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• Biochar addition did not alter soil CO2

efflux in agricultural soils.
• Biochar addition did not alter the car-
bon use efficiency by soil microbes.

• Biochar types and amendment rate had
no effect on soil respiration.
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Biochar addition to soil has beenwidely accepted as an option to enhance soil carbon sequestration by introduc-
ing recalcitrant organicmatter. However, it remains unclearwhether biochar will negate the net carbon accumu-
lation by increasing carbon loss through CO2 efflux from soil (soil respiration). The objectives of this studywere to
address: 1)whether biochar addition increases soil respiration; andwhether biochar application rate and biochar
type (feedstock and pyrolyzing system) affect soil respiration. Two series offield experimentswere carried out at
8 sites representing the main crop production areas in China. In experiment 1, a single type of wheat straw bio-
char was amended at rates of 0, 20 and 40 t ha−1 in four rice paddies and three dry croplands. In experiment 2,
four types of biochar (varying in feedstock and pyrolyzing system)were amended at rates of 0 and 20 t ha−1 in a
rice paddy under rice-wheat rotation. Results showed that biochar addition had no effect on CO2 efflux from soils
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consistently across sites, although it increased topsoil organic carbon stock by 38% on average. Meanwhile, CO2

efflux from soils amended with 40 t of biochar did not significantly higher than soils amended with 20 t of bio-
char. While the biochars used in Experiment 2 had different carbon pools and physico-chemical properties,
they had no effect on soil CO2 efflux. The soil CO2 efflux following biochar addition could be hardly explained
by the changes in soil physic-chemical properties and in soil microbial biomass. Thus, we argue that biochar
will not negate the net carbon accumulation by increasing carbon loss through CO2 efflux in agricultural soils.

© 2016 Elsevier B.V. All rights reserved.
Greenhouse gas mitigation
Agricultural soils
Microbial activity
1. Introduction

Biochar is considered as a carbon-rich organic matter with long res-
idence time up to hundreds of years (Kuzyakov et al., 2009; Lehmann
et al., 2015). Its production from waste biomass and use in agriculture
has been advocated as an effective means to sequester carbon and re-
duce greenhouse gas emissions from soils (Lehmann et al., 2006;
Atkinson et al., 2010). However, this had been frequently questioned,
as several studies reported a short-term positive priming effect of bio-
char addition on native soil organicmatter (SOM), thus negating carbon
sequestration (Bruun and Luxhoi, 2008; Kuzyakov et al., 2009; Liang
et al., 2010; Smith et al., 2010; Verheijen et al., 2010; Jones et al.,
2011; Luo et al., 2011; Zimmerman et al., 2011; Bruun et al., 2014).
Such an argument arose from an earlier study by Wardle et al. (2008)
who found biochar promoted litter decomposition in soils under forest
floor. Later on, Kuzyakov et al. (2009) using 14C labelling technique, rec-
ognized a minor effect of biochar on soil respiration, despite of a
growth-linked co-metabolic microbial decomposition of biochar after
glucose addition. Similarly, Liang et al. (2010) found that the biochar-
rich Amazonian Anthrosols had great capacity to resist SOM decompo-
sition against fresh organic matter addition. Ameta-analysis of 46 stud-
ies by Sagrilo et al. (2014) quantified a 28% increase in carbon dioxide
(CO2) release in short-term following biochar addition to soil. This
was in contrast to the finding of a similar work by Liu et al. (2015),
who included longer term field studies. However, the changes in soil
respiration in agricultural soils with biochar amendments are still
poorly quantitatively assessed in field.

