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A b s t r a c t. The addition of biochar is often proposed to
increase agricultural soil quality and crop yield, while at the same
time sequestering carbon from the atmosphere to help mitigate
global climate change. In this research, the pore-size distribution,
and saturated hydraulic conductivity of sandy loam and clay loam
soils amended with varying dosages (0-10% dry basis) and two
different particle sizes (0.5-420 µm (PS1) or 421-841 µm (PS2))
of wood-derived biochar were investigated under compacted conditions (5, 10, or 15 standard Proctor rammer blows (5B, 10B,
or 15B, respectively)). In the 5B compacted SL (SL-5B) soil,
the volume of the soil fissures and transmission pores decreased,
while the volume of the storage pores (SP) increased with increasing wood-derived biochar dosage. 23.1±0.9% of the volume of
the 5B compacted clay loam (CL-5B) are storage pores, this value
increased to 27.4±2.0% upon amendment with 10% PS1. The saturated hydraulic conductivity of the sandy loam-5B soil amended
with 10% PS1 decreased from 6.8±0.3 to 0.80±0.03 mm h-1. The
sandy loam farmland C emissions decreased by 0.071 tC ha-1 y-1,
whereas CL farmland C emissions decreased by 0.091 tC ha-1 y-1.
K e y w o r d s: soil biochar mixture, water retention, pore-size
distribution, hydraulic conductivity, carbon sequestration
INTRODUCTION

Amendment of soil with biochar-charcoal produced
through the pyrolysis or gasification of biomass under
anaerobic conditions-improves soil structure and creates
pores (Atkinson et al., 2010). Pyrolysis is the thermal
decomposition of the volatile components of an organic
*Corresponding author e-mail: Ahmed.ahmed@mail.mcgill.ca

substance, in the temperature range of 200-760°C, by an
indirect source of heat in the absence of air, forming syngas and liquids. A mixture of unreacted carbon (C) char
remains as a residual material. However, gasification occurs
at a higher temperature range of 480-1,650°C through the
effect of heat supplied directly by the partial oxidation of
C in the feedstock with very little air. In addition to the
thermal decomposition of the volatile components of the
substance, the non-volatile char is converted to additional syngas (Stahl et al., 2000). Soils amended with biochar
show an increase in surface area and porosity, and a reduction in bulk density (ρ) (Hardie et al., 2014; Herath et al.,
2013). Therefore, the hydrological characteristics of the
soil such as available water capacity (AWC), soil moisture retention, and hydraulic conductivity are improved
by biochar amendment (Jien and Wang, 2013). However,
the influence of biochar on soil AWC is not always positive (Hardie et al., 2014). (Tryon, 1948; Mukherjee and
Lal, 2013) observed a decrease in AWC when biochar was
applied in powdered form to fine-textured soils. The direct
contribution of biochar to soil hydraulic properties due to its
intrinsic characteristics is also documented in the literature
(Andrenelli et al., 2016). Asai et al. (2009) found that clay
soil with 48% clay and 18% sand underwent an increase in
saturated hydraulic conductivity (Ksat) when wood-derived
biochar (WBC) was amended at 16 t ha-1. Eastman (2011)
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found no improvement in terms of water retention, despite
the addition of biochar with a high proportion of micropores. Despite the growing number of studies concerning the
influence of biochar on the hydraulic characteristics of agricultural soil, the influence of particle size of WBC on soil
pore-size distribution and Ksat remains unclear, especially
for compacted agricultural soils.
WBC amendment may also allow the soil to serve as
a C sink to aid in climate change mitigation. According to
Lal (2007): “Terrestrial C sequestration can be defined as
the capture and secure storage of atmospheric C in biotic
and pedologic C pools that would otherwise be emitted to
or remain in the atmosphere.” The global mean soil storagerate in agricultural soils is estimated to be 1 tC ha-1 y-1
(Smith et al., 2016). When biochar is applied at a depth
of 30 cm to an agricultural farm it can potentially reduce
up to 12% of equivalent emission from the farm (Woolf
et al., 2010). WBC has an aromatic structure which is
resistant to microbial degradation and therefore it has a
higher potential for C sequestration (Hansen et al., 2015).
Sequestering C in soils could significantly reduce atmospheric carbon dioxide (CO2) concentrations (Smith et al.,
1997). Incorporating biochar into agricultural soils may
restore the soil organic C content, thereby improving soil
fertility (Lal, 2009) and increasing crop yields (Jeffery et
al., 2011). A one tC ha-1 increase in soil C storage increased
wheat yield by 4 t ha-1 (Lal, 2004). Biochar also contributes
to the cation exchange capacity of the soil, which is vital
for nutrient retention (Abdollahi et al., 2014). The potential for negative emissions from soil C sequestration due
to the enhanced hydraulic characteristics of the soil is still
unclear.
In our study, we attempt to understand how the variations in wood derived biochar particle sizes and their
composition in soils will influence the bulk density and
hydraulic conductivity of two texturally different compacted soils. Therefore, it would be useful in the management
of compacted soils for construction or agricultural purposes by providing an insight into which biochar particle
size is suitable for a particular soil management scenario.
Therefore, the first objective of this study was to investigate
how the variation in WBC particle size could influence the
pore-size distribution and water flow through compacted
agricultural soils. The second objective of our research
was to evaluate the implication of amending farmland with
WBC with reference to the amount of C sequestered in the
soil.
MATERIALS

