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Abstract
Purpose Biochar application is deemed to modify soil
properties, but current research has been mostly conducted
on the degraded land in tropical regions. Using six consec-
utive years of biochar field trial, we investigated effects of
biochar on soil aggregates, structural stability, and soil or-
ganic carbon (SOC) and black C (BC) concentrations in
aggregate fractions. The findings have important implica-
tions in managing soil structure and SOC sequestration in
high fertility soils of the temperate areas.
Materials and methods The study had four treatments: con-
trol; biochar rate at 4.5 (B4.5) and biochar rate at
9.0 t ha−1 year−1 (B9.0); and straw return (SR). Soil samples
were collected from 0–10-cm layer, and aggregate size distri-
bution was determinedwith the wet-sievingmethod. Then, the
mean weight diameter (MWD) of aggregates and the aggre-
gate ratio (AR), i.e., the ratio of the >250 μm to the 53–
250 μm size were calculated to assess the structural stability.
Total SOC and BC concentrations in bulk soil (<2 mm) and
separated fractions (i.e., >2000, 250–2000, 53–250, and
<53 μm) were measured.
Results and discussion The B4.5 and B9.0 significantly in-
creased macroaggregate (250–2000 μm) and MWD and AR
indices relative to the control. Comparing to the SR, the
improvements in soil aggregation under biochar treatments

were limited. Additionally, more SOC in larger fractions
(>2000, 250–2000, and 53–250 μm) and BC in extracted
fractions under biochar soils were observed. These results
implied that biochar addition enhanced both native SOC and
BC physical protection by aggregation.
Conclusions Biochar application is effective in mediating
soil aggregation, and thus improves both native SOC and
BC stabilization in an intensive cropping system of North
China.
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1 Introduction

Biochar is produced from waste biomass under the process
of thermal degradation with limited oxygen (Lehmann
et al. 2009). Using biochar as soil additive is rapidly
emerging as a potential means to modify nutrients cycling,
reduce soil N2O emissions, and enhance C sequestration
(Lehmann 2006; Biederman and Harpole 2013; Singh et al.
2015). There are reports that biochar-amended soil have
increased cation exchange capacity (CEC), water retention,
liming ability, microbial functions, and thus can enhance
plant growth (Sohi et al. 2010; Gul et al. 2015), especially
in tropical areas. Thus, biochar amendment is received as a
strategy to improve soil fertility to enable economic plus
environmental benefits (Biederman and Harpole 2013).

Considerable studies have demonstrated biochar addi-
tion could affect various soil properties and processes
(Sohi et al. 2010), e.g., enhanced soil physical properties
such as soil aggregation, soil aeration, and water retention
have been enhanced (Mukherjee and Lal 2013; Zong et al.
2015). Soil aggregation is a key ecosystem process
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resulting in the formation and stabilization of soil structure,
which consists of soil aggregates and the resulting matrix
of pore spaces (Lal 1991; Rillig et al. 2015). As such, soil
aggregation influences the organization of soil biodiversity
and plays a critical role in biogeochemical processes
(Gupta and Germida 2015).

The positive role of biochar amendment on soil aggrega-
tion has been indicated in both field and laboratory studies
on various soil textures from sandy loam to clay (Herath
et al. 2013; Ouyang et al. 2013; Gul et al. 2015). Several
studies have highlighted the positive interactions between
biochar /charcoal and organo-mineral complexes
(Brodowski et al. 2005; Brodowski et al. 2006) and between
biochar and mycorrhizal fungi (Warnock et al. 2007), all of
which could enhance soil aggregate formation and stabiliza-
tion (Tisdall and Oades 1982; Rillig et al. 2015). Thus,
biochar application to soil may not only reduce biochar
and native organic matter from decomposition through ag-
gregation, but may also decrease the potential of biochar
particles for clogging or cementing soil pores (Cross and
Sohi 2011). A better understanding on how biochar particles
are entrapped into aggregates may help to reveal the role of
biochar amendment on the dynamics of soil structure. Till
now, most previous works have been conducted on highly
weathered and infertile soils (Glaser et al. 2002; Sohi et al.
2010; Verheijen et al. 2014). However, the benefits of
biochar-amended productive, neutral, or alkaline soils in
the temperate regions may not be as obvious as for high
weathered soils in tropical climate conditions (Atkinson
et al. 2010). Moreover, numerous studies on the biochar-
amended soils are accompanied by short-term incubation
or field studies, and few field data are available (Manyà
2012). Thus, the changes in soil physical properties, such
as soil aggregation, induced by biochar application in high
fertility soils, particularly in temperate areas are heavily
needed.