The persistence of organic matter in soils is determined by ecosys-
tem controls related to edaphic properties, climate, plant species, litter
chemistry and input rates, rather than being simply correlated with re-
calcitrance of the substrates alone (Schmidt et al., 2011). As a key pro-
cess of carbon exchange between the biosphere and the atmosphere
(Schlesinger and Andrews, 2000), carbon dioxide evolution from SOM
decomposition is regulated by the size and composition of microbial
communities and by the available carbon substrates under a certain
vegetation. The decomposition of SOM by microbial activity could be
evaluatedwithmicrobialmetabolic quotient (qCO2), which is estimated
by microbial biomass scaled soil respiration (Anderson and Domsch,
1993; Wardle and Ghani, 1995). The qCO2 is increasingly used to mon-
itor and predict the changes in microbial decomposition of SOM under
environmental disturbances (Anderson et al., 2011). Generally, fresh
carbon inputs to soil from crop straw andmanure selected for fast grow-
ing autochthonous microorganisms and could increase qCO2 (Leita
et al., 1999). With input of carbon substrates in availability different to
SOM, biochar soil amendment could lead to significant changes in mi-
crobial biomass and community structure through biotic and abiotic ef-
fects (Lehmann et al., 2011). However, these effects vary widely for
different soil types, biochar feedstocks, application rates, and cropping
systems. For example, Steinbeiss et al. (2009) reported an increase in
fungal biomass in a soil amended with yeast-derived biochar, whereas
a loss of microbial diversity was observed in a soil amended with oak
and grass derived biochar (Khodadad et al., 2011).Meanwhile, with bio-
char addition, soil microbial biomass carbon (SMBC) or nitrogen
(SMBN) could be either unchanged (Zavalloni et al., 2011) or decreased
(Dempster et al., 2012). However, the change in microbial abundance
and in community structure could be inconsistent between bacterial
and fungal communities, as observed in some Chinese rice paddies
amended with wheat straw biochar (Chen et al., 2013, 2015). Yet, it is
still unclear whether the biochar mediated changes in soil microbial ac-
tivity contribute to soil respiration.

In this study, two types of experiment design were used to investi-
gate the effect of biochar amendment on soil respiration. Three ques-
tions will be addressed: 1) How does soil respiration respond to
biochar application? 2) Does biochar application rate and soil types af-
fect the response of soil respiration to biochar amendment? 3)Does bio-
char types (in terms of feedstock and pyrolyzing condition) affect the
response of soil respiration to biochar amendment?

2. Materials and methods

2.1. Field experiment

Two types of experiment designwere used to characterize the effect
of biochar amendment on soil respiration. Experiment 1 (Exp. 1) was
carried out at seven sites in a range of agricultural soils across the
main crop production areas of China (Supplementary Fig. S1). The ob-
jective of Exp. 1 was to investigate the effect of a single biochar
(wheat straw biochar) at three application rates on soil CO2 fluxes.
The seven sites cover various soil types, climatic conditions and land
uses. The sites included four rice paddies of CS (Changsha, Hunan Prov-
ince), JX (Jinxian, Jiangxi Province, GH (Guanghan, Sichuan Province)
and YX (Yixing, Jiangsu Province) and three dry croplands of SQ (Shang-
qiu, Henan Province), XZ (Xinzhou, Shanxi Province) and TA (Tai'an,
Shandong Province).

Experiment 2 (Exp. 2) was carried out to compare the effects of bio-
chars from different feedstocks at two pyrolyzing system on soil CO2

fluxes at a single site. The experiment was conducted at Changshu
(CSU), Jiangsu Province in a rice paddy in the Tai Lake plain, Southeast
China. In this area, summer rice is rotated with winter wheat.

The experimental sites represent a wide range of climatic conditions
from humid to semi-arid, withmean annual temperature between 10.5
and 17.7 °C and mean annual precipitation between 400 and 1500 mm
(Table 1). Soil pH varied from 4.9 to 8.4 (Table 2). The concentrations of
soil organic carbon (SOC) and total nitrogen (TN) and textures vary also
across sites.

2.2. Biochars

In Experiment 1, only wheat straw biochar (WSBC) was tested
across sites, which is commercially available at Sanli New Energy Com-
pany, Henan, China. The biochar was produced via pyrolysis with a res-
idence time of 1 h at temperature in a range of 350–550 °C. The system
is a vertical kiln with 5 m in height and 1.5 m in diameter. The biochar
was ground to pass a 2-mm sieve and homogenized before amending
to soils. The properties of this biochar have been described in detail ear-
lier (Zhang et al., 2010; Liu et al., 2012).