The biochar (Maple Leaf® Charcoal, Charbon de Bois
Feuille d’Érable Inc., Sainte-Christine d’Auvergne, QC)
used in this study was purchased from the local market. It
was produced by the thermal decomposition of forest wood
waste, including maple (Acer sp.) wood, at 500°C. The san-

dy loam (SL) and clay loam (CL) soils were collected from
the A horizon (0 – 0.2 m depth) of two texturally contrasting
fields (45°25’35.5”N, 73°55’37.0”W and 45°25’35.8”N,
73°56’21.1”W respectively) at the Macdonald Campus
Farm, McGill University (Sainte-Anne-de-Bellevue, QC).
The soil was air-dried at room temperature and then sieved
to pass through a 2 mm sieve.
METHODS

Soil particle-size analysis was quantified according to
ASTM D7928-17 (ASTM International, 2017a). The smallest particle size of the biochar was determined through
laser diffraction analysis following the procedures outlined
in (Müller et al., 2004) by using a laser diffraction sensor
(SympaTEC-HELOS/BF, Clausthal-Zellerfeld, Germany).
The biochar was ground using a blender and sieved
under a fume hood to achieve the desired particle sizes.
Dry soil and biochar were mixed on a dry weight basis for
20 minutes using a soil mixer to obtain a homogeneous
mixture.
The SL and CL soils were wetted in separate samples to
reach their optimum moisture content for maximum compaction and then compacted in a Proctor compaction mould
with five, ten, or fifteen rammer blows (5B, 10B, or 15B
respectively). The samples were taken from the compaction mould in order to measure soil water retention in the
pressure plates.
The soil water content (θ) at saturation and at eight soil
matric potentials (also known as hydraulic head h) (–10,
–30, –70, –100, –300, –500, –1,000, and –1,500 kPa)
were determined with a pressure plate extractor following
ASTM D6836-16 (ASTM International, 2017b). Soil ρ values at the end of the test were determined using the method
devised by (Blake et al., 1986), which was then used to convert the moisture content from a gravimetric basis (θd) to
a volumetric basis (θ) according to Eq. (1) (Gardner, 1986):
(1)
where: ρw is the density of water.
The water retention data were fitted with hydrologic
software RETC (van Genuchten et al., 1991) in order to
determine the shape parameters of the soil water retention
characteristic curves (SWRCs) (α, n and m) and then the
soil pore-size distribution. The reciprocal of α accounts for
the soil air entry pressure, whereas n represents the slope
of the curve which increases as the soil texture becomes
coarser (Leij et al., 1992). In order to reduce the number of
parameters estimated by the RETC code m is set to equal
[1 – (1/n)]. The (van Genuchten, 1980) model was chosen
to simulate the water flow process in the soil (Eq. (2)). The
root-mean-square error (RMSE) between the model prediction and the observed water retention data is minimized
through the RETC code as a fitting process using the least
square approach as described by Rasoulzadeh (2010).
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(2)
where: Se is the degree of saturation in the soil = (θd – θr) /
(θs – θr); θs is the soil moisture content at saturation (%), θr
is the residual soil moisture content, and θd is the soil moisture content (%) at |h| suction pressure (kPa).
The pore-size distribution was determined following
the simplified Young-Laplace empirical equation (Eq. (3))
(Marquardt, 1963).
(3)
where: D is the equivalent diameter of cylindrical pores
in µm and h is the matric potential expressed in metres of
water (mw) (mw=10-1 kPa). Therefore, the fissure (FS) D is
greater than 500 µm (h ≤ –0.06 mw), the transmission pore
(TP) D is 50-500 µm (0.06 < h < 1.6 mw), the storage pore
(SP) D is 0.5-50 µm (1.6 < h < 60 mw), and the residual pore
(RP) D is less than 0.5 µm (h > 60 mw) (Batchelor, 1967).
The whole pore volume (WPV) of a sample is the sum of
the FS, TP, SP, and RP. All data presented in this article are
based on the volumetric moisture content (v) (Eq. (1)).
The experimental procedures from Batchelor (1967) for
measuring the Ksat of a disturbed compacted soil sample in
the laboratory were followed.
The Environmental Policy Integrated Climate (EPIC,
version 1102) is a field-scale model designed to simulate
surface runoff, nutrient immobilization and uptake, and the
crop yield of drainage fields. The Century-EPIC simulation
software calculates the C sequestration potential of the soils
from C mineralization rates. Based on climatic variables,
soil texture, carbon concentration, and crop growth characteristics, the model projects the amount of soil carbon that
will be sequestered in subsequent years. The EPIC model
was employed to simulate soil management scenarios in
order to determine soil carbon sequestration with two builtin sample fields – with conventional tillage and fertilizer
management – that have similar characteristics to the CL
and SL soils used in this project. Changes to the simulated
field parameters of the soil ρ, Ksat, and pore volume were
adjusted based on the findings of this research project to
simulate the influence of the WBC amendment to farmland.
Farmlands with soils that were close to the characteristics
of the SL and CL soils in this study were chosen. The SL
and CL fields chosen for the simulation have 7% clay and
68% sand and 42% clay and 12% sand, respectively.
Four factors were investigated in this study: 1) soil type
(SL and CL), 2) WBC particle size (PS1 = 0.5-420 µm and
PS2 = 421-841 µm), 3) WBC dosage (0, 3, 6, and 10% on
a dry weight basis), and 4) compaction efforts of 5B, 10B,
and 15B. Therefore, there are 126 samples in triplicate.
Analysis of variance (ANOVA) and Duncan’s Multiple
Range Test was used for testing mean differences using
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SAS software (version 9.2, SAS Institute, Cary, NC, USA).
All of the levels of significance published in this article are
p≤0.05.
Throughout the manuscript an SL soil amended with
10% dry basis WBC having particle size ranges of 0.5420 µm (PS1), which was compacted with 5 blows (5B)
from a Proctor compaction rammer is abbreviated as
SL-PS1-10%-5B.
RESULTS AND DISCUSSION

