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Conversion of rice straw into biochar for soil amendment appears to be a promising method to
increase long-term carbon sequestration and reduce greenhouse gas (GHG) emissions. The stability of
biochar in paddy soil, which is the major determining factor of carbon sequestration effect, depends
mainly on soil properties and plant functions. However, the influence of plants on biochar stability in
paddy soil remains unclear. In this study, bulk and surface characteristics of the biochars incubated
without rice plants were compared with those incubated with rice plants using a suite of analytical
techniques. Results showed that although rice plants had no significant influence on the bulk
characteristics and decomposition rates of the biochar, the surface oxidation of biochar particles was
enhanced by rice plants. Using *3C labeling we observed that rice plants could significantly increase
carbon incorporation from biochar into soil microbial biomass. About 0.047% of the carbon in biochar
was incorporated into the rice plants during the whole rice growing cycle. These results inferred that
root exudates and transportation of biochar particles into rice plants might decrease the stability of
biochar in paddy soil. Impact of plants should be considered when predicting carbon sequestration
potential of biochar in soil systems.

Biochar is a highly aromatic material that can be produced through pyrolysis of plant biomass (e.g. rice
straw, grass, wood) or agricultural waste (e.g. manure) at low oxygen concentrations and relatively low
temperatures. Biochar has received a lot of attention in recent years because of its ability to improve soil
fertility and reduce greenhouse gas emissions like nitrous oxide (N,0) and methane (CH,) from agricul-
tural soils'. In addition, due to its relatively high stability, biochar is widely recognized as an important
carbon sink in the global carbon cycle, thus decreasing global warming effects**.

The stability of biochar in soil is used as an effective tool to evaluate its carbon sequestration poten-
tial. A number of recent studies*® suggest that biochar stability is influenced by the raw material type,
the pyrolysis process conditions as well as soil and environmental conditions. Specifically, Zimmerman’
showed that biochar degradation decreased with increasing combustion temperatures for a range of
biomass materials under different combustion conditions. Hilscher et al.'® found that mineralization of
biochar depended on the type of raw material whereby 3.2% of rye grass-derived biochar and 0.7% of
pine-derived biochar were mineralized. Bolan et al.!! indicated that the decomposition rate of biochar
was higher in sandy soils than in clay soils. Nguyen et al.® found that mineralization of corn biochar was
significantly faster under unsaturated conditions than saturated conditions. Finally, Sigua et al.'? found
that a larger surface enhanced biochar carbon mineralization.

Abiotic and microbial oxidation have been demonstrated as two dominant mechanisms responsible
for biochar degradation. Cheng et al.® found that during a relatively short-term incubation of 4 months,
abiotic oxidation of biochar was more important to increase the potential cation exchange capacity than
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Figure 1. 33C-CO, signature of the evolved CO,.Vertiacal bars represent standard deviation of the mean
(n=3).

biotic oxidation. This suggested that abiotic oxidation was very important for the initial oxidation of
biochar. Interactions between biochar and microbes are known to occur within a short time period after
application to soil, thus influencing the biochar stability in soil'*. Through a six-month laboratory incu-
bation study, Santos et al.'® suggested that biochar carbon could be utilized by all bacteria groups, espe-
cially gram (+) bacteria. Using compound specific isotopic analysis of phospholipid fatty acids, Farrell
et al.'® found that soil microorganisms were able to rapidly take up and metabolize small proportions
(3%) of biochar-carbon. In addition, for the direct utilization of biochar carbon within soil microbial
communities, microbial degradation of biochar has been shown to occur through co-metabolism. Hamer
et al.'” reported that glucose addition accelerated mineralization of maize biochar by 58%, rye biochar
by 72% and wood biochar by 115% via microbial co-metabolism compared to the treatment without
glucose addition.

While abiotic and microbial degradation of biochar has been shown to significantly influence biochar
stability, the effect of plants on biochar stability is not known. The interaction of plants with the soil
and microbes, however, are known to occur through plant roots. Rooting systems provide a source of
organic carbon to soil microbes, which enhance microbial biomass, leading to a promotion of microbial
co-metabolism that can increase biochar degradation'”. Roots can also regulate the microbial commu-
nity structures and activities'® by changing soil physical and chemical characteristics (e.g. water and pH)
and by exuding organic substances. Therefore, plants are able to directly influence biochar decomposi-
tion rates through abiotic or indirectly influence biochar through microbial oxidation. Radial leakage
of oxygen from the roots'” may enhance oxidation of biochar while organic molecules released from
the rice root can adsorb either onto the mineral layers of the biochar or directly to the biochar sur-
faces'. Therefore the adsorption onto biochar contributes to soil organic carbon stabilization and, in
turn, plant roots can impact on biochar stability in a soil ecosystem. Especially in paddy fields, the impact
of rice plants on biochar stability is expected to occur because paddy soils cycle through saturation and
non-saturated states. However, the effects of rice plants on biochar mineralization and characteristics in
paddy soil ecosystem remain largely unexplored. Yet, biochar is regularly added to paddy soils because
rice-straw derived (RS) biochar applications have proven to be an effective means to reduce greenhouse
gas (GHG) emissions, increase carbon sinks and increase crop yields in paddy soils*-%2

The objective of this study was to test the effect of rice plants on the decomposition of RS biochar in
paddy soil. We hypothesized that rice plants would stimulate RS biochar degradation via roots exudates
and microbial oxidation.