In Experiment 2, the four types of biochars were produced from
three feedstocks at two pyrolysis systems. Both wheat straw biochar
(WSBC) and maize stalk biochar (MSBC1) were obtained from the
Sanli New Energy Company, produced under same pyrolysis conditions
outlined above. The other two biochars were produced from rice straw
(RSBC) and maize stalk biochar (MSBC2) by Nanjing Qinfeng Crop
Straw Technology Company. Both RSBC and MSBC2 were produced via
pyrolysis from rice straw and maize stalk biomass respectively at



Table 1
Air temperature, precipitation, crop rotations, crop cultivars and fertilizer regimes in the experimental sites.

Experiment Soil management Location MATa (°C) MAPb (mm) Crop rotation Cultivar Fertilizer
(kg ha−1 Season−1)

N P2O5 K2O

Exp. 1 Rice paddy Changsha (CS) 17.1 1500 Rice-rice Zhongjiazao17 150 90 90
Jinxian (JX) 17.7 1400 Rice-rice Yougong98 300 220 150
Guanghan (GH) 16.3 890 Rice-wheat DYou202 240 150 75
Yixing (YX) 15.7 1177 Rice-wheat Wuyunjing7 300 125 125

Dray cropland Shangqiu (SQ) 13.9 780 Wheat-maize Zhengdan 958 300 75 90
Xinzhou (XZ) 10.5 400 Maize Xianyu335 220 90 180
Tai'an (TA) 12.8 727 Maize Zhengdan 958 430 75 0

Exp. 2 Rice paddy Changshu (CSU) 15.4 1054 Rice-wheat Changyou 5 165 35 95

a MAT: mean annual temperature.
b MAP: mean annual precipitation.
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temperatures of 550–650 °C with residence time of about 1 h. The sys-
tem is a 12 m long rotatory kiln with 0.9 m in diameter. There were
five treatments in total, including the control with no biochar amended
(CK), WSBC, MSBC1, MSBC2 and RSBC. As shown in Supplementary
Table S1, the total carbon pool varied in a range of 233–572 g C kg−1,
dissolved organic carbon (DOC) in a range of 216–824 mg kg−1 and
pH in a range of 9.4–10.4, across the 4 types of biochars used.

2.3. Field experiment layout

In Exp. 1, biocharwas amended at rates of 0, 20 and 40 t ha−1 at each
of the 7 sites. In Exp. 2, each biochar typewas added to the rice paddy at
rate of 0 and 20 t ha−1. After the harvest of a summer crop, biochar was
spread on to the soil surface and incorporated into the topsoil to a 15 cm
depth by plowing and levelling with a wooden rake. The field experi-
ment at each site was laid out in a randomized block design with
three replications. All the plots were 4 m × 5 m in area with individual
irrigation and drainage outlets. To minimize mutual interference be-
tween the treatment plots and to reduce soil disturbance during gas
sampling, boardwalks were fixed at 0.8 m away from the chamber.
The field experiment following a similar procedure was initiated in
2009 at YX, in 2010 at CS, JX, GH and SQ, in 2011 at XZ and TA, and in
2014 at CSU (Supplementary Table S2). No more biochar was added
subsequently following a single biochar amendment when the experi-
ment initiated, across the sites. Crop productionwasmanaged following
the local conventional practice, except for biochar use, and was consis-
tent across the treatments.

2.4. CO2 efflux measurement

Soil CO2 effluxwasmeasured with a static chamber following a pro-
cedure described by Zou et al. (2005). In each plot, an aluminum flux
collar (0.35 m × 0.35 m × 0.25 m) was permanently installed in the
ground and kept in place over the entire crop growing season. The top
edge of each collar had a groove (5 cm in depth) for filling with water
to seal the rim of the chamber with a levelled surface. The chambers
were wrapped with a layer of foam insulation and covered with
Table 2
Selected soil properties across experimental sites.