A hydrometer analysis showed that the SL soil contained 5% clay, 20% silt, and 75% sand. By comparison,
the CL soil contained 37% clay, 27% silt, and 26% sand.
SL and CL soil ρ in the Proctor compaction mould
increased with the increase in compaction efforts at all dosages (0, 3, 6, and 10%) (Table 1). This increase in soils
ρ is due to the decrease in soil pore spaces and the rearrangement of soil particles in the soil matrix as a result of
increased compaction efforts. It is expected, therefore, that
water at a higher soil ρ will be held more tightly.
The increase in the amendment dosage of PS1 or
PS2 decreased the ρ of the SL and CL soils at all dosages and compaction efforts, except for CL-PS2-3%-5B,
CL-PS2-3%-10B, and CL-PS2-3%-15B which did not
differ from the CL-unamended-5B, CL-unamended-10B,
and CL-unamended-15B respectively, and also, CL-PS26%-10B and CL-PS2-6%-15B which did not differ from
CL-PS2-10%-10B and CL-PS2-10%-15B, respectively.
PS2 did not influence the ρ of the CL soil at dosages of 3%
for all compaction efforts. At medium and high compaction efforts of 10B and 15B respectively, the influence of
increasing the dosage of PS2 from 6 to 10% did not change
the CL soil ρ (Table1).
The amendment of PS1 or PS2 decreased the ρ of
the SL or CL soil at all compaction levels (being higher
in the PS2 than the PS1 treated soils) (Table 2), except
for CL-PS2-3%-5B, CL-PS2-3%-10B, and CL-PS2-3%15B which did not differ from the CL-unamended-5B,
CL-unamended-10B, and CL-unamended-15B respectively, and also the SL-PS1-10%-10B, SL-PS1-6%-15B, and
SL-PS1-10%-15B which did not differ from SL-PS2-10%10B, SL-PS2-6%-15B, and SL-PS2-10%-15B respectively.
As the compaction effort increases, the influence of PS1
in decreasing the ρ of the SL as compared to the PS2 soil
diminishes, whereas at all compaction efforts, the PS1
amended CL soil has a lower ρ value than the PS2 amended
CL soils (Table 2).
RETC is a computer code developed by (Leij et al., 1992)
that uses several parametric models such as Brooks-Corey
and van Genuchten for analysing the soil water retention
and hydraulic conductivity functions of unsaturated soils.
Van Genuchten (1980) developed another computer code
based on the Levenberg-Marquart optimization algorithm
for inverse modelling in order to estimate the parameters
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Ta b l e 1. Statistical analyses of the dry bulk densities of unamended sandy loam (SL) and clay loam (CL) soils and soils amended with
various dosages (3, 6 or 10%) of wood-derived biochar with a particle sizes range of 0.5-420 µm (PS1) or 421-841 µm (PS2) at various
compaction efforts of 5, 10 or 15 blows (5B, 10B, or 15B, respectively) with the Proctor compacting rammer. Each value represents the
average of the triplicates. The standard deviation is reported after each value
Soil
type

Particle
size

PS1
SL
PS2

PS1
CL
PS2

Dosage
(%)

Dry bulk density (g cm-3)
5B

10B

15B

0

1.28±0.02a(a)

1.49±0.02a(b)

1.53±0.02a(c)

3

1.24±0.01b(a)

1.36±0.02b(b)

1.48±0.01b(c)

6

1.20±0.03c(a)

1.32±0.02c(b)

1.40±0.03c(c)

10

1.16±0.01d(a)

1.28±0.02d(b)

1.32±0.03d(c)

0

1.28±0.02a(a)

1.49±0.02a(b)

1.53±0.02a(c)

3

1.25±0.01b(a)

1.42±0.01b(b)

1.50±0.01b(c)

6

1.22±0.02c(a)

1.38±0.03c(b)

1.41±0.02c(c)

10

1.17±0.01d(a)

1.29±0.02d(b)

1.34±0.03d(c)

0

1.24±0.02a(a)

1.41±0.02a(b)

1.48±0.02a(c)

3

1.20±0.01b(a)

1.38±0.02b(b)

1.40±0.02b(c)

6

1.09±0.03c(a)

1.23±0.01c(b)

1.30±0.02c(c)

10

1.02±0.03d(a)

1.19±0.03d(b)

1.24±0.01d(c)

0

1.24±0.02a(a)

1.41±0.02a(b)

1.48±0.02a(c)

3

1.22±0.02a(a)

1.38±0.02a(b)

1.45±0.03a(c)

6

1.17±0.01b(a)

1.29±0.01b(b)

1.40±0.03b(c)

10

1.07±0.01c(a)

1.30±0.01b(b)

1.38±0.01b(c)

Numbers followed by same letters: implies no differences in the same column, in parenthesis implies no differences in the same row.

