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A B S T R A C T

Soil structure is a key soil physical property that affects soil water balance, gas transport, plant growth and
development, and ultimately plant yield. Biochar has received global recognition as a soil amendment with the
potential to ameliorate the structure of degraded soils. We investigated how corn cob biochar contributed to
changes in soil water retention, air flow by convection and diffusion, and derived soil structure indices in a
tropical sandy loam. Intact soil cores were taken from a field experiment that had plots without biochar (CT),
and plots each with 10 t ha−1 (BC-10), 20 t ha−1 without or with phosphate fertilizer (BC-20 and BC-20+P
respectively). Soil water retention was measured within a pF range of 1 to 6.8. Gas transport parameters (air
permeability, ka, and relative gas diffusivity, Dp/D0) were measured between pF 1.5 and 3.0. Application of
20 t ha−1 led to significant increase in soil water retention compared to the CT and BC-10 as a result of increased
microporosity (pores< 3 μm) whereas for soil specific surface area, biochar had minimal impact. No significant
influence of biochar was observed for ka and Dp/D0 for the BC treatments compared to the CT despite the larger
values for the two properties in the 20 t ha−1 treatments. Although not significant, the diffusion percolation
threshold reduced by 34% and 18% in the BC-20 and BC-20+P treatments, respectively, compared to the CT.
Similarly, biochar application reduced the convection percolation threshold by 15 to 85% in the BC-amended
soils. The moderate impact of corn cob biochar on soil water retention, and minimal improvements in convective
and diffusive gas transport provides an avenue for an environmentally friendly disposal of crop residues, par-
ticularly for corn cobs, and structural improvement in tropical sandy loams.

1. Introduction

Soil structural stability, which is defined as the spatial heterogeneity
of the different components or characteristics of soil (Dexter, 1988), has
enormous effects on plant growth and development, through its effects
on soil water balance, and soil workability. Soil structure is a key soil
quality factor that can influence crop productivity as it affects storage
and movement of soil water, nutrients, and gases within the soil matrix.
For instance, soil structure determines the characteristics of water
movement in the soil ecosystem, and can thus influence the dissolution
and availability of nutrients to growing plants. For agriculture pur-
poses, a healthy soil structure is viewed as that which shows a combi-
nation of well-developed soil aggregates and pore systems (Bronick and
Lal, 2005), enhancing the exchange of gases between soil and atmo-
sphere. Soil structure also determines the ability of soils to carry out
essential ecosystem functions and services such as turnover of organic
matter, provision of optimal conditions for microbial activity, and C
sequestration (Gregory et al., 2007; Lal and Shukla, 2004). Soil pores

occurring within (intra) soil aggregates and between (inter) aggregates
serve as pathways for soil water and air movement. The movement of
water and gas in the soil profile is influenced not only by the amount of
pores and their sizes but also by the pore connectivity and tortuosity
(Osozawa, 1998), which is to a large extent related to the geometric
characteristics of soil pore structure. Soils with low oxygen diffusivity
(below a threshold value of 0.02) restrict root development (Deepagoda
et al., 2011), which results in stunted growth and poor yield in crops.
The interaction between soil self-organizing processes such as renewal
of soil gases and solution by exchange with the environment (Targulian
and Krasilnikov, 2007) and management strategies such as incorpora-
tion of organic amendments determines the extent of pore structure
development (Sun et al., 2013).

Several authors have reported improvements in plant yield fol-
lowing biochar application (Biederman and Harpole, 2013; Blackwell
et al., 2009; Jeffery et al., 2014). The improved crop yields found in
biochar amended soils is partly attributed to positive improvement in
soil physical and hydraulic parameters, such as decreased soil
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penetration resistance, and bulk density (Busscher et al., 2011) and
increased water-holding capacity (Kinney et al., 2012). Also, biochar
has high porosity and specific surface area, which can affect the total
pore space and gas transport at the soil-atmosphere interface and
within the soil ecosystem (Sun et al., 2013). In a study conducted by
Obia et al. (2016), application of corn cob biochar at rates of 0.8 to 2.5
w/w% to a tropical sandy soil increased total porosity and available
water capacity by 2 to 3% respectively. Studies by Sun et al. (2013)
showed that birch wood biochar improved soil pore structure indices
such as pore tortuosity and pore organization by enhancing convective
gas transport and increasing the ratio of macroporosity to total porosity.
Comparatively, biochar has a lighter density than mineral soil, and this
property of biochar has been reported by Sun et al. (2015) to sig-
nificantly increase the total pore spaces of soil. Abel et al. (2013) re-
ported increased total pore volume in the soil medium following the
incorporation of 1–5 wt% biochar produced from maize feedstock
(mixture of whole plant). Although several studies report beneficial
effects of biochar application, detrimental effects may also occur. Most
biochars have high pH, with the potential to increase soil pH, and this
can potentially increase clay dispersibility due to a dominance of re-
pulsive forces between clay minerals (Roth and Pavan, 1991), and in
turn result in decreased aggregation and disruption of soil structure.
Kumari et al. (2017) found increased content of water dispersible col-
loids (WDC) following application of birch wood biochar; an observa-
tion they attributed to increased soil pH and decreased electrical con-
ductivity in the biochar-treated soils. Busscher et al. (2010) reported a
significant decrease in soil aggregation when biochar produced from
pecan shells was applied, whereas Fungo et al. (2017) reported absence
of an effect of biochar on soil aggregate stability following application
of 2.5 t ha−1eucalyptus wood biochar pyrolyzed at 550 °C to a Typic
Kandiudult. Similarly, rice-straw biochar, when applied to an Ultisol,
had no effect on soil structural stability (Peng et al., 2011). Un-
doubtedly, the above enumerated findings on biochar effects on soil
aggregate stability are contrasting, thus emphasizing the need to
quantify distinct soil and biochar properties for every situation
(Khademalrasoul et al., 2014).

