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Abstract

Heavy clay soils are globally widespread but their poor drainage and poor aeration limit their

use for agriculture. This study was designed to test the effect of the amendment of biochar

(BC) from woody shrubs on drainage/saturated hydraulic conductivity (Ksat), soil aeration/air

capacity, available water capacity and biomass and grain yields of maize. In a field experi-

ment, BC from Gliricidia sepium was applied in planting basins or rip lines at 2.5% and 5%

w/w in addition to a control without BC. The maize biomass and grain yields were higher in

BC treated plots compared to control (p<0.05) during the 2012 and 2013 seasons. There

was no significant difference in the yields between 2.5% and 5% BC treatments (e.g. grain

yield were 6.6 and 8.1 t ha-1 in 2012 and 9.3 and 10.3 t ha-1 in 2013 compared to control with

4.2 and 6.7 t ha-1 in 2012 and 2013, respectively). Soil from the same field site was also

mixed with a similar woody shrub BC from Eupatorium adenophorum in the laboratory at

rates of 2.5%, 5% and 10% BC w/w and a control without BC. The mixtures were then incu-

bated and subjected to two wet-dry cycles for two weeks. Core samples were taken from the

incubated soil and tested for bulk density, Ksat and pF measurements. Total porosity and

moisture at field capacity and wilting point were 72.3%, 43.7% and 23.7%, respectively, and

not affected by BC amendment (p>0.05). In contrast, bulk density decreased linearly by

0.011±0.002 g cm-3 per percent BC added (p<0.001). Ksat and air capacity of the soil were

288 cm day-1 and 30.9%, respectively falling within the generally accepted optimal range.

Both Ksat and air capacity followed a significant quadratic relation (p<0.05) upon BC addi-

tion, decreasing at low BC doses, reaching a minimum at 3–5% BC and increasing at higher

doses. Results allowed a partial attribution of the yield increases to changes in soil physical

properties such as changes in bulk density and not clearly to Ksat and air capacity.
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Introduction

Heavy clay soils that exhibit swelling and shrinking properties, referred to as Vertisols, are

globally widespread. Amidst a limitation in soil data which varies from country to country, the

current global distribution of Vertisols is estimated at approximately 300–350 million hectares

[1,2]. Poor drainage and hence poor soil aeration are some of the main challenges when utiliz-

ing Vertisols for farming, yet these soils are often chemically fertile due to their high inherent

nutrient holding capacity [2,3].

Organic amendments have been used to address some of these challenges. An example is

the use of manures to improve structure and drainage of Vertisols [4,5]. Biochar (BC), a pyrol-

ysis product of organic materials, could also be an amendment that can improve Vertisol utili-

zation. In fact BC has been reported to increase total porosity of clayey soil [6], which may aid

drainage. Similarly, in coarser soils, an increase in porosity has been reported e.g. [7–9].

One common way of measuring the drainage potential of a soil is by measuring its saturated

hydraulic conductivity (Ksat). Biochar prepared from wood has been reported to increase Ksat

of clayey soil especially when added at high doses [10]. Ouyang et al [11] and Ouyang & Zhang

[12] also observed an increase in Ksat by up to about 50% upon addition of woodchip and

dairy manure BC to clayey soils in incubation experiments. Such increase in Ksat indicates that

BC may increase drainage of Vertisols. In contrast, Asai et al [13] and Castellini et al [14]

observed no effect of wood BC on Ksat of clayey soils. For coarser soils, similar conflicting

results on the effect of BC on Ksat have been reported. For example, Barnes et al [10] and Ajayi

& Horn [15] observed a decrease in Ksat of sand mixed with wood BC by 92% and 23–82%,

respectively. Jeffery et al [16] and Obia et al [17] on the other hand found no effect on sand

mixed with BC from herbaceous feedstock and corn cob, respectively. Also, in loamy soils,

Laird et al [18] and Ajayi & Horn [15] found no effect of wood BC at 2% dose on Ksat whereas

at high dose of 10%, Ajayi & Horn [15] found an increase of 77%. These mixed results demon-

strate that there is a need for further research, in particular for Vertisols, given their global

importance for agricultural production e.g. in Indonesia, where this study was conducted,

India [4,5,19] and in Africa [2].

A few studies exist showing that BC produced from different feedstocks increases the pro-

portion of macro-pores, i.e., pores with diameter of>0.3 mm and holds water in the soil at a

pressure <1 kPa [20], in repacked clayey soil [14] as well as in clay soil under field conditions

[6]. An increase in the proportion of macro-pores is an indication of potential increase in soil

aeration since such pores do not hold water against free drainage, provided the pores are inter-

connected. Indeed the air capacity, which is the air-filled volume of soil at field capacity (mois-

ture content of the soil at 10 kPa pressure) has been reported to increase upon application of

BC produced from fruit tree pruning to clayey soil [14]. However, results for kaolinitic clayey

soil showed a quadratic pattern of macro-pores upon application of wood BC at a rate of up to

32 t ha-1 in Brazil [21]. Here, the macro-porosity showed a decrease at lower rates of BC addi-

tion, reaching a minimum at 16 t ha-1, and then increasing at higher rates.

