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1. Introduction

Demand for agricultural products continues to increase with a
growing population and shifting diets (Lotze-Campen et al., 2008).
Global change, driven in part by the intensification of agriculture, is
one of the major challenges of our time and, in turn, threatens the long-
term sustainability of agricultural production (Vrochidou et al., 2013).
Development of innovative agricultural technologies to address these
challenges has thus become a major research priority due the need to
achieve food security, protect soil resources, and both mitigate and
adapt to global change.

Biochar is a C-based byproduct of biomass pyrolysis in an oxygen-
depleted environment (Lehmann et al., 2011). The production of
biochar and its use as a soil amendment is regarded as a promising
strategy for soil carbon (C) sequestration (Lehmann, 2007) and has
been shown to offer a range of agricultural benefits, such as reduced
nutrient leaching (Laird et al., 2010), increased soil cation exchange
(Liang et al., 2006) and water holding capacity (particularly in sandy
soils) (Kammann et al., 2012). Biochar can also influence soil green-
house gas (e.g., nitrous oxide and methane) emissions (Sagrilo et al.,
2015; Verhoeven et al., 2017) and crop yields (Major et al., 2010;
Schnell et al., 2012). Due to its impact on soil chemical properties, such
as soil pH (Aciego Pietri and Brookes, 2008) and soil organic matter
(SOM) composition (Mitchell et al., 2015), biochar can also induce
shifts in soil microbial communities with important implications for a
range of soil processes. Additionally, labile components of biochar can
potentially serve as a microbial C source (Wang et al., 2016).

Soil aggregation, largely responsible for soil structure, is funda-
mental for soil functioning and agricultural productivity. Soil water
stable aggregates can physically stabilize SOM and protect it from
decomposition (Six et al., 2002). Aggregation and associated soil
structure also has important consequences for the movement of water
and energy in soils (Bronick and Lal, 2005; Franzluebbers, 2002) as well
as microbial activities (Navarro-García et al., 2012). Soil aggregate
dynamics are influenced by a number of factors, including: (1) soil biota
(both microorganisms and macrofauna); (2) root growth; (3) soil

mineralogy and texture (4) the availability of inorganic binding agents;
and (5) environmental conditions (Six et al., 2004).

The interactions between soils and biochar depend on both soil and
biochar properties, as well as environmental conditions. The biochem-
ical stability of biochar can vary considerably depending on biochar
pyrolysis production conditions, feedstock and application environment
(Ameloot et al., 2013; Mukome et al., 2013). Similarly, soils differ
substantially in structure and texture, SOM content and composition,
and soil biological communities. Thus, interactions between soils and
biochar can be diverse and difficult to predict. Previous studies of
biochar impacts on soil aggregation have focused on relatively short-
term impacts of biochar amendments and the results have been
variable. For example, Liu et al. (2014) found a wheat straw biochar
(350–550 °C) significantly increased water-stable aggregation and crop
productivity in a subtropical red soil in China. At the same time, rice
straw biochar (250–450 °C) had no effect on aggregate stability in a
subtropical Ultisol, though it did increase maize biomass (Peng et al.,
2011). Such results suggest that the impacts of biochar on soil proper-
ties, and on aggregation in particular, require further study to better
understand the potential implications of biochar on SOM dynamics and
a range of key soil processes.

The objective of our study was to investigate the influence of
biochar on soil water-stable aggregate dynamics, C storage in aggre-
gates, soil microbial community composition and their interactions. We
hypothesized that: 1) biochar amendments affect soil chemical proper-
ties and microbial community composition; 2) biochar induced changes
to microbial communities and soil properties will enhance soil aggrega-
tion and the physical stabilization of SOM in soil aggregates; and 3)
low-temperature biochar (i.e., greater labile C) will have more pro-
nounced impacts on microbial activity and aggregation. To address
these hypotheses, we compared the impacts of two chemically different
biochars on aggregation in agricultural soils of different textures for
60 weeks.
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2. Materials and methods

2.1. Soil and biochar

In February 2013, the surface layer (0–15 cm) of two soils in the
Central Valley of California was sampled for this study in order to better
understand how generalizable biochar impacts are across distinct,
agricultural soils in the region. The first was a Yolo silt loam (Yolo
soil; Fine-silty, mixed, superactive, nonacid, thermic Mollic
Xerofluvent; 29.5% sand, 42.5% silt and 29.0% clay; 9.2 g C kg−1C
content; 1.45 g cm−3 bulk density) at the Russell Ranch Sustainable
Agricultural Research Facility (http://asi.ucdavis.edu/rr), managed by
the University of California, Davis. The other soil is classified as a Vina
fine sandy loam and was taken from the Lockeford Plant Materials
Center of the Natural Resources Conservation Service (Vina soil;
Coarse-loamy, mixed, superactive, thermic Cumulic Haploxeroll;
68.8% sand, 16.2% silt and 15% clay; 11.2 g C kg−1C content;
1.35 g cm−3 bulk density). Upon sampling, soils were air-dried, sieved
to pass through a 2 mm mesh, sealed in plastic bags, and stored at room
temperature until use. The soils are typical agricultural soils in
California and have contrasting soil texture and mineralogy.

Two biochar types were tested: 1) a walnut shell (WS) biochar
produced by Dixon Ridge Farms in Winters, CA., and 2) a commercially
available softwood-based “enhanced biochar” (EB) produced by Algae
Aqua Culture in Whitefish, MT. The WS biochar was produced at 900 °C
(BioMax 50 gasifier), yielding a product with 227.1 m2 g−1 surface
area, 517.3 g C kg−1 C content, 40% ash content, 33.4 cmol g−1 cation
exchange capacity and pH of 9.7. The EB biochar was produced from a
mix of conifers species (ponderosa pine, Douglas fir, larch, lodgepole
pine, spruce, and alpine fir) via pyrolysis between 600 and 700 °C and
mixed with algal digestate. This biochar has a 2.0 m2 g−1 surface area,
360.0 g C kg−1C content, 6.4% ash content, 67.0 cmol g−1 cation
exchange capacity and pH of 6.8. Both biochars were sieved to pass
through a 2 mmmesh and additional information on characteristics and
methods of analysis is available in (Mukome et al., 2013). The two
biochars were chosen due to their contrasting feedstocks, pyrolysis
conditions and surface characteristics.

