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Abstract  

The aim of this study was to investigate the effects of biochar amendment on soil aggregate formation and stability, 
and soil hydraulic properties. Biochar produced from dairy manure was added to two different soils (a silty clay 
and a sandy loam soil) at a ratio of 2% (w/w in dry weight basis). Incubation experiments were conducted within a 
90-d period with the soils (the controls) and the soil/biochar mixtures. Compared with the controls, biochar addition 
significantly enhanced the formation of macroaggregates and slightly increased saturated hydraulic conductivities 
of the soils. Attributable to the soil structure change, saturated water contents increased and residual water contents 
decreased with the biochar amendment. These changes with biochar addition greatly affected the shape of soil water 
retention functions. For both the soil aggregate formation and the change of soil water retention curves, the sandy 
loam soil was more sensitive than the silty clay soil to the biochar application on all sampling days. The information 
from this study should be useful to better understand water processes in the soil with biochar application.

Keywords: Biochar, soil aggregate stability, soil water, soil hydraulic properties

1. Introduction

Biochar is the pyrolysis product of biomass. As a soil 
amendment, biochar can greatly influence various soil 
properties and processes (Lehmann and Joseph, 2009). 
The presence of biochar in the soil can improve soil 
chemical (e.g. pH, CEC) (Liang et al., 2006), and 
physical properties (e.g. soil water retention, hydraulic 
conductivity) (Major et al., 2010). Aggregate 
formation and stabilization promotes long term carbon 
sequestration and soil structural stability and are 
affected by various factors, including clay content, and 
types and amount of soil organic matter (SOM) (Six, 
et al., 2004). Organic materials are the main agents 

of formation and stabilization of macroaggregates, 
including persistent cementing agents, such as humic 
matter, and transient and temporary bonding agents, 
such as fungal hyphae and microbial extracellular 
polysaccharides (Six et al., 2004). Acting as a habitat 
and substrate for soil microorganisms, biochar added 
in the soil can increase microbial activities (Pietikäinen 
et al., 2000)  In the Terra Preta soils, where biochar is 
abundant  the organic matter, water holding capacity, 
nutrient-retaining capacity, and bioavailable nutrition 
elements (e.g., N, P, K, Ca) are higher than those in 
the adjacent Oxisols (Lehmann and Josehp, 2009)

Journal of Soil Science and Plant Nutrition, 2013, 13 (4), 991-1002 

991



Ouyang et al.

Journal of Soil Science and Plant Nutrition, 2013, 13 (4), 991-1002

With biochar addition, the increase of the availability 
of soil organic matter, the water holding capacity, and 
the bioavailable nutrition elements can significantly 
enhance the microbial activities and thereby the 
soil aggregate formation and stability (Downie et 
al., 2009). Glaser et al. (2002) has reported that the 
formation of complexes of biochar with minerals, as 
the result of interactions between oxidized carboxylic 
acid groups at the surface of biochar particles, should 
be responsible for the improved soil aggregate stability.

Soil hydraulic properties are the key information 
to predict the processes of water flow and chemical 
transport in the soil, among which the soil water 
retention function and saturated hydraulic conductivity 
are most important (Zhang, 1997). The hydraulic 
properties, especially the water retention capacity, 
are closely related to the soil texture and structure 
(Nimmo, 1997). Various factors influence the soil 
water retention properties, including organic matter 
content, the pore size distribution, and the soil bulk 
density (Hillel 1982). Mohawesh et al. (2005) showed 
that the saturated water content decreased with the 
increase in bulk density, and as a result the inflection 
point on the retention curve shifted to a lower matric 
potential. Tuli et al. (2005) reported that the air and 
water permeabilities of undisturbed soil samples were 
significantly higher than those of disturbed samples, 
attributed to the changes of soil structure and macro-
pores. Owing to high surface area and porosity of 
biochar, its addition to soils should influence soil 
structure and porosity through changing the bulk 
surface area, pore size distribution, and soil bulk 
density (Downie et al., 2009; Major et al., 2010). As 
a result, biochar addition should also affect the soil 
hydraulic properties. Furthermore, soil aggregates 
can physically protect SOM from biodegradation and 
improve the soil structure and the pore size distribution 
(Tisdall and Oades, 1982), all of which can affect the 
soil hydraulic properties. Despite several studies, 
research on the effects of biaochars on soil hydraulic 
properties is still not clear. Major et al. (2010) found 
that addition of biochar produced from mango tree 
increased saturated conductivity in a sandy clay loam 