Alongside drainage and soil aeration, available water capacity, which is the difference

between moisture at field capacity and permanent wilting point, is a soil property that is

important for agricultural production. Recent literature showed mixed results of the effect of

BC amendment on available water capacity, moisture at field capacity and permanent wilting

point of clayey soils [6,11,14,22]. Lu et al [22] observed an increase in available water capacity

and moisture at field capacity and wilting point upon addition of rice husk BC to a Vertisol.

Sun & Lu [6] found an increase in available water capacity upon addition of straw BC to a

clayey soil, whereas the addition of wastewater sludge and woodchips BC had no effect. Castel-

lini et al [14] on the other hand found a 10% increase in available water upon addition of 1%
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BC while a decrease of about 15% was observed upon addition of 3% BC. This shows the com-

plexity of the way in which BC can affect these soil properties.

The possible alleviation of poor drainage and increased aeration of Vertisols following BC

application may increase productivity of the soil. Limited data are available on the effect of BC

amendment on crop yields grown in clayey soils. In a study involving modelling of yield of

durum wheat, variable effect of BC was found, with an increase in yield only at low dose of BC

[14]. Similarly, soybean grain yield increased, but only for the first few years after BC applica-

tion in weathered clayey soil [23]. On the other hand, Carvalho et al [21] observed a decrease

in rice yields with increasing wood BC rates in the absence of nitrogen fertilization in a clayey

Ferralsol in Brazil. Asai et al [13] also observed a decrease in rice yield at 16 t ha-1 dose in

clayey soil in Laos. Given the variation in the yield data, there is a need for further assessment

of crop yield response to BC application in clayey soils.

We hypothesize that BC addition increases aeration and improves drainage of Indonesian

Vertisols. In addition, BC is hypothesized to increase available water capacity by altering soil

pore size distribution. Increased soil aeration and improved bulk density are expected to

increase maize yields. To test these hypotheses, a field experiment was set up in Indonesia to

test the effect of BC on maize yields. Soil samples from the same site were taken and mixed

with various dosages of BC in the laboratory and exposed to two wetting and drying cycles,

whereupon air capacity, Ksat and water retention were measured.

Materials and methods

Biochar

Two BCs, one made from Gliricidia sepium and the other from Eupatorium adenophorum
were used in this study. Gliricidia BC was used in the field experiment in Indonesia while a

similar BC made from Eupatorium was used for the laboratory experiment. Gliricidia is a com-

mon edge crop in the area where the field experiment was conducted and its pruning could be

used as BC feedstock while Eupatorium was considered the optimal feedstock for BC in Nepal

due to its abundance and its threat to forests [24]. Eupatorium BC was used in the laboratory

experiment because the Gliricidia BC was fully utilized in the field. In addition, Eupatorium

has a similar woody origin and similar physical properties and was hence chosen (Table 1).

Gliricidia twigs were pyrolyzed at a temperature of 350 ˚C for 24 hours in West Timor, Indo-

nesia in a simple kiln described in earlier studies [25,26]. Eupatorium stems 1–2 cm thick were

pyrolyzed in a flame curtain kiln in the ground. The peak temperature was about 550 ˚C with

overall pyrolysis time of about 2 hours. More details about the Eupatorium BC were reported

earlier by Pandit et al [26] and Cornelissen et al [27]. The properties of the two BC are pre-

sented in Table 1.

Field experiment

The field experiment was conducted on a private land with permission of the owner and

did not involve endangered or protected species. The site was established in Oebola Village,

Fatuleu District, West Timor, Indonesia (S10˚ 03’ 34’’ E124˚ 00’ 03’’) in February 2012.

The soil at the experimental site is a heavy clay classified as a Vertisol and is therefore charac-

terized by swelling and shrinking upon wetting and drying, respectively. The experimental

treatments included different BC rates and two BC application methods; planting basins with

length�width�depth of 40�15�20 cm, respectively at a spacing of 90�70 cm or 20 cm deep rip

line with inter row spacing of 90 cm. The BC was mixed with soil in the basins or rip lines at

rates of 0 t ha-1, 5 t ha-1, 10 t ha-1. The 5 and 10 t ha-1 correspond to 2.5 and 5% BC rates respec-

tively based on the fact that the BCs were concentrated in planting basins and rip lines. Each of
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the BC rates for the two application methods was replicated three times in a randomized block

trial design. The soil was cropped with maize for two consecutive seasons of February—April

2012 and February—April 2013 without re-applying the BC. The harvest of the experiment for

both seasons was carried out between 28 April and 1 May.