2.2. Incubation experiment setup

A laboratory incubation experiment was conducted from February
2013 to March 2014 (60 weeks). Soil alone or soil and biochar mixtures
totaling 200 g were placed in 500 mL Mason jars. Soil moisture was
adjusted to 80% of field capacity (i.e, 0.23 g g−1 dry soil for Yolo and
0.18 g g−1 dry soil for the Vina soil), as determined from a pressure
plate measurement at 1/3 bar. The jars with soil and biochar mixture
were equilibrated for two weeks before initiating the incubation. The
temperature was kept constant at 23 ± 1 °C throughout the entire
incubation period. The soil moisture content was maintained at a
relatively constant level by weighing the jars and adding distilled water
as needed. Biochar treatments consisted of 0, 0.5, and 1.0 g of biochar
per 100 g dry soil (equivalent to approximately 0, 10, 20 Mg ha−1)
with three replicates jars for each soil-biochar treatment combination.
Destructive sampling was conducted at the end of 60 weeks. This
relatively long-term incubation was conducted to provide an idea about
the impacts of biochar on soil aggregation dynamics in the medium to
long-term that is often not addressed in laboratory studies.

2.3. Soil water-stable aggregate analysis and calculation

Water-stable aggregates were separated by a wet-sieving method
adapted from Elliott (1986). At the end of the incubation, the moist
soils were removed from each Mason jar and passed through an 8 mm
sieve by gently breaking the soil clods by hand along the natural planes
of weakness. A 50 g representative sample of the moist, 8 mm sieved
soil was then submerged in deionized water (at room temperature) on

top of a 2000 μm sieve for 5 min. The sieve was then moved up and
down (~3 cm) for 2 min (50 repetitions min−1). The soil and water
passing through the sieve were transferred by gently rinsing the
material onto the next smaller size sieve and the same sieving
procedure was repeated. Three sieve sizes (2000 μm, 250 μm and
53 μm) were used to generate four aggregate size fractions:
1)> 2000 μm (large macroaggregates); 2) 250–2000 μm (small macro-
aggregates); 3) 53–250 μm (microaggregates); 4)< 53 μm (silt and
clay fraction). The aggregate fractions retained on each sieve were
rinsed into pre-weighed aluminum pans, oven-dried at 60 °C, and then
weighed. Mean weight diameter (MWD), an index of aggregate
stability, based on a weighted average of the four aggregate size classes,
was calculated according to the following equation (van Bavel, 1950):

∑MWD = P S
i

i i
=1

4
∗

(1)

where Si is the average diameter (μm) for particles in its fraction and Pi
is the weight percentage of the fraction in the whole soil.

2.4. Soil chemical properties

Soil pH (1:1) and electrical conductivity (EC) were measured in the
bulk soil at the end of the incubation with a Mettler SevenGo Duo™ pH/
Conductivity meter SG23 (Mettler Toledo, Switzerland).

A representative soil sample (8 g) from incubated soils was ex-
tracted with 40 mL of 0.5 mol L−1 potassium sulfate solution in 50 mL
polypropylene tubes and placed on an orbital shaker (250 rev min−1)
for 1 h. Colorimetric methods were used to determine nitrate and
ammonia concentrations in the supernatant solutions (Doane and
Horwáth, 2003; Verdouw et al., 1978).

2.5. C content and recovery calculations

Carbon contents of the soils, biochars and aggregate samples were
analyzed using a PDZ Europa ANCA-GSL elemental analyzer interfaced
to a PDZ Europa 20–20 isotope ratio mass spectrometer (Sercon Ltd.,
Cheshire, UK) at the UC Davis Stable Isotope Facility.

The theoretical average C content of each treatment (following
biochar additions) was calculated according to the following equation:

Theoretical C content = C W + C W1 1 2 2 (2)

where C1 is the biochar C content (g C kg−1), W1 is proportion of
biochar mass in the soil-biochar mixture of each treatment, C2 is initial
soil C content (g C kg−1), W2 is proportion of soil in the soil-biochar
mixture of each treatment.

The C content in of each water stable aggregate fractions was
calculated and these four values were summed to determine overall C
recovery for each treatment according to the following equation:

∑recoveredC = C P
i i i=1

4 ∗
(3)

where Ci is C content of each aggregate fraction (g C kg−1), Pi is
proportion of the whole soil mass represented by each aggregate
fraction.

The difference between theoretical average C content and the sum
of C in the aggregate fractions was defined as C loss during the
incubation, calculated according to the following equation:

loss Theoretical content recoveredC = C − C (4)

2.6. Phospholipid-derived fatty acid (PLFA) analyses

The microbial communities were characterized using PLFA analysis,
an indicator of soil microbial biomass and community composition,
following methods reported previously (Bossio et al., 1998; Cordova-
Kreylos et al., 2006). Briefly, a representative soil sample was taken at
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the end of the incubation, frozen (−80 °C), and then freeze-dried,
yielding 8 g of dry material for lipid extraction. After initial extraction,
solvents of increasing polarity were used to separate the phospholipid
fraction from the neutral lipid and glycolipid fractions using solid phase
extraction columns (0.58 Si; Supelco, Bellefonte, PA, USA). Fatty acids
were then dried under N2 gas, transesterified, and methylated. After
methylation, the samples were dried again with N2 gas and redissolved
in hexane containing a known concentration of the internal standard
19:0. Fatty acids were identified using the Sherlock software from
Microbial Identification Systems (Microbial ID, Newark, DE, USA).

Fatty acids were summed into biomarker groups as described by
Buyer and Sasser (2012), briefly: Gram-positive (Gram+) bacteria, iso
and anteiso saturated branched fatty acids; Gram-negative (Gram−)
bacteria, monounsaturated fatty acids and cyclopropyl 17:0 and 19:0;
fungi, 18:2 ω6 cis and ratio of saturated to unsaturated PLFA.

2.7. Statistical analyses

All data were subjected to statistical analysis with Microsoft Excel
for Windows 2010 add-ins with XLSTAT Version 2014.6 (Addinsoft,
New York, NY, USA). Statistically significant differences between
biochar treatments were analyzed separately for each soil type using
analysis of variance (ANOVA) and Duncan's multiple range tests at 5%
significance level.

Canonical Correspondence Analysis (CCA) was also applied using
Microsoft Excel for Windows 2010 add-ins with XLSTAT Version 2014.6
to evaluate the relationship between soil properties (e.g. pH, EC, nitrate
concentration, ammonium concentration, soil type, soil aggregate
fractions, biochar type and biochar dose) and soil microbial community
structure (all the PLFA lipids detected). Monte Carlo tests were applied
using the R package Vegan to explore multivariate differences in the
PLFA data and understand which factors best contributed to explaining
variation in microbial communities (Jari Oksanen et al., 2015).

