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Biochar amendment changes temperature sensitivity of soil
respiration and composition of microbial communities 3 years
after incorporation in an organic carbon-poor dry cropland soil
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Abstract Topsoil samples were collected from plots in a dry
cropland in the North China Plain 3 years after a single incor-
poration of biochar at 20 and 40 t ha−1 and analyzed for abun-
dances and composition of microbial community and for res-
piration under controlled laboratory conditions at 15, 20, and
25 °C. The addition of biochar generally reduced soil respira-
tions at the three temperatures and the temperature sensitivity
(Q10) at 15–20 °C. Biochar amendment significantly in-
creased bacterial 16S rRNA gene abundances and fungal
ITS gene diversity and induced clear changes in their commu-
nity compositions due to improvements in soil chemical prop-
erties such as soil organic C (SOC) and available N contents
and pH. Illumina Miseq sequencing showed that the relative
abundances of Actinobacteria, Gammaproteobacteria,
Firmicutes, and Alternaria within Ascomycota, capable of
decomposing SOC, were significantly decreased under bio-
char at 40 t ha−1. The Q10 values at 15–20 °C were signifi-
cantly correlated with fungal diversity and dehydrogenase ac-
tivity. Our results suggest that after 3 years a single biochar

amendment could induce a shift in microbial community com-
position and functioning towards a slower organic C turnover
and stability to warming, which may potentially reduce soil C
loss in dryland under climate warming in the future.
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Introduction

Soil organic C (SOC) plays an important role in increasing
ecosystem productivity for agriculture and mitigating climate
change (Lal 2004; Pan et al. 2009). Being one of the largest
agricultural countries in the world, China possesses 12% of the
world’s total crop harvest area but has generally lower topsoil
SOC contents in comparison with the global average (Song
et al. 2005). Practices that could enhance soil fertility, increase
SOC stocks and stability to environmental changes, are urgent-
ly needed to sustain a high crop productivity and mitigate cli-
mate change (Smith et al. 2008; Schmidt et al. 2011). Biochar
application into soil has a great potential to improve soil fertility
while increasing soil C sequestration (Atkinson et al. 2010;
Sohi et al. 2010), enhance crop productivity, and reduce green-
house gas emissions in soils in North China Plain (Zhang et al.
2012; Lu et al. 2014). Rapid increments of soil C contents,
water retention, and reduction of nutrient leaching were also
demonstrated in both short- and long-term incubation studies
(Kuzyakov et al. 2009; Laird et al. 2010; Farrell et al. 2013;
Singh and Cowie 2014; Chen et al. 2017). However, whether
these effects can last for some years after a single biochar ad-
dition and its effect on soil biological functions are not known.

Soil respiration, leading to SOC decomposition, is a major
contributor to the increase in atmospheric CO2 and depends on
temperature and moisture (Schlesinger and Andrews 2000).
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Biochar amendment can increase or decrease soil respirations
(Castaldi et al. 2011; Jones et al. 2011; Maestrini et al. 2014;
Mitchell et al. 2015; Zhou et al. 2017). Increased soil respira-
tion, particularly that due to SOC decomposition under
warming, could be responsible for the release of organic C
sequestered in the soil and may negate the C sequestration
potential of biochar (Schulze and Freibauer 2005; Kuzyakov
et al. 2009; Zimmerman et al. 2011). In contrast, increased
resistance of soil respiration to warming could be beneficial
for C storage (Davidson and Janssens 2006). The dependence
of soil respiration to temperature (also refers to as Q10) is
influenced by soil organic C quality, substrate availability, as
well as stability of soil organic matter (SOM) (Fang et al.
2005; Conant et al. 2008; von Lützow and Kögel-Knabner
2009). Probably, the decomposition of more recalcitrant
SOM is sensitive to temperature due to the fact that it requires
high activation energy to break down the molecules (Davidson
and Janssens 2006; Hartley and Ineson 2008). However, other
studies suggested that the decay of stable SOM is not temper-
ature sensitive, possibly due to the limitation of substrate avail-
ability or thermal adaptation of microbial respiration (Liski
et al. 1999; Luo et al. 2001). Being considered a chemically
and biologically recalcitrant C material, biochar application
may increase recalcitrant C pools and the physical protection
of OC and of biochar particles in soil, and this may decrease
SOC decomposition and its response to warming (Keith et al.
2011; Singh and Cowie 2014; Fang et al. 2014). So far, how-
ever, only very limited studies suggested that the temperature
sensitivity of soil respiration could be affected by biochar ap-
plication. For example, He et al. (2016) reported that soil res-
piration was not changed whereas its sensitivity to temperature
decreased due to 5 years of consecutive biochar addition in
temperate croplands. Fang et al. (2014) suggested that biochar
resulted in a decrease or no change in temperature sensitivity
of soil respiration, which depends on soils and biochar type in
a 2-year incubation study. Therefore, the effect of biochar on
temperature sensitivity of soil respiration after several years
since a single addition to soil remains largely unknown.

Soil microorganisms are sensitive to environmental chang-
es and play a key role in nutrient cycling and organic matter
decomposition (Marschner et al. 2003). Changes in soil prop-
erties under biochar amendment have been demonstrated to
improvemicrobial habitat, such as providing available organic
C as substrate for microbial growth and protection from pred-
ators (Pietikäinen et al. 2000; Quilliam et al. 2013; Farrell
et al. 2013). In addition, biochar application altered microbial
abundance and composition (Ameloot et al. 2013; Farrell et al.
2013; Jenkins et al. 2017) and affected the direction and mag-
nitude of soil microbial respiration in short-term studies
(Castaldi et al. 2011; Jones et al. 2011; Ameloot et al. 2013;
Maestrini et al. 2014; Lu et al. 2014). However, other studies
performed in the fields a few years after biochar addition
found that the effect of biochar on microbial abundance was

generally short lived, probably due to the consumption of
labile C from biochar and decreased impact of biochar on soil
fertility (Jones et al. 2012; Rousk et al. 2013; Noyce et al.
2015). In addition, a few studies demonstrated that the pres-
ence of recalcitrant C from biochar after several years changed
soil microbial community composition and decreased soil C
availability and microbial activity in terms of organic matter
decomposition due to enhanced organic-mineral interactions
(Ameloot et al. 2014; Singh and Cowie 2014; Zheng et al.
2016). However, as already mentioned, although the findings
resulted from short-term biochar experiments generally gave
results differing from those under long-term field conditions
(Jones et al. 2012; Rousk et al. 2013; Domene et al. 2014), it is
still uncertain whether biochar addition can change microbial
activity and diversity several years after a single incorporation.
Moreover, it should be noted that any shifts in microbial ac-
tivity can potentially affect the microbial SOC decomposition,
which may influence the C sequestration potential of biochar.