Preparation of soil and biochar for laboratory experiment

Top soil from the plough layer was collected from the same experimental field in West Timor,

Indonesia. The soil was air-dried at room temperature for ten days by spreading on trays in

the laboratory. The gravimetric moisture content of the air-dry soil was determined to be 8.3%

by oven drying at 105 ˚C. The air-dry soil as well as the Eupatorium BC was crushed and

passed through a 2 mm sieve. The BC was then uniformly mixed with soil at a rate of 2.5%, 5%

and 10% dry weight basis after correcting for soil moisture contents. A control without the

addition of biochar was also prepared and treated in the same way. The soil samples without

BC and those amended with BC were separately placed in metallic containers of about 30 cm

length � 15 cm width � 10 cm depth without any compaction. The soil in the metallic contain-

ers were incubated for 14 days during which it underwent two wet-dry cycles in the laboratory

at room temperature. Wetting was done by spraying water on the soil surface until water

appeared on the surface showing saturation. Free drainage of excess water from the container

occurred through the perforated bottom of the container. The soil and soil-BC mixtures were

then allowed to dry until cracks started appearing on the soil surface, which took seven days.

Re-wetting was carried out after these seven days. The incubations mimic "undisturbed soil"

conditions, as would occur in the field after BC incorporation into the soil. Two metallic con-

tainers with "undisturbed soil" for each treatment (control, 2.5%, 5% and 10% BC) were pre-

pared where core ring samples (three for water retention and four for Ksat) were taken. Core

ring samples of this "undisturbed soil" were taken on the 14th day from all treatments. By the

time of core ring sampling, the gravimetric moisture contents were 43.8%, 49.0%, 49.9% and

50.0% for control, 2.5%, 5% and 10% BC treatments, respectively. The samples were then used

for bulk density, Ksat, water retention and air capacity measurements.

Table 1. Properties of heavy clay soil and biochars.

Soil/Biochar Soil Gliricidia BC Eupatorium BC1

TOC (%) 3.8 74.1 71.4

Total N (%) 0.32 0.66 0.66

Total H (%) 1.37 2.44 2.16

C/N 12.2 112.3 108.2

K+ (cmolc Kg-1) 0.61 - 92.1

Ca2+ (cmolc Kg-1) 56.5 - 18.7

Mg2+ (cmolc Kg-1) 5.93 - 8.4

Na+ (cmolc Kg-1) 0.08 - 12.6

CEC (cmolc Kg-1) 63 7.1 127

pH H2O 7.3 9.4 10.4

pH CaCl2 6.9 8.9 9.2

Sand 6.0 - -

Silt 22.7 - -

Clay 71.4 - -

1 data was obtained from Cornelissen et al. (2016) and Pandit et al. (2017). The soil is from plough layer of heavy clay

in West Timor, Indonesia.

https://doi.org/10.1371/journal.pone.0196794.t001
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Measurement of Ksat

The Ksat of the soil was measured using a laboratory permeameter using a constant water head

(Eijkelkamp Agrisearch Equipment, the Netherlands). Four 100 cm3–core ring samples were

taken from each of the containers under different treatments. Ksat (cm day-1) was calculated

from Darcy’s law, Eq 1.

Ksat ¼ ðV � LÞ=ðA � t � hÞ ð1Þ

where V is the volume of water (cm3) collected for a duration of time t (days) flowing through

the core sample of length L (cm) and cross sectional area A (cm2), h (cm) is the water level dif-

ference inside and outside core ring holder (also called hydraulic head). The measured Ksat

was then used as the potential drainage capacity of the soil.

Measurement of soil water retention capacity

The water retention capacity was measured using a sand box (Eijkelkamp Agrisearch Equip-

ment, the Netherlands) and pressure plate apparatus (Soil moisture Equipment, Santa Barbara,

CA). Three 100 cm3 core ring soil samples were taken from each of the treatment incubated in

the laboratory. The core ring soil samples were saturated with water overnight and placed in

the sand box. The saturated samples in the sand box were then drained by successively apply-

ing suction pressures at 10 hPa, 30 hPa and 50 hPa. At each suction pressure, the weight of the

sample was taken after equilibration, which took between 4–5 days, when no more water was

coming from the samples. For the pressures of 100 hPa, 1000 hPa and 15000 hPa, samples

were transferred to the pressure plate. Positive pressures were applied to the samples and

weights taken after equilibration (5–7 days). The pycnometer was used to measure the air vol-

ume in the soil after sample equilibration at 100 hPa by using the relation between air pressure

and volume (Boyle’s law). The dry weight of the soil samples was determined by oven drying

at 105 ˚C for 48 hours after recording equilibration weight at 1000 hPa pressure, in order to

allow calculation of dry bulk density and water contents at this and the smaller pressures. The

oven-dried samples were then crushed and passed through a 2 mm sieve. Small plastic cylin-

ders were filled with the sieved samples, placed on a pressure plate in the pressure chamber

and saturated before applying a pressure of 15000 hPa. Weights were taken after equilibration

and after oven drying to determine water content at this pressure.