Results

Decomposition and characteristics of biochar without rice plants. During the pre-incubation
period, the initial CO, efflux rates from the soil were very low. However, the CO, efflux rates increased
to a maximum after 12 days of incubation when the rates reached 22.23mgm™=h™" in the soil without
biochar amendment (SO) treatment and 34.56mgm™2h"! in the biochar amendment (SC) treatment
(Fig. S1). After 12 days of pre-incubation, the §"*C-CO, evolved from the biochar amendment had a
significantly higher signature than that of the control (Fig. 1). As calculated by equation 2, the BC min-
eralization rate was 2.45x 1072 ug CO,-Cg™! biocharh™,or 2.45x107%%h™".

Elemental composition. The C and O compositions of the biochar sampled from the SC treatments
after pre-incubation and, at the jointing, heading, and maturing stages of rice growth showed that the
total C content increased from 76.28% to 87.20% during the first 3 stages, but decreased during the
maturing stage (Table S1). In contrast, O content decreased from the pre-incubation stage until the
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Figure 2. Fourier-transform infrared spectra (FTIR) of the biochar samples collected from different stages
of the experiment (biochar: original biochar; —1: pre-incubation;-2: Jointing; —3: Heading; —4: Mature).

heading stage and then increased at the maturing stage. As a result, the O/C ratio decreased from 0.24
to 0.08 during the first 3 stages but then increased to 0.13 at the maturing stage.

Fourier-transform infrared spectra (FTIR) analysis. Infrared-spectra showed that the origi-
nal biochar, prior to any treatment, contained carbonyl, hydroxyl and aliphatic C-H groups. After
pre-incubation, bands arising from aromatic C-H out of plane vibrations (700-900 cm™) became more
apparent in the biochar samples (Fig. 2). Other functional groups, including the aromatic C=C groups
(1600 cm™) kept constant during all rice cultivation stages.

Decomposition and characteristics of biochar during the various rice growth
stages. Decomposition of biochar. During the rice cultivation stages, CO, efflux rates in the soil
were significantly greater in the presence of rice plants than without rice plants, irrespective of biochar
amendment. Biochar amendments had no significant impact on the CO, efflux rates in soils during the
whole period of rice growth (Fig. S1). During the 4 rice cultivation stages, the CO, efflux rate was con-
stant except during the filling stage when for both treatments with rice plants, the CO, efflux rate was
smaller than all other stages.

The §'*C-CO, signature of the evolved CO, from biochar decomposition ranged between -19.13%o
and -15.64%o (Fig. 1). Based on these isotopic CO, signatures, the amount of CO, derived from biochar
was determined for the biochar amended treatments at the heading and the maturing stages of the rice
growth cycle. Compared to the heading stage, the biochar mineralization rate in the maturing stage,
increased when no rice plants were present while the biochar mineralization rate in the biochar treat-
ment with rice plants decreased (Table S2). This resulted in similar biochar mineralization rates during
the maturing stage. At the heading and maturing stage, the presence of rice plants did not significantly
impact on the biochar mineralization rates.

Elemental composition. 'The C and O compositions of the biochar in the presence of rice plants at the
jointing, heading and maturing stages of rice growth showed that the total C content, increased from
85.96% to 86.36% during the first 2 stages of rice growth, but decreased during the maturing stage (Table
S1). In contrast, O content decreased from the jointing stage until the heading stage and then increased
at the maturing stage. Therefore, O/C ratio increased from the heading stage until the maturing stage.
However, the presence of plants did not significantly impact on the total C content, O content and O/C
ratio of biochars sampled from the biochar treatment without (SC) and with (SCR) rice plants during
the various rice growing stages.

Thermogravimetric (TG) analysis. The overall weight loss when temperatures were increased to 1000°C
amounted to 25.37% for the original biochar but only 18.27% for the SC treated biochar at the end of the

SCIENTIFIC REPORTS | 5:10001 | DOI: 10.1038/srep10001 3



www.nature.com/scientificreports/

a 110 0.15 b 110 0.15
~ 100 =
o0 ¢
z $F 3
] T3 K]
z s -
hoos  E '
58607 661°C 2 80 81.73° :
586°C 620°C 3% |
74.63%
0.00 70 0.00
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C') Temperature (°C')
C
110 0.15
29°C
100 N
_ 0l ¥
g 2
i
K4 v
z z
005 &
2
80 - 614°C 81.38%
70 0.00
0 200 400 600 800 1000

Temperature (°C')

Figure 3. Thermogravimetric (TG) and derivative of thermogravimetric (Dr TG) analysis curves of rice
straw-derived biochar (N, flow) (a) original biochar; (b) biochar from paddy soils with biochar amendment
(SC) at the maturing stage; (c) biochar from paddy soils with biochar amendment under rice plantation
(SCR) at the maturing stage).

maturing stage and 18.62% for the SCR treated biochar (Fig. 3). The derivative of the thermogravimetric
(Dr-TG) analysis curves demonstrated the non-isothermal decomposition of biochar. The greatest rate of
weight loss as indicated by Dr-TG analysis curves occurred in the temperature range of 30-60°C due to
moisture losses. When the temperature was greater than 100°C, the original biochar showed a maximum
weight loss rate at 934 °C. Biochar samples from both the SC and SCR treatments had much lower weight
loss rates above 750 °C than the original biochar. Biochar samples from both the SC and SCR treatments
showed a maximum weight loss rate at 610-620°C.

FTIR analysis. During the whole rice cultivation stage, in the presence of rice plants, functional groups
in the biochar samples such as carbonyl, hydroxyl and aromatic C=C (1600 cm™) groups did not show
any significant changes over time (Fig. 2). The presence of rice plants did not significantly impact on
the functional groups of the biochar samples compared to the samples from the treatments without rice
plants.