The objective of this study was to investigate the effects of
biochar on physicochemical properties, soil respiration and its
temperature sensitivity, microbial community composition,
and activity in an organic C-poor dry cropland soil 3 years
after a single addition. We hypothesized that after the decom-
position of labile C, the recalcitrant C of biochar could modify
soil physicochemical properties and decrease soil C availabil-
ity 3 years after its application into soil, and this may have
decreased microbial activity with shifts in community compo-
sition. Such alterations may further reduce the sensitivity of
microbial heterogenic respiration to soil warming. To test this,
a field experiment was performed in a low fertility dry crop-
land soil in the North China Plain. Soil physical and chemical
properties amended with biochar for 3 years were investigat-
ed. Soil respiration rates under varying temperatures were
evaluated under laboratory conditions. The activities of β-
glucosidase and dehydrogenase were analyzed to characterize
the degradation of labile organic C and microbial respiratory
process with active cells, respectively (Alef and Nannipieri
1995; Sinsabaugh et al. 2008). Microbial biomass C (MBC)
was determined to evaluate microbial abundance and to cal-
culate the metabolic quotient (qCO2), a bioindicator of effi-
ciency of substrate utilization and disturbance (Bardgett and
Saggar 1994). Both composition and abundance of bacterial
and fungal community were determined by pyrosequencing
and quantitative real-time PCR, respectively.

Materials and methods

Site description and biochar

A field experiment with biochar amendments was conducted
in June 2011 in a dry cropland (36° 10′ N and 117° 09′ E)
located in Tai’an city, Shandong province, China, lying in the
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east part of the North China Plain. The soil is classified as ustic
Alfisols in US Soil Taxonomy (Soil Survey Staff 1999) with a
pH (H2O) of 5.93, soil organic C (SOC) content of 8.5 g kg−1,
total N (TN) concentration of 0.8 g kg−1, and with a sandy
loam texture. The climate of the study site is semi-humid
temperate monsoon, and the mean annual temperature and
rainfall for the last 10 years were 13.0 °C and 697 mm, re-
spectively. Soils are usually cropped with winter wheat-
summer maize rotation. Biochar used in this study was pyro-
lyzed from wheat straw at 350–550 °C in a vertical kiln.
Properties of this biochar have been already reported (Chen
et al. 2016). The biochar material produced was ground to
pass through a 2-mm sieve and homogenized before applica-
tion in the field.

Treatment of biochar soil amendment and soil sampling

Field treatments were as follows: a single biochar amendment
at rates of 0 t ha−1 (control, C0), 20 t ha−1 (C20), and 40 t ha−1

(C40). The application rate of 40 t ha−1, which is generally
higher than that used in agricultural practices, was chosen in
order to exaggerate biochar effects on soil chemical and bio-
logical properties. Biochar material was evenly broadcast on
soil surface by hand and incorporated thoroughly into soil to a
depth of 0–10 cm with a tilling tractor before maize plantation
in June 2011. No more biochar were added throughout the
3 years in this study. Each treatment was carried out in a plot
of 4 m × 6 m, plots were separated by a row to protect them
from external effects. Each treatment was replicated three
times, and the experiment was organized in a randomized
block design. Maize production had been managed with local
cultivars (Zeamays, Zhengdan 958) and inorganic fertilization
practices (225 kg N ha−1, 90 kg P2O5 ha−1, and 180 kg
K2O ha−1) were consistently performed across the treatments.
With N fertilization, urea was applied, of which 60% was
applied as basal fertilizer and 40% as supplementary fertilizer
during crop growth.

Soil sampling was conducted in October 2014, 3 years after
biochar application. Five randomized soil cores were taken
from the 0–15-cm depth of each plot and were mixed thor-
oughly to form a composite sample. The composite sample
was sieved (< 2 mm) and stored in an ice box before being
transported to the laboratory. A portion of each sample was
stored at −70 °C for molecular analysis, and the rest was used
for laboratory incubation and physicochemical analyses.

Soil physicochemical analyses, microbial biomass C,
and enzyme assay

Soil bulk density was measured using a 100-cm3 cylinder at
soil sampling. Soil pH was determined with a soil-to-water
ratio of 1:2.5 using a pH meter (Mettler Toledo Seveneasy,
Switzerland). Soil moisture was determined by mass

difference after drying at 105 °C until constant weight. SOC
and TN were determined by the CNS Macro Elemental
Analyzer (Elementar Analysen Systeme GmbH, Germany,
2003). Dissolved organic C (DOC) was determined by a
multi-N/C analyzer (Jena TOC Analyzer, Jena, Germany) ac-
cording to Chen et al. (2016). Available N (alkaline hydrolysis
diffusion method) was measured according to Mulvaney
(1996). Soil microbial biomass C (MBC) was determined by
the chloroform fumigation extraction as described byWu et al.
(1990). Though biochar was reported to decrease extraction
efficiency of MBC in the fumigation procedure (Lehmann
et al. 2011), no correction for sorption was performed in this
study. Microbial quotient (MQ) was calculated as the ratio of
MBC to SOC. Dehydrogenase activity was determined as
reported by Serra-Wittling et al. (1995). The activity of β-
glucosidase was analyzed according to the standard fluores-
cence enzyme protocols described by Bell et al. (2013) using
4-methylumbelliferone-β-D-glucoside as a substrate.
Fluorescence was quantified using a microplate fluorometer
(Synergy™ H1, Biotek) at 365 nm excitation and 450 nm
emission wavelengths.