Previous studies have reported the effect of biochar application on
the volume and architecture of soil pores, however, the mechanisms
underlying these changes are yet to be fully understood (Atkinson et al.,
2010; Lehmann et al., 2009). Further, for soils of the humid tropics,
research on the effects of biochar on gas transport parameters and soil
water retention characteristics is relatively limited (Mukherjee and Lal,
2013). Therefore, the objectives of the study were to examine the me-
chanisms underlying the effect of corn cob biochar on soil water re-
tention, air flow by convection and diffusion, and derived soil structure
indices under a series of controlled matric potentials.

2. Materials and methods

2.1. Study area and soil characteristics

The research was conducted at the University of Cape Coast
Teaching and Research farm located in the coastal savanna agro eco-
logical zone of Ghana (5°07′N, 1°17′W). The area has two seasons; a
rainy season where most rainfall events are recorded between April and
October, with June being the wettest month (average rainfall of
327 mm), and a dry season where a long dry spell is recorded between
November and March, with March being the hottest month (with a
maximum temperature of 31 °C). The area is generally characterized by
high rainfall (1400 mm per annum) with mean monthly temperatures
ranging from 24 °C to 28 °C. The soil is well-drained sandy loam (18, 9
and 73% by weight of clay silt and sand, respectively) developed on
sandstones, shales and conglomerates and classified as a Haplic Acrisol
(IUSS Working Group WRB, 2015). The chemical properties of the soil
in the study area prior to biochar application include the following:
0.93% soil organic carbon, 0.073% total nitrogen, total phosphorus,

potassium and magnesium contents were< 0.4, 11.9 and 9.3 mg
100 g−1, respectively, soil pH of 6.1 and an electrical conductivity of
200 μS cm−1.

2.2. Field experimentation and sampling

2.2.1. Biochar properties
The biochar was produced from corn cob feedstock pyrolyzed in a

reactor (Lucia stove) with a temperature of 500–550 °C. The biochar
produced was sieved to a < 2 mm particle size to obtain a relatively
high surface area to improve its reactivity in the soil. The biochar had
85.3% dry matter, 38.8% total carbon, 0.9% total nitrogen, pH of 10.2,
3.31 mg kg−1 polycyclic aromatic hydrocarbons, 3150 mg kg−1 phos-
phorus, with Ca2+, Mg2+, K+ and Na+ of 8690, 4510, 31,800 and
2160 mg kg−1, respectively (Amoakwah et al., 2017).

2.2.2. Field layout
The study adopted the randomized complete block design with

thirty-two (32) plots (four treatments with eight replications for each
treatment), with each plot measuring 3 m× 6 m (18 m2). In order to
achieve fine tilth, the field was ploughed and harrowed twice, followed
by the removal of stubble and weeds. The plots were raised to 15 cm
above the natural soil surface to enhance drainage and accommodate
access pathways (0.6 m) between plots. Three levels of biochar were
used in this study; 10 t ha−1 and 20 t ha−1, and 20 t ha−1 with P (P-
enriched biochar), corresponding to 0, 0.34 and 0.68% respectively.
The P-enriched biochar was prepared by mixing 50 kg P2O5 ha−1

(Triple super phosphate) with 0.68% of biochar. This treatment was
included to examine whether pre-treating biochar with P will minimize
P fixation by aluminum (Al3+) and hence promote P availability.
Investigation into P fixation was not included here since it was not
within the scope of this paper. Prior to biochar application, a subsample
of the corn cob biochar stock was oven-dried to determine the pre-
vailing water content.

On 7th November 2016, biochar (with and without P fertilizer) was
applied by broadcasting on the soil surface of the treatment plots and
incorporating it into the soil by plowing to a depth of about 20 cm. To
maintain consistency in the treated and untreated plots, all the plots
(control and treated) were tilled with a hoe after the biochar applica-
tion. Hereon, the treatments are denoted by CT, BC-10, BC-20, and BC-
20+P for the 0, 10 t ha−1 and 20 t ha−1, and 20 t ha−1 with P, re-
spectively. Soil sampling was done on 21st May 2016.

2.3. Soil sampling

Metal core samplers (0.034 m length, 0.061 m in diameter, 100 cm3

sample volume) were used for intact soil sampling from a depth of
0–20 cm. The sampling for all treatments was done in the center of the
plot within rows, avoiding visibly compacted areas. Eight replicate
samples were taken for each treatment. At the same locations, disturbed
bulk samples were taken for other measurements (texture, organic
matter, pH, dry region water retention, etc.)

2.4. Laboratory measurements

2.4.1. Soil texture and organic carbon content
Soil texture was determined by a combination of sieving and hy-

drometer methods (Gee and Or, 2002). Determination of soil total
carbon content was done through the oxidation of carbon to CO2 at a
temperature of 1800 °C with a FLASH 2000 organic elemental analyzer,
which was coupled to a thermal conductivity detector (Thermo Fisher
Scientific, MA, USA). Since carbonates were absent in the soils, the soil
total carbon was considered as soil organic carbon (SOC).

