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Biochar has been suggested as soil amendment for improving soil structure and
associated functions for agricultural production. We investigated the impact
of rice straw biochar application on soil water retention (SWR), air move-
ment through soil, and soil pore characteristics of a tropical sandy clay loam
field. A field experiment was conducted at the University of Ghana’s Forest and
Horticultural Crops Research Centre, Kade, Ghana, which comprised three treat-
ments: soil without biochar (B0), and soil amended with 15 and 30 Mg ha=1 of
biochar (B15 and B30, respectively). Three years after biochar application, we
sampled intact 100 cm? soil cores and measured SWR, air permeability (k,) and
gas diffusivity (D /D), and quantified pore characteristics: tortuosity (1), effective
pore diameter (dp) and the number of air-filled pores in a given soil cross-section
(np) at selected matric potentials. At all matric potentials (—10 to —15000 hPa),
B30 considerably reduced SWR compared to BO, whereas the B15 had similar
SWR as BO. Biochar did not significantly affect the plant available water (PAW).
The B30 significantly increased k, at —30 hPa relative to B15. At a given air-filled
porosity, the B30 tended to have larger D /D, values compared to B0. Despite
these improvements in soil air transport, the effect of the biochar treatment was
marginal on soil T, dy and n;. We suggest that, probably higher biochar applica-
tion rates and longer time are needed to significantly improve PAW and soil pore
structure characteristics, which control air and gas transport through the soil.

Abbreviations: EC, electrical conductivity; FC, field capacity; PAW, plant available water;
PO, pore organization; SOC, soil organic carbon; WP, wilting point.

oil structure, which comprises the size and shape of soil pores is vital for
maintaining agronomic productivity because it controls key soil functions,
such as the storage and transport of water and nutrients as well as biota activ-
ity in soils. Soil pore spaces strongly determine the soil’s capacity to exchange air be-
tween the soil matrix and the atmosphere. Information on soil pore structure char-
acteristics can be derived from water retention characteristics and not least from
the measurement of soil air and gas transport at each matric potential (Schjenning

Core Ideas

¢ Rice straw biochar was added to a sandy clay loam soil at 15 and
30 Mg ha—" (B15 and B30), respectively.

¢ B30 significantly reduced soil water content retained between —10 and
—1000 hPa.

* Both B15 and B30 marginally increased plant available water content.

e Biochar tended to increase air permeability and pore size distributions
at —50 to —300 hPa.

e Biochar did not significantly change the volume blocked air-filled pores.
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et al,, 2002). The exchange of gas between soil and atmosphere
occurs by convection and diffusion (Stepniewski, 2011). These
two mechanisms can be, respectively, quantified by the air per-
meability (,) and relative gas diffusivity (DP/DO). Ball (1981)
combined pore size distribution, £ . and DP/DO to develop the
tube model, which can be used to obtain quantitative informa-
tion on three key pore characteristics: pore tortuosity (), effec-
tive pore diameter (dp) and number of air-filled pores in a given
soil cross-section (73). The dy relates to gas transport character-
istics and the T parameter relates to pore continuity. Soil acration
is critical for plant growth and when soil air-filled porosity (&,),
k, and DP/DO are below threshold levels, plant root growth and
other biological activities are often negatively affected (Grable
and Siemer, 1968). Ball et al. (1988) showed that quantitative
information on ‘blocked’ pores, defined as air-filled pore space
not taking part in the transport of air by convection or diffusion,
together with the pore characteristics provide a useful indication
of how different soil management practices impact on soil struc-
tural functions.