Burning crop residues in the field is a common practice
in North China. Because of high carbon and nutrient con-
tents, crop residues can be used as a source of biochar to
improve soil properties. In 2007, a field biochar experiment
was established with annual biochar input in a wheat–maize
double cropping system in the North China Plain. The ef-
fects of biochar application on soil thermal properties
(Zhang et al. 2013), enzyme activities (Du et al. 2014),
and soil respiration (Lu et al. 2014) have been reported.
However, the knowledge regarding the impacts of biochar
addition on soil aggregation and the associated soil organic
carbon (SOC) stabilization remain unclear. Here, we hy-
pothesized that long-term biochar application improves soil
aggregation and alters the associated SOC and black C (BC)
distribution in aggregate fractions. The specific objectives
of this study were (i) to quantify the effects of biochar on
soil aggregation and structural stability, and (ii) to reveal

implication of this process on the distribution of SOC and
BC within different aggregate fractions.

2 Materials and methods

2.1 Site description

The field experiment was conducted at the Huantai
Experimental Station (36o 57’ N, 117o 58’ E) for Ecological
and Sustainability and locates in Shandong Province, China.
The local cropping system is a winter wheat–maize crop rota-
tion. Since 1990, the average crop yield (wheat and maize) has
been over 15 t ha−1 year−1. The experiment site has a typical
continental monsoon climate with an average annual temper-
ature of 12.4 °C (Zhang et al. 2015). The soil at the experiment
site was a Fluvic Cambisol according to the USDA system.

2.2 Experimental design

The field experiment, established in 2007, was laid out as a
randomized block design with four treatments: control (no
biochar, CK); low biochar rate at 4.5 t ha−1 year−1 (B4.5), high
biochar rate at 9.0 t ha−1 year−1 (B9.0); and straw (wheat and
corn) returned to soil (SR). The total amount of crop straws for
the two crops was estimated to be about 15 t ha−1 year−1, and
about the 30 % of straws was collected and converted to bio-
char through the pyrolysis procedure (Du et al. 2014). Thus,
the biochar input rate under the B4.5 treatment was chosen to
4.5 t ha−1 year−1. Each treatment had three replications, and
the plot size was 36 m2. Both biochar and fertilizers were
incorporated into the soil with a rotary tillage (about 16 cm
depth) before winter wheat crop sowing. The detailed infor-
mation for the fertilizer and field management was provided
by Du et al. (2014).

The biochar product, with diameters of <1 mm, was ob-
tained from a commercial producer (Dongxin Biochar
Company, Shandong, with a diameter of <1 mm). The biochar
was made by an incomplete combustion of crushed corncob in
an open-top concrete tank at 360 °C for 24 h. The density and
pH of biochar used were about 0.30 g cm−3 and 8.2, and the
H/C and O/Cmolar ratios were 0.25 and 0.3, respectively. The
concentrations of C, H, O, N, available P, and available K
were 65.7, 1.4, 0.49, 29.9, 0.91, and 1.60 %, respectively.
The ash concentration of the biochar was 72.0 % (dry com-
bustion in a muffle furnace at 550 °C for 2 h). The particle size
distribution of the biochar, which was determined with the
laser diffraction method (Sympatec GmbH, System-Partikel-
Technik, Clausthal-Zellerfeld, Germany), was 16, 34, 34, and
16 % for the <17-, 17–88-, 88–211-, and >211-μm fractions,
respectively. The volume mean particle diameter, surface area
per volume, and surface area per mass of the biochar were
107 μm, 0.24 m2 cm−3, and 702 cm g−1, respectively.
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2.3 Soil sampling and aggregate separation

For determination of water-stable aggregates, soil samples
were collected from the upper 0–10-cm layer in March
2012. For each replicate, two intact soil cores were collected
and transferred to stainless steel cases. These samples were
analyzed independently. In addition, two soil cores were
taken from each replication using a stainless steel ring
(5 cm high and 5 cm in diameter) for determining soil bulk
density.