X-ray Photoelectron Spectroscopy (XPS) analysis. The biochar particles and powder after being incu-
bated with rice plants contained significantly more O atoms, as shown by the Ols peak area, than the
original biochar and biochar being incubated without rice plants (Fig. S3).

The bulk properties of biochar (biochar powder, Table 1) showed the same trend in elemental contents
of C and O as the results of elemental analysis (Table S1), specifically, a small increase in C and a decrease
in O after being incubated. The O/C ratio of the original biochar of the interior (biochar powder, Table 1)
was similar to the O/C ratio of the surfaces (biochar particles, Table 1). The presence of rice plants did
not show a significant difference in the O/C ratio of biochar powder after incubation. However, after
incubation with rice plant, the O/C ratio of biochar surfaces increased by 72% of the value of original
biochar and 19% of the biochar incubated without rice plants (biochar particles, Table 1). These increases
were mainly due to the formation of phenolic C and carboxyl C on the biochar surfaces (Table 2).

Incorporation of biochar C into microbial biomass and rice plants. During the tillering, heading and
maturing stages of rice growth, the presence of rice plants did not significantly impact on the microbial
biomass carbon (MBC) for the biochar amended soils (SC and SCR) (Fig. S2). The isotopic signatures of
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Biochar particles

Original Biochar 19.9 80.1 0.25
SC 26.5 73.5 0.36
SCR 30.0 70.0 0.43

Biochar powder

Original Biochar 18.6 814 0.23
sC 17.9 82.1 0.22
SCR 17.8 82.2 0.22

Table 1. Atomic elemental contents of C, O, and atomic O/C ratios measured from X-ray Photoelectron
Spectroscopy (XPS) wide scan spectra of biochar particles and finely ground powder (SC: Soil-Biochar
mixture, SCR: Soil-Biochar mixture with rice plants).

Biochar particles

Original Biochar 55.5 24.3 12.6 7.6 35.2 64.8
SC 49.2 24.2 14.1 12.5 42.7 57.3
SCR 49.4 25.2 14.1 114 42.7 57.3

Biochar powder

Original Biochar 51.9 24.7 13.7 9.8 40.4 59.7
SC 51.6 24.5 13.2 10.7 44.6 55.4
SCR 50.2 23.6 13.7 12.5 38.3 61.7

Table 2. Chemical composition of carbon (Cls) and oxygen (O1s) from XPS spectra of biochar particles
and finely ground powder. The binding energy of Cls at 284.6eV was assigned to C-C, C=C and C-H, at
286.2¢V to C-O, at 287.4eV to C=0, and at 289.1eV to COO. The binding energy of Ols at 531.3eV was
assigned to O=C and at 533.1eV to O-C.

dissolved organic carbon (DOC) and the sum of DOC and MBC at the maturing stage of rice cultivation
in Fig. 4 showed that more *C labeled carbon from the biochar (0.0016% of *C input) was incorporated
into the microbial biomass when rice plants were present (SCR) than when they were not (SC) (-0.006%
of 3C input).

At the end of the maturing stage, the incorporation of *C labeled biochar carbon in the above ground
biomass was 0.15% and in the below ground biomass was 0.45% of total '*C input (Table 3). In total,
0.047% of the carbon in the biochar was incorporated into rice plants during the whole rice cultivation
cycle.

Discussion

The total thermo-gravimetrical weight loss (25.37%, Fig. 3) of the original biochar was lower than that
of the lignin (54.7%) and black carbon-rich soils from natural forests (29.55%)%**!. Recent studies have
shown that TG could be used to estimate the labile fraction of carbon in biochar and evaluate the thermal
stability of soil organic matter by using the fraction of volatile matter with respect to the sum of volatile
matter content and fixed C****. Therefore, the considerably lower total weight loss in the TG analysis
indicated that the biochar used in this study had a relatively high thermal stability.

It has been suggested from the elemental composition that a biochar material containing lower O/C
ratios would be more stable than a biochar material with higher O/C ratios®. In this experiment, the
O/C ratio of the biochars significantly decreased after pre-incubation (Table S1). This suggested that the
stability of biochar might be increased after incubation in soils. Mao, et al.?” showed that biochar residues
in Terra preta soils were mainly composed of about 6 fused aromatic rings and these biochar residues
represented a particularly stable form of soil organic matter. The FTIR in this experiment demonstrated
that the intensity of aromatic C-H out-of-plane vibrations (700-900 cm™) of the biochars increased after
the pre-incubation period and the aromatic C=C (1600 cm™) functional groups kept constant during the
whole incubation period (Fig. 2). This also suggested that the stability of biochar had increased after the
pre-incubation period. On the other hand, the total weight loss of the biochar after incubation in soil
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Figure 4. 31-Dissolved organic carbon (DOC) and §'*- Dissolved organic carbon plus Microbial biomass
carbon (DOC+MBC) of soil at the mature stage of rice growth.

Above ground SR 392.6+1.6a 57+0.75a | 1.0797+0.0002b | — —
biomass SCR 391.8+1.5a 6.47+0.39a | 1.0808+0.0002a | 0.15 3.86
Below ground SR 408+13a 125+021a | 1.0799+0.0001b | — —
biomass SCR 397.9+5.2a 0.94+0.07a | 1.0830%+0.0017a | 0.45 1.65

Table 3. Atom%'*C values of above and below ground biomass of the rice plants for the treatments with
and without biochar at the end of the maturing stage. (SR: Soil with rice plants, SCR: Soil-Biochar mixture
with rice plants, f indicates the fraction of total carbon derived from biochar calculated by equation 2,
Chiochar indicates the amount of biochar carbon that was utilized by the rice plants).

