope of the plot of 1 vs. 't for the initial times. All parameters in the equation were derived as a function

of bulk density derived as

3.2.13 Laboratory

Two days after the infiltre ampled using cylinders of

5.0 cm internal diameter of the saturated hydraulic

conductivity, Ksat. The ¢ permeameter method was

used for the determinatio

A constant head of 1 - 3 oil in the columns and the

outflow from the bottom rcy’s Law was applied as:

AWh

|4
Q=+= —Ksat — 3.5a

where q is the Watertflux (c , Ksat is t the saturated hyd Ira 'uctivityl(cm/s), and Ayh/Az

(_J-

iN T
is the hydraulic potentlal gradlent Givena sofﬂ%& cm, a-cross s-sectional area of A (cm?) and a

water head of H (cm), the Ksat was determined as:
Y= _Ksat (H+L) t 3.5b
A L
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The plot of V/A vs. t yielded a slope value of m (slope) = Kyt (%) enabling the calculation of
Ksat.
3.2.14 Laboratory experiment 4: Soil moisture Retention

The soil moisture retention experiment was carried out a day after the saturated hydraulic
conductivity experiment, the soil columns were re-sampled using cores of 4.5 cm height and 4 cm
internal diameter. The columns were pre-saturated and the Haines funnel method for high energy 0-

80 cm was used for the determination of matric potential.

The cores were carefully placed on the porous funnel plate for direct plate/ soil contact, the water level

was raised to the 0 cm de ette and porous plate, after

which a height gradient o ent applied caused water

to move/drain from the the flow stopped, and the

height of the water was asse adient of 80 cm was imposed.

Immediately at equilibriu the Haines chamber and

weighed on a weighing left for 24 hours, and the
samples were weighed ag Jays. The samples were re-
weighed again, and the g

The plot of matric potential

different matric pote@rlts.

e -
W= "TZT = "Or'ls - 3.6b

The graph of the relationship between C and the matric potential was plotted and used to get the
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dominant pore radius (r) for each treatment.
3.3 Biochar- bulk density relationship

Given that the impact of biochar on soil physical properties is primarily through the alteration of the
bulk density or porosity (Glab et al., 2016; Zhang et al., 2021), a separate experiment was conducted
to establish the relationship for the Toje soil series used in this research. For this, six biochar rates,
namely 0, 5 10, 20, 40 and 60 ton/ha were applied to 4 kg of soil samples. The treatments were
replicated twice and left in the open for incubation for 30 days. During this period, the average air
temperature was 38 °C and the samples were irrigated from time to time to simulate normal conditions.

At the end of the 30 days, eatment and used to determine

the bulk density.

3.4  Screen-house stuc ded soils.

The first study was a response of upland rice

NERICA 14 (Oryza glal biochar application as an

ameliorative measure. TW of the Department of Crop

Science, University of G t shelter. The transparent

plastic roof did not obstr
\

Sampled Toje series was into PVC columns of an

internal diameter of 1 | of the columns was

. ‘ |
40 cm. The PVC colu illed at 4.5 cm bel ( end, whereas the lower
! |

end was closed with an end aé'lULI Eﬁﬂilﬂﬂﬂl@ﬁﬂ'ﬁ%ﬁa (Plate 3.2). The runoff was
collected in plastic bottles volume of 70 ml through a hose of 1.5 cm thicknessand 1.2 c¢m inner diameter
connected to the PVC columns. Drainage water was collected in plastic bowls placed beneath the

columns.
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The sieved soils were r holes to achieve three

(3) bulk densities withi posed on the bulk density
treatments were two (2 rown under three rainfall
regimes, representing ‘ ach of the treatment was
replicated 3 times givin t was laid out in factorial

arrangement in Complet

< INTEGRI PROCEDAMUS.

|
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Table 3.2: Screen house treatment description.

Compaction levels Biochar rates  Low water Medium water High water

(W1=3385  (W2=419.1mm) (W3=569.5

mm) mm)
Field bulk density (D1 0 ton/ha (B0) BO D1 B0 D1 BO D1
= 1.30 Mg/md) 10ton/ha (B10)  B10 D1 B10 D1 B10 D1
Medium bulk density 0 ton/ha (BO) B0 D2 B0 D2 B0 D2
(D2 =1.50 M g/m?) 10ton/ha (B10)  B10 D2 B10 D2 B10 D2
High bulk density (D3 0 ton/ha (BO) BoD3 0D3 B0 D3

- 3
= 1.75 Mg/m?) B10 D3

3.4.1 Soil compaction le

The three different bulk ulk density and high bulk

density) represented by ieved by compacting the
soil using rammer of 5 k se of the field bulk density
(D1), no ramming was Ik density of 1.31 Mg/m?.
Since the soil compactio

with a 4.5 cm wooden pIu al ' ' | ‘ led with soil to a depth of 5
. = o a -'\1%

‘ }
filled with soil to tﬁe field 0 rd%/w@ﬁﬁjﬁﬁpmlﬂ&d rmined from Proctor curves
(density-water content relationships) establlshed ina| prior experiment. The proctor curve indicated
that when the soil water content was 60% of Field Capacity (FC), the highest bulk density of 1.75

Mg/m3 could be achieved for 30 strokes of the ramming. Hence, for the highest bulk density, the
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soil was pre-wetted to 65 % FC before packing into the compacted 5 cm space. For treatments
receiving biochar application, the biochar-soil mixture was separately prepared and filled into the 5

cm space below the runoff hole.

3.4.2 Preparation of rice husk biochar (RHB)

Rice husks obtained from the waste product of harvested rice at Soil and Irrigation Research Centre
(SIREC), University of Ghana, was used as the feedstock for biochar preparation. The material was
charred using a locally made Kon tiki kiln at a temperature of 350 °C at SIREC Kpong. The
amendment (Rice husk biochar) was applied at two levels (0 and 10 ton/ha biochar). The rates were

specifically selected based on earlier studies which indicated improvement of soil physical properties

at a biochar application rg

3.4.3 Water regimes

The three water regimes ble 3.2) were determined

following the constructi i pution for the site using 41 years
rainfall data of the majo on. Rainfall corresponding
to the 25" percentile was ind 75" percentile as high
rainfall. The high rainfall 51970 and the low rainfall
year was 1984. The wate 1 and W1 = 338.5 mm. The
daily irrigation for each wat . stribution of the years. The
duration for each |rr event Wa pecially constructed
rainfall simulators (I?Iate 3. Zﬁamfall simulators delivered v =, ough pla!stlc pipette tips from
a height of 3 cm above the soil ;urfa %Eﬂgﬁﬂ? long dry‘SpeIIs between rainfall events, 5

mm of water was applied to all treatments.
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3.4.4 Planting and agronomic practices

Rice was planted on 19" August 2020 at three (3) seeds per column and thinned to one (1) plant 7 Days
after Planting (DAP). Prior to planting, all columns were copiously watered and allowed to drain for 3
days. On the day of thinning, fertilizer was applied at the recommended rates of 60 kg N /ha, 45 kg
P20s /ha and 45 kg K:O/ha using Ammonium sulphate (split application), Triple superphosphate
and Muriate of potash as sources. The nitrogen fertilizer was split applied in 2 doses. All treatments
received ample water application during the first 7 days after which the water regimes treatments were

imposed.

Plate 313: Sereen house layo at the stem elongation stage
e ‘ 2lon

e ___ )

1 INTEGR| PROCEDAMUS

ik
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3.4.5 Measurements and Data collection

3451 Plant development and growth

Plant development data recorded include days to emergence, 50% flowering and maturity. For these,
columns were tagged from planting and to maturity, the above-ground biomass was harvested with
a sickle and separated into grains and stover. The stover was oven-dried at 70 °C for three days and
the dry weight was determined. For grain yield determination, the panicles were separated from the
above-ground shoot at maturity and air-dried after which the grains are removed from the panicles, the
unfilled were separated from the filled. The filled grains were then weighed on the weighing scale and

recorded as grain weight.

For the determination of ated and allowed to drain

for two days, after whic aps removed, and the soil

gently pushed out of the ¢ nto the three soil layers or

sections as it was packed

The soils sections were ated. The roots were oven-

dried at 70 °C for three o he soils in the bowls were
oven-dried at 70 °C for fo was used to determine the

actual bulk densities of the en

| L, o -
4 INTEGRI PROCEDAMUS |
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e3.4 k Jistrib

3.45.2 Environme

Throughout the study, da aximum, minimum) and

humidity on daily basis aily potential evaporation,
a beaker of water was s daily was determined by

weighing the beaker. The

each treatment. Drainage wa l nﬂ*fﬂmﬂ}o “ﬁfﬂﬂm_iﬁ

Fifty (50) ml of the aliquot from runoff and drainage water was analyzed for electrical conductivities

to determine the dissolved ions lost.
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The actual seasonal total evapotranspiration, ETa (mm) for each treatment was determined using the

water balance equation which is given as equation 3.1. Since the total runoff, drainage and rainfall

amount are known values, the ET, was calculated as:

ET, =P —Q —Dp + AW 3.7
where P is irrigation (mm), Q is runoff (mm), Dr is drainage and £W is the change in soil water

storage (mm), determined as the difference in weight of the soil column at the onset and end of the

experiment.

The Water Use Efficiency (WUE) was determined as:

Grain weigh
Total evapotrans,

WUE = 3.8

3.5 Prediction of grai iochar application

The impact of soil comp predicted via the ETa

since growth correlates Ip between the water

balance components (Q C) and water regime
(W) was developed in fo
Q+DR=a+ bW +cD 3.9

The coefficients a, b, ¢ ano

statistical software @B (Ve

application, the Iosé terms WDR in_equation 3.1 can.b

observed data using the
density and biochar

| and with knowledge of the

. ¥

S

SR EE} .
change in water storage, the expected ET{F nggo; e-predicted. Doorenbos- Kassam (1979)

provided a relationship between ETa and yield, given by:

(1 - %) =Ky (1 - %) 3.10

41



University of Ghana http://ugspace.ug.edu.gh
where Ky is a constant (= 1.25 for rice), % is the ratio of actual to potential yield, ?TZ is the ratio of

actual to potential evapotranspiration. Therefore, the actual yields can be predicted from the predicted

ETa.

The equation was evaluated by comparing predicted rice yield for various bulk densities and biochar

applications with the observed. The degree of agreement was assessed using 3 statistical indicators:

The coefficient of determination, R2.

R2 = nExY)-Ex)QY)
VInEx2-Ex)?[nTY2-(TY)?]

