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Biochar has received much attention as a strategy to enhance soil carbon (C)
sequestration and mitigate climate change. Previous studies found that the feedstock
and pyrolysis temperature can largely determine biochar properties, which in turn, impact
the stability of native soil organic matter (SOM) and soil microorganisms. The Schima
superba and Cunninghamia lanceolata are two tree species widely distributed in the
subtropical region of southern China, but how the biochars from these two species
inﬂuence the soil C sequestration and microbial communities of plantation remain poorly
understood. In this study, we produced biochars from these two different feedstocks
(13C-labeled S. superba and C. lanceolata litters) at three pyrolysis temperatures (350°C,
550°C, 750°C), then added them to the soils from C. lanceolata plantation, and maintained
the experiments at 25°C for 112 days. We found both C mineralization and soil microbial
community structures were strongly, but inconsistent, affected by biochar feedstock and
pyrolysis temperature. The C. lanceolata biochar triggered the negative priming effect
faster and greater compared with the S. superba biochar amendment. Biochars produced
at 550°C showed the most signiﬁcant negative priming effect during the whole incubation
period, regardless of the different feedstocks. The cumulative amount of CO2 derived from
biochars was signiﬁcantly decreased with pyrolysis temperature (p < 0.05), indicating that
biochars prepared at higher temperatures were more stable in the soil. Further, the soil
microbial community structure was only affected by biochar pyrolysis temperature rather
than biochar feedstock and their interaction. Together, our results reveal that biochar
feedstock and pyrolysis temperature may play more important roles in dictating the priming
effect than the structure of microbial community for C. lanceolata plantation. Overall, we
concluded that the biochars prepared at 550°C could rapidly decrease the turnover of
native SOM in a short term and biochar amendment has the potential to be a management
practice for soil C sequestration in the C. lanceolata plantation.
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INTRODUCTION

components in biochar (Kuzyakov et al., 2009; Luo et al.,
2018) or other nutrients supplied from biochar (Quilliam
et al., 2012). Conversely, some mechanisms of negative
priming effect by biochar have also been proposed. For
example, the negative priming effect can be caused by the
stabilization of native SOM by biochar combined with soil
minerals and aggregation (Keith et al., 2011; Herath et al.,
2013), or the inhibitory effect of volatile organic compounds
in biochar on soil microbial activity (Spokas et al., 2010; Fang
et al., 2015). Therefore, as a mediator, the soil microorganisms
may play a central role in controlling the direction and intensity
of the priming effect (Mitchell et al., 2015; Tian et al., 2019). It is
critical to explore the changes in microbial community structure
to better understand the mechanism of the priming effect.
China has a wide area of Cunninghamia lanceolata plantations
with acidic and scarcely fertile soils (Duan et al., 2019), its area is
more than 1.10×107 hm2, accounting for ca. 6.66% of the total
forest area in China (Yu et al., 2017). Clear-cutting and slash
burning are common silvicultural practices in subtropical China
(Guo et al., 2016). Although it is convenient for farmers to plant
seedlings, such disturbance also causes serious environmental
pollution and soil erosion (Yang et al., 2005). If the harvesting
residues and litter can be used to produce biochar and return it to
the soil, thus the issues caused by direct ﬁre may be avoided, and
soil fertility of the plantation would be improved. Previous study
indicated that biochar is a potentially effective material for soil C
sequestration in C. lanceolata plantations (Li et al., 2019).
However, the effects of biochar on soil C sequestration may
largely depend on its properties (Lin et al., 2017), and how the
feedstock and pyrolysis temperature determine biochar
properties remains poorly studied (Rafael et al., 2019),
although these two factors may have strong impacts on the
stability of native SOM and soil microorganisms (Jindo and
Sonoki, 2019).
By using an in vitro incubation experiment, we measured
the CO2 emissions and microbial community structures
from soils amended with biochars with two contrasting
feedstocks (S. superba or C. lanceolate litter) produced at three
pyrolysis temperatures (350°C, 550°C and 750°C) to study the
effects of biochar feedstock and pyrolysis temperature on SOM
mineralization and microbial community structures of forest
soils. Here, we hypothesized that both biochar feedstock and
pyrolysis temperature would have strong effects on SOM
mineralization and microbial community structures, being soil
microbial community structures and soil properties largely
determining the SOM mineralization due to the
decomposition activity of microorganisms.