(SC and SCR treatment) was significantly lower than that of the original biochar. This suggested that
the thermal stability of the biochar increased by incubation in soil. Therefore, it could be inferred that
biochar after pre-incubation in soil was very stable.

It has been assumed that plants may directly influence biochar decomposition rates by abotic oxida-
tion or indirectly by microbial oxidation. However, in this study rice plants did not have a significant
effect on the biochar decomposition rates (Table S2). The method using isotopically labeled CO, has
some limitation when it comes to calculating biochar decomposition rates. In particular, biochar could
be converted into some forms of organic matter that may be excluded from the calculations. In this
experiment, more carbon from biochar was converted to microbial biomass carbon when rice plants were
present than when they were not. Kuzyakov, et al.?® reported that 0.3%0.95% of the *C in biochar was
incorporated into microbial biomass and 17% into polysaccharides. These parts of carbon that biochar
converted into were not included in the calculations using isotopically labeled CO,.

As shown in the FTIR and TG analysis, no significant differences in the functional groups and
total weight loss were observed between the biochar samples collected from SC and SCR treatments
(Fig. 2, Fig. 3). These results suggested that rice plants had no significant effects on the biochar bulk
characteristics. However, the increase of atomic O/C ratios of biochar particles in the presence of rice
plants (Table 1) suggested that rice plants enhanced the surface oxidation of the biochar. The differences
between surface and bulk properties of the biochars that were exposed to rice plants highlighted the
fact that higher oxidative states on the surface region of the biochar particles occurred in comparison
to the interior®?°. Such differences were also observed in this study whereby significant increases in the
surface oxygen functional groups of the biochar appeared both in SC and SCR treatments compared to
the entire particles (Table 2). Surface oxidation of biochar led to an increase in phenolic groups'®. In
this study, the presence of ~-COR groups of the biochar significantly increased when biochar was incu-
bated in the presence of rice plants. In addition, LeCroy, et al.*' reported that biochar exposed to the
plant-soil environment reportedly showed more surface oxidation in the form of increased proportions
of -COR,-C=0 and -COOR groups. Increased surface oxidation of the biochar in the presence of rice
plants might have resulted from the rice exudates and radial leakage of oxygen from the roots'®. Oxygen
being the most common electron acceptor, may have oxidised biochar through abotic reactions boosted
by a high density of electron donating mt-electrons. A short-term incubation conducted by Cheng, et al.’®
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at 30°C with microbial inoculation showed that there were no changes in the measured indicators of
surface oxidation, which suggested that surface oxidation might happen as a function of abiotic oxida-
tion, such as chemisorption of oxygen (O) by aging processes®’. On the other hand, rice exudates, such
as low-molecular weight organic compounds (free exudates), high-molecular weight gelatinous materials
(mucilage) and sloughed-off cells, could be adsorbed directly onto the biochar surfaces'*. This would
provide more available carbon for soil microorganisms to increase the co-metabolic decomposition of
the biochar. Despite that further research is needed to clarify this mechanism, the increase in the biochar
surface oxidation of the biochar with rice plants indicated that biochar stability in the soil was influenced
by plants in the long term.

Microbes can utilize biochar through two pathways: directly as a carbon source; and indirectly
through co-metabolism!”*?, Kuzyakov, et al** indicated that biochar was mainly decomposed through
co-metabolism and that biochar was negligible as a microbial C source. In this study, only 0.0016%
of carbon from the biochar was incorporated into the soil microbial biomass in the presence of rice
plants. The incorporation of the small amount of carbon from biochar into microbial biomass therefore
confirms the low microbial availability of biochar as a substrate. However, the amount of carbon from
the biochar that was incorporated into the soil microbial biomass in the presence of rice plants was
significantly greater than that without the rice plants (—0.006% of *C input, calculated using data from
Fig. 4). The enhancement of biochar incorporation into the soil microbial biomass under rice plants may
be explained by the effect of root exudates on the microbial co-metabolism in the soil. Root exudates
include ions, free oxygen, enzymes, mucilage and a diverse array of carbon-containing primary and
secondary metabolites®>?¢. These exudates provide a source of organic carbon for soil microbes, leading
to a promotion of microbial co-metabolism that can increase the biochar degradation'” or enabling
some microbes to actively degrade the recalcitrant C compounds with their extracellular enzymes®. It
is reported that arbuscular mycorrhizal fungi (AMF) could form associations with plant roots through
root exudates® and play a pivotal role in facilitating biochar degradation by altering it physically and
chemically™®.

This study has shown a direct incorporation of biochar carbon into rice plants. While only 0.047%
of the carbon in the original biochar was incorporated into the rice plant in this study, a large amount
of biochar carbon may be lost by being converted to CO, through the metabolism of rice plants in the
paddy fields. Especially in China there are many paddy fields. Therefore, the incorporation of biochar
carbon into rice plants will greatly decrease the carbon sequestration effect of biochar in a paddy soil
ecosystem. Studies have shown that labile components of biochar are susceptible to microbial decomposi-
tion. Some metabolites of microorganisms such as acetate and butyrate could also be metabolized by the
roots*. Therefore, carbon in biochar is not only directly taken up by rice plants but also indirectly uti-
lized by the rice plant through microbial decomposition. Furthermore, it is reported that the transport of
biochar particles increased with decreasing particle sizes and pyrolysis temperature*!. Carbon nanoparti-
cles could be taken up by plant roots, penetrate through vascular systems and then be transported to the
plant shoots*>*. Therefore, we may speculate that rice roots are able to take up some biochar nanoparti-
cles in paddy soil and then transport them into plant shoots. Although the transportation mechanisms of
biochar carbon incorporation into rice plants are still not clear, results of this study implied that the role
of biochar in carbon sequestration in the soil ecosystem would be greatly overestimated in the long term
without the consideration of the impacts of plants. Therefore, the impact of plants should be considered
when predicting biochar stability in the soil ecosystem and the role of biochar in the global carbon cycle.