In this study, the field capacity and wilting point was measured at pressures of 100 and

15000 hPa, respectively while available water capacity was the difference between the two. The

air capacity, which is the air content of the soil at field capacity was measured at 100 hPa pres-

sure using a pycnometer. The total porosity was calculated as the sum of field capacity and air

capacity of the soil.

The water retention data was fitted using the van Genuchten [28] model (Eq 2) from which

pore size distribution was derived using capillary equation (Eq 3) as earlier described by Obia

et al [9].

y ¼ yr þ ðys � yrÞ½1þ ðajhjÞ
n
�
� m

ð2Þ

where, θ is the water content (cm3 cm-3) at a given pressure h (hPa) while θr and θs are the

residual and saturated water content respectively. Residual water content was set at zero dur-

ing modelling. α, n and m are van Genuchten parameters.

r ¼
2g:cosy

rgh
� 108 ð3Þ

where, r is pore radius (μm), h is pressure in hPa, γ is water surface tension (0.0728 N m-1 at
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20 ˚C), ρ is water density (1000 Kg m-3), g is gravitational constant (9.81 m s-2) and θ is contact

angle between water and solid ~ 0.

Statistical analysis

The data was analyzed with R statistical software [29] whereas graphs were drawn using Sigma-

Plot software 10 (Systat Software, Point Richmond, CA, USA). For the data interpretation of

the four dosage experiment in the laboratory study, we preferred a dose response model

(regression model) over a simple ANOVA, since it provided an indication of the effect of bio-

char at all dosages between 0% and 10%, not only the ones actually chosen in the experiment.

Bulk density, total porosity, macro-porosity, moisture at field capacity and permanent wilting

point and available water capacity were therefore analyzed by fitting a linear regression model,

in which the BC dose was treated as a continuous explanatory variable. Air capacity and Ksat,

were analyzed by fitting a quadratic model using BC dose as the continuous explanatory vari-

able. The BC dose at which the minimum air capacity and Ksat was observed was calculated

from–b/2a, where a and b were the linear and quadratic coefficient, respectively. Biomass and

grain yield data were analyzed using ANOVA with both BC application method and BC doses

as categorical explanatory variables. The BC application method was not a significant factor

and therefore it was removed from the model resulting in an increase in the number of repli-

cates from three to six for each BC rate. Mean values were separated using Tukey’s test at 5%

level of significance.

Results

Bulk density of the heavy clay soil

The bulk density of the soil prepared in the laboratory was 0.78±0.01 g cm-3 and decreased lin-

early with increasing BC dose by 0.011±0.002g cm-3 (p = 0.0001; R2 = 0.79) per percent BC

added (Fig 1). Using field samples with known volume showed that this soil had a bulk density

of only 0.66 g cm-3.

Ksat of the heavy clay

Biochar significantly (p<0.05) reduced the Ksat of the soil at low doses while at high doses, an

increase was observed (Fig 2). The nonlinear decrease in Ksat at low doses and increase at high

doses was well described by a quadratic function (R2 = 0.915). Ksat was reduced from 288±61

cm day-1 in control soil to a minimum of 105 cm day-1 at 3.1% BC addition. This decrease in

Ksat was by 100 cm day-1 between 0 and 1% BC with the slope becoming subsequently less

steep (by 2�19.6±2.9 cm day-1 –quadratic coefficient) for each additional dose of BC until

the minimum of 105 cm day-1. Above minimum Ksat, the slope increased at larger rate with

increased BC dose.

Air capacity and macro-porosity

Air capacity, the volume of soil pores filled with air at field capacity, was affected by BC applica-

tion. Similar to the effect of BC on Ksat, the air capacity of the soil was best described by a qua-

dratic function (p = 0.03, R2 = 0.54 compared to p>0.05 and R2 of 0.01 for a linear fit). The air

capacity of the soil was 30.8±1.1% v/v and decreased with increasing BC dose at low doses

while increasing at higher BC doses (Fig 2). The decrease was by 1.7% v/v between zero and 1%

BC and subsequently becoming smaller (by 2�0.175% v/v—quadratic coefficient) per percent

BC from 1% BC until a minimum of 25.9% v/v at 5.3% BC. The changes in air capacity were

also reflected in the shift in pore size distribution (Fig 3). Pores with radius of 100–300 μm
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had the highest density in control soil and there was a strong shift of this size to pores of 0.1–

100 μm radius upon addition of 2.5% BC meanwhile the shift in pore size distribution was

on both sides of 100–300 μm pore-size window upon addition of 5% BC. The 10% BC

did not change the pore distribution significantly relative to the control soil, except for pores

of� 3mm diameter, which became 2% more abundant. The macro-porosity of the soil was 8.9

±0.6% (v/v) and was not affected by BC, p = 0.20 (data not shown).