3.11a

The Root Mean Square E

1

RMSE = |-3T(yiela 3.11b
and the Willmott d-index (W
d — _ %l==ri(si_0i)2 311C

=1(|5;~0|+|0,~0
where S;j is simulated da he mean of the observed
data.
R? Values greater than 0. perfect agreement. Perfect
agreement between Fhe Si . The d-index takes values
between 0 (poor) an

predicted and observed.
3.6  Soil Characterization

A range of the basic physical and chemical properties of the Toje series used in this research was
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determined in the General Laboratory of the Department of Soil Science, University of Ghana. The
soils were from the top plough layer of 20 cm. The procedures for the soil analysis are described

below.

3.6.1 Soil physical properties

36.1.1 Soil Bulk Density

The field bulk density of the soil was determined using the standard core method. The height and
diameter of the core sampler used were taken and recorded to obtain its volume. The core sampler was
then inserted into the top layer of the soil and was carefully removed using a knife. Excess soil

were transferred into the

attached around the soil :
moisture can. The moist stant weight was
achieved. The moisture 2 weighing. The bulk

density was then calculat

Mass of oven-dry soil + ¢

Mass of soil (Ms) = Mass

Bulk density (pb) = 3.12

where volume of core :

3.6.1.2 Particle 3|ze_d|' _""l

The percentage of $and sHﬂmlay of the 50|I was determin ‘i g the Bo,uyoucos hydrometer

method modified by Day (1951). The%ﬁ%‘s f ra%ﬁo%e.ved us1rrg a2 mm sieve to remove gravel
and stones. 40 g of the soil was weighed into a dispersion cup and 100 mL of 5% Calgon

(hexametaphosphate solution) was added to the soil and the mixture was made up to 250 ml and left

43



University of Ghana http://ugspace.ug.edu.gh

overnight and placed on a horizontal mechanical shaker for 2 hours. The suspension was transferred
into a graduated sedimentation cylinder and made up to 2000 ml mark with distilled water and allowed
to stand and equilibrate with the room temperature. A plunger was immersed into the suspension in
the cylinder and moved in and out to mix the content thoroughly. The thermometer was inserted
to take a reading of temperature after 5mins to measure the solids in suspension (sand), the
hydrometer and temperature readings were then taken and recorded for sand. Also, at 5 hrs., readings
were taken for both temperature and hydrometer for clay content, and the readings were corrected
due to the temperature to estimate the clay content and at 5 hrs. The suspension was decanted into a
2.5 mm sieve and wash thoroughly under running water to obtain a coarse sand fraction. The sand
content was then transfer

hours. After oven drying,

it was allowed to cool in hing scale was taken.

(Silt + Clay) % = >

Silt % = % (silt + clay)

oven—dry mass (

Sand % = 3.13
The soil texture was then

3.6.2 Soil chemical prope
|

36.2.1 Soil ngﬁ S
! - — e .
~— INTEGR! PRNCEDAMUS |—
The soil pH was determined by Weigﬁ%ad fﬂ%ﬁgv 2mm Toje series into a 50ml beaker, 20

mL of distilled water was added at the ratio of 1:1. The suspensions were stirred using a stirrer for 30

minutes and allowed to stand for 1 hour to allow all suspended soil particles to settle. A glass
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electrode pH meter was standardized with two aqueous solutions of pH 4 and 7. And the pH of the

prepared suspensions was measured with the glass electrode.

3.6.2.2 Soil organic carbon

The organic carbon of the soils was determined by the wet combustion method of Walkley and Black
(1934). The method involves the reduction of the Cr.07* ion by the organic matter and the un-reduced
Cr,07* measured by titration with ammonium sulphate. The quantity of organic matter oxidized is
calculated from the amount of Cr.O7 reduced. A 10 mL of 1 M potassium dichromate (K.Cr.07)
solution and 20 mL of concentrated sulphuric acid (H2SO4) was added to 0.5 g of soil in a conical flask

and swirled three times. upboard for an oxidation

reaction to being compl the digestion was titrated

against 0.2 M ferrous am honate as the indicator to
a green endpoint.

The titre values were use

0.3[10—(XN)]x1.33

%C = 3.14
where X = titre value ¢
N = normality of ferr

W = Weight of soil sample
0.003 = Milliequivd ight.of carbon () = 0.003 * 10

133 = correction.j?&(?tﬁr: JH TEi:'.JH_!F HGGEF}.E&I_“J§_- —

3.6.2.3 Total Nitrogen

Three replicates of two grams (2 g) of air-dried soil were each weighed into a 250 ml Kjeldahl flask
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followed by the addition of a digestion accelerator, selenium catalyst and 5 ml of concentrated sulphuric
acid (H2S0a). The mixtures were allowed to digest until the digest was clear, cool and then transferred
with distilled water into a 50 ml volumetric flask and made up to its volume. A 5 ml aliquot was
pipetted from the digest into a distillation flask, and 5 ml of 40 % sodium hydroxide (NaOH) was
added and shaken for a proper mixture. The samples were then distilled and collected in 5 ml of 2 %
boric acid to which about 2 drops of methylene blue indicator had been added. The distillates were
then titrated against 0.01 N HCI (Bremner, 1960) which changed the colour from green to a red

endpoint.

The amount of N (%) was calculated using the relationship:

Molarity of HCI x tit
Weight of s

%N = 3.15

3.6.24 Cation exc

Three replicates of ten gra

extraction bottle, and 100
mL of 1 M ammonium ace was shaken for 30 minutes
on a mechanical shaker. man filter paper and the
sample was leached fa off excess ammonium.
Afterwards, another 25 assiu | ‘Ieach the soil four times.
A 5 mL aliquot of the lea en into a Mark

NaOH solution was a ,an distil | : d into ,%f 2 % boric acid to
which about two drpp?% 4 Qd and methylene blue indi_czﬂﬂ‘ﬁ'%deéi The distillate was
back titrated againstmﬂho-.bl mgﬁﬂpﬁsﬂaﬁﬁﬁm% excﬁ;ée capacity was then

calculated from the number of moles of HCI consumed in the back titration in cmolckg™.

paratus and 5 mL of 40 %
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3.7 Physical and chemical properties of the Rice Husk Biochar

3.7.1 Bulk density of rice husk biochar

The bulk density of the rice husk biochar was determined by filling 100 ml glass cylinders with rice
husk biochar, dried in an oven at 70 °C for 24 hours. It was tapped to compact the materials (Ahmenda

et al., 1997) and the bulk density was calculated as.

weight of dry rice husk biochar (g) 3.16
volume of packed biochar (cm3) )

Bulk density =

3.7.2 Rice husk biochar pH (1:10 in water)
Pancitronic MV 88 pH glass electrometer was used to determine the pH of the rice husk biochar. Two

grams (2 g) of the rice hu 00 mL beaker and twenty

milliliters (20 ml) of dis 0 minutes and allowed to

equilibrate at room temp buffer solution at pH 4.0,

7.0 and 9. The electrode in water.

3.7.3 Determination of

Total nitrogen of the RHE method (Bremner, 1965).

The nitrogen inthe 0.2 g § ith concentrated sulphuric
acid using the catalyst se ned by distilling the digest

with a strong alkali (40 © ribed in Section 3.6.2.3.

3.7.4 Determinatio@i)n exchange — . x!
Three replicates of ten gram@.af rice husk biochar were wei into extracpon bottles, and 100

mL of 1 M ammonium acetate solution Waa_a dg%%&nithe Rice husk biochar was afterwards

determined using the method described in section 3.6.2.4.
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3.7.4.1 Statistical analysis

Microsoft Excel (Version 2016) was used for data entry and graphical representation. Experimental
data were analyzed with the Analysis of Variance (ANOVA) technique using GenStat statistical
software (12th edition, 2009), and means were separated using the Duncan Multiple Range Test and

compared at a 5% level of significance.
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CHAPTER FOUR
4 RESULTS AND DISCUSSION: |

EFFECT OF BIOCHAR APPLICATION ON THE PHYSICAL AND HYDRAULIC
PROPERTIES OF COMPACTED TOJE SOIL

4.1  Effect of biochar application on the physical properties of compacted soil

4.1.1 Soil bulk density

The bulk density of repacked Toje soils decreased with rice husk biochar application. The biochar- soil
mixtures which were loosely packed into buckets were left in an open-air incubation for 31 days.
During the incubation period, there were several rainfall events and the direct temperatures reached

40 °C on many days. T density and biochar rate

s normalized and plotted
against biochar rates. een the bulk density and

biochar rates. Increased k density. At no biochar

application, the bulk densit A4 Mg/m?® for 20 ton/ha

biochar application and he graph showed a good

correlation (R? =0.9971; ton/ha biochar application

bulk density by 13 % at 6

Several studies have also ¢ ar application. Walters and

White (2018) observed a nor ial value of 1.35 Mg/m® at 0

ton/ha biochar applic%ﬁ

.
lof 80 ton/ha.
|
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Fig. 4.1: Relationship between he [ density.and biochar application, after 31 days of

incubation.

Other studies also describ nsity (Perieraetal., 2012;

Abel et al., 2013. Revel density when 50 g/kg (5

ton/ha) chicken litter biocha e contrary, a few studies also

reported no significant i 2; Perieraet al., 2012; Abel

et al., 2013). The bulk o effect of bulk density by

biochar application.

It is evident that the sam densities, depending on

the initial bulk density. Thus; ver to the question: by how

much would the |n|t| en3|tychan FC : - appliation ' ‘Ianswer this question,
the data were normal,lged anm rrive-at-the-relation:— A

N TEGRI PROGEDAMUS
Bulk density = BDy(2 X 107° « BC? — 0.0034 <X BC + 0. g972) 4.1

where BD, is the initial bulk density (Mg/m®), and BC is the biochar application rates (ton/ha). With this

relation, the bulk density for any biochar application rate can be determined.
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4.1.2 Soil moisture constants
The application of biochar affected the soil moisture constants, namely the saturated water content,
which was related to the bulk density and hence porosity, and the field capacity of the soils. As shown
in Table 4.1, the bulk density varied with soil compaction and biochar treatment. Biochar application
generally decreased the bulk density such that even under the highest soil compaction (B0D2),

application of 20 ton/ha biochar reduced the bulk density by 27% (from 1.73 to 1.27 M g/m®).

Table 4.1: The effect of compaction on mean pore size (r) of biochar-amended soil.

Treatments BD Porosity* 0s 0s OFC OFC
cm3/cm?
BOD1 0.25
B20D1 0.18
BOD2 0.15
B20D2 0.22
BOD3 0.05
B20D3 0.18
s, HFC : | . ‘- Spectively.