of the aforementioned soil water retention functions using
the C++ programming language. Rasoulzadeh (2010) indicated that the correlation matrix for the van Genuchten and
Brooks and Corey equations showed that the parameters
of these equations were almost completely interdependent
while the parameters of the double-exponential equation
were less interdependent in relative terms.
The volumetric moisture contents at saturation for the
SL and CL soils are 0.32 and 0.48 cm3 cm-3 and for the
residual pores of 0.09 and 0.18 cm3 cm-3, respectively. The
RMSE of the fitted curve in the RETC ranges from 1 to 1.7
*e-4 cm3 cm-3 for the SL soil and from 0.4 to 0.8 *e-4 cm3
cm-3. This low RMSE is assumed to be negligible therefore,
the RMSE was not taken into account when comparing the
means.
The values of the model parameters differed between
treatments with reference to α-1 (i.e. SL-unamended-5B =
6.7±3.4 kPa vs SL-PS1-10%-5B = 15.4±4.8 kPa) but not
in the n parameter (i.e. SL-unamended-5B = 1.83±0.04 vs
SL-PS1-10%-5B = 1.81±0.09). With a higher α-1 value,
a wider capillary saturation zone is evident in the amended
soils. The α-1 values increased primarily due to the increase
in air entry pressure when soils are more compacted. The n
value represents the slope of the soil water retention curve
(SWRC) which increases as the soil texture becomes coarser. The n value did not differ between treatments, which

means that the soils did not change texture upon amendment. The water content within the residual pores (RP)
(pores < 0.5 µm) estimated using RETC did not change
in all treatments (i.e. RP of the SL is 9.6±2.2% and CL
is 22.8±1.7%) because, at high h values the soil texture
mainly controls soil hydrologic behaviour regardless of the
WBC particle sizes or dosages (Greenland, 1977). These
results confirm that the main purpose of WBC addition to
soil is to influence the soil structural characteristics of pores
> 0.2 µm.
Results from the soil pore-size distribution analysis
show that the SL soil whole pore volume (WPV), FS and
TP decreased when the force of the compaction blows
increased (5B, 10B or 15B) for all treatments (0, 3, 6 or
10%) (Table 3). When the SL-unamended soil was more
compacted, there were no changes in the SP. By contrast,
at dosages of 3%, 6% or 10% in the amended SL soil the
SP decreased with increasing compaction efforts. This may
be attributed to the ability of the WBC amended SL soil
to absorb more moisture at high dosages however, under
suction pressure the water is released faster because of the
pore water held by the WBC-amended SL soil. It may be
deduced that the FS and TP volume of the SL soil decreased
due to compaction which leads to lower Ksat values for
compacted SL soil.
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Ta b l e 2. Statistical analysis of the dry bulk densities of unamended sandy loam (SL) and clay loam (CL) soils and soils amended at
the same dosages (3, 6 or 10%) of wood-derived biochar particle sizes with a range of 0.5-420 µm (PS1) or 421-841 µm (PS2) at various compaction efforts of 5, 10 or 15 blows (5B,10B, or 15B, respectively) with the Proctor compacting rammer. Each value represents
the average of triplicates. The standard deviation is reported after each value
Soil
type

Particle size

Dosage
(%)

unamended
PS1

SL

5B

10B

15B

1.28±0.02a

1.49±0.02a

1.53±0.02a

1.24±0.01b

1.36±0.02b

1.48±0.01b

PS2

1.25±0.01c

1.42±0.01c

1.50±0.01c

unamended

1.28±0.02a

1.49±0.02a

1.53±0.02a

1.20±0.03b

1.32±0.02b

1.40±0.03b

PS2

1.22±0.02c

1.38±0.03c

1.41±0.02b

unamended

1.28±0.02a

1.49±0.02a

1.53±0.02a

PS1

6

1.16±0.01b

1.28±0.02b

1.32±0.03b

PS2

1.17±0.01c

1.29±0.02b

1.34±0.03b

unamended

1.24±0.02a

1.41±0.02a

1.48±0.02a

1.20±0.01b

1.38±0.02b

1.40±0.03b

PS1

PS1

CL

3

Dry bulk density (g cm-3)

10

3

PS2

1.22±0.02a

1.38±0.02a

1.45±0.03a

unamended

1.24±0.02a

1.41±0.03a

1.48±0.02a

1.09±0.03b

1.23±0.01b

1.30±0.02b

PS2

1.17±0.01c

1.29±0.01c

1.40±0.03c

unamended

1.24±0.02a

1.41±0.02a

1.48±0.02a

1.02±0.03b

1.19±0.03b

1.24±0.01b

1.07±0.01c

1.30±0.01c

1.38±0.01c

PS1

PS1
PS2

6

10

Numbers followed by same letters implies no differences in the same column.

The WPV of the CL soil amended with 0, 3, 6 or 10%
PS1 or PS2 decreased due to compaction and resulted in
a decrease in FS, TP, and SP.
The WPV of the SL-unamended-5B soil increased with
an increase in the PS1 or PS2 dosage (Table 3). At a medium compaction effort of 10B, there was no change in the
WPV between SL-PS1-6%-10B and SL-PS1-10%-10B.
At a high compaction effort of 15B, there was no change
in the WPV between any treatment. The FS and TP of the
SL-unamended-15B soil decreased with 3% PS1 or PS2 but
there is no difference between the FS and TP of SL 15B
compacted soils between dosages. The volume of SP in the
SL-unamended soil increased for all amendment rates (i.e.,
3, 6 and 10%) with PS1 or PS2 except for PS1-3%-15B,
PS2-3%-15B, PS2-6%-15B which did not change from the
unamended SL soil. When the PS1 dosage increases the SP
in the SL soil increases, these results were sustained for all
compaction efforts and high dosages. Thus, the new pores
created in the SL soil due to PS1 or PS2 incorporation were
between 0.5-50 mm but with elevated compaction efforts
i.e. at 10B or 15B, the effect of PS1 or PS2 dosages on the
soil pores diminishes especially at lower dosages of 3%.
The FS and TP decreased when WBC dosages increased