Field capacity, permanent wilting point and available water capacity

The soil porosity was high at 72.3% and was not affected by BC amendment, p = 0.2 (Fig 4).

Likewise, water retention properties important for upland farming, such as moisture at field

capacity and permanent wilting point and available water capacity were 43.7%, 23.7% and

19.9%, respectively, and were not affected by BC, p>0.05 (Fig 4).

Maize yields for 2012 and 2013 seasons

The mean biomass yields for biochar-amended plots were significantly larger than those for

the control plots (p<0.05) except for BC at 2.5% in the first year after amendment (2012; Fig

5). There was greater biomass yield in 2013 (18 to 25 t ha-1) compared to 2012 (14 to 21 t ha-1).

For the grains, the mean yields were significantly greater for all the BC amended plots com-

pared to the control in both 2012 and 2013. Similar to the pattern of biomass yield, the grain

yield were also larger in 2013 (7 to 10 t ha-1) than in 2012 (4 to 8 t ha-1).

Fig 1. Bulk density of the soil as function of BC dose, n = 3. The soil is from the plough layer of a heavy clay in West

Timor, Indonesia.

https://doi.org/10.1371/journal.pone.0196794.g001

Biochar effects on soil drainage, aeration and maize yield

PLOS ONE | https://doi.org/10.1371/journal.pone.0196794 May 11, 2018 7 / 15

https://doi.org/10.1371/journal.pone.0196794.g001
https://doi.org/10.1371/journal.pone.0196794


Discussion

Biochar amendment increased both biomass and grain yield of maize for two consecutive

years after a one time application in this study. The yield increase over two years implies that

BC has positive effects on this heavy clay soil for more than one cropping season. The increase

in yield could be due to the decrease in soil bulk density with increased BC dose (Fig 1) which

could result in an improvement in root growth, as has been shown for some soils [30]. This

observed yield increase is consistent with earlier reports for clayey soils for other crops e.g.

durum wheat [14] and soybeans during the first few years after BC application [23]. The drain-

age potential (Ksat) and air capacity, the two physical properties of major importance in heavy

clays (wet system in rainy season), decreased to a small extent under laboratory condition

within the range of BC doses (0–5%) used in the field (Fig 2). However, at high BC dose, both

Ksat and air capacity increased coupled with changes in pore size distribution, which may favor

yield increases under field conditions. Therefore, the maize response is in accordance with the

hypothesis that BC increases its yield although it was not fully explainable by changes in physi-

cal properties of the soil.

Fig 2. Ksat and air capacity of heavy clay soil at various BC doses, for four and three replicates, respectively. The

numbers in brackets in the equations are the standard errors. The soil is from plough layer of heavy clay in West Timor,

Indonesia.

https://doi.org/10.1371/journal.pone.0196794.g002
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Fig 3. Water characteristic curves (pF) and pore size distribution of heavy clay soil amended with Eupatorium BC.

The pore radius correspond directly to the pressure head in the pF curve. The distribution of pores<0.1 μm, which

constituted ~25% of the total soil volume is not shown because water held by these pores is not available to plants. The

soil is from plough layer of heavy clay in West Timor, Indonesia.

https://doi.org/10.1371/journal.pone.0196794.g003
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The Ksat of the studied soil was 288 cm day-1, in the range of 43–432 cm day-1 which is

believed to be optimal for non-degraded fine-textured agricultural soils [20,31]. The macro-

porosity, which contributes most to water-conducting pores during drainage, was also within

the proposed optimum of 5–10% for non-compacted fine-textured soils for maximum crop

production [20,32]. Likewise, air capacity, which includes the macro-porosity of 8.9%, was

30.8%, and thus above the proposed minimum of 15% [32] for proper crop growth. The total

porosity of the studied soil was large (72%), hence the low bulk density of 0.78 g cm-3 (Fig 1),

which is below optimal range of 0.9–1.2 g cm-3 for fine-textured soils [20,32,33]. The bulk den-

sity and porosity was on the low and high end, respectively, of what is expected of heavy clay,

which may be attributed to high moisture contents of 43% for control soil and ~50% for BC

amended soil (�100 hPa or cm pressure, Fig 3) at the time of core ring sampling [2]. This

means the soil was sampled at near full swelling state hence low dry bulk density and high

porosity. The available water capacity of 19.9% was in the lower range of what is considered

ideal of� 20% [20] (Figs 2, 3 and 4).