3. Results

3.1. Soil pH and EC

The impact of biochar amendment on soil pH depended on the type
of biochar applied, biochar application rate, and soil type. As shown in
Table 1, both EB and WS biochar significantly increased pH for both soil
types, with greater biochar amendment rates resulting in larger changes
in soil pH. The impact of WS biochar on soil pH was much greater than
that of EB biochar, with average increases in pH of 1.13 vs. 0.19 in the
WS and EB treatments, respectively. Similarly, the impact of biochar on
soil EC depended on biochar type and application rate. The EB biochar
treatments had little impact on soil EC (except for the 1% EB biochar

amendment which increased EC in Yolo soil), while a significant
increase in soil EC was observed in both soils with WS biochar additions
(Table 1).

3.2. Soil water-stable aggregates

No significant differences in water-stable aggregation were ob-
served between Vina and Yolo soils in the absence of biochar following
60 weeks of incubation. However, when biochar was added, the impact
on soil aggregation differed markedly between the two soils, with
biochar dramatically improving aggregate stability in the Yolo soil and
having no significant impacts in the Vina soil. In the Yolo soil both
types of biochar significantly increased MWD, with a 217% and 126%
average increase observed for EB and WS biochar treatments, respec-
tively (Fig. 1). The 1% EB biochar treatment resulted in the largest
increase, with a MWD of 1304 μm vs. 412 μm in non-amended control.
Observed impacts on aggregate stability for the EB biochar treatment
are largely due to a significant increase in large macroaggregates at
both the 0.5% and 1.0% application rates (Table 2). While WS biochar
did not significantly influence the formation of large macroaggregates,
it did increase the formation of small macroaggregates at both applica-
tion rates. As previously mentioned, differences were not significant
among Vina soil treatments; however, we note that both types of
biochar appeared to have subtle impacts at the 0.5% biochar applica-
tion rate in the Vina soil, suggesting a 32% and 46% increase in MWD
over the unamended control for WS and EB biochars, respectively
(Fig. 1).

3.3. C in aggregate fractions and overall C losses

The impacts of biochar on aggregate-associated C storage largely
mirrored overall effects on soil structure. Soil carbon contents in no-
biochar control treatments were 10.7 g C kg−1 whole soil for Vina soil
and 8.5 g C kg−1 whole soil for Yolo soil after 60 weeks incubation.
Both types of biochar increased C storage in macroaggregates of the
Yolo soil (Table 3). No significant differences were observed in
microaggregate-associated C storage for any of the treatments. While
effects on soil structure were not significant for the Vina soil, WS
biochar influenced C distribution in aggregate fractions of this soil, such
that the 1% application rate of WS biochar significantly decreased C
stored in small macroaggregates and increased C storage in the silt and
clay fraction relative to the non-amended control. When examining
overall C loss during the incubation, the Vina soils with biochar
additions all demonstrated significantly higher loss of C than the non-
biochar control (20.2% average loss of initial C for biochar treatments
vs. 4.6% in the control; Fig. 2). In the Yolo soil, biochar treatments also
tended to lose more C than the control (9.9% and 7.6% in the biochar
vs. control treatments; respectively), but these differences were not
significant (P > 0.05).

3.4. Soil microbial communities

While biochar treatments indicated a trend of increased total PLFA
(an indicator of total soil microbial biomass) in both soils, differences
were significant only in the 1% EB biochar treatment in Yolo soil
(Table 4). Biochar also appears to have altered soil microbial commu-
nity structure, as indicated by changes in ratios of fungi to bacteria,
Gram+ to Gram− bacteria, and saturated to unsaturated PLFA. For
example, the 1% WS biochar treatment significantly decreased fungi to
bacteria ratio in Yolo soil, while both WS biochar levels significantly
increased the ratio of Gram+ to Gram− bacteria in Yolo soil.
Additionally, the 0.5% WS biochar amended treatment significantly
decreased the ratio of saturated to unsaturated PLFAs in Vina soil. All
biochar-amended treatments significantly increased the ratio of satu-
rated to unsaturated PLFA in Yolo soil.

Using CCA (Fig. 3), microbial community composition clustered

Table 1
Soil pH and electrical conductivity after 60 weeks incubation with two soil types
(Vina = fine sandy loam, Yolo = silty loam), with and without the addition of two
biochar types (EB, softwood biochar; WS, walnut shell biochar) at varying application
rates (doses). The numbers to the right of each value represent the standard error about
the mean. Significant differences between treatments are indicated by different letters in
parentheses to the right of each value.

Soil Biochar Biochar dose (%) Soil pH (1:1) Soil EC (μs cm−1)

Vina – – 5.70 ± 0.01 (a) 368.0 ± 14.1 (a)
EB 0.5 5.83 ± 0.01 (a) 383.0 ± 6.9 (a)

1 5.96 ± 0.04 (b) 357.7 ± 24.9 (a)
WS 0.5 6.79 ± 0.02 (c) 456.0 ± 13.1 (b)

1 7.37 ± 0.05 (d) 489.7 ± 10.5 (b)
Yolo – – 7.08 ± 0.02 (a) 392.3 ± 77.7 (a)

EB 0.5 7.15 ± 0.01 (a) 310.0 ± 2.7 (ab)
1 7.37 ± 0.10 (b) 242.9 ± 62.1 (b)

WS 0.5 7.88 ± 0.07 (c) 528.7 ± 19.2 (c)
1 8.04 ± 0.01 (d) 632.3 ± 20.5 (c)
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distinctly dependent upon soil type, biochar type and application rate.
The first two CCA axes explained 67.4% and 16.9% of the variation in
composition. Soil macroaggregate fractions were associated with axis 1,
indicating its greater proportion of the total soil mass in the Yolo vs.
Vina soil and a higher soil pH. According to the Monte Carlo
permutation test, microbial community composition was most strongly
influenced by soil type, followed by soil pH, nitrate concentration, the
proportion of small macroaggregates, WS biochar rate, soil EC, large
macroaggregates, and EB biochar application rate. The WS biochar had
a greater impact than did EB biochar on microbial communities in both
soils. Also, microbial community composition was altered more by
biochar amendments in the Yolo than in the Vina soil.