It is widely known that organic residues, applied directly
or applied after charring into biochar, can positively affect soil
pore structure and associated functions, which in turn improves
soil quality for agricultural production. The practice of amend-
ing agricultural soils with biochar is gaining popularity due to
its numerous benefits such as carbon sequestration, mitigation
of greenhouse gas emissions and improvement in soil fertility
for crop production (Dari et al., 2016; Nair et al., 2017; Sohi et
al., 2010). Due to the lower particle density and highly porous
structure of biochar compared to soils, its application alters not
only soil chemical and biological properties, but also changes
soil physical properties (Blanco-Canqui, 2017). Incorporation
of biochar reduces soil bulk density and increases soil water re-
tention capacity (e.g., Glab et al.,, 2016), although there are con-
flicting results from different studies (Atkinson, 2018; Glab et
al., 2016; Omondi et al., 2016). For example, Fu et al. (2019)
reported that, the application of biochar derived from corn straw
and applied at a rate of 2.16% (w/w) to a loam soil increased
plant available water (PAW). Similarly, Mollinedo et al. (2015)
reported that a corn stover biochar applied at the rate of 4%
(w/w) to a sandy loam soil significantly increased PAW relative
to the control soil. On the contrary, Aller et al. (2017) found
that the amendment of corn stover biochar at rate of 1% (w/w)
decreased PAW in the sandy loam and clay loam soils, but found
no change in the silt loam soil. The inconsistent results suggest
the need for further research into biochar’s effect on soil physi-
cal properties when introducing biochar as a soil conditioner for

agricultural production.

Soil amendment with biochar also has the potential to modify
soil structure and pore characteristics, which control air and gas
transport through the soil as mentioned previously. However, re-
search on biochar effects on air exchange in soils has also yielded
variable results. For example, Sun et al. (2015) reported that the ap-
plication of a wood-based biochar at a rate of 100 Mgha™! to a san-
dy loam soil for 540 d increased the range of pore size distribution
and T of the soil pore network. More recently, Arthur and Ahmed
(2017) found that the incorporation of rice straw biochar (3% w/w)
into a sand-textured tropical soil significantly reduced £, and D /D,
after 450 d. Conversely, Amoakwah et al. (2017) did not find any
significant difference between the biochar-amended and the con-
trol treatments for £, and D /D, after 20 Mg ha=! of corn biochar
was applied to a sandy loam soil for 180 d. There is a need for more
research to adequately understand the mechanisms underlying bio-
char’s impact on soil pore characteristics and functions.

The current study was therefore conducted to investigate the
impact of rice straw biochar on the physical properties of a tropi-
cal sandy clay loam soil. The specific objectives were to examine
how rice-straw biochar applied at different rates (i) impacts on
soil water retention and air movement through the soil, and (ii)
affects soil pore characteristics, such as pore organization and
pore size distribution as well as T, dB and ng. Findings of the study
would contribute to the current literature on the importance of
using rice straw biochar to improve soil physical properties for ag-
ricultural production, particularly soils in the humid tropics.

MATERIALS AND METHODS
Description of Study Area

The research was conducted at the University of Ghana’s Forest
and Horticultural Crops Research Centre, Kade (06°08'37" N,
00°54'10” W) located in the semi-deciduous agroecological zone
of Ghana. The area has two rainfall seasons: a major rainy season
between April and July, and minor rainy season between September
and October, and a dry season from November to March. The area
has an average annual rainfall and temperature of 1500 mm and
28°C, respectively. The texture of the soil is sandy clay loam and is
classified as an Acrisol according to the WRB (2015) classification.
Table 1 shows soil properties and water retention and acration pa-

rameters measured prior to biochar application.

Experimental Set-up
Biochar Properties
The biochar was produced from rice straw feedstock that
was pyrolyzed in a Lucia reactor at a temperature of 550°C for
48 h. The biochar produced was air-dried and subsequently
passed through a 2-mm sieve prior to application. The physical

Table 1. Soil properties, water content held at field capacity (FC) and wilting point (WP), plant available water (PAW), air-filled
porosity (g,), relative gas diffusivity (D/Dy) and air permeability (k,) at —100 hPa measured before commencing the experiment.t

Water retention variable EN D, /D, k,
Clay Silt Sand SOC pH (H,0) EC FC WP PAW -100 hPa
% pS cm! mm3— pm?
21 11 68 1.33 5.54 36.0 0.26 0.15 0.11 0.14 0.009 7.20

t Clay: <0.002 mm, Silt: 0.002-0.02 mm, and Sand: 0.02-2 mm. SOC, soil organic carbon and EC, electrical conductivity.

