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ABSTRACT

Soil structure which refers to aggregates and pore characteristics, reflects the spatial
arrangement of soil particles and is a key component for crop yield and soil health. Wellformed soil structure has favorable pore size distribution, which supports soil water flow and
retention and healthy plant growth. Compost and biochar, important organic amendments,
have a potential to influence soil structure, but their effects on specific soil types and soil
properties have not been fully investigated. The main objective of this study was to
investigate the impact of the additions of compost and/or date palm biochar on selected soil
water indicators and pore size distribution of a loamy sand soil using disturbed soil
samples. Statistical parameters of pore size distribution properties such as, standard
deviation (SD), kurtosis and skewness, modal diameter (dmode), median diameter ( dmedian),
and mean diameter ( dmean) as well as plant available water capacity (PAWC), available soil
water capacity (ASWC), saturated soil water content (θvs) and measured saturated hydraulic
conductivity (Ksat) were measured and evaluated. The results showed that the dmode, dmedian,
dmean, SD, skewness and kurtosis values for untreated soil (control) were 31.6 μm, 25.8 μm,
23.5 μm, 3.3, -0.16 and 1.14, respectively. Biochar, compost and a mixture of biocharcompost additions to a loamy sand soil significantly reduced dmode, dmedian and dmean values
in comparison with non-amended soil. Application of these amendments increased PAWC
and ASWC and reduced Ksat of the loamy sand soil, significantly. Biochar-compost mixture
has the most significant effect on improving soil water retention and PAWC.
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INTRODUCTION
Soil is a natural porous medium that holds water and chemicals important for root and plant
growth (Blume et al. 2010). Soil structure is defined as the size, distribution and arrangement
of solid particles and pores (Oades, 1984; Miedema, 1997; Chertkov, 2011). Furthermore, the
term "soil structure" reflects the spatial arrangement, shape and size of solid particles, void
spaces and organic and inorganic substances (Lal, 1991; Almendro-Candel, et al., 2018).
Thereby, soil structure is a dynamic property which reflects interactions between pore spaces
and particles (Gupta et al., 1989). Jury and Horton (2004) pointed out that soil structure
modifications by management practices or amendment additions could alter hydraulic
properties, soil water status, water flow, soil water evaporation and water retention. Soil
structure modification can alter the rearrangement of particles and pores, porosity and
hydraulic properties (Oades, 1993; Ndiaye et al., 2007; Horn et al., 2012; Ajayi and Horn,
2016).
Soil pores and their attributes such as size, distribution, shape, continuity and connectivity,
are important for understanding the behavior of processes such as soil water retention, water
flow, leaching of contaminants, clay migration and aeration (Ringroase-Voase and Bullock,
1984; Pagliai and Vignozzi, 2002; Pagliai and Vignozzi, 2006). Soil pore size distribution
also affects plant root growth and distribution because pores supply root system with
nutrients, water and air (Glinski and Lipiec, 1990; Ventrella et al. 2019).
There are many direct and indirect methods for characterizing the behavior of soil pore size
distribution (Pagliai and Vignozzi, 2002). These methods vary in sample preparation,
measuring technique and apparatus. The direct methods, including micro-morphological
analyses which use X-ray tomography, or imaging and microscopic techniques, allow for soil
pore visualizations to quantify volume and pore size directly (Pagliai and Vignozzi,
2002; Pires et al., 2007). These methods can estimate soil porosity, but they are expensive
and require specific technical skills (Schaap and Lebron, 2001; Shin et al., 2013; Taina et al.,
2008). The indirect methods provide soil porosity estimations from soil water retention
curves (SWRC) (Reynolds et al., 2009) or mercury intrusion porosimetry (Flint and Flint,
2002; Pires et al., 2008). Lal and Shukla (2004) describe laboratory methods of pore size
determination as microscopic measurements, such as the mercury intrusion method, nitrogen
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sorption and water desorption, and field methods such as fractal analysis and visual methods
using fluorescent dyes. Estimating soil pore size distributions from SWRC data is widely
used to assess soil structural impacts of agro-environmental sustainability of crops or
agronomic practices (Kutílek et al., 2006; Cássaro et al., 2011). A SWRC relates the water
content (θ) and the water pressure head (h). The soil pore size distribution curve can be
estimated indirectly from a SWRC.
Reynolds et al. (2009) proposed a specific concept for evaluating the frequency and
distribution of soil pores using detailed data obtained from a SWRC. They calculated the
equivalent pore diameter (de) based on Warrick (2002), and they determined lognormal pore
size distribution curves. Distribution shape parameters are standard deviation (spread),
kurtosis (peakedness) and skewness (asymmetry), and the location parameters are mode
(modal de, dmode), median (median de, dmedian) and mean (mean de, dmean) (Gupta, 2011;
Naghettini, 2017). Reynolds et al. (2009) estimated these parameters to interpret and classify
pore size distributions and they proposed optimal ranges for each parameter. Furthermore,
Reynolds et al. (2009) used the catogerized classes of location and shape parameters in (Blott
and Pye, 2001) to evaluate the parameters of pore size distribution functions under compost
amendment conditions. Finally, these references were used as a benchmark for comparing the
impact of soil management systems on pore size distributiion indicators.
Reynolds et al. (2009) investigated the impacts of compost additions on soil pore size
distribution. They reported that location parameters (dmode, dmedian and dmean) increased
significantly compared to the control (untreated soil); i.e., 231, 0.2 and 0.012 micron,