4. Discussion

4.1. Biochar impacts on aggregation and aggregate-associated C dynamics

Our findings suggest a novel mechanism by which biochar addition
stimulates soil C sequestration by improving aggregation and stabiliza-
tion of SOM with aggregates. This finding is in contrast to a more
passive role that is more typically attributed to biochar where it
contributes to soil C sequestration simply due to its recalcitrance.
Much of the previous research on biochar has focused on increased soil

C storage brought about directly from addition of biochar itself: many
types of biochar are relatively stable (particularly those produced at
high temperatures) and persistent in soil for extended periods of time
(Mašek et al., 2013; Yu et al., 2016; Zimmerman, 2010). In contrast, our
results suggest that biochar can play a more active role, by facilitating
the physical protection of C (both biochar- and native-derived SOM) in
aggregates, at least in the finer textured Yolo soil. Both types of biochar
enhanced C storage in macroaggregates, and this can facilitate the
longer-term stabilization of SOM in stable microaggregates which form
within macroaggregates (Six et al., 2002). While others have shown
biochar to affect aggregation, this is the first study to our knowledge
linking such changes in soil structure to C storage and stabilization.
Furthermore, given that aggregate stability was stimulated more by EB
than WS biochar, this biochar-induced physical stabilization of C may
be associated with the presence of incompletely carbonized, more
degradable organic residues more characteristic of low-temperature
biochars (Novak et al., 2009b; Zimmerman, 2010).

The concept of biochar-induced physical protection of SOM is
further supported by the results of total C loss from each treatment,
including both native and biochar-derived C, at the end of the
incubation. In general, biochar resulted in a lower relative loss of C
in Yolo soil where biochar additions substantially increased both
aggregation and C storage in macroaggregates. In contrast, biochar

Fig. 1. Soil aggregate stability (mean weight diameter) after 60 weeks incubation in two soil types (Vina = fine sandy loam, Yolo = silty loam), with and without the addition of two
biochar types (EB, softwood biochar; WS, walnut shell biochar) at varying application rates (doses). The error bars represent standard errors and bars with different letters indicate
statistically significant (P < 0.05) differences.

Table 2
Soil aggregate fractions (% mass) after 60 weeks incubation with two soil types (Vina = fine sandy loam, Yolo = silty loam), with and without the addition of two biochar types (EB,
softwood biochar; WS, walnut shell biochar) at varying application rates (doses). The numbers to the right of each value represent the standard error about the mean. Significant
differences between treatments are indicated by different letters in parentheses to the right of each value.

Soil Biochar Biochar dose (%) Large macroaggregates (%) Small macroaggregates (%) Microaggregates (%) Silt and clay (%)

Vina – – 0.0 ± 0.0 (a) 13.7 ± 1.7 (a) 38.7 ± 6.0 (a) 47.5 ± 4.6 (a)
EB 0.5 0.0 ± 0.0 (a) 24.0 ± 5.1 (b) 30.5 ± 1.1 (a) 45.5 ± 4.3 (a)

1 0.0 ± 0.0 (a) 13.3 ± 0.6 (a) 37.7 ± 3.9 (a) 49.1 ± 3.4 (a)
WS 0.5 0.0 ± 0.0 (a) 20.8 ± 6.2 (ab) 33.5 ± 2.3 (a) 45.7 ± 6.1 (a)

1 0.0 ± 0.0 (a) 12.8 ± 0.6 (a) 36.3 ± 6.2 (a) 50.9 ± 5.6 (a)
Yolo – – 0.03 ± 0.1 (a) 28.7 ± 15.8 (a) 54.4 ± 9.5 (b) 16.8 ± 6.7 (b)

EB 0.5 12.1 ± 2.1 (b) 47.6 ± 0.7 (ab) 32.4 ± 1.7 (a) 7.9 ± 0.3 (a)
1 12.5 ± 0.5 (b) 57.0 ± 1.3 (b) 24.8 ± 1.2 (a) 5.7 ± 0.3 (a)

WS 0.5 3.4 ± 3.1 (a) 55.8 ± 0.9 (b) 33.9 ± 3.0 (a) 6.9 ± 0.9 (a)
1 4.1 ± 2.2 (a) 60.7 ± 0.5 (b) 29.6 ± 2.2 (a) 5.6 ± 0.5 (a)
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stimulated a greater C loss in the Vina soil in which there were only
subtle effects on aggregation (Fig. 2). The absence of substantial
aggregate structure in Vina soil could result in greater accessibility of
SOM, nutrients and oxygen to microbes, which is likely to stimulate
SOM decay (Dungait et al., 2012). Though SOM is generally more
susceptible to mineralization in coarser than finer textured soils due to
the lower surface area of mineral binding sites that can stabilize organic
particles, our results indicate that biochar may have further enhanced C
mineralization in the Vina soil due to a priming effect. This finding is
corroborated by Fang et al. (2015) who reported that two Eucalyptus
saligna wood biochars increased mineralization of native organic C in
sandy soil, but not in a high clay soil. Similarly, addition of slow
pyrolysis biochars (like the EB biochar) to a grassland soil led to
stimulation of mineralization of native soil organic C due to positive
short-term priming effects (Singh and Cowie, 2014). While we cannot
discern whether the higher relative loss of C in Vina soil represents
mineralization of biochar- or native-derived soil C, both scenarios have
important implications for biochar management, since the priming
effect of either SOM pool under such conditions could potentially
negate the C sequestration potential of biochar in certain soils. Thus,
potential trade-offs of biochar serving as a promoter of both soil
aggregation and C priming need to be better understood if the intent
of adding biochar is to increase soil C sequestration.

4.2. Soil chemical, physical and biological drivers of structural change

Several mechanisms may be involved in the biochar-induced
improvements in soil aggregation in Yolo soil. Previous research
indicates that biochar can influence soil aggregation by altering soil
pH and enhance aromaticity of soil organic C pool (Chan et al., 2008;
Novak et al., 2009a), both important factors for aggregate formation.
Higher soil pH can increase the flocculation of clay particles (Haynes
and Naidu, 1998), thus facilitating the formation of water-stable
aggregates (Boix-Fayos et al., 2001). However, a large increase of soil
pH can also cause clay to disperse due to a dominance of repulsive
forces between clay minerals and in turn result in decreased aggrega-
tion (Roth and Pavan, 1991). Thus, we speculate that a slight increase
of soil pH due to biochar amendment can benefit soil aggregation, while
a large increase in pH may actually inhibit soil aggregation. Biochars
are usually C-rich and highly aromatic (Kookana et al., 2011). Biochar
in soil occurs not only as free particles, but can also become intimately
associated with water-stable aggregates (Brodowski et al., 2006).
Piccolo and Mbagwu (1999) reported that hydrophobic components
of organic matter contribute more to soil aggregate stability than
hydrophilic components. Thus, the highly aromatic C structure in
biochar may improve aggregation by helping to bind native SOM,
enhancing the resistance of soil aggregates to water and making
aggregates more resistant to physical disturbance (e.g., wet-dry cycles).