Soil respiration

Soil respiration was determined by laboratory incubation ac-
cording to Zheng et al. (2016). For its response to varying
temperatures, soil was incubated at 15, 20, and 25 °C at
60% water-holding capacity. CO2 produced in the headspace
was collected with a gas-tight syringe every day in the first
8 days, every other day from days 9 to 22, and every 3 days
from days 23 to 31. After each gas sampling, the headspace
was flushed with ambient air for 10 min to allow oxygen to
diffuse into the soil to maintain aerobic conditions and then
the jars were resealed for the next measurement. The CO2

concentration was analyzed by a gas chromatograph
(Agilent 7890A, Santa Clara, CA, USA) equipped with a
flame ionization detector.

Respiration quotient (RQ, percentage of SOC respired to
CO2-C) and metabolic quotient (qCO2, the ratio between
CO2-C andMBC) were calculated based on the CO2 emission
at 25 °C. The temperature sensitivity coefficient (Q10 value)
was calculated according to the equation of Kirschbaum
(1995) that considers two temperatures: Q10 = (A2/A1)10/(T2-
T1), where A2 and A1 are the C mineralization rate at temper-
atures T1 and T2, respectively.

Soil DNA extraction and real-time PCR

DNA of each soil was extracted with a PowerSoil® DNA
isolation kit (Mo Bio-Laboratories Inc., Carlsbad, CA, USA)
according to the manufacturer’s protocol. Bacterial 16S rRNA
(primer set 338F/518R) and fungal internal transcribed spacer
(ITS) (5.8 s/ITS1F; Fierer et al. 2005) fractions were amplified
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with an iCycler IQ5 Thermocycler (Bio-Rad Laboratories
Inc., Hercules, CA, USA) by fluorometric monitoring with
SYBR Green 1 dye. The 25-μL polymerase chain reaction
(PCR) mixture contained 1–10 ng DNA, 0.2 mg mL−1 BSA,
0.2 μM of each primer, and 12.5 μL of SYBR premix EX
Taq™ (Takara Shuzo, Shiga, Japan). The standard curves
were constructed with plasmids from cloned rRNA genes sep-
arately for bacteria and fungi and generated with tenfold dilu-
tions of plasmid DNA in triplicate. Melting curve analysis was
done following each assay to confirm specific amplification.
After amplification, a 1.5% agarose gel electrophoresis was
carried out on the PCR amplification products and blanks to
assess whether an appropriate size of gene fraction had been
achieved.

Illumina Miseq sequencing and sequence processing

Both soil bacterial and fungal community compositions in
each plot were investigated by Illumina Miseq sequencing.
In brief, primer sets (515F and 907R) targeting the V4–V5
region and sets (1737F and 2043R) targeting the ITS fraction
in combination with an eight-base barcodes sequence were
used to amplify the bacterial 16S ribosomal RNA and fungal
ITS gene, respectively (White et al. 1990; Zhou et al. 2011).
PCR reactions were carried out in a thermal cycler (Bio-Rad
Laboratories, Hercules, CA) in triplicate with 20 μL mixture
consisting of 10 ng of DNA, 4 μL of 5 × FastPfu buffer,
0.8 μL of each primer (5 μM), 2 μL of 2.5 mM dNTPs, and
0.4 μL of FastPfu Polymerase. After a 2% (w/v) agarose gel,
the band of PCR products were excised, solubilized with de-
ionized water, and purified with the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA)
and quantified via QuantiFluor™-ST (Promega, USA) kit.
Purified amplicons were pooled in equimolar and paired-end
sequenced (2 × 250) on an IlluminaMiSeq platform according
to the standard protocols. The obtained raw reads were depos-
ited into the NCBI Sequence Read Archive (SRA) database
(accession number: SRR2146924 and SRR2146952).

After split to each sample, raw sequences were trimmed
using QIIME (version 1.17) (Caporaso et al. 2010) with
threshold of quality score higher than 20 over a 10-bp sliding
window and the minimum length of 200 bp. Forward and
reverse reads with at least 10 bp overlap and lower than 5%
mismatches were joined using FLASH and subjected to chi-
mera removal by U-Chime (Edgar et al. 2011). Sequences
were discarded if they contained any ambiguous characters
and could not be assembled. Using the average neighbor algo-
rithm with a cut-off of 97% similarity, the sequences were
clustered into operational taxonomic units (OTUs). The repre-
sentative sequences of each OTU for bacteria and fungi were
selected and classified by Ribosomal Database Project (RDP)
Classifier with a confidence threshold of 70%. To correct for
sampling effect, we randomly resampled the sequences

obtained from UPARSE treatment according to the minimum
numbers of sequences across all samples for downstream anal-
ysis. A subset of 15,338 sequences for bacteria and 29,818
sequences for fungi per sample were randomly selected.

Statistical analysis

Statistical procedures were conducted with the SPSS 18.0
package for Windows. The statistical significance of the differ-
ences between samples was determined by One-way analysis
of variance (ANOVA) followed by Duncan’s multiple range
test with p < 0.05. An OTU-based analysis was performed to
calculate the richness and diversity index of samples including
Chao1, the abundance-based coverage estimator (ACE), and
Shannon diversity index in these samples with a cutoff of 3%
dissimilarity. Redundancy analysis (RDA) was performed
based on the weighted pairwise UniFrac distances of OTU
composition with Vegan 2.0 in R (V2.15.3) to determine the
main environmental factors (soil moisture, bulk density, pH,
C/N and SOC, TN, DOC, and available N contents) affecting
the microbial community composition (Legendre and
Anderson 1999). The significance of these environmental var-
iables was tested with Benvfit^ based on 999 permutations in R.