Many studies on biochar 3 of bulk density and hence

increased porosity (R

etal., 2021), and this > can be %d to the very low. density-of b a Uoften_r_(_a_ported as 0.37 Mg/m?
—1_NTEGR| PROCEDAMUS I

(Walters and White, 2018). . —

As indicated in Table 4.1, the porosity of all the biochar applied treatments increased in consonance

with the decline in bulk density. The increased porosity is to be expected (Ayodele et al., 2009; Sekar
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2014). The observed saturated water contents differed somewhat from what was estimated for the
porosity. The values ranged from 0.29 cm®/cm? for the highest compacted treatments (BOD3) to

0.35 cm®/cm? for the least compacted treatments (B02D1).

Soil compaction also affected the field capacity of the soils, with values ranging from 0.05 cm®/cm? for
treatment BOD3 to 0.25 cm®/cm? for treatment BOD1. However, the effect of biochar application on
the field capacity (6rc) was not clear-cut. The application of biochar may increase the total porosity,
especially the macro pores which would lead to high water content at saturation. However, these macro
pores would drain rapidly and hence may not contribute to soil water storage. The field capacity
of water may however be determined more by meso and micro pores. The observations in this

study showed that the lo

4.1.3 Soil moisture ch

Both soil compaction a aracteristics curve, which

reflects the relationship by jal. Two main effects were
evident. First, as shown BO) was to reduce the 6s
values from 0.25 g/g for B m compacted soil (BOD2)
and further to 0.17 g/g fo ect of biochar application
shifted the entire SMC ¢ t for the same tension. The

observations in this study ) who observed that biochar

application to soils @e water re ent towar-d_@igher tension heads.

Similar observations were aIW{ged by-Mollinedo. eLaL--@OiSzJ%mhe field bulk density soil, the
=L WITEGR| PROCEDAMUS ™—

application of 20 ton/ha biochar increased the 6sto-0.32 g/g while for the compacted soils, the 6s

increased to about 0.26 g/g.

Several studies have investigated the effect of biochar application on moisture characteristics. The
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observations generally point to the increase in the saturated moisture content (Abukari, 2019), though
others have also shown that the impact depends on the size of biochar applied (Zhang et al., 2021).
Powdered biochar applied to coarse-textured soils would fill in the macro pores and may decrease
soil moisture at saturation more than large biochar particles (Githinji, 2014; Blanco- canqui, 2017). On
the contrary, coarse biochar applied to fine-textured soils (e.g., clay) would increase the micro

porosity and hence the 6s. For the sandy clay loam soil used in this study, however, there was a

clear increase in the 6s. This is because coarse biochar applied to the fine- textured soil opens up the

macro pores and increased the saturated flow within the soil medium.

In general, biochar application to both th d soil improved soil water

retention. The saturated ¢ s and Or) increased with

increasing biochar rates similar observations were
reported by Abraha et al. the increase in mesopores
of the compacted soil. I C curves toward higher
pressure heads. Singh et ause the practice enhanced

the porosity of soil hence

| L, o -
4 INTEGRI PROCEDAMUS |
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Fig 4.2: Soil water retention curve for biochar-amended compacted soils (a) at field bulk
density (D1); (b) at medium bulk density (D2); and (c) at high bulk density (D3)
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4.1.4 Dominant pore radius

The changing shape of the SMC induced by soil compaction and biochar application indicate the
possible changes in soil pore distribution. Assouline (1997) observed that soil compaction had an effect
on the soil pore radius and greatly affects the microstructure of the soil. It is expected that soil
compaction would not only narrow the range of pore sizes but generally increase meso and micro
pores (Seixas and Tim, 1997). Abraha et al. (2019) reported that increasing bulk density led to
increased micro-pores and few macro-pores. On the contrary, loosening the soil would increase the
range of pores and also shift towards macro porosity (Wong et al., 2018). He observed that after

biochar application on a kaolin compacted clay soil, the dominant pore diameter shifted from micro

pores to macro pores.

With biochar applicatio Fig. 4.3 shows the pore

distribution for the highe mounts were applied. The

curve was derived as the er potential (). When no

biochar was applied, the | ter potential and gives the

dominant pore radius of G cation to 10 ton/ha shifted
the peak to about -10 ¢ adius of 0.015 cm. At 20
ton/ha biochar applicatio  but there appeared to be

multiple peaks (-10 and -3

< INTEGRI PROCEDAMUS.

5 and 0.005 cm (Table 4.2).

|
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——BOD3 C
——B10D3 (do/dy)
—— B20D3
-100 -80 -60 -40 -20 0

ym (cm)
Fig 4.3: cted soils.

The general inference dr nt pore radius was in the

order of BOD3 < BOD2 0> B10 >B0.

Table 4.2: The effect of ¢ pore radius (r).

BOD3 1.73 0 0.0075

B20D3 1.27 20 0.015
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4.2  Effect of biochar application on the hydraulic properties of compacted soils

4.2.1 Saturated hydraulic conductivity (Ksat)

The changing pore distribution and sizes resulting from soil compaction and biochar application would
not only affect the water retention but also the conductance and transport properties. Poiseuille’s
law states that the flow of water is directly proportional to the fourth power of the effective pore
radius. Hence, it would be expected that as the pore sizes increased in biochar applied treatments,
the flow, especially under saturated conditions, would also increase. As shown in Fig. 4.4, biochar,
bulk density and their interaction showed a significant effect on Kst. Soil compaction had a greater

impact on the Ksa. An increase in the level of compaction decreased significantly the Ksat, with the

highest bulk density (BOL no significant differences

were observed between ar rates. The reduced Ksat

observed at both D2 and creased compaction leads

to a collapse of soil agg! ansmission of water within
the soil medium. The ol Ocloo et al. (2014) who
reported the reduction of Ik density. In several other
studies (Reichert et al., 2 e increase in the degree of

compactness resulted in a /draulic conductivity.

Biochar application als - conductivity. The highest

saturated hydraulic c@tywas obsen al'bu densit@tons/ha of rice husk
biochar (B20D1) to be 9.24 cm is explained th i ﬁ‘ﬁj 0 biochar on the bulk density.
o2 INTEGRT PROGEDA 5[‘ '

There is a relationship between the K and biochar-application rates. From our result, increasing

biochar application rates caused an increase in the Ksat of the soil. Likewise, the same

trend was observed in the D2 and D3. Despite the compaction, biochar application at 20 ton/ha
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increased the Ksqt of D2 from 0.781 to 2.575 cm/hr and D3 from 0.777 to 1.382 cm/hr. The general order
was BO < B10< B20. As noted above, biochar application changed the distribution of the pores
towards macro-porosity. The results of this study coincided with those of Nelissen et al. (2015),
who found that biochar application at the rate of 20 ton/ha increased the soil water contents, the total
porosity and Kss in sandy loam soil. Oguntunde et al. (2008) also reported increasing saturated
hydraulic conductivity with biochar application. Therefore, it can be concluded that biochar

application can be a practice to offset soil compaction effects on soil water transport.

10.0
80 |, . — ‘ i
6.0 || ' |
4.0
¥ 20

0.0

sat (€m/hr)

Fig 4.4 s0il compacti Ksai Of : nded soil.

4.2.2 Infiltration rates |

Apart from the general tra

by Ksat, the entry ogt‘hro

partitions rainfall imto runo

2 soils, which was described
jor consequence as it

and soil intak The intake i ibed as |nf|Itrat|0n Both the

runoff and water mtake are affected Iﬁﬁﬁ%ﬁﬂ@ﬁ%ﬁ SS ed*yare the bulk density and biochar

application.

The bulk density effect on infiltration is shown in Fig. 4.5 (a, b). The field bulk density (D1)
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showed the highest rate (Fig. 4.5a) of about 50 cm/h and this dropped sharply to 10 and 7 cm/hr,
respectively for D2 and D3. Similarly, the cumulative infiltration was significantly affected by soil bulk
density. Within 1 hr, a total of 4.2 cm of water infiltrated the soil with field bulk density (D1), while it
took almost 2 hr to infiltrate 3.0 and 2.7 cm of water into D2 and D3 compacted treatments (Fig. 4.5b).
Soil compaction, which has been shown to decrease pore sizes, would also lead to lower water flow
because flow rates in small pores are very low. These results also conformed to those of other
researchers who showed that soil compaction caused a low rate of infiltration (Pugh, 2020). High levels
of compaction had a negative impact on the physical properties of soil (Cambi et al., 2018) including

infiltration.

20 tons/ha of biochar ap ighest infiltration rate was

recorded for D1 which i 4.5 c¢). Similarly, biochar
application at 10 tons/ha 4 cm within half an hour
(about 30 min) (Fig. 4.5k anges the biochar has made
to the pore sizes. As th influenced the pores by
increasing the macro-po also noticed in the medium
and high bulk density leve of macro-porosity caused

by compaction.
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4.2.3 Derivation of infiltration parameters

It is desirable to derive infiltration parameters for a given soil because this would enable the
prediction of some water balance components such as the runoff. There are several infiltration
models in the published literature. However, the two most popular ones are Horton’s (1948) and Philips’
(1957) models. As evident in this study, the parameters such as the infiltration rate and the cumulative
infiltration were both impacted by soil bulk density and biochar application. This implies that such
factors must be included in the determination of the infiltration. It is therefore the purpose of the
study to present simple expressions for the determination of the infiltration parameters for the

Horton’s and Philip’s models as functions of bulk density and biochar application.

Horton’s model paramet

Horton model for infiltra

i=ig+(i, — i) e™ 4.2a
and.
I —_ 7 (iO_iC)

= It + = 1-ce 4.2b

where

i = infiltration rate
I = cumulative infiltratio
k = decay constant

t = time taken for wa@'t:atio : — A |

The determining Harameteﬁthe Anitial glo) n;L_ma.I—(' f " ratlon rates and the decay
. ¥ |
H)UE de%an biochar appllcatlon From the trends (Fig

constant, k. These parameters depended on
4.6a), it is clear from the regression equations that increasing density levels significantly (R? = 0.981,

0.973, 0.948; p < 0.01) decreases the final, initial infiltration rate and decay constant respectively.
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The final, initial infiltration rate and decay constant gave a higher correlation of determination of
97, 98 and 95% respectively. The initial infiltration rate and final infiltration rate changed significantly
with bulk density which can also be seen in Table 4.4. Increasing density reduced the value of all
the parameters. The highest compaction levels (D3) reduced significantly from the initial infiltration

rate of 52.5 to 1.47 and the final infiltration rate from 7.7 to 0.45 (Table 4.4).

io prediction (a) ic prediction (b)
160 3
: ic 2.5 %
io Eg y = 550575¢ 7108 ¢
2= 2
100 R®=0.9806 — 4 ~-4.411x
80 26
60
40
20
0
0 0.5 1 1.5 2
Bulk de density (Mg/m3)
- |
- g |
. - - of -1 |
e i B i 3 ; 'Y 1 I
N Tg@ﬂ! PREOCEDAMUS, 2
Bulk density (Mg/md)

Fig 4.6(a): The effect of bulk density on Horton parameters (a) initial infiltration rate (b) final
infiltration rate, and (c) decay constant (k)
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Curve fitting the experimental data obtained for io, ic and k for treatments BOD1, B20D1, BOD2, and

BOD3 (Table 4.4) resulted in the derivation of the following equations:

i, = 550575 X exp~7:108+BD 4.3
ip = 452.27 X exp~*411*BD 4.4
k = 7448 X exp~>065+BD 4.5

Thus, for the sandy loam soil used in this study, the effect of increasing bulk density on the Horton

infiltration parameters can be described.