Biochar can also influence soil aggregation by altering the ionic

Fig. 2. C recovery (blue bars) and C loss (orange bars) based on theoretical average C content of the treatments (using initial soil and biochar C content) after 60 weeks incubation in two
soil types (Vina = fine sandy loam, Yolo = silty loam), with and without the addition of two biochar types (EB, softwood biochar; WS, walnut shell biochar) at varying application rates
(doses). Error bars represent standard errors for recovered C and bars with different letters indicate statistically significant (P < 0.05) differences. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Soil C distribution in soil aggregate fractions (g C kg−1 whole soil) after 60 weeks incubation with two soil types (Vina = fine sandy loam, Yolo = silty loam), with and without the
addition of two biochar types (EB, softwood biochar; WS, walnut shell biochar) at varying application rates (doses). The numbers to the right of each value represent the standard error
about the mean. Significant differences between treatments are indicated by different letters in parentheses to the right of each value.

Soil Biochar Biochar dose (%) Large macroaggregate C Small macroaggregate C Microaggregate C Silt and clay C

Vina – – 0.0 ± 0.0 (a) 1.7 ± 0.2 (a) 4.0 ± 1.4 (a) 5.0 ± 0.03 (a)
EB 0.5 0.0 ± 0.0 (a) 2.2 ± 0.3 (a) 2.9 ± 0.2 (a) 5.4 ± 0.7 (a)

1 0.0 ± 0.0 (a) 2.0 ± 0.3 (a) 4.5 ± 0.6 (a) 6.2 ± 0.2 (a)
WS 0.5 0.0 ± 0.0 (a) 1.7 ± 0.6 (a) 3.0 ± 0.4 (a) 5.4 ± 0.7 (a)

1 0.0 ± 0.0 (a) 0.6 ± 0.2 (b) 2.9 ± 0.8 (a) 6.5 ± 0.5 (a)
Yolo – – 0.0 ± 0.0 (a) 2.7 ± 1.4 (a) 4.2 ± 1.2 (a) 1.6 ± 0.6 (a)

EB 0.5 1.3 ± 0.3 (b) 5.1 ± 0.2 (ab) 3.4 ± 0.2 (a) 1.0 ± 0.0 (a)
1 1.4 ± 0.1 (b) 5.9 ± 0.2 (b) 3.4 ± 0.2 (a) 1.1 ± 0.1 (a)

WS 0.5 0.3 ± 0.3 (a) 5.4 ± 0.1 (b) 3.2 ± 0.4 (a) 0.9 ± 0.1 (a)
1 0.4 ± 0.2 (a) 6.2 ± 1.4 (b) 3.0 ± 0.3 (a) 0.9 ± 0.0 (a)
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composition of the soil solution. Monovalent and multivalent ions
released from biochar would differ in their influence on soil aggregation
(Le Bissonnais, 1996). The WS biochar, for instance, is high in K+

(Mukome et al., 2013) which could significantly increase soil EC
(Table 1). Biochar associated increases in monovalent ion concentration
can cause dispersion of organic matter and clay particles and at the
same time enhance mobility of soluble SOM (Chow et al., 2006).
Multivalent ions associated with biochar may play a positive role
through interactions with negative charged surface functional groups
on SOM (e.g., R-COO−) and soil minerals (e.g., Al-O−, Si-O−). The EB
biochar has a high Fe3+ content (Mukome et al., 2013) and it improved
soil aggregation and associated C storage more than the WS biochar
(Figs. 1 and 2). The bridging effects of multivalent ions, such as Fe3+,
can enhance sorption of SOM to clay minerals (Feng et al., 2005) and
thus enhance soil aggregation (Bronick and Lal, 2005; Six et al., 2000).
While the role of monovalent and multivalent ions is somewhat
speculative, we suggest that these mechanisms for biochar impacts on

aggregations may be important and require further examination.
Biochar also impacted soil microbial communities. While only

significant for the 1% EB biochar treatment, microbial biomass (as
indicated by total PLFA; Table 4) tended to be higher in biochar
treatments, a phenomenon also observed in previous studies (Chan
et al., 2008; Kolb et al., 2009). We note that the EB biochar, produced at
a lower temperature, still contained a relatively large amount of non-
pyrolyzed organic residue (Mukome et al., 2013), which could poten-
tially increase both microbial activity and soil aggregation, by provid-
ing feedstock for production of extracellular polymeric substances that
act as cementing agents for soil aggregates (Le Guillou et al., 2012).

While effects on microbial biomass were not especially pronounced,
changes in microbial community composition were sensitive to biochar
type, concentration and the soil tested (Fig. 3; Table 4). The WS caused
shifts in community composition in both soils. The physical and
chemical changes, e.g., in pH and EC, brought on by WS biochar may
have contributed to these microbial changes and vice versa. Soil
microbial community composition is known to be sensitive to soil pH
(Bååth and Anderson, 2003; Lauber et al., 2009). Increases in soil
aggregation from both biochars in the finer textured Yolo soil could also
reduce microbial activity, and hence community composition, by
increasing physical protection of both native SOM and biochar-C, thus
decreasing accessibility of C pools to microbes (Dungait et al., 2012).
Thus, reasons for shifts in microbial community composition with
biochar amendment may be both partially responsible for, as well as
potentially result from, observed effects on soil aggregation, especially
the formation of large and small macroaggregates.

Biochar additions were much more effective in improving soil
structure and changing microbial communities in the higher clay Yolo
soil than the coarser textured Vina soil. While other differences in these
soils' properties may be responsible for soil-specific effects of biochar,
previous studies point to the importance of soil texture. Similar to our
results, Soinne et al. (2014) reported that amendments with biochar
produced by mixed spruce and pine (550–600 °C) have greater impacts
on aggregate stability of two higher clay content soils than in a sandy
soil. Biochar application also improved soil aggregate formation and
stability in silt loam, but not sandy loam soils (Liu et al., 2012). While
the specific chemical and/or microbial driving factors responsible for
the biochar induced changes in aggregation cannot be clearly deter-
mined here, we speculate that the relatively higher clay content and
associated surface area in finer textured soils may provide more
nucleation sites for organic matter (or biochar) to react with clay and
thus facilitate aggregate formation processes.