Results

Changes in selected soil physical and chemical properties

Biochar changed topsoil physicochemical properties 3 years
after a single amendment (Table 1). Soil moisture, pH, C/N
and SOC, TN, DOC, and available N contents under 40 t ha−1

biochar treatment were significantly (p < 0.05) higher than
under the control, though the increases were relatively small
in most of the selected parameters. Bulk density of both 20
and 40 t ha−1 plots were both significantly (p < 0.05) lower
than that of the control. There were no clear differences in pH
and TN, DOC and available N contents between 20 and
40 t ha−1 plots.

Microbial biomass C, soil basal respiration,
and dehydrogenase and β-glucosidase activities

Microbial biomass C (MBC) in biochar-amended soils at 20
and 40 t ha−1 were almost doubled compared with that of the
control (Table 2), whereas soil basal respiration rates at 20 and
40 t ha−1 were significantly (p < 0.05) decreased by 12 and
20% compared with the control, respectively. RQ and qCO2

were significantly (p < 0.05) decreased with both two biochar
addition rates. Dehydrogenase activity was decreased by 64
and 59% at 20 and 40 t ha−1 compared with the control. There
were no significant changes in β-glucosidase activity under
biochar amendment.
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Temperature sensitivity of soil respiration and its
correlation with microbiological properties

Cumulative CO2 emissions increased with increasing tempera-
ture across all treatments (Fig. 1). The cumulative CO2 emis-
sions under 20 and 40 t ha−1 biochar amendments during the
whole incubation were generally smaller than that of the control
across all three temperatures. The temperature sensitivity of soil
respiration (Q10) at 15–20 and 15–25 °C were significantly
(p < 0.05) lower in biochar-amended soils than that in the con-
trol (Fig. 1b), while no significant changes were found in Q10 at
20–25 °C range. Moreover, the Q10 values at 15–20C and 15–
25 °C were significantly (p < 0.05) and positively correlated
with RQ and dehydrogenase activity but negatively correlated
with fungal diversity (Table 3). The Q10 at 15–20 °C were also
positively correlated with qCO2, while the Q10 at 15–25 °C
were negatively correlated with MBC and bacterial abundance.

Abundance and alpha diversity of bacteria and fungi

Biochar soil amendment significantly (p = 0.02) increased bac-
terial 16S rRNA gene copy numbers both at 20 and 40 t ha−1

3 years after a single incorporation (Table 4). The OTU rich-
ness and diversity index including Chao1, ACE, and Shannon
indices were not altered under biochar amendment at both 20
and 40 t ha−1. In contrast, the abundance of fungal ITS rRNA
gene was not changed but the OTU richness and Shannon
index were increased with biochar amendment at 40 t ha−1.

Bacterial and fungal community composition

The relative abundances ofActinobacteria, Gammaproteobacteria,
and Firmicutes were significantly (p < 0.05) decreased by 23, 10,
and 23% under 40 t ha−1 biochar treatment compared with the
control (Fig. 2). Whereas Gemmatimonadetes and
Deltaproteobacteria were increased by 12 and 31% under
40 t ha−1 compared with the control. Ascomycota pre-
dominated in the dry cropland soil, and the abundance
did not change under 20 t ha−1 but it increased by 19%
under 40 t ha−1 compared with the control. The relative
abundances of Basidiomycota were generally decreased
with increasing biochar addition rate. Chytridiomycota
was rarely detected in the control, but their abundance
significantly (p < 0.01) increased by nearly 12 times un-
der 40 t ha−1.

Biochar amendment changed the abundance of some
bacterial and fungal genera particularly at the 40 t ha−1

(Table 5). The relative abundances of Lactococcus and
Nocardioides were strongly decreased at the 40 t ha−1.
Some low abundant genera, such as Arthrobacter and
Marmoricola, in the control soil, were also significantly
reduced under biochar. Alternaria and Guehomyces were
the predominant fungal genera, accounting for 29 and
27% of the sequences and were decreased to 18 and
17% under biochar addition at 40 t ha−1. In contrast,
the abundance of Chrysosporium, affiliated with
Onygenaceae, were increased by almost seven times un-
der biochar addition at 40 t ha−1.

Table 1 Effects of biochar amendment on selected soil physicochemical properties

Treatments Bulk density
(g cm−3)

Soil moisture
(%)

pH (H2O) SOC (g kg−1) TN (g kg−1) C/N DOC
(mg kg−1)

Available N
(mg kg−1)

C0 1.56 ± 0.01a 9.35 ± 2.05c 5.93 ± 0.35b 8.16 ± 0.65c 0.87 ± 0.04b 9.41 ± 0.58b 11.07 ± 0.72b 73.97 ± 3.16b

C20 1.46 ± 0.06b 14.80 ± 3.00b 6.11 ± 0.09ab 10.00 ± 0.62b 0.95 ± 0.07ab 10.53 ± 0.48b 16.40 ± 4.08a 75.72 ± 2.32ab

C40 1.47 ± 0.02b 19.82 ± 2.20a 6.46 ± 0.02a 11.71 ± 0.11a 0.99 ± 0.05a 11.80 ± 0.70a 16.53 ± 1.61a 83.30 ± 5.53a

C0, 0 t ha−1 , control; C20, 20 t ha−1 ; C40, 40 t ha−1 . Different letters in a single column indicate significant difference between the treatments at p < 0.05

Table 2 Changes in microbial biomass C (MBC), soil respiration rate, microbial quotient (MQ), respiration quotient (RQ), metabolic quotient (qCO2),
and enzyme activities following a biochar addition

Treatments MBC (mg kg−1) Soil respiration
rate (mg C kg−1

soil day−1)

MQ (mg g−1) RQ (mg C g−1

SOC day−1)
qCO2 (mg C g−1

MBC h−1)
β-Glucosidase
activity (nmol g−1

dry soil h−1)