Given that the major effect of biochar application was to change the bulk density. The relationship

between bulk density and biochar application, which was previously derived (equation 4.1) and

discussed in section 4.1 char application rate, the

corresponding bulk densi i0, ic and k.
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Table 4.3: Effects of bulk density on infiltration parameters.

Treatments io ic k S (em/hr°%)  Ksat (cm/hr)
Horton’s model Philip’s model
BOD1 52.5 1.47 8.29 6.00 5.078
BOD2 10 0.5 3.15 2.85 0.781
BOD3 7.7 0.45 2.73 2.06 0.777
B10D1 51.5 2.37 13.91 8.18 7.549
B10D2 56.5 0.5 10.25 6.73 1.658
B10D3 0.943
B20D1 9.24
B20D2 2.575
B20D3 1.382
P value (0.05) 0.8923
CV (%) 15.5

Wong et al., (2018) studi Kaolin clay loam soil. At

the end of his experimen increased the Ksat while a
re on the effect of
dulctivity is somewhat
ochar in-filled soil pores and

clogged them (YYang et al., 2016; Ren et al., 2018; Rabbi et al., 2021). This effect would depend on

biochar fraction size and soil type. Presumably fine powdered biochar applied to coarse-textured soils
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could lead to Ksa reduction. With regard to this, the review made us understand the relationship
between different soil textures and biochar sizes on hydraulic parameters, particularly the Keat.
Biochar application effect on hydrological properties was examined by Gtab et al., (2016) using
sandy soil, and stated its effect was not limited to biochar rates only but also the biochar’s size. He
concluded based on his result that a smaller fraction of biochar decreases the diameter of the pores
volume below 0.5 pm. The number of macropores in sandy soil is reduced when amended with
coarse biochar thereby reducing the Ksa (Dokoohaki et al., 2017). lIbrahim et al. (2013) also noted the
decrease in the Ksa: of sandy loam soil amended with Conocarpus biochar. On the other hand, when

fluffy coarse biochar is added to soils of fine texture, the overall bulk density would decrease,

increasing porosity and h decreasing bulk density

(YYazdanpanah et al., r the Toje soil, biochar

application increased th

Philip’s model parameter‘

The infiltration model b

i =058t +K 4.6
And.

I =SVt+Kt 4.7
where

S = Sorptivity (cm/h@_

Ksat = Saturated hydr-au]_Lc cjdq”vgérﬁﬁrp HDGEDAWE

As can be observed in Fig. 4.7 both the sorpt|V|ty and the hydraullc conductivity depended on the bulk

density. The sorptivity of the highest compaction levels (D3) was significantly low (2.06 cm/hr?%%)

compared with that of the non-compacted soil (0.6 cm/hr®9). Similarly, the K for D3 was 0.78 cm/hr
65



University of Ghana http://ugspace.ug.edu.gh

compared with that of 5.07 for the non-compacted soil.

Biochar application affected the sorptivity and the Ksa of all density levels. Biochar ameliorated the

compaction effect and increased the Philip parameters to influence the infiltration.

From the trends (Fig 4.7), it was clear from the regression equations that increasing bulk density levels
significantly (R?> = 0.987, 0.948; p < 0.01) decreased the sorptivity and saturated hydraulic
conductivity. An exponential model was used for the data set as it gave the best fit which also
aligned with the result of Shafiq et al. (1994). Using the data points for treatments BOD1, B20D1, BOD2,
and BOD3 (Table 4.4) and non-linear regression analysis, bulk density was related to the sorptivity

and Ksg by the following

S = 1445.3 x exp *131 4.8
Ksat = 21535 * exp™© 4.9
The values of S and K
S pred t (b)
14
012
<?
£ 10
E’/ 8 y =1445.3
2 Rz =10.9
= 6
o
s 4
wn
2 ,
0 i ‘ 0 "=
0 05 iy - e 50 1 15 2
Bukdensi IVORSRI PROCED: AL “ Bulk defisity (Mg/m3)

Fig 4.7(a): Relationship between bulk density and (a) sorptivity, and (b) saturated hydraulic
conductivity (Ksat)
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Given that the bulk density has the main impact on the soil hydraulic properties. It is necessary to
explicitly describe the biochar modification on hydraulic properties, since biochar application
affected the bulk density, as indicated in equation (4.1). Therefore, no separate biochar related equations

were derived in this study.

4.3  Prediction of the interactive effects of density and biochar on infiltration.

Having derived the relationships between the infiltration parameters and bulk density and that
between bulk density and biochar application, it is now possible to predict the interactive effect of
biochar and density impacts on infiltration. The test data were those which were not used in

deriving the relationships. Thus, 5 datasets (out of the 9) were available for model testing.

The predictions were gen ient of determination (R?)

was 0.75 and the Willm enly scattered in between
the 1:1 regression line. ion rate as a result of no
compaction induced on .i amended treatments at 20

tons/ha offset the effect o

TEGRI PROCEDAMUS |
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For Horton’s model, most of the data points were concentrated at lower infiltration ranges (Fig 4.9).
The regression equation revealed a weaker agreement (R? = 0.46; p < 0.01) but the regression was
significant. The Willmott d-index was, however, fairly high (d = 0.75; p < 0.01). The low value of
R? obtained for Horton’s model may be due to variability in parameters such as soil water

measurement during the experiment.

HORTONS MODEL

y =0.5113x + 5.9185
R2 =0.4642

N w D a1 D ~ (00]
o o o o o o o
1 1 1 1 1 1 1
»
@
[
o
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Predicted infiltration rate (cm/hr)

=
o
1

80 100

Fig 4.9: Correlation & icted ¢ servel il using Horton’s model.

predictions of the int

as they are, could provide useful Or @sse impactof biochar applieation on the hydraulic
R P

properties (infiltration) and hence runoff from corﬁpactedlsoils.
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CHAPTER FIVE
5 RESULTS AND DISCUSSION: 11

THE GROWTH, YIELD AND WATER USE EFFICIENCY OF UPLAND RICE GROWN ON
BIOCHAR-AMENDED COMPACTED TOJE SOIL

5.1 Characterization of soil and biochar used

The greenhouse experiment conducted to investigate the growth, yield and water use efficiency of
upland rice grown on biochar-amended compacted soils was described in Chapter 3 (Section 3.2). Table
5.1 summarizes the physical and chemical properties of the soil and biochar used for the study. The
soil can be classified as sandy clay loam containing sand, silt and clay composition of 51.7%, 30.8%

and 17.5 %, respectively silt and clay contents are

also appreciable. The fi is in the normal range of

agricultural fields for pro pH of the soil in water was
4.36 while in KCI me ic. The total carbon was
0.65%, which can be ca itrogen and sulphur were

0.0976% and 0.0005%,

The rice husk biochar as the charred pyrolyzed

bon was fairly high (53%)
|

temperature is low (350

and the CEC of 19.77 cm ability. It has a bulk density

of 0.21 Mg/m?® whic roven that lower bulk

density of biochar re bulk density (Periera et al., 2 : aI.H, 2013; Hardie et al.,
* e e——————— 3
2014). The result is also sim lar to 'the result BHWMMU@D ) Who reported the same rice

husk biochar bulk density to be 0.22 Mg/m?.
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Table 5.1: Soil and rice husk biochar physical and chemical properties.

Soil Parameters Soil properties
pH (H20) 4.36

pH (KCI) 3.97

Total carbon (%0) 0.65

Total nitrogen (%) 0.097

Total sulphur (%) 0.0005

Bulk density (Mg/m?) 1.31

Sand (%)

Clay (%)
Silt (%)

Textural cle
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5.2  Environmental conditions during the greenhouse experiments

5.2.1 Temperature

Temperature varied during the experimental period. The average minimum and maximum
temperatures were 38.2 °C and 45.9 °C, respectively. In absolute terms, the lowest temperature
recorded was 26 °C whereas the highest temperature was 50 °C (Fig. 5.1a). In general, the variability
of the minimum temperature was higher than the maximum temperature and temperatures were
lower at the beginning of the experiment (August) than towards the end of the experiment (October —

November).

The temperature variation of the plant (Fig 5.1b). In

general, the temperature e tillering stage where the

temperature dropped fro of the growing cycle. The
minimum average tempe e highest temperature was
recorded at the dough-forming grains are filled up and become

hardened.

