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Abstract
In a 338-d microcosm incubation experiment, greenhouse gas emissions (GHG) and bacterial diversity were studied in a clayey
soil amended with 5% (w/w) biochar in the presence or absence of 4% (w/w) peat- and shrimp-based compost used as an
additional C source. Two maple biochars produced at 400 °C (M400) or 700 °C (M700) and pine chips produced at 700 °C
(P700) were tested. In comparison with soil supplemented or not with compost, the addition of any biochar resulted in lower total
cumulative N2O emission (90% to 97%). The low porosity ofM400 andM700 increased soil anaerobic conditions and resulted in
higher total cumulative CH4 emission compared to the other soil treatments. In addition, the lowest total cumulative CO2

emission was observed with M700, probably due to its low-priming effect on native soil C decomposition. In all treatments,
compost addition had the highest impact on both soil bacterial richness and community composition, particularly on bacteria of
the class Anaerolineae. At day 338, results showed that modification of soil properties by maple biochars reduced bacterial
diversity and induced shifts in the taxonomic composition of their community. In fact, heterotrophic bacteria involved in
denitrification, such as generaHaliangium,Hyphomicrobium,Opititus, and Pedomicrobium, increased in abundance in response
to the amendment with maple biochars. We conclude that the nature of biochar feedstock can impact soil bacterial diversity by
changing soil physicochemical properties, thus influencing C dynamics, porosity, and pH, and by mitigating total cumulative
GHG emissions.
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Introduction

The intensification of agriculture requires increased use of
fertilizers and thereby has harmful consequences for the envi-
ronment, such as greenhouse gas (GHG) emissions (Galloway
et al. 2008; Jäger et al. 2011; Thomson et al. 2012).

Consequently, different strategies for mitigating GHG emis-
sions have been proposed, such as managing soil chemical
and microbiological properties (Smith et al. 2008; Thomson
et al. 2012). The use of biochar as an amendment could be an
effective solution in fertilized soil (He et al. 2017). In fact, this
C-rich material can promote the last step of denitrification
(reduction of N2O to N2) by improving soil properties such
as pH (Wang et al. 2017; Wu et al. 2018) or by facilitating the
transfer of electrons to soil denitrifying microorganisms
(Cayuela et al. 2013; Yuan et al. 2019). Due to its high poros-
ity, biochar can also suppress N2O production by increasing
soil oxygen diffusion (Ameloot et al. 2013). In addition, bio-
char may mitigate N2O production by the adsorption of NH4

+

and NO3
− on its surfaces, limiting soil N availability for the

activity of nitrifiers and denitrifiers (Anderson et al. 2011;
Harter et al. 2014; He et al. 2017). Because biochar generally
has a high recalcitrant organic C level, its application may
increase C sequestration by mitigating soil CO2 emissions
(He et al. 2017; Liu et al. 2016). Furthermore, this recalcitrant
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C fraction can be preferentially used by microorganisms, in-
ducing a low-priming effect on native soil C decomposition
(Ventura et al. 2019). Moreover, the biochar amendment may
have a beneficial effect on soil CH4 mitigation by increasing
soil aeration or by enhancing the ratio of methanogenic to
methanotrophic bacteria (He et al. 2017; Wang et al. 2017).

It is, however, known that the efficiency of biochar in mit-
igating soil GHG emissions differs depending on the nature of
feedstock and pyrolysis conditions used (Brassard et al. 2018;
Harter et al. 2014; Muhammad et al. 2014). Our previous 58-d
horticultural substrate microcosm incubation study, testing
five different biochars on emissions of CO2, CH4, and N2O,
showed that these emission rates differed according to the
biochar properties, such as pH, C availability, and porosity
(Lévesque et al. 2018). A recent meta-analysis using 91 stud-
ies mainly obtained from laboratory incubation trials showed
that biochar addition in different soil types increased soil CO2

fluxes by 22.1%, decreased those of N2O by 30.9% and did
not affect CH4 emissions (He et al. 2017). When biochar ap-
plications were combined with inorganic N-fertilizer in soil,
CO2 emission was, however, suppressed, while CH4 emission
increased and N2O flux was not affected (He et al. 2017).
These authors reported that biochar pH and soil texture are
the most critical parameters altering the response of soil
GHG emissions and soil microbial community composi-
tion. On the other hand, a previous meta-analysis from
50 studies reported that the combination of biochar with
inorganic N-fertilizer promoted CO2 emissions due to an
increase of soil organic C mineralization throughout soil
microbial activity owing to the high soil available C
and N sources (Liu et al. 2016).

Initial biochar properties can be modified over time in soil
fertilized withmineral fertilizer (Huang et al. 2019), such as its
labile C content (Ameloot et al. 2013; Cross and Sohi 2011;
Gul et al. 2015) and pH (Ameloot et al. 2013). These chemical
changes can influence the efficiency of biochar in suppressing
GHG emissions, owing to their impact on the diversity of soil
microbial communities over time (Cole et al. 2019; He et al.
2017; Huang et al. 2019; Krause et al. 2018; Li et al. 2019).

The relationships between the mitigation of GHG emis-
sions, on the one hand, and changes in bacterial diversity
and soil physiochemical and microbiological properties, on
the other, are still not well understood when the application
of biochar is combined with N-fertilization (Abujabhah et al.
2016; Gul et al. 2015; He et al. 2017; Huang et al. 2019; Liu
et al. 2016). The aim of this study was to assess the influence
of biochar properties on the potential to mitigate GHG emis-
sions and on the diversity of the bacterial community in a clay
soil fertilized with inorganic N alone or mixed with peat
and shrimp compost. According to the feedstock and
pyrolysis conditions used during biochar production,
our hypotheses were as follows: (a) mitigation efficien-
cy of GHG emissions decreases with time following

periodic inorganic N fertilizer applications owing to
the modification of the soil properties by biochar; (b)
biochar-induced effects on soil properties shift bacterial
diversity; (c) the ability of biochar to mitigate GHG
fluxes depends on its effect on soil bacterial populations
involved in biochemical cycling of N and C.

Material and methods

Soil, biochars, and compost characteristics

A Kamouraska clay soil was collected (0–15 cm) after a
wheat crop in November 2013 from a field located at
the Harlaka Research Farm of Agriculture and Agri-
Food Canada at Lévis near Quebec City, QC, Canada
(46° 47′ N, 71° 08′ W). Soil samples were first sieved
at ≤ 6 mm, air-dried, and then sieved at ≤ 2 mm. The
main soil characteristics were 410 g clay kg−1, 295 g
silt kg−1, and 295 g sand kg−1; pH, 5.5; 2.9 g Ntot kg

−1;
32 g Ctot kg

−1 (St-Luce et al. 2014).
Three air-dried biochars sieved at ≤ 2 mm with dif-

ferent capacities to mitigate GHG emissions in a peat-
based growing medium (Lévesque et al. 2018) were
used: two were derived from sugar maple bark (Acer
saccharum) pyrolyzed at 400 °C (M400) and 700 °C
(M700), and one from pine chips (Pinus strobus) pyro-
lyzed at 700 °C (P700). Production of biochars and
their physicochemical characteristics were previously de-
scribed by Lévesque et al. (2018).

A peat- and shrimp-based commercial compost (Fafard,
Saint-Bonaventure, QC, Canada) was air-dried and sieved at
≤ 2 mm (15 g Ntot, 10 g P2O5, 10 g K2O kg−1 dry basis; C/N of
20; pH of 6.8). The compost was used in half of the soil
treatments to increase the amounts of C available to microor-
ganisms (Gul et al. 2015) owing to the long incubation period
without plants.

Preparation and initial properties of soil mixtures

Soil mixtures were prepared with air-dried soil, biochars, and
compost. Eight mixtures (control and three biochar treat-
ments; with or without compost) were prepared with each of
the three biochars (M400, M700, and P700) at varying rates
(w/w): (i) 100% soil (control); (ii) 95% soil + 5% biochar; (iii)
96% soil + 4% compost (control with compost); (iv) 91% soil
+ 4% compost + 5% biochar, whose biochar corresponds to
60 t ha−1. Typical biochar application rates are in the
range of 5 to 50 t ha−1 (Harter et al. 2014). In this
study, 5% (w/w) biochar was used to amplify the effect
of biochar on the physicochemical and microbiological
properties of soil. Because biochars derived from sugar
maple bark had a high calcium carbonate equivalence
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(CCE, 15%; Lévesque et al. 2018), calcium hydroxide
(1.7–2.5 g Ca (OH)2 kg−1) was only added to the con-
trol and P700 treatment with and without compost. The
starting pH was 6.61 ± 0.03 in the soil mixtures. The
initial chemical properties of the soil mixtures are pre-
sented in the supplementary material (Table S1).