Dehydrogenase
activity (μg TPF g−1

soil h−1)

C0 34.05 ± 13.00b 1.44 ± 0.11a 4.19 ± 1.55a 0.18 ± 0.03a 1.94 ± 0.70a 51.85 ± 12.94a 0.81 ± 0.03a

C20 67.54 ± 11.84a 1.26 ± 0.10b 6.76 ± 1.20a 0.13 ± 0.00b 0.79 ± 0.16b 66.71 ± 11.32a 0.29 ± 0.02b

C40 68.60 ± 14.57a 1.15 ± 0.02b 5.85 ± 1.20a 0.10 ± 0.00b 0.72 ± 0.15b 70.92 ± 14.41a 0.34 ± 0.05b

C0, 0 t ha−1 , control; C20, 20 t ha−1 ; C40, 40 t ha−1 . Different letters in a single column indicate significant difference between the treatments at p < 0.05

TPF, triphenylformazan

Biol Fertil Soils (2018) 54:175–188 179



Redundancy analysis of bacterial and fungal community
composition

RDA indicated clear differences in microbial community
composition between the biochar-amended plots at 40 t ha−1

and non-amended plots (Fig. 3). The first two components
explained 60 and 86% of the total variability for bacterial
and fungal community composition, respectively. The bacte-
rial communities under biochar amendment at 40 t ha−1 were
clearly separated from other two treatments in the ordination
space. The bacterial communities positively and significantly
varied with SOC (r2 = 0.790, p = 0.01) and available N
(r2 = 0.706, p = 0.01) contents, C/N (r2 = 0.668, p = 0.04),
and pH (r2 = 0.629, p = 0.04) (Table S1). Similarly, SOC

(r2 = 0.788, p = 0.01) and available N (r2 = 0.760, p = 0.01)
contents, C/N (r2 = 0.667, p = 0.04), and pH (r2 = 0.661,
p = 0.03) significantly correlatedwith the fungal communities.

Discussion

Effect of biochar amendment on soil physicochemical
properties

Improvements in soil physicochemical properties, such as
bulk density, pH, SOC, and TN, due to biochar amendment
have been reported (Zhang et al. 2012; Farrell et al. 2013;
Major et al. 2012; He et al. 2016; Chen et al. 2017).

Fig. 1 The cumulative CO2 respired over time from biochar-amended
and non-amended samples at three temperatures (15, 20, and 25 °C)
during a 31-day incubation (a) and temperature sensitivity (Q10) of soil
respiration calculated based on respiration rates of the three temperatures

(b). C0, 0 t ha−1, control; C20, 20 t ha−1; C40, 40 t ha−1. The different
letters above the bars denoted significant differences among treatments
(p < 0.05)

Table 3 Correlation coefficients
between soil microbiological
properties and temperature
sensitivity coefficient (Q10)

Q10 (15–20 °C) Q10 (20–25 °C) Q10 (15–25 °C)

Microbial biomass carbon (MBC) − 0.49 0.61 − 0.77*

Respiration quotient (RQ) 0.70* − 0.62 0.72*

Metabolic quotient (qCO2) 0.92** − 0.50 0.65

Shannon index of bacteria − 0.30 0.79* − 0.64

Shannon index of fungi − 0.84** 0.55 − 0.71*

Bacterial 16S gene copies − 0.53 0.51 − 0.83**

Fungal ITS gene copies 0.14 0.39 − 0.32

β-Glucosidase activity − 0.13 0.47 − 0.59

Dehydrogenase activity 0.90** − 0.59 0.89**

**Correlation is significant at the 0.01 level; *correlation is significant at the 0.05 level
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However, most of these findings are derived from either pot
experiments or short-term field studies, whereas few studies
have examined the long-term impacts of biochar, particularly
in the fields (Jones et al. 2012; Zheng et al. 2016). Field con-
ditions are characterized by frequent tillage practices and
cycles of wetting and drying, which may decrease the
impacts of biochar on soil physicochemical and biological
properties. However, we found that most of the soil physico-
chemical properties were changed 3 years after a single bio-
char addition, indicating a persistent enhancement of soil qual-
ity under biochar. These findings confirm what reported by
Zheng et al. (2016) in an acid rice paddy 4 years after
application and by Yao et al. (2017a) in a fertile Mollisol
3 years of biochar amendment. In particular, we observed that
the soil moisture was much higher in biochar-amended soils
and generally increased with increasing biochar addition rates,
suggesting that biochar may improve soil moisture storage
and hydrological property, which is particularly important
for soils poor in organic C in arid/semiarid zones (Omondi
et al. 2016). The reported effects of biochar on DOC and
available N are highly variable and dynamic across both
short-term and long-term studies (Jones et al. 2012; Farrell
et al. 2013; Zheng et al. 2016; Chen et al. 2017). The relatively
higher DOC contents in this study may result from the decom-
position of biochar since it had some biologically degradable
organic molecules that could potentially contribute to the in-
crease in DOC over 3 years as observed in our previous study
(Chen et al. 2016). Others suggested that the increase of avail-
able N content could be ascribed to the retention effects of
biochar or to the improved N fertilizer utilization efficiency
(Lehmann et al. 2011; Taghizadeh-Toosi et al. 2012).
Nevertheless, our study provides clear evidence that biochar
could continue to modify some physicochemical properties,
such as soil moisture, soil C and N contents, 3 years after a
single amendment in an unfertile dry cropland soil.

