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A B S T R A C T

Biochar effect on greenhouse gases mitigation was mainly studied in amended mineral soils and little in-
formation is available for peat-based growing media (PBGMs) used in greenhouse production. We established a
58-d PBGM microcosm incubation study to investigate the effect of different biochars and a compost on the
mineralization of carbon (C) and nitrogen (N) and on mitigation of CO2, CH4 and N2O. Biochars and compost
were added respectively at a rate of 15% and 4% (v/v) and a weekly mineral N fertilizer was applied. Five
biochars were produced from three feedstocks at three pyrolysis temperatures: maple bark 400 °C (M400), 550 °C
(M550) and 700 °C (M700); willow chips 400 °C (W400); and pine chips 700 °C (P700). Biochar addition in-
creased C and decreased N availability in fertigated PBGMs. The highest microbial biomass C and N were ob-
tained (p < 0.05) with M400 rich in volatile matter, and with compost treatments. Microbial enzymatic activity
was lower (p < 0.05) in maples and W400 treated PBGMs than in P700 and control. Addition of compost and
maple biochars produced at 400 °C and 550 °C lowered the microbial metabolic quotient. The highest mitigation
efficiency of CO2 was obtained with M550 which released in 58-d, 50% less than other treatments. The total
cumulative CH4 emission was also 21% lower in maple PBGMs than in control or P700. The total cumulative N2O
emission was reduced by 66% by the addition of alkaline biochars (M400, M550, M700 and W400) in the PBGM
without compost. This mitigation can be associated with the important ammonium adsorption by these biochars
which can slow the nitrification process, or to a probable increase in the N2/N2O ratio. Compost addition had no
effect on the N2O fluxes from all treatments. This work indicates that biochars can be favorably used as an
amendment to PBGMs for the development of a sustainable greenhouse production.

1. Introduction

Peat-based growing media (PBGMs), composed mainly by
sphagnum moss, are largely used in horticultural industry and their
commercialization expanded considerably during the last half-century
(Caron et al., 2015). There is a high demand for horticultural products
(Hickman, 2016), but peat supply is limited and its extraction creates
negative impacts on the environment (Kern et al., 2017). Furthermore,
during plant production the decomposition of sphagnum moss by mi-
croorganisms and the oxidation of organic matter are among the factors
compromising the stability of PBGMs (Caron et al., 2015; Nemati et al.,
2015). Perlite and vermiculite are usually used in PBGMs to improve
their physical properties like drainage and porosity (Headlee et al.,
2014; Nemati et al., 2015). However, these aggregates are expensive
and nonrenewable, making biochar and compost interesting potential
economical alternatives (Caron et al., 2015; Caron and Rochefort, 2013;
Headlee et al., 2014; Nemati et al., 2015). Though, the use of these two

compounds is a subject of controversy, due to the possible presence of
toxic components and pathogens, to nitrogen (N) immobilization, and
to poor aeration (Caron and Rochefort, 2013; Cox et al., 2012).

Significant N losses from greenhouse vegetable production were
also observed (Ryden and Lund, 1980). The denitrification of nitrate is
responsible for the release of N2O, a potent greenhouse gas (GHG) in-
volved in global warming (Ryden and Lund, 1980). In previous studies,
high CO2 and N2O emissions were measured in peats caused by their
high carbon (C) and moisture contents, and by high input of N fertilizer
(Amha and Bohne, 2011; Pihlatie et al., 2004). Therefore, there is an
urgent need to improve the physicochemical properties of PBGMs and
to reduce their GHG emissions.