Soil Science Society of America Journal



and chemical properties of the biochar were: 92% dry matter,
25% total carbon, 1.0% total nitrogen, pH 0f 10.3, P, K, Ca, Mg,
Fe and Na of 1420, 17700, 3020, 343, 2030, and 1250 mg kg™,
respectively. The biochar had total poly-aromatic hydrocarbon
content of 6 mg kg~ 1.

Field Layout

The field experiment started in June 2015 and ended in May
2018. During the experimental period, we consecutively planted
okra, maize, cowpea and maize in a randomized split plot design
with four replicates. The main plots comprised three irrigation
regimes of full, deficit and no irrigation with three biochar rates
of 0, 15, and 30 Mg ha~! making up the sub-plots. Main plots
had dimensions of 10.8 m by 5 m and subplots were 3.6 m by S m
each. Sampling for the current study was performed only on the
full irrigation treatments (i.c., 3 biochar levels x 4 replications
= 12 plots in total). Application of biochar was split into three
equal doses and applied in June 2015, June 2016 and June 2017.
For each round of split application, biochar at rates of 0, 5, and
10 Mg ha~! was surface-applied and incorporated into the soil
at a depth of about 15 ¢m using a hoe and a rake. Thus, the total
applied biochar prior to sampling for the present study added up
to 0 Mg ha=1 15 Mgha™ 1 and 30 Mgha™ L corresponding to 0,
0.66 and 1.32% by weight. The treatments 0, 15, and 30 Mgha ™!
hereafter, are designated B0, B15 and B30, respectively.

Sampling

Soil sampling was done in May 2018 after the harvest of the
last crop (maize). To avoid soil disturbance and the root mat in
the uppermost layer, intact soil cores were sampled from all the
12 experimental plots at a depth of 10 to 15 cm using metal core
samplers (6.1 cm diameter, 3.4 cm high, 100 cm3). Sampling was
done in the center of the plots and avoided visibly compacted
areas. Four replicate samples were taken from each plot, except in
one of the control plots where only three replicate samples were
taken due to technical difficulties. In total, 47 intact soil cores
were sampled and used for water retention, £, and gas diffusion
measurements. In addition, 12 bulk samples (1 sample x 4 repli-
cation X 3 treatments) were sampled from the same depth as the
soil cores. The bulk samples were pooled together for each treat-
ment. The bulk samples were then air-dried at 25°C and sieved
to <2 mm prior to determination of soil texture, organic matter,

pH, water content at wilting point and electrical conductivity.

Measurements
Soil Chemical Properties

The particle size distribution of the samples were measured
by wet sieving and hydrometer method (Gee and Or, 2002).
Total carbon was determined through oxidation of carbon to
CO, at 950°C with a FLASH 2000 organic elemental analyz-
er coupled to a thermal conductivity detector (Thermo Fisher
Scientific, MA, USA). The samples were devoid of calcium car-
bonates, hence the total carbon equaled the soil organic carbon

(SOCQ). To determine soil pH, 10 g of air-dried soil sample was

mixed with 25 mL of deionized water (1:2.5). The mixture was
shaken for 10 min, and allowed to settle for 10 min. The pH was
measured with a pH meter (PHM220, Radiometer Analytical
SAS, Lyon). Soil EC was determined by adding 4 g of air-dried
soil sample to 36 mL of deionized water, shaken for 1 h and set-
tled for 1 h before the EC was determined with an EC meter
(CDM210, Radiometer Analytical SAS, Lyon).