Methods

Soil characteristics and production of *3C labeled rice-straw biochar. A clay loam soil was col-
lected from a paddy field in Shangyu City, Zhejiang Province, China. In this paddy field, rice plants had
been grown under normal rice growing conditions by local farmers. The soil was sampled by taking
composite samples in the plowing layer (0-20 cm) of the paddy field and then transported to the agri-
cultural experiment station of Zhejiang University, China where it was air-dried and sieved through a
2-mm mesh screen.

In order to quantify biochar decomposition rates, '*C labelled rice straw was generated**. The biochar
was produced by slowly pyrolysing *C labelled rice straw in a GDL-1500X tubular furnace (Kejin, Hefei,
China). The labelled rice straw was heated at a rate of 5-10°C/min, followed by a residence time of 3 h
at 500°C under a N, gas flow of 1L/min to ensure an oxygen-free atmosphere. The percentages of *C
atoms in the soils and biochars were analyzed by §°C isotope ratio mass spectrometry (ThermoFinnigan/
mat 253). The pH of the soils and biochars were measured in a 1:5 (w/ v) and 1:20 (w/ v) water solu-
tion (Cheng et al., 2006). Total C, H, N contents were determined using an elemental analyzer (Flash
EA1112, Thermo Finnigan, Italy). Ash contents in percent of the biochar were quantified according to the
American Society for Testing and Materials (ASTM) D1762-84. Total oxygen contents were calculated
by subtracting the C, H and N contents that were water and ash free basis, assuming that biochar and
soils were only composed of C, N, H, and O. Detailed physicochemical characteristics of the soils and
biochars are summarized in Table 4.

Experimental setup. Before conducting the experiment, the paddy soil was pre-incubated with (SC
treatment) and without *C labeled RS biochar (SO treatment) for 104 days at 20-30°C with natural
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Sol 12.7 11 115 1.09 8.26
Rice-straw | ¢ 5 29 | 266 1.77 10.04
biochar

Table 4. Characteristics of soils and rice-straw derived biochar.

light under continuous flooded conditions in plastic buckets (D ,=11cm, D (=18.5cm, H=10cm) in
order to decompose labile components within the biochar. The Soil-Biochar mixtures were created by
incorporating 2.5% (w/w) *C labeled RS biochar into the pre-incubated soil and non-amended soil was
used as a control (n=3 replicates of each).

The pre-incubated soils with and without biochar were used to create 2 experimental treatments
(n=3 replicates of each). These were: Soil with rice plants (SR), and Soil-Biochar mixture with rice plants
(SCR). The pre-incubated soils that did not have rice planted in them were used as the Control treatment.
All the soil samples were incubated at 20-30°C with natural light for a complete rice growing season
of 105 days. These soils were kept under continuous flooded conditions, and drained 3 weeks prior to
the harvest. In order to inhibit the growth of algae, the buckets were shaded with dark foils during the
whole incubation period.

Two rice seedlings of the commercially grown variety Oryza sativa L., cv. Xiushui 134, were trans-
planted into each bucket for the treatments with rice plants (SR and SCR). In order to ensure sufficient
nutrients for the rice plants to grow, 250 ml of nutrient solution that contained 0.22gkg™ N (NH,NO5),
0.20gkg™! P,0; (NaH,PO,-2H,0), 0.20gkg™ K (K,SO,) and trace elements, were uniformly mixed with
the soils, two weeks before transplanting, and 100 ml of nutrient solution was applied three more times
during the whole tillering stage of the rice cultivation stage. Nutrient solutions were also applied to
Control soils without rice plants. Enough additional buckets were prepared to enable replicate (n=3)
samples to be destructively sampled at the pre-incubation, tillering, heading and maturing stages of the
rice cultivation.

Carbon dioxide measurements. The CO, flux measurement was determined by the closed chamber
method at four growth stages of rice cultivation. These growth stages were the jointing, heading, filling
and maturing stages. In order to exclude the influence of photosynthesis, CO, was sampled at night (the
sampling lasted for one hour each time). The concentration of CO, in the gas samples was analyzed using
a gas chromatograph (GC- 14B, Shimadzu, Japan)* and stable carbon isotopic ratios were measured
using ThermoFinnigan/mat253 to estimate the fraction of respired CO, that was derived from biochar.

Biochar characteristics. Biochar particles (diameters from 150 um to 300 um) were randomly picked
from the soil of SC and SCR treatments at pre-incubation, jointing, heading and maturing stages using
tweezers and an anatomical lens (45 x, SZ61, Olympus)*’. Elemental compositions of the biochars were
conducted by an elemental analyzer (Flash EA1112, Thermo Finnigan, Italy). FTIR absorption spectra
were collected from wavelengths 4000 to 400cm™. In order to prepare biochar samples for FTIR analy-
ses, 1 mg of the samples had been finely ground, sieved through a 150 um sieve, and mixed with 200 mg
KBr. Carbon chemical functional groups were assigned to wave numbers according to reference?!.