Soil bulk density of <0.9 g cm-3 is believed to compromise soil-root contact and plant

anchoring as discussed in Reynolds et al [31]. However, the low bulk density here may not

affect plant anchoring due to the stickiness of the heavy clay that minimize root slippage

Fig 4. Total porosity, field capacity, permanent wilting point and available water capacity as a function of BC dose, n = 3.

The soil is from plough layer of heavy clay in West Timor, Indonesia.

https://doi.org/10.1371/journal.pone.0196794.g004
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from soil. In fact, Easson et al [34] reported a higher tensile force (4.8 N) required to pull

roots from finer-textured sandy clay loam than from coarser sandy loam (3.9 N), suggesting

stronger root anchorage in finer soils. We observed loss of stickiness (not quantitatively

determined) at doses� 5% BC, which are not very relevant for field application. Similar

changes in mechanical properties of Vertisols related to stickiness have also been reported

before [22,35].

Fig 5. Maize yields from field plots amended with BC. 5 and 10 t ha-1 BC, corresponding to 2.5 and 5% BC,

respectively. Means followed by the same letter are not significantly different, Error bars are the standard error, n = 6.

Experiment was conducted in heavy clay in West Timor, Indonesia.

https://doi.org/10.1371/journal.pone.0196794.g005
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The bulk density decreased linearly with increasing dose of BC, as total porosity remained

unaffected likely due to already high porosity of the soil (Figs 3 and 4). This is not in agreement

with the known negative correlation between bulk density and porosity. The BC had a lower

bulk density (0.35 g cm-3) than the soil (0.78 g cm-3), indicating that weight dilution could

have contributed to the decrease of soil bulk density. In fact, weight dilution nearly completely

(~90%) accounted for the observed decrease in bulk density, in contrast to earlier study on

light-textured soil [9], where soil aggregation contributed to a decreasing bulk density by an

increase in porosity.

Since total porosity was not affected by BC amendment, the quadratic pattern of Ksat and

air capacity (Fig 2) resulted from a shift in pore size distribution towards smaller pores at low

doses (up to 5%, as in the field experiment) and towards larger pores at higher doses (Fig 3).

The decrease in Ksat and air capacity at low doses of BC and increase at high doses (quadratic

pattern, Fig 2) in this study does indicate that different mechanisms were dominating the effect

of BC between low and high doses. At low doses of BC, it is possible that BC particles were

mainly filling the inter-aggregate spaces in the soil increasing the proportion of smaller pores

(Fig 3). In contrast, at doses > 5% BC, the large amounts of BC in the soil-BC mixture may

have introduced large inter-particle pores of BC that contributed to increasing Ksat and air

capacity. This is possible given that coarser BC passed through a 2 mm sieve was mixed with a

very fine-textured soil with 71.4% clay and only 6% sand. The higher Ksat at 5% and 10% BC

could be related to the increase in macro-pores of� 3 mm diameter by 1% and 2%, respec-

tively (Fig 3) due to coarser BC. Such large pores are very important for water transport in

soils. Similar quadratic responses of soil physical properties to woody BC application in clayey

soils [21,23] and coarse-textured soil [36] have been reported earlier. The quadratic relations

in these studies were found only from the start of the experiment to the second year after

experimental setup, similar to our freshly amended soil. Macro-porosity decreased at low

doses for clayey soils but the minimum values were attained at a much lower dose of BC of

<1% compared to our study at 3–5% BC (Fig 2). The macro-porosity in our study appeared to

follow the same quadratic pattern reflected in the air capacity and Ksat. Therefore, the hypothe-

sis that BC would increase Ksat and aeration of Indonesian Vertisols was confirmed only for

high doses of BC.

Biochar did not affect moisture at field capacity and permanent wilting point and available

water capacity (Fig 4). Similar findings have also been reported for clayey soils e.g. Sun and Lu

[6] who found no effect of wastewater sludge and woodchip BC on available water capacity in

a Vertisol. Therefore, within the limits of a laboratory experiment, the hypothesis that BC

would increase available water capacity by altering pore size distribution of our Vertisol was

falsified.

Conclusions

The heavy clay soil investigated here had high porosity and low dry bulk density. The porosity

was not affected by BC amendment, but the bulk density of the soil decreased with increasing

BC doses, primarily due to weight dilution caused by the BC. The Ksat of the soil was within

what is considered optimal for fine-textured soils. Air capacity of the soil was also high. Both

Ksat and air capacity followed a quadratic pattern with increasing BC doses. Ksat and air capac-

ity decreased, reaching minimum values at 3–5% BC application, and increased at higher

doses due to alteration in pore size distribution. Moisture at field capacity and permanent wilt-

ing point and available water capacity were not affected by BC. In the field, BC amended plots

had higher maize yields compared to the control partly due to improved bulk density. There

was no significant difference between 2.5 and 5% BC doses, which implies that a BC dose of
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more than 2.5% in the field in this case does not bring an additional gain. The 2.5% BC amend-

ment only minimally reduced Ksat and air capacity and hence, it does not affect the productiv-

ity of heavy clay negatively.