Experiment Soil management Location Soil type

Exp. 1 Rice paddy Changsha (CS) Hydroagric stagnic anthrosol
Jinxian (JX) Hydroagric stagnic anthrosol
Guanghan (GH) Hydroagric stagnic anthrosol
Yixing (YX) Hydroagric stagnic anthrosol

Dray cropland Shangqiu (SQ) Calcaric entic fluvent
Xinzhou (XZ) Typic orchrept (cinnamon soils)
Tai'an (TA) Typic hapludalf (brown soils)

Exp. 2 Rice paddy Changshu (CSU) Hydroagric stagnic anthrosol

“\” indicates not determined.
aluminum foil to minimize air temperature changes inside the chamber
during the gas sampling. No plants were included in the champers. Soil
CO2 efflux was measured at one-week intervals during the entire grow-
ing season for each crop. For each measurement event, gas sampling
was performed in the morning from 8 to 10 a.m. (Zou et al., 2005). A
gas sample was taken at 0, 10, 20, and 30 min after a chamber closure.
CO2 efflux rate was determined from the slope of the CO2 concentration
in these four sequential samples. Sample sets were rejected unless they
yielded a linear regression value of r2 b 0.90. The CO2 concentrationwas
analyzed with a gas chromatograph (Agilent 7890 A) equipped with a
flame ionization detector. A mean daily CO2 flux over a crop growing
season was estimated by dividing the accumulated CO2 fluxes by the
number of crop days (Zou et al., 2005).

2.5. Soil sampling and analysis

Topsoil samplingwas conducted after the harvest of the second crop
(Supplementary Table S2). Topsoil (0–15 cm depth) samples were col-
lected from each plot and placed in plastic bags before shipping to the
laboratory and storing at −4 °C prior to analysis. A portion of a fresh
moist sample was ground to pass a 2 mm sieve for analyzing SMBC
and SMBN. Soil samples were air-dried at room temperature and
ground to pass a 2 mm sieve for soil pH analysis. A portion of the
2 mm sieved sample was further ground to pass 0.15 mm sieves for
SOC and TN analysis (Elementar Vario max CNS Analyser, Elementar
Company, 2003). Microbial biomass was determined with a chloroform
fumigation-extraction protocol, with which a kEC (the portion of micro-
bial biomass carbon extracted by 0.5 mol L−1 K2SO4 solution in the pro-
cedure) of 0.45 (Wu et al., 1990). The total N in the extracts was
measured by the Kjeldahl digestion–distillation procedure and calcu-
lated to microbial biomass N by using the conversion coefficient of
0.54 (Brookes et al., 1985). The SMBC in biochar amended soils could
be overestimated by using fumigation-extraction method, for
chloroform-fumigation could dissolve some lipids present in biochar
(Kuzyakov et al., 2014). To test this, SMBC in biochar was determined
using the same fumigation- extraction protocol with soils. Three ran-
domly selected fresh wheat straw biochar samples were fumigated
pH (H2O) SOC (g kg−1) TN (g kg−1) Clay (%) Silt (%) Sand (%)

6.2 ± 0.1 18.8 ± 0.5 1.8 ± 0.1 18 28 54
4.9 ± 0.2 17.7 ± 0.4 1.6 ± 0.1 20 38 42
6.0 ± 0.1 20.1 ± 0.6 1.8 ± 0.1 16 32 52
6.1 ± 0.1 23.5 ± 1.6 1.8 ± 0.2 17 37 46
8.4 ± 0.1 9.9 ± 0.7 0.9 ± 0.1 \ \ \
8.4 ± 0.1 4.4 ± 0.3 0.4 ± 0.1 15 36 49
5.9 ± 0.1 8.4 ± 0.2 0.8 ± 0.1 6 32 62
7.2 ± 0.2 26.5 ± 1.4 2.7 ± 0.3 \ \ \



Fig. 1. Soil CO2 efflux over time (a, first rice/maize season; b, second rice/maize season) in
response to biochar amendment across the seven sites in Exp. 1. Soil CO2 efflux in CS and
JX was not measured in the first season after biochar amendment.
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and other three were not. Results showed that there were no significant
differences in the extractable carbon content of chloroform fumigated
and non-fumigated biochar.

2.6. Data processing and statistics

The microbial quotient (MQ) was calculated by dividing SMBC con-
tent with SOC content. Here, qCO2 was estimated by dividing seasonal
total CO2 efflux with SMBC content and expressed as g CO2-
C g−1 SMBC Season−1.