soil.  On the other hand, Laird et al. (2010) reported 
that addition of biochar produced from hardwood 
did not influence saturated conductivity in a fine-
loamy soil. Novak et al. (2009) observed different 
effects on soil water retention capacities with addition 
of biochars produced from different raw materials 
and temperatures to a loamy sand soil. Since soil 
texture is an important physical property related to 
soil aggregation and hydraulic properties (Nimmo, 
1997), biochar addition in soils with different textures 
should affect the soil hydraulic properties differently. 
Therefore, the objective of this study was to investigate 
the effects of biochar amendment on the formation and 
stability of soil aggregates, and on the soil hydraulic 
properties of two texturally contrasting soils.

2. Materials and Methods

2.1. Production and characterization of biochar

Biochar was produced from dairy manure using 
the following procedure. Before charring, the dairy 
manure was prepared according to the study of 
Ouyang and Zhang  et al. (2013). Briefly, after air-
drying, the dairy manure was sieved (<2 mm), filled 
into crucibles sealed with lids to prevent from the 
oxygen entering, and then pyrolyzed in a muffle 
furnace. In the muffle furnace, temperature increased 
at a rate of 10 oC /min and then was kept at 500 
oC for 1 h. After cooling, the biochar was passed 
through 250-μm sieve and stored in a refrigerator (at 
4 oC) before use. Characteristics of the biochar were 
examined as follows. Concentrations of elemental 
C, H, and N were determined with the elemental 
analyzer (Vario EL, Elementar, Germany). Structure 
and surface characteristics of the biochar were 
visualized using scanning electron microscopy (SEM) 
at magnifications of 1000 and 5000 times. Biochar pH 
was measured using a pH probe with a biochar:water 
ratio of 1:5. Volatile matter was estimated based on the 
weight loss of biochar after 6 min combustion at 900 
oC in a ceramic crucible (Zimmerman et al., 2011).
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2.2. Soil collection and experimental design

Two different agricultural soils, a silty clay soil and a 
sandy loam soil, were collected from the soil surface 
(0-20 cm) of a field without tillage in Guangzhou 
(23o03’22.6” N, 113o22’55” E, 300 m H), Guangdong 
Province in South China. After air-drying, soil large 
macroaggregates were broken down and the soil 
samples were sieved with a 250-μm sieve. The texture 
of the silty clay soil was composed of 6.6% sand, 
41.8% silt, and 51.6% clay, while that of the sandy 
loam soil was of 60% sand, 20% silt, and 20% clay.  
The total C and N of soils were measured with an 
elemental analyzer (Vario EL, Elementar, Germany). 
Soil pH was measured using a pH probe at a soil: water 
ratio of 1:5.

To measure soil aggregation, an incubation experiment 
was conducted at 25 oC for 90 d as described below. 
The biochar was mixed into the two soils at a ratio of 
2% (w:w in dry weight basis), respectively (Novak et 
al., 2010), and the soils without biochar addition acted 
as the control, resulting in four treatments: the sandy 
loam soil without biochar (SL), and the sandy loam 
soil with biochar (SLB), the silty clay soil without 
biochar (SC), the silty clay soil with biochar (SCB). 
The bulk density of the mixtures of soil and biochar 
was calculated as follows (Adams, 1973):

 
where pb ,is the bulk density of the mixtures (g cm-3), 
x is the percentage by weight of biochar, p1,  is the 
bulk density of biochar (g cm-3), p2, is the soil bulk 
density (g cm-3). Based on Equation (1) and bulk 
densities of 1.40 g cm−3 for SL, 1.20 g cm−3 for SC, 
and 0.35 g cm−3 for the biochar, the bulk densities of 
SLB and SCB were calculated as 1.32 and 1.15 g cm−3, 
respectively.  Each of the mixtures of soils and biochar 
or the soils alone was filled into a 500-mL pot based 
on the bulk densities above. Each treatment was set up 
in quadruplicate. The filling process was based on the 

calculated bulk densities above and a moisture content 
of 80% of the field moisture capacity (i.e., the water 
content at -1/3 bar). During the incubation period, 
soil moisture contents were kept almost constant by 
weekly adjustment based on weight losses.