Acknowledgments

We thank Trond Børresen of Faculty of Environmental Science and Natural Resource Man-

agement, NMBU for giving access to the laboratory to determine the effect of BC on soil physi-

cal properties.

Author Contributions

Conceptualization: Alfred Obia, Jan Mulder, Sarah Elizabeth Hale, Neneng Laela Nurida,

Gerard Cornelissen.

Data curation: Alfred Obia, Neneng Laela Nurida, Gerard Cornelissen.

Formal analysis: Alfred Obia.

Funding acquisition: Jan Mulder, Gerard Cornelissen.

Investigation: Alfred Obia, Jan Mulder, Sarah Elizabeth Hale, Neneng Laela Nurida, Gerard

Cornelissen.

Methodology: Alfred Obia, Jan Mulder, Sarah Elizabeth Hale, Neneng Laela Nurida, Gerard

Cornelissen.

Project administration: Gerard Cornelissen.

Supervision: Jan Mulder, Sarah Elizabeth Hale, Neneng Laela Nurida, Gerard Cornelissen.

Visualization: Alfred Obia.

Writing – original draft: Alfred Obia.

Writing – review & editing: Alfred Obia, Jan Mulder, Sarah Elizabeth Hale, Gerard

Cornelissen.

References
1. IUSS Working Group WRB. World Reference Base for Soil Resources 2014, update 2015. International

soil classification system for naming soils and creating legends for soil maps. World Soil Resources

Reports No. 106. FAO, Rome. Experimental Agriculture. 2015. 10.1017/S0014479706394902

2. Coulombe CE, Wilding LP, Dixon JB. Overview of Vertisols: Characteristics and Impacts on Society.

Adv Agron. 1996; 57: 289–375. https://doi.org/10.1016/S0065-2113(08)60927-X

3. Kanwar JS, Kampen J, Virmani SM. Management of Vertisols for maximising crop production-ICRISAT

experience. In: Vertisols and rice soils of the tropics Symposia papers II Transactions of the 12th Inter-

national Congress of Soil Science, 8–16 Feb 1982, New Delhi, India

4. Bandyopadhyay KK, Misra AK, Ghosh PK, Hati KM. Effect of integrated use of farmyard manure and

chemical fertilizers on soil physical properties and productivity of soybean. Soil Tillage Res. 2010; 110:

115–125. https://doi.org/10.1016/j.still.2010.07.007

5. Hati KM, Mandal KG, Misra AK, Ghosh PK, Bandyopadhyay KK. Effect of inorganic fertilizer and farm-

yard manure on soil physical properties, root distribution, and water-use efficiency of soybean in Verti-

sols of central India. Bioresour Technol. 2006; 97: 2182–2188. https://doi.org/10.1016/j.biortech.2005.

09.033 PMID: 16289791

6. Sun F, Lu S. Biochars improve aggregate stability, water retention, and pore-space properties of clayey

soil. J Plant Nutr Soil Sci. 2014; 177: 26–33. https://doi.org/10.1002/jpln.201200639

7. Cornelissen G, Martinsen V, Shitumbanuma V, Alling V, Breedveld G, Rutherford D, et al. Biochar Effect

on Maize Yield and Soil Characteristics in Five Conservation Farming Sites in Zambia. Agronomy.

2013; 3: 256–274. https://doi.org/10.3390/agronomy3020256

Biochar effects on soil drainage, aeration and maize yield

PLOS ONE | https://doi.org/10.1371/journal.pone.0196794 May 11, 2018 13 / 15

https://doi.org/10.1016/S0065-2113(08)60927-X
https://doi.org/10.1016/j.still.2010.07.007
https://doi.org/10.1016/j.biortech.2005.09.033
https://doi.org/10.1016/j.biortech.2005.09.033
http://www.ncbi.nlm.nih.gov/pubmed/16289791
https://doi.org/10.1002/jpln.201200639
https://doi.org/10.3390/agronomy3020256
https://doi.org/10.1371/journal.pone.0196794


8. Mukherjee A, Lal R. Biochar Impacts on Soil Physical Properties and Greenhouse Gas Emissions.

Agronomy. 2013; 3: 313–339. https://doi.org/10.3390/agronomy3020313

9. Obia A, Mulder J, Martinsen V, Cornelissen G, Børresen T. In situ effects of biochar on aggregation,

water retention and porosity in light-textured tropical soils. Soil Tillage Res. 2016; 155: 35–44. https://

doi.org/10.1016/j.still.2015.08.002

10. Barnes RT, Gallagher ME, Masiello CA, Liu Z, Dugan B. Biochar-induced changes in soil hydraulic con-

ductivity and dissolved nutrient fluxes constrained by laboratory experiments. PLoS One. 2014; 9.

https://doi.org/10.1371/journal.pone.0108340 PMID: 25251677

11. Ouyang L, Wang F, Tang J, Yu L, Zhang R. Effects of biochar amendment on soil aggregates and

hydraulic properties. J Plant Nutr Soil Sci. 2013; 13: 991–1002.