Microcosm study

The microcosms were established by placing 100 g of air-
dried soil mixture having a bulk density of 0.98 g cm−3

(P700) to 1.00 g cm−3 (M400 andM700) in polyvinyl chloride
(PVC) cylinders with a volume of 104.1 cm3 (Ø 4.7 cm,
height 6.0 cm). The lower bulk density in the soil mixtures
with P700 was due to its high porosity (Lévesque et al. 2018).
The dimensions used for the PVC tubes were those proposed
by Guo et al. (2012) to ensure that gas emissions would reflect
field-measured emissions as closely as possible. A geotextile
membrane was placed at the bottom of each cylinder to keep
the soil inside. The cylinders were placed in a shallow con-
tainer with deionized water for rewetting of mixtures by cap-
illary rise until full saturation. The cylinders were then
allowed to drain freely and the moisture content was adjusted
to 70% water-filled pore space (WFPS) by weighing each
cylinder to promote the denitrification process (Linn and
Doran 1984). A mineral particle density of 2.65 g cm−3 was
used to calculateWFPS (Linn and Doran 1984). Each cylinder
was then transferred to a 500-mL Mason glass jar for
incubation.

The jars were covered with an aluminum lid holed in the
middle (Ø 0.5 cm) to allow gas exchange. They were then
placed in the dark and incubated at 22 °C with 80% relative
humidity. The microcosms were pre-incubated for 14 d to
allow microbial activity stabilization (Farrell et al. 2013).
Three milliliters of fertilizer solution (NH4NO3, 35 μg N g−1

dry soil; K2HPO4, 10 μg P g−1 dry soil and 26 μg K g−1 dry
soil) was then injected in each microcosm (day 0 of experi-
ment) to stimulate denitrification; the fertilizer solution was
also applied on days 84, 168, and 252 of the study. The appli-
cation rate used represents half the recommended N fertiliza-
tion (120 kg N ha−1) for maize crop (CRAAQ 2010), known
for its high N demand. A multi-syringe with 10 evenly dis-
tributed injection points (Fig. S1) was used to allow a uniform
fertilizer distribution with minimal soil disturbance. Every
week, moisture content was adjusted gravimetrically to 70%
WFPS by adding deionized water on the soil surface as
needed.

The experiment was laid out as a randomized complete
block design, with eight treatments (control, M400, M700
and P700; with or without compost) and four replicates pre-
pared for each sampling date (days 9, 16, 23, 44, 86, 170, and
338) allowing for destructive sampling. A total of 224 micro-
cosms were used.

Chemical analyses

At each sampling date, a set of jars was removed from the
experiment, and the soil in each microcosm was thoroughly
mixed. A 10-g of fresh soil was taken to determine gravimetric
water content by drying at 105 °C for 24 h. Soil pH (H2O) was
determined by adding 20 mL of deionized water to 10 g of
fresh soil (Hendershot et al. 2007). Soil NO3

− and exchange-
able NH4

+ concentrations were determined according to
Maynard et al. (2007). Briefly, 25 mL of 2.0 M KCl solution
was added to 5.0 g of fresh soil in a 50-mL centrifuge tube.
The tubes were shaken (Innova™ 4900, Multi-Tier
Environmental Shaker, New Brunswick Scientific, New
Jersey, USA) for 30 min at 160 strokes per minute at 30 °C,
centrifuged at 10,000×g for 10 min, and the supernatant was
filtered through a filter paper (1 μm; VWR grade 410). The
soil extracts were stored at − 20 °C, and then NO3

− and ex-
changeable NH4

+ contents were quantified with a continuous-
flow injection auto-analyzer (QuickChem 8000 FIA + analyz-
er, Lachat Instruments, Loveland, CO, USA) with the Cd–Cu
reduction procedure (method 12-107-04-1-B) and the
salicylate-nitroprusside method (method 12-107-06-2-A), re-
spectively. The concentration of water-extractable organic C
(WEOC) was determined, using the method described by
Chantigny et al. (2013). Briefly, 20 mL of 0.005 M CaCl2
solution was added to 6.5 g of fresh soil in a 50-mL centrifuge
tube. The tubes were shaken (Innova™ 4900, Multi-Tier
Environmental Shaker, New Brunswick Scientific, New
Jersey, USA) for 60 min at 160 strokes per minute at 30 °C,
centrifuged at 10,000×g for 10 min, and the supernatant was
filtered through a Nynaflo™ disk filter (0.45 μm pore open-
ing) using a suction funnel at − 60 kPa. The soil extracts were
then analyzed within 24 h by using a TOC analyzer (TOC-
VCPH + TNM-1, Shimadzu Total Organic Carbon-Visionary
Series; Columbia, MD, USA). The concentration of WEOC
was taken as the difference between total and inorganic C.

Microbial activity and microbial biomass

Microbial activity was measured by hydrolysis of fluorescein
diacetate (FDA), according to Adam and Duncan (2001), at
two sampling dates (days 44 and 338). Microbial biomass of
C (MBC) and N (MBN) was determined with the chloroform
fumigation-extraction method, using extraction coefficients of
0.35 for MBC (KEC) and 0.50 for MBN (KEN) (Voroney et al.
2007) at the same dates.

Greenhouse gas measurements

Gas measurements were performed weekly on the same set of
32 microcosms (eight treatments × four replicates), which
were kept intact until the last soil sampling (day 338). Five
measurements were also performed after each fertilization
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event (days 0, 84, 168, and 252) to assess the priming effect of
fertilization on C mineralization and denitrification (days 1, 3,
5, 7, 9, 85, 87, 89, 91, 93, 169, 171, 173, 175, 177, 253, 255,
257, 259, and 261). On each gas sampling date, lids equipped
with stopcock valves and septum were installed to seal the
jars, and headspace sampled using a 20-mL syringe 0.5 h,
6 h, and 24 h after sealing the jars. The gas samples were
immediately transferred to a pre-evacuated glass vial
(Exetainer) and analyzed for N2O, CO2, and CH4 concentra-
tions as described by Lévesque et al. (2018). Flux rates of
N2O, CO2, and CH4 were determined as the linear increase
in gas concentrations in headspace between the three sampling
times (Rochette and Bertrand 2007). Preliminary testing con-
firmed that the gases were accumulating linearly well beyond
24 h (data not shown). Cumulative N2O-N, CO2-C and CH4-C
emissions were calculated by linear interpolations between
sampling dates.

Metabolic quotient

The microbial metabolic quotient (qCO2), used as an indicator
of microbial stresses (Zhou et al. 2017) and of the composition
and physiological state of the microflora (Sakamoto and Oba
1994), was calculated using the MBC values on days 44 and
338 for each soil mixture according to the equation described
by Zhou et al. (2017):

qCO2 ¼ SR=MBC

For qCO2 on day 44, SR is the cumulated soil respiration
(mg CO2-C kg−1 dry soil) during the first fertilization period
(day 0 to 44), where soil microbial respiration was maximal,
and MBC is the microbial biomass C (mg C kg −1 dry soil)
measured on day 44. For qCO2 on day 338, SR is the cumu-
lated soil respiration for the last fertilization period (day 252 to
338), divided by MBC measured on day 338.

DNA extraction and high-throughput sequencing of
16S rRNA gene amplicons

Bacterial diversity was assessed in soil mixtures after the first
fertilization period where microbial activity was high (day 44)
and at the end of the incubation (day 338). The DNA was
extracted from 0.25 g of fresh soil that had previously been
frozen at − 80 °C in a sterile Whirl-Pak bag using a PowerSoil
DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA,
USA). Quality of DNA (wavelength (ηm) ratio (A260 /
A280) > 1.7) and its concentration (ηg DNA μL−1 extract)
were determined by spectrophotometry (NanoVue Plus spec-
trophotometer; GE Healthcare, Amersham, UK).

Quantification of total bacteria (qBact) was performed by
using a CFX96 detection system (Bio-Rad, Hercules, CA,
USA), with the amplification systems established by Fierer

et al. (2005) using SYBR Green qPCR Mastermix (Qiagen,
Toronto, ON, Canada). The qPCR assay was performed as
described by Lévesque et al. (2020) in a 96-well plate. The
DNA extracts were tested for the presence of PCR inhibitors
using the qPCR detection system program (Lévesque et al.
2020). No inhibition of the amplification process was
detected.

Soil bacterial diversity was characterized by sequencing the
V6–V8 region of the bacterial 16S rRNA gene on the Illumina
MiSeq platform using primers B969F and BA1406R
(Lévesque et al. 2020). The purified PCR-amplified DNA
fragments were pooled in equimolar amounts and then
paired-end sequenced on the Illumina MiSeq platform using
a 2 × 300 bp strategy.