2.4.2. Soil pH and electrical conductivity
Soil pH was determined by mixing 8 ml of air dried soil and 30 ml of
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deionized water (which corresponds to a soil-water ratio of approxi-
mately 1:2.5). Soil pH and EC were subsequently measured by inserting
a combined pH and electrical conductivity (EC) electrode into the su-
pernatant (Thomas, 1996).

2.4.3. Soil water retention
2.4.3.1. Wet region measurements. Measurement of wet region water
retention was performed in the laboratory at constant temperature of
20 °C. The 32 intact cores were placed in a sand box and saturated with
water from underneath, drained and saturated again prior to imposition
of suction levels. Suction was applied successively after saturation to
establish matric potentials (ψ) of −10, −30, −50, and −100 cm H2O
(pF 1, 1.5, 1,7, and 2.0; (Schofield, 1935)). Thereafter, samples were
moved to a Richard pressure plate apparatus to successively establish
matric potentials of −300, −500, and −1000 cm H2O (corresponding
to pF 2.5, 2.7, and 3.0 respectively) according to the methodology
described by Dane and Hopmans (2002). At selected potentials, the
same soil samples were used for gas transport measurements (described
in air permeability and gas diffusion sections below).

2.4.3.2. Dry region measurements. The retention curve from pF 3.8 to
5.0 was obtained with a temperature compensated WP4-T dewpoint
Potentiameter (METER Group Inc., Pullman, WA, USA). First, air-dry
subsamples from replication plots were oven dried to determine the
prevailing water content. Based on the prevailing water content,
increasing amounts of water was added to each air-dry subsample to
roughly correspond to matric potentials between pF 3.8 and 5.0. A total
of eighty (20 from each treatment) subsamples were used for this. To
avoid evaporation losses, the moistened soil samples were sealed in
Ziploc bags and stored in the refrigerator for 4 weeks to allow
equilibration. After the equilibration period, two consecutive soil
water potential measurements were taken with the WP4-T. The
samples were oven dried at a temperature of 105 °C for 24 h to
determine the gravimetric water content.

For the water retention between pF 5.0 and 6.8, a Vapor Sorption
Analyzer (METER Group Inc., Pullman, WA, USA) was used. Briefly, 3 g
of an air-dry subsample was placed in the instrument and the matric
potential and soil mass simultaneously measured. Measurements for
each sample were done in duplicate and samples were oven dried
afterwards to obtain the gravimetric water content. For further details
on the measurement procedure, please consult Arthur et al. (2014) and
Likos et al. (2011).

Specific surface area (SA) was estimated from the measured water
retention between pF 5.0 and 6.8 using the theoretical Guggenheim-
Andersen-de Boer sorption isotherm equation as suggested by
Timmermann (2003) and evaluated by Arthur et al. (2017). After ob-
taining the monolayer water content (M0, kg kg−1) from the GAB
modeling of the dry region water retention data, the SA was obtained
by the following relation, SA =M0NA/wM, where N is Avogadro's
number (6.02 × 1023 mol−1), A is the area covered by one water
molecule (10.8 × 10−20 m2) and wM is the molecular weight of water
(0.018 kg mol−1).

2.4.4. Air permeability
Air permeability, ka, was measured by the Forchheimer approach

described by Schjønning and Koppelgaard (2017) on cores that were
equilibrated at matric potentials of −30, −50, −100, −300, −500
and −1000 cm H2O. Briefly, four corresponding values of pressure
difference, ΔP at values around 5, 2, 1 and 0.5 hPa, were applied across
the soil sample placed in an air permeameter, and the resulting air flow,
Q was measured. For the purpose of quality control, a ‘standard’ test
(with actual pressure difference, Pa < 400 Pa, at target air flow,
Qt = 3 ml min−1) was performed prior to soil samples measurement, in
two series of steps. First, the system identifies corresponding actual air
flow, Qa, and Pa values, where Pa is requested to be within± 10% of the
target pressure difference, Pt = 5 hPa. Second, the system finds

corresponding values of Qa and Pa for three additional levels of
ΔP =~2, ~1, and ~0.5 hPa. By measuring at the highest pressure
difference of 5 hPa prior to measuring the lower values, the risk that
changes in ΔP during a measurement loop will affect water films was
curtailed (Schjønning and Koppelgaard, 2017). Darcy's law was then
used to calculate ka in a steady state.

2.4.5. Gas diffusion
The experimental setup that was initially suggested by Taylor

(1950) and subsequently improved further by Schjønning (1985) was
used for the measurement of gas diffusion (Dp/D0). Firstly, the gas
diffusivity chamber was made oxygen-free by flushing with 100% N2

gas. The top of the soil core was exposed to the atmosphere to allow
atmospheric air to enter into the chamber through the soil sample.
Subsequently, O2 was measured by an electrode mounted on the
chamber wall. The O2 diffusion coefficient in soil (Dp) was calculated as
proposed by Rolston and Moldrup (2002). The gas diffusion measure-
ment was done on soil cores already equilibrated at matric potentials
(ψ) of −30, −50 and −100, −300 cm, −500 and −1000 cm H2O.
There was a disparity in the time taken for each measurement due to
differences in the applied matric potentials, and this difference in the
measuring time was considered small enough to neglect the O2 deple-
tion resulting from microbial consumption (Schjønning et al., 1999).