To measure changes of the saturated hydraulic 
conductivity (Ks) and the water retention curve during 
the incubation period, samples of each treatment were 
filled into glass cylinders (each glass cylinder was 3 
cm of height and 4.5 cm of diameter with 300-mesh 
copper wire gauze at the bottom) based on the bulk 
densities above. Then the cylinders for each treatment 
were put into a 1-L plastic bottle. The bottle was 
covered with one piece of plastic sheet to prevent 
moisture loss. A few small holes were pricked on the 
plastic sheet to keep the atmosphere pressure inside 
the bottle. The experiment conditions were the same 
as those of the incubation experiment above. Three 
replicates were set up for each treatment on every 
sampling date (Ouyang and Zhang, 2013).

2.3. Physical Analyses

Sampling dates were set on days 10, 20, 30, 40, 50, 60, 
70, 80, and 90 after the beginning of the experiments. 
During these days, soil large macroaggregates 
(>2000 μm), macroaggregates (250-2000 μm), 
microaggregates (53-250 μm), and silt and clay 
factions (<53 μm) of the incubated soil samples were 
measured by the sieving method of Tang et al. (2011). 
Briefly, a series of sieves were used to obtain the 
aggregate size fractions. Aggregates were separated 
by manually moving the sieves up and down about 3 
cm in water for 50 times during a 2 min period. The 
aggregates remaining on each sieve were collected, 
oven dried (at 105 °C for 24 h), and weighed to obtain 
the oven-dry mass. As an important index of the soil 
aggregate stability the mean weight diameter (MWD) 
of soil aggregates was calculated as follows (Tang et 
al., 2011):
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where i is the ith size fraction, i = 1, 2, 3, 4 represent the 
aggregate size fractions of soil large macroaggregates, 
macroaggregates, microaggregates, and silt and clay 
factions, respectively,  di is the mean diameter of each 
size fraction (i.e., the mean intersieve size), and Asi is 
the proportion of water-stable aggregates in each size 
fraction and calculated by:

Here Ai is the oven-dry mass of water-stable aggregates 
collected on each sieve, Si is the oven-dry mass of sand 
collected on each sieve, M is the oven-dry mass of total 
aggregates sieved, and w is the gravimetric moisture 
content. 

Samples were taken on days 1, 20, 60, and 90 to 
measure Ks values and water retention curves. Soil Ks 
values were measured using the samples and the falling 
head method (Klute and Dirksen, 1986). Since we 
mainly focus on the effect of biochar on soil structure 
and soil water retention function, we only measured soil 
water retention data at the low suctions (0 to 150 cm) 
using the hanging water column method (Klute, 1986). 
Briefly, a drainage (desorption) curve of a saturated soil 
sample was measured using a buchner funnel with a 
ceramic plate (with air entry value of 1 bar) connected 
with a burette by plastic tubing. The sample was put 
(with good contact) on the ceramic plate of buchner 
funnel and was saturate from the bottom by keeping a 
positive head on the funnel (i.e., keeping the water level 
in the burette several centimeters above the top of the 
sample). After the sample was saturated, a suction of 10 
cm was set up by keeping the water level of the burette 
10 cm lower (the vertical distance) than the center 
point of the sample height (i.e. the reference level). 
After reaching the equilibrium (without water flowing 
out from the sample), the increased amount of water in 
the burette was recorded. The procedure was repeated 
with increased suctions of 20, 30, 110, 130, and 150 
cm sequentially. After finishing the procedure for 150 
cm suction, the sample was oven dried to determine 