Forest plantations in China account for about one-third of the
global area of plantation and contributed about 80% of the total
forest C sink increment in China (Fang et al., 2014; Li et al., 2018).
Management practices such as fertilization and harvest residue
may notably alter soil C storage and affect the C sequestration of
forest plantations (Vogel et al., 2015; Wan et al., 2018). Soil
organic matter (SOM) mineralization is a major pathway of soil C
emission (Guillaume et al., 2015; Huang et al., 2019). Therefore,
the understanding of the SOM mineralization in response to
management practice and environmental change is crucial for
mitigating the greenhouse gas emission and optimizing the
climatic impacts of forest ecosystems (Post et al., 1982;
Trumbore, 2006). Biochar is a carbon-rich product produced
by plant or animal residues at high temperatures pyrolysis under
limited or no supply of oxygen (Woolf et al., 2010; Hansen et al.,
2016). It has received much attention as an effective soil
amendment due to its beneﬁcial properties for improving soil
fertility and mitigating climate change in recent years (Fowles,
2007; Gomez et al., 2014; Fatima et al., 2021). Biochar is mainly
made of highly stable forms of C, then it can remain in the soil for
thousands to dozens of thousands years (Leng et al., 2019). For
example, the decomposition rate of biochar was only between 0.4
and 0.6% after incubation experiment for 336 days, while that of
fresh plant residue was about 25% (Naisse et al., 2015). Therefore,
the potential of biochar for soil C stability and sequestration is
extremely essential and enormous (Yuan et al., 2019), and the
inﬂuence of biochar on C sequestration must be better
understood.
Several studies have shown that biochar incorporation
increased the soil C pool through affecting the mineralization
of native SOM (Kuzyakov et al., 2009; Zimmerman et al., 2011;
Cui et al., 2017; Luo et al., 2017). However, the inﬂuence of
biochar on native SOM decomposition is a complex interaction
process. Speciﬁcally, it depends on the biochar feedstock and
pyrolysis temperature (Gomez et al., 2014; Ding et al., 2017; Yu
et al., 2018), soil types (Lehmann et al., 2011) and incubation
conditions (Maestrini et al., 2015), which can generate positive
(stimulation), negative (suppression), and nonsigniﬁcant priming
effect (Kuzyakov et al., 2000; Zimmerman et al., 2011; Luo et al.,
2017). For example, Keith et al. (2011) found that the addition of
wood biochar (450°C and 550°C pyrolysis of Eucalyptus salinga,
2% of the soil mass) can promote the slightly native SOM
mineralization. In contrast, Rittl et al. (2015) showed that
biochar (380°C pyrolysis of Jatropha curcas L., 1% of the soil
mass) had a signiﬁcant negative priming effect on native SOM
after 30 days of incubation. Therefore, it is especially essential to
study the speciﬁc conditions and their mechanisms to achieve C
sequestration for the biochar amendment.
Soil microorganisms play an important role in regulating the
priming effect (Gomez et al., 2014; Mitchell et al., 2015; Yu et al.,
2018), but soil microbial communities often vary with exogenous
C (Semenov et al., 2012). Studies indicate that the enhanced
microbial biomass or activity may cause increased native SOM
mineralization by biochar (Hamer et al., 2004; Fang et al., 2015).
It possibly results from biological co-metabolism by labile
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MATERIALS AND METHODS
Soil Collection and Characterization
Soils used in this experiment were taken from the ﬁeld at
Wanmulin Nature Reserve of Fujian province, which is located
in northern Fujian Province, southeastern China (27°03′N,
118°09 E). The area has a mid-subtropical monsoon climate
with an average annual temperature of 19.4°C and an average
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TABLE 1 | Properties of wood-derived biochar at three pyrolysis temperatures.
Material

pH

Total C (g kg−1)

Total N (g kg−1)

DOC (g kg−1)

C/N

δ13C (‰)

VM (%)

SB350
SB550
SB750
CB350
CB550
CB750

7.9
9.4
10.2
8.9
9.7
11.2

606.4
575.9
562.4
586.8
576.4
595.2

30.4
23.9
16.7
29.3
21.4
15.4

1.68
0.99
0.28
1.07
0.53
0.09

20.0
24.1
33.7
20.0
27.4
38.6

88.65
81.57
77.42
97.81
92.91
90.59

39.8
26.8
9.8
38.2
20.9
12.4

SB350: 350°C S. superba biochar; SB550: 550°C S. superba biochar; SB750: 750°C S. superba biochar; CB350: 350°C C. lanceolata biochar; CB550: 550°C C. lanceolata biochar; CB750:
750°C C. lanceolata biochar; DOC: dissolved organic carbon; VM: volatile matter.