respectively, for compost amended soil, and 89, 0.09 and 0.0059 micron, respectively, for
untreated soil. The impact of compost applications on shape parameters (Skewness and
kurtosis) was meager.
Some studies were performed to evaluate the Reynolds et al. (2009) concepts. Shahab et al.
(2013) investigated the optimal classes of pores size distribution functions, especially shape
and location parameters, for agricultural lands and pasture areas. They reported optimal
ranges 1.15-1.16, -0.25 to -0.40, 8-95, 1-7, 3-13 and 10-45 for kurtosis, skewness, standard
deviation, dmean, dmedian and dmode, respectively. However, their values differed from those
reported by Reynolds et al. (2009), due in part to differences in soil organic carbon content.
Pulido-Moncada et al. (2015) estimated the soil physical quality and pore size distributions
for medium-textured soils. They reported that i) the soil physical quality was classified as
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good, moderate and poor according to soil type and, ii) dmean, dmedian, dmode, skewness and
kurtosis were 2.8, 9.3, 125.6, -0.4 and 1.4 for good soil physical quality, respectively.
Moreover, the same parameters were 0.02, 0.13, 10.9, -0.4 and 1.12 for poor soil physical
quality soils. In another field investigation, Iovino et al. (2016) found that the location and
shape parameters were optimal and better, as compared with reference values, as a result of
tillage practices. Other similar applications to evaluate the Reynolds et al. (2009) concepts
are also available for clay soils under wheat (Castellini et al. 2014; 2019), olives and almond
trees (Manici et al, 2019; Castellini et al. 2013). Coarse-textured soils are widespread
globally, and many exist in North Africa. Although amendments like compost or soil
conditioners are sometimes applied to such soils with the aim of improving water retention
(Wesseling et al., 2009), to date, it is not clear how such amendments modify the soil pore
size distribution.
Generally, agronomic practices, cropping systems, soil management and soil amendments are
crucial for improving soil structure, hence, improving both the size and distribution of pores
(Gardner et al., 1999; Jury and Horton, 2004). Biochar and compost, as organic amendment
materials, might be able to modify hydrophysical properties, especially, soil pore size
distribution and porosity, and therefore, improve soil water availability for plant growth,
(Reynolds et al., 2009; Wesseling et al., 2009; Herath et al., 2013; Bodner et al., 2013; Ajayi
and Horn, 2016; Ajayi et al., 2016).
Applications of biochar to sandy loam soils were reported to improve pore size distribution
because compared to the control, the number of macro-pores decreased and the numbers of
meso-pores and micro-pores increased (Dokoohaki et al., 2017). Furthermore, Dokoohaki et
al. (2017) reported that standard deviation was very poorly sorted, skewness was negative
and kurtosis was leptokurtic. Likewise, the addition of compost materials might be able to
positively change the hydrophysical attributes of agricultural soils. Thus, compost
applications to soil may alter size, form and number of soil pores (Fischer and Glaser, 2012;
Reynolds et al., 2009). Aranyos et al. (2017) reported that compost applications increased soil
water retention.
The aim of this study was to investigate the impact of additions of compost and/or date palm
biochar on selected soil water indicators and statistical parameters of pore size distribution of
a loamy sand soil. Therefore, the specific objectives of this study were to: i) investigate the
effects of application rates of compost, biochar and compost-biochar mixtures on soil
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pore size distribution curves; ii) evaluate the shape and location parameters of the soil pore
size distribution as a consequence of biochar and compost; iii) evaluate the changes in some
indicators of soil water status due to various application rates of compost, biochar and
biochar-compost mixtures.
MATERIALS AND METHODS
1. Soil samples
Soil samples were collected from a greenhouse area in Dirab city (latitude: 24°25′ N,
longitude: 46°34′ E), 50 km south of Riyadh city, Kingdom of Saudi Arabia. A 15 cm wide
and 10 cm long graded hand trowel was used to collect the disturbed soil samples from
the 0-10 cm soil layer. The soil samples were air dried and passed through a 2-mm sieve.
Selected physico-chemical properties of the soil were measured in saturated soil paste
extracts. The investigated soil was classified as calcareous loamy sand soil (Torripsamments)
according to (Jahn et al., 2006; FAO, 1977; FAO, 2021). The total Nitrogen (TN) and total
Carbon (TC) of this soil was less than 1%. Table 1 shows the physico-chemical properties of
the investigated soil.
2. Amendments
2.1. Preparation of date palm biochar
The date palm biochar was prepared following the detailed procedures reported by Ibrahim
(2018) and Ibrahim (2020). A low cost kiln was designed to produce slowly pyrolyzed date
palm biochar (Figure 1). The kiln consisted of a tightly covered cylindrical steel doublecontainer. The inner steel container (biochar container) had a volume of 0.28 m3 and a wall
thickness of 2 mm. 25 kg of small pieces (20-30 cm) of air-dried petiole bases (fronds) of
date were packed into the steel container of the biochar kiln. The spaces between the two
containers were filled with farm residues which were burned to heat the biochar container.
Three low cost kilns to produce the date palm biochar were constructed in the Thadeq
Governorate located 140 km northwest of Riyadh city. The kilns were subjected to the
pyrolysis process for 4 h at a low level of oxygen. Pyrolysis temperatures were 400-450°C as
measured by a non-contact laser infrared digital thermometer. The biochar pieces were
crushed using electrical grinding and screened through a 2 mm sieve.
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Figure 1. Schematic diagram of double-cylindrical container kiln used to produce slowly pyrolyzed
date palm biochar - without any scale (modified after Ibrahim, 2020).