12. Ouyang L, Zhang R. Effects of biochars derived from different feedstocks and pyrolysis temperatures

on soil physical and hydraulic properties. J Soils Sediments. 2013; 13: 1561–1572. https://doi.org/10.

1007/s11368-013-0738-7

13. Asai H, Samson BK, Stephan HM, Songyikhangsuthor K, Homma K, Kiyono Y, et al. Biochar amend-

ment techniques for upland rice production in Northern Laos. 1. Soil physical properties, leaf SPAD and

grain yield. F Crop Res. 2009; 111: 81–84. https://doi.org/10.1016/j.fcr.2008.10.008

14. Castellini M, Giglio L, Niedda M, Palumbo AD, Ventrella D. Impact of biochar addition on the physical

and hydraulic properties of a clay soil. Soil Tillage Res. 2015; 154: 1–13. https://doi.org/10.1016/j.still.

2015.06.016

15. Ajayi AE, Horn R. Modification of chemical and hydrophysical properties of two texturally differentiated

soils due to varying magnitudes of added biochar. Soil Tillage Res. 2016; 164: 34–44. https://doi.org/10.

1016/j.still.2016.01.011

16. Jeffery S, Meinders MBJ, Stoof CR, Bezemer TM, van de Voorde TFJ, Mommer L, et al. Biochar appli-

cation does not improve the soil hydrological function of a sandy soil. Geoderma. 2015; 251–252: 47–

54. https://doi.org/10.1016/j.geoderma.2015.03.022

17. Obia A, Børresen T, Martinsen V, Cornelissen G, Mulder J. Effect of biochar on crust formation, pene-

tration resistance and hydraulic properties of two coarse-textured tropical soils. Soil Tillage Res. 2017;

170: 114–121. https://doi.org/10.1016/j.still.2017.03.009

18. Laird DA, Fleming P, Davis DD, Horton R, Wang B, Karlen DL. Impact of biochar amendments on the

quality of a typical Midwestern agricultural soil. Geoderma. 2010; 158: 443–449. https://doi.org/10.

1016/j.geoderma.2010.05.013

19. Wani SP, Pathak P, Jangawad LS, Eswaran H, Singh P. Improved management of Vertisols in the

semiarid tropics for increased productivity and soil carbon sequestration. Soil Use Manag. 2003; 19:

217–222. https://doi.org/10.1079/Sum2003194

20. Reynolds WD, Drury CF, Yang XM, Fox CA, Tan CS, Zhang TQ. Land management effects on the

near-surface physical quality of a clay loam soil. Soil Tillage Res. 2007; 96: 316–330. https://doi.org/10.

1016/j.still.2007.07.003

21. Carvalho MTM, Madari BE, Bastiaans L, van Oort PAJ, Leal WGO, Heinemann AB, et al. Properties of

a clay soil from 1.5 to 3.5 years after biochar application and the impact on rice yield. Geoderma. 2016;

276: 7–18. https://doi.org/10.1016/j.geoderma.2016.04.013

22. Lu SG, Sun FF, Zong YT. Effect of rice husk biochar and coal fly ash on some physical properties of

expansive clayey soil (Vertisol). Catena. 2014; 114: 37–44. https://doi.org/10.1016/j.catena.2013.10.

014

23. Madari BE, Silva MAS, Carvalho MTM, Maia AHN, Petter FA, Santos JLS, et al. Properties of a sandy

clay loam Haplic Ferralsol and soybean grain yield in a five-year field trial as affected by biochar amend-

ment. Geoderma. 2017; 305: 100–112. https://doi.org/10.1016/j.geoderma.2017.05.029

24. Pandit NR, Mulder J, Schmidt H-P, Cornelissen G. Biochar from “Kon Tiki” flame curtain and other

Kilns: Effects of Nutrient Enrichment and Kiln Type on Crop Yield and Soil Chemistry. PLoS One. 2017;

accepted: 1–18. https://doi.org/10.1371/journal.pone.0176378 PMID: 28448621

25. Martinsen V, Alling V, Nurida N, Mulder J, Hale S, Ritz C, et al. pH effects of the addition of three bio-

chars to acidic Indonesian mineral soils. Soil Sci Plant Nutr. 2015; 61: 821–834. https://doi.org/10.1080/

00380768.2015.1052985
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