annual precipitation of 1731 mm. The soil has developed from
granite and is an Ultisol in USDA Soil Taxonomy (Ma et al.,
2019). In april 2017, soil (about 5 kg) was collected from the
0–20 cm layer under a C. lanceolata plantation about 36-year-old.
Visible plant residues were removed, and then the soil was airdried and passed through a 2 mm sieve. Soil pH was determined
in distilled water suspension (1:2.5, weight/volume) by a pH
meter (Starter 300, United States) (Luo et al., 2011), whereas total
C (TC) and total N (TN) were determined by dry combustion
using a Vario MAX CN analyzer (Elementar, Germany) (Tian
et al., 2019). Soil particle size was determined by laser diffraction
method as described by Yang et al. (2015), soil sample (300 mg)
was treated in 10% H2O2 solution for 48 h with occasional stirring
(5 times) to remove the organic material; carbonates were then
removed using 0.2% HCl solution, and soil aggregates were
dispersed using 0.5 M Na6(PO3)6 solution. The contents of
sand (2000–20 μm), silt (20–2 μm) and clay fractions (<2 μm)
were measured using a Mastersizer 2000 particle-size analyzer
(Malvern, United Kingdom). The properties of the tested soil
were as follows: pH 5.7, TC 22.80 g kg−1, TN 1.77 g kg−1, sand
40.8%, silt 45.4%, and clay 13.8%.

MAT 253 IRMS connected with Flash 2000HT elemental
analyzer (Thermo Scientiﬁc, United States) (Cui et al., 2017).
Volatile matter was determined by weight loss after heating; the
temperature of the mufﬂe furnace was raised to 900°C where it
remained for 10 min (Crombie et al., 2013). The biochars
properties are shown in Table 1.

Incubation Experiment
Seven treatments were examined: 1) the soil with no amendment
(CK), 2) soil amended with SB350 (SS350), 3) soil amended with
SB550 (SS550), 4) soil amended with SB750 (SS750), 5) soil amended
with CB350 (SC350), 6) soil amended with CB550 (SC550), 7) soil
amended with CB750 (SC750). The experiment was a completely
randomized design with three replicates for each treatment. Airdried soils (equivalent to 50 g oven-dry basis) were separately
mixed with the biochars at an application of 20 g kg−1 soil (dry
weight basis). Soil moisture was adjusted to 60% water holding
capacity (WHC) by the addition of deionized water. These mixed
soil substrates were put inside 60 ml small vials, which were
placed inside a 1 L glass jar with a rubber stopper, with 10 ml
0.5 M NaOH in a vial and 10 ml deionized water at the bottom of
jar. The NaOH trap vials were collected and replaced by new vials
at 3, 7, 14, 28, 56, 84, and 112 days, respectively. The sampling
time intervals were selected according to Luo et al. (2011) and Cui
et al. (2017). During the incubation, all treatments were
maintained in a chamber at 25°C for 112 days in the dark. We
adjusted soil moisture for every sampling. After the incubation,
each soil was divided into two subsamples. One subsample was
for the determination of soil properties, and the other was freezedried for the phospholipid fatty acid (PLFA) analysis.