In Exp. 1, a three-way ANOVAwasperformed for CO2 efflux from soil
based on three factors: biochar application rate, site and crop season,
and their interactions as fixed effects. A two-way ANOVA was used to
test the effect of biochar addition and experimental site, and their inter-
action on SOC, TN, SMBC, SMBN, MQ and qCO2. In Exp. 2, a two-way
ANOVA was conducted to test the effect of biochar type and measure-
ment season, and their interaction on CO2 efflux from soil. A difference
between biochar treatments was considered significant at p b 0.05. All
data was presented as means ± standard deviation of the three
replicates.

3. Results

3.1. CO2 efflux from biochar amended soils

Exp. 1, mean daily CO2 flux for a specific crop season varied greatly
between sites (p b 0.01 for site effect, overall ANOVA; Table 3; Fig. 1).
Generally, dry cropland soils respiredmuchmore CO2 than rice paddies.
The soil for maize cultivation at SQ site respired 29.81 ± 1.3 kg CO2-
C ha−1 d−1, which was 6.2 times as large as from the rice paddy at CS
site (4.78 ± 0.37 kg CO2-C ha−1 d−1) in the second season. Mean
daily soil CO2 flux varied also between crop seasons in a single site,
but the changes in direction were inconsistent across sites (p b 0.01
for crop season, Fig. 1). For dry cropland soils, daily soil CO2 fluxwas sig-
nificantly higher in the first season than in the second season at XZ and
TA,whilemuch higher in the second than in the first season at SQ. Over-
all, biochar amendment had no effect mean daily soil CO2 flux across
sites (p = 0.16 for BC effect; Table 3; Fig. 1). Moreover, there were no
significant interactions between biochar and experimental site or crop
season (p = 0.91 for BC × Site and p = 0.38 for BC × Season).

In Exp. 2, mean daily soil CO2 flux varied in a range of 12.7–
15.2 kg CO2-C ha−1 d−1 for rice season and of 8.5–10.1 kg CO2-
C ha−1 d−1 for the subsequent wheat season. Although the four bio-
chars used had different carbon pools and properties (Supplementary
Table S1), the CO2 efflux from these biochars amended soils did not
vary (p = 0.76 for treatment; Supplementary Table S3; Fig. 2).

3.2. Soil carbon and nitrogen

Soil organic carbon increased significantly with biochar amendment
across application rates and sites in Exp. 1. Hereby, the degree of change
corresponded to biochar amendment rates (Fig. 3a). Likewise, total N
increased in soils amended with biochar (Fig. 3b). Soil microbial mass
Table 3
Overall ANOVA statistics for factors affecting soil respiration in Exp. 1.

Source Sum of squares df Mean square F Sig.

Model 6051 35 173 94.93 b0.01
Biochar (BC) 7 2 3 1.85 0.16
Site 4151 6 692 379.91 b0.01
Season 108 1 108 59.46 b0.01
BC × site 11 12 1 0.49 0.91
BC × season 4 2 2 0.98 0.38
Site × season 1222 4 305 167.74 b0.01
BC × site × season 13 8 2 0.90 0.52
Error 131.128 72 2
carbon was generally higher in rice paddies than in maize croplands
(Fig. 3c) but the effect of biochar on SMBC was site specific (p b 0.01
for site effect; Supplementary Table S4). Overall, SMBN increased with
biochar by 32% on average of all the sites.

Biochar addition had a negative effect on soil MQ (p b 0.01 for BC ef-
fect; Fig. 3e). The MQ decreased by 13.4% and 28.4% under biochar
amendment rate of 20 and 40 t ha−1. There was a significant interactive
effect between biochar and site on MQ (p b 0.01 for BC × Site effect). In
detail, theMQwith biochar amendment decreased at site CS, JX, YX and
SQ but unchanged at XZ and TA. Unlike MQ, the qCO2 was not affected
by biochar rates across sites (p = 0.51 for BC effect; p = 0.63 for
BC × Site effect; Supplementary Table S3; Fig. 3f).

The correlations between soil CO2 efflux and SOC, SMBC and pH
were evaluated in Exp. 1. Soil CO2 flux was correlated neither to SOC
Fig. 2. Soil CO2 efflux over time in response to different biochars at CSU in Exp. 2. Soil CO2

efflux was measured during rice and wheat growing season.