Soil Water Retention

The soil water retention curve from —10 to —1000 hPa
matric potential was determined using sandboxes, vacuum pots
and pressure plates. Briefly, the soil cores were placed in a sand-
box and slowly saturated by capillary action with water from
below to remove any entrapped air. Thereafter, the samples
were drained stepwise to matric potentials of —10, —30, —50
and —100 hPa. For the matric potentials of —300, —500 and
—1000 hPa, vacuum pots and pressure plates were used follow-
ing the procedure described by Dane and Hopmans (2002). The
water content at —15000 hPa matric potential was measured on
the air-dried <2 mm samples using a WP4-T dewpoint poten-
tiameter following the method by Scanlon et al. (2002). Plant
available water (PAW) was calculated as the difference between
water content retained at —300 hPa (field capacity, FC) and wa-
ter content retained at —15000 hPa (wilting point, WP).

Air Permeability and Gas Diffusion

Air permeability (k,) and the soil gas diffusion coefficient
(DP) were measured on the soil cores at —30, —50, —100 and
—300 hPa. The 4, was measured following the Forchheimer ap-
proach described in Schjenning and Koppelgaard (2017). The DP
was measured according to Taylor (1949) using an apparatus devel-
oped by Schjenning (1985). Relative gas diffusivity (DP/DO) was
quantified as the ratio of Dp to the gas diffusion in free air (D).

Bulk Density and Air-Filled Porosity

After draining the soil cores at —1000 hPa matric potential,
they were oven dried at 105°C for 24 h. Soil bulk density was es-
timated as the ratio of the oven-dried mass to the total volume of
each soil core. The total porosity was calculated from bulk density
and an assumed particle density of 2.65 Mg m 3. The volumetric
water content at each matric potential was estimated by multiply-
ing the gravimetric water content by bulk density. The air-filled
porosity (g,) was estimated as the difference between total poros-
ity and volumetric water content at a given matric potential.

Modeling of Soil Pore Size Distribution and
Architecture
The pore size distributions of the soil were calculated from

the water retention measurements as:

d:—300% [1]

where d is equivalent cylindrical pore diameter (um) and ¢ is the
soil matric potential (hPa).

www.soils.org/publications/sssaj



Table 2. Chemical and physical properties for B0 (0 Mg ha—1),
and soil amended with biochar: B15 (15 Mg ha—") and B30
(30 Mg ha—1).

Property BO B15 B30
Clay, <0.002 mm (%) 3(0.45)t 2(0.52) 9(1.02)
Silt, 0.002-0.02 mm (%) 0(0.29) 0(0.39) 0(0.35)
Sand, 0.02-2 mm (%) 6 (0.18) 8 (0.63) 0(1.10)
Soil organic carbon (%) 1.04 (0.05) b+ 1.12(0.08)ab 1.48(0.10) a
pH, H,O 4.66 (0.08) b 5.14(0.20) ab 5.55 (0.05) a
EC(pSCm’U 17.0(0.52)b  21.6(3.67)ab 37.0(6.10) a
Bulk density (g cm3) 1.51 (0.03) 1.54 (0.03) 1.49 (0.02)

t Numbers in parentheses are standard errors of the mean (n = 4).

¥ Treatments without a common letter in a given row for each soil
attribute are significantly different at p < 0.05.

The relationship between £, and €, was used to estimate
two indices of pore continuity: PO, = k, /&, and PO, = k_ /¢ *
(Groenevelt et al., 1984). The two parameters PO, and PO,
describe the soil pore organization according to Blackwell et al.
(1990). The &, was related to &, by a logarithmic form of the ex-
ponential model proposed by Millington and Quirk (1961):

log(4,)=log(M)+N log(e,)

(2]

where M and N are constants reflecting soil pore characteristics.
N is a pore continuity index indicating the rate of opening of
continuous pore air paths with decreasing matric potential (Ball
et al,, 1988). An estimate of blocked air-filled pore space (g;)
was computed from the model as 10-108(M)/N (Ball et al., 1988).
Similarly, DDy was related to €, by a logarithmic form of the
exponential model proposed by Marshall (1959):

log(D,/D,)=log(m)+nlog(e,) (3]