Soil samples were physically fractionated by the wet-
sieving method, following a procedure modified by Six et al.
(1998). This procedure involves utilizing the disruptive force
of slaking and wet-sieving through a series of sieves to obtain
four classes: >2000, 250–2000, 53–250, and <53 μm. In brief,
about 100-g sample (<8 mm) was transferred to the top
2000-μm sieve and immediately submerged in the water for
5 min. Then, the aggregate size separation was obtained by
mechanically oscillating the sieve 7 cm up and down for 50
times within 2 min. After, the water-stable aggregates
(>2000 μm) were collected, and the sieving process was con-
tinued for the <2000-μm fraction with the next smaller sized
sieve. This procedure was repeated for the 250- and 53-μm
size sieves. All aggregate fractions were oven-dried (60 °C)
for 48 h and weighed.

Mean weight diameter (MWD) of aggregate size distribu-
tion was calculated from the following equation (Kemper and
Rosenau 1986):

MWD ¼
Xn

i¼1

wixi ð1Þ

where xi was the mean diameter (mm) of the soil aggregate
size fractions and wiwas the proportion of each aggregate size
with respect to the total sample weight. The aggregate ratio
(AR) was defined as:

AR ¼ Macroaggregate=Microaggregate ð2Þ

where the macroaggregate is the soil aggregate size fraction of
<250 μm and the microaggregate is the soil aggregate size
fraction of 250–53 μm.

2.4 Soil organic C and black C analysis

The SOC concentration in the aggregate fractions was deter-
mined by dry combustion of duplicate subsamples using a
CNS analyzer (Vario Max CNS, Elementar, Hanau,
Germany; Nelson and Sommers 1996). To measure BC in
bulk soil (<2 mm) and selected fractions (250–2000, 53–
250, and <53 μm), the procedures of Lim and Cachier
(1996) were used for soil sample pretreatments and analysis.

2.5 Statistical analyses

The two-way ANOVAwas used to determine the treatment,
aggregate size, and their interactions on the associated SOC,
BC, and BC/SOC ratio. In addition, a one-way ANOVAwas
used to assess treatment effects on aggregate size distribu-
tion and stability indices (MWD and AR), and the associat-
ed SOC and BC concentrations, with separation of means
tested by the LSD method. Results were given as mean
± standard error (SE) in the figures. The values of P<0.05
were accepted as statistically significant. All statistical anal-
yses were conducted using the SPSS 17.0 software for
Windows (SPSS Chicago, Il).

3 Results

3.1 Physicochemical properties of the bulk soil

Biochar addition significantly changed the soil physico-
chemical properties chosen in the 0–10-cm layer (Table 1).
Overall, the SOC concentration followed the order of
B9.0 > B4.5 = SR > CK. The SOC concentrations under
B9.0 and B4.5 were 62.0 and 29.7 % higher than that of
the CK. The changes in soil bulk density followed the order
of CK=B4.5=SR>B9.0, indicating the soil porosity was
increased after higher biochar rate application. Biochar-
amended soil showed no difference in available P concen-
tration, but had a higher available K concentration under the
B9.0 treatment.