Biochar Production and Characterization
Biochars were produced from 13C-labeled S. superba and C.
lanceolata litter as feedstocks, which were generated by a
pulse-labelling method (Yin et al., 2010). Before the pyrolysis,
the two types of feedstock were dried at 70°C for 24 h and milled
to <2 mm. The <2 mm fractions (15.0 g) were placed in sealed
porcelain crucibles and underwent pyrolysis in the mufﬂe furnace
with peak temperatures of 350°C, 550°C, and 750°C for 2 h (Peng
et al., 2011). The crucibles were closed with a cap and wrapped
with tin foil to reduce the oxygen entry. It took about 35 min to
reach the ﬁnal temperature. After cooling, biochar samples
produced from each feedstock with eight replicates were
pooled (Hamer et al., 2004). S. superba-derived biochars at
350°C, 550°C and 750°C pyrolysis were named as SB350, SB550
and SB750, while C. lanceolata-derived biochars at 350°C, 550°C,
and 750°C pyrolysis temperatures were named as CB350, CB550,
and CB750. For each biochar, the pH was measured by a pH meter
in distilled water (1:15, weight/volume), whereas total dissolved
organic C (DOC) was extracted with distilled water (1:10, weight/
volume) and measured with a TOC-VCPH analyzer (Shimadzu,
Japan) (Luo et al., 2011). The TC and TN were determined with a
Vario EL III CN analyzer (Elementar, Germany) (Yang et al.,
2005). The δ13C value (‰) of biochar was determined using a
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Soil C Mineralization and Phospholipid Fatty
Acid Analyses
To quantify the organic matter mineralization, the cumulative
amount of total CO2 in each period was measured by the titration
of 0.25 M HCl and BaCO3 precipitation (Aoyama et al., 2000).
The δ13C value (‰) of BaCO3 was determined using the MAT
253 IRMS equipped with a Gasbench device (Thermo Scientiﬁc,
United States) (Cui et al., 2017), and that of soil was determined
using the same procedure as used for the biochar.
To examine the response of the soil microbial community
structure to biochars application, we extracted the soil
phospholipid fatty acids (PLFAs) following the method
described in Denef et al. (2007), then the contents of PLFAs
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FIGURE 1 | Cumulative amount of CO2 derived from two sources with
different biochars. Data are mean ± standard deviation (n  3). Blank and grey
bars represent the cumulative amount of CO2 derived from native SOM and
biochars, respectively. Their signiﬁcant differences among different
treatments were also indicated by lowercase and uppercase letters,
respectively (at p < 0.05 level). CK: the soil with no amendment as control;
SS350: soil with 350°C S. superba biochar amendment; SS550: soil with 550°C
S. superba biochar amendment; SS750: soil with 750°C S. superba biochar
amendment; SC350: soil with 350°C C. lanceolata biochar amendment; SC550:
soil with 550 °C C. lanceolata biochar amendment; SC750: soil with 750°C
C. lanceolata biochar amendment.

FIGURE 2 | Priming effects of biochar amendment over incubation time.
Data are mean ± standard deviation (n  3).

Priming effect (PE) on CO2 production from SOC was
deﬁned as,

were determined by a gas chromatograph (Agilent 6890 N,
United States) combined with the MIDI Sherlock Microbial
Identiﬁcation System (MIDI Inc., United States). The PLFAs
are denoted by standard PLFA nomenclature (Frostegård et al.,
2011; Wan et al., 2015) and grouped to the Gram-positive
bacteria (G+) (14:0 iso, 15:0 iso, 15:0 anteiso, 16:0 iso, 17:0 iso,
and 17:0 anteiso), Gram-negative bacteria (G−) (16:1 ω9c, 16:
1ω7c, 17:0 cyclo ω7c, 18:1 ω7c, 18:1 ω5c, and 19:0 cyclo ω7c),
Fungi (18:2 ω6c and 18:1 ω9c) and Actinomycetes (ACT) (16:
0 10-methyl, 17:0 10-methyl, and 18:0 10-methyl). Total
microbial PLFAs were determined as the sum of all PLFAs
above and Non-speciﬁc bacteria (14:00, 15:00, 16:00, 17:00,
and 18:00), while total bacterial PLFA contents were calculated
as the sum of PLFAs attributed to G+ and G−.

PE(%)  CO2,SOC CO2,control − 1 × 100

where CO2,control was the total CO2 production in soil without
biochar.

Statistical Analysis
Statistical analyses were performed using the SPSS 19.0 software
package for Windows (SPSS Inc. Chicago, IL, United States),
OriginPro 9.0 (Origin Lab, Northampton, MA, United States)
and R 3.6.0. Effects of biochar preparation feedstock, pyrolysis
temperature, and their interaction on soil microbial groups were
tested using repeated measures ANOVA. Signiﬁcant differences
between treatments were calculated using the Duncan test.
Principal component analyses (PCA) using the absolute
content of microbial groups in the soil were performed to
compare the microbial community structures in the different
treatments. Correlation analyses among parameters were
performed by Spearman’s coefﬁcient test. Statistical
signiﬁcance was assigned at the p < 0.05 level.

