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A B S T R A C T

Biochar (BC) has been reported to improve a number of soil structural and hydraulic properties but detailed
studies are scant on how BC affects crust formation, penetration resistance, water repellency and saturated
hydraulic conductivity (Ksat). The objective of this study was to quantify the effect of maize cob BC of three
different particle sizes on soil crusting (penetration resistance), water repellency, and Ksat of loamy fine sand and
sandy loam in Zambia. The BC particle sizes were<0.5 and 1–5 mm applied at 17.5 and 35 t ha−1 in the two
soils and intermediate size of 0.5–1 mm applied at lower rates (17.5 and 28 t ha−1 in the loamy fine sand and
13.3 and 26.7 t ha−1 in the sandy loam). Water repellency included both water drop penetration time (WDPT)
and minimum molarity of the ethanol droplet at which rapid infiltration into the soil occurs. The BC was
produced by slow pyrolysis of corn cobs at a temperature of 350 °C. Biochar, added homogeneously to the upper
7 cm of the soil, reduced the penetration resistance of surface soil of sandy loam with both the crust intact
(−2.1 ± 0.6 N cm−2 per percent BC added; p = 0.001 in March 2015 and slightly smaller in October 2014)
and the crust removed (−2.9 ± 0.6 N cm−2 per percent BC added; p = 0.0001). This effect occurred
irrespective of particle size of BC (p > 0.05). No effect of BC on penetration resistance was found in the
loamy fine sand (p > 0.05). In dry sandy loam with moisture content< 1% v/v, the proportion of wettable
crusted surface was significantly smaller (25%) than in moist soil (98%) with moisture content of ∼ 10% v/v.
Only fine BC of< 0.5 mm increased WDPT of the crusted surface of sandy loam (p < 0.05), reducing the
proportion of wettable surface from 98 to 80% in moist soil and from 25 to 18% in dry soil. Coarser BCs, instead,
increased the proportion of wettable crusted surface from 25% to 45% and 90% for 3% 0.5–1 mm BC and 4%
1–5 mm BC addition, respectively, in dry soil. Biochar significantly reduced Ksat (p < 0.05) in sandy loam
below the crust by 0.17 ± 0.07 cm h−1 per percent BC added. However, no effect was found in loamy fine sand.
Since BC amended sandy loam below the crust showed no water repellency, reduction in Ksat cannot be
explained by water-repellent nature of BC. Instead, this may be due to clogging of soil pores by BC or to collapse
of soil structure near water saturation.

1. Introduction

Biochar (BC), a biomass pyrolysis product, has received consider-
able attention as a soil amendment that can increase crop growth and
yield (Glaser et al., 2001, 2002; Jeffery et al., 2011). To understand the
mechanisms responsible for increased productivity, research has fo-
cused on BC’s effect on soil chemical properties and crop nutrition
rather than on soil physical properties (Atkinson et al., 2010; Lehmann
et al., 2011; Mukherjee and Lal, 2013). Only recently, a number of
studies have reported the effects of BC on soil aggregation, bulk density,
water retention and saturated hydraulic conductivity (Ksat) (Ajayi et al.,

2016; Castellini et al., 2015; de Melo Carvalho et al., 2014; Herath
et al., 2013; Obia et al., 2016; Ouyang et al., 2013; Sun and Lu, 2014).
Optimal soil physical characteristics are required for increased soil
productivity. These include hydraulic properties, which determine
water availability to crops and structural properties that aid root
growth.

Studies of the effect of BC on Ksat of soil are inconclusive, as
increase, decrease or no effect have been observed. Increased Ksat in
response to the addition of BC was found in silty clay and sandy loam
(Ajayi et al., 2016; Ajayi and Horn, 2016; Ouyang et al., 2013), in silt
loam (Herath et al., 2013) and in clay rich soil (Barnes et al., 2014), all
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incubated in the laboratory, without plants. Increase in Ksat was also
observed in field experiments in loamy (Asai et al., 2009) and sandy
clay loam (Major et al., 2010) soils. The increase in Ksat of loamy soils
could be linked to BC-induced increases in soil aggregation (Herath
et al., 2013; Lei and Zhang, 2013; Obia et al., 2016; Ouyang et al.,
2013). No effect of BC on Ksat has been observed in clay and fine loamy
soils (Asai et al., 2009; Castellini et al., 2015; Laird et al., 2010) and in
Dutch sandy soils (Jeffery et al., 2015), under both field and laboratory
conditions. Biochar caused a decrease in Ksat in sand and organic soils in
laboratory and greenhouse incubations (Ajayi et al., 2016; Barnes et al.,
2014; Githinji, 2014; Uzoma et al., 2011). The decrease in Ksat may be
due to the water repellent nature of BC (Briggs et al., 2012; Githinji,
2014; Verheijen et al., 2009) or due to infilling of large water
conducting pores by BC (Ajayi et al., 2016). The water repellent nature
of BC has been reported to decrease with increase in pyrolysis
temperature, implying that some low temperature BCs could be very
water repellent (Jeffery et al., 2015; Khanmohammadi et al., 2015;
Kinney et al., 2012). At pyrolysis temperature of above 500 °C, certain
BCs such as those from corn stover and apple wood can become non-
repellent (Kinney et al., 2012). Recently, Yi et al. (2015) reported that
the water repellency of poultry litter BC originated from surface coating
by semi-volatile organic compounds while Kinney et al. (2012) found
that water repellency of BC was due to alkyl groups on BC surfaces.
How the water repellent nature of BC affects soil water repellency has
only recently received attention (Abel et al., 2013; Ajayi et al., 2016;
Eibisch et al., 2015; Herath et al., 2013; Page-Dumroese et al., 2015; Yi
et al., 2015). In general, these studies, which were all conducted in the
laboratory, show that BC had little effect on soil water repellency.
Certain BCs may be non-repellent, and such BCs may reduce water
repellency of hydrophobic soils (Hallin et al., 2015).