Soil respiration under biochar amendment and its
response to warming

In the present study, the soil basal respiration rates under bio-
char amendment were lower than the non-amended soils
(Table 2), probably due to a negative priming effect
(Maestrini et al. 2015). This finding confirms what reported
under long-term field conditions (Jin 2010; Zimmerman et al.
2011; Domene et al. 2014; Chen et al. 2016). Increase in soil
respiration was usually attributed to the increased labile organ-
ic C content after biochar addition (Farrell et al. 2013) or to the
enhanced soil microbial activity (Castaldi et al. 2011; Jones
et al. 2011), whereas the decrease in soil respiration was often
explained by the toxic effect of biochar (Zimmerman et al.
2011) or reductions in substrate availability, microbial abun-
dance and enzymatic activity in short-term studies (Lehmann
et al. 2011; Maestrini et al. 2014). For example, the reductionT
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in phenol-oxidase activity may contribute to the decrease of
SOC mineralization induced by biochar addition (Maestrini
et al. 2014). However, neither reductions in nutrient availabil-
ity nor decrease in MBC was observed in our study. Lehmann
et al. (2011) suggested that long-term experiments might im-
prove efficiency in the C use because of co-location of micro-
organisms and C on biochar surfaces, which reduces the need
for enzyme production. Our findings of lower qCO2 and de-
hydrogenase activity observed in biochar-amended soils could
provide evidence for such hypothesis. qCO2 may also be an
indicator of Bmicrobial efficiency^ even if it has been also
used as a bioindicator of disturbance and environmental stress
(Bardgett and Saggar 1994). A meta-analysis showed an over-
all decrease by 13% in qCO2 due to biochar addition (Zhou
et al. 2017). The decreases of qCO2, particularly after some
years since biochar application, may be ascribed to the im-
provement of microbial habitat as biochar may protect micro-
organisms from disturbance and provide nutrient and water for
microbial growth (Lehmann et al. 2011; Quilliam et al. 2013;
Chen et al. 2016). The reduced respiration quotient (RQ) un-
der biochar treatment may indicate that SOC is protected
against microbial decomposition or a shift in microbial com-
munity composition with prevalence of microbial species hav-
ing a higher C use efficiency (Jiang et al. 2016). This

explanation was evidenced by our previous findings that the
composition of metabolically active soil microbial communi-
ties was changed, causing a decrease in SOC turnover after
18 months of biochar amendment (Chen et al. 2016). In sum-
mary, our findings suggest that a biochar amendment after
3 years decreased soil respiration, thus improving organic C
accumulation in soil.

Temperature sensitivity of soil respiration under biochar
decreased at 15–20 °C but not at 20–25 °C (Fig. 1), partially
confirming previous studies (Fang et al. 2014; He et al. 2016)
and supporting our initial hypothesis. Indeed, Fang et al.
(2014) observed that temperature sensitivity of organic Cmin-
eralization due to biochar addition decreased in the Entisol,
Vertisol, and Inceptisol, but not in the Oxisol, at 20–40 °C. He
et al. (2016) found that the Q10 at higher biochar addition rate
was not significantly decreased compared with the non-
amended soil under a wheat-maize rotation. These contrasting
results suggest that effects of biochar on sensitivity of soil
respiration to temperature can vary and depend on various
factors, such as soil type, temperature, and type and addition
rate of biochar. Soil warming can affect temperature sensitiv-
ity of soil respiration by influencing soil water and nutrient
availability and microbial and enzyme activity (Hartley and
Ineson 2008; von Lützow and Kögel-Knabner 2009;

Fig. 2 The relative abundance of
the dominant bacterial phyla (or
Proteobacteria classes) (a) and
fungal phyla (b) in soil samples
collected from biochar treatments
and control. C0, 0 t ha−1, control;
C20, 20 t ha−1; C40, 40 t ha−1.
*p < 0.05, significant difference
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Menichetti et al. 2015). He et al. (2016) suggested that biochar
may decrease soil water availability due to its water absorption
capacity, thus decreasing the temperature sensitivity of soil
respiration under field conditions. However, water was not a
limiting factor in our study since the soil moisture was

maintained constant during incubation. Decomposition of re-
calcitrant soil organic matter was suggested to be not
temperature-sensitive possibly due to the limitation of sub-
strate availability (Liski et al. 1999; Luo et al. 2001; von
Lützow and Kögel-Knabner 2009). Long-term biochar

Fig. 3 Redundancy analysis (RDA) of bacterial (a) and fungal
community compositions (b) and environmental variables for individual
samples from control and biochar-amended soils. Arrows represent
environmental variables that yielded significant correlations with the

microbial community composition. C0, 0 t ha−1, control; C20,
20 t ha−1; C40, 40 t ha−1. SOC, soil organic carbon. *p < 0.05 and
**p < 0.01, significant correlations

Table 5 Differences in the abundant bacterial and fungal OTUs between treatments

Phylum Family Genus Treatments

C0 C20 C40

Bacterial OTUs

Firmicutes Streptococcaceae Lactococcus 6.25 ± 0.40a 6.24 ± 1.01a 4.64 ± 0.23b

Actinobacteria Nocardioidaceae Nocardioides 2.25 ± 0.18a 1.84 ± 0.44a 1.10 ± 0.14b

Gemmatimonadetes Gemmatimonadaceae Gemmatimonadaceae_
uncultured

2.04 ± 0.18b 2.54 ± 0.27a 2.44 ± 0.10a

Actinobacteria Streptomycetaceae Streptomyces 1.31 ± 0.17a 1.30 ± 0.21a 0.96 ± 0.24a

Actinobacteria Micrococcaceae Arthrobacter 1.63 ± 0.26a 0.97 ± 0.14b 0.75 ± 0.24b

Actinobacteria Nocardioidaceae Marmoricola 1.29 ± 0.25a 1.09 ± 0.20ab 0.84 ± 0.18b

Actinobacteria Streptosporangiaceae Streptosporangium 1.33 ± 0.36a 0.13 ± 0.02b 0.38 ± 0.12b

Proteobacteria(gamma) Xanthomonadaceae Rhodanobacter 0.75 ± 0.11a 0.64 ± 0.14ab 0.46 ± 0.07b

Proteobacteria(beta) Oxalobacteraceae Massilia 0.51 ± 0.06a 0.47 ± 0.05a 0.34 ± 0.06b