5. Conclusion

Our results suggest that biochar can enhance the physical-protection

Table 4
Soil microbial biomass and microbial biomarkers, (a) Total PLFA (in nmol g−1), (b) Fungal PLFA (in nmol g−1), (c) Ratios of fungal to bacterial biomass, (d) Ratios of Gram-positive
(Gram+) to Gram-negative (Gram−) bacteria of soil microbial community in different treatments and (e) Ratio of saturated to unsaturated PLFA after 60 weeks incubation with two soil
types (Vina = fine sandy loam, Yolo = silty loam), with and without the addition of two biochar types (EB, softwood biochar; WS, walnut shell biochar) at varying application rates
(doses). The numbers to the right of each value represent the standard error about the mean. Significant differences between treatments are indicated by different letters in parentheses to
the right of each value.

Soil Biochar Biochar dose
(%)

Total PLFA Fungal PLFA Ratio of fungal to bacterial
biomass

Ratio of Gram+ to Gram−
bacteria

Ratio of saturated to unsaturated
PLFA

Vina – – 23.1 ± 1.7 (a) 0.60 ± 0.22 (a) 0.09 ± 0.02 (a) 1.8 ± 0.01 (a) 2.5 ± 0.2 (b)
EB 0.5 23.4 ± 1.1 (a) 0.70 ± 0.28 (a) 0.10 ± 0.02 (a) 1.6 ± 0.0 (a) 2.1 ± 0.1 (ab)

1 25.2 ± 2.9 (a) 0.63 ± 0.26 (a) 0.10 ± 0.02 (a) 1.6 ± 0.2 (a) 2.1 ± 0.3 (ab)
WS 0.5 24.3 ± 2.9 (a) 0.46 ± 0.11 (a) 0.09 ± 0.02 (a) 1.7 ± 0.2 (a) 1.9 ± 0.1 (a)

1 26.2 ± 4.3 (a) 0.65 ± 0.49 (a) 0.10 ± 0.03 (a) 1.8 ± 0.1 (a) 2.0 ± 0.1 (ab)
Yolo – – 21.0 ± 1.9 (a) 0.20 ± 0.02 (ab) 0.07 ± 0.00 (b) 1.5 ± 0.1 (a) 1.2 ± 0.04 (a)

EB 0.5 24.5 ± 1.8 (ab) 0.33 ± 0.11 (b) 0.07 ± 0.01 (b) 1.6 ± 0.1 (ab) 1.3 ± 0.01 (b)
1 25.6 ± 1.0 (b) 0.33 ± 0.05 (b) 0.07 ± 0.00 (b) 1.6 ± 0.1 (ab) 1.3 ± 0.02 (b)

WS 0.5 22.7 ± 1.0 (ab) 0.17 ± 0.03 (ab) 0.06 ± 0.00 (ab) 1.7 ± 0.0 (b) 1.3 ± 0.04 (b)
1 22.1 ± 2.0 (ab) 0.06 ± 0.10 (a) 0.04 ± 0.01 (a) 1.7 ± 0.1 (b) 1.3 ± 0.03 (b)

Fig. 3. Canonical-correlation analysis map of PLFA data showing separation microbial
communities by treatments after 60 weeks incubation. Arrows represent the vectors for
key soil chemical properties and aggregation (Vina = fine sandy loam, Yolo = silty
loam), with and without the addition of two biochar types (EB, softwood biochar; WS,
walnut shell biochar, 0.5% for 0.5% (w:w) biochar amendment, 1% for 1% (w:w) biochar
amendment, LM for large-macroaggregates, SM for small-macroaggregates, MIC for
microaggregates).
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of SOM in Yolo soil by increasing the proportion of C stored within
macroaggregates and thus offers a novel mechanism by which biochar
may contribute to soil aggregation and C sequestration. This mechan-
ism appears to be dependent on soil texture as biochar had minimal
impacts on aggregation and microbial communities in a coarser
textured soil. Better understanding of these drivers of aggregation and
identifying soil conditions that determine whether biochar will physi-
cally protect SOM vs. stimulate soil C loss under different environ-
mental scenario and agricultural practice deserves more research and it
must be considered in managing agroecosystems for both mitigation of,
and adaptation to, climate change.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.geoderma.2017.05.027.

Acknowledgements

We thank Deirdre E. Griffin for the assistance in incubation
experiment setup and thank George Robertson for the assistance in soil
water-stable aggregate analysis. Funding for the research was provided
by: 1) California Energy Commission, grant number 500-09-035; 2)
National Institute of Environmental Health Sciences (NIEHS), NIH
(grant number 5 P42 ES004699) and the contents are solely the
responsibility of the authors and do not necessarily represent the
official views of the NIEHS, NIH; and 3) United States Department of
Agriculture (USDA) National Institute of Food and Agriculture (NIFA)
through Hatch Formula Funding CA 2122-H and multistate regional
project W-2082.

References

Aciego Pietri, J.C., Brookes, P.C., 2008. Relationships between soil pH and microbial
properties in a UK arable soil. Soil Biol. Biochem. 40 (7), 1856–1861.

Ameloot, N., Graber, E.R., Verheijen, F.G.A., De Neve, S., 2013. Interactions between
biochar stability and soil organisms: review and research needs. Eur. J. Soil Sci. 64
(4), 379–390.

Bååth, E., Anderson, T.H., 2003. Comparison of soil fungal/bacterial ratios in a pH
gradient using physiological and PLFA-based techniques. Soil Biol. Biochem. 35 (7),
955–963.

van Bavel, C.H.M., 1950. Mean weight-diameter of soil aggregates as a statistical index of
aggregation1. Soil Sci. Soc. Am. J. 14 (C), 20–23.

Boix-Fayos, C., Calvo-Cases, A., Imeson, A.C., Soriano-Soto, M.D., 2001. Influence of soil
properties on the aggregation of some Mediterranean soils and the use of aggregate
size and stability as land degradation indicators. Catena 44 (1), 47–67.

Bossio, D.A., Scow, K.M., Gunapala, N., Graham, K.J., 1998. Determinants of soil
microbial communities: effects of agricultural management, season, and soil type on
phospholipid fatty acid profiles. Microb. Ecol. 36 (1), 1–12.

Brodowski, S., John, B., Flessa, H., Amelung, W., 2006. Aggregate-occluded black carbon
in soil. Eur. J. Soil Sci. 57 (4), 539–546.

Bronick, C.J., Lal, R., 2005. Soil structure and management: a review. Geoderma 124
(1–2), 3–22.

Buyer, J.S., Sasser, M., 2012. High throughput phospholipid fatty acid analysis of soils.
Appl. Soil Ecol. 61 (0), 127–130.

Chan, K.Y., Van Zwieten, L., Meszaros, I., Downie, A., Joseph, S., 2008. Using poultry
litter biochars as soil amendments. Aust. J. Soil Res. 46 (5), 437–444.