TG and XPS analyses were only conducted on biochar samples collected, from the maturing stage,
after 105 days. TG was operated using a AT DSCQ1000 (USA) under a nitrogen atmosphere. The biochar
samples, with an initial weight of 10mg, were placed inside an aluminium oxide crucible. The temper-
ature through the reaction was increased at a heating rate of 10°Cmin~". Dr-TG analysis curves were
determined.

In order to investigate the surface characteristics of biochar particles, XPS analysis was conducted
using a VG ESCALAB MARK II (England), which used a focused monochromatic Mg Ka X-ray (1253
6eV) source for excitation and a spherical section analyzer. The spectra of the biochar particles were
assumed to represent the properties of the particle surface. Finely-ground biochar powder, whose spectra
were assumed to represent both exterior and interior properties of the biochar were also measured. The
high resolution XPS spectra of Clg and O1lg were used to quantify C and O forms on the surface and in
the interior of biochar particles. The deconvolution of the Clg and Ol spectra were determined using
a non-linear least squares curve fitting program with a Gaussian-Lorentzian mix function and Shirley
background subtraction. Details of quantification were described by Cheng et al.’*.

Soil microbial and plant biomass analyses. Soil samples were collected during the growth season
of the rice at 30 days (jointing), 65 days (heading) and 105 days (maturing). Soil MBC was determined on
fresh soil samples by the chloroform fumigation-extraction method*’. Above ground and below ground
biomass of the rice plants were collected from each bucket just before harvest, air-dried, ground and
sieved through a 0.3 mm mesh screen to measure total carbon with an elementary analyzer (vario MAX,
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Germany). To quantify the incorporation of *C labeled carbon from biochar into the microbial and rice
plants biomass, the *C signature of soil microbial and above ground and below ground biomass carbon
at the maturing stage of rice growth was determined by mass spectrometer (ThermoFinnigan/mat253).

Calculations and statistical analyses. CO, emission fluxes were calculated using the equation:
F=pxhxdc/dtx273/T, where F is the CO, emission flux, p is the density of CO, at temperature T, h
is the height of the closed chamber, dc/dt is the change of the CO, concentration per unit in the closed
chamber, and T is the Fahrenheit temperature of the closed chamber.

Isotopic ratios were expressed in standard delta notation as §'*CO, in units of per mil (%) relative to
the Vienna Pee Dee Belemnite (VPDB) standard. Isotopic ratios are expressed as Atom%"C after being
labeled, which is calculated as follow (Rgpgara=11237.2+90x 107):

3
((51 C+ 1000) X Rstandard x 1007

Atom%C = 5
(68°C + 1000) X R g0 + 1000 (1)

As described by Steinbeiss, et al.*é, the fraction of respired CO,, microbial biomass C and plant total
carbon (TC) derived from the biochar was calculated as follows:

(Atom%13C
A

treatment

— Atom%l3ccontrol) % 100
3 3 7
(Atom%l Cbiochar - Atom%l CCOHHOI) (2)

Where Atom%"*Cy,eamen 1S the °C atom percentage of different types of carbon with biochar amendment,
Atom%"*C o1 is the PC atom percentage without biochar amendment, Atom%!*Cy;q,, is the *C atom
percentage of biochar.

All data were reported as means and standard deviation (SD) of the means. Analysis of variance and
the least significant difference (LSD) tests were used to determine the significant differences between
treatments with and without rice plants at confidence level of P <0.05.