2.4.6. Bulk density, porosity, and plant available water
After completing the wet region water retention, air permeability

and gas diffusion measurements, the samples were oven-dried at 105 °C
for 24 h. The weight of each sample was subsequently recorded at each
matric potential and after oven drying. The total soil porosity was es-
timated from the measured bulk density (ρb) and a particle density of
2.65 Mg m−3. The volumetric soil water content (θ, m3 m−3) at each
matric potential was taken as the respective difference in weight of the
oven-dried samples multiplied by the bulk density (ρb). At each matric
potential, air-filled porosity (ε, m3 m−3) was calculated as the differ-
ence between the total porosity and volumetric water content (θ,
m3 m−3). The plant available water content (θp, m3 m−3) was calcu-
lated as the difference between the water content at pF 2.5 and pF 4.2.

2.5. Models

The pore size distributions of the soils were derived from the wet
region water retention data based on the capillary rise equation by
approximating the relationship between Ψ and the equivalent pore
diameter (d, μm) (Schjønning, 1992):

=d
Ψ

3000
(1)

Pore structure (continuity, complexity, and distribution) was esti-
mated using models based on either gas diffusivity (Dp/D0) or air per-
meability (ka) and (air-filled porosity (ε). The logarithmic form of the
exponential model proposed by Marshall (1959) and Millington (1959)
was used to relate Dp/D0 and ε:

⎜ ⎟
⎛
⎝

⎞
⎠

= +
D
D

m N εlog log( ) log( )p

o
d d

(2)

where md and Nd are fitted parameters. Because of the fact that Dp/D0

value of 10−4 is considered as an indication of zero diffusion through a
continuous air-filled pore space (Broecker and Peng, 1974), the ε at that
point is considered to be the diffusion percolation threshold, (DPT,
m3 m−3)

= − +D 10PT
m N[log( ) 4]d d (3)

or an estimate of the volume of pores blocked to exchange of air as
reported in previous studies (Schjønning et al., 2002).

Similarly, ka was related to ε by the logarithmic form of a simple
exponential model proposed by Ball et al. (1988):
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= +k m N εlog( ) log( ) log( )a c c (4)

where mc and Nc are fitted model parameters representing soil struc-
tural complexity. An estimate of the permeability percolation threshold
(CPT, m3 m−3) was obtained by assuming that a soil with ka of 1.0 μm2

is effectively impermeable (Ball et al., 1988).
The applicability of CPT in relation to DPT was assessed for treated

and untreated soils. The optimal value of ka for each of the four soil
groups based on the treatments (CT, BC-10, BC-20, and BC-20+P) was
estimated using the relation

= − +C 10PT
m x N[log( ) ]c c (5)

where x is the log (ka) value at which CPT best fit the physically based
DPT.

To further assess the differences in pore connectivity and tortuosity
after biochar incorporation, the soil pore organization (PO, μm2) which
gives an indication of the pore size distribution was considered for two
matric potentials (−100 and −300 cm H2O) (Groenevelt et al., 1984)

= k
ε

PO a
(6)

2.6. Data analysis and statistics

Statistical analyses were done using SigmaPlot 11 (Systat Software
Inc., San Jose). All the data obtained were checked for normality and
homogeneity of variance. Differences between the control and biochar
treatments were tested using analyses of variance (ANOVA), after
which the Holm-Sidak post-hoc test was used to differentiate between
any two given treatments. We used p < 0.05 as a criterion for statis-
tical significance of treatment effects, unless otherwise stated. Results
are presented as mean ± standard error (SE) in tables and figures.

3. Results

3.1. Soil texture and organic carbon

The particle size distribution and soil organic carbon contents of the
treatment plots are presented in Table 1. There was minimal variability
within the treatments in terms of soil texture; standard errors for tex-
ture ranged from 0.8 to 1.8 for clay, 0.2 to 0.4 for silt, and 0.8 to 1.8 for
the sand fraction (Table 1). Among the biochar treatments, only BC-20
treated soils recorded a significant increase of 66% in soil organic
carbon (SOC) relative to the CT. The SOC in the BC-10 and BC-20+P
treated soils were statistically similar (Table 1).

3.2. Soil pH and electrical conductivity (EC)

Application of corn cob biochar significantly increased the soil pH
by 0.6 and 0.4 units for the BC-20 and BC-20+P amended soils re-
spectively, relative to the CT. Conversely, incorporation of biochar
significantly decrease the EC by 75%, 80% and 79% in the BC-10, BC-
20 and BC-20+P amended plots respectively, compared to the control.

3.3. Soil bulk density, water retention and specific surface area

Statistically, the bulk density and total porosity in the biochar
treated soils were similar to that of the CT (Table 1). The soil water
contents found in the various treatments at the different matric po-
tentials are shown in Fig. 1a. There was no significant difference be-
tween the biochar treatments and CT when matric potential was ≤ pF
1.5. Between pF 2.0 and 3.0, the BC-20 and BC-20+P treatments had
significantly higher water contents than the BC-10 and CT (Fig. 1a).

Table 1
Effect of corn cob biochar on soil texture, chemical and physical properties.