Table 1 Soil physicochemical
properties selected in the
0–10-cm layer

Organic C Black C BC/SOC Bulk density Available P Available K
g kg−1 g kg−1 – g cm−3 mg kg−1 mmol kg−1

CK 12.43c 3.19c 0.26c 1.25a 9.51a 0.31b

B4.5 15.70b 8.94b 0.57b 1.21a 8.72a 0.38b

B9.0 20.14a 13.93a 0.70a 1.12b 9.50a 0.51a

SR 16.12b 4.03c 0.25c 1.21a 9.13a 0.39b

CK control, SR straw returned to soil; B4.5 and B9.0 indicated biochar input at a rate of 4.5 and 9.0 t ha−1 year−1
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3.2 Water-stable aggregate and structural stability

Biochar changed the water-stable aggregate size and structural
stability (Fig. 1A–C). Overall, the silt plus clay fraction
(<53 μm) dominated aggregates, accounted for 56 % under
SR, and 73 % under CK amendment. Across the treatments,
the change in the >2000-μm fraction was not significant (Fig.
1A P>0.05). The B4.5 and B9.0 treatments enhanced the 250–
2000-μm size fraction by 49 and 109 % respectively relative to
CK, suggesting that the stability of macroaggregates was in-
creased with increasing of biochar doses. Compared with the
SR, however, the magnitude of biochar-induced changes was
much less: the 250–2000-μm fraction accounted for 12, 17, and
21 % of the bulk soil under the B4.5, B9.0, and SR treatments.
Moreover, the microaggregate fraction (53–250 μm) followed
the order of SR=B9.0, and SR>CK=B4.5. Finally, the pro-
portion of the <53-μm fraction was decreased with SR and
biochar amendment, with the order of CK=B4.5>B9.0>SR
(Fig. 1A). These data indicated that biochar-amended soils have
larger amounts ofmacroaggregate (250–2000μm) as compared
with the control, but decreased the fraction of macroaggregate
relative to direct straw return to soil.

The MWD and AR of the soil aggregates are indices that
varied significantly in response to the treatments (Fig. 1B, C).
Overall, biochar significantly (P<0.05) improved the values
of MWD, which changed from 0.284 to 0.414 mm across the
treatments. The values of MWD under B4.5, B9.0, and SR
were 10.5, 40.6, and 45.6 % higher than that of the control. In
contrast, the value of MWDwas 24.1 % lower than that of the
SR, but the difference in MWD values between SR and B9.0
was not significant (P>0.05). Likewise, the AR index under
B9.0 was 49.9 % higher than that of the control, whereas the

differences among SR, B9.0, and B4.5 were insignificant
(Fig. 1C). These results demonstrated that biochar had a pos-
itive role on soil structural stability, though the effect was less
significant in comparison to direct incorporation of crop resi-
due into the soil.

3.3 Total SOC concentrations within aggregate fractions

Two-factor ANOVA showed that treatment and aggregate size
had significant effect on SOC concentrations within aggregate
fractions (Fig. 2), either independently or interactively. Across
the aggregate fractions, the 250–2000-μm fraction under B9.0
had the highest SOC concentration, and the <53-μm fraction
under CK had the lowest SOC concentration. For the SOC
occluded in the >2000-μm fraction, the B9.0, B4.5, and SR
treatments were 56.8, 92.4, and 23.1 % higher than that of the
control. In the 250–2000-μm fraction, SOC concentration was
improved by 92.7 % under B4.5, and by 120.7 % under B9.0
relative to CK, but no significant difference was observed
between the SR and control (P>0.05). For the 53–250-μm
fraction, the associated SOC followed the order of
B9.0=B4.5>SR>CK. No apparent SOC concentration dif-
ferences were observed among the four treatments for the
<53-μm fraction. Since SOC is closely related to the forma-
tion of stable soil aggregates, the aggregate-associated SOC
may provide an indication for assessing the stabilization
mechanism of SOC.

3.4 Black C concentrations within aggregate fractions

The changes in BC concentrations were significant among
treatments, aggregate sizes, which also showed interactive
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Fig. 1 Water-stable aggregate size distributions (A), mean weight
diameter (MWD) of aggregates (B), and aggregate ratio (AR, C), i.e.,
ratio of macroaggregate (>250 μm) to microaggregate (53–250 μm) as
affected by biochar amendments (CK, no biochar amendment; B4.5 or