2.2. Compost preparation
Commercial compost was purchased from a production facility in Riyadh. It was produced
from farm crops residues and dairy animal manures via an accelerated microbial fermentation
process. Air dried compost was screened through a 2 mm sieve. Image analysis was carried
out by Scanning Electron Microscope (SEM) (FEI, Inspects S50) for compost and date palm
biochar to determine surface structure and macro-porous structure (Figure 2) (Downie et al.,
2009).
2.3. Preparation biochar-compost mixture
This article is protected by copyright. All rights reserved.

Air dried biochar and air dried compost were mixed in a plastic container at a proportion of
1:1. The plastic container was shaken manually 30 times in a 5 minute period to obtain a
homogeneous biochar-compost mixture.
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a- Date palm biochar

b- Compost

Figure 2. Scanning electron microscope image analysis of compost and biochar. a) Date palm
biochar, b) Compost.

Ibrahim (2018) and Ibrahim (2020) provided details of a proximate composition analysis and
the physio-chemical characteristics of the date palm biochar and compost properties which
were measured by reported procedures according to ASTM D1762-84 (ASTM, 2007)
(Table 1).
Table 1. Physico-chemical attributes of soil, biochar and compost (ASTM, 2007) and (Ibrahim,
2020).
Soil
attributes
Clay
Silt
Sand
Texture
pH
EC
OM
Bulk density
Na+1
K+1
Ca+2
Mg+2
HCO3-1
Cl-1
SO4-2
CaCO3,%

Unit
wt. %
wt. %
wt. %
dS m-1
wt. %
kg m-3
meq L-1
meq L-1
meq L-1
meq L-1
meq L-1
meq L-1
meq L-1
meq L-1

Soil
9
8
82
Loamy sand
7.9
1.28
0.63
1400
3.03
1.04
7.88
2.22
1.11
4.02
11.01
33.3

-

Amendment materials
attributes
Unit
Biochar
Specific surface area
m2 g-1
238
pH (H2O)
8.92
EC (1:10)
dS m-1
7.78
OM
g kg-1
300
C
g kg-1
600
H
g kg-1
34.4
N
g kg-1
2.4
P
g kg-1
2.2
K
g kg-1
8.7
Ca
g kg-1
56.3
C/N ratio
250:1
Moisture
g kg-1
35.3
Mobile material
g kg-1
228
Ash
g kg-1
257
Resident material
g kg-1
48
(Fixed carbon)