Treatment Clay Silt Sand OC pH EC ρb Φ θp

% by weight (−) μS cm−1 Mg m−3 m3 m−3

CT 19 ± 1.8a 8 ± 0.4a 73 ± 1.8a 1.03 ± 0.08a 5.9 ± 0.1bc 309 ± 46a 1.52 ± 0.01a 0.43 ± 0.01a 0.09 ± 0.01a

BC-10 18 ± 0.9a 9 ± 0.3a 73 ± 1.1a 1.39 ± 0.18ab 6.2 ± 0.2ac 76 ± 4b 1.49 ± 0.02a 0.44 ± 0.02a 0.10 ± 0.01a

BC-20 18 ± 0.8a 8 ± 0.2a 74 ± 0.8a 1.71 ± 0.12b 6.5 ± 0.2a 61 ± 8b 1.45 ± 0.03a 0.45 ± 0.03a 0.12 ± 0.01a

BC-20+P 19 ± 1.6a 9 ± 0.3a 72 ± 1.9a 1.32 ± 0.09ab 6.3 ± 0.1a 66 ± 8b 1.49 ± 0.03a 0.44 ± 0.03a 0.12 ± 0.01a

§OC, organic carbon; EC, electrical conductivity, ρb, bulk density; Φ, total porosity, θp, plant available water content. Different letters indicate that means are significantly different
(p < 0.05).

Fig. 1. Corn cob biochar effect on (a) soil water retention and (b) pore size distribution.
“NS” indicates no significant difference between BC-10 and CT. Values on top of bars are
total pore volumes. “*” indicates significant difference between the water content or pore
size class of the BC-20 and BC-20+P treatment compared to the CT. “ns” indicates no
significant difference between the water content or pore size class of the BC treatment and
the control. CT, control; BC-10, 20, and 20+P denote biochar treatments with 10,
20 t ha−1, and 20 t ha−1 + 50 kg P2O5 t ha−1, respectively.
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Consequently, the biochar treatments showed similar macro- and meso-
porosity (pores larger than 30 μm) as the CT (Fig. 1b). Conversely, the
BC-20 and BC-20+P had significantly larger proportions of micropores
(pores< 3 μm) than the CT. The BC-10 had a similar trend for both the
water retention curve and the pore size fractions compared to the CT.
Application of biochar had little impact on the plant available water
content (Table 1). Similarly, biochar application did not have any sig-
nificant effect on the soil specific surface areas (SA) (Fig. 2).

3.4. Air filled porosity and gas transport

Corn cob biochar application had no effect on the relationship be-
tween the total air filled porosity (the difference between the total
porosity and water content) and the air connected porosity (the pores
that are connected in the soil matrix to the atmospheric air). The results
showed that all the treatments (CT, BC-10, BC-20 and BC-20+P) were
clustered around the 1:1 line (Fig. 3). The soil's ability to conduct air by
diffusion expressed by relative gas diffusivity as a function of matric
potential is shown in Fig. 4a. Relative gas diffusivity increased with
increasing air filled porosity (decreasing matric potential) for all
treatments (Fig. 4). No significant differences were observed between
relative gas diffusivity values of the biochar treatments, nor between
the biochar treatments and the CT, irrespective of the total porosity of
the various treatments (Fig. 4). Soil air permeability increased with
decreasing matric potential in all the treatments (Fig. 5a). Though not
significant, the BC treatments tended to have larger air permeability
values than the CT at matric potentials between 1.5 and 2.0. The log10
of air permeability as a function of log10 air-filled porosity for all
treatments is presented in Fig. 5b. For all the treatments, air perme-
ability increased with increasing air-filled porosity. At low air-filled
porosities, there was a tendency for larger permeability values for the
BC-20 treatments compared to the CT and BC-10 treatments.

3.5. Soil structural indicators

Amendment of the soils with biochar showed no clear trend in soil
pore organization (PO) with application rate. For BC-10 and BC-20,
POpF2 was about two times that of CT whereas BC-20+P was identical
to the CT. At pF3, PO was numerically similar among all treatments.

Similarly, other indicators of soil structural complexity (Nc and Nd)

were not affected significantly by the application of corn cob biochar.
Further, biochar incorporation did not have any significant effect on the
fraction of the air-filled pores that are inactive in diffusion (denoted by
DPT), though there was a reduction of 34% and 18% in DPT in the soils
that received the highest biochar application rates (BC-20 and BC-
20+P, respectively) relative to the CT (Table 2). There was an increase
of 25% in DPT in the biochar treatment (BC-10) as compared to the CT,
even though this increase was not statistically different from the CT
soil. Furthermore, corn cob biochar application did not have a sig-
nificant effect on the convection percolation threshold (CPT). Irrespec-
tive of the reduction in CPT by 15%, 85% and 54% in the BC-10, BC-20
and BC-20+P respectively, as compared to the CT, there was no sig-
nificant difference in CPT between the biochar treatments and the CT.

4. Discussion

4.1. Biochar and soil water retention

4.1.1. Soil density and porosity
Soil bulk density which is considered to be the main driving force of

soil physical properties depicts the potential function of the soil with
regards to soil aeration, water infiltration, structural support and water
and gaseous movement. Results from the study showed that, applica-
tion of biochar did not change the soil bulk density and total porosity.
Previous authors have reported substantial decrease in soil bulk density
after the incorporation of different kinds of biochar to different soil
types. For example, Arthur and Ahmed (2017) applied 3% w/w of rice
straw biochar to a coarse-textured tropical soil and reported a sig-
nificant (32%) decrease in bulk density, three months after the in-
corporation of rice straw biochar. This was translated into a 22% and
16% increase in total porosity after 3 months and 15 months of biochar
application respectively. Further, in an incubation experiment that
lasted for 120 days, Randolph et al. (2017) recorded a significant de-
crease in bulk density following the application of wood chips and plant
residues biochar pyrolyzed at three different pyrolytic temperatures
(350 °C, 500 °C and 700 °C) and at an application rate of 2% w/w to
sandy clay loam soils. Sun et al. (2015) affirmed that the porous nature
and lower density of biochar compared to mineral soil, was responsible
for the potential decrease in soil bulk density when they added birch
wood biochar pyrolyzed at 500 °C to a sandy loam at application rates
of 10 and 50 Mg ha−1. The lack of significant increases in bulk density
in our study could be attributed to the low rate of biochar application (a

Fig. 2. The soil specific surface area (derived from dry-region soil water retention) as
affected by biochar. CT, control; BC-10, 20, and 20+P denote biochar treatments with
10, 20 t ha−1, and 20 t ha−1 + 50 kg P2O5 t ha−1, respectively.