Fig. 3. Soil organic carbon (SOC, a), total nitrogen (TN, b), soil microbial biomass carbon (SMBC, c), microbial biomass nitrogen (SMBN, d), microbial quotient (MQ, e) and microbial
metabolic quotient (qCO2, f) in response to biochar amendment across the seven sites in Exp. 1. Soil samples were collected after the second crop harvest.

263X. Liu et al. / Science of the Total Environment 554–555 (2016) 259–265
nor to SMBC (Supplementary Fig. S2). Furthermore, therewas no signif-
icant correlation between SOC and SMBC (Supplementary Fig. S2).
However, SMBC was weakly correlated to soil pH (Supplementary
Fig. S3), explaining 28% of the overall change in SMBC. Again, the per-
cent changes in qCO2 followed a weak decreasing trend with increasing
soil pH (p = 0.07).

4. Discussion

4.1. Biochar effects on soil respiration: experimental conditions

The carbon sequestration potential of biochar has been questioned
based on observations of short term priming effect on native SOC de-
composition, leading to temporary increases in soil respiration. This
issue was first addressed by Wardle et al. (2008) who found an 8% de-
crease in forest SOM decline when amended with biochar in a forest
floor, which was evidenced by the substantially increased soil respira-
tion in the first year following the amendment. Sagrilo et al. (2014)
highlighted amuch higher increase in soil respiration following biochar
addition, being by 28% on average of the observations from 46 lab and
short-term field studies. However, the results from this study did not
support their conclusion from relatively lab-biased studies. On the con-
trary, soil respiration in terms of measured CO2 effluxes did not show a
significant response to biochar amendment, which was consistent
across biochar types differing in carbon pools and experiment sites dif-
fering in climatic and crop production conditions (Figs. 1 & 2).

Different protocols used for soil respirationmeasurement or estima-
tion could contribute to the distinct findings reported in different stud-
ies. Most of the studies included inmeta-analysis of Sagrilo et al. (2014)
estimate soil respiration by incubating soils in laboratory. The soils and
biochars used were normally ground into very fine particles, instead of
soil aggregates in field condition. Thereby, the carbon substrates were
not physically protected and they became highly accessible to soil mi-
croorganisms. This resulted in a much higher soil respiration rate fol-
lowing biochar addition (Lu et al., 2007; Jones et al., 2011; Luo et al.,
2011; Troy et al., 2013). In field condition, however, the organic sub-
stances could be physically protected in macro aggregates and/or well
bound to soil mineral particles, limiting their access by soil microbes
(Brodowski et al., 2005; Liang et al., 2010). In addition, the favorable en-
vironment with consistent temperature and soil moisture in incubation
could also promote soil microbes' growth and active response to exotic
carbon accessible. Similar to our finding here, Castaldi et al. (2011) and
Schimmelpfennig et al. (2014) reported no significant changes in soil
respiration following biochar amendment in field condition. In some in-
stances, soil respiration even depressed in Miscanthus bioenergy crop-
lands with biochar addition (Case et al., 2014; Schimmelpfennig et al.,
2014). Recently, Herath et al. (2015) argued that the added biochar
could exert a negative instead of a positive priming effect on native
soil organic matter decomposition, at least in some soil types.

Application rate, the amount of biochar used in a single test, could be
another factor that regulating the response of soil respiration to biochar
addition. The biochar application rates (20 and 40 t ha−1) used in this
study were relatively low compared to the studies reported higher soil
respiration rate following biochar amendment. In the meta-analysis by
Sagrilo et al. (2014), the data of high soil respiration (CO2 effluxes)
were associated with extremely high biochar application rates (up to
480 t ha−1), with added biochar as double as native SOC. As reported
in a study by Stewart et al. (2012), soil respiration was increased by
over 35% when biochar amended at (around 100 t ha−1 (N5% of soil)
but only by 8% at rate of 1% (around 25 t ha−1). Nevertheless, use of bio-
char at very high dosages could be impractical for the sake of cost,which
already constrained farmers' adoption of biochar directly in their pro-
duction (Clare et al., 2014).