0.5 (a) 0.18
a ),
0.15 (b)
£ 0.12
E
C",T\ 0.4 - EO,OQ
; o
= .
—~ 0.00
= BO  Bi5 B30
QL 03 A Treatment
c
o
o
—
g
(]
= 02 -—O--- B0
e O B15
—@— B30
0.1 T T T T T T —1
0.5 1.0 15 20 25 3.0 35 4.0 4.5

Matric potential (pF=log,, (I-cm H,Ol))

Fig. 1. (@) Water content at given matric potential (pF 1.0-4.2) for B0, control (0
Mg ha—"), and soil amended with biochar: B15 (15 Mg ha—1) and B30 (30 Mg
ha—"). (b) Plant available water (PAW) for the B0, B15 and B30 treatments.
indicates B30 is significantly lower (p < 0.05) than both B0 and B15, t indicates
B30 is significantly lower than only BO. Error bars indicate standard errors of the
mean (n =4).

where 72 and 7 are constants. As for k,, an estimate of g, was
computed from the model as 10~(log(7)+4)/7,

The tube model of Ball (1981) was used to quantify soil
pore tortuosity (), effective pore diameter (), and the number

of air-filled pores in a soil cross-section (7p):

12
12
4 =2{ }
32

-(D,/D,)
8nk

a

&5
D,/D,

8k

a

D,/D,

ng =

Statistical Analyses

Prior to all statistical analyses, the non-normally distributed
variables, £,, PO and PO, data were logarithmically (In) trans-
formed to ensure normality. Statistical analyses were performed
on the data using the R software package version 3.4.1 (R Core
Team, 2017). To analyze the effect of treatment, data were ficted
by a linear mixed effects model including treatment as fixed and
block as random factors. The criterion used for statistical sig-
nificance of treatment effect was p < 0.05. An ANOVA test was
performed to ascertain the significance of treatment. When the
treatment effect was significant, further analyses were performed
to identify which treatments means were different by performing
a pairwise comparison using the general linear hypotheses (¢/hz)
function from the R multcomp package and Tukeys Honest
Significant Difference (Tukey’s HSD) test.

RESULTS

Soil Chemical and Physical Properties
after Biochar Amendment

The soil texture, soil organic carbon (SOCQ), pH, electri-
cal conductivity (EC) and bulk density of the treatment plots
are presented in Table 2. Clay content for the BO and B15
treatments was slightly higher compared to the B30 treated
soil. The sand content showed the opposite trend. Silt content
was identical for all the treatments. The SOC, pH and EC
were significantly higher for the B30 compared to the B0 and
B15. The B15 treatment did not statistically differ from BO for
any of the soil chemical properties. Further, bulk density for
B15 and B30 was statistically similar to BO.

Soil Water Retention Characteristics

The B30 treatment had lower water content at all the mat-
ric potentials compared to B0 and B15, except at —15000 hPa,
where it was significantly lower than B0 (Fig. 1a). Conversely,
the water content for the B15 did not statistically differ from
the BO at any of the matric potentials. Biochar application of
15 and 30 Mg ha~! did not significantly increase the plant
available water (PAW) relative to BO (Fig. 1b).
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Table 3. Air permeability (k,) and pore organization indices (PO, =k, /¢, and PO, =k, /c,?) at four matric potentials for the BO,
control (0 Mg ha—"), and soil amended with biochar: B15 (15 Mg ha=1) and B30 (30 Mg ha—").

Matric ky PO, PO,

potential B0 B15 B30 B0 B15 B30 B0 B15 B30
hPa mm?