References
1. Liu, Y. et al. Reducing CH, and CO, emissions from waterlogged paddy soil with biochar.]. Soils Sediments 11, 930-939 (2011).
2. Kuhlbusch, T. & Crutzen, P. Toward a global estimate of black carbon in residues of vegetation fires representing a sink of
atmospheric CO, and a source of O,. Glob. Biogeochem. Cycle 9, 491-501 (1995).
3. Lehmann, J. A handful of carbon. Nature 447, 143-144 (2007).
4. Nguyen, B. T., Lehmann, J., Hockaday, W. C., Joseph, S. & Masiello, C. A. Temperature sensitivity of black carbon decomposition
and oxidation. Environ. Sci. Technol. 44, 3324-3331 (2010).
5. Bruun, S., Jensen, E. S. & Jensen, L. S. Microbial mineralization and assimilation of black carbon: Dependency on degree of
thermal alteration. Organic Geochem. 39, 839-845 (2008).
6. Cheng, C.-H., Lehmann, J. & Engelhard, M. H. Natural oxidation of black carbon in soils: changes in molecular form and surface
charge along a climosequence. Geochim. Cosmochim. Acta. 72, 1598-1610 (2008).
7. Luo, Y., Durenkamp, M., De Nobili, M., Lin, Q. & Brookes, P. Short term soil priming effects and the mineralisation of biochar
following its incorporation to soils of different pH. Soil. Biol. Biochem. 43, 2304-2314 (2011).
8. Nguyen, B. T. & Lehmann, J. Black carbon decomposition under varying water regimes. Organic Geochem. 40, 846-853 (2009).
9. Zimmerman, A. R. Abiotic and microbial oxidation of laboratory-produced black carbon (biochar). Environ. Sci. Technol. 44,
1295-1301 (2010).
10. Hilscher, A., Heister, K., Siewert, C. & Knicker, H. Mineralisation and structural changes during the initial phase of microbial
degradation of pyrogenic plant residues in soil. Organic Geochem. 40, 332-342 (2009).
11. Bolan, N. S., Kunhikrishnan, A., Choppala, G., Thangarajan, R. & Chung, J. Stabilization of carbon in composts and biochars in
relation to carbon sequestration and soil fertility. Sci. Total Environ. 424, 264-270 (2012).
12. Sigua, G. C,, et al. Carbon mineralization in two ultisols amended with different sources and particle sizes of pyrolyzed biochar.
Chemosphere 103, 313-321 (2014).
13. Cheng, C.-H., Lehmann, J., Thies, J. E., Burton, S. D. & Engelhard, M. H. Oxidation of black carbon by biotic and abiotic
processes. Organic Geochem. 37, 1477-1488 (2006).
14. Joseph, S. et al. An investigation into the reactions of biochar in soil. Soil Res. 48, 501-515 (2010).
15. Santos, E, Torn, M. S. & Bird, J. A. Biological degradation of pyrogenic organic matter in temperate forest soils. Soil. Biol.
Biochem. 51, 115-124 (2012).
16. Farrell, M. et al. Microbial utilisation of biochar-derived carbon. Sci. Total Environ. 465, 288-297 (2013).
17. Hamer, U., Marschner, B., Brodowski, S. & Amelung, W. Interactive priming of black carbon and glucose mineralisation. Organic
Geochem. 35, 823-830 (2004).
18. Paterson, E. Importance of rhizodeposition in the coupling of plant and microbial productivity. Eur. J. Soil Sci. 54, 741-750
(2003).
19. Revsbech, N., Pedersen, O., Reichardt, W. & Briones, A. Microsensor analysis of oxygen and pH in the rice rhizosphere under
field and laboratory conditions. Biol. Fertil. Soils. 29, 379-385 (1999).
20. Dong, D. et al. Responses of methane emissions and rice yield to applications of biochar and straw in a paddy field. J. Soils.
Sediments 13, 1450-1460 (2013).
21. Wu, W. et al. Chemical characterization of rice straw-derived biochar for soil amendment. Biomass. Bioenerg. 47, 268-276 (2012).
22. Zhao, X., Wang, J., Wang, S. & Xing, G. Successive straw biochar application as a strategy to sequester carbon and improve
fertility: A pot experiment with two rice/wheat rotations in paddy soil. Plant. Soil. 378, 279-294 (2014).
23. Yang, H.,, Yan, R, Chen, H., Lee, D. H. & Zheng, C. Characteristics of hemicellulose, cellulose and lignin pyrolysis. Fuel. 86,
1781-1788 (2007).
24. De la Rosa, J. et al. Direct detection of black carbon in soils by Py-GC/MS, carbon-13 NMR spectroscopy and thermogravimetric
techniques. Soil Sci. Soc. Amer. ]. 72, 258-267 (2008).

SCIENTIFIC REPORTS | 5:10001 | DOI: 10.1038/srep10001 9



www.nature.com/scientificreports/

25. Calvelo Pereira, R. et al. Contribution to characterisation of biochar to estimate the labile fraction of carbon. Organic Geochem.
42, 1331-1342 (2011).

26. Spokas, K. A. Review of the stability of biochar in soils: predictability of O: C molar ratios. Carbon Manag. 1, 289-303 (2010).

27. Mao, J.-D. et al. Abundant and stable char residues in soils: Implications for soil fertility and carbon sequestration.Environ. Sci.
Technol. 46, 9571-9576 (2012).

28. Kuzyakov, Y., Bogomolova, I. & Glaser, B. Biochar stability in soil: Decomposition during eight years and transformation as
assessed by compound-specific *C analysis. Soil. Biol. Biochem. 70, 229-236. (2014).

29. Brodowski, S., Amelung, W., Haumaier, L., Abetz, C. & Zech, W. Morphological and chemical properties of black carbon in
physical soil fractions as revealed by scanning electron microscopy and energy-dispersive X-ray spectroscopy. Geoderma 128,
116-129 (2005).

30. Liang, B. et al. Black carbon increases cation exchange capacity in soils. Soil Sci. Soc. Amer. J. 70, 1719-1730 (2006).

31. LeCroy, C., Masiello, C. A., Rudgers, J. A., Hockaday, W. C. & Silberg, J. J. Nitrogen, biochar, and mycorrhizae: Alteration of the
symbiosis and oxidation of the char surface. Soil. Biol. Biochem. 58, 248-254 (2012).

32. Adams, L. B,, Hall, C. R,, Holmes, R. J. & Newton, R. A. An examination of how exposure to humid air can result in changes in
the adsorption properties of activated carbons.Carbon 26, 451-459 (1988).

33. Wengel, M., Kothe, E., Schmidt, C. M., Heide, K. & Gleixner, G. Degradation of organic matter from black shales and charcoal
by the wood-rotting fungus Schizophyllum commune and release of DOC and heavy metals in the aqueous phase. Sci. Total
Environ. 367, 383-393 (2006).

34. Kuzyakov, Y., Subbotina, I., Chen, H., Bogomolova, I. & Xu, X. Black carbon decomposition and incorporation into soil microbial
biomass estimated by “C labeling. Soil. Biol. Biochem. 41, 210-219 (2009).

35. Bertin, C., Yang, X. & Weston, L. A. The role of root exudates and allelochemicals in the rhizosphere. Plant Soil 256, 67-83
(2003).

36. Uren, N. C. Types, amounts, and possible functions of compounds released into the rhizosphere by soil-grown plants. The
rhizosphere. Biochemistry and organic substances at the soil-plant interface. 2nd edn (eds Roberto. P, Zeno. V. & Paolo. N) Ch. 1,
1-21 (CRC Press, Taylor & Francis Group, 2007)

37. Blondeau, R. Biodegradation of natural and synthetic humic acids by the white rot fungus Phanerochaete chrysosporium. Appl.
Environ. Microbiol. 55, 1282-1285 (1989).