Downstream data analysis of Illumina MiSeq sequencing

Quality of Illumina MiSeq sequencing was verified as de-
scribed by Lévesque et al. (2020). Briefly, forward and reverse
fragments were paired using the QIIME open-source bioinfor-
matics pipeline, version 1.9.1 (Caporaso et al. 2010) with a
minimum overlap of 50 bp. In total, 760,826 fragments were
obtained for all treatments, with an average of 9510 fragments
per sample. The quality of the reconstructed fragments was
verified by FastQC, and the average reconstructed length was
439 ± 5 bp. The paired fragments were then clustered and
filtered in QIIME. Clustering the fragments into operational
taxonomic units (OTUs) with a similarity level of 97% was
done to generate a bacterial OTU table. Singletons were re-
moved and the OTU table of 16S amplicon sequencing was
normalized at 4000 sequences per sample based on the rare-
faction curves (Lévesque et al. 2020). The number of bacterial
OTUs was determined, and three alpha-diversity indices
Faith’s PD, Shannon, and Chao1 were calculated to estimate
the bacterial richness within each sample. The beta-diversity
was also evaluated using an unweighted UniFrac distance
matrix from the bacterial OTU table to compare the bacterial
composition between samples (Lozupone and Knight 2005),
which was then visualized using the “capscale” function with
unconstrained multidimensional scaling (MDS).

Statistical analyses

Statistical analyses were performed using the MIXED proce-
dure of SAS 9.3, version 2012 (SAS Institute Inc., Cary, NC,
USA). A three-way ANOVAwas performed to test the effects
of time, biochar type, and compost addition and their interac-
tions on soil chemical (NO3

−, exchangeable NH4
+, WEOC,

pH) and microbiological (FDA, MBC, MBN and qCO2) anal-
yses, cumulative GHG emissions (N2O, CO2 and CH4),
qBact, total number of OTUs, and bacterial diversity indices
(Faith’s PD, Chao1, Shannon). For total cumulative GHG
emissions, a two-way ANOVA was performed to determine
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the effect of biochar type and compost addition and their in-
teractions. The normality of data was examined using the
Shapiro–Wilk test, and no transformation was required.
Significant differences between means were established by
the Tukey’s test at p < 0.05. Units of soil chemical and micro-
biological properties, GHG emissions, and qBact are
expressed on dry soil basis. Pearson’s product-moment corre-
lation was performed to assess the linear relationship between
two normally distributed interval variables.

The percentage of variation of beta-diversity between bac-
terial communities in samples was tested with the “adonis”
function (“vegan” package in R) on unweighted UniFrac dis-
tance matrix with the level of statistical significance at
p < 0.05. The “envfit” function (“vegan” package in R) was
used to correlate environmental variables with bacterial com-
munities, and vectors were fitted onto the MDS ordination
plots. Variation in the composition of bacterial community
was estimated with 999 permutations.

Results

Effect of incubation time on soil chemical properties

The addition of biochar significantly affected soil pH and soil
NO3

−, exchangeable NH4
+, and WEOC contents, while com-

post addition especially influenced NO3
− and WEOC (Figs. 1

and 2; Table S2). In the absence of compost, NO3
− gradually

increased in all soil mixtures with time, owing to the periodic
applications of N fertilizer, except for a slight declined in
NO3

− concentrations for the first 44 d of incubation with
P700 (Fig. 1a). By contrast, the average exchangeable NH4

+

concentration remained low (0.3 mg N kg−1) from day 9 to 44
in all treatments, slightly increased following second and third
fertilizations (average concentration of 10.6 mg N kg−1 from
day 86 to 170) and was not detected in any treatments on day
338 (Fig. 1c). Concentrations of NO3

− were lower in all bio-
char treatments than in the control for each sampling date,
especially with P700 (Fig. 1a). Compost addition increased
NO3

−, mainly in the control treatment at all sampling dates,
while biochar addition decreased NO3

− concentrations after
the third fertilizer application until the end of the incubation
(day 168 to 338) (Fig. 1b), explaining the significant time ×
biochar × compost interaction (Table S2). As a result, on day
338, NO3

− was 22% higher in the control with than without
compost, whereas it was lower in all biochar treatments (Fig.
1a, b). No compost effect was observed for exchangeable
NH4

+ (Table S2).
In absence of compost, WEOC remained higher in both

maple biochar treatments than in the control, whereas its con-
centration with P700 was similar to the control (Fig. 2a).
Compost addition increased WEOC by up to 40 mg C kg−1

in all treatments (Fig. 2a, b). The WEOC concentrations

rapidly decreased until day 44 in all treatments enriched with
compost and then stabilized, but the initial differences be-
tween treatments remained fairly constant over time,
explaining the observed significant time × compost interaction
(Table S2).

Overall, the average soil pH inmaple biochar treatments (~
7.5) and P700 (~ 6.9) were higher than in the control (6.6)
(Fig. 2c). From day 9 to 338, pH decreased by 0.3 units in
the control and P700, while it increased by 0.1 to 0.2 units in
maple biochar treatments. Compost application increased ini-
tial soil pH by up to 0.1 units in all soil mixtures and some-
what buffered pH changes found during incubation, especially
in P700 treatment without compost (Fig. 2c, d).

Effect of incubation time on the microbiological
properties

The FDA hydrolysis rate was 31% lower in P700 compared
with that in the other treatments on day 44, whereas it was
similar between maple biochar treatments and the control
(Table 1). The FDA hydrolysis rate decreased from days 44
to 338 in the presence of maple biochars, whereas it increased
in the control and P700, explaining the significant time ×
biochar interaction observed. On day 338, hydrolysis rate
was on average 25% lower in biochar treatments than in the
control. Compost addition increased FDA hydrolysis rate in
all treatments and this effect was still significant at the end of
incubation.

TheMBC increased early in the incubation in soil amended
with M400 compared with that in the control and the other
biochar treatments (Table 1). The same trend was observed
with M700, but was not significant, whereas addition of P700
did not affect MBC. The level of MBC remained constant in
the control and P700 treatments over time, but it substantially
declined with M400 and M700 (Table 1), explaining the sig-
nificant time × biochar interaction observed (Table 1). As a
result of decline over time, MBC was 17% lower in soil with
maple biochars than in the control on day 338, whereas MBC
in soil with P700 was not different from the other soil mix-
tures. The MBN was not influenced by biochar additions and
did not fluctuate between day 44 and 338. Compost increased
both MBC and MBN in all treatments, and this effect was still
present at the end of incubation.

Effect of incubation time on GHG emissions from soil
mixtures

The addition of biochar or compost significantly affected the
GHG emissions during the 338-d incubation (Fig. 3; Table S2).
In absence of compost, substantial N2O emissions were mea-
sured in the control, especially following each fertilizer appli-
cation, while they remained low in all biochar treatments (Fig.
3a). A slightly higher emission rate was observed with M400
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than in the other two biochar treatments. Compost addition
strongly depressed N2O emissions in the control and M400
treatments, whereas it stimulated emissions in M700 (Fig.
3b), explaining the obtained significant time × biochar × com-
post interaction (Table S2). The N2O emissions were lowest in
P700 treatment and were not influenced by compost (Fig. 3b).
As a result of the temporal dynamics in soil mixtures without
compost, total cumulative N2O emission was 94% lower in all
biochar treatments than in the control (Table 2). Compost ad-
dition strongly reduced total cumulative N2O emission by 84%
in the control and 46% in M400, whereas the emissions dou-
bled in M700 and were similar to those observed with the
control. In addition, total cumulative N2O emissions in M400
and P700 were lower than those detected with the control and
similar to those detected in M700.

In absence of compost, CO2 emissions were higher in
M400 than in the other treatments between the first (day 0)
and the second (day 84) fertilizer application (Fig. 3c). After
84 d, CO2 emission rates especially increased in the control
and P700 treatments. The CO2 emissions were higher in the
control than in all biochar treatments from the third fertilizer
application until the end of incubation (day 168 to 338). As a
result, total cumulative CO2 emission was 39% to 72% higher
in the control than in all biochar treatments (Table 2). The
lowest total cumulative CO2 was obtained in the M700

treatment without compost. Compost addition increased early
CO2 emission rates in the control, M700 and P700 treatments,
but decreased rates in M400 (Fig. 3d; Table 2), explaining the
obtained significant time × biochar × compost interaction
(Table S2).