in the SL soil but, at relatively higher compaction efforts,
the effect of the WBC dosage on decreasing FS and TP and
increasing the SP was diminished because of the influence
of the compaction efforts on the decreasing of the larger
soil pores.
The statistical analysis in Table 3 showed that the PS1
amendment to the CL-unamended-5B soil only increased
the WPV of the treated soil at the 5B compaction effort
at dosages of 6% with no difference between the 6% and
10% dosages. The volume of the pores within the FS and
TP class increased by up to 30% over the unamended CL
soil when PS1-6% or PS1-10% was applied to the CL soil.
Therefore, the increase in the WPV is due to an increase in
the FS and TP, in the pore size range > 50 mm, but not in
the SP. At medium and higher compaction efforts of 10B
and 15B, there was no change in the WPV, FS, TP or SP at
any dosage.
The PS2 amendment increased the SP of the
SL-unamended-5B soil, by a lower degree than PS1 at all
dosages (Table 4). At the higher compaction efforts of 10B
and 15B and at medium and high dosages (6 and 10%),
the particle size of WBC did not have any influence in
differentiating the SP of the SL soil. The PS2 amendment

PS2

PS1

PS2

PS1

Particle
size

33.2±0.2b

18.4±1.2b

2.0±0.1a
2.0±0.3a
2.3±0.3a
2.3±0.3a

0

3

6

10

48.5±1.2a
48.5±1.1a
48.9±2.0a

23.1±0.1a
24.2±0.9a
24.4±1.4a

52.6±2.8b

27.4±2.0a

2.6±0.2b
47.9±1.4a

51.4±2.0b

25.4±1.9a

2.6±0.2b

6

10
23.1±0.9a

49.7±1.9a

23.9±1.9a

2.0±0.2a

3

47.9±1.4a

23.1±0.9a

2.0±0.2a

0

33.9±0.0c
34.9±0.3d

20.0±0.6c

3.9±0.4c
3.4±0.1d

6

10

21.2±2.0d

3

4.9±0.1b

5.4±0.2a

0

32.3±0.6a

35.4±0.2c
37.8±0.6d

22.9±0.1c
25.2±1.1d

3.0±0.3c
2.0±0.1d

6

10
17.3±1.2a

33.7±0.2b

20.1±0.7b

3.9±0.2b

3

0.8±0.2a

1.1±0.2a

1.1±0.2a

0.9±0.1a

1.2±0.2a

1.1±0.2a

0.9±0.1a

0.9±0.1a

2.0±0.1d

2.3±0.1c

2.6±0.1b

2.8±0.1a

1.7±0.1d

2.2±0.1c

2.5±0.1b

21.8±0.5a

21.8±0.5a

22.0±0.8a

21.7±0.8a

22.4±0.4a

22.4±0.4a

22.0±0.3a

21.7±0.6a

20.7±0.1d

20.0±0.1c

19.7±0.4b

17.6±0.3a

21.9±0.1d

20.0±0.4c

18.5±0.7b

17.5±0.2a

2.8±0.1a

32.3±0.6a

SP

17.3±0.2a

FS&TP
10B

WPV

5B

SP

5.4±0.6a

FS and TP

0

Dosage
(%)

Numbers followed by same letters implies no differences in the same column.

CL

SL

Soil
type

44.7±0.5a

44.7±0.5a

44.0±0.5a

45.4±0.5a

44.4±0.5a

44.9±0.5a

45.4±0.1a

45.4±0.1a

31.8±0.3a

31.8±0.5a

31.3±0.5a

30.2±0.5a

33.1±0.3c

32.7±0.3c

31.7±0.5b

30.2±0.5a

WPV

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

1.7±0.1b

1.7±0.1b

1.8±0.1b

2.0±0.1a

1.5±0.2b

1.6±0.1b

1.6±0.2b

2.0±0.1a

FS&TP

20.3±0.2a

20.3±0.4a

20.3±0.7a

20.3±0.7a

21.1±1.1a

21.0±1.0a

20.0±0.2a

20.3±0.3a

19.9±0.2b

19.1±0.9a

18.7±1.4a

17.7±1.4a

19.9±0.2c

18.4±0.2b

17.0±0.2a

17.7±0.4a

15B

SP

43.7±0.7a

43.1±0.1a

43.2±1.0a

43.0±1.2a

42.8±0.5a

43.1±0.9a

42.4±1.2a

43.0±1.2a

30.0±0.9a

29.1±0.9a

29.6±0.9a

29.4±0.9a

30.0±0.2a

29.1±0.6a

29.1±0.9a

29.4±0.9a

WPV

Ta b l e 3. Statistical analyses of the volumetric water content (%) of unamended sandy loam (SL) and clay loam (CL) soils and soils amended with various dosages (3, 6 or 10%) of
wood-derived biochar particle sizes in the range of 0.5-420 µm (PS1) or 420-841 µm (PS2) at various compaction efforts of 5, 10 or 15 blows (5B, 10B, or 15B, respectively) with the
Proctor compacting rammer. Whole pore volume is the sum of FS and TP, SP, and RP. Each value represents the average of triplicates. The standard deviation is reported after each value
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PS2