=30 5.6 [0.5T1] abt¥ 5.0[0.301b 16.2[0.49] a 88 [0.34] 114 [0.54] 17910.32] 1848 [0.34] 3273 [0.28] 1814 [0.16]
=50 7.510.47] 7.810.44]  22.01[0.47] 102 [0.32] 134 [0.47] 17110.30] 1040 [0.30] 4453 [0.69] 1463 [0.19]
-100 8.8 10.47] 11.110.49]  27.810.47] 80 [0.34] 122 [0.54] 190 [0.34] 73410.271  134410.61] 1291 [0.22]
=300 14.0 [0.39] 18.5 [0.56] 35.1[0.43] 94 [0.30] 142 [0.57] 188 [0.34] 628 [0.27] 1086 [0.57] 1003 [0.25]

t Numbers in square brackets indicate standard errors of the mean (n = 4) for the log-transformed (In) data.
* Treatments labeled with different letters in a given row for k,, PO; and PO, are significantly different at p < 0.05.

Air Permeability and Soil Pore Size Distributions

The addition of biochar led to increased £, at —30, —50,
—100 and —300 hPa matric potentials (150 to 215% increases
for the B30 treatment), although the increases were not signifi-
cant except at —30 hPa, where the B30 was significantly higher
than B15 (Table 3). In addition, B15 and B30 insignificantly
increased pore organization indices (PO, and PO,) compared
to the no biochar-amended soil (Table 3). At —100 hPa, B15
increased PO; and PO, by 52 and 83%, respectively, whereas the
B30 increased by 136 and 76%.

Gas Diffusivity

Relative gas diffusivity (DP/DO) as a function of air-filled
porosity (g,) at —30, —50, —100 and —300 hPa is illustrated in
Fig. 2. For all the treatments, DP/DO increased with increasing
g,. Biochar application did not significantly aftect €, and D
D, for the range of matric potentials considered (—30 to —300
hPa). However, there was a trend showing that at any given matric
potential, the B30 treatment increased both &, and D /D com-
pared to B15. In fact, the B15 consistently had low €, at —30, —50,
—100, and —300 hPa (Fig. 2).

Model-Derived Pore Characteristics
Morphological Characteristics across
Matric Potentials

Biochar application did not significantly affect
tortuosity of pores (T) and effective pore diameter (dp)
at any of the matric potentials considered (Fig. 3a and

b). However, B30 consistently decreased T compared

to BO. Conversely, the B15 treatment consistently, but

marginally increased T compared to BO. The B15 and

Relative diffusivity

B30 treatments increased d compared to the BO treat-
ment, but the difference was not significant at any of
the matric potentials considered. The B30 significantly
increased the number of air-filled pores in a given soil
cross-section (zp) at —30 and —50 hPa compared to
the B15 (Fig. 3¢).

Blocked Soil Air-Filled Pore Space across
Matric Potentials

0.04

0.03

0.02 A

0.01 A

0.00

[2] and [3] are shown in Table 4. For all the treatments, there was
astrong linear and positive relationship between D /D vs. €,, and
k, vs. €, shown by the large coefficient of determination (R%). The
7 parameter was slightly higher for B30 compared to the BO soil.
The highest biochar rate of 30 Mg ha~! only marginally increased
blocked air-filled pore space (g,), whereas the B15 decreased &
compared to BO and B30 albeit insignificant. Unlike DP/D0 vs.
g,, the regression parameters from the exponential model derived
from &, vs. &, showed that the N parameter marginally increased
for the biochar amended soils compared to the control. The B15
treatment slightly increased &, with B0 and B15 having identical
& (Table 4).

DISCUSSION
Biochar and Soil Water Retention Variables

Soil water retention is a key soil hydraulic property gov-
erning soil functions and strongly influences soil productivity.
Application of biochar can modify soil water retention charac-
teristics (Laird et al., 2010; Wang et al., 2019). Due to its higher
porosity and high absorptive capacity for water, biochar amend-
ment can increase soil water retention resulting in increased plant

QO BO
O B15
® B30

-

o

0.00

T T T T

0.05 0.10 0.15 0.20 0.25

Air-filled porosity (m* m™)

The regression parameters obtained from £, vs. €,
and D /Dy vs.€,,at four matric potentials corresponding

to the logarithmic form of the exponential model in Eq.