B9.0, biochar rate at 4.5 or 9.0 t ha−1 year−1; SR, straw returned to soil).
Data (means ±SE, n = 3) followed by different letters indicate significant
differences between treatments for the same soil aggregate fraction or
structural stability indices
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effects (Fig. 3). Overall, biochar amendment significantly
increased BC accumulation in all aggregate fractions deter-
mined. The 250–2000-μm fraction had the largest BC con-
centration under B9.0, whereas the <53-μm fraction had the
lowest BC concentration under the CK or SR (Fig. 3).
Specifically, the BC occluded within the 250–2000-μm
fraction was 85.9 and 182.7 % higher under B4.5 and under
B9.0 than that under the CK, whereas less difference was
found between CK and SR treatments. A similar trend was
observed in the 53–250-μm fraction, where the associated
BC concentrations under B4.5 and B9.0 were 1.73 and 2.54
times that of the control. Finally, for the <53-μm fraction,
the BC concentration under the B4.5 and B9.0 was higher
by 1.24 and 1.94 times than that of CK. These data indicate
that biochar application to soil significantly enhanced BC
sequestration in soil aggregate, which could potentially pro-
tect the biochar itself from decomposition.

4 Discussion

4.1 Effect of biochar on soil aggregate size distribution
and stability

In recent years, biochar as an amendment has become the
subject of many studies due to its ability to modify soil

physical, chemical, biological, and mechanical properties
(Sohi et al. 2010; Mukherjee and Lal 2014). Our results
clearly demonstrate that biochar-amended soil, in particular
at higher rate, significantly enhance the proportion of mac-
roaggregates (>250 μm, Fig. 2a). This is in accordance with
the observations of Brodowski et al. (2006) who found that
black carbon in the soil acted as a binding agent between
aggregate fractions and increased aggregate stability.
Similarly, studies from fields (Khademalrasoul et al. 2014;
Liu et al. 2014) or incubation conditions (Awad et al. 2013;
Herath et al. 2013; Zong et al. 2015) have shown the posi-
tive role in soil aggregation for sandy loam to clayey soils. It
has been suggested that biochar particles interact with clay
minerals through surface hydrophobic–hydrophilic interac-
tions, which may be responsible for soil macroaggregate
formation (Joseph et al. 2010).

Although SOC and clay content are the primary agents of
aggregation in biochar-amended soil (Khademalrasoul et al.
2014), biochar properties such as surface area and O/C ratio
are important to bind the biochar to organo-mineral com-
plexes, which is a preliminary step in the aggregate formation
and stabilization process (Glaser et al. 2002; Joseph et al.
2010; Gul et al. 2015). Moreover, the positive interactions
between biochar amendment and soil biota (e.g., mycorrhizal
fungi and earthworms) might benefit for accentuating soil ag-
gregation (Warnock et al. 2007;Weyers and Spokas 2011). On
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the other hand, we noticed that biochar was ineffective to
induce micro-aggregation (as seen in Fig. 1A), unless com-
bined with a more labile C source (Khademalrasoul et al.
2014). In a word, our study suggests that biochar amendment
improve soil macroaggregate formation, but the relevant
mechanisms remain to be further investigated.

Biochar effects on soil aggregation are also reflected in
the MWD and AR. In the present study, biochar amendment
had a higher MWD and AR indices than the control
(Fig. 1B, C), suggesting that biochar could increase soil
structural stability. More importantly, we observed less dif-
ference in the MWD and AR indices between the B9.0 and
SR treatments (Fig. 1B, C). These contrasting evidences
might imply that crop residues-derived biochars display
similar functions on structural stability with uncharred plant
litter under investigated soil. We further analyzed the rela-
tionships between the MWD and SOC and BC concentra-
tions (Fig. 4a, b). The results showed a significant correla-
tion between MWD and bulk SOC concentration (r=0.750;
P<0.01; Fig. 4a) and a weak linear relation between MWD
and bulk BC concentration (r=0.317; P=0.107; Fig. 4b).
These results highlight that the bulk SOC rather than the BC
plays an overriding role in soil aggregation, probably due to
more inert C within the black C fraction.