2.3±0.3a

2.0±0.2a
2.6±0.2b

PS1

10

unamended

2.6±0.2b
2.3±0.3a

6

PS2

PS1

2.0±0.2a

unamended

2.0±0.2a
2.0±0.3a

PS1

3

2.0±0.2a

unamended

PS2

3.4±0.1c

PS1

PS2

5.4±0.6a
2.0±0.1b

unamended

10

3.9±0.4c

3.0±0.3b

PS2

6

5.4±0.6a

unamended

PS1

4.9±0.1c

PS2

5.4±0.6a
3.9±0.2b

3

FS and TP

PS1

Dosage
(%)

unamended

Particle
size

SP

47.9±1.4a
48.9±2.0a

24.4±1.4b

48.5±1.1a

24.2±0.9b

52.6±2.8b

51.4±2.0b

25.4±1.9b

23.1±0.9a

47.9±1.4a

23.1±0.9a

27.4±2.0b

49.7±1.9a
48.5±1.2a

47.9±1.4a

23.1±0.9a
23.9±1.9a

34.9±0.3c

21.2±2.0c

23.1±0.1a

32.3±0.6a

33.9±0.0c

20.0±0.6c

37.8±0.6b

35.4±0.2b

22.9±0.1b

17.3±1.2a

32.3±0.6a

17.3±1.2a

25.2±1.1b

33.2±0.2c

18.4±1.2c

0.8±0.2a

1.2±0.2a

0.9±0.1a

1.1±0.2a

1.1±0.2a

0.9±0.1a

1.1±0.2a

0.9±0.1a

0.9±0.1a

2.0±0.1c

1.7±0.1b

2.8±0.1a

2.3±0.1c

2.2±0.1b

2.8±0.1a

2.6±0.1c

2.5±0.1b

21.8±0.5a

22.4±0.4b

21.7±0.6a

21.8±0.5a

22.4±0.4b

21.7±0.6a

22.0±0.8b

22.0±0.3b

21.7±0.6a

20.7±0.1b

21.9±0.1b

17.6±0.8a

20.0±0.1b

20.0±0.4b

17.6±0.8a

19.7±0.4c

18.5±0.7b

17.6±0.8a

32.3±0.6a
33.7±0.2b

17.3±1.2a
20.1±0.7b

2.8±0.1a

FS and TP
10B

WPV

5B

SP

Numbers followed by same letters implies no differences in the same column.

CL

SL

Soil
type

44.7±0.5a

44.4±0.5a

45.4±0.1a

44.7±0.5a

44.9±0.5b

45.4±0.1a

44.0±0.5a

45.4±0.1a

45.4±0.1a

31.8±0.3c

33.1±0.3b

30.2±0.5a

31.8±0.5c

32.7±0.3b

30.2±0.5a

31.3±0.5a

31.7±0.5a

30.2±0.5a

WPV

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

0.4±0.1a

1.7±0.1b

1.5±0.2b

2.0±0.1a

1.7±0.1b

1.6±0.1b

2.0±0.1a

1.8±0.1b

1.6±0.2b

2.0±0.1a

FS and TP

20.3±0.2a

21.1±1.1a

20.3±0.3a

20.3±0.4a

21.0±1.0a

20.3±0.3a

20.3±0.7a

20.0±0.2a

20.3±0.3a

19.9±0.2b

19.9±0.2b

17.7±0.4a

19.1±0.9b

18.4±0.2b

17.7±0.4a

18.7±1.4c

17.0±0.2b

17.7±0.4a

15B

SP

43.7±0.7a

42.8±0.5a

43.0±1.2a

43.1±0.1a

43.1±0.9a

43.0±1.2a

43.2±1.0a

42.4±1.2a

43.0±1.2a

30.0±0.9a

30.0±0.2a

29.4±0.9a

29.1±0.9a

29.1±0.6a

29.4±0.9a

29.6±0.9a

29.1±0.9a

29.4±0.9a

WPV

Ta b l e 4. Statistical analysis of the volumetric water content (%) of unamended sandy loam (SL) and clay loam (CL) soils and soils amended at the same dosages (3, 6 or 10%) of
wood-derived biochar particle sizes in the range of 0.5-420 µm (PS1) or 421-841 µm (PS2) at various compaction efforts of 5, 10 or 15 blows (5B,10B, or 15B, respectively) with the
Proctor compacting rammer. Whole pore volume is the sum of FS&TP + SP + RP. Each value represents the average of triplicates. The standard deviation is reported after each value
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decreased the FS and TP of the SL-unamended-5B and
SL-unamended-10B soil, at a lower degree than the PS1 at
all dosages. At high compaction efforts of 15B, the particle
size of WBC did not have any influence in differentiating
the FS and TP from the SL soil. As the particle sizes of
the WBC increased (from PS1 to PS2) at the same dosage, the effect on the soil pore structure was not sustained
under medium and high compaction efforts of 10B and
15B respectively. For example, as the compaction effort
increases, the influence of PS1 on further decreasing the SP
of SL-PS2 diminishes at the 6 and 10% dosages (Table 4).
There is no difference in FS and TP between the
CL-unamended and CL soil amended with PS2 at any dosage. At PS1 dosages of 6 and 10% the CL-unamended-5B
FS and TP increased. At the medium compaction effort of
10B, the SP increases at 6 and 10% dosages of PS1. At 15B
compaction effort, the CL soil did not show any changes at
any pore-size range due to WBC amendment.
All in all, the particle sizes of the WBC incorporated
into the soil matrix influence the volume of the soil pores
differently. This variation may be attributed to the effect of
the WBC particles being more hydrophobic than soil particles and when subjected to tension, more water is released,