Data Analysis
The fraction of CO2 production derived from biochar was
calculated as,
Fbiochar  δ13 CO2,biohar − δ13 CO2,control δ 13 Cbiochar − δ13 Csoil  (1)

Where δ13CO2,biochar and δ13CO2,control are the δ13C values of
CO2 produced from soils with and without biochar, respectively,
while δ13Cbiochar and δ13Csoil are the δ13C values of biochars and
soil (Luo et al., 2011).
The contribution of native SOC to CO2 production in soils
with biochar was determined as,
CO2,SOC  CO2,biochar × (1 − Fbiochar )

RESULTS
C Mineralization and Priming Effect
The cumulative amounts of CO2 derived from biochar and native
SOM were signiﬁcantly affected by biochar feedstock, pyrolysis
temperature, and their interaction (Figure 1, Supplementary
Table S1). Speciﬁcally, the cumulative amount of CO2 from
biochar (i.e., the sum of the amount of CO2 from biochar
from 0 to 112 days) was signiﬁcantly greater in the S. superba-

(2)

Where CO2,biochar was the total CO2 production in soil with
biochar addition.
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FIGURE 3 | Microbial PLFA content of the different treatments. Data are mean ± standard deviation (n  3). Different letters indicate signiﬁcant differences between
the treatments (p < 0.05).

Soil Microbial Community
Structure
+
−

derived biochar treatment than in the C. lanceolata-derived
biochar treatment, while it was signiﬁcantly decreased with
the pyrolysis temperature in the two feedstock treatments (p <
0.05). Besides, the cumulative amount of CO2 dervied from
native SOM was signiﬁcantly reduced after biochars
amendment (except for SS 750), and the C. lanceolataderived biochar treatments had a greater inﬂuence and
achieved the lowest amount after the biochar produced at
550°C. Surprisingly, the biochar stimulated and suppressed
the priming effect on CO2 production from native SOM
during the early and later stages of incubation, respectively
(Figure 2). Biochars prepared at 750°C showed the greatest
positive priming effect in the two feedstock treatments, with
6.3–71.9% (S. superba) and 38.0% (C. lanceolata),
respectively. During the whole 112 days experiment, both S.
superba and C. lanceolata-derived biochars produced at
550 °C had the most signiﬁcant negative priming effect,
with −10.9% and −15.0%, respectively.

Frontiers in Environmental Science | www.frontiersin.org

The contents of soil total PLFA, G , G , and ACT, the G+/G− and
Fungi/Bacteria ratios were signiﬁcantly affected by the biochar
pyrolysis temperature, while the effects of feedstock and their
interactions were not signiﬁcant (Supplementary Table S2).
Speciﬁcally, both S. superba and C. lanceolata-derived biochars
prepared at 350°C signiﬁcantly reduced the contents of total
PLFA compared with CK treatment. Furthermore, the PLFA
contents of other microbial groups (G+, G−, bacteria, fungi
and ACT) tended to be lowest in the 350°C treatments,
especially in the C. lanceolata-derived biochar treatment,
which was signiﬁcantly lower than in the control treatment
(Figure 3). Similarly, the principal component analysis (PCA)
also showed the microbial community structure was only affected
by biochar pyrolysis temperature rather than biochar feedstock
and their interaction (Figure 4; Supplementary Tables S3, S4),
with the total variance explained by the ﬁrst two axes was 51.79%
(30.88% axis 1 and 20.91% axis 2).
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DISCUSSION
C Mineralization
Our results showed that different types of feedstock and pyrolysis
temperature in biochars would differently inﬂuence the
mineralization of biochars (Figure 1). We found that the
cumulative amount of CO2 derived from S. superba-derived
biochar was higher than that from C. lanceolata-derived
biochar at the same pyrolysis temperature. That may be
because the S. superba is a broadleaved species, thus its
biochar enriched with higher total N, volatile matter and DOC
contents (Table 1), which are extremely unstable and can be
preferentially utilized by soil microorganisms (Whitman et al.,
2014). In contrast, the C. lanceolate is a conifer species, and its
biochar has less volatile matter and nutrient to soil
microorganisms, and therefore would have lower
mineralization rate. Furthermore, we also found the
cumulative amount of CO2 derived from biochars decreased
with increasing pyrolysis temperature, which may result from
the decreased volatile matter and DOC contents at higher
temperatures. In addition, the higher-temperature biochars
were more stable in the soil probably related to an increasing
degree of aromaticity and aromatic condensation (Peng et al.,
2011). This result agreed with Jindo and Sonoki (2019), which
found that the stability of biochar derived from different
feedstocks and increased with the increasing pyrolysis
temperature.
Our study supports that biochar feedstock and pyrolysis
temperature play important roles in determining the
magnitude of priming effect. The C. lanceolata-derived biochar
triggered the negative priming effect more faster and greater
compared with the S. superba-derived biochar amendment. This
phenomenon may be associated with the higher volatile matter
and DOC contents of S. superba-derived biochar, which
stimulated the special microbial activity related to the native
SOM mineralization, then caused weaker negative priming effect.
Further, we found biochars produced at 550°C regardless of the
feedstock had the most notable inﬂuence compared to the other
two temperature treatments. Such result was probably due to the
fact that the biochar produced at intermediate temperature has a
moderate proportion of unstable C and speciﬁc surface area to
increase microbial habitability, which can slow down microbial
degradation, then had a suppression effect on native SOM
mineralization. Of note, for all treatments, the priming effect
changed from positive to negative over time. This process may be
caused by several interacting factors. Initially, an “apparent
positive priming” effect would like to emerge, which can be
linked to the accelerated turnover of native microbial biomass
C (Blagodatskaya and Kuzyakov, 2008). Additionally, labile C in
biochar can accelerate the activity of soil microorganisms in the
early stage, then enhance the mineralization of native SOM, as a
result of co-metabolism (Lehmann et al., 2011). In contrast, the
negative effect at later stages may result from the stabilisation of
native SOM through biochar-induced organo-mineral
interactions and soil aggregation (Keith et al., 2011; Herath
et al., 2013; Fang et al., 2015). Toxicity of biochar such as