Soil water repellency is known to reduce water infiltration causing
increase in soil erosion (Doerr et al., 2000), which can be exacerbated
by soil crusting. Soil crusting may be assessed by measuring its strength
in terms of a penetration resistance (Upadhyaya et al., 1995). Penetra-
tion resistance of the crust may indicate how easy it is for water to
infiltrate the soil thereby directly affecting crop growth and yield. Soil
crusting occurs primarily in soils with weak aggregates and high
amounts of silt (Awadhwal and Thierstein, 1985). Increasing aggregate
stability of soil, e.g. due to BC (Obia et al., 2016), could potentially
reduce crust formation (Awadhwal and Thierstein, 1985 and references
therein). Yet, the effect of BC on soil crusting in crust-prone soils has
not yet been tested. Also the effect of BC on the penetration resistance
of soil below the crust or in soils without crusting has received little
attention (Busscher et al., 2010; Mukherjee et al., 2014), despite the
fact that it relates directly to soil structural properties (Gao et al., 2016)
that can influence plant root growth. In the laboratory, ground pecan
shell BC reduced penetration resistance of bulk Norfolk loamy sand
(Busscher et al., 2010). However, under field conditions, oak wood BC
had no effect on the penetration resistance of bulk silt loam soil in the
first year, and even increased the resistance in the second year
(Mukherjee et al., 2014). Biochar has been reported to reduce bulk
density and increase porosity in a range of soil types (Mukherjee and
Lal, 2013), showing that BC could reduce penetration resistance of soil
(Gao et al., 2016). In turn, reduction in the penetration resistance of
bulk soil may reduce resistance to root growth in soils (Materechera and
Mloza-Banda, 1997).

In situ studies are urgently needed to further explore the implication
of the effect of BC addition on soil hydraulic properties in the field. This
is all the more important in areas prone to drought, e.g. in Zambia
where rainfall, the main source of agricultural water, is erratic and
unreliable (Yatagai, 2011). Coarse-textured soils such as the ones
studied here generally have low water retention (Obia et al., 2016)
and can suffer more in case of drought. Use of BC of different particle
sizes may aid the understanding of mechanisms behind BC effects on
soil hydraulic properties. Barnes et al. (2014) proposed that BC affects
soil hydraulic properties through the interstitial BC-soil particle space

and through pores within the BC grains themselves. These proposed
mechanisms may depend on the particle sizes of the BC, similar to the
dependence of aggregate formation on particle size of the BC added
(Obia et al., 2016).

The hypotheses of the present study were that

(i) BC, irrespective of particle size, reduces the penetration resistance
for both crusted surface and bulk soil in aggregating sandy loam
but not in loamy fine sand with single grain structure.

(ii) hydrophobic BC induces soil water repellency in BC-amended
coarse-textured soils.

(iii) BC, irrespective of particle size, increases Ksat in sandy loam due to
BC-induced soil aggregation. In loamy fine sand, finer BC reduces
Ksat due to filling of inter particle space while coarse BC has no
effect.

To investigate these hypotheses, three particle size fractions of
hydrophobic maize cob BC (< 0.5, 0.5–1 and 1–5 mm, respectively)
were applied and homogenized at two different application rates to the
aggregating sandy loam at Mkushi, Zambia (crust-prone soil), and
loamy fine sand at Kaoma, Zambia. After one and two years in the field,
crusting and penetration resistance were assessed using a flat-tipped
pocket penetrometer. Water repellency was quantified using water drop
penetration time (WDPT) and the molarity of ethanol droplet (MED)
test, and Ksat was measured using a tension disc infiltrometer.

2. Materials and methods

2.1. Biochar and experiments

The BCs were produced from dry maize cob after removing the
grains in a slow pyrolysis for one day, using a drum retort kiln at
Chisamba, Zambia at a temperature of 350 °C. Other BC production
details can be found in Obia et al. (2016). Basic properties of the BC are
presented in Table 1.