Fig. 3. Relationship between total air-filled porosity (calculated from soil-water retention
data) and air-connected porosity measured by a pycnometer. CT, control; BC-10, 20, and
20+P denote biochar treatments with 10, 20 t ha−1, and 20 t ha−1 + 50 kg
P2O5 t ha−1, respectively.
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maximum of 0.68%) to our soil. The added biochar may not have been
enough to substantially dilute the mineral fraction of the soil.

4.1.2. Water retention and pore size distribution
Crop growth, microbial activities and gas exchange dynamics are

important processes that are significantly influenced by the ability of
the soil to retain water. For the sandy loam in this study, corn cob
biochar application at 20 t ha−1 showed significant increase in soil
water contents at lower matric potentials (pF 2.0–3.0), but at an ap-
plication rate of 10 t ha−1, no noticeable effect of biochar on soil water
retention occurred, possibly due to the low application rate. Precluding
all instances of biochar hydrophobicity, an increase in water retained in
the soil at a given matric potential after the application of biochar is one
of the easily recognizable beneficial effects of biochar. For instance,
Randolph et al. (2017) noted a significant increase in water retention
after the incorporation of woodchips and plant residues biochars at a
rate of 2% w/w to a sandy clay loam. Similarly, Ulyett et al. (2014)
reported a significant increase in water retention at a matric potential
of −5 kPa when a deciduous mixed wood biochar pyrolyzed at 600 °C
was added to a sandy loam at a rate of 60 t ha−1. The authors ascribed
the increase in soil water retention to the intrinsic high surface area of
the biochar. A similar observation was made by Głąb et al. (2016) when
they applied straw biochar produced at a pyrolytic temperature of
300 °C from miscanthus (Miscanthus giganteus) and winter wheat (Tri-
ticum aestivum L.) at application rates of 0.5%, 1%, 2%, and 4% to a
loamy sand. In addition, Karhu et al. (2011) recorded an increase in
gravimetric soil water content determined following the incorporation
of birch wood biochar pyrolyzed at temperature of 400 °C at an appli-
cation rate of 9 t ha−1 to a silty loam. The authors attributed this in-
crease in water retention to increase in total porosity which led to a

corresponding increase in water retention in small pores, and thus in-
creasing the water retention of the soil. The use of pore size distribution
to infer soil structure changes induced by different phenomena is be-
coming common in soil science (Dal Ferro et al., 2014). Different sizes
of pores present in the soil medium present distinct and well defined
functions in the soil. According to Pires et al. (2017), pores with size
(equivalent cylindrical diameter (ECD)) > 50 μm are classified as
transmission pores and< 0.50 μm as residual and bonding pores. The
transmission pores are responsible for air movement and drainage of
excess water, whereas the residual pores are responsible for the reten-
tion and diffusion of ions in soil solutions. Lal and Shukla (2004),
classified pores with ECD between 0.50 μm and 50 μm as intermediate
pores, that are responsible for the release and retention of water against
gravity. Biochar at all rates did not produce any significant changes in
three of the four pore size fractions considered (3 to< 100 μm) of the
sandy loam soils. However, BC-20 and BC-20+P significantly increased
the very fine pores (< 3 μm) compared to the CT. This is important
particularly for storage of water for plant uptake. Although plant

Fig. 4. Relative gas diffusivity (log-scale) as a function of
(a) matric potential (in pF units) and (b) total air-filled
porosity. “ns” indicates no significant difference between
treatments for a given matric potential. CT, control; BC-10,
20, and 20+P denote biochar treatments with 10,
20 t ha−1, and 20 t ha−1 + 50 kg P2O5 t ha−1, respec-
tively.

Fig. 5. Soil air permeability (log-scale) as a function of (a)
matric potential (in pF units) and (b) total air-filled por-
osity. “ns” indicates no significant difference between
treatments for a given matric potential. CT, control; BC-10,
20, and 20+P denote biochar treatments with 10,
20 t ha−1, and 20 t ha−1 + 50 kg P2O5 t ha−1, respec-
tively.

Table 2
Biochar effects on soil pore organization (PO) at pF 2 and pF 3, on slopes of log–log plots
of relative gas diffusivity and air permeability vs. air-filled porosity (Nd and Nc, respec-
tively) and on the estimates of the diffusion percolation threshold (DPT, m3 m−3), per-
meability percolation threshold (CPT, m3 m−3).