Compost
1
7.84
7.43
410
260
42.1
13
10
12
9.2
20:1
36.4
172
712
79

2.4. Mixing soil and amendment materials
Compost, date palm biochar and their combination were mixed with air dried soil samples at
amendment rates of 1, 2, 3 and 4 wt. % (10, 20, 30 and 40 g kg-1 on a dry weight basis). The
disturbed soil cores (core volume, 58.19 cm3) were packed manually with 81.47 g
soil/amended soil. Thereby, the soil cores were packed at a bulk density of 1400 kg m -3 in
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triplicates. The following abbreviations were used to represent the investigated treatments:
B1, B2, B3 and B4 for date palm biochar treatments; CO1, CO2, CO3 and CO4 for compost
treatments; and Mix1, Mix2, Mix3 and Mix4 for compost-biochar mixture treatments, each
set at rates of 1, 2, 3, and 4 wt. %, respectively.
3. Pores size distributions
The flow chart in Figure 3 depicts procedures and calculations used to determine the
statistical parameters of pore size distributions.
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Figure 3. Flow chart of procedural steps for estimating indicators of a pore size distribution function.
a) Soil sampling modified after Warncke (2000), b) Pressure plate and hanging water column
modified after ASTM (2003) and Soilmoisture Equipment Crop. (2008), c) Fitted soil water retention
curve and d) Bell shaped pore size frequency curves.
This article is protected by copyright. All rights reserved.

3.1. Soil water retention curve: (SWRC)
The soil water retention curve (SWRC) measurements were made on disturbed soil cores (4.2
cm diameter × 4.2 cm long) with and without amendments at the bulk density of 1400 kg m-3.
The SWRC measurements were drying curves using a hanging water column and pressure
extractor methods following the procedures of Klute (1986) and ASTM (2003).
3.1.1. Saturated soil water content: (θvs)
Soil cores were saturated from the bottom by placing them in a wetting tank and raising the
water level incrementally over a three-day period until free water appeared on the soil core
surfaces, by capillary rise. Quickly, each soil core was removed from the wetting tank and put
it in a container and weighed. The container was to prevent loss of draining water. Each core
was then moved to a hanging water column device (Reynolds and Topp, 2008).
The θgs was calculated as follows:
(1)
and
θvs = ρb . θgs
where θgs is gravimetric saturated soil water content (when pressure head h = 0 cm), θvs is
volumetric saturated soil water content, ρb, is soil bulk density, Mw is saturated soil weight
(g), Md is the oven dry soil weight (g). Md was determined after finishing the hanging water
column and pressure plate extractor measurements.
3.1.2. Hanging water column:
The hanging water column measurements were performed at soil water matric potential
values of -25 and -75 cm (Burke et al., 1986; McCarty et al., 2016) to account for the
macropores that impact near saturated hydrological processes (Beven and Germann, 1982;
Jarvis, 2007; Wang et al., 2015).
3.1.3. Pressure plate extractor:
A ceramic plate extractor (Soil Moisture Equipment Corp., Santa Barbra, CA, USA) was
used to determine water retention curve values at matric potentials of -0.1, -0.2, -0.3, -0.5, -1,
-2, -3, -6, -8, -11 and -15 bar. Generally, for the hanging water column and the pressure plate
extractor, good hydraulic contacts were established between soil cores and porous plates.
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After equilibration at each matric potential value the soil samples were dried in the oven at
105 °C for three days to determine water contents.
3.1.4. SWRC model (Data fitting)
The van Genuchten SWRC model was fitted to water retention data using the RETC software
(Van Genuchten, 1978; Van Genuchten, 1980; Van Genuchten et al., 1991),

(
[

( )

)
) ]

(

(2)

; h ≥0 (hPa or cm)

(
(

)
)

[

(

) ]

(3)

; 0≤ Ө≤1
where h is the soil water pressure head (cm), θvs and θvr are the saturated and residual
volumetric water contents of the soil (cm3 cm-3), respectively, Se (or Ө) is soil saturation
degree, α is a scale parameter related to the inverse of the air entry pressure (cm -1), and n is
the pore size distribution index and m = 1 - 1/n (Carter and Gregorich, 2007; Cooper, 2016).
3.2. Calculation of pore size equivalent diameters
The soil sample pore size distributions were calculated from soil water desorption data
(Klute, 1986; Lal and Shukla, 2004). This method is based on capillary theory, which
assumes the pore system can be approximated by “equivalent” cylindrical capillary tubes (Or
and Tuller, 2005; Ehlers and Goss, 2016). The capillary pressure is related to equivalent pore
size according to capillary rise theory as represented by the Young-Laplace equation (Or et
al., 2012; Jensen et al., 2015; Pituello et al., 2016):

(

)

(

)
(4)

where de is the equivalent pore diameter (µm), h is capillary rise or pressure head (cm), σ is
the surface tension (72.89 g s-2), γ is the contact angle between liquid and solid phase
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(assumed to be zero), r is equivalent pore radius, g is the gravitational constant (980 cm s-2)
and ρ is water density (0.998 g cm-3) (Warrick, 2001; Or and Tuller, 2005; Or et al., 2012).
3.3. Pore size distribution functions (Bell shaped pore size frequency curves):
The slope of the soil water retention curve, expressed on a volumetric basis, can be used to
determine pore size distribution functions. The relationship between the slope of the water
retention curve, Sv(h), vs. ln(h) can be plotted against equivalent pore diameter d e (µm) on a
logarithmic (log10) scale. The slope of the soil water retention curve using the van Genuchten
(1980) model, Sg(h), was calculated according to the following equation:

( )

(

(

)

)

(

(

) )

(

)

(5)

where h is the pressure head (suction or matric potential) (hPa), θg is the gravimetric water
content (kg kg-1), θgs is the saturated gravimetric water content (kg kg-1), θgr is the residual
gravimetric water content (kg kg-1), α, n, and m are parameters with values derived
empirically from curve fitting (Dexter, 2004). To obtain a normalized pore size distribution
function, S*(h), the slope of the water retention curve ,Sv(h), was divided by the slope of the
soil water retention curve at the inflection point, Svi, according to the following equation
(Reynolds et al., 2009):

( )

( )

( )

(

) (
[
(

)(
) ](

)
)

(

( )

)

(6)

and
Sv(h) = ρb . Sg(h)

(7)

where: ρb, is soil bulk density.
To compare pore size distributions among the various amended soil treatments, both location
and shape parameters were used (Naghettini, 2017).
3.3.1. Location parameters (parameters of central tendency):
According to Reynolds et al. (2009), location parameters such as the mode, median and mean
of (de) values are calculated as follows:

(
dmedian = d0.5 (when

)
= 0.5)
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(8)

(9)

[

]

(10)

where d0.16, d0.50, and d0.84 are calculated using the general form equation as follows:

(

(11)

)

3.3.2. The shape parameters (parameters of spread and asymmetry):
The shape parameters calculated to describe the variation in the pore size distribution
function included standard deviation (SD), kurtosis and skewness (Gupta, 2011; Naghettini,
2017). These parameters were estimated according to the following equations:

[

]
(

[
(

(

)

)

(12)

(

)

]

(13)

)

[

(

)

] (

)

(14)

where d0.16, d0.05, d0.84… are obtained using the general form equation.
SD is an indicator of quality of the sorting or uniformity of soil pores (Reynolds et al., 2009).
When SD is equal to one, it indicates that all soil pores are the same size. As an SD value
increases above 1, it indicates an increasing range in pore diameters (reducing quality or
degree of sorting).
The skewness indicator measures the degree of asymmetry of the lognormal distribution
curve of soil pores (whether or not the distribution curve has a perfect bell-shape). With the
skewness value equal to zero there is a symmetrical lognormal distribution curve of soil
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pores, while a positive skewness value indicates a shift towards large soil pores, and a
negative skewness value indicates a shift towards small soil pore diameters. The kurtosis
indicator measures the degree of peakedness and flatness of the lognormal distribution curve
of soil pores. When Kurtosis = 1, there is a perfect bell-shape of the lognormal distribution
curve of soil pores. For Kurtosis > 1, the curve is more peaked in the center (the curve is
leptokurtic), and for kurtosis < 1 the curve shape is less peaked in the center (platykurtic
curve), in a comparison with the shape of a lognormal distribution curve. Accordingly, pore
size distribution functions of amended soil samples were characterized and evaluated (Blott
and Pye, 2001; Shahab et al., 2013; Cullotta et al., 2016).
4. Soil water attributes
4.1. Saturated soil water content: (θvs)
The θvs (%) was measured as mentioned above in the SWRC estimation procedures.
4.2. Plant available water capacity (PAWC)
PAWC = θFC0.33 – θWP15 ; 0 ≤ PAWC ≤ θFC0.33

(15)

where PAWC is the plant available water capacity (cm3 cm-3), θFC0.33 is the volumetric soil
water content at field capacity (when pressure head h = -0.33 bar = -330 cm) and θWP15 is the
volumetric soil water content at wilting point (h = -15 bar = -15000 cm) (White, 2006; Carter
and Gregorich, 2007).
4.3. Available soil water capacity (ASWC)
ASWC = θvs – θvr ; 0 ≤ ASWC ≤ θvs

(16)

where ASWC is the available soil water capacity (cm3 cm-3), θvs is the volumetric saturated
soil water content (h = 0 cm) and θvr is volumetric residual soil water content (White, 2006;
Carter and Gregorich, 2007).
4.4. Saturated hydraulic conductivity (Ksat)
Saturated hydraulic conductivity (Ksat) was measured with a constant head method according
to Darcy’s equation (Swartzendruber, 2005; Şen, 2015; Klute and Dirksen, 1986), as follows:
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(

)

(17)