38. Tamasloukht, M. B. et al. Root Factors Induce Mitochondrial-Related Gene Expression and Fungal Respiration during the
Developmental Switch from Asymbiosis to Presymbiosis in the Arbuscular Mycorrhizal FungusGigaspora rosea. Plant Physiol.
131, 1468-1478 (2003).

39. Hockaday, W. C., Grannas, A. M., Kim, S. & Hatcher, P. G. Direct molecular evidence for the degradation and mobility of black
carbon in soils from ultrahigh-resolution mass spectral analysis of dissolved organic matter from a fire-impacted forest soil.
Organic Geochem. 37, 501-510 (2006).

40. Tanaka A & Navasero S A. Carbon dioxide and organic acids in relation to the growth of rice. Soil Sci. Plant Nutr. 13, 25-30
(1967).

41. Wang, D., Zhang, W,, Hao, X. & Zhou, D. Transport of biochar particles in saturated granular media: effects of pyrolysis
temperature and particle size. Environ. Sci. Technol. 47, 821-828 (2013).

42. Ma, X,, Geiser-Lee, ], Deng, Y. & Kolmakov, A. Interactions between engineered nanoparticles (ENPs) and plants: phytotoxicity,
uptake and accumulation. Sci. Total Environ. 408, 3053-3061 (2010).

43. Lin S, et al. Uptake, translocation, and transmission of carbon nanomaterials in rice plants. Small 5, 1128-1132 (2009)

44. Lu, Y., Watanabe, A. & Kimura, M. Contribution of plant photosynthates to dissolved organic carbon in a flooded rice soil.
Biogeochemistry 71, 1-15 (2005).

45. Wu, ], Joergensen, R., Pommerening, B., Chaussod, R. & Brookes, P. Measurement of soil microbial biomass C by fumigation-
extraction—an automated procedure. Soil. Biol. Biochem. 22, 1167-1169 (1990).

46. Steinbeiss, S., Gleixner, G. & Antonietti, M. Effect of biochar amendment on soil carbon balance and soil microbial activity. Soil.
Biol. Biochem. 41, 1301-1310 (2009).

Acknowledgments

This research was supported by the National Key Science and Technology Project: Water Pollution
Control and Treatment (No0.2014ZX07101-012), the National Natural Science Foundation of China
(41271247, 41271337) and the Specialized Research Fund for the Doctoral Program of Higher Education
(20110101110083).

Author Contributions
M.X.W. and Q.B.E designed and performed the experiments. M.X.W wrote the paper with the help of
X.S., HL.W, G.G. and WX.W. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wu, M. et al. Rice (Oryza sativa L) plantation affects the stability of biochar
in paddy soil. Sci. Rep. 5, 10001; doi: 10.1038/srep10001 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:10001 | DOI: 10.1038/srep10001 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Rice (Oryza sativa L) plantation affects the stability of biochar in paddy soil

	Results

	Decomposition and characteristics of biochar without rice plants. 
	Elemental composition. 
	Fourier-transform infrared spectra (FTIR) analysis. 
	Decomposition and characteristics of biochar during the various rice growth stages. 
	Decomposition of biochar. 
	Elemental composition. 
	Thermogravimetric (TG) analysis. 
	FTIR analysis. 
	X-ray Photoelectron Spectroscopy (XPS) analysis. 
	Incorporation of biochar 13C into microbial biomass and rice plants. 


	Discussion

	Methods

	Soil characteristics and production of 13C labeled rice-straw biochar. 
	Experimental setup. 
	Carbon dioxide measurements. 
	Biochar characteristics. 
	Soil microbial and plant biomass analyses. 
	Calculations and statistical analyses. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ δ13C-CO2 signature of the evolved CO2.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Fourier-transform infrared spectra (FTIR) of the biochar samples collected from different stages of the experiment (biochar: original biochar −1: pre-incubation−2: Jointing −3: Heading −4: Mature).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Thermogravimetric (TG) and derivative of thermogravimetric (Dr TG) analysis curves of rice straw-derived biochar (N2 flow) (a) original biochar (b) biochar from paddy soils with biochar amendment (SC) at the maturing stage (c) biochar fro
	﻿Figure 4﻿﻿.﻿﻿ ﻿ δ13-Dissolved organic carbon (DOC) and δ13- Dissolved organic carbon plus Microbial biomass carbon (DOC + MBC) of soil at the mature stage of rice growth.
	﻿Table 1﻿﻿. ﻿  Atomic elemental contents of C, O, and atomic O/C ratios measured from X-ray Photoelectron Spectroscopy (XPS) wide scan spectra of biochar particles and finely ground powder (SC: Soil-Biochar mixture, SCR: Soil-Biochar mixture with rice pla
	﻿Table 2﻿﻿. ﻿  Chemical composition of carbon (C1s) and oxygen (O1s) from XPS spectra of biochar particles and finely ground powder.
	﻿Table 3﻿﻿. ﻿ Atom%13C values of above and below ground biomass of the rice plants for the treatments with and without biochar at the end of the maturing stage.
	﻿Table 4﻿﻿. ﻿ Characteristics of soils and rice-straw derived biochar.



 
    
       
          application/pdf
          
             
                Rice (Oryza sativa L) plantation affects the stability of biochar in paddy soil
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10001
            
         
          
             
                Mengxiong Wu
                Qibo Feng
                Xue Sun
                Hailong Wang
                Gerty Gielen
                Weixiang Wu
            
         
          doi:10.1038/srep10001
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10001
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10001
            
         
      
       
          
          
          
             
                doi:10.1038/srep10001
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10001
            
         
          
          
      
       
       
          True
      
   