Fig. 2. Relative gas diffusivity as a function of air-filled porosity, calculated from total
porosity and water retained at —30, —50, —100 and —300 hPa for the BO, control (0
Mg ha—"), and soil amended with biochar: B15 (15 Mg ha—") and B30 (30 Mg ha—1).
Dotted horizontal line indicates lower threshold value for relative gas diffusivity. Error
bars indicate standard errors of the mean (n = 4).
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Fig. 3. (a) Estimate of pore tortuosity (1), (b) effective pore diameter (dy) and (c) number of soil pores in a given soil cross-section (np) derived using
the tube model of Ball (1981) at —30, —50, —100 and —300 hPa for the B0, control (0 Mg ha—"), and soil amended with biochar: B15 (15 Mg ha—1)
and B30 (30 Mg ha—"). + indicates B30 is significantly different (p < 0.05) only from B15. Error bars indicate standard errors of the mean (n = 4).

available water (PAW) (Blanco-Canqui, 2017). However, the
magnitude of increase depends on biochar attributes, experimen-
tal conditions and soil properties (Blanco-Canqui, 2017; Omondi
et al,, 2016). Results showed that biochar application of 30 Mg
ha~ ! significantly reduced the water content held at field capacity
(EC) (Fig. 1a). We postulate that high FC for the B15 is possibly
because the lower biochar application might have caused the bio-
char particles to occupy the soil pores, which in turn reduced the
soil pore size. The presence of large proportion of smaller pores in
the B15 might have enhanced water storage compared to the B30.
Biochar decreased soil water content held at wilting point (WP)
compared to the control soil, although significant only for B30
(Fig. 1a). However, neither the B15 nor B30 treatments signifi-
cantly increased PAW relative to the control (Fig. 1b).

Impact of Biochar on Soil Functions and
Soil Structural Complexity
Air and Gas Transportation

Soil aeration is a critical element for crop development, and
the ability of a soil to conduct air is a crucial requirement for crop
productivity. Movement of air through soil is governed by soil
physical properties such as the fraction of water and air-filled pore
space, and pore characteristics, e.g., pore size and continuity. A soil
with £, as low as 1 um? may be regarded effectively impermeable
(Ball et al., 1988). Unlike £,, the critical and limiting value of DP/
D, for plant growth is variable. Since the diffusion rate in air is
~10% times that in water, the D/D, threshold for plant growth
has been estimated to range from 0.005 to 0.02 (Stepniewski,

1981). Results showed that, although not significant, the B30
treatment increased €, D/D,, and &, (Fig. 2; Table 3) by 29,
114, and 215% relative to BO at —100 hPa. At —30 hPa, the B15
and BO had D/D,, values as low as 0.003 and 0.002, respectively,
which are below the critical limit for plant growth. Deficient acra-
tion conditions in soil could restrict processes such as root and
microorganism respiration, and water and nutrient absorption
(Neira et al., 2015). It can also create anaerobic microsites, which
contribute to the emission of greenhouse gases such as N,O and
CH, (Munoz et al., 2010). Due to its porous nature, biochar in-
creases the fraction of pore space in soil. Sun et al. (2013) reported
that the application of 20 Mg ha ! birch wood biochar increased
g, by 28 to 34%, 53 to 161% for D /D, and 69 to 223% for k,.
The increased soil acration following biochar application in the
B30 treatment is consistent with the literature. Conversely, at all
the matric potentials considered, the B15 treatment had similar
€, DP/DO and /ea as the BO; this implies that the application of
rice straw biochar at a relatively low rate (<15 Mg ha~!) may be
inadequate to positively impact the aeration of sandy clay loams.

Pore Characteristics

The pore organization indices (PO, = £ /€, and PO, = k,/
€ 32) are useful for evaluating soil structural differences. Soils with
similar PO, have similar pore size distributions and pore continu-
ities, whereas soils that have similar PO, values have similar pore
size distributions but not necessarily similar pore continuities.
Thus, the difference between PO, and PO, relates to differences
in pore continuity (Groenevelt et al., 1984). No significant dif-

Table 4. Results from the model expressed by relating relative gas diffusivity (Dy/Dy) or air permeability (k,) to air-filled pore volume at a range of
matric potentials (—30 to —300 hPa) for B0, control (0 Mg ha—"), and soil amended with biochar: B15 (15 Mg ha—") and B30 (30 Mg ha—"). The val-
ues 10-108m)+d/n 3pd 10-10gM/N e model predictions of blocked air-filled pore space (m3 m3) at DP/DO =10"%and k=1 pm2 (Ball et al., 1988).