In general, oxidation of CH4 (negative emission rates) oc-
curred until the second fertilization (day 84), with greatest
oxidation rate in P700, an intermediate rate in the control,
and the lowest rates in the maple biochar treatments (Fig.
3e). Net CH4 emissions occurred after the second fertilization,
with similar rates in all treatments, explaining the obtained
significant time × biochar interaction (Table S2). Compost
addition slightly reduced the period of early CH4 oxidation
in the control and in maple biochar treatments (Fig. 3f),
explaining the obtained significant time × compost interaction
(Table S2), but the temporal dynamics were similar to those of
treatments without compost amendment (Fig. 3e, f). Total cu-
mulative CH4 emission was 44% higher in maple biochar
treatments and 49% lower in P700 compared with that in the
control and was not affected by compost addition (Table 2).

Effect of incubation time on the metabolic quotient

On day 44, qCO2 was similar among all soil mixtures without
compost, while in the treatments with compost it was 28%
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represent the days when mineral
fertilization was applied
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lower inM400 andM700 than in the control, and intermediate
in P700 (Table 1). At day 338, it was smaller in maple biochar
treatments than in P700 and the control. The qCO2 was lower
in P700 than in the control on day 338, but only without
compost. The qCO2 also declined in all treatments from day
44 to 338, with or without compost, explaining the obtained
significant time × biochar × compost interaction (Table 1).

Effect of incubation time on bacterial diversity in soil
mixtures

The addition of biochars and compost affected the number of
observed OTUs, qBact and alpha-diversity indices, and except
for qBact, a significant time × biochar interaction was ob-
served for all parameters (Table 3). The total number of
OTUs and alpha-diversity indices were similar among all
treatments on day 44, whereas on day 338 these parameters
were lower in maple biochar treatments, compared to the con-
trol and P700, which were similar. For both sampling dates,
qBact was 25% higher in M400 than in the control, while
intermediate values were obtained for the other biochar treat-
ments. Compost increased Faith’s PD and Chao1 indices and
qBact, while it reduced the total number of OTUs and the
Shannon index.

The beta-diversity of bacteria was significantly affected by
the addition of biochars and compost, and its composition was
modified between days 44 and 338 of incubation (Fig. 4).
Compost addition had a higher effect on bacterial composition
than biochar amendments (Table S3). Moreover, the beta-
diversity of bacterial communities was significantly different
between treatments, except between M400 and M700
enriched or not with compost, at both sampling dates and
between the control and P700 without compost at day 44 of
incubation (Fig. 4; Table S3).

The main bacterial-OTUs classes (abundance higher than
5%) found in the treatments without compost on day 44 are
Actinobacteria, Thermoleophilia, Gemmatimonadetes,
Alpha-, Beta-, and Deltaproteobacteria (Table S4). At day
338, the addition of M400 and M700 to the soil without com-
post favored species of the classes Beta-, Delta-, and
Gammaproteobacter ia , whereas Chlorof lex i and
Spartobacteria were less abundant. The addition of M700 to
the soil without compost also had a beneficial effect on the
abundance of species of the class Cytophagia. The bacterial
classes Nitrospira and Pedosphaerae were more abundant in
P700 than in the other treatments. Compost addition promoted
the development of Cytophagia, Rhodothermi, and especially,
Anaerolineae in all treatments, while species from the
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Fig. 2 Effect of three biochars
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tion period of 338 days. Bars
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rolyzed at 700 °C (P700).
Compost treatments received 4%
(w/w) of peat and shrimp com-
post. Arrows represent the days
when mineral fertilization was
applied
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Actinobacteria, Thermoleophilia, Chloroflexi, Bacilli,
Gemmatimonadetes, and Betaproteobacteria classes were less
abundant. The class Acidobacteria-6 was more abundant
in P700 than in the other biochar treatments without
compost (Table S4). Between days 44 and 338, the
abundance of Alphaproteobacteria was higher in maple
biochar treatments than in the control and P700 on day
44, whereas no difference was observed at the end of
incubation. In contrast, Opitutae was more abundant in
maple biochar treatments on day 338 than P700, and no
difference was observed between treatments at day 44
of incubation (Table S4).

The composition of the bacterial community was signifi-
cantly correlated to the chemical and microbiological proper-
ties of soil amended with biochar and compost, and these links
were modified between days 44 and 338 (Fig. 5). On day 44,
the composition of the bacterial community in the M400 and
M700 treatments with compost were positively correlated
with CO2, WEOC, MBC, MBN, and qBact, while pH, CH4,

and FDA hydrolysis rate with those from M400 and M700
with or without compost (Fig. 5a). On day 338, WEOC
was positively correlated with the composition of bacte-
rial communities in soil amended with M400 or M700
and compost, whereas pH and CH4 were correlated with
those from M400 and M700 with or without compost
(Fig. 5b). The composition of bacterial communities
from the control and P700 with compost was positively
correlated with MBC and FDA, whereas CO2 was cor-
related with those from the control and P700 with or
without compost.

Several heterotrophic bacteria involved in the biochemical
cycling of N were found in soil mixtures and their abundance
was influenced by biochar amendments, especially with the
maple biochars (Table 4). The abundance of these bacteria
was positively correlated to soil pH and WEOC, determined
at day 338 of incubation, except forNitrospira (Table 5).More
specifically, in soil mixtures without compost, species of the
genera Devosia, Haliangium, Hyphomicrobium, and

Table 1 Effect of biochar and compost on microbial biomass C (MBC) and N (MBN), microbial activity reflected by fluorescein diacetate (FDA)
hydrolysis and microbial metabolic quotient (qCO2) in a clayey soil on days 44 (D44) and 338 (D338) of incubation

Treatment FDA MBC MBN qCO2
a

μg fluorescein
g−1 h−1

mg C kg−1 mg N kg−1 mg CO2-C mg−1 C microbial biomass

D44 D338 D44 D338 D44 D338 D44 D338

Without compost With compost Without compost With compost

Biochar effect

Control 25.8 a 31.5 a 350 b 353 a 28.5 31.4 1.07 1.33 a 0.69 a 0.52 a

M400 30.0 a 23.2 b 440 a 287 b 39.1 30.0 1.03 0.89 c 0.34 c 0.31 b

M700 29.8 a 22.2 b 381 b 297 b 30.0 30.9 0.99 1.02 bc 0.29 c 0.30 b

P700 19.8 b 25.6 b 338 b 325 ab 35.6 36.5 0.92 1.15 ab 0.48 b 0.54 a

Compost effect

Without 25.6 B 24.7 B 345 B 299 B 28.4 B 29.1 B

With 27.1 A 26.5 A 410 A 332 A 38.2 A 35.3 A

ANOVA analysis Effect (Pr > F)

Compost *** *** *** 0.26

Biochar *** *** 0.16 ***

Biochar × compost 0.38 0.11 0.49 ***

Time *** *** 0.20 ***

Time × compost 0.62 0.38 0.11 **

Time × biochar *** *** 0.28 **

Time × biochar × compost 0.20 0.60 0.16 ***

In each column means followed by different small or capital letters are significantly different according to Tukey’s test (p < 0.05). The absence of letters
indicated that the values are not significant. Control, treatment without biochar, biochar treatments received 5% (w/w) of maple bark pyrolyzed at 400 °C
(M400) or 700 °C (M700), or pine chips pyrolyzed at 700 °C (P700). Compost treatments received 4% (w/w) of peat and shrimp compost. All units are
expressed on dry soil basis. **p < 0.01, *** p < 0.001. Numbers indicate the non-significant value of F at the 5% level
a Significant time × biochar × compost interaction was observed on the qCO2, thereby statistical analysis shows the simple effect of biochar with and
without compost for days 44 and 338
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Pedomicrobium involved in the soil N cycle (Mcllroy et al.
2016; Oren and Xu 2014; Wolińska et al. 2017) were more
abundant in the maple biochar treatments than in the
control and P700 on day 338 of incubation (Table 4).
Opititus, involved in denitrification (Hallin et al. 2018),
was more abundant in maple biochar treatments than
P700; and its abundance was similar between biochar
treatments and the control. Species of the genus
Rhodoplanes, also involved in soil denitrification (Oren and
Xu 2014), were more abundant in P700 than in the M400
treatment; but values were similar in all biochar treatments
and the control. In general, genera of bacteria found in the

P700 and the control had a similar abundance. In the presence
of compost, species of the genus Nitrospira, involved in soil
nitrification (Cole et al. 2019), were more abundant in M400
than in the control, while Haliangium, involved in soil deni-
trification (Mcllroy et al. 2016), was more abundant in maple
biochar treatments than in the control or P700. A sim-
ilar observation was obtained between treatments with
and without compost, although the addition of compost
generally masked the positive effect of maple biochars
on the abundance of bacteria involved in biochemical
c y c l i ng o f N , e s p ec i a l l y t h o s e o f Devo s i a ,
Hyphomicrobium, and Pedomicrobium.
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Discussion