INTEGRI PROGEDAMUS |
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Fig 5.1(a) Daily maximum, average and minimum temperatures in the screen house during
the experiment and (b) Average temperature during the development stages.
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5.2.2 Relative humidity

As for temperature, the relative humidity also varied with time during the study. Figure 5.2 shows the
average relative humidity in the screen-house reached as high as 85% during the initial vegetative
stages of the plant when the average temperatures were low. Towards the end of the experiment
when the average temperatures increased, the RH decreased to lower values of about 60%. The
combination of temperature and humidity is the VVapour Pressure Deficit (VPD). In the study conducted
by Tacarindua et al., 2013 on increased temperature’s effect on the growth and yield of soybean in
temperate gradient chambers in Japan, they reported VPD increment with increasing temperature

and low humidity which aligned with our result. Using average temperature and humidity values

obtained in this experime d an average VPD of 2.2

kPa. Several studies ha t of plant growth, as it
controls the transpiratio . High VPD values of more
than 2.0 kPa lead to exce e WUE whereas very low
values (< 2 kPa) reduce e efficiency (Roby et al.,

2020). In the case of the cess is halted.

| L, o -
4 INTEGRI PROCEDAMUS |
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It is concluded that the nd 2.2 kPa did not hinder

the growth of the rice pl

5.2.3 Potential evapotrz

The daily potential eva ater level in a 250 ml

(evaporimeter) placed in 2.05 to 6.5 mm/day with
an average of 4.3 mm/d ose measured for tropical
conditions by (Qiu et a ‘ b0l axin / ation to be 6.28 mm/day.
Though the high-tem_peratur ery ‘ o r vould imply high evaporation,
the igh RH would | &
movement is reduced; the lowel A e ot ouf'l of range. The total

potential evapotranspiration at the end of the expeFiment was 462.8 mm.
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5.3 Soil and water cond

5.3.1 Variations in soil

The bulk density of the s

own in Fig. 5.4. The bulk
density variations represe ar application treatments.
The treatment BOD1, fo g/m°) at any depth of the
column with no biochar a packing were 1.33 Mg/m®
with some minimum varia f the soil had a bulk density

m of the soil in the column

of 1.36 Mg/m®. The applicatic

l) about 1.28 Mg/m®,

|
g/m®. For D2, the resultant

soil bulk density at the top was 1.5 Mg/m?, i-ncreasﬁg—to a peak of 1.73 M g/m? at about 7 cm depth

when no biochar was applied (i.e., BOD2), giving an average density of 1.61 Mg/m? within the top 10

cm of the soil. The application of 10 ton/ha biochar to the top 4.5 cm of D2 (i.e., B10D2) reduced the
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bulk density of the top to 1.32 Mg/m®and at 7 cm depth to 1.5 M g/m?® resulting in an average bulk
density of 1.41 Mg/m?3. The highest bulk densities were observed for D3 treatments. Without biochar
application (BOD3), the bulk density at the top was 1.72 Mg/m?, increasing to 1.79 Mg/m® at 7 cm
depth, giving an average of 1.76 Mg/m? within the top 10 cm of the soil. When 10 ton/ha of biochar
was applied to the top 4.5 cm in B10D3, the bulk density reduced from 1.32 Mg/m? at the top to 1.72
Mg/m? at 7 cm depth, resulting in an average density of 1.52 Mg/m? for the top 10 cm of the soil. Since
the soil compaction was limited to the top 4.5 to 10 cm sections of all treatments, the bulk density of

all the treatments below the depth of 10 cm returned to the field value of approximately 1.33 Mg/m®.

In general, the addition of biochar reduced the bulk density at the depths to which it was applied. This

effect of biochar on bul

ell et al., 2012; Githinji,
2014; Hardie et al., 20 Zhang et al., 2021). The
decrease in bulk densit ill affect other hydraulic
properties. Macro pores 2 connected, causing lower
air permeability (Edwarg er and nutrient to the root
of crops (Seixas and Tim 2 {0 root penetration would

likely reduce water uptak

77



University of Ghana http://ugspace.ug.edu.gh

Bulk density (Mgm-3)
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S
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5.3.2 Water regimes an

Soil water regimes of the As shown in Fig. 5.5, the

total water applied unde t application W1 of 338.5

mm was 59% of the hig f 419 mm was about 74%

of W3. These water regi ‘ lifferently.
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Fig 5.5: The three wz ice growth experiment

Table 5.2 presents the i sity levels and rice husk

biochar on water balance ar was applied, runoff and
drainage were observed , especially under D2 and
D3. Drainage was howe total water applied under
BOW3D3 was lost as seas )D1W3. The high seasonal

fwater and possibly low water

runoff under D2 and D3 ca
A

conductivity in D2 @Qaused by sof rainfall

| ﬁ =
2016) also observed.that an incr g&ﬁ?ﬂﬂﬁ!@ﬁﬁ wer water infiltration. Furthermore,
(2019) IR T EGAT PROCEDAMUS T

Adekalu et al. (2006) observed compaction signTﬂt“aﬁny increased runoff. The result of this study

|ntensity. Khan et al.

aligns with that of Grace et al. (2006) who reported that lower infiltration and saturated hydraulic
conductivity contributed to increased water logging and runoff. The treatment BOD1W3 did not show
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any significant runoff. The total runoff + drainage for this treatment constituted 13% of the applied
water. The application of biochar to the top sections of the soil altered the runoff and drainage relations.
For the high-water regime, the per cent loss of water as runoff + drainage was 4%, 6% and 18%
for B10D1W3, B10D2W3 and B10D3W3 treatments, respectively. In particular, runoff is reduced

with biochar application.

80



University of Ghana http://ugspace.ug.edu.gh

Table 5.2: Interactive effect of biochar, water regime and bulk density levels on water balance components

Components D1 D2 D3 D1 D2 D3 D1 D2 D3

(mm) Low water regime Medium water regime High water regime

Biochar 0 ton/ha

Total runoff 0.27 a 6.09b 41.72e 0.30a 44.31e 68.82 g 222a 100.51h  101.53h
Total 0.00a 59.37 ¢ 36.13b 27.80b
Drainage

ETa 242.10 b 42330h  349.90f  353.10f
A+W 96.19 abc 84.58ab  82.92ab  87.06 abc
Total runoff 0.00a 1.08 a 13.83¢ 63.70 f
Total 0.00a 67.90c 60.27 ¢ 27.33b
Drainage

ETa 229.90ab 237.20b e 8:40cde 417.60gh  398.40gh  388.90 g
A+W 108.62 bc 91.- 7.735%_@| 82.92ab  97.0labc  89.55abc

| ——— — i )
Common letters are not significantly different <ME@nqdp QWﬁlgq'angerTést. D1: Field bulk density (1.31 Mg/m®),
D2: Medium bulk density (1.5 Mg/m?),-D3: High bulk density (1.75M g/m?)
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The impacts of the treatments were also reflected in the plant water use (actual evapotranspiration
ETa). The actual evapotranspiration (ETa) was reduced with increasing soil bulk density for each
water regime. Under the low water regime, W1 the seasonal ETa varied from 206 to 242 mm, for
D3 and D1, respectively, when no biochar was applied. For the same biochar application rate, the
ETa varied from 279 to 314 mm for D3 and D1 under the medium water regime (W2). For the high-
water regime (W3) and 0 ton/ha biochar application, the ETa was 351 and 423 mm, for D3 and D1,
respectively. When biochar application increased to 10 tons/ha, The ETa values were 229 and 233
for W1D1 and W1D3, respectively. For W2, the ETa was 327 and 308 mm for D1 and D3,

respectively, and for W3, the ETa was 417 and 389 mm, respectively.

Using some of the sel eral relationship could be

derived for the deter the knowledge of bulk
density, rainfall and bia
(R+D,) = —225+97.8BD 5.1
where BD is bulk densi mm), and BC is biochar
application rate (ton/ha). recipitation (P) event can
be determined as:

ET,=P—(R+1D 5.2

| L, o -
4 INTEGRI PROCEDAMUS |
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5.4  Effect of soil compaction and biochar application on rice development and growth

5.4.1 Plant development

For all biochar amended soils, planted seeds emerged after 5 days (Table 5.3). In the case of no
biochar treated soils, emergence was between 5 and 6 days. All treatments, irrespective of their bulk
density levels and biochar rates received the same adequate amount of water during the first week of
planting. Hence, there were no expected differences in soil desiccation, which, could affect
germination and emergence. However, the delay of one day in emergence observed for the non-
biochar applied compacted treatments could be attributed to slight water logging conditions. This

could possibly affect aeration or the increased impedance to shoot and radicle of the emerging seed

due to compaction the soil compaction can delay

seed emergence (Gemta

Table 5.3 Treatment effe

Treatment owering  Maturity
name
BOD1 104
BOD2 103
BOD3 08
BOD1 102
BOD2 102
BOD3 96
BOD1 99
BOD2 97
BOD3 08
B10D1 103
B10D2 - 103
B10D3 : : | 08
B10D1 1. 0 5 99
B10D2 51 A £ e e - M 60 99
B10D3 Jf.'?@ | INTEGRI PROCEDARUS ' —T 97
B10D1 1.33 10 Sy G 71 99
B10D2 1.51 10 W3 5 72 99
B10D3 1.79 10 w3 5 65 97

LSD (0.05) 1.07 1.47 1.34
CV (%) 11.9 1.8 1.1

BD: bulk density, BC: Biochar; W1, W2 and W3 are low, medium and high-water regimes
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5.4.2 Days to 50% flowering

Three compounding treatments affected the speed of development of the rice plant to flowering (Table
5.3). First, under no biochar application, the low water regime (W1) treatment tended to delay the
time to flowering slightly, irrespective of soil compaction level, with an average of 72 DAP. The rice
plant under the water regimes W2 and W3 (high water) reached 50% flowering at 71 DAP. Within
a given water regime, days to 50% flowering varied with bulk density treatment. The rice plant
under bulk densities D1 and D2 reached 50% flowering at 72 DAP, but the development under D3 was
faster, attaining 50% flowering at 69 DAP, which was significant. When biochar was applied at 10
tons/ha, the lower water regime (W1) again delayed the development to flowering (71 DAP)

followed by the mediu 7 the; ter regime W3 (65 DAP).

With the density effect, ering whereas D2 and D3

Plant development respo - > A ‘ s of study for many years.
McMaster et al. (2005) inants as air temperature,
photoperiod, and water 3 as uniform in the screen
house, differences in th effects. With water stress,
Abrecht and Carberry Campos 1. ‘ ‘ 7 ay in maize development
under severe water stress | ge of the crop. Observation
in this study conf 3 hes  delayed fl 7 i 9 Yet, there are also
general observations or opi at water stress or low water a ,' ' ity prom;oted early flowering,

— | e mmme————— L o i -
a strategy for survival by ﬂfg T;;E-g'ﬁuoft’ M&MHQ%) have discussed the apparent

contradictions to the water-stress effect on plant development.

There is a paucity of data on the impact of soil compaction on plant development. The effect may
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be indirect. It would be expected that since runoff was highest under the high bulk density treatments
(D3) and the overall water use was lowest for the highest bulk density treatments, the combination of
W1 and D3, irrespective of biochar treatment would decrease water availability and hence increase
soil water stress. The result would be a generally accelerated development of the plant, as observed in

this study.