the water content at this suction. The water contents 
at other suctions were calculated based on the water 
content at 150 cm and the amount of water collected 
at other suctions (by adding up the water amount from 
highest suction to the lower suctions sequentially). 
Since the change of soil water content at high suctions 
is very small, the water content of an air-dried mixture 
(or the soil) sample should be close to the wilting 
point (the water content at suction of 15000 cm). The 
measured soil water retention data and the air-dried 
water content were used to fit the soil water retention 
model of van Genuchten (1980): 

where θ is the volumetric water content (cm3 cm-3), 
h is the soil water potential (cm), θr is the residual 
water content (cm3 cm-3), θs is the saturated water 
content (cm3 cm-3), α is the reciprocal of the air - 
entry pressure head (cm-1), n is the shape factor of 
the retention curve. The van Genuchten function was 
fitted with the soil water retention data and the wilting 
point using a weighted least-squares approach based 
on Marquardt’s maximum neighborhood method 
(Marquardt, 1963). Parameters of θr, θs, α, and n were 
obtained from the fitting procedure.

2.4. Statistical analysis

All data were analyzed using the Microsoft Excel 
(2003). Significance of differences among different 
treatments and sampling dates were tested by the 
one way ANOVA in the SPSS software package 
(SPSS Inc., 2003), in which the post-hoc test 
of least significant difference (LSD) was used. 
Differences between the values were considered to 
be statistically significant at p < 0.05. The coefficient 
of determination (R2) of the nonlinear regression was 
used to determine the best fitting process of the soil 
water retention model.
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Table 1. Amount of macroaggregates (250-2000 μm) and microaggregates (53-250 μm) in different treatments.

a The values presented in the columns are mean ± standard deviation (n = 4). b Different small letters indicate differences among 
the four treatments (SL: sandy loam soil only; SLB: sandy loam soil + biochar; SC: silty clay soil only; SCB: silty clay soil + 
biochar) for a single day (p < 0.05). c Different capital letters indicate differences among the nine sampling days (day 10, 20, 30, 
40, 50, 60, 70, 80, and 90) for a single treatment (p < 0.05). 

3. Results and Discussion

3.1. Soil aggregates

The amount of macroaggregates was highest in the SLB 
in most of the incubation dates (Table 1). The biochar 
amendment significantly promoted the formation 
and stabilization of macroaggregates in the sandy 
loam soil almost within the whole incubation period. 
However, such biochar promotion did not occur in the 
silty clay soil, except on a few sampling days.  The 
temporal changes of macroaggregates were similar in 
all the treatments. Macroaggregates increased at the 
earlier incubation stage, reached a peak in the middle, 
and then decreased at the later stage. Specifically, the 
amount of macroaggregates in SLB increased to the 
maximum (154.9 g kg-1 soil) after 60 d of incubation. 
In terms of the microaggregates, the treatments in 
the two soils with and without biochar did not show 
significant differences in most of the sampling dates. 
The temporal changes of microaggregates were also 
not significantly different in all the treatments.

As shown in Figure 1, the MWD values of the sandy 
loam soil were significantly (p < 0.05) enhanced by the 
biochar addition in most of the sampling days. For the 
silty clay soil, the MWD differences between the SC 
and SCB treatments were significant (p < 0.05) only at 
the later incubation stage. Throughout the incubation 
period, the MWD values were remarkably higher in 
the sandy loam soil than in the silty clay soil. In the 
SLB treatment, the temporal distribution of MWD 
values reached a peak on day 60 (0.28 mm).