The experiments were established in April 2013 at Mkushi (S13
44.839, E29 05.972) and Kaoma (S14 50.245, E25 02.150) in Zambia,
with the soils being classified as Acrisol and Arenosol, respectively.
There is only one annual growing (wet) season in Zambia, which runs
from November to March followed by a dry season from April to
October. The experiments were organized in a split plot design, where
maize cob BC of three particle size classes (< 0.5, 0.5–1 and 1–5 mm)
was applied to small plots of 50 × 50 cm. The BC was applied at rates
of 2% and 4% (w/w) at Mkushi and 1.7% and 3.4% (w/w) at Kaoma, to
the top 7 cm of the soil in triplicates. There was an exception for
0.5–1 mm BC sizes, where lower rates of 1.5% and 3% were applied at
Mkushi and 2.7% instead of 3.4% at Kaoma, due to shortage of this BC
size fraction. Reference plots without BC application were included for
each BC particle size at both sites in triplicate resulting in a total
number of 27 plots per site. Reference and BC amended plots were
treated in a similar way. The amounts of< 0.5 and 1–5 mm BC applied
to the two sites were the same (i.e. 17.5 and 35 t ha−1) but the resulting
content of BC in the soils differed, because of differences in soil bulk
density (Table 1). The doses and application depth of biochar in this
study were of little practical relevance, but merely implemented to test
specific hypotheses. The experimental plots were planted with maize in
the first season (Nov 2013–Mar 2014) and under fallow prior to the first
season and in the second season (Nov 2014–Mar 2015). Effects of BC on
soil aggregation, porosity and soil water retention characteristics from
the same experiment were reported in Obia et al. (2016). All measure-
ments reported in the present study were conducted at the end of the
two growing seasons (April 2014 and March 2015), except penetration
resistance, which had one additional set of measurements conducted
just before the beginning of the growing season (October 2014; Mkushi
only). The main measurements are summarized in Table 2.
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2.2. Analyses of soil and biochar properties

The texture of the soil was determined using the Pipette method.
Total organic carbon (TOC), total nitrogen and total hydrogen of soil
and BC were determined using a CHN analyzer (CHN-1000, LECO USA).
Loss on ignition of BC was determined by burning the sample at 550 °C
in an oven (Carbolite Bamford, Sheffield, England). The pH of soil and
BC was measured using an Orion 2 Star pH meter (Thermo Fisher
Scientific, Fort Collins, CO) in 1:2.5 soil(BC):water mixture. To measure
exchangeable base cations of soils and BC, samples were extracted using
ammonium acetate (buffered at pH 7) and ammonium nitrate, respec-
tively. Base cations in the extracts were determined using flame
spectrophotometry (Perkin Elmer, AAS 3300). The cation exchange
capacity (CEC), at pH 7, was computed as the sum of base cations for
BCs and as the sum of base cations and exchangeable acidity for soils.
Exchangeable acidity was determined by back titration of the ammo-
nium acetate extract using sodium hydroxide (0.05 M NaOH). The
density of BC was determined from the weight of BC in filled 10 cm3

cups. Bulk density of the soils were derived from the oven dry weight of
soil in 100 cm3 core rings taken in April 2014 from the top 0–5 cm soil
depth. Additionally, BC was characterized for hydrophobicity after
placing and levelling dry BC in the petri dish. Water drop penetration

time test was then conducted by placing ten drops of deionized water
and time taken for complete infiltration registered. Average infiltration
time for the ten drops (WDPT) can be found in Table 1.

2.3. Moisture content of the soil

The in situ soil moisture content (0–5 cm surface layer) was
recorded with five replicates per plot, using hand-held time domain
reflectometer (TDR) – SM150 (Delta-T Devices, Cambridge, England).
Measurements were done on the same day as we measured water
infiltration, water repellency and penetration resistance.

2.4. Penetration resistance of the soil

Measurements of penetration resistance were carried out at the end
of the growing season in March 2015; 2 years after BC application at
both sites. At Mkushi, one set of measurements was also conducted in
October 2014 at the end of the dry season, just before the onset of the
rains. A flat-tipped pocket penetrometer (Eijkelkamp, Giesbeek, The
Netherlands) was used to quantify the penetration resistance of the soil.
The penetrometer with diameter of 6.35 mm was gently pressed until
the shaft was ∼6 mm into the soil and the pressure reading on the
penetrometer taken.

The penetration resistance of the soil at Mkushi in March 2015 was
measured for both the crust (< 6 mm thick) and for the soft soil
underneath. The penetration resistance of the soil underneath was done
following careful removal of the crust with a knife. The penetration
resistance of the Kaoma soil was measured at the soil surface only, since
no crust was observed. Ten random measurements were carried out in
each plot for both soil crust and for the soil underneath, totaling 540
measurements at Mkushi at each time point and 270 measurements at
Kaoma.