5.4.3 Days to maturity
Figure 5.6 presents the maturity of rice plants under different density levels, biochar rates for
different water regimes. The days to maturity were prolonged under the low water regime and

decreasing bulk density. Under optimum soil conditions (D1) and high-water regime (W3) the days

to maturity irrespective as no difference

7 BO ton/ha
= B10 ton/ha

3000

i 2500

©

; 2000 s /Iﬁ_% :

g 1500 ?l ,? e

% 1000 Z %I Z

5 500 "/Al;fgill Z’-:é:?:-‘z
w1

ater regime levels

Q_—J ' - 9 ]

Fig 5.6: Effect of biochar iy shoot biomass as affected_by,ﬂ*yj evels and water regimes.
~——1_INTEGR| PROCEDAMUS I'—

in days to maturity, however, the changes were seen in the yield produced. From days to 50%

flowering, it took 30 + 2 days for all treatments to reach maturity. As the water amount applied

increased, it took lesser days for the plants to reach maturity. At both biochar rates, with a low water
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regime, the plants took longer days before reaching maturity. This could probably be due to the slow
developmental phases of the crop caused by prolonged water stress days. With the bulk density effect,
the days to maturity reduced as the density increased. The plant’s development was delayed due to
the inability to transmit the required nutrient from the source (due to root suppression) to the sink
(root and shoot). Hoque and Kobata, (2000) also noted delayed heading and a reduced number of

spikelets caused by soil compaction.

Table 5.4: The effect of different biochar rates, density on days to emergence of upland rice.

Treatment names Density Biochar Days to emergence
BOD1 1.33 0 5
BOD2
BOD3
B10D1
B10D2
B10D3
LSD (< 0.05)

5.5 Effect of soil co and yield of upland

rice.

5.5.1 Total dry shoot b

application from 2000 kg/ha under W1 to 2250 kg/ha under W3. In the case of the highest density

level (D3), the average shoot dry weight was 2000 kg/ha with an increasing trend of 1900, 2000 and

86



University of Ghana http://ugspace.ug.edu.gh

2100 kg/ha for W1, W2 and W3, respectively. Generally, the dry shoot biomass reduced with
increasing soil bulk density, with D1 having the highest shoot biomass. In other words, as the soil
bulk density increases, there is a reduction in the production of rice shoot, apparently caused by the
restriction of root elongation to only the compaction cracks and tilled topsoil layers, thereby reducing
the uptake of water and nutrient by the root system. Similar results were observed by Ocloo et al.
(2014) where bulk densities of 1.7 and 1.9 Mg/m? reduced the dry matter yield. The actual
mechanisms of plant response to compaction are not clear but appear to involve the induction of
hormonal signals that slow shoot growth (Passioura, 1991; 2002).

To some extent, higher water application appeared to offset somewhat the effect of soil

compaction on shoot 0 nder W2 and W3 in un-

compacted soils (D1) a on on yield response could

be mitigated with increz 009).

The application of bioc it growth. Shoot growth in

the compacted soils (D g. 5.7), even under a low
water regime (W1). ed D3, the average shoot
growth was 1996 kg/ha 1) when 10 ton/ha biochar
was applied. This was ¢ 'Va , d density (D1). Therefore,
the effectiveness of biol : ‘ | ‘ :

indicated that bioch calyptu ; | 1t on d Iter accumulation of
upland rice in the.%# orporation (Petter et al., 201 b ‘%‘;positive results with
the addition of fertilizer. How{a%I Eﬁ@; ﬁﬂéﬁiﬂ@im@ha Tcreases the shoot biomass

of wheat in silt loam soil (Bista et al., 2019). A 12% increase in shoot biomass was reported in

Indeed, some studies have

wheat after the application of biochar applied to compacted soil (Liu et al., 2017). Further research is
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required to ascertain when biochar application is required for soil improvement.

BO ton/ha

B10 ton/ha
3000
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SNNNRRASK
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Dry shoot biomass (kg/ha)

Fig 5.7: Effect of [ i ity levels and water

5.5.2 Grain weight

Unlike shoot growth, for the different water

regimes and biochar educed with compaction,
irrespective of the wat erage yield of rice for D1

across all water regimes w

Previous studies h@c_onfirme
1997). Water regim_g also %ﬁéﬁm effect.on g;ai h‘dﬂr no blothar application, the
Ri P FIIGE

yield for W1 (averaged over bulk density treatments)was 591 kg/ha, 1042 kg/ha and 1282 kg/ha for

D2 and 636 kg/ha under D3.

gompaction on Id (Seixas and Tim,

W1, W2 and W3, respectively. It may be inferred that though soil compaction reduced the yield by
41.1%, and 68% for D2 and D3, respectively, at low water regime and 34% and 47% at D2 and D3
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for high water regime, the yield responses to water regime appeared to be dominant. In effect, the
reduction of rice yield due to soil compaction could still be offset by an increased supply of water.

The interaction between biochar and water regime was highly significant (p<0.001).

The application of biochar also significantly affected rice yield. The highest yield of approximately
2500 kg/hawas observed for biochar application of 10 tons/ha under density D1 and water regime W3.
For D1, the average rice yield for biochar application averaged over all water regimes was 1778 kg/ha,
which was 33% higher than that without biochar application. In the case of D2, the average yield under
biochar application was 1451 kg/ha which was 53% higher than that without biochar application. For

the highest bulk density, the average yield of 1,238 kg/ha under biochar application was almost

double (94%) that obse pact became more evident

as soil compaction inc | compaction.

In general, the grain D3 (Fig 5.8b). However,

biochar increased the grai er regimes. Other studies
confirmed the positive (Zhang et al., 2012; Ocloo

et. al., 2014).

| L, o -
4 INTEGRI PROCEDAMUS |
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5.6 Root growth and distribution

The root masses at three different depths of the soil columns are presented in Table 5.5. Under field
bulk density condition (1.33 Mg/mq), total root mass in the non-biochar amended soil column was 6.67
g with about 44% of the root mass in the top 5 cm of the soil (Table 5.6) and 14% in the middle
layer. Biochar application increased the total root mass to 7.61 g with 51% of the total root mass
concentrated in the top 5 cm. Under D2 conditions, total root mass decreased to

5.38 g with about 43% in the top layer while biochar application increased it to 5.81 g with 43% in
the topsoil. Root growth in the compacted layer (4.5 — 10 cm) was restricted and constituted not more
than 13-15%. For the high-density treatment (93) total root - mass _with and without biochar

application were 4.45 3 e top 5 cm and less than

16% in the compacted experienced soil hardening

at the subsoil layer.

studies. The observati : A IR xas and Tim (1997) who
studied compaction effe 0 et al. (2014) observed a
decline of maize and s ng bulk density) in some
Ghanaian soils but poi nse. Likewise, Hakansson
and Lipiec (2000) also st

Cay (2006) reporte@_ibiti

Mg/m3. Because the root dev d.a.maximum pressure above‘whichithey are, unable to expand in
-"h - e -’

1 INTEGRI PROCEDAMUS —

g bulk density. Ozpinar and

m at a density of 1.5

the soil layer.
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Table 5.5: Root mass (g) at different depths (cm) of the soil column as influenced by biochar

amendment.

Bulk density (g/cm3) Biochar (ton/ha)

Root mass ()

1.33 0
133 10
151 0
151 10
1.79 0
1.79 10

LSD (p<0.05)

CV (%)

0-4.5, 4.5-10 and 10-30

Table 5.6: Root mass
amendment.

Bulk Density
(Mg/m?)

1.33
1.33
1.51
1.51
1.79
1.79

0-4.5 4.5-10 10-22.5 Total
2.899 0.929 2.843 6.671
3.892 1.101 2.612 7.605
2.309 0.71 2.363 5.382
2.829 0.864 2.119 5.812
2.153 0.68 1.618 4.451
2.454 0.833 2.39 5.677
1.08 1.68
39.6

er, respectively.

influenced by biochar
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5.6.1 Root mass density distribution

The vertical distribution of root mass density of upland rice is described in Fig. 5.9. Generally, the
root mass density was highest at the topsoil and rapidly declined with depth. For the compaction
effect, the root density was in increasing order of BOD3 <BOD2 <BOD1 and for the biochar effect,
the same trend was observed. The highest root mass was recorded for treatment D1 and the lowest
for D3. Below the depth of 10 cm, the root mass density was uniform (average of 0.0004 Mg/mq) since
the soils at those depths were packed to the field bulk density (D1). The compacted zone (4.5 to 10

cm) resulted in a drastic reduction in root mass. The root penetration into the deeper zone was

restricted as they developed a maximum pressure above which they are unable to expand in the sub-

soil layer (Seixas and gation and root growth of

perennial grasses carrie

decreased at the subsa

bulk density and low me

velopment of all species

on of aggregated soil, high

€

N2 - -

= & = B10D1
= === B10D2
a _—© 'BIOD3

-h—:
-20 4

25 4

Fig 5.9: Root mass density distribution along the soil profile of biochar-amended and un-
amended soil.
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5.7  Effects of biochar on water use efficiency of upland rice on a compacted soil.

Figure 5.10 shows the impact of biochar application on the water use efficiency (WUE) of rice grown
on soil with varying degrees of compaction. The WUE decreased with increasing bulk density
levels and water regimes except in the case of medium water regimes at medium density levels (D2).
The lowest density (D1) had a significantly higher WUE of 14 kg/ha/mm, whereas the highest density
D3 had the lowest WUE (9.28 kg/ha/mm under W3 conditions). Biochar had only a small significant

effect on the WUE of the compacted soils.

The reduction in the WUE with increasing water regime could perchance be attributed to higher losses

as runoff and drainage 3

The higher water use e water regime) could be

attributed to reduced tra ilability of water for plant
use. Researchers have r s such as vapour pressure
deficit and average re atyer 1965) and limitation
to water supply which ¢ ic conditions, VPD has a
greater effect on the al., 2004). Abbate et al.
(2004) reported high )sure of stomata restricting
the rate of transpiration s that plants growing under

severe and moderate wate bit increased WUE (Ge et al.,

2012). Also, Yin et reported increas 1
: ‘ _ _— .-H - . 1
are reported by other rese Chﬁﬁtmﬁeﬁ éﬁmﬂﬁ@ waizek 2003; Zhang et al.,

2004). In well-watered conditions, the shoot growth contributes mainly to the total biomass while

-

under water stre ftions. Similar effects

for the stress condition, the root growth contributes to the total biomass. Similar effects are reported

by other researchers (Marron et al., 2002; Siemens and Zwaizek, 2003; Zhang et al., 2004).
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5.8 Rice yield predi

It is one of the majo een rice yield and soil

compaction, biochar a ations 5.1 and 5.2 were
derived to predict the of rice under various soil
compaction, biochar ap tution of the ETa into the

Doorenbos and Kassam (

(1- %‘;) =Ky (1 @! 5.3

where, Ky is the yield respo tor(=-1.3 for-rice);“Ya_ a (kg/kg) are the actual and
: Ii INTESR| PROCEDAMOS 11

potential yield of rice, respectively, and ETa and ETp are the actual and potential
evapotranspiration, which enables the determination of the actual yield, Ya. The Yp was taken as the
highest observed rice yield of 2,359 kg/ha (see Fig. 5.8a), while the ETp was the measured seasonal
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free water surface evaporation from beakers in the screen house, which was 462 mm (see Section

5.2.3 above).