FIGURE 4 | Principal component analyses of the soil microbial
community structure.

TABLE 2 | Correlation coefﬁcients between the cumulative CO2 and the microbial
PLFA content or soil properties (n  9).
Item

Total PLFA
Bacteria
G+
G−
Fungi
pH
TC
TN
C/N

S. superba biochar

C. lanceolata biochar

Biochar-CO2

SOM-CO2

Biochar-CO2

SOM-CO2

−0.51
−0.54
−0.57
−0.39
−0.42
−0.95**
−0.17
0.82**
−0.84**

0.04
0.09
0.12
0.00
−0.42
0.21
−0.11
−0.57
0.42

−0.92**
−0.94**
−0.94**
−0.93**
−0.90**
0.76*
−0.03
0.62
−0.56

−0.82**
−0.84**
−0.85**
−0.81**
−0.89**
0.68*
0.09
0.53
−0.31

*and ** at p 0.05 and 0.01 levels, respectively. TC: total carbon; TN: total nitrogen.

Correlations Between C Mineralization and
Soil Phospholipid Fatty Acid Contents or
Soil Properties
The inﬂuences of soil microorganisms on C mineralization in the two
feedstock treatments were different (Table 2). The correlation analysis
showed that the cumulative amounts of CO2 derived from biochar
and native SOM were negatively correlated (p < 0.01) with the total
PLFA as well as other microbial groups for C. lanceolata-derived
biochar treatment but did not correlate with microbial groups for S.
superba-derived biochar treatment (Table 2). Soil properties also
affected the C mineralization in the S. superba-derived
biochar treatment. Speciﬁcally, the cumulative amount of CO2
derived from biochar was positively and negatively related to soil
TN (p < 0.01) and C/N (p < 0.01), respectively. Furthermore, soil pH
was negatively correlated (p < 0.01) with S. superba-derived biochar
mineralization but positively correlated (p < 0.05) with the cumulative
amount of CO2 derived from the biochar or native SOM in the C.
lanceolata-derived biochar treatment.
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ethylene may be another negative priming mechanism, which has
been shown to reduce microbial activities (Spokas et al., 2010).
Moreover, Sagrilo et al. (2015) indicated that the negative effect
may attribute to the labile fraction of biochar, which might be
consumed in the later period. Similar to our study, Zimmerman
et al. (2011) also found that there had a positive priming effect
response to the application of biochars (oak and pine, 525°C) in
the early stage (0–90 days), whereas turned to negative during the
later phase, and they attributed this change to the evolution of the
physical properties of biochar. Overall, we suggest that such
transition is likely driven by the complicated interactions
rather than a single mechanism.

that the CO2 derived from the abiotic release of inorganic C
contained in the biochar, likely present in the form of
carbonates, and this process need an acidic environment
(Jones et al., 2011), so there was a negative correlation
between the cumulative amount of CO2 derived from
biochar and soil pH in the S. superba-derived biochar
treatment. However, it was a positive correlation in the C.
lanceolata-derived biochar treatment. Therefore, the inﬂuence
of soil pH on biochar decomposition is likely to be feedstockspeciﬁc.