2.5. Effect of biochar on soil water repellency

2.5.1. Water drop penetration time test in field and laboratory
Water drop penetration time (WDPT) provides a measure of stability

or persistence of soil water repellency and is normally used to detect the
existence of repellency (Dekker et al., 2009). Water drop penetration
time was measured in the field at Mkushi and Kaoma according to
Dekker et al. (2009). Measurements of WDPT were carried out in April
2014 and March 2015, one and two years after BC application,
respectively. Ten drops of distilled water were placed on the soil
surface within each of the 27 plots per site and the time for complete
infiltration was recorded. For Mkushi soil, where surface crusting
occurred, WDPT was also measured after removal of the crust.
Measurement of WDPT at greater depth (down to 25 cm) was done
on soil samples, obtained using a half cylindrical auger as previously
described by Dekker et al. (2009).

In the laboratory, two core ring samples (100 cm−3) per plot, taken

Table 1
Soil and biochar propertiesa.

Properties Kaoma soil Mkushi soil Maize cob BC

<0.5 mm 1–5 mm Unsorted

Sand (%) 85.4 75.1 – – –
Silt (%) 10.2 15.9 – – –
Clay (%) 4.4 9.0 – – –
Texture class Loamy fine

sand
Sandy loam – – –

Total organic C (%) 0.62 0.74 44.8 60.1 53.8
Total nitrogen (%) 0.00 0.01 0.79 0.53 0.65
Total hydrogen (%) 0.05 0.27 2.09 2.63 2.36
H/C (mole ratio) – – 0.56 0.52 0.53
pH 5.8 5.8 9.0 8.6 8.8
CEC (cmolc kg−1) 2.79 1.73 – – 22.19
K+ (cmolc kg−1) 0.08 0.32 – – 16.47
Ca2+ (cmolc kg−1) 1.20 1.09 – – 4.30
Mg2+ (cmolc kg−1) 0.24 0.32 – – 1.21
Bulk density (g cm−3) 1.47 1.27 0.36 0.29 –
WDPT in secondsb – – 1386 594 3398
Loss on ignition (%) – – 52.1 72.4 –

a All soil measurements are from samples taken from within 0–7 cm depth interval.
Maize cob BC of 0.5–1 mm were exhausted in the field and not characterized in the
laboratory.

b The surface of 1–5 mm BC in the petri dish was rough due to the uniformly coarse
particles resulting in water drops rolling off the particles. The unsorted BC consisted of all
the particle sizes less than 5 mm.

Table 2
Summary of measurements conducteda.

Soil property Measurement method Site Time of sampling or measurement Number of measurements

Penetration resistance Penetrometer Kaoma March 2015 10 per plot
Mkushi October 2014 &March 2015 10 per plot

Water repellency WDPT – field & lab Kaoma April 2014 &March 2015 10 drops/plot – field
20 drop/plot – lab

WDPT – field & lab Mkushi April 2014 &March 2015 10 drops/plot – field
20 drop/plot – lab

MED test – field, on crusted surface only Mkushi March 2015 10 per plot
Ksat & sorptivity Tension disc infiltrometer Kaoma April 2014 &March 2015 2 per plot

Mkushi April 2014 &March 2015 2 per plot
Moisture content Hand-held TDR Kaoma April 2014 &March 2015 5 per plot

Mkushi April & October 2014, March 2015 5 per plot

a The experiment was set up in April 2013. Penetration resistance, Ksat and sorptivity were measured only in the field.
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in April 2014, were used to test for repellency after oven drying at
105 °C. Five water drops were placed on each side of the two core ring
samples, giving twenty water drops per plot.

The WDPT registered were classified according to Dekker and
Jungerius (1990). The frequencies of occurrence of the different WDPT
classes were grouped for each of the BC treatments.

2.5.2. Molarity of ethanol droplet (MED) test
The MED test was conducted, as previously described by Buczko

et al. (2002), to assess the degree or severity of water repellency of the
crusted soil surface at Mkushi. Ethanol breaks soil water repellency by
reducing the surface tension of water. If the contact angle between a
water drop and the soil surface is> 90°, then the soil is water repellent.
Increasing ethanol concentration reduces the contact angle due to
reduction of liquid surface tension. Here, we report the surface tension
of droplet of ethanol solution at which drops penetrated soil at ≤5 s.
The surface tension of the ethanol solution, σe in N m−1 was calculated
according to Eq. (1) where surface tension is non-linearly related to the
molarity M of ethanol (Roy and McGill, 2002).

σ In M= 0.06105 − 0.01475* ( + 0.5)e (1)

Surface tension of the ethanol solution was selected as variable of
interest, because it is a fundamental property in the characterization of
the degree of water repellency of the soil, due to its relationship with
soil-air surface tension (Letey et al., 2000; Watson and Letey, 1970).

Only the crust of the Mkushi soil was included in the test, because
only here the WDPT revealed water repellency, i.e., WDPT exceeded
five seconds (see Results section). Solutions of ethanol ranging from 1
to 40% v/v (0.17–6.86 M) were prepared by dilution with distilled
water and small drops were placed using a laboratory dropper on the
crusted soil surface. Solutions with higher ethanol concentrations were
used until drop penetration time was ≤5 s. Ten drops were placed on
the soil crust at each ethanol concentration. The ethanol concentration
at which at least eight drops infiltrated the soil at ≤5 s and the other
two drops at ≤10 s or nine drops at ≤5 s and one drop at> 10 s was
considered the concentration at which the soil water repellency was
broken.