especially under low suction conditions, because the WBC
particles lower the force of adhesion of soil particles to
water.
The Ksat statistical differences between unamended soils
and soils amended with various dosages of PS1 or PS2 subjected to several different compaction efforts are presented
in Table 5. Increasing the compaction effort from 5B to 15B
decreased the Ksat of the unamended SL (SL-unamended)
soil from 6.80±0.30 to 0.35±0.02 mm h-1 and the unamended CL (CL-unamended) soil from 0.25±0.07 to 0.09±0.01
mm h-1 (Table 5). This reduction is due to the decline in the
number of soil pores with compaction, which consequently decreased the flow of water in the soils. Therefore, it
should be evident from the pore-size distribution analysis
(in section 4.3.1) that both the FS and TP volume decreased
in the soils when the compaction effort increased. At the
same dosages of 3, 6, or 10%, the Ksat of the SL and CL soils
decreased with the increase in compaction efforts. Ohu
(1985) also found that the Ksat of SL and CL soils decreased
when the compaction level increased.
At 5B and 10B compaction efforts, the Ksat of the
SL-unamended-5B soil decreased with increasing dosages
of PS1 or PS2 due to a decrease in the soil’s pore geometry
induced by the presence of WBC in the soil, because the

Ta b l e 5. Statistical analyses of the saturated hydraulic conductivity (Ksat) of unamended sandy loam (SL) and clay loam (CL) soils
and soils amended with various dosages (3, 6 or 10%) of wood-derived biochar particle sizes with the range of 0.5-420 µm (PS1) or
420-841 µm (PS2) at various compaction efforts of 5, 10 or 15 blows (5B, 10B, or 15B, respectively) with the Proctor compacting rammer. Each value represents the average of triplicates. The standard deviation is reported after each value
Soil
type

Particle
size

PS1
SL
PS2

PS1

CL
PS2

Ksat (mm h-1)

Dosage
(%)

5B

10B

15B

0

6.80±0.30a(a)

2.00±0.09a(b)

0.35±0.02a(c)

3

1.31±0.80b(a)

0.68±0.04b(b)

0.17±0.02b(c)

6

1.00±0.09c(a)

0.60±0.05c(b)

0.20±0.03b(c)

10

0.80±0.03d(a)

0.35±0.10d(b)

0.20±0.02b(c)

0

6.80±1.88a(a)

2.00±0.09a(b)

0.35±0.02a(c)

3

3.20±0.09b(a)

1.70±0.09b(b)

0.27±0.02b(c)

6

2.85±0.08c(a)

1.00±0.07c(b)

0.25±0.02b(c)

10

2.20±0.08d(a)

0.47±0.05d(b)

0.23±0.05b(c)

0

0.25±0.12a(a)

0.16±0.03a(b)

0.09±0.02a(c)**)

3

0.35±0.09a(a)

0.18±0.03a(b)

0.06±0.03a(c)

6

0.44±0.08b(a)

0.20±0.05a(b)

0.06±0.03a(c)

10

0.50±0.09b(a)

0.20±0.01a(b)

0.06±0.03a(c)

0

0.25±0.07a(a)

0.16±0.03a(b)

0.09±0.01a(c)

3

0.30±0.05a(a)

0.17±0.01a(b)

0.09±0.03a(c)

6

0.28±0.03a(a)

0.18±0.01a(b)

0.09±0.01a(c)

10

0.30±0.04a(a)

0.19±0.01a(b)

0.09±0.02a(c)

Numbers followed by same letters: implies no differences in the same column, in parenthesis implies no differences in the same row.
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reduction in pore spaces reduces the movement of water
through the soil (Table 5). The Ksat of the SL-unamended-5B
soil decreased by 88% with the PS1-10% dosage. The drop
in Ksat values was higher at 3% dosages (i.e. an 80.7% drop
in Ksat from SL-unamended-5B soil) than at the 6% dosage
(i.e. a 23.7% drop in Ksat from SL-PS1-3%-5B soil) or 10%
dosage (i.e. a 20% reduction in Ksat from SL-PS1-6%-5B
soil). This variation in Ksat probably occurred because the
finer PS1 particles occupied the voids of the soil at lower
dosages rather than being located between soil particles.
Even though the WPV increased in the SL soil when
amended with WBC (at low compacting efforts) the Ksat
decreased, because the volume of the FS and TP decreased
whereas the volume of the SP increased. The increase in
the volume of the SP was the reason for the increase in the
WPV, which indicates that the addition of WBC to the SL
soil created more pores in the range of 0.5-50 µm.
At 15B compaction effort, the Ksat of the SL-unamended
decreased with the amendment of PS1-3% or PS2-3%, with
no difference between any amendment dosages (i.e. no difference between SL-PS1-3%-PS1, SL-PS1-6%-PS1, or
SL-PS1-10%-PS1). The SL soil particle rearrangement due

to compaction created fewer pores in the range of 50-500
μm, resulting in no significant decrease in Ksat when WBC
dosages increased.
The CL soil showed the opposite trend where the Ksat
increased when amended with either PS1-6% or PS1-10%.
The Ksat of the CL-unamended-5B soil amended with PS110% increased by 100%. The CL-unamended-5B underwent
no change when amended with 3% PS1. Amendment with
the PS2 did not change the Ksat of the CL-unamended-5B
soil under any treatment. This is because of the significant
increase in both FS and TP in the 6 or 10% PS1 amendment
dosage compared to no significant increase in FS and TP at
the 3% dosage (as described in section 4.3.2). At medium
and high compaction efforts of 10 and 15B there is no difference in Ksat between any treatment.
The Ksat statistical differences between the unamended
soils and soils amended with either PS1 or PS2 at the same
dosage are presented in Table 6. The Ksat of the unamended
SL soil decreased when amended with either PS1 or PS2
at all dosages and compaction efforts. The PS1 amended
SL soil has a lower Ksat than the PS2 amended SL soil at
all dosages with 5B and 10B compaction efforts and at