Treatment POpF2 POpF3 Nd Nc DPT CPT

CT 48ns 166ns 3.24ns 3.40ns 0.044ns 0.054ns

BC-10 74 169 3.49 3.17 0.051 0.046
BC-20 88 145 2.58 1.51 0.029 0.008
BC-20+P 48 144 2.87 2.25 0.036 0.024

“ns” denotes no significant difference among the treatments.
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available water content (θp) was not significantly affected by biochar
application, there was a trend of increasing θp with increasing biochar
rates. For some plants, this marginal increase is particularly important
during critical growth periods. Earlier studies that reported significant
increases in θp were due to an increase in the fraction of smaller pores
(0.1–10 μm) and a decrease in the larger pore size fraction. For ex-
ample, Liu et al. (2016) observed increase in smaller pores (0.1–10 μm)
relative to the larger pores (10–1000 μm) when they applied 16 t ha−1

of commercial straw biochar pyrolyzed at 500 °C to a loamy soil. Abel
et al. (2013) reported an increase in the smaller pore size fractions and
a decrease in the larger fractions when they applied biochar pyrolyzed
from maize (mix of whole plant) at a temperature of 750 °C and at rates
of 1, 2.5 and 5 wt%. Głąb et al. (2016) also found an increased volume
of small pores (< 50 μm in diameter) and a decreased volume of larger
pores (50–500 μm) when they applied biochar pyrolyzed from mis-
canthus and winter wheat at 300 °C and at application rates of 0.5, 1, 2
and 4% to loamy sand. In our study, although the BC-20 and BC-20+P
treatments had an increased fraction of small pores, they also had nu-
merically higher fraction of large pores, resulting in marginal effect on
the θp.

4.1.3. Specific surface area
The soil specific surface area (SA), which was derived from dry-

region water retention data (pF 5 to 6.8), is an important property that
influences numerous physico-chemical soil properties, and it is de-
termined by the amount of clay and organic matter present in the soil.
One of the notable effects of biochar incorporation into soils is an in-
crease in OC, and this has been reported by several authors (e.g., Zhang
et al., 2017; Zhu et al., 2017). Results from the study showed that,
addition of BC resulted in a significant increase in OC in the BC-20 and
BC-20+P soils. Despite this, there was no significant increase in the SA
of the amended soils compared to the control soil possibly due to the
relatively short period between the time of biochar application and soil
sampling (197 days after biochar application). The SA of soils is con-
trolled primarily by the amount of clay and clay mineralogy (Pennell,
2002) with minimal contribution from soil organic matter for soils with
clay content greater than ~20%. As the soil used in the study had clay
~19%, the increases in OC may not be enough to contribute sig-
nificantly to changes in SA. This explains the contrasting results found
in Arthur and Ahmed (2017) where they applied rice straw biochar to a
sand-textured soil (clay< 3%) and reported significantly increased SA
in the biochar treatments compared to the control.

4.2. Biochar effect on soil air movement and structural complexity

4.2.1. Air movement by conduction and diffusion
Transport of gas in the soil is a very important factor that influences

soil aeration and respiration by plant roots. Gas transport character-
istics have the potential to affect soil physical quality and crop pro-
ductivity. Therefore, the quantification of gas transport parameters is
important in effective management of physically degraded soils. The
ability of soil to conduct air through the pores can be quantified by
relative gas diffusivity, Dp/Do which is driven by concentration gra-
dients, and air permeability, ka which is driven by pressure gradients.
Relative gas diffusivity and air permeability are crucial gas transport
parameters that provide insight into gas exchange by diffusion and
convection processes, respectively. According to Baral et al. (2016),
these two parameters are indicators of soil function, and are important
for greenhouse gas emissions. Relative gas diffusivity (Dp/D0) increased
non-linearly with an increase in pF for all the treatments (Fig. 4a). The
observed increase in Dp/D0 as pF increases is attributed to a directly
proportional relationship between pF and air-filled porosity. This ob-
servation corroborates the findings of Arthur and Ahmed (2017) who
reported a larger Dp/D0 at−10 kPa than−3 kPa due to larger air filled
porosity at −10 kPa. Thus, an increase in air filled porosity resulted in
a corresponding increase in Dp/D0 (Fig. 4b). At higher pF values,

diffusion of gases in the soil is higher; conversely, higher water contents
at lower pF values limit oxygen diffusion (Schjønning et al., 2011).

The Dp/D0 affects the availability of atmospheric O2 for intrinsic soil
microbes capable of degrading a variety of soil pollutants under aerobic
conditions (Davis et al., 2009). The critical Dp/D0 limits for adequate
soil aeration has been reported to be within the range of 0.005–0.02
(Stepniewski, 1981). A study by Schjønning et al. (2006) concluded that
the threshold value of Dp/D0 for adequate diffusion of oxygen in the soil
is 0.005. Albeit not significant, at pF 1.7, whereas the CT treatment was
in the anaerobic range (Dp/D0 < 0.005), the BC-treated soils had Dp/
D0 values ≥0.005. This suggests that, at relatively low pF values, as
occurs in wet humid areas, biochar has the potential to facilitate gas-
eous exchange within the soil ecosystem to enhance soil microbial ac-
tivity and root respiration. Among the biochar treated soils, BC-10 re-
corded the highest mean value of Dp/D0 (0.035) at pF 3. This could be
ascribed to the fact that, due to the comparatively high application
rates (20 t ha−1), and by virtue of the fact that the biochar were ground
(to a particle size of< 2 mm), some of the biochar particles might have
filled some of the air-filled pore spaces as the water content decreased.
However, the magnitude of the purported infilling of the air-filled pore
spaces by the ground biochar in BC-20 and BC-20+P was not enough
to counteract the ability of the soils to facilitate gaseous movement, as
Dp/D0 values of 0.033 and 0.028 (which are above the critical Dp/D0

value for adequate aeration) were recorded in BC-20 and BC-20+P
respectively.