2.6. Measurement of Ksat and sorptivity of soil

Saturated hydraulic conductivity and sorptivity of soil were mea-
sured in the field using tension disc infiltrometers (Eijkelkamp,
Giesbeek, The Netherlands) in April 2014 and March 2015, one and
two years after BC application, respectively. Two sets of measurements
were performed at each plot at two different tensions (high-tension, h2
of 15 cm water column and low-tension, h1 of 6 cm water column). The
two measurements covered 25% of the plot surface area and gave
representative Ksat for the plot. Water infiltration rate (cm3 h−1) was
calculated by multiplying inner cross sectional area of the water supply
tube with steady state reading – fall in height of water column
(cm h−1). Soil sorptivity, α, the ability of the soil to absorb water,
was calculated from the combined equations of Wooding (1968) and
Gardner (1958) in Eq. (2) at two suction pressures h1 and h2 as
described in the manual of tension disc infiltrometer (Eijkelkamp).

α In Q h Q h
h h

= [ ( )/ ( )]
−
2 1

2 1 (2)

Where Q(h2) and Q(h1) were the water infiltration rates at high (h2) and
low (h1) tensions respectively in cm3 h−1. With known α from Eq. (2),
Ksat (cm h−1) was calculated according to the combined Wooding’s
equation (Wooding, 1968) and Gardner’s equation (Gardner, 1958) (Eq.
(3)) using either the known Q(h1) and h1 or Q(h2) and h2.

⎡
⎣⎢

⎤
⎦⎥Q h πr K αh

πrα
( ) = exp( ) 1 + 4

sat1
2

1
(3)

Where r (cm) is the radius of the disc in contact with soil. Ksat and

sorptivity α were determined for two replicates per plot.

2.7. Statistical analysis

The data were analyzed using R software (R Core Team, 2014).
Molarity of ethanol droplet test, Ksat, sorptivity and penetration
resistance of the soil were analyzed using analysis of covariance
(ANCOVA). Repeated measurements from each plot were averaged
before fitting the data to linear model ANCOVA for each site separately.
In fitting the model, MED test (expressed in terms of surface tension,
N m−1), Ksat (cm h−1), sorptivity (cm−1) and penetration resistance
(N cm−2) were the dependent variables and BC particle size (catego-
rical) and BC dose (continuous) were the independent variables. Non-
significant terms in the model were removed, where such removal did
not significantly affect the explanatory power of the model, in order to
obtain the minimal adequate model where all terms were significant.
For WDPT, the data were categorized into repellency classes and
presented graphically to show the proportion of repellency classes in
the soil.

3. Results

3.1. Effect of biochar on penetration resistance of the crust and soil
underneath

In both April 2014 and March 2015, at the end of the respective
growing seasons, the sandy loam at Mkushi exhibited surface crusting,
whereas the loamy fine sand at Kaoma did not. Despite the fragile
nature of the crust, the soil surface layer with intact crust at Mkushi had
a significantly (p < 0.05) larger penetration resistance
(33.9 ± 1.0 N cm−2, Fig. 1B) than the soil below the crust
(27.9 ± 1.0 N cm−2, Fig. 1C). The penetration resistance of the Kaoma
loamy fine sand was smaller (16.7 ± 1.3 N cm−2, Fig. 1D) than that of
the Mkushi sandy loam at comparable (low) soil moisture contents in
March 2015 (Table 3).

At Mkushi, maize cob BC content significantly decreased the
penetration resistance of the soil surface layer with intact crust
(−2.1 ± 0.6 N cm−2 per unit increase in percent BC; p = 0.001,
Fig. 1B in March 2015). Likewise, BC content also reduced penetration
resistance after crust removal in March 2015 (−2.9 ± 0.6 N cm−2 per
unit increase in percent BC; p < 0.0001, Fig. 1C) and when there was
no visible crust in October 2014 (−1.4 ± 0.5 N cm−2 per unit
increase in percent BC; p = 0.005, Fig. 1A). There was no significant
difference in the effect of BC content on penetration resistance between
October 2014 and March 2015. BC particle size did not have a
significant effect on the penetration resistance in Mkushi soil
(p > 0.05). The penetration resistance in the Kaoma loamy fine sand
was not significantly affected by BC content (p = 0.77, Fig. 1D).

3.2. Effect of biochar on soil water repellency − WDPT and MED test

In the field, the loamy fine sand at Kaoma, down to 25 cm depth,
was non-repellent (WDPT generally within 1 s; Fig. 2), even when dry
(e.g. March 2015, Table 3). Likewise, the sandy loam below the surface
crust at Mkushi was non-repellent in both April 2014 and March 2015
(Fig. 2). The maize cob BC did not affect the non-repellent behavior of
Kaoma soil and the soil below the crust at Mkushi, one and two years
after application of BC to the upper 7 cm of the soil. Even in the
laboratory, there was immediate infiltration of water drops (within 1 s)
into the oven-dry BC-amended soil from both Mkushi (below the crust)
and Kaoma (Fig. 2).