Where Ksat is saturated hydraulic conductivity (cm d-1) (effective or equivalent conductivity),
V is the collected water volume (cm3), L is the soil column length (cm), A is the crosssectional area of the soil column (cm2), t is the time (d), and H is the hydraulic head (cm).
Acrylic cylinders (5 cm internal diameter and 40 cm in length) were packed manually with a
35 cm thick layer of air dried soil at a bulk density of 1400 kg m-3. For samples receiving
amendments, the 0-10 cm soil layer was mixed with amendment materials (compost, biochar
or their mixture) at rates of 1, 2, 3 and 4 wt. % (dry weight). Soil columns were saturated
using the same procedure as mentioned in section 3.1.1.
5. Data processing and statistical analysis
All soil samples were grouped in three replicates. Data were treated statistically using SPSS
(Version 23, SPSS Inc., Chicago, IL) software (SPSS, 2012). Linear regression models
(Pearson's correlation coefficient) and a correlation matrix were calculated to evaluate the
inter-relationships between the measured properties. One way ANOVA and least significant
differences (LSDp<0.05) were performed to evaluate the differences among the treatments.
RESULTS AND DISCUSSION
1. Indicators of pore size distribution functions
The soil pore size distribution curves were investigated by estimating location and shape
parameters (see Table 4 and Figures 4 and 5).
1.1. Location parameters
Figure 4 gives the dmode, dmedian and dmean location parameters, and Figure 5 displays pore size
distribution and soil water retention curves, for non-amended and amended soils. Nonamended (control) soil had the largest values of dmode, dmedian and dmean, at 31.6, 25.8 and 23.5
microns, respectively. The dmode, dmedian and dmean values were reduced by 4.1, 4.9 and 5.3 %
for B1; by 14.5, 18.6 and 20.6 % for B2; by 24.2, 28.2 and 30.1 % for B3; and by 34, 41.1
and 44.3 % for B4, respectively. This suggested that more water could be retained in the
amended soils. The lowest percentage decreases for dmode, dmedian and dmean were 4.2, 2.3 and
1.4 %, respectively, for CO1; 8.6, 10 and 10.7 %, respectively, for CO2; 11.2, 14 and 15.3 %,
respectively, for CO3; and 11.2, 16.1 and 18.5 %, respectively, for CO4. The d mode, dmedian
This article is protected by copyright. All rights reserved.

and dmean location parameters were decreased by 32.4, 33.6 and 34.2 %, respectively, for
Mix1; by 35.4, 39.3 and 41 %, respectively, for Mix2; by 38.9, 46.1 and 49.2 %, respectively,
for Mix3; and by 40.1, 48.5 and 52.1%, respectively, for Mix4. These results indicated that
the pore diameter/size (dmode, dmedian and dmean) of large pores of non-amended loamy sand
soil were altered because the particles of amendment material partially filled the loamy sand
pore spaces.
Overall, several studies stated that both soil management and agricultural practices were able
to modify the soil structure which changed the porosity and the soil pore network (Kutílek et
al., 2006; Githinji, 2014; Ogunwole et al., 2015; Rabot et al., 2018). Results of this
investigation agreed with trends reported by others (Marinari et al., 2000; Pagliai et al., 2004;
Reynolds et al., 2009; Sohi et al., 2010; Dokoohaki et al., 2017), and they further quantified
coarse-textured soil results.

a) Date palm biochar

This article is protected by copyright. All rights reserved.

b) Compost

c) Biochar-compost mixture
Figure 4. Effect of compost, date palm biochar and their mixture on dmode, dmedian and dmean. a) Date
palm biochar; b) Compost and c) Biochar-compost mixture.
A) Equivalent pore diameter normal distribution curves
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B) Relative volumetric
saturation retention curves

a) Date palm biochar

b) Compost

c) Biochar-compost mixture

Figure 5. Effects of compost, date palm biochar and their mixture on A) Equivalent pore diameter
distribution curves and B) Relative volumetric saturation water retention curves. a) Date palm
biochar; b) Compost and c) Biochar-compost mixture, compared to the optimal curve defined by
Reynolds et al. (2009).