Soil properties as affected by biochars following
periodic fertilizer application

In the current study, periodic inorganic Nfertilizer application
at 35 mg N kg−1 dry soil (equiv. to 60 kg N ha−1) in the
absence of biochars increased, as expected soil NO3

− concen-
trations. However, soil NO3

− was maintained at a lower level
by the addition of all biochars, especially with P700, until the
third fertilizer application (day 168 of incubation). Two pre-
vious incubation studies using a mineral N fertilizer
(NH4NO3) also reported a reduction of NO3

− availability with
biochar addition in a peat-based growing medium incubated
during 58 d (Lévesque et al. 2018) and in a sandy clay loam
incubated for 123 d (Zheng et al. 2012). Biochar amendments
can decrease NO3

− availability bymicrobial N immobilization
caused by the high C/N ratio of the added biochar (Zheng et al.
2012), or by direct N adsorption on its surfaces (Clough et al.
2013; Mukherjee et al. 2011). As biochar mostly contains
negative surface functional groups, one possible mechanism
for the adsorption of NO3

− on its surfaces is by bridge-
bonding cations such as Ca+2, Mg+2, Al3+, and Fe3+

(Mukherjee et al. 2011). In addition, aging may induce chang-
es in biochar surfaces, which develop more oxidized function-
al groups with time, thereby fostering NO3

− adsorption

(Mukherjee et al. 2011). According to our results, the most
likely mechanism of NO3

− concentration reduction in soil
amended with P700 would be the capacity of this biochar to
adsorb NO3

− on its surfaces. In fact, P700 had a greater ca-
pacity to adsorb NO3

− on its surfaces (0.55 mg NO3
−N g−1

biochar) than M400 or M700 (< 0.14 mg NO3
−N g−1 biochar)

(Lévesque et al. 2018). In addition, in this study, MBN was
not affected by biochar amendments (Table 1). However, we
cannot exclude microbial N immobilization as MBN was
slightly higher in soil amended with P700 (36.5 mg N kg)
on day 338 than in the other soil mixtures. Overall, the similar
temporal dynamics of NO3

−, exchangeable NH4
+, and MBN

in all soil mixtures indicate that the nitrification and immobi-
lization processes were not hindered by the biochars during
the incubation, as observed in a previous study using a sandy
loam (Case et al. 2015). Enrichment with compost improved
the immobilization of N and may explain the lower NO3

−

content in soil amended with biochar, although no significant
correlation was observed between them.

In contrast to NO3
−, periodic application of inorganic N

fertilizer did not affect the pH in soil mixtures during the
incubation, and WEOC concentrations after the second N fer-
tilizer application. Since high respiration was observed in the
soil mixtures studied at the beginning of the incubation, the
first N fertilizer application probably stimulated C mineraliza-
tion, promoting a rapid utilization of labile C components by

Table 2 Effect of biochar and
compost on total cumulative N2O,
CO2, and CH4 emissions from a
clayey soil during the incubation
period of 338 days

Treatment N2O CO2 CH4

μg N kg−1 mg C kg−1 μg C kg−1

Without compost With and without compost

Control 4646 ± 1930 a 1161 ± 32 a 43 ± 4 b

M400 469 ± 138 b 825 ± 42 b 62 ± 4 a

M700 235 ± 9 b 675 ± 27 c 62 ± 3 a

P700 138 ± 9 b 836 ± 15 b 22 ± 7 c

With compost

Control 745 ± 70 A 1292 ± 25 A

M400 252 ± 15 B 783 ± 25 C

M700 516 ± 170 AB 823 ± 23 C

P700 164 ± 14 B 1132 ± 39 B

ANOVA analysis Effect (Pr > F)

Compost * *** 0.51

Biochar *** *** ***

Biochar × compost * *** 0.46

In each column means ± standard errors within a compost treatment followed by different letters are significantly
different according to Tukey’s test (p < 0.05). The absence of letters indicated that the values are not significant.
Control, treatment without biochar, biochar treatments received 5% (w/w) of maple bark pyrolyzed at 400 °C
(M400) or 700 °C (M700), or pine chips pyrolyzed at 700 °C (P700). Compost treatments received 4% (w/w) of
peat and shrimp compost. All units are expressed on a dry soil basis. *p < 0.05, *** p < 0.001. Numbers indicate
non-significant value of F at the 5% level
a No significant biochar × compost interactionwas observed on total cumulative CH4 emissions, thereby statistical
analysis shows the simple effect of biochar and compost
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microorganisms (Liu et al. 2016). In addition, the steady state
of WEOC concentrations after 44 d of incubation indicates
that all easily degradable C compounds were used by micro-
organisms and the rest of labile C content was less accessible
for microbial activity in soil mixtures. This effect could be
explained by the presence of micro and meso-pores (<
50 nm) in biochar structure which contain labile C physically
inaccessible to microorganisms (Gul et al. 2015). The higher
WEOC concentrations in soil amended with maple biochars in
comparison with those in other soil mixtures can be caused by
their effect on increased soil pH, as previously observed with
the application of lime in a weakly acidic clayey soil (Curtin
et al. 1998). The authors reported that the increase of soil pH
through lime [Ca (OH)2] application favored the release of
more labile organic matter, by reducing bonds formed be-
tween organic constituents and clays. Similar lime effects
were also observed with biochar amendments according to a
meta-analysis on the biochar effect on soil organic C and
MBC (Liu et al. 2016). According to this meta-analysis, the
addition of alkaline biochars with pH between 8.1 and 9.1 in
different soils showed the greatest enhancement of labile C
fractions and MBC. Lin et al. (2012) also reported that high

mineral-ash in feedstock can catalyze the thermochemical de-
composition of lignocelluloses to WEOC, but this effect de-
pends on feedstock properties and pyrolysis temperature. In
the current study, ash content was higher in M400 (15.8%)
and M700 (20.1%) biochars than in P700 (4.8%) (Lévesque
et al. 2018), and soil pH as well as WEOC concentrations
increased in soil amended with maple biochars compared with
P700. A positive correlation was also observed between
WEOC and soil pH at day 44 (r = 0.815; p < 0.001) and at
day 338 (r = 0.860; p < 0.001) of incubation, indicating that
the increase in soil pH following biochar addition increased
the availability of labile C. The higher MBC in soil amended
with M400 at day 44 of incubation indicates that during the
first 44 d of the incubation there was a higher C availability for
microorganisms inM400 than inM700 and P700, owing to its
lower pyrolysis temperature that retains a higher volatile mat-
ter content in biochar structures (Lévesque et al. 2018). This
effect is supported by the positive correlation betweenWEOC
and MBC (r = 0.712; p = 0.002) obtained at day 44 and the
absence of correlation at day 338 of incubation. Despite that
the addition of compost clearly resulted in a higher level of
labile C content in all soil mixtures, the temporal dynamics of

Table 3 Effect of biochar and compost on the total number of operational taxonomic units (OTUs), quantification of bacteria (qBact) and on alpha-
diversity indices of bacteria in a clayey soil on days 44 (D44) and 338 (D338) of incubation

Treatment Quantification of bacteria Alpha-diversity indices

observed OTUs qBact a (amplification unit g−1dry soil) Faith’s PD Chao Shannon

D44 D338 D44 & D338 D44 D338 D44 D338 D44 D338

Biochar effect

Control 1631 1597 a 4.54E+09 b 88.7 89.1 a 3679 3672 a 9.38 9.41 a

M400 1643 1468 b 5.68E+09 a 89.3 85.2 b 3688 3314 b 9.47 9.17 b

M700 1651 1486 b 5.50E+09 ab 89.3 85.9 b 3666 3394 b 9.52 9.19 b

P700 1661 1634 a 4.74E+09 ab 89.4 90.5 a 3696 3653 a 9.51 9.56 a

Compost effect

Without 1675 A 1565 A 4.23E+09 B 86.3 B 85.4 B 3593 B 3462 B 9.82 A 9.55 A

With 1618 B 1527 B 6.00E+09 A 92.0 A 89.9 A 3771 A 3554 A 9.13 B 9.11 B

ANOVA analysis Effect (Pr > F)

Compost *** *** *** *** ***

Biochar *** *** *** *** **

Biochar × compost 0.07 0.11 0.36 0.06 0.27

Time *** ** *** *** ***

Time × compost 0.31 0.22 0.22 0.13 ***

Time × biochar *** 0.24 *** *** ***

Time × biochar × compost 0.82 0.63 0.65 0.36 0.46

In each column, means followed by different small or capital letters are significantly different according to Tukey’s test (p < 0.05). The absence of letters
indicated that the values are not significant. Control, treatment without biochar, biochar treatments received 5% (w/w) of maple bark pyrolyzed at 400 °C
(M400) or 700 °C (M700), or pine chips pyrolyzed at 700 °C (P700). Compost treatments received 4% (w/w) of peat and shrimps compost. **p < 0.01,
*** p < 0.001. Numbers indicate the non-significant value of F at the 5% level
a No significant time × biochar interaction was observed on the qBact, thereby statistical analysis shows the simple effect of biochar and compost
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WEOC content and pH in these treatments were similar to
those without compost amendment.