The crusted soil surface at Mkushi did show in situ water repellent
behavior (Fig. 2). The water repellency of the crusted surface at Mkushi
was greater during the drought in March 2015 (74% of surface was
repellent) than during the wetter conditions in April 2014 (only 2% of
surface was repellent) (Fig. 2). The soil moisture content was<1% in
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March 2015 compared to ∼10% v/v in April 2014 (Table 3). In April
2014, under moist conditions, only addition of the finest BC fraction
(< 0.5 mm) caused increased repellency of the crusted surface, decreas-
ing wettability from 98% to 80% (Fig. 2). On the other hand, in March
2015 under dry conditions, the crusted surface at Mkushi showed more
repellency although it was classified mainly as slightly water-repellent
(60% of the surface with WDPT = 5–60 s; Fig. 2). The finest BC
(< 0.5 mm) decreased the proportion of wettable surface from 26%
of the crusted soil surface in the reference soil to 17% at 4% BC (Fig. 2).
Addition of the coarser BC fractions (> 0.5 mm) on the other hand
increased wettability e.g. proportion of wettable surface increased from
26% in reference plots to 90% at BC addition rates of 4% (1–5 mm size
fraction; Fig. 2). Despite water-repellent behavior of crusted soil
surfaces at Mkushi, there was no case where WDPT reached the
“extremely water repellent” class of> 3600 s (Dekker and Jungerius,
1990). In the loamy fine sand at Kaoma, addition of hydrophobic maize
cob BC (Table 1) did not affect the WDPT of the surface, which
remained highly wettable (Fig. 2).

In the MED test, the average surface tension was between
0.030–0.072 N m−1 and it was not affected by BC addition
(p = 0.24) (Fig. 3) in March 2015.

3.3. Effect of biochar on Ksat and sorptivity of the soil

In dry soils (March 2015), the average Ksat was smaller in the sandy
loam at Mkushi (below the crust) than in the loamy fine sand at Kaoma
(1.7 vs 5.2 cm h−1, respectively). Both soils showed a general trend of
decreasing Ksat with increasing doses of maize cob BC (Fig. 4),
irrespective of BC particle size (p > 0.05). However, this trend was
significant only for the sandy loam at Mkushi (−0.13 cm h−1 per
percent BC added, p = 0.02), but not for the loamy fine sand at Kaoma
(p = 0.31) (Fig. 4). Ksat was not significantly affected by the maize cob
BC at the two sites when the soil was moist (April 2014; data not shown,
p = 0.62 at Mkushi and p = 0.15 at Kaoma).

Both Mkushi and Kaoma soil had similar sorptivity (∼0.08 cm−1).
Sorptivity showed a decreasing, albeit non-significant trend
(p > 0.05), with increasing amount of maize cob BC applied (Fig. 4).

4. Discussion

4.1. Effect of biochar on penetration resistance of soil at and below the
surface

In the sandy loam at Mkushi, the maize cob BC significantly reduced

Fig. 1. Penetration resistance of soil amended with BC of different particle sizes. A = 0–6 mm Mkushi soil surface with no visible crust in October 2014, B = 0–6 mm Mkushi soil surface
with crust intact in March 2015, C = 10–16 mm Mkushi soil layer underneath the crust in March 2015, D = 0–6 mm Kaoma soil surface layer in March 2015. Numbers between brackets
in the regression equations are SEs. No significant difference was established between particle size classes (p > 0.05).

Table 3
Soil moisture content and bulk density at the time of penetration resistance/water repellency measurementa.

BC particle size BC dose (w/w%) Moisture (vol%) April 2014 Moisture (vol%) March 2015 Bulk density (g cm−3) April 2014

Mkushi Kaoma Mkushi Kaoma Mkushi Kaoma Mkushi Kaoma

Reference plot 0 0 11.2 ± 0.5 0.8 ± 0.3 0.7 ± 0.2 0.2 ± 0.1 1.27 ± 0.02 1.47 ± 0.02
< 0.5 mm 2 1.7 12.4 ± 0.7 0.1 ± 0.0 1.4 ± 0.8 0.1 ± 0.1 1.24 ± 0.01 1.46 ± 0.02

4 3.4 11.8 ± 0.9 0.5 ± 0.3 0.5 ± 0.1 0.2 ± 0.1 1.21 ± 0.03 1.42 ± 0.01
0.5–1 mm 1.5 1.7 9.7 ± 0.4 1.3 ± 0.4 0.7 ± 0.6 0.2 ± 0.1 1.21 ± 0.02 1.37 ± 0.01

3 2.7 9.5 ± 0.7 0.5 ± 0.2 0.8 ± 0.4 0.4 ± 0.1 1.27 ± 0.03 1.35 ± 0.05
1–5 mm 2 1.7 9.6 ± 0.3 0.2 ± 0.1 0.2 ± 0.2 0.1 ± 0.0 1.25 ± 0.01 1.35 ± 0.02