The biochar amendment enhanced the formation and 
stabilization of the soil macroaggregates, especially 
in the sandy loam soil. Aggregate formation and 
stabilization are affected by the type and amount of 
organic materials, which include the microorganisms 
and microbial synthesis (Six et al., 2004), and the quality 
and amount of residue (Bossuyt et al., 2001). Different 
materials (e.g., minerals, organic matter) with various 
molecular sizes and chemical characteristics attached 
to biochar surfaces might reduce the biochar’s surface 
area at the molecular scale and thus serve as the 
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binding agents for the formation and stability of soil 
aggregates (Liang et al., 2006). As shown by the 
scanning electron micrographs (Figure 2), the biochar 
was highly heterogeneous and has relatively high 
internalsurface area (the left figure), and with high 
macro-porosity (the right figure). Therefore, the biochar 
should be able to adsorb soluble inorganic nutrients, and 
serve as an appropriate habitat for microbial growth and 
reproduction (Pietikäinen et al., 2000). This condition 
should produce more transient and temporary bonding 
agents to promote the soil aggregate formation. Further, 
the relatively higher C/N of biochar (Table 2) used in 
this study probably created a favorable condition for the 
growth of fungi (Bossuyt et al., 2001), which played a 
more important role in the aggregate formation than the 
bacteria (De Gryze et al., 2005). The MWD values were 
higher in the sandy loam soil than in the silty clay soil 
in our study, while in the literature, a higher clay content 
resulted in more and larger aggregates (Kristiansen 
et al., 2006; Wick et al., 2009). The difference might 
be attributable to the very low sand content (6.6%) in 
the silty clay soil, considerably lower than the sand 
contents (37% to 53% and 34% to 79%, respectively) in 
the studies of Kristiansen et al. (2006) and Wick et al. 
(2009). The very low sand content in the silty clay soil 
might create an environment without sufficient aeration 
for microbial growth. Because of biochar’s recalcitrance 
against microbial degradation and the paucity of easily 
available C, the promotion of soil aggregation was 
more likely to happen in the relatively latter stage, 
that is, MWD reached the peak value and the amount 
of macroaggregates in SLB increased to the maximum 
on day 60. Macro-aggregation declined in the later 
incubation stage probably attributable to the decrease of 
available resource of biochar. Organic matter is of major 
importance for the stabilization of aggregates (Six et al., 
2004). Macroaggregates generally have a relatively 
short lifetime because organic matter was degraded with 
time (Tisdall and Oades, 1982).

3.2. Soil hydraulic properties

Table 3 lists the Ks values for the different treatments on 
the sampling days. The Ks  values of each soil with  and

without biochar were not significantly different (p > 
0.05).  The temporal variation of the Ks values in each 
treatment was also not significant (p > 0.05).  Similarly, 
Laird et al. (2010) showed that biochar amendments 
did not significant affects the saturated hydraulic 
conductivity of a typical Midwestern agricultural soil. 
However, Major et al. (2010) reported that the biochar 
addition increased saturated hydraulic conductivity from 
2.7 to 13.4 cm h-1. The different results might be partly 
attributable to the different characteristics of biochars 
used. For instance, the C/N ratios of biochar in our study 
(Table 2) and Laird et al. (2010) were much lower than 
that in Major et al. (2010). The higher ratio of C/N is 
favorable for fungi (Bossuyt et al., 2001), which can 
excrete hyphae and breakdown complex biopolymers 
when the resource in environment was limited, and 
play a more important role in the soil aggregation (De 
Gryze et al. 2005). The increased amount of hyphae 
and the improved soil structure can be beneficial for 
the saturated hydraulic conductivity consequently. In 
addition, the amount of biochar used may be another 
factor for the effect on Ks. The biochar application 
significantly increased the amount of macroaggregates 
and decreased soil bulk density, which may result 
in significantly higher Ks values. Nevertheless, the 
hydraulic conductivity is affected more profoundly by 
the pore size distribution along flow paths (Tuli et al., 
2005). Further research is needed to study the effects of 
different biochars on the soil hydraulic conductivity and 
the associated flow dynamics.

Figure 3 shows some typical examples of the effects of 
biochar amendment on the water retention curves of the 
soils. For the two soils, the biochar application increased 
the water content within the low suction range. The 
water content values vs. the different suctions were in 
the order of SCB > SC > SLB> SL during the incubation 
period. With the biochar application, the water contents 
over different suctions of the sandy loam soil changed 
more than those of the silty clay soil on all sampling 
days. Table 4 summarizes the measured and fitted 
residual and saturated water contents, the available 
water content (AWC)  (i.e., the difference between the 
saturated  water content and  residual water  content),
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Figure 1. Effects of biochar applications on soil mean weight diameter values of (A) a sandy loam soil and (B) 
a silty clay soil within different incubation periods.  Vertical bars represent the standard error of the mean values 
(n = 4).  Different lowercase letters indicate significant differences between the four treatments (SL: sandy loam 
soil, SLB: sandy loam soil + biochar, SC: silty clay soil, SCB: silty clay soil + biochar) for a single day (p < 0.05).  
Different capital letters indicate significant differences between the nine sampling days (day 10, 20, 30, 40, 50, 60, 
70, 80, and 90) for a single treatment (p < 0.05).
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Figure 2. Scanning electron micrographs of biochar.