Responses of soil GHG fluxes to biochar amendments
following periodic fertilizer application

During the incubation, all soil microcosms were humidified to
70% WFPS and were fertilized four times with a N source to
stimulate denitrification process (Butterbach-Bahl et al. 2013;
Galloway et al. 2008; Thomson et al. 2012) and C minerali-
zation (Liu et al. 2016). As expected, N2O emissions and soil
respiration increased after each application of inorganic N
fertilizer in the biochar-free soil. Contrary to one of our hy-
potheses, during the 338-d incubation soil amended with 5%
(w/w) biochar, particularly P700, did not showN2O emissions
higher than the control, although its NO3

− content increased
by the periodic application of N fertilizer. Soil receivingM400
and M700 released slightly more N2O than P700, suggesting
that to reach optimum N2O mitigation, maple biochars should
be applied at a rate higher than 5% (w/w). Nevertheless, the 90
to 97% reduction in N2O emissions obtained in this study by

the addition of biochars to soil corroborates with the 50 to
91% mitigation reported from short incubation studies (<
85 d) using different soil-biochar combinations with a single
fertilization applied at the beginning of incubation (Ameloot
et al. 2013; Case et al. 2015; Cayuela et al. 2013; Harter et al.
2014).

Abiotic and biotic mechanisms for mitigation of N2O by
biochar were proposed according to the feedstock and pyrol-
ysis conditions (Brassard et al. 2018; Cayuela et al. 2013,
2014; Harter et al. 2014, 2016a; Krause et al. 2018). Among
these mechanisms, the three tested biochars might have partly
limited the accessibility to microorganisms of electron accep-
tors such as NO3

− by its adsorption on biochar surface, this
effect being maximized with P700.

Soil oxygen level, which is largely controlled by soil mois-
ture content and aerobic respiration, is also an important factor
controlling the denitrification rate (Butterbach-Bahl et al.
2013). Higher biochar porosity improves soil aeration which
can reduce the activity of microorganisms involved in the
denitrification process, thus affecting the [N2O/N2+N2O] ratio
emission (Harter et al. 2014, 2016a). In a previous 15-d
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incubation trial (Ameloot et al. 2013), the increased porosity
of a sandy loam amended with willow wood or swine manure
digest feedstock pyrolyzed at 350 °C or 700 °C, decreased
N2O emissions. Similar to our results, a short-term incubation
also showed that the addition of 10% (w/w) biochar from
municipal biowaste suppressed N2O emissions by 89% in a
loamy to clayey soil rewetted to 78% WFPS (Yanai et al.
2007). The authors explained this reduction by the probable
absorption of water on biochar surfaces that improved soil
aeration and lead to the suppression of N2O production. We
have previously shown that among the biochars used in the
current study, P700 had the highest porosity (P700,
0 .90 cm3 cm− 3 ; M400 , 0 .75 cm3 cm− 3 ; M700 ,
0.77 cm3 cm−3) and a high capacity to retain water on its
surfaces (Lévesque et al. 2018). A negative correlation (r =

− 0.88, p < 0.001) between the total cumulative N2O emis-
sions and biochar porosity was obtained (Table 6), which is
consistent with the results of Ameloot et al. (2013) and Yanai
et al. (2007).

In contrast to P700, the addition of maple biochars lowered
soil porosity and increased its pH. Therefore, as observed in
an anaerobic paddy soil amended with rice straw biochars
(Wang et al. 2017), mitigation of N2O emissions can be attrib-
uted to soil pH increase, but this is accompanied by an in-
crease in CH4 emission, resulting from alteration of soil mi-
crobial community. Several studies reported that rising soil pH
following biochar amendments can contribute to a better ac-
tivity of N2O reductase, favoring the last step of denitrification
(Cayuela et al. 2013, 2014; Harter et al. 2014, 2016b; Van
Zwieten et al. 2014; Wu et al. 2013). Simek et al. (2002) also

a)

b) Vectors R 2 P value

WEOC 0.941 0.001

pH 0.899 0.001

CO2 0.747 0.001

FDA 0.440 0.001

CH4 0.345 0.003

MBC 0.270 0.023

Vectors R 2 P value

WEOC 0.932 0.001

CH4 0.698 0.001

pH 0.674 0.001

MBC 0.617 0.001

qBact 0.600 0.001

CO2 0.447 0.001

FDA 0.437 0.001

MBN 0.290 0.007

Fig. 5 Metric multidimensional
scaling (MDS) ordination patterns
of the beta-diversity of bacterial
communities in the clayey soil
mixtures with or without compost
at days 44 (D44) and 338 (D338)
of incubation based on unweight-
ed UniFrac distance matrix, The
correlations between vectors and
soil bacterial communities were
tested using the function of
“envfit” from “vegan” library of
the R package (based on 999 per-
mutations), and significant vec-
tors (R2 values and p values were
shown on the right panels) were
fitted onto the MDS ordination
plots. Control, without biochar;
biochar treatments received 5%
(w/w) of maple bark produced at
400 °C (M400) and 700 °C
(M700), or pine chips produced at
700 °C (P700). Compost treat-
ments received 4% (w/w) of peat
and shrimp compost. MBC, mi-
crobial biomass of C; MBN, mi-
crobial biomass of N; FDA, hy-
drolysis of fluorescein diacetate;
WEOC, water-extractable organic
C; qBact, amplification unit of
DNA of bacteria
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reported that with a soil pH higher than 7, N2 production is
much more important than N2O during the denitrification. As
previously reported (Lévesque et al. 2018), the pHs of M400
(10.1) and M700 (11.1) were much higher than P700 (7.4);
and the final soil mixtures with maple biochars had a pH (7.5)
one unit higher than the soil-P700 mixture or the control.

However, our results showed no significant correlation be-
tween pH and N2O emissions (Table 6). A previous study
reported that the main biochar effect on the mitigation of
N2O in a sandy loam soil was rather caused by an increase
in N immobilization than by an increase of soil pH (Case et al.
2012). In our study, N immobilization was not affected by

Table 5 Pearson correlation coefficients between the relative abundance of heterotrophic bacterial communities under genus level having a putative
role in the biochemical cycling of N and the chemical characteristics of the clayey soil mixtures determined at day 338 of incubation

Devosia Haliangium Hyphomicrobium Nitrospira Opitutus Pedomicrobium Rhodoplanes

r p value r p value r p value r p value r p value r p value r p value

Without compost

NO3-N − 0.051 0.852 − 0.325 0.219 − 0.240 0.370 0.080 0.769 − 0.019 0.944 − 0.301 0.257 0.121 0.655

WEOC 0.664 *** 0.856 *** 0.878 *** − 0.034 0.901 0.730 *** 0.834 *** − 0.473 0.064

pH 0.708 ** 0.910 *** 0.829 *** 0.064 0.814 0.682 ** 0.900 *** − 0.507 *

FDA − 0.490 * − 0.742 *** − 0.551 * − 0.084 0.756 − 0.205 0.446 − 0.683 ** 0.366 0.163

N2O − 0.267 0.317 − 0.342 0.194 − 0.289 0.277 − 0.136 0.615 − 0.384 0.142 − 0.282 0.290 − 0.108 0.692

CO2 − 0.613 ** − 0.782 *** − 0.724 ** − 0.086 0.751 − 0.601 * − 0.768 *** 0.289 0.278

CH4 0.422 0.103 0.455 0.076 0.361 0.170 0.123 0.651 0.457 0.075 0.567 0.022 − 0.128 0.638

qCO2 − 0.660 ** − 0.752 *** − 0.738 *** − 0.182 0.499 − 0.592 * − 0.823 *** 0.391 0.134

With Compost

NO3-N 0.513 * − 0.363 0.168 0.045 0.869 − 0.424 0.102 0.105 0.700 − 0.558 * 0.579 *

WEOC 0.037 0.891 0.908 *** 0.350 0.184 0.420 0.105 0.500 * 0.022 0.934 − 0.125 0.644

pH − 0.064 0.815 0.896 *** 0.284 0.287 0.489 0.055 0.406 0.119 0.228 0.395 − 0.457 0.075