4 3.4 9.2 ± 0.6 0.4 ± 0.2 0.0 ± 0.0 0.1 ± 0.0 1.15 ± 0.04 1.33 ± 0.01

a The moisture content in October 2014 during the measurement of penetration resistance was below detection limit of TDR. Numbers in the table are means ± standard error (n = 3
for treated plots and n = 9 for reference plots). All measurements are for the bulk soil from within 0–7 cm depth interval.
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the penetration resistance of the surface soil irrespective of BC particle
size (Fig. 1). In contrast, BC had no effect on the penetration resistance
in the loamy fine sand at Kaoma. Thus, our hypothesis that BC
irrespective of particles size reduces the penetration resistance for
surface soil in aggregating sandy loam but not in loamy fine sand,
without aggregation (Obia et al., 2016) was confirmed.

The difference in penetration resistance of surface soil with intact
crust (Fig. 1B), and the bulk soil below the crust in the sandy loam
(Fig. 1C), which represents the resistance of the crust alone, was
relatively small (6 to 10 N cm−2) and was not significantly affected
by BC (Fig. 1B and C). This suggests that the addition of BC had no
effect on the strength of the soil crust, which is important in triggering
surface water run-off. Besides the crust, soil texture affected the
penetration resistance, with loamy fine sand having a lower penetration
resistance than sandy loam in the absence of BC (compare the intercept
in Fig. 1C vs D), which is consistent with other studies e.g., Dexter et al.
(2007).

Similar to our results, a significant decrease in penetration resis-
tance has also been reported by Busscher et al. (2010) in sandy loam
amended with up to 2% pecan BC under laboratory conditions.
However, in their study the magnitude of decrease in penetration
resistance per percent BC added was much higher (∼10 N cm−2)
compared to our study (< 3 N cm−2). Mukherjee et al. (2014) on the
other hand observed no effect of BC on penetration resistance of silty
clay loam but the application dose in their study was rather small at
0.5%.

4.2. Effect of biochar on soil water repellency and soil Ksat

The crusted soil surface in the sandy loam at Mkushi was water
repellent, when dry (74% of the crusted surface with WDPT>5 s in
March 2015). The finest BC fraction increased the proportion of
repellent surface, whereas coarse BCs reduced it (Fig. 2). Since BC
affected the water repellency of the crust and not that of the bulk soil
(Fig. 2), the changes in the repellency of the crust were probably not
due to BCs’ direct hydrophobic effect. Much of the hydrophobic
compounds of BC may have been lost to percolating soil water (Yi
et al., 2015). Such loss of hydrophobic compounds from BC may explain
the lack of significant effect of BC on severity of water repellency of the
crust measured using ethanol solution (Fig. 3).

The dark shiny appearance of the crusted surface observed in the
field probably indicated previous surface growth of microorganisms,
which may render the surface water repellent (Doerr et al., 2000 and
references therein). Shiny-crusted surfaces were more frequently ob-
served for plots amended with< 0.5 mm BC than for those with coarser
BC. Biochar of< 0.5 mm sizes had higher pH, and smaller TOC and loss
on ignition compared to the 1–5 mm fraction of BC (Table 1). Higher
pH and smaller loss on ignition suggest greater alkalinity in< 0.5 mm
BCs, which may have stimulated microbial growth. In a review by
Warnock et al. (2007), BC was shown in a number of studies to increase
the abundance of fungi, especially mycorrhizal fungi, which was linked
to greater availability of nutrients introduced by BC. The coarser BC of
0.5–5 mm, which increased the wettability of the crust of the sandy
loam (Fig. 2), had smaller amounts of inorganic constituents indicated
by higher loss on ignition (Table 1); hence, the stimulation of microbial
growth may have been less likely. The observed reduction in WDPT of
the crusted soil surface amended with coarse BC (0.5–5 mm particle
sizes; Fig. 2) on the other hand could be related to larger pores on the
crusted surface due to inclusion of large BC particles.

The non-repellency of the coarse-textured soils other than on the
crust (Fig. 2) at our sites is contrary to the common occurrence of
repellency in this type of soils (Doerr et al., 2000). The water repellency
in coarse-textured soils has been explained by their smaller surface
areas, which require small amounts of hydrophobic organic compounds
to coat the soil particles (Doerr et al., 2000). Our sites had little TOC
(Table 1), which may translate into small amounts of hydrophobic

Fig. 2. Relative proportion of wettable and water repellent surface of a sandy loam soil
(Mkushi) and a loamy fine sand (Kaoma) for various BC treatments (n = 90 for reference
plot and n = 30 for BC treatments). The bottom panel of Kaoma and Mkushi (below crust,
2014 & 2015) represents measurements conducted both in the field and laboratory
irrespective of moisture content: all 100% wettable. Water repellency classes according
to Dekker and Jungerius (1990): WDPT < 5 s – wettable or non-water-repellent,
5 s < WDPT < 60 s – slightly water-repellent, 60 s < WDPT < 600 s – strongly
water-repellent, 600 s < WDPT < 3600 s – severely water-repellent, WDPT > 3600 s
– extremely water-repellent.