1.2. Shape parameters:
Table 2 shows values of standard deviation (SD), skewness and kurtosis as shape parameters
for evaluating the pore distribution curves of amended soil treatments. SD, skewness and
kurtosis were equal to 3.27, -0.16 and 1.14 for the non-amended soil (control).
Specifically, SD ranged from 3.36 to 4.48 (LSD0.05=0.036); skewness ranged from -0.16 to 0.2 (LSD0.05=0.034) and kurtosis ranged from 1.14 to 1.15 (LSD0.05=0.038) for biochar
application rates of 1, 2, 3 and 4%. SD ranged from 3.09 to 3.86 by (LSD 0.05=0.030);
skewness ranged from -0.15 to -0.18 by (LSD0.05=0.035) and kurtosis ranged from 1.14 to
1.14 by (LSD0.05=0.036) for compost application rates of 1, 2, 3 and 4%. SD ranged from
3.45 to 4.89 by (LSD0.05=0.118); skewness ranged from -0.17 to -0.21 by (LSD0.05=0.023)
and kurtosis ranged from 1.14 to 1.15 by (LSD0.05=0.038) for biochar-compost mixture at
rates of 1, 2, 3 and 4%.
Based on the classification of Reynolds et al. (2009), SD and skewness have non-optimal
ranges when loamy sand soils are amended with compost, biochar and the mixture of
biochar-compost. Kurtosis is within the optimal range for all of the treatments.
Based on the classification of Blott and Pye (2001), (Table 2) SD is classified as poorly
sorted for the application rates for all treatments. Whereas, SD is in the very poorly sorted
class for B4, Mix3 and Mix4 by increasing the application rate. Skewness is classified as
being fine skewed for all of the amended treatments and the control. Moreover, Kurtosis is in
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the range of the leptokurtic class for all treatments that are amended with compost, date palm
biochar and their mixture.

Table 2. Effects of compost, date palm biochar and their mixture on shape parameters.
Shape parameters
Treatment
SD
Skewness
Kurtosis

R2

Control

3.27

-0.16

1.14

0.996

B1

3.36

-0.16

1.14

0.997

B2

3.77

-0.18

1.14

0.999

B3

3.83

-0.18

1.14

0.999

B4

4.48

-0.20

1.15

0.999

LSD0.05

0.036

0.034

0.038

-

Control

3.27

-0.16

1.14

0.996

CO1

3.09

-0.15

1.14

0.996

CO2

3.43

-0.16

1.14

0.992

CO3

3.59

-0.17

1.14

0.992

CO4

3.86

-0.18

1.14

0.992

LSD0.05

0.030

0.035

0.036

-

Control

3.27

-0.16

1.14

0.996

Mix1

3.45

-0.17

1.14

0.999

Mix2

3.90

-0.18

1.14

0.999

Mix3

4.60

-0.20

1.15

0.959

Mix4

4.89

-0.21

1.15

0.995

LSD0.05

0.118

0.023

0.030

-

R2: coefficient of determination and LSD0.05: least significant difference at a level of p<0.05.

2. Soil water attributes
The compost and biochar amended loamy sand soil samples were able to retain more water
than the non-amended soil, because the added materials modified some of the large pores to
behave as finer pores which hold soil water effectively (Hillel, 1980; Lal and Shukla, 2004;
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Jabro et al., 2009; Shukla, 2013; Mollinedo et al., 2015). Figure 6 summarizes effects of the
amendments on soil water.
For the control treatment, the θvs, PAWC and ASWC values were 0.34, 0.07 and 0.3 cm3 cm‒
3

, respectively. Amending soil with compost, date palm biochar or their mixture achieved

significant increases in these parameter values. Thereby, θvs, PAWC and ASWC increased by
22.6, 6.6 and 19.2% for B1; 31.4, 20 and 26.7% for B2; 37.8, 35.7 and 31.4% for B3 and
41.7, 45.7 and 36.1% for B4 compared to the control. There was an increase in θvs, PAWC
and ASWC values by 7.6, 7.1 and 2.9% for CO1; 13.6, 17.1 and 8.2% for CO2; 16.4, 27.1
and 10.5% for CO3 and 19.9, 38.6 and 13.9% for CO4. These findings were in line with
those of Ouyang et al. (2013), Castellini et al. (2015) and Guo (2016) who reported similar
positive effects of biochar and compost on soil water retention.
Compared to the control, the θvs, PAWC and ASWC values of the biochar-compost mixture
treatments had the largest percentage increases with 25.8, 30 and 22.3% for Mix1; 32.1, 50
and 26.7% for Mix2; 38.2, 75.7 and 31.9% for Mix3 and 42.7, 82.9 and 36.2% for Mix4.
These results suggested that the biochar-compost mixture had positive synergic impacts on
soil water retention (Liu et al., 2012; Barus, 2016; Agegnehu et al., 2017). This experimental
confirmation has important practical implications for the use of these amendments on coarsetextured soils.