Ta b l e 6. Statistical analysis of the saturated hydraulic conductivity (Ksat) of unamended sandy loam (SL) and clay loam (CL) soils and
soils amended at the same dosages (3, 6 or 10%) of wood-derived biochar particle sizes with the range of 0.5-420 µm (PS1) or 421-841
µm (PS2) at various compaction efforts of 5, 10 or 15 blows (5B,10B, or 15B respectively) with the Proctor compacting rammer. Each
value represents the average of triplicates. The standard deviation is reported after each value
Soil
type

Particle
size

Dosage
(%)

unamended

10B

15B

6.80±1.00a

2.00±0.09a

0.35±0.02a

1.31±0.80b

0.68±0.04b

0.17±0.02b

3.20±0.09c

1.70±0.09c

0.27±0.02c

unamended

6.80±1.00a

2.00±0.09a

0.35±0.02a

1.00±0.39b

0.60±0.05b

0.20±0.03b

2.85±0.75c

1.00±0.07c

0.25±0.02b

PS1

3

6

PS2

6.80±1.00a

2.00±0.09a

0.35±0.02a

0.80±0.03b

0.35±0.10b

0.20±0.02b

PS2

2.20±0.08c

0.47±0.05c

0.23±0.05b

unamended

0.25±0.07a

0.16±0.03a

0.09±0.02a

unamended
PS1

10

0.35±0.08a

0.18±0.03a

0.06±0.03a

PS2

0.30±0.05a

0.17±0.01a

0.09±0.03a

unamended

0.25±0.07a

0.16±0.03a

0.09±0.01a

0.44±0.07b

0.20±0.05a

0.06±0.03a

0.28±0.03a

0.18±0.01a

0.09±0.01a

PS1

CL

5B

PS2

PS1

SL

Ksat (mm h-1)

PS1

3

6

PS2
unamended
PS1
PS2

10

0.25±0.07a

0.16±0.03a

0.09±0.01a

0.50±0.09b

0.20±0.04a

0.06±0.03a

0.30±0.04a

0.19±0.01a

0.09±0.02a

Numbers followed by same letters implies no differences in the same column.
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a 3% dosage with the 15B compaction effort. At the 15B
compaction effort, there was no difference in Ksat between
the PS1-6% and PS2-10% amended SL soil (this confirms
the results of the analyses shown in section 4.3.3 where
there were no changes in FS, TP and SP). The Ksat of the
CL-unamended-5B soil increased when amended with PS1
at 6% (CL-PS1-6%-5B) or 10% (CL-PS1-10%-5B) dosages. There was no difference in the Ksat between the PS1 and
PS2 amended CL soil for any other treatment.
Varying the particle size of WBC influenced the Ksat of
the soils based on the soil texture. Only at high compaction
values of 15B can, varying the particle size of WBC at low
dosages, influence Ksat in the SL soil. On the other hand,
under the low compaction effort of 5B, only the low dosage
of PS1 can induce an increase in the Ksat of the CL soil.
There are several biogeochemical models used to simulate crop production and for describing and quantifying the
contribution of agricultural systems to C sequestration and
GHG sink status such as: APSIM, CERES-EGC, DayCent,
DNDC, DSSAT, EPIC, PaSim, RothC and STICS. A complete comparison is available in Brilli et al. (2017).
The EPIC model output demonstrated the differences in
C mineralization between the management scenarios. The
built in SL and CL farmlands that were chosen in the EPIC
simulation have total C emissions of 0.532 tC ha-1 y-1 and
0.720 tC ha-1 y-1, respectively. If the same farmlands have
a different bulk density and hydraulic conductivity induced
in the case where PS1-10% is incorporated in these simulated farmlands, they will release less C. The SL and CL
farmlands will experience a decrease in C emissions of
0.071 and 0.091 tC ha-1 y-1 (13.3 and 12% decrease) respectively. This decrease in C emissions is due to changes in
the hydraulic properties and bulk density induced in the
amended soils if a 10% PS1 is applied to the farmland. The
C sequestration rate reported here is approximately double
that estimated by Woolf et al. (2010) for a biochar amendment to the soil.
CONCLUSIONS

This research project has made a contribution to the
state of knowledge concerning how the variation in WBC
particle size may influence bulk density, hydraulic conductivity and pore-sizes distribution in SL and CL soils.
1. The addition of WBC to the soil increases its pore
spaces. The particle sizes of WBC incorporated into the soil
matrix seems to differentiate the extent of biochar contribution to soil pore sizes and saturated hydraulic conductivity
based on the soil texture. These differences in pore creation
may be attributed to whether WBC particles occupy soil
pores or become situated between the soil particles based
on soil texture and/or compaction effort.
2.The decrease in the farmland carbon losses may assist
farmers in the process of adopting WBC in order to offset
their C footprint.
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