CONCLUSION

Microbial Community Structure

In summary, our study found that both biochar feedstock and
pyrolysis temperature signiﬁcantly affected the C mineralization,
while pyrolysis temperature also had a strong inﬂuence on the
microbial communities. The mineralization of S. superba-derived
biochar was greater than that of C. lanceolata-derived biochar due
to the different nutrient contents between two tree species, while
biochars produced at higher temperatures were more stable in the
soil because of their low proportion of labile fraction. We also
found biochars prepared at 550°C had the most signiﬁcant
negative priming effect in native SOM mineralization, while
the microbial PLFA contents tended to be lowest after the
addition of biochars produced at 350°C. As a result, we
concluded that the biochar prepared at 550°C could have the
best effect for soil C sequestration in the C. lanceolata plantation
in such a short period, without signiﬁcant effect on soil microbial
community structure. Nevertheless, the long-term impacts of
different types and application rates of biochar under various
pyrolysis conditions in the ﬁeld still need to be further
investigated. Especially, the interactions of soil, plant and
biochar may have complex inﬂuences on forest soil C
sequestration, and their responses to global climate change
(such as elevated atmospheric CO2, O3, or temperature, and N
deposition) need to be better understood. With the development
of this research ﬁeld, the biochar amendment combined with
other management practices (such as chemical fertilizer and
forest residues) would be an important option to improve soil
quality and sustainable forest plantations.

Several studies suggested that biochar may stimulate soil
microorganism activities and shift microbial community
composition (Hardy et al., 2019; Tian et al., 2019). This may
be owing to the improvement in the physical and chemical
characteristics of the soil by biochar addition (Palansooriya
et al., 2019). In our study, the response of soil microorganisms
to biochar addition was mainly driven by the biochar pyrolysis
temperature but largely independent of the feedstock and their
interaction. Speciﬁcally, the biochars prepared at 350°C both
signiﬁcantly decreased the total PLFA contents, and the C.
lanceolata-derived biochar produced at 350°C also signiﬁcantly
reduced all microbial PLFA contents compared with the control
treatment. A possible reason for this is that the low temperature
biochars contain toxic substances ranging from dioxins, furans,
phenols and polyaromatic hydrocarbons to ethylene, some of
which reduced microbial activity (Spokas et al., 2010;
Zimmerman et al., 2011). Especially, both inhibitory and
stimulatory effects have found to be associated with volatile
matter (Zimmerman et al., 2011), which was most abundant
in biochars produced at 350°C (Table 1). Furthermore, the
observed decrease in PLFA content with biochar addition may
also result from biochar sorption of PLFAs (Gomez et al., 2014).
We found a negative correlation between these PLFAs and
the cumulative CO2 derived from biochar or native SOM in the
C. lanceolata-derived biochar treatment, which was not
signiﬁcant in the S. superba-derived biochar treatment. This
means the microbial PLFAs content may not signiﬁcantly
contribute to the C mineralization of biochar and native
SOM after 112 days. These results are consistent with a
recent study which showed the priming effect was not
signiﬁcantly associated with changes in microbial biomass
(Liu et al., 2020). The reason is that the priming effect
strongly depends on the stimulation of the speciﬁc
microbial groups rather than the change of total microbial
biomass (Shahzad et al., 2019). In contrast, we did ﬁnd some
relation between C mineralization and soil chemical properties
in the S. superba-derived biochar treatment. The cumulative
amount of CO2 derived from S. superba biochar was positively
correlated with TN and negatively correlated with C/N ratio
(Table 2). This result may be due to the fact that the biochar is
a signiﬁcant source of N for microorganisms, which inﬂuence
C and N dynamics in the soil (Nelissen et al., 2012;
Taghizadeh-Toosi et al., 2012). In addition, it is possible
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