Model predictions:
log(D, /D) = log(m)+ n log(e,)

Model predictions:
log(k,) = log(M)+ N log(c,)

Treatment log(m) n R? 10— (log(m)+4)/py log(M) N R? 10— logM)/N

BO —0.05 (0.19)t 2.19(0.21) 0.98 0.016 (0.004) 2.09 (0.28) 0.97 (0.26) 0.92 0.012 (0.004)
B15 0.08 (0.23) 2.13(0.12) 0.95 0.012 (0.001) 3.41(0.91) 1.91 (0.60) 0.83 0.015 (0.004)
B30 0.12 (0.20) 2.37(0.29) 1.00 0.019 (0.005) 2.78(0.28) 1.40 (0.28) 0.99 0.012 (0.004)

t Numbers in parenthesis are standard errors of the mean.
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ference was found for PO, and PO, between the biochar treated
soils and the control. Both PO, and PO, tended to increase with
biochar for the matric potentials range from —30 to —300 hPa
(Table 3). Similarly, for a sandy loam, application of 20 Mg ha~!
corn cob biochar to a sandy loam soil did not induce any mea-
sureable changes in PO, after 6 mo (Amoakwah et al., 2017)

The pore characteristics computed from the tube model of
Ball (1981) may be interpreted as indices of the soil pore system.
Neither biochar application amount of 15 nor 30 Mg ha~! sig-
nificantly changed T and dj of the soil (Fig. 3a and b). However,
the B30 significantly increased 7 at —30 and —50 compared to
the B15, which could be attributed to a reduction in soil pore
size for the latter treatment as mentioned previously.

The relationship between k, and €, can be used to iden-
tify changes in soil structure induced by management practices
(Blackwell etal., 1990). The structural changes with respect to pore
organization (PO, and PO,) have been discussed above. As for £,/
g,, the relationship between D /D, and €, can be used to describe
pore continuity and tortuosity (Ball, 1981). The regression param-
eters 7 and N parameters (‘Table 4) obtained from DP/DO and k,
as a function of &, showed the rate of opening of pathways for air
transport with increasing air-filled pore space (Dérner et al., 2012;
Schjenning et al., 2002). Results here showed that after 3 yr of bio-
char amendment, the rice straw biochar used in our study did not
significantly affect the 7 and N parameters as well as the blocked
air-filled porosity. However, both the B15 and B30 increased the
N parameter at —30 to —300 hPa relative to the B0 treatment
(Table 4). From a practical point of view, these findings indicate
that high biochar application rates and probably even longer time
may be required for the rice straw biochar to considerably change
the structure and pore characteristics of the sandy clay loam soil.

CONCLUSIONS

Soil water retention, aeration parameters and pore structure
characteristics of a tropical sandy clay loam soil amended with
a rice straw biochar at rates of 0, 15, and 30 Mg ha~! (B0, B15
and B30, respectively) were compared. We showed that after 3 yr
of biochar incorporation, the B30 treatment consistently and sig-
nificantly reduced water retention capacity at —10 to —1000 hPa
compared to the BO and B15 treatments. Biochar application also
slightly increased air permeability and pore size distributions and/
or continuity at —50 to —300 hPa. The impact of biochar on pore
morphological characteristics such as pore tortuosity, effective pore
diameter and the number of air-filled pores in a soil cross-section
did not show any clear trends. For practical significance, findings
suggest that high biochar application rates or even longer time or
both may be required before the rice straw biochar induces any

measurable changes in physical properties of the investigated soil.
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