4.2. Biochar effects on soil respiration: biochar conditions

Pyrolysis temperature had been known as a key factor for biochar's
property and its performance in soils. The biochars pyrolyzed at higher
pyrolysis temperatures are generally more recalcitrant than those pyro-
lyzed at low temperatures (Al-Wabel et al., 2013). Sagrilo et al. (2014)
also highlighted that the pyrolyzing temperature is another key factor
contributing to the positive response of soil respiration in addition to
application rates. In their study, biochars pyrolyzed at temperatures
below 350 °C significantly increased soil respiration, while those over
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350 °C had no effect. In this study, all the biochars used in Exp. 1 and
Exp. 2 were produced at temperature of 350–650 °C, which is within
the range reported by Sagrilo et al. (2014). A recent analysis on long-
term studieswith 13C and 14C contrasting biochars revealed that biochar
slightly decreased SOMdecomposition, but the effectwas dependent on
soil and biochar properties (Wang et al., 2015). However, for amoderate
biochar application rate, a significant increase in soil respiration could
only occur in soil amended with low temperature biochar, especially
for the biochars produced at temperature lower than 300 °C. At this
temperature, it is likely that the un-charred raw materials (feedstocks)
contribute more to soil respiration compared to the charred biochar.
Therefore, we argue that the production condition of biochar (for
completely charred process) seemed no influence on biochar's effect
on soil respiration when amended to agricultural soils in this study.
The assumption that biochars containing more labile carbon could in-
crease soil respiration by providingmore food for microbial decomposi-
tion (Knoblauch et al., 2011) was not supported by this study. The
biochars used in Exp. 2 contained different levels of labile carbon (Sup-
plementary Table S1). However, soil respiration did not vary across the
treatments with these different biochars amended. This suggested that
potential short term pulse from labile carbon decomposition could not
account for a measureable difference when examined for a whole crop
production cycle. In biochar amended soil, labile organic molecules
could be protected or bound to biochar particles mostly of hydrophobic
nature, decreasing their bioavailability to soil microbial degradation
(Pignatello et al., 2006). In addition, in biochar amended soils, the
evolved CO2 could be partially absorbed by biochar particles
(Cornelissen et al., 2013), reducing direct release to the atmosphere.
But it is still poorly known whether these processes could negate the
potential priming by use of existing labile carbon pool in amended bio-
char; and the long-tern influence of biochar on SOM decomposition
need to be investigated in future studies (Singh and Cowie, 2014).

4.3. Biochar effects on soil respiration: change in soil microbial activity

While soil respiration could be generally mediated by soil microor-
ganisms, the insignificant change in soil CO2 release following a single
biochar amendmentwas explained by the changes neither in soilmicro-
bial biomass nor in SOC in this study (Supplementary Fig. S2). Microbial
abundance and their activity could be promoted with biochar, even
with sludge biochar containing high level of toxic heavy metals (Paz-
Ferreiro et al., 2012). For some rice paddy soils included in this study,
microbial biomass/gene abundance, particularly for bacteria, was signif-
icantly enhanced following a single biochar amendment, although the
specific changes in community structure could vary between sites
(Chen et al., 2013). Improvement of soilmicrobial growth followingbio-
char amendment had been often reported in the literature (Anderson
and Domsch, 1993; Tian et al., 2008; Aciego Pietri and Brookes, 2009;
Chen et al., 2015; Lu et al., 2015). In this study, however, the increase
in microbial abundance did not lead to a promotion of soil respiration.
This could suggest improved carbon use efficiency in biochar amended
soils while the biotic and abiotic conditions are improved greatly
(Pietikainen et al., 2000; Lehmann et al., 2011).

5. Conclusions

The present study, using one single biochar in different soil-crop sys-
tems and different biochars in a single rice soil, demonstrated no change
in soil respiration but a general increase inmicrobial abundance in agri-
cultural soils following biochar amendment at 20–40 t ha−1. As the un-
changed soil respiration and CO2 effluxes was consistent across
environmental and biochar conditions, carbon turnover could be likely
slowed in biochar amended soil, thus promising the biochars' role in
soil carbon sequestration. Continuedmonitoring studies should bewar-
ranted to explore long-term changes in carbon cycling, especially with
the dynamics of soil aeration, water regime and pH we well as carbon
pools in these biochar amended soils. Particularly, future studies should
examine the relationships between changes in microbial community
structure and composition and the extent to which soil respiration
could be affected.
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