FDA 0.277 0.298 − 0.418 0.107 − 0.009 0.974 − 0.134 0.621 − 0.386 0.140 − 0.383 0.143 0.521 *

N2O 0.442 0.087 − 0.284 0.287 0.128 0.635 − 0.465 0.069 0.002 0.994 − 0.570 * 0.529 *

CO2 0.053 0.845 − 0.927 *** − 0.258 0.334 − 0.488 0.055 − 0.475 0.063 − 0.247 0.356 0.380 0.147

CH4 0.210 0.435 0.578 * 0.014 0.960 0.420 0.105 0.663 ** − 0.206 0.445 − 0.042 0.876

qCO2 − 0.181 0.502 − 0.777 *** − 0.230 0.393 − 0.482 0.059 − 0.366 0.163 − 0.328 0.215 0.358 0.174

NO3-N (mg N kg−1 ); WEOC, water-extractable organic C (mg C kg−1 ); FDA, microbial activity reflected by fluorescein diacetate hydrolysis (μg
fluorescein g−1 h−1 ); Total cumulative greenhouse gas emission (mg kg−1 ) of N2O, CO2 and CH4; and qCO2, microbial metabolic quotient (mg CO2-C
mg−1 C microbial biomass). *p < 0.05, **p < 0.01, *** p < 0.001. Numbers indicate non-significant p value of F at the 5% level

Table 4 Relative abundance of heterotrophic bacterial genera identified in the clayey soil mixtures at day 338 of incubation and their putative role in
the biochemical N cycling

Without compost With compost Function References

Control M400 M700 P700 Control M400 M700 P700
(%) (%)

Devosia 0.04 b 0.13 ab 0.19 a 0.04 b 0.13 0.09 0.09 0.04 N2 fixation Wolińska et al. 2017

Haliangium 0.01 b 0.99 a 0.81 a 0.01 b 0.02 B 0.80 A 0.58 A 0.03 B Denitrification Mcllroy et al. 2016

Hyphomicrobium 0.08 b 0.23 a 0.28 a 0.09 b 0.26 0.33 0.29 0.23 Denitrification Oren and Xu 2014

Nitrospira 0.58 0.55 0.63 0.57 0.33 B 0.53 A 0.39 AB 0.40 AB Nitrification Cole et al. 2019

Opitutus 0.36 ab 0.63 a 0.57 a 0.24 b 0.48 AB 0.50 AB 0.76 A 0.21 B Denitrification Hallin et al. 2018

Pedomicrobium 0.33 b 1.06 a 1.01 a 0.38 b 0.21 0.33 0.35 0.41 Nitrate reduction Oren and Xu 2014

Rhodoplanes 1.83 ab 1.56 b 1.77 ab 1.96 a 1.44 A 1.24 AB 0.98 B 1.09 AB Denitrification Oren and Xu 2014

In each row, means (n = 4) within a compost treatment followed by different letters are significantly different according to Tukey’s test (p < 0.05). The
absence of letters indicated that the values are not significant. Control, treatment without biochar, biochar treatments received 5% (w/w) of maple bark
pyrolyzed at 400 °C (M400) or 700 °C (M700), or pine chips pyrolyzed at 700 °C (P700). Compost treatments received 4% (w/w) of peat and shrimp
compost
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biochar amendments (Table 1) and the gross N immobilization
rate was similar between soil with and without biochars when
soil moisture was adjusted to 60% WFPS (Table S5), a mois-
ture content considered to be maximal for nitrification and a
critical threshold above which denitrification can increase sig-
nificantly (Bateman and Baggs 2005). Thereby, the most plau-
sible explanation is that the effect of maple biochars on soil pH
indirectly influenced the mitigation of N2O in our current
incubation trial. Indeed, the combined effect of increased pH
and C accessibility, and the enhanced activity of N2O-reduc-
ing bacteria might explain the high efficiency of maple bio-
chars in mitigating N2O by promoting complete denitrifica-
tion (conversion of N2O to N2). Furthermore, the low porosity
of maple biochars might have allowed better contact between
N2O and soil denitrifying microorganisms. In fact, a longer
retention time of N2O in soil amended with biochar, combined
with a low oxygen diffusion and a high labile C content, can
allow better contact between N2O and soil denitrifying micro-
organisms, promoting a better reduction of N2O to N2 (Harter
et al. 2016a; Krause et al. 2018).

The addition of compost significantly reduced N2O emis-
sions in the control but little effect was observed in the

presence of biochars because of their high efficiency in miti-
gating N2O. In contrast to our study, a previous short incuba-
tion trial showed that the addition of 20 t ha−1 compost alone
or combined with 10 t ha−1 biochar increased N2O emissions
from a brown clay loam humidified at 50% of water holding
capacity (Darby et al. 2016). This discrepancy can be ex-
plained in part by the high rate of biochar applied in this study
(equivalent to 60 t ha−1) and the high C/N ratio of 20 of the
compost used, compared to the 20 t ha−1 biochar and the
compost C/N ratio of 13 used by Darby et al. (2016).
Indeed, Burger and Jackson (2003) reported that a better C
availability can support a higher microbial activity with great-
er N demand, thus promoting N immobilization.

A positive response of soil CO2 emissions to biochar
amendments can be attributed to the mineralization of the
labile C fractions or its priming effect on native soil C decom-
position by biotic or abiotic factors (Liu et al. 2016). In addi-
tion, high CO2 emissions in biochar-amended soils can be
associated with the application of mineral fertilizer that in-
creases the mineralization of native C from soil (Liu et al.
2016), as observed in our study with P700-amended soil. It
was reported that a low qCO2 indicates that microbes are more
efficient in metabolizing labile C and spend less energy for
their growth (Zhou et al. 2017) or that the fungal to bacterial
biomass ratio is high because of the more efficient use of C
substrate by fungi (Sakamoto and Oba 1994). The qCO2 is,
however, not always a reliable or consistent bioindicator of
ecosystem recovery following disturbance (Wardle and Ghani
1995). In some cases, qCO2 appears to be insensitive to dis-
turbance and ecosystem development, failing to discriminate
between disturbed and stressed ecosystems (Wardle and
Ghani 1995, 2018). Nevertheless, despite its limitations when
used alone as a bioindicator, qCO2 undoubtedly provides a
useful measure of microbial efficiency on the utilization of C
resources (Wardle and Ghani 1995). In conjunction with other
variables measured in soil, qCO2 can advance our conceptual
understanding of how microbial metabolism and microbially
driven processes link to the functioning of terrestrial ecosys-
tems (Wardle and Ghani 2018). In agreement with Zhou et al.
(2017), our results showed a negative correlation between
WEOC and CO2 emissions and positive correlations between
FDA and CO2 emissions and between qCO2 and CO2 emis-
sions (Table 6). Although we cannot exclude the fact that the
addition of alkaline biochar, such as maple biochars, can in-
hibit microbial respiration (Liu et al. 2016), our results showed
that the negative response of soil CO2 emissions in soil
amended with M700 is caused by its pH and by the improve-
ment of C utilization by microorganisms owing to the low
qCO2 value and the highWEOC concentrations, as previously
observed in a peat-based growing medium (Lévesque et al.
2018).

On the other hand, decreased CO2 emissions during incu-
bation in the soil amended with biochar pyrolyzed at low

Table 6 Pearson correlation coefficients between biochar properties
and total cumulative GHG emissions and between properties in the
clayey soil mixtures at day 338 of incubation total cumulative GHG
emissions

Total cumulative GHG

N2O CO2 CH4

r p value r p value r p value

Biochar properties

Porosity − 0.880 *** 0.590 0.094 − 0.764 *

pH 0.653 0.057 − 0.769 * 0.713 *

Volatile matter 0.862 0.003 − 0.584 0.099 0.772 *

Properties in soil mixtures without compost

WEOC − 0.394 0.131 − 0.615 ** 0.799 ***

pH − 0.434 0.093 − 0.748 *** 0.687 ***

FDA 0.503 * 0.687 *** − 0.318 0.229

qCO2 0.697 *** 0.885 *** − 0.553 *

Properties in soil mixtures with compost

WEOC − 0.043 0.875 − 0.854 *** 0.751 ***

pH − 0.276 0.300 − 0.949 *** 0.675 **

FDA 0.309 0.244 0.658 ** − 0.224 0.403

qCO2 0.146 0.589 0.796 *** − 0.771 ***

Total cumulative greenhouse gas (GHG) emission (mg kg−1 ) of N2O–N,
CO2–C and CH4–C; WEOC, water-extractable organic C (mg C kg−1 );
FDA, microbial activity reflected by fluorescein diacetate hydrolysis (μg
fluorescein g−1 h−1 ); and qCO2, microbial metabolic quotient (mg CO2-
C mg−1 C microbial biomass). *p < 0.05, **p < 0.01, *** p < 0.001.
Numbers indicate non-significant p value of F at the 5% level
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temperatures, such as M400, is well known. This mitigation is
caused by the depletion of volatile matter in biochar, reducing
C source accessibility for microbial activity (Ameloot et al.
2013; Cross and Sohi 2011; Liu et al. 2016). As M400 was
rich in C easily-accessible to microbes, supplementing the soil
with additional labile C present in compost did not increase
respiration at the beginning of the incubation. In contrast,
compost addition significantly increased CO2 emissions from
soil amended or not (control) with P700 (Table S6).