Air permeability (ka) controls the movement of air through the soil
via convective flow in response to a pressure gradient, and it is a soil
physical property that is strongly related to the soil total porosity, pore
size distribution, continuity and tortuosity; thus, ka is sensitive to
structural changes as it is directly related to soil structural character-
istics. Air permeability increased with increasing pF among the BC
treated soils and the CT (Fig. 5a). This is ascribed to the development of
more connected pores as the soil dries out at higher pF values. Gen-
erally, an increasing trend in ka was observed in the BC treated soils,
particularly at pF < 2.5. This observation contradicts the findings of
Arthur and Ahmed (2017) who reported a decrease in ka 15 months
after rice straw biochar application. The authors attributed their ob-
servation to an increase in water retention with a subsequent reduction
in macropore fraction after the biochar application. A significant de-
crease in ka was also reported by Wong et al. (2016), when they applied
peanut shell biochar pyrolyzed at 500 °C to clayey soil at application
rates of 5, 10 and 15%. The authors attributed this observation to a
decreased soil inter-pores at a high biochar application, suggesting that
ka is mainly governed by inter-aggregate pores at low biochar content.
The possible reason to our observation is that, the corn cob biochar
applied did not significantly increase the water content to warrant the
presence of blocked pores. Hence, there was a considerable fraction of
the air-filled pores that were relatively active in conducting air in the
soil matrix.

4.2.2. Pore structure and gas percolation thresholds
To elucidate the effect of corn cob biochar on soil structure, the soil

pore organization (PO) was evaluated to compare the structural com-
plexity between the biochar treated soils and the CT. The PO parameter
gives an indication of the structural differences in differently managed
soils (Chamindu Deepagoda et al., 2013), as smaller PO values are at-
tributed to more tortuous pore structure (and thus more complex
structure), implying an improved pore continuity than large PO values.
From the study, PO was computed at two matric potentials (pF 2 and pF
3) at which Dp/D0 and ka were measured (Table 2). No significant
difference was observed in soil PO between the biochar treated soils
and the CT at both matric potentials. At pF 2, no distinct pattern could
be seen in PO between the CT and the biochar treated soils. However,
PO was lower in the BC-20 and BC-20+P treatments at pF 3. Com-
paratively, soil PO computed at pF 2 was lower than that of pF 3. This is
probably because at low pF, the length of convection pathway is high
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due to low pore continuity and an increase in apparent tortuosity.
The diffusion of gases in water has been reported by several authors

to be slower than that in air by a factor of 104 (Moldrup et al., 2004;
Thorbjorn et al., 2008). Based on this premise, Arthur et al. (2013)
posited that a relative gas diffusivity value of 10−4 may be considered
as a threshold for diffusion through connected air-filled pores. Any
value below the threshold value implies that diffusion occurs in the
water phase. Therefore, it can be inferred that the air-filled porosity at
which the Dp/D0 threshold occurs is the diffusion percolation threshold,
denoted by DPT, from Eq. (3). According to Arthur et al. (2013), the DPT

value expresses the fraction of air-filled pores that are not active in
diffusion due to the fact that these pores are blocked by water or they
are embedded in aggregates. Though not statistically significant, the
soils treated with BC-20 and BC-20+P recorded lower DPT values re-
lative to the CT (Table 2). This observation implies that, most of the
pores in the BC-20 and BC-20+P soil were actively involved in diffu-
sive gas transport, giving a further indication that these biochar treated
soils may have lower structural complexity than the CT. This assertion
is further substantiated by the low PO values obtained at pF 3 for the
BC-20 and BC-20+P soils.

Similar to DPT is the convection percolation threshold CPT, which is
suggested by Ball et al. (1988) to exist when air permeability (ka)
= 1.0 μm. On the average, DPT was observed to be higher than CPT in
the biochar amended soils. This was not expected considering the di-
verse pore domains that dictate convective and diffusive gas flows.
Comparatively, convective flow preferentially occurs in macropores
that are well drained, whereas flow of gas by diffusion takes place in
virtually all pores, giving it a higher probability of yielding a lower DPT

values than CPT. Our findings contradict the observation made by
Masís-Meléndez et al. (2015) who reported lower values in DPT than
CPT. This observation from our study may be attributed to a relatively
larger water content in the network of arterial pores that directly in-
fluence gas diffusion along the axes of the cores in the biochar amended
soils, hence, the lower DPT values observed in the BC treatments relative
to the CPT values. The relatively lower CPT values observed in the BC
treated soils may also be due to an increase in air-filled pore space
(drained macropores) that led to a subsequent increase in the inter-
connected pathways for a convective gas transport in the BC amended
soils.

5. Conclusions and recommendations

This study demonstrated that addition of 10 t ha−1 and 20 t ha−1 of
corn cob biochar to a tropical sandy loam has moderate impacts on soil
water retention, and no clear effect on air flow by convection and dif-
fusion, and derived soil structure indices. Specifically:

− Larger water contents was observed for the 20 t ha−1 biochar
treatments relative to the control treatment only for matric poten-
tials larger than pF 2.0; due to an increase in fine pores in the
biochar treatments (< 3 μm).

− Corn cob biochar application did not significantly affect the bulk
density, total porosity, plant available water and specific surface
area of the soil.

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

The observations mentioned above were made for corn cob biochar
with relatively small application rates and short residence time
(197 days) between application and soil sample collection; hence the
lack of significant differences in the gas transport and pore structure
characteristics. Further and/or complimentary studies with higher
biochar application rates and possibly, with different types of biochar
and soil types, and over a longer time period are recommended to

elucidate general biochar effects on soil functions in tropical ecosystem.
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