The prediction of rice yields using equation 5.3 is compared with the observed given in Fig. 5.8a,
while the comparisons are shown in Fig. 5.11. The degree of association between the observed
yield and the predicted yield is shown in fig 5.11. The coefficient of determination (R>= 0.67) and a
Willmott d-index of 0.891 indicates a generally good agreement between the predicted and
observed. This implies that rice yield for different soil conditions under biochar application can be
predicted, providing a tool for decision support and agricultural planning. It may be pointed out that

the focus of soil factors in this study did not include chemical aspects of biochar and hence soil fertility

parameters were not ing

It must also be pointe as APSIM now include

biochar effects, but the Simple regression models
such as those derived in this st 3 3 ir combination with equation 5.3

can be used as startin

validated.

TEGRI PROCEDAMUS |
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2500 -
y = 0.6793x + 479.91
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s for the different soil
pl gimes.
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CHAPTER SIX
6 RESULTS AND DISCUSSION: 111

SIMULATION OF RUNOFF FROM BIOCHAR-AMENDED COMPACTED RHODIC
KANDIUSTALF SOIL

Introduction

Runoff is a very important parameter in the water balance equation because it partitions rainfall into
surface loss and what can infiltrate the soil to increase water storage for plant use. Runoff models
abound in the literature, ranging from very physical approaches that require knowledge of soil
hydraulic properties, to more empirical approaches. Runoff can be predicted using Philip’s

(1957) infiltration equa d the saturated hydraulic

conductivity, as discus etermined by the Horton

(1940) infiltration equa en the difference between

the total rainfall and tot

The physically-based a‘ . For field landscape-scale

runoff assessment, th ace to another present’s
complications, apart fro ay not be known.at those
scales. Furthermore, fo ty data are not available.
Often, rainfall data are ‘ ore desirable to be able to

predict runoff from Iimite

5u

Two models that are popu@plled for runoff modell_g at jﬂi to Ianqscape scales are the
G ERRGERAM

Ive et al. (1976) model, which requi nfallaﬁd the antecedentwater content
of the topsoil, and the United States Department of Agriculture (USDA) Natural Resource

Conservation (NRCS) Curve Number Technique (Rallison, 1980). The Curve Number method is used
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to estimate runoff (Q) from small to medium watersheds. The Curve Number Technique requires
information on the daily rainfall and the soil conditions (e.g., soil type, land use, hydrologic class,
etc.) Whereas these models have been used successfully in crop modelling, the impact of management

practices such as biochar application has not been assessed.

In this chapter, an attempt is made to test modified versions of the two models to account for the
biochar effect. The hypothesis state that “biochar application to soils basically modified the bulk
density and porosity of the soil”. Furthermore, it is hypothesized that runoff parameters of the Ive
et al. (1976) and USDA Curve Number (1972) models are functions of bulk density. The bulk-

density modified models can then be applied to predict runoff (Fig. 6.1). A relation between the biochar

application and bulk de as:

BD =BDyx (2x107° 6.1

where BD is the soil bu sity, BC is the biochar

application rate (ton/h etween the runoff model

parameters and the bulk

Hence, deriving relatic de : del | ould account for biochar

impact.

| L, o -
4 INTEGRI PROCEDAMUS |
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Input biochar
application
rate

[ Determine ]
Determine lve et Determine

Input
Precipitatio

Input
Precipitatio

Fig 6.1: lve ¢ epresentation.
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6.1 Datasets for parameter derivation and model testing

As detailed in Chapter 3, a total of five (5) irrigation events were carried out on repacked soils of
varying biochar application and compaction levels. The runoff measurements from three (s) events,
namely: events 1, (irrigation amount of 25 mm) event 2 (irrigation amount of 15 mm) and event 5
(irrigation amount of 50 mm) were used for parameter derivation. For each irrigation event, the
treatments included BOD1 (zero biochar and soil at field bulk density), B20D1 (biochar application of
20 ton/ha at field bulk density) and BOD2 (zero biochar and soil at medium bulk density). Data for

event 3 (50 mm irrigation) was used for model testing.

6.2 The lveetal (197€

The model predicts th itation, P (mm), and the

antecedent soil water co e, the model has two parts

and is given as:

Q=P -Of1(P) +P 6.2
where, C is a constant af

f1(P) = a+bP 6.3a
£2(0) = d + e6v 6.3b
where a, b, d, and e are | as:
Q=F-0(a+bP)+ 6.4

es of the parameters

For the sandy Ioam@:ield ater halal

derived from curve fitting @" 0,2=-0.346,-0-=0.00691, d =--1:19 and e =7.41
O INTEGRI PROCEDAMUS I

In this study, however, each of the parameters was expressed as functions of BD, using data obtained
from the runoff experiments described in Chapter 3 (Section 3.4.1.1). Curve fitting was carried out
using the SigmaPlot version 14.0.
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6.2.1 C as a function of Bulk density

The general observation from the runoff experiments indicated that the C parameter was high for
low bulk density treatments but decreased sharply with soil compaction. Though Ive et al. (1976)
did not provide any interpretation for C, C likely is related to the quantity of water that would
infiltrate the soils before runoff inception, if the antecedent soil water content was low. The relation
between the C parameter and the bulk density is shown in Fig 6.2 giving a high value of about 78
mm for low BD (< 1.2 Mg/m®) which decreased sharply to about 20 mm for high BD. The curve

was non-linear and could be described by a sigmoidal equation of the form (R?= 1.0, p <0.05):

6.5

As indicated, it would rating into the soil before

the onset of runoff will . This is as a result of soil
surface being clogged, density of the soil can be
managed properly using oss of soil sediments, and

fertilizer and nutrient de

With regard to biochar ation of every ton /ha of

biochar to soil would re would be affected.

| L, o -
4 INTEGRI PROCEDAMUS |
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12 14 L& 18

Fig 6.2 ‘ | ) density.

6.2.2 Other model Par

The relationships betw: summarized in Table 6.1.

Coefficient of determi t of bulk density on the
parameters. All showec and “a” have the perfect
coefficient of determi <0.001), respectively, as
compared to others. 100 riation in | . s/ s caused by the changes in
icting the parameter

gave a good and best
|

e, |
association, R of 0.9841 and J&Agiﬁﬂdcﬁamwa

of determination, however, it is still noteworthy to give a positive and good significance and

¢ gave the lowest coefficient

coefficient of determination.
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Table 6.1: Relationship and test of significance between parameters and bulk density

Parameter Equation R2 p

C 78 1.00 <0.0005

1+ e[ (Sparar)

a 0.9956 <0.001
0.563 * BD — 0.827
b 0.9841 <0.05
—0.0307 * BD — 0.051
d 0.9497 <0.05
e
The relation between the ion (Fig. 6.3a) with higher

values obtained for hig the “A”, which decreases

with increasing BD (Fi¢ )y lve et al. (1976). It can

be noted that the valu in a positive interaction.

However, with bulk de ue of “b”- a function of

precipitation to negative igh soil bulk density will

account for decreasing [ | take for water to infiltrate

“ 9

into the soil and in I a”. Also, parameter
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02 - a 0.016 b
0.014
0.15 | !}
/ 0.012 v
w 0.05 A / £0.008 \
g / 50.006 \
(<] T T il | <] \
S 0o o5 1 a5 2||5%004 \
5-0.05 - / & 0.002 \
0.1 4 r 0 T T —\
v -0.002 0.5 1 1.5
-0.15 H -0.004
0.2 - Bulk density (Mg/m?3) -0.006 - Bulk density (Mg/m?3)
Fig 6.3: (a) Pa of bulk density.

In the case of paramete
6.4 a) with higher value
(Fig. 6.4a and 6.4b). Pz
as a function of the init
saturation quickly therel
intensity, is regarded as

increases geometrically

infiltration stops/ slows down as in parameter “b”.
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2 |inear equations (Fig.

value with increasing BD
Ik density, it is described
is initially wet, it reaches
easing rainfall amount or
hen soil is dry, infiltration
Therefore, with regards to
me to _ry‘p off of the soil. With
Encrease by 2.91 and

n
ied as the intercept at which
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ction of BD

6.3 The USDA NR

6.3.1 CN (Curve number).asafunction of bulk-densi anduinitialwater content

The CN model predicts

_ (P-0.25)?
Q= (P+0.85) 6.6
25400
S = N 6.7
where S is the maxi 3 te , ‘ /e Number. The CN was

(Hawkins et al., 2?

hydrologic condition..\Val

the literature. However, in this study, a more rigorbus r)eLIationship between the CN and bulk density

were derived, given that the biochar application significantly affected the bulk density (equation

6.1). To arrive at the relation, pairs of runoff Q under varying irrigation, P, for varying soil
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compaction levels as described in Chapter 3 (Section 3.4.1.1) were used to determine S, following
Hawkins (1984) and Yoo et al. (1993) as:
S=5P+10Q —10/Q2 — 1.25PQ 6.8

With S determined, the corresponding CN was then determined as:

25400
S+254

CN = 6.9

As the CN values correspond to different bulk densities, a relation between the CN and BD could be
derived. Apart from the BD effect, the impact of the antecedent soil moisture content was also
integrated into the modified CN value determination, to arrive at the overall equation:

CN =-144 + 4 6.10

Other researchers also ich is the derivation

of CN based on soil sl al watershed. They got a
correlation of determ different from our result
(VerWeire et al., 2005). asing drainage will cause
decreasing CN value ¢ and drainage in a linear

equation to be 0.50.

6.3.2 Modification of

The calculated CN val t bulk densities and initial

soil water contents are

and water content.@_ —
With regard to density em_ ‘ 0
~—1 INTEGR| p

Treatment D1 (1.3 — 1.49 Mg/m?®) gave the average CN value of 75.9 under no biochar application.

that CN increased with BD

Under D2 (1.63 — 1.89 Mg/m®) and D3 (1.54 — 1.74 Mg/m?®), the average CN values increased to

107



University of Ghana http://ugspace.ug.edu.gh

82.6 and 86.3, respectively. These values are slightly higher than the tabulated CN of 81 reported for

sandy clay loam with 0-2% slope in USDA SCS-CN (Ross et al., 2018).