Table 2. Selected physicochemical characteristics of biochar and soils.

(--) data was not determined.

and the fitted parameters (α and n) of the soil water 
retention model (van Genuchten, 1980). For both soils, 
the biochar application increased the saturated water 
contents but decreased the residual water contents on 
the sampling days. For the four sampling days, the 
biochar applications increased the saturated water 
contents in average by 2.2% and 7.4% for the silty clay 
and sandy loam soils, respectively, whereas decreased 
the residual water contents by 15% and 19% for the silty 
clay and sandy loam soils, respectively. Therefore, the 
biochar applications increased the AWC by 5.2% for 
the silty clay soil and 10.6% for sandy loam soil. With 
the excellent fitting processes (based on the coefficients 

of determination R2 > 0.99), the fitted θr, θs, α, and 
n values should be reliable. For the soils and the 
sampling days, the α and n values were similar for the 
treatments with and without biochar. For the SL and 
SLB treatments, the n values showed an increased 
trend with the incubation period.

The soil water retention curve clearly characterizes 
water content distribution with soil suctions in 
unsaturated soils. Within the lower suctions, the 
soil water retention function is mainly dependent on 
the soil structure, such as larger pore sizes and soil 
aggregates (Hillel, 1982). In our study, the physical 
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properties of biochar enhanced soil aggregate 
formation and decreased the soil initial bulk density, 
leading to the change in the soil water retention 
curve. The direct effect of biochar application on 
the soil water retention function was related to the 
high porosity of biochar (Pietikäinen et al., 2000). 
The increased n values with time for the SL and SLB 
treatments  might also be related to more  profound 
effect of biochar on the sandy loam soil.  The biochar 
applications increased the saturated water contents 
and  decreased  the  residual water contents  through 

a The values presented in the columns are mean ± standard deviation (n = 3). b There is no significant difference of saturated 
hydraulic conductivity among sampling dates and the treatments (p > 0.05).

Table 3. Saturated hydraulic conductivity (cm-1 d) in different treatments.

improving soil structure (increasing the amount 
of macroaggregates and decreasing the amount of 
microaggregates). As shown in Figure 3, the water 
retention curves of the same soil with and without 
biochar crossed at suction about 500 cm, which 
clearly indicated the increase of larger soil pore sizes 
and thus the decrease of smaller soil pore sizes with 
the biochar application. Therefore, designed biochar 
application should increase available water content to 
enhance plant and microbial activities in soils.

Figure 3. Effects of biochar applications on soil water retention curves of the four treatments (SL: sandy loam soil, 
SLB: sandy loam soil + biochar, SC: silty clay soil, SCB: silty clay soil + biochar) on day 20. 
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Table 4. Fitted and measured values of the residual water content (θr) and the saturated water content (θs), and the 
fitted values of parameters (α and n) of the soil water retention model (van Genuchten, 1980).

a α and n are the shape factors of the van Genuchten model (1980), and AWC is the available water content. b SL: sandy loam soil 
only; SLB: sandy loam soil + biochar; SC: silty clay soil only; SCB: silty clay soil + biochar. c The fitted values of the residual 
water content and the saturated water content. d The measured values of the residual water content and the saturated water content.

4. Conclusions

Biochar amendment promoted macroaggregate 
formation in both soils, and the effect of biochar on 
macroaggregate formation was more profound in the 
sandy loam soil than in the silty clay soil. The biochar 
application only slightly increased saturated hydraulic 
conductivities of the soils.  Biochar addition changed 
the shape of the soil water retention function through 
significantly changing the parameters of the function. 
Biochar amendment increased the saturated water 
contents and decreased the residual water contents 
attributable to soil structure changes. The results 
should provide valuable information to study water 
flow processes in unsaturated soils with biochar 
amendment.
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