Soil aggregates are dynamic entities that profoundly in-
fluence soil biological, chemical, and physical properties
(Gupta and Germida 2015). Our results differ from the find-
ings of some studies (Busscher et al. 2010; Peng et al.
2011), who failed to observe positive effects of biochar (pe-
can shells at 700 °C or rice straw at 250–450 °C) application
on aggregate stability from incubation in the laboratory for
11 or 70 days. A recent study by Zhang et al. (2015) showed
that 1-year biochar application did not enhance soil aggre-
gation. Thus, changes in soil properties (e.g., soil aggrega-
tion) in response to biochar addition may vary with charring
temperature, application rate, soil texture, duration, and
others factors. Furthermore, the changes in soil aggregation
and pore size distribution responses in biochar-amended

soils that promote soil structure modifications (Baiamonte
et al. 2015), thereby leading to enhancement of many phys-
icochemical and microbial properties such as CEC, pH, wa-
ter retention capacity, and soil enzyme activities (Liang et al.
2006; Lehmann et al. 2011; Baronti et al. 2014; Paz-Ferreiro
et al. 2014). Biochar-induced soil aggregation and reduction
of soil bulk density may help root growth and retain more
available water (Abiven et al. 2015; Obia et al. 2016), which
probably enhances crop growth. The higher root activity,
coupled with the direct role of biochar acting as a binding
agent of soil particles (Brodowski et al. 2006), may be re-
sponsible for the increase in aggregate stability relative to
the control. On the other hand, the improved soil aggrega-
tion is regarded as one of the strategies to reduce SOC turn-
over and enhance C sequestration in the soil.

4.2 Soil organic C occluded within aggregate fractions

In this study, the associated SOC concentration was increased
generally with fraction sizes (except for the >2000-μm frac-
tion) (Fig. 2). This pattern is in line with the aggregate hierar-
chy model proposed by Tisdall and Oades (1982). According
to this model, the smallest aggregates are composed of
organo-mineral associations, which are bound together with
bacterial and fungal debris to form microaggregates
(<250 μm). Then, the presence of decomposing roots and
hyphae could cluster these small aggregates together to form
macroaggregates (>250 μm). The positive interactions be-
tween biochar and mycorrhizal fungi for soil aggregation
and sequestering C in soils are supported by Warnock et al.
(2007) and Rillig et al. (2015). Our data indicate higher C in
larger fractions (i.e., >53 μm) than that in the silt plus clay
fraction (<53 μm, Fig. 2), particularly in the 250–2000-μm
fraction where the associated C was 92.7 % higher under B4.5
and 120.7 % higher under B9.0 than CK. These data further
demonstrate that biochar addition significantly increased or-
ganic C sequestered in the macroaggregates, despite these
larger fractions containing mostly labile C.
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Higher SOC in bulk soil (<2 mm) and aggregate fractions
were found under biochar-amendment soils (Table 1; Fig. 2).
We consider that biochar additions may aid in stabilizing SOC
by reducing the rates of mineralization. Biochar particles may
have an important role in C sequestration, as indicated by the
increasing concentrations of the occluded total SOC with in-
creasing aggregate size (except for the >2000-μm fraction;
Fig. 2). The biotic and abiotic decomposition processes may
be inhibited by stable aggregates, thereby providing protection
to SOC (Six et al. 1998). In the present study, sorption to
biochar and occlusion within aggregates are the main possible
reasons for the stabilization of organic carbon. A 500-day
incubation study revealed that biochar (<0.5 mm, 450–
500 °C) amendment improved manure-C stabilization
(Rogovska et al. 2011). The research result of Kuzyakov
et al. (2009) suggested that adding biochar to soil reduces
the decomposition of SOC. Thus, biochar amendment might
stabilize the existing organic C in the soil. On the other hand,
some previous studies showed that biochar addition could
accelerate the decomposition of maize and switchgrass resi-
dues in laboratory incubation experiments (e.g., Novak et al.
2010; Awad et al. 2013). Further long-term field researches
are required to understand the degradation mechanism of na-
tive soil organic matter and exogenous residues inputs causing
by biochar addition.