Chow, A.T., Tanji, K.K., Gao, S., Dahlgren, R.A., 2006. Temperature, water content and
wet–dry cycle effects on DOC production and carbon mineralization in agricultural
peat soils. Soil Biol. Biochem. 38 (3), 477–488.

Cordova-Kreylos, A.L., Cao, Y.P., Green, P.G., Hwang, H.M., Kuivila, K.M., LaMontagne,
M.G., Van De Werfhorst, L.C., Holden, P.A., Scow, K.M., 2006. Diversity,
composition, and geographical distribution of microbial communities in California
salt marsh sediments. Appl. Environ. Microbiol. 72 (5), 3357–3366.

Doane, T.A., Horwáth, W.R., 2003. Spectrophotometric determination of nitrate with a
single reagent. Anal. Lett. 36 (12), 2713–2722.

Dungait, J.A.J., Hopkins, D.W., Gregory, A.S., Whitmore, A.P., 2012. Soil organic matter
turnover is governed by accessibility not recalcitrance. Glob. Chang. Biol. 18 (6),
1781–1796.

Elliott, E.T., 1986. Aggregate structure and carbon, nitrogen, and phosphorus in native
and cultivated soils1. Soil Sci. Soc. Am. J. 50 (3), 627–633.

Fang, Y., Singh, B., Singh, B.P., 2015. Effect of temperature on biochar priming effects
and its stability in soils. Soil Biol. Biochem. 80 (0), 136–145.

Feng, X., Simpson, A.J., Simpson, M.J., 2005. Chemical and mineralogical controls on
humic acid sorption to clay mineral surfaces. Org. Geochem. 36 (11), 1553–1566.

Franzluebbers, A.J., 2002. Water infiltration and soil structure related to organic matter
and its stratification with depth. Soil Tillage Res. 66 (2), 197–205.

Haynes, R.J., Naidu, R., 1998. Influence of lime, fertilizer and manure applications on soil
organic matter content and soil physical conditions: a review. Nutr. Cycl.

Agroecosyst. 51 (2), 123–137.
Jari Oksanen, F.G.B., Kindt, Roeland, Legendre, Pierre, Minchin, Peter R., O'Hara, R.B.,

Simpson, Gavin L., Peter, Solymos, Henry, M., Stevens, H., Wagner, Helene, 2015.
Vegan: Community Ecology Package. R package Version 2.3-0.

Kammann, C., Ratering, S., Eckhard, C., Mueller, C., 2012. Biochar and hydrochar effects
on greenhouse gas (carbon dioxide, nitrous oxide, and methane) fluxes from soils. J.
Environ. Qual. 41 (4), 1052–1066.

Kolb, S.E., Fermanich, K.J., Dornbush, M.E., 2009. Effect of charcoal quantity on
microbial biomass and activity in temperate soils. Soil Sci. Soc. Am. J. 73 (4),
1173–1181.

Kookana, R.S., Sarmah, A.K., Van Zwieten, L., Krull, E., Singh, B., 2011. Chapter three -
biochar application to soil: agronomic and environmental benefits and unintended
consequences. In: Donald, L.S. (Ed.), Advances in Agronomy. Academic Press, pp.
103–143.

Laird, D., Fleming, P., Wang, B., Horton, R., Karlen, D., 2010. Biochar impact on nutrient
leaching from a Midwestern agricultural soil. Geoderma 158 (3–4), 436–442.

Lauber, C.L., Hamady, M., Knight, R., Fierer, N., 2009. Pyrosequencing-based assessment
of soil pH as a predictor of soil bacterial community structure at the continental scale.
Appl. Environ. Microbiol. 75 (15), 5111–5120.

Le Bissonnais, Y., 1996. Aggregate stability and assessment of soil crustability and
erodibility: I. Theory and methodology. Eur. J. Soil Sci. 47 (4), 425–437.

Le Guillou, C., Angers, D.A., Maron, P.A., Leterme, P., Menasseri-Aubry, S., 2012. Linking
microbial community to soil water-stable aggregation during crop residue
decomposition. Soil Biol. Biochem. 50 (0), 126–133.

Lehmann, J., 2007. Bio-energy in the black. Front. Ecol. Environ. 5 (7), 381–387.
Lehmann, J., Rillig, M.C., Thies, J., Masiello, C.A., Hockaday, W.C., Crowley, D., 2011.

Biochar effects on soil biota - a review. Soil Biol. Biochem. 43 (9), 1812–1836.
Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J., O'Neill, B., Skjemstad,

J.O., Thies, J., Luizao, F.J., Petersen, J., Neves, E.G., 2006. Black carbon increases
cation exchange capacity in soils. Soil Sci. Soc. Am. J. 70 (5), 1719–1730.

Liu, X.H., Han, F.P., Zhang, X.C., 2012. Effect of biochar on soil aggregates in the Loess
Plateau: results from incubation experiments. Int. J. Agric. Biol. 14 (6), 975–979.

Liu, Z., Chen, X., Jing, Y., Li, Q., Zhang, J., Huang, Q., 2014. Effects of biochar
amendment on rapeseed and sweet potato yields and water stable aggregate in
upland red soil. Catena 123, 45–51.

Lotze-Campen, H., Müller, C., Bondeau, A., Rost, S., Popp, A., Lucht, W., 2008. Global
food demand, productivity growth, and the scarcity of land and water resources: a
spatially explicit mathematical programming approach. Agric. Econ. 39 (3),
325–338.

Major, J., Rondon, M., Molina, D., Riha, S.J., Lehmann, J., 2010. Maize yield and
nutrition during 4 years after biochar application to a Colombian savanna oxisol.
Plant Soil 333 (1–2), 117–128.

Mašek, O., Brownsort, P., Cross, A., Sohi, S., 2013. Influence of production conditions on
the yield and environmental stability of biochar. Fuel 103 (0), 151–155.

Mitchell, P.J., Simpson, A.J., Soong, R., Simpson, M.J., 2015. Shifts in microbial
community and water-extractable organic matter composition with biochar
amendment in a temperate forest soil. Soil Biol. Biochem. 81, 244–254.

Mukome, F.N.D., Zhang, X., Silva, L.C.R., Six, J., Parikh, S.J., 2013. Use of chemical and
physical characteristics to investigate trends in biochar feedstocks. J. Agric. Food
Chem.

Navarro-García, F., Casermeiro, M.Á., Schimel, J.P., 2012. When structure means
conservation: effect of aggregate structure in controlling microbial responses to
rewetting events. Soil Biol. Biochem. 44 (1), 1–8.