Fungal OTUs

Ascomycota Pleosporaceae Alternaria 28.87 ± 4.01a 25.17 ± 5.96ab 17.96 ± 5.19b

Basidiomycota Cystofilobasidiaceae Guehomyces 27.10 ± 3.36a 25.25 ± 6.10ab 17.12 ± 2.09b

Zygomycota Mortierellaceae Mortierella 9.74 ± 3.20ab 13.10 ± 1.90a 7.67 ± 0.95b

Ascomycota Lasiosphaeriaceae Schizothecium 6.71 ± 1.69b 8.09 ± 1.16b 13.37 ± 1.86a

Basidiomycota Filobasidiaceae Filobasidiaceae_
unclassified

1.22 ± 0.43a 0.34 ± 0.08b 0.42 ± 0.23b

Ascomycota Cephalothecaceae Cephalotheca 0.85 ± 0.34a 0.07 ± 0.06b 0.46 ± 0.12ab

Ascomycota Incertae_Sedis Phoma 0.82 ± 0.30a 0.22 ± 0.09b 0.29 ± 0.12b

Ascomycota Onygenaceae Chrysosporium 1.27 ± 0.34b 2.33 ± 0.21b 10.59 ± 2.28a

Ascomycota Nectriaceae Nectria 0.34 ± 0.17a 0.11 ± 0.10ab 0.07 ± 0.06b

C0, 0 t ha−1 , control; C20, 20 t ha−1 ; C40, 40 t ha−1 . Different letters in a single row indicate significant difference between the treatments at p < 0.05
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addition was shown to decrease organic C availability due to
enhanced organic-mineral interactions (Ameloot et al. 2014;
Singh and Cowie 2014). Therefore, it is possible that the in-
corporation of recalcitrant biochar C into soil after a few years
may have decreased the temperature sensitivity of soil C de-
composition, as suggested by Fang et al. (2014). In addition,
the lower Q10 in the present study might result from stabiliza-
tion of SOC and decreased soil microbial C turnover in re-
sponse to biochar addition as suggested by Zimmermann et al.
(2012). Spatial inaccessibility to microbes and enzymes due to
the occlusion of SOC by aggregation, and hydrophobicity is
crucial for SOC stabilization (von Lützow and Kögel-
Knabner 2009; Zimmermann et al. 2012). Biochar amend-
ment in the long-term may increase the stability of soil aggre-
gates, leading the labile C compounds physically or chemical-
ly entrapped in aggregates or interior pores of biochar (Keith
et al. 2011; Zimmermann et al. 2012; Singh and Cowie 2014),
and thus being protected against microbial decomposition as
supported by the decrease in the RQ and microbial activity of
biochar amended soils even under elevated temperature
(P ronk e t a l . 2012 ; Zimmermann e t a l . 2012) .
Dehydrogenases are intracellular enzymes participating in
the oxidative phosphorylation in microbial cells, which is thus
related to microbial respiratory processes (Insam 2001;
Sinsabaugh et al. 2008). The decline in dehydrogenase activ-
ity and its positive correlation with Q10 in this study may
confirm the decrease in microbial activity under biochar
amendment. However, the Q10 values at 20–25 °C were not
changed, which may be probably due to the fact that the two
temperatures were suitable for microbial activities or microbi-
al substrates became a limiting factor after their rapid con-
sumption at warm condition (von Lützow and Kögel-
Knabner 2009). Thus, our results suggest that the decreased
temperature sensitivity of soil respiration under biochar
amendment may potentially imply a reduction in soil C loss
under climate warming.

Effects of biochar amendment on microbial abundance
and diversity

Being consistent with earlier studies (Domene et al. 2014;
Zheng et al. 2016; Jiang et al. 2016; Yao et al. 2017a), we
found that soil MBC and bacterial abundances increased with
a single biochar addition after 3 years, suggesting a persistent
effect on microbial abundance. However, no changes were
found in fungal abundance, which agrees with the findings
by Jones et al. (2012) in an agricultural soil sampled 2 years
after biochar addition. Observed increases in bacterial abun-
dances are commonly attributed to greater C and nutrient
availability provided by labile C of biochar, especially in
short-term studies (Lehmann et al. 2011; Luo et al. 2013;
Farrell et al. 2013; Maestrini et al. 2014; Chen et al. 2015).
However, such direct effect of biochar may disappear within

some months after biochar added to soils (Kuzyakov et al.
2009; Farrell et al. 2013). One possible explanation for the
increase in bacterial abundance in this study may be ascribed
to the indirect improvement in soil quality induced by biochar
amendment, such as the increase in the SOC content and water
retention. The presence of recalcitrant C of biochar may act as
slow-releasing nutrient pools for microorganisms during the
aging process (Kuzyakov et al. 2009; Lehmann et al. 2011;
Singh and Cowie 2014). Improvements in water retentionmay
also enhance microbial abundance through dissolving nutri-
ents and causing a greater resistance of microbial cells to dry-
ing, particularly in dry lands (Maestrini et al. 2015). Domene
et al. (2014) suggested that their observed increase in MBC
was mainly due to increased soil moisture after a 3-year bio-
char addition. In our study, the higher soil moisture under
biochar treatments and the significant correlations between
soil moisture and bacterial or fungal abundances also provided
evidence of the biochar’s role in promoting microbial biomass
(Table S2). Other hypotheses, such as an improved protection
of microorganisms from predators and drying, have been pro-
posed to explain the increased microbial abundance in the
long-term after biochar addition (Quilliam et al. 2013). Our
earlier study also implied that the high porosity and large
surface area of biochar could improve the habitat of soil mi-
croorganisms, in particular for bacteria rather than fungi,
protecting them from grazing and drying after an 18-month
field treatment (Chen et al. 2013).