Fig. 3. Water repellency expressed as surface tension of drops of ethanol solution placed
on the crusted surface of BC amended Mkushi soil measured in March 2015. Note the
reversed y-axis; lower surface tension means higher alcohol concentration. Numbers
between brackets in regression equations are the SEs. No significant difference was
established between particle size classes (p > 0.05).
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organic compounds. The relatively high repellency of the crusted soil
surface in Mkushi in March 2015 as compared to April 2014 (Fig. 2)
may have been due to the dry state of the soil (Table 3), which is
consistent with the known transient character of water repellency with
changes in soil moisture content (Doerr and Thomas, 2000).

Unlike the crusted surface in sandy loam, the water repellency of the
bulk soils was not affected by BC (Fig. 2). This is consistent with
previous studies where mixing maize BC with sand (Abel et al., 2013)
and silt loam (Herath et al., 2013) did not significantly affect their
water repellency at varying moisture content, including oven-dried
soils. The lack of water repellency in the oven-dry soil samples was less
likely due to heat pre-treatment, as earlier reported by de Jonge et al.
(1999), because even field measurements on dry soil below the crust
showed a lack of water repellency. Therefore, our hypothesis, that the
hydrophobicity of BC induces soil water repellency in coarse-textured
soils, was rejected.

Saturated hydraulic conductivity decreased with increasing BC
amounts in sandy loam irrespective of BC particle size (Fig. 4). Since
BC had no effect on water repellency of the bulk soils (Fig. 2), the
decrease in Ksat could not be attributed to the water repellency of BC, as
suggested by Jeffery et al. (2015). Eibisch et al. (2015) also reported
that the wettability characteristics of their digestate and woodchip BCs
played no role in the observed increase in Ksat of loamy sand in their
study. Thus, other mechanisms probably contributed to the observed
decrease in Ksat of soils upon BC addition in the present study. This may
include the filling of large water-conducting inter-particle soil pores
(macro-pores> 30 μm diameter) by BC, which may be further aided by
disintegration of BC in soil (Spokas et al., 2014). Filling of soil inter-
particle space versus inclusion of BC into soil aggregates (Herath et al.,
2013; Obia et al., 2016; Ouyang et al., 2013; Soinne et al., 2014) are
potentially opposing mechanisms. Thus, the direction of the BC effect
on Ksat is probably dependent on which of these mechanisms is
dominant. For aggregating fine-textured soils, such as the ones studied
by Major et al. (2010) and Asai et al. (2009), the increase in water flow

rates may have been due to BC-induced soil aggregation. By contrast, in
our study, the soils were coarse-textured, such that aggregation may not
have been possible (loamy fine sand) or very slow (sandy loam). In our
earlier work (Obia et al., 2016), we observed soil structural collapse
upon draining saturated Mkushi soil amended with BC, indicating that
structural development was slow and initially weak. Therefore, the
filling of large water conducting soil pores directly by BC, or associated
with structural collapse during infiltration could be the cause of BC-
induced decrease in soil sorptivity and Ksat (Fig. 4). The hypothesis that
BC increases Ksat in sandy loam due to BC-induced soil aggregation was
not supported. Similarly, the hypothesis that finer BC reduces Ksat in
loamy fine sand, due to filling of inter particle space, was not
supported, as no significant effect was observed.

5. Conclusions and implications

Independent of its particle size, BC reduced the penetration
resistance of sandy loam soils both with intact crust and after crust
removal. By contrast, BC had no significant effect on penetration
resistance in loamy fine sand. The reduction of penetration resistance
in response to BC addition in sandy loam was attributed to BC-induced
soil aggregation, which did not occur in loamy fine sand. The reduction
of penetration resistance in sandy loam may aid growth of roots, which
may translate into better crop growth.

Biochar affected water repellency of the crusted surface of sandy
loam. This effect was related to BC particle size. Biochar with fine
particle sizes promoted water repellency, whereas coarser BCs reduced
water repellency. By contrast, there was no effect of BC on the water
repellency of loamy fine sand and sandy loam soil below the crust
indicating that the repellency of BC either did not affect soil water
repellency or was lost in less than one year after BC application. This
suggests that the reduction in Ksat of sandy loam due to BC, was not
because of water-repellent behavior of BC per sé, but may be due to
clogging of pores or to structural collapse. The coarse-textured soils

Fig. 4. Saturated hydraulic conductivity and sorptivity of loamy fine sand (Kaoma) and sandy loam soils (Mkushi, below the crust) amended with maize cob BC of different particle sizes,
measured in March 2015. Numbers between brackets in the fitted regression equation are the SEs for either intercept or slope. No significant difference was established between particle
size classes (p > 0.05).
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studied here have a relatively high Ksat and the moderate reduction in
Ksat in response to BC addition is not expected to have any detrimental
effect on soil productivity. The indirect promotion of water repellency
of surfaces of crusted soil by fine BC may limit water infiltration and
promote soil erosion.
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