Table 6.2: Measured bulk density and runoff for four rainfall events

Event Irrigation BD ov CN Event Irrigation BD Ov CN
1 25 130 0.27 67.0 1 25 174 006 964
25 131 017 67.0 1 25 167 0.09 994

25 149 0.13 67.0 1 25 154 0.06 87.0

15 130 013 772 2 15 174 019 772

15 131 010 772 2 15 167 017 772

15 149 013 772 2 15 154 013 772

100 130 0.09 337 4 100 174 012 832

100 131 0.07 337 4 100 167 0.09 799

100 149 0.07 337 4 100 154 009 821

50 74 018 9238

50 67 018 952
50 ; 54 015 87.3
25 ¢ 17 F 05 025 67.0
25 26 023  67.0
25 i ‘ 30 028 67.0
15 05 017  77.2

o o o0 A A BN DN DN PR P P o0 oo o >~ BB B~ DD DD PP

15 39 0.16 , , 26 018 772
15 — 30 017 772
100 02 | | 05 006 337
100 ojc LN ¥ 26 006 337
100 75 006 50. v e 30 009 337
50 £ 94, a— 05 018 809
50 ' 017 711
50 020 737

0v; mean volu

It is expected that @Will improv

Increasing bulk de“ql_ity anggai nt
addition of biochar reduced the susceptibility ofeempacted soil to runoff From Table 6.1, the CN
for density D1 (field bulk density) reduced from =~ 76 to 70 to 63.3 for biochar applications order of
B0 > B10 > B20. Likewise, D2 and D3 reduced in the same descending order. In general, the biochar
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effect on the CN could be captured from the BD effect.

6.4 Performance assessment of modified models on data sets.

Figure 6.5 presents the comparison of the predicted and observed runoff using the biochar/bulk
density modified runoff models. In general, all the two models performed well with R? of about 75%
and Willmott index d > 0.6. Predictions using Ive et al. model matched almost the same (d = 0.666
and R? = 0.742) with that of SCS -CN model (d = 0.87 and R? = 0.75). The Ive et al. (1976)
model slightly overestimated runoff for some of the treatments, especially the high soil bulk
densities. Some of the observed-predicted pair's values were not well distributed around the 1:1 line
basically because the models tened to predict some runoff values while none were observed (zero

values).

Part of the discrepancie racks developing in some

of the highly compactec ing the runoff. In addition,
probably there were so could have caused more
water drainage resulting considered in the models.
The Ive et al (1976) ma )il bulk density treatment
(D1) while some mini erved-predicted pair runoff

values are moderately ¢ modified SCS-CN model.

| L, o -
4 INTEGRI PROCEDAMUS |

109



University of Ghana http://ugspace.ug.edu.gh

Predicted runoff (mm)

30.0 - (a) 14.0 - (b)
y =0.8581x + 6.0868 T |y=0.4745x +0.7988
25.0 - R2=0.742 E120 { R2=0.7447
d =0.666 S d=0.87
510.0
20.0 E
)
S 80
15.0 8
[a
6.0
10.0
4.0
>0 2.0

—0—1:1Line

0.0 10.0
Observed

20.0 30.0
runoff (mm)

e etal. (1976) and (b)
pdels.

Efforts to derive the CN iterature. Inarecent study,

Pugh (2020) derived C the derived values were

generally higher than t 0il conditions. This would

imply that lower runoff n actual measured values.
Though Hagen (2001) ap aterbalang ation o/ 0ff in a watershed based on

the NRCS CN me obtainead® astimati ulk density effect on

the CN could affe&t the acfﬂﬂ runoff modelllng in crop.mot
INTEGRI P HGGEE}ME
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Modifications of the CN by the initial soil water content has also attracted research attention. Ali et
al., (2010) modified the CN by introducing a normalized initial rainfall index. Researchers have
incorporated other factors that are supposed to modify the tabulated CN and obtained better model
performance (Jain et al., 2006). The effort to include the biochar effect via the bulk density could be

seen as an additional effort to improve runoff modelling.

In general, while the two modified models performed well, the Ive et al model directly accounted for
both the daily precipitation and the initial soil water content. The major challenge is the number of

parameters that need to be evaluated. The NRCS CN model has relatively fewer parameters.

111



University of Ghana http://ugspace.ug.edu.gh

7 CHAPTER SEVEN
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
This work investigated the effect of biochar application on crop growth and physical properties of
compacted Toje soil (Rhodic Khandiustalf). The study was aimed at understanding how soil
compaction affected crop and soil productivity and to what extent biochar application could be used

as a remedial measure to offset the adverse impacts.

The study was divided into three parts: the first was to determine the biochar application effect on the
physical properties of compacted soil, and the second was to study the growth, yield and water

use efficiency of upland rice grown on biochar-amended compacted Toje soil under greenhouse

conditions, and the third n soils runoff, which is a

major component of the .33 Mg/m?®), D2 (medium:

1.65 Mg/m® and D3 ( ation with three biochar
application rates, BO (0 t s generally observed that

the addition of biochar re

The first study investigate 0 bulk density. The results

showed that the bulk de ar application rates. The
relation between the bulk icient of determination (R?

= 0.9971; p<0.05). The sec

biochar application @ﬂ]ysma nrop at th porosfi@| the biochar-applied

treatments increased in cons@mth the 0 decllne in bulkdensnmobservqtlons showed that the
~—N INTEGR| cﬁ‘??Eh AMUS 1'—
lowest field capacity was observed for BOD3 (O-ton/ha,-high-butk ™ d'ensny) and the highest was for

pact of soil compaction and

BOD1. However, the effect of biochar application on the field capacity (6FC) was not clear-cut. Both

soil compaction and biochar application affected the moisture characteristics curve, in that soil
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compaction, reduced the saturated water content 6s values from 0.25 g/g for BOD1 (non-compacted
soil) to 0.20 g/g for the medium compacted soil (BOD2) and further to 0.17 g/g for the highly
compacted soil (BOD3). Likewise, biochar application shifted the entire SMC curve to the right,
indicating increased water content for the same tension. In general, biochar application to both
compacted and non-compacted soil improved soil water retention. The saturated soil water content
and residual soil water content (6s and 0r) increased with increasing biochar rates (Table 5.1) in the

order of BO < B10 < B20.

Biochar application significantly impacted the pore size distribution, such that the dominant pore radius

increased from 0.0136 cm for the 0 ton/ha application to 0.015 cm for the 20 ton/ha biochar

application. At 20 ton/ha crease but there appeared

to be multiple “dominant

Both biochar and bulk de ant effect on the saturated

hydraulic conductivity ( on the Ksat With increasing
compaction resulting in a /8 cm/hr was observed for
the highest bulk density no significant differences
between the medium an application significantly
increased the soil’s hydra as observed for D1 under

20 ton/ha biochar (B20D1 biochar application can be a

practice to offset so@gagtion effec ansport. : __@!

. o R Jﬂ H
soil bulk density significantly /affected  the Pﬁ@ﬁE@Mi&iﬁ_l reasing density reduced the
value of all the parameters of infiltration for both Horton énd Philips models (io, ic, k, S and Ksat). The
inclusion of biochar and bulk density effects in the Philips and Horton equations improved the

predictions of infiltration. In the case of Philip’s model, the agreement between the predicted and
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observed cumulative infiltration was good (R? = 0.75 and Willmott d-index of 0.66; p < 0.01). The
agreement was weaker in the case of Horton model (R? = 0.46; d-index = 0.75; p < 0.01) but the
regression was significant. Therefore, it can be concluded that both the modified Philips and Horton’s
models gave reasonable predictions of the interactive effects of bulk density and biochar on
infiltration. These equations, simple as they are, could provide useful tools for assessing the impact

of biochar application on the hydraulic properties (infiltration) and hence runoff from compacted soils.

In the second study, rice growth and yield were investigated under 3 water application regimes: W1
(low), W2 (medium) and W3 (high). The results from greenhouse studies indicated that the rice plant

under densities D1 and D2 reached 50% flowering at 72 DAP, but the development under D3 was

faster, attaining 50% flo cation of biochar delayed

development and increa: significantly affected rice
growth. Regarding bulk
> D2 > D3. There was a ents D2 and D3 compared
to D1, caused by the res e soil. The application of

hiochar offsets the soil co

The application of bioc g the greenhouse studies.

For the high-water regim was 4%, 6% and 18% for

B10D1W3, B10D2\W3 an _ reduced from 18% to 11 %

under D3W3 when @Eplicaﬁon 0 tons/ha T al evapotranspiration

(ETa) reduced With'increasimgﬁdﬁnsuy fomacl&-w&terr e. |Increasmg bulk density didn’t
s | PROCED

affect the emergence of the seeds as they all-emerged-within 5 to 6 days after sowing irrespective of

the density levels.

Grain yield reduced with compaction, irrespective of the water regime. Water regime had a dominant
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significant effect on grain yield. The application of biochar also significantly affected rice yield. The
highest yield of 2,500 kg/ha was observed for biochar application of 10 tons/ha under density D1 and
water regime W3. In general, the grain yield decreased in descending order of D1 > D2> D3.
However, biochar increased the grain weight at all density levels and water regimes. Root growth
in the compacted layer (4.5 — 10 cm) was restricted and constituted not more than 13-15% of the total
root mass. The highest root mass was recorded for treatment D1 and the lowest for D3. The Water Use
Efficiency (WUE) decreased with increasing bulk density levels and water regimes except in the case
of D2 for medium water regime. Biochar had only a small significant effect on the WUE of the

compacted soils.

A multiple regression eq har application, soil bulk

density and water applic the equation in the water
balance enabled the esti ). The application of the
Doorembos and Kassam s treatments resulted in a
satisfactory prediction of (R?=0.67) and a Willmott

d-index of 0.89.

The third experiment wh : a fabol ed on th ct of soil compaction and
biochar application on and assess the predictive

ability of two widely used

The modification of@g'd_els involve ctional ips between runoff

determinants and bulk densiﬁen that.a significant ELaIi.on-wﬁ;a/ed between bulk density and
~—-1 INTEGR| PROGEDAMUS '—

'NRCS-CN (1972) models.

biochar application implied that biochar effects.could.be accounted f()r'-by bulk density. In general, the
performance of the two modified models was acceptable with R? close to 75% and Willmott index d

>0.60. Predictions using Ive et al. (1976) model matched almost the same (d = 0.666 and R?= 0.742)
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with that of SCS -CN model (d = 0.87 and R?= 0.75). Challenges of water running into cracks in
the soil could be possible sources of experimental error and may diminish the agreement between the

predicted and the observed runoff.

In general, it is concluded that soil compaction can be a major factor controlling the physical and
hydrological properties of the soils. Increasing bulk density, which is becoming more common
due to the adoption of conventional tillage involving the use of heavy machinery on poorly structured
tropical soils, can increase runoff and adversely affect water availability and crop growth. Biochar
application has been shown to offset this adverse impact. This study recommended the use of biochar

as a soil amendment to offset the adverse effect of soil compaction.
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