Novak, J.M., Busscher, W.J., Laird, D.L., Ahmedna, M., Watts, D.W., Niandou, M.A.S.,
2009a. Impact of biochar amendment on fertility of a southeastern coastal plain soil.
Soil Sci. 174 (2), 105–112.

Novak, J.M., Lima, I., Xing, B., Gaskin, J.W., Steiner, C., Das, K., Ahmedna, M., Rehrah,
D., Watts, D.W., Busscher, W.J., 2009b. Characterization of designer biochar
produced at different temperatures and their effects on a loamy sand. Ann. Environ.
Sci. 3 (1), 2.

Peng, X., Ye, L.L., Wang, C.H., Zhou, H., Sun, B., 2011. Temperature- and duration-
dependent rice straw-derived biochar: characteristics and its effects on soil properties
of an ultisol in southern China. Soil Tillage Res. 112 (2), 159–166.

Piccolo, A., Mbagwu, J.S.C., 1999. Role of hydrophobic components of soil organic matter
in soil aggregate stability. Soil Sci. Soc. Am. J. 63 (6), 1801–1810.

Roth, C.H., Pavan, M.A., 1991. Effects of lime and gypsum on clay dispersion and
infiltration in samples of a Brazilian oxisol. Geoderma 48 (3–4), 351–361.

Sagrilo, E., Jeffery, S., Hoffland, E., Kuyper, T.W., 2015. Emission of CO2 from biochar-
amended soils and implications for soil organic carbon. GCB Bioenergy 7 (6),
1294–1304.

Schnell, R.W., Vietor, D.M., Provin, T.L., Munster, C.L., Capareda, S., 2012. Capacity of
biochar application to maintain energy crop productivity: soil chemistry, sorghum
growth, and runoff water quality effects. J. Environ. Qual. 41 (4), 1044–1051.

Singh, B.P., Cowie, A.L., 2014. Long-term influence of biochar on native organic carbon
mineralisation in a low-carbon clayey soil. Sci. Rep. 4.

Six, J., Elliott, E.T., Paustian, K., 2000. Soil structure and soil organic matter II. A
normalized stability index and the effect of mineralogy. Soil Sci. Soc. Am. J. 64 (3),
1042–1049.

Six, J., Conant, R.T., Paul, E.A., Paustian, K., 2002. Stabilization mechanisms of soil
organic matter: implications for C-saturation of soils. Plant Soil 241 (2), 155–176.

Six, J., Bossuyt, H., Degryze, S., Denef, K., 2004. A history of research on the link between
(micro)aggregates, soil biota, and soil organic matter dynamics. Soil Tillage Res. 79
(1), 7–31.

Soinne, H., Hovi, J., Tammeorg, P., Turtola, E., 2014. Effect of biochar on phosphorus
sorption and clay soil aggregate stability. Geoderma 219–220, 162–167.

Verdouw, H., Van Echteld, C.J.A., Dekkers, E.M.J., 1978. Ammonia determination based

D. Wang et al. Geoderma 303 (2017) 110–117

116

http://dx.doi.org//10.1016/j.geoderma.2017.05.027
http://dx.doi.org//10.1016/j.geoderma.2017.05.027
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0005
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0005
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0010
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0010
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0010
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0015
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0015
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0015
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0020
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0020
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0025
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0025
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0025
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0030
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0030
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0030
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0035
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0035
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0040
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0040
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0045
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0045
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0050
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0050
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0055
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0055
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0055
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0060
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0060
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0060
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0060
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0065
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0065
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0070
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0070
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0070
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0075
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0075
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0080
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0080
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0085
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0085
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0090
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0090
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0095
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0095
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0095
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0100
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0100
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0100
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0105
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0105
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0105
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0110
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0110
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0110
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0115
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0115
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0115
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0115
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0120
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0120
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0125
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0125
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0125
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0130
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0130
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0135
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0135
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0135
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0140
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0145
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0145
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0150
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0150
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0150
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0155
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0155
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0160
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0160
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0160
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0165
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0165
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0165
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0165
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0170
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0170
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0170
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0175
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0175
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0180
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0180
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0180
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0185
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0185
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0185
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0190
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0190
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0190
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0195
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0195
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0195
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0200
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0200
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0200
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0200
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0205
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0205
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0205
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0210
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0210
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0215
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0215
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0220
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0220
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0220
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0225
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0225
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0225
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0230
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0230
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0235
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0235
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0235
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0240
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0240
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0245
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0245
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0245
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0250
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0250
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0255


on indophenol formation with sodium salicylate. Water Res. 12 (6), 399–402.
Verhoeven, E., Pereira, E., Decock, C., Suddick, E., Angst, T., Six, J., 2017. Toward a

better assessment of biochar–nitrous oxide mitigation potential at the field scale. J.
Environ. Qual. 46, 237–246.

Vrochidou, A.E.K., Tsanis, I.K., Grillakis, M.G., Koutroulis, A.G., 2013. The impact of
climate change on hydrometeorological droughts at a basin scale. J. Hydrol. 476 (0),
290–301.

Wang, J., Xiong, Z., Kuzyakov, Y., 2016. Biochar stability in soil: meta-analysis of
decomposition and priming effects. GCB Bioenergy 8 (3), 512–523.

Yu, X., Wu, C., Fu, Y., Brookes, P.C., Lu, S., 2016. Three-dimensional pore structure and
carbon distribution of macroaggregates in biochar-amended soil. Eur. J. Soil Sci. 67
(1), 109–120.

Zimmerman, A.R., 2010. Abiotic and microbial oxidation of laboratory-produced black
carbon (biochar). Environ. Sci. Technol. 44 (4), 1295–1301.

D. Wang et al. Geoderma 303 (2017) 110–117

117

http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0255
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0260
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0260
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0260
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0265
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0265
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0265
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf2770
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf2770
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0275
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0275
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0275
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0280
http://refhub.elsevier.com/S0016-7061(17)30462-7/rf0280

	Biochar additions can enhance soil structure and the physical stabilization of C in aggregates
	Introduction
	Materials and methods
	Soil and biochar
	Incubation experiment setup
	Soil water-stable aggregate analysis and calculation
	Soil chemical properties
	C content and recovery calculations
	Phospholipid-derived fatty acid (PLFA) analyses
	Statistical analyses

	Results
	Soil pH and EC
	Soil water-stable aggregates
	C in aggregate fractions and overall C losses
	Soil microbial communities

	Discussion
	Biochar impacts on aggregation and aggregate-associated C dynamics
	Soil chemical, physical and biological drivers of structural change

	Conclusion
	Acknowledgements
	References