Figure 6. Effect of compost, date palm biochar and their mixture on soil water attributes: plant
available water capacity (PAWC), available soil water capacity (ASWC), saturated soil water content
(θvs), and measeured saturated hydraulic conductivity (Ksat).
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Figure 6 also presents the measured saturated hydraulic conductivity (Ksat) values in response
to various application rates of compost, date palm biochar and their mixture. Ksat was largest
for the control, as it was 935 cm d-1. In general, amendment applications reduced Ksat,
especially for the biochar-compost mixture at the rate of 4%. Ksat was reduced by 38.7, 54.4,
64.7 and 70.4% for Mix1, Mix2, Mix3 and Mix4 compared with the control. Moreover, Ksat
was lowered by 26.2, 39.2, 41.3 and 45.3% for CO1, CO2, CO3 and CO4 and 35.1, 44.8, 51
and 59% for B1, B2, B3 and B4 compared with the control. Ibrahim et al. (2017) reported
similar reductions in Ksat due to biochar addittions to a loamy sand soil.
3. Relationship between soil pore size distribution and soil water
Flow and retention of soil water depend on the distribution and sizes of soil pore networks.
The smallest soil pores are calculated from the water content retained at the smallest matric
potential value. Conversely, the largest pores are obtained when the matric potential is large
and the soil water drains easily. Tabulated results of the correlation matrix are represented in
Table 3 for evaluation of inter-relationships among plant available water capacity (PAWC),
available soil water capacity (ASWC), saturated hydraulic conductivity (Ksat), dmode, dmean,
dmedian, SD, Skewness and Kurtosis. Generally, analysis of Pearson's correlation coefficient (r)
explains that soil water properties and indicators of the pore size distribution function of this
loamy sand soil are significantly inter-related. For example, PAWC was significantly
positively correlated with ASWC, SD and Kurtosis (r =0.771, 0.933 and 0.777), but it was
negatively correlated with Ksat, dmedian, dmean, dmode and skewness (r =0.883, 0.92, 0.928, 0.889
and 0.914).
From analysis of the correlation matrix and use of multiple linear regression, the interrelationship between PAWC and other measured attributes of this loamy sand soil is
illustrated with the following equation:
PAWC = 1.779 – 0.008dmode – 0.214 ASWC – 0.00003Ksat + 0.009dmean + 0.05SD +
0.014Skewness – 1.511Kurtosis

(R2 = 0.98)

(18)

The dmode values are negatively correlated with PAWC, ASWC, SD and Kurtosis (r =0.889,
0.858, 0.815 and 0.69), but they are positively correlated with Ksat, dmedian, dmean and skewness
(r =0.826, 0.993, 0.988 and 0.835).
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The following multiple regression model relates dmode of this loamy sand soil to other
properties:
dmode = 58.581 – 19.108PAWC – 5.756ASWC – 0.002Ksat + 1.234dmedian + 1.187SD –
(R2 = 1.00)

45.358Skewness – 57.356Kurtosis

(19)

Table 3. Correlation matrix and Pearson's coefficient ( r ) for soil water attributes and indictors of
pore size distribution functions.
PAW
ASW
Skewne Kurtosi
dmode
Ksat
dmedian
dmean
SD
C
C
ss
s
dmode
1
PAWC
0.889*
1
*

AWC
Ksat
Soil Attributes

dmedian
dmean
SD
Skewne
ss
Kurtosis

0.858*

0.771*
*

1

0.826*

0.883*

0.868*

0.920*

0.884*

0.861*
*

1

0.928*

0.891*

0.872*

0.999*
*

1

0.815*

0.933*

0.827*

0.854*

0.872*

0.889*

0.835*

0.914*

0.862*

0.841*

0.890*

0.907*

0.660*

0.660*

*

*

0.993*
*

0.988*
*

*

*

0.690*
*

*

*

*

*

*

0.777*
*

*

*

*

*

*

1

*

*

*

*

*

0.731*
*

*

*

0.741*
*

1
0.987*
*

0.884*
*

1
-0.838**

1

** Correlation is significant at the (P < 0.01) level
* Correlation is significant at the (P < 0.05) level

CONCLUSION
In this investigation, a loamy sand soil with a sand content of 82% was amended with
different levels of compost, date palm biochar and their mixture, in an effort to improve soil
physical and hydraulic properties. The impacts of the amendments on soil pore size
distributions were quantified. The amendment materials were mixed with loamy sand soil
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using application rates of 1, 2, 3 and 4% (w/w dry weight). The obtained results highlight the
effects of date palm biochar, compost and their mixture on indicators of pore size distribution
functions and on soil water properties of a loamy sand soil.
Soil pore equivalent diameters were reduced due to applications of the amendments, and soil
pore distributions were altered. The amendments improved plant available water, soil water
retention, saturated water content and saturated hydraulic conductivity of the loamy sand soil.
Generally, the date palm biochar-compost mixture had the largest impact on pore size
distribution curves and soil water properties, and the compost materials had the smallest
impact. This is an important practical result, which indicates the possibility of using
amendments on coarse-textured soils to improve irrigation management in semi-arid
environments. Further research should be performed to study the impact of the application of
other organic amendments, i.e., biochars from other types of farm residues, on pore size
distributions of coarse-textured soils.
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