4.3 Black C occluded within aggregate fractions

The stability of black C may be attributed not only to its
refractory structure, but also to the poor accessibility when it
interacts with the mineral matrix physically (Czimczik and
Masiello 2007). In this study, soils amended with biochar
generally displayed higher BC concentrations in the 250–
2000-, 53–250-, and <53-μm fractions, especially in the
250–2000-μm fraction (Fig. 3), where the associated BC
was higher by 85.9 % under B4.5 and 182.7 % under B9.0
than that under CK. Similarly, Brodowski et al. (2006) ob-
served that in grassland and cropland soils, the highest BC
concentrations occurred in the small macroaggregates (1–
2 mm) fraction, while the lowest BC concentrations were
found in the <53-μm fraction. Photo-oxidation of organic
compounds may be the mechanism causing the increased bio-
char concentration in aggregates (Clough and Skjemstad
2000). These researchers further showed that the organic com-
pounds undergoing photo-oxidation were mainly the free light
fractions, C attached to the outside of soil aggregates, and the
C that was not chemically protected. The analysis using NMR
indicated that soil samples after photo-oxidation and
hydrofluoric acid treatment had 59 to 84 % of the non-
degraded organic C, which was probably char (Skjemstad
et al. 1996; Clough and Skjemstad 2000). Thus, black C
may be physically protected from enzymatic decomposition
by sequestration in water-stable soil aggregates or micropores

(<1 micron) (Lehmann et al. 2008). Our data indicate that
biochar-amended soils improved biochar itself protection by
holding within the larger aggregate fractions.

To better elucidate the distribution of BC among soil ag-
gregates, we normalized the BC concentrations by total organ-
ic C concentrations in different fractions. The BC/SOC ratios
are strongly influenced by treatments, fraction size, and the
between these two factors (Fig. 5). The highest BC proportion
under B9.0 soil was in the <53-μm fraction, while the mini-
mum BC proportion occurred in the 53–250-μm fraction. In
addition, the highest BC/SOC ratios appeared in B9.0, follow-
ed by B4.5, and the lowest was in the 53–250- and <53-μm
fractions of the CK and SR treatments. The pattern of BC/
SOC ratios generally varied across fractions, which implies
that the stabilization mechanism of BC may be different
among treatments. A study by Liang et al. (2008) showed
that the BC-rich Anthrosols had higher proportions (72–
90 %) of C in the more stable organo-mineral fraction than
in the BC-poor adjacent soils, indicating some degree of
physical stabilization. In the present study, we also observed
a higher proportion of BC in the microaggregate and clay
plus silt fractions (Fig. 5) in the biochar-amended soils. This
confirms earlier reports by Brodowski et al. (2006) that BC
is preferentially protected within aggregates, and by Glaser
et al. (2000) that BC binds to clay minerals to be stabilized
by organo-mineral complexes.
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Fig. 5 The ratio of black C (BC) concentration to soil organic C (SOC) as
influenced by biochar amendments (CK, no biochar amendment; B4.5 or
B9.0, biochar rate at 4.5 or 9.0 t ha−1 year−1; SR, straw returned to soil).
Data (means ± SE, n= 3) followed by different letters indicate significant
differences between treatments for the same soil aggregate fraction
(*P< 0.05; **P< 0.01; ***P< 0.001)
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5 Conclusions

Our study demonstrated that the 6-year biochar addition
significantly improved soil macroaggregate formation and
structural stability (as estimated MWD and AR), and altered
total SOC and BC distribution within aggregate fractions in
an intensive cropping system of the North China Plain.
Higher biochar rate showed similar functions on structural
stability with crop residue direct return to soil. In biochar-
amended soils, higher total SOC accumulation was ob-
served in the larger fractions (>2000, 250–2000, and 53–
250 μm), indicating the positive function of biochar on SOC
protection through soil aggregation. A positive correlation
between SOC concentration and MWD (r=0.750; P<0.01),
and an insignificant correlation between BC and MWD
(r=0.317; P=0.107) imply that the positive role of SOC
in soil aggregation overrode that of BC. Meanwhile, more
BC occluded in the separated fractions (250–2000, 53–250,
and <53 μm) under the biochar treatments. These data dem-
onstrated that biochar particle may interact with the mineral
matrix to enhance the formation of soil aggregation and
organo-mineral complexes, which probably contributed to
the stability of BC in soil.
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