After 3 years of biochar application, we found that the
diversity of bacteria was not changed, which is in contrast
with what was found by Zheng et al. (2016) in an acid
rice paddy 4 years after addition. It is suggested that pH is
a key factor determining bacterial diversity (Lauber et al.
2009). Rousk et al. (2010) have also showed the impor-
tance of soil pH in affecting bacterial diversity. In this
study, we found that although soil pH was higher in
biochar-amended than non-amended soils, bacterial diver-
sity was not changed. In contrast, fungal diversity was
increased under biochar addition in our study, which con-
trasts with the findings by Yao et al. (2017b). The differ-
ent responses of bacterial and fungal diversities to biochar
could be attributed to their preferences for different C
sources (Rousk et al. 2009). Compared with bacteria, fun-
gi are able to colonize poor C sources with a high C/N,
such as biochar (Warnock et al. 2007). Therefore, we
speculate that the incorporated recalcitrant C from biochar
may play a role in stimulating fungal diversity. Microbial
diversity is of great importance to ecosystem stability and
resilience towards stress and disturbance. It could be in-
ferred that the positive correlation between fungal diver-
sity and Q10 in this study may have contributed to the
resistance of soil respiration to warming through their
functional redundancy in C mineralization (Rousk et al.
2009).
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Changes of microbial community composition and its
implication for soil C sequestration under biochar
amendment

Shifts in microbial community composition are related to
changes in soil environments caused by biochar amendment
(Lehmann et al. 2011; Mitchell et al. 2015; Zhang et al. 2017;
Chen et al. 2017). In our study, SOC and available N contents,
pH, and C/N were significantly correlated to the shifts in bac-
terial community compositions (Fig. 3). Zheng et al. (2016)
and Yao et al. (2017a) observed that microbial community
compositions in biochar-amended soils were different from
those of non-amended soils and were shaped by pH, SOC,
and TN contents and C/N. However, we found available N
rather than the TN significantly correlated with both bacterial
and fungal community compositions, which suggests that mi-
crobial communities are more sensitive to the available than
total N contents since the bioavailable N could be easily uti-
lized by microorganisms particularly in N limited soils with a
high C/N. Fungal community composition was affected by the
SOC content and C/N, probably because fungi are main de-
composers of SOC, particularly the recalcitrant C, while or-
ganic matter with a high C/N ratio is believed to have strong
effect on fungal composition (Thiet et al. 2006).

A few studies suggested that biochar effects on microbial
community composition could be hardly detected after 2 years
since biochar application (Rousk et al. 2013; Noyce et al.
2015). However, our study showed some clear shifts in both
bacterial and fungal groups even at phylum level 3 years after
biochar incorporation. The abundances of three key bacterial
phyla, Actinobacteria, Gammaproteobacteria, and Firmicutes,
were significantly decreased by biochar amendment in this
study, indicating their sensitivity to biochar. Zheng et al.
(2016) observed that the re la t ive abundance of
Actinobacteria decreased by 21% in biochar-treated soils
4 years after application, whereas other studies reported that
the relative abundance of Firmicutes was not affected by the
biochar amendment in both short-term and long-term experi-
ments (Chen et al. 2013; Yao et al. 2017a). Khodadad et al.
(2011) suggested that the abundance of gram-positive bacte-
ria, such as Actinobacteria and Firmicutes, could be increased
by the presence of labile C in biochar but not by that of recal-
citrant C. Thus, it is possible that when the labile C was
exhausted, the recalcitrant Cmight have had an opposite effect
on such copiotrophs (Fierer et al. 2007). Acidobacteria, an
oligotrophic group widely distributed in agricultural soils,
are enriched in soils with low resource availability and asso-
ciated with lower SOC mineralization rate (Fierer et al. 2007).
The generally higher abundance of Acidobacteria in our non-
fertile soil and under biochar treatments may suggest that the
biochar-amended soil involved a low bioavailability of C. The
abundance of Ascomycota, dominating in the fungal commu-
nity, was significantly enhanced by biochar. Alternaria, a

genus of Ascomycota, was decreased by biochar. Alternaria
species are known as major plant pathogens and can degrade
SOC (Arfi et al. 2012); the decrease in this genus abundance
under biochar may be beneficial to crop health. Besides, we
found the relative abundance of Mortierella was significantly
increased by biochar at 20 t ha−1. Species ofMortierella act as
saprotrophs in soil and live on decaying leaves or other organ-
ic materials, and some are psychrophiles (Alexopoulos et al.
1996). Also Zheng et al. (2016) found a positive effect of
biochar on Mortierella abundance, but Yao et al. (2017b)
showed that the relative abundances of Mortierella was not
changed by the biochar amendment. Actinobacteria, gram-
positive bacteria, play an important role in the decomposition
of organic matter and C cycling, and are sensitive to distur-
bance (Kramer and Gleixner 2008). Firmicutes are described
as fast-growing copiotrophs and their growth is stimulated by
fresh organic matter (Fierer et al. 2007). Together with the
incorporation of recalcitrant C in biochar-amended soils, we
speculate that the decreases in abundance of such gram-
positive bacteria involved in C degradation under biochar
may contribute to the decreases in soil respiration and soil
organic matter turnover, even when the temperature is elevat-
ed. However, due to the inconsistent observations, additional
research is needed to unravel the mechanisms of the effects of
biochar on microbial community composition after few years.

Conclusions

The present study demonstrated that biochar amendment
showed persistent effects on soil physicochemical properties
3 years after a single addition to a C-poor dry cropland soil.
Biochar amendment decreased soil respiration, microbial met-
abolic quotient, and sensitivity of soil respiration to warming,
which may increase the C use efficiency of microorganisms
and stabilize SOC due to enhanced organic-mineral interac-
tions. Our study also demonstrated that the abundances of
some gram-positive bacteria, such as Actinobacteria and
Firmicutes, were decreased and changes in soil physicochem-
ical properties were important factors in shaping the microbial
community composition. We suggest that biochar amendment
caused a shift in microbial community functioning towards
slower organic C turnover and stability to warming in dry
cropland after 3 years, which may potentially reduce soil C
loss.
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