Similar temporal dynamics of CH4 and the increase of me-
thanogenic activity in all soil mixtures in the current study
were probably caused by an artifact effect, rather than the
effect of biochar or periodic N fertilization. Themost plausible
explanation is that the periodic water application on the soil
surface during the long incubation that favored light soil com-
paction, causing anoxic microsites. Nevertheless, the greatest
aeration that occurred in soil amended with P700 seems to be
coherent with the low total cumulative CH4 emissions ob-
served. According to our results, a negative correlation was
obtained between total cumulative CH4 emissions and total
porosity of biochars (r = − 0.76, p = 0.02; Table 6) showing
that the high aeration in soil amended with P700 promoted
better oxidation of CH4 which limited its emissions (Hangs
et al. 2016). Our results also agree with those of Wang et al.
(2017) and showed positive correlations between the volatile
matter content and CH4, and between WEOC content and
CH4 (Table 6), suggesting that a low C availability in the soil
cannot support methanogenic activity. However, the addition
of 4% (w/w) compost was not sufficient to increase CH4 pro-
duction (Table S6).

Soil bacterial diversity as affected by biochars
and a compost

As observed in this study, biochar amendment can induce
shifts in the taxonomic composition of soil microbial commu-
nities (Anderson et al. 2011; Harter et al. 2016b). This modi-
fication, however, was not spontaneous in the current incuba-
tion, suggesting an acclimation time of microorganisms to the
biochar amendment (Gul et al. 2015; Harter et al. 2016b).
Compared with P700, the addition of 5% (w/w) biochar de-
rived from sugar maple bark had the highest impact on bacte-
rial richness, owing to its effects on the modification of soil
chemical properties, such as WEOC and pH (Table S7), cre-
ating distinct development of bacterial populations that are
strongly associated with these changes. Moreover, the de-
crease of detectable OTU number and the values of the indices
of richness in soil amended with M400 or M700 indicates a
reduction of the survival of several bacterial species. These
results suggest that the increase of anaerobic conditions in soil
mixed with maple biochars was unfavorable to the mainte-
nance of microbial metabolic activity and may partly explain
the low CO2 emissions. Therefore, because of the higher C

availability in compost, its addition had the highest impact on
soil bacterial diversity in the current incubation creating a
higher anaerobic condition. Our results agree with those re-
ported in different studies (Abujabhah et al. 2016; Li et al.
2019; Muhammad et al. 2014; Wu et al. 2016) indicating that
C availability, porosity, and pH are among the most important
key factors affecting soil microbial activity and composition.

Relation between GHG emissions and bacterial
composition in the soil mixtures

In the absence of compost mitigation of soil N2O emissions by
maple biochars can be associated with a shift in microbial
community composition through the increase of the soil pH
and the availability of labile C and to a reduction of soil po-
rosity, promoting microbes involved in N-cycling, as previ-
ously reported (Anderson et al. 2011; Cole et al. 2019; Harter
et al. 2016a, 2016b; Krause et al. 2018). Indeed, several bac-
teria belonging to the class level of Alpha-, Beta-, Delta-, and
Gammaproteobacteria are positively influenced by the C
availability and soil pH and are involved in soil N2O mitiga-
tion (Hallin et al. 2018) as found in this study. Moreover, their
abundance was greater in soil amended with maple biochars
than in the control or in soil amended with P700 (Table S4).
Our results also showed positive correlations between the
abundance of some bacteria having a putative role in denitri-
fication, WEOC content, and soil pH in the studied mixtures,
such as species of the genera Hyphomicrobium ,
Pedomicrobium, Opitutus, and Haliangium (Table 5).
Indeed, specific species of the genus Hyphomicrobium and
Pedomicrobium, thriving in C-rich environments and growing
in anaerobic conditions, are able to use NO3

− as the terminal
electron acceptor (Oren and Xu 2014). Moreover, several spe-
cies of the genus Opititus, which are strictly anaerobic, can
participate in the fermentation of C sources and reduce NO3

−

(Breidenbach et al. 2016; Hernandez et al. 2015). Although
with different soil conditions, two recent studies carried out in
anaerobic wetlands, reported thatHaliangium species contrib-
uted actively to denitrification (Chen et al. 2016; Mcllroy et al.
2016).

The presence of compost had the strongest impact on alpha
diversity indices and the shift in bacterial community compo-
sition and masked the effects of biochar on the bacterial com-
position, specifically increasing the class Anaerolineae
(Tab l e s S4 ; S6 ) , wh i ch a r e s t r i c t l y anae rob i c
chemoorganotrophs (Yamada et al. 2006). As reported by
Gul et al. (2015), the type of metabolizable C compounds
can have an impact on heterotrophic organisms. In addition,
the high abundance of Anaerolineae shows that compost ad-
dition has further increased anaerobic microsites, consistent
with the higher heterotrophic respiration and its high efficien-
cy in mitigating N2O emissions in the biochar-free soil. The
decrease in NO3

− concentrations in soil amended with
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biochars co-applied with compost, especially after the third
fertilizer application, indicates that the greater anaerobic con-
ditions promoted a better reduction of NO3

− to N2 (Van
Zwieten et al. 2014). However, our results showed that bio-
char amendments efficiently created an adequate environment
to mitigate N2O and CO2 emissions by different mechanisms
and that the addition of compost did not improve their effi-
ciency. In addition, the increase of anaerobic microsites in the
soil-biochar mixtures by the addition of compost did not pro-
mote CH4 emissions, indicating that anaerobic conditions
were not sufficiently developed. This is supported by the ab-
sence of methanogen bacteria in the soil-biochar mixtures.
Nevertheless, the compost used may have contained a small
proportion of N2O-producing bacteria, which would explain
the increase in N2O emissions in soil amended with M700.

The addition of P700 had no effect on the composition of
soil bacterial communities and on the chemical properties of
soil. This confirms that the main influences of P700 on GHG
emissions are due to its high porosity, which inhibited N2O
production and promoted better oxidation of CH4. In addition,
the increase of CO2 emissions in soil amended with P700
confirms that its important C stability caused a high-priming
effect on native C decomposition following the N fertilizer
applications, as previously reported (Lévesque et al. 2018).

Conclusion

This 338-d incubation showed that the addition of periodic
inorganic N fertilizer and enrichment of soil with a peat and
shrimp compost increased respectively N and C availability
for microorganisms in the clayey soil amended or not with
biochar. As hypothesized, the applications of N fertilizer in-
duced a temporary effect on the mitigation efficiency of N2O
emissions by maple biochars and CO2 emissions by P700. For
CH4, the similar temporal increase in emissions in all soil
mixtures was likely related to the periodic fluctuation in soil
moisture content following each water applications, which
probably favored the development of anoxic microsites during
the incubation, rather than to the applications of inorganic N.
Our results also showed that physicochemical properties of
biochars differently influenced soil conditions by changing
its pH and WEOC content. These modified properties ap-
peared to be the main factors that influenced GHG emissions.
The sequencing results showed that compost had a greater
impact on both soil bacterial richness and community compo-
sition than biochars, increasing the proportion of anaerobic
bacteria. At day 338, our results support the premise that
biochar-induced effects on soil properties can cause a shift in
bacterial diversity. In addition, the changes in soil biochemical
properties induced by maple biochars were optimal for com-
plete denitrification of NO3

− to N2: they increased soil pH
above 7, increased C availability, and their low porosity

favored the development of anoxic microsites. In contrast,
the greater porosity of P700 compared to maple biochars re-
sulted in more aerobic conditions in the soil, thereby depress-
ing N2O production. This greater porosity also favored the
metabolic activity of aerobic bacteria and kept the CO2 emis-
sions close to the rate observed in the unamended soil and also
limited CH4 emissions. As hypothesized, the ability of bio-
chars to mitigate GHG fluxes can depend on its effect on soil
bacterial populations involved in biochemical cycling of N
and C, but the changes in soil physical properties induced by
biochars should be also considered. Further work is required
to determine how biochar properties affect microbial function-
al genes and GHG emissions. Long-term field trials on differ-
ent cultivated soils with different biochar amendments are
crucial to improve our understanding of biochar-
microorganism interactions on soil health.
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