Several studies indicate that biochar, the stable product of biomass
pyrolysis, can improve plant growth by increasing soil pH, porosity, and
water retention, and by promoting microbial activity and nutrient
availability (Bedussi et al., 2015; Dumroese et al., 2011; Graber et al.,
2010; Headlee et al., 2014; Nemati et al., 2015; Mendez et al., 2017,
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2015; Nieto et al., 2016). Recent studies also reported that biochar
amendment could be a good avenue to buffering the pH and increase
total microbial enzymatic activity of soilless potting media (Fidel et al.,
2017; Jaiswal et al., 2017). In a tropical agricultural soil, addition of
biochar combined with compost improved the soil organic carbon
content; helped reach balanced fertilization and increased the mitiga-
tion of CO2 and N2O emissions (Agegnehu et al., 2015). However,
discrepancies between reported results on GHG emissions can probably
be attributed to the physicochemical properties of biochars, which
varies according to the feedstock and the pyrolysis temperature used
during production (Brewer et al., 2011; Cayuela et al., 2014; Lehmann
and Joseph, 2009).

Mitigation of CO2 and N2O emissions by biochars were mainly
studied in amended mineral soils (Ameloot et al., 2013; Cayuela et al.,
2014) and little information is available for PBGMs (Bedussi et al.,
2015; Nemati et al., 2015). Compared to mineral soils, PBGMs have
quite different properties such as bulk density (1.4 for soil vs
0.09 g cm−3 for peat), porosity (0.4 vs. 0.9 cm3 cm−3), and the relative
gas diffusivity (soil free air; 0.04 vs. 0.15 cm3 cm−3) (Caron et al.,
2015). According to their chemical and biological properties, the mi-
crobial activity and N mineralization are comparable or greater in peat
than in mineral soils (Rangeley and Knowles, 1988). In previous stu-
dies, higher N2O emissions were measured in peat than in clayey and
loamy soils at 70% water-filled pore space (WFPS) (Pihlatie et al.,
2004), and in peat, 60% WFPS was a critical limit threshold above
which denitrification rates increased considerably (Amha and Bohne,
2011).

The aim of this study was to evaluate the effects of addition of
different biochars to a PBGM, on the mineralization of C and N and the
mitigation of CO2, CH4 and N2O emissions. As the C content of biochars
might be quite recalcitrant to degradation, we used compost to promote
microbial activity.

Our hypotheses were: a) emissions of GHGs from N-fertigated PBGM
can be reduced by the addition of biochar; b) the ability of biochar to
mitigate GHGs will vary according to the feedstock and the pyrolysis
condition used during its production.

2. Material and methods

2.1. Biochar production and characterization

Five biochars prepared from three different feedstocks, at different
pyrolysis temperatures were used in this work (Table 1). Three biochars
from maple barks (Acer saccharum; fractions size between 0.5 and 5 cm)
were produced by Award Caoutchouc & Plastique Ltée (Plessisville,
Quebec, CA), at 400 °C (M400) in a BEK biochar experimenter’s Kit (All
Power Labs; ∼10 °Cmin−1 heating rate, ∼1h residence time), and at
550 °C (M550) and 700 °C (M700) in a Max Caddy (St-Augustin-de-
Desmaures, Quebec, CA) 113 L furnace modified for the production of
biochar at different temperatures. A pine chips (Pinus strobus; fractions
size between 1 and 1.5 cm) biochar produced at 700 °C (P700) in a BEC
Beta Base Unit; a mobile 0.25-ton h−1 production unit was purchased
from Biochar Engineering (Golden, Colorado, USA). The last biochar
from willow chips (Salix viminalis; fractions size ∼0.3 cm) was pro-
duced by Biopterre research center (La Pocatière, Quebec, CA) at 400 °C
(W400) in an Abri-Tech Inc; mobile unit 0.04-ton h−1. Biochars were
ground and sieved at 2mm before their physicochemical character-
ization and their use in the incubation experiment.

2.1.1. Chemical characteristics of biochars
Unless otherwise specified chemical measurements were performed

in triplicate. Biochar pH was measured as described by Rajkovich et al.
(2012) by adding 1 g of biochar in 20mL deionized water, pH (H2O).
After 1.5 h agitation, pH was measured on the filtrate passing through a
VWR grade 413 filter paper (5µm). Electrical conductivity (EC) was
determined in the water filtrate using an YSI model 32 conductance

meter (Yellow Springs Instrument Co. Inc., Ohio, USA). Calcium car-
bonate equivalence (CCE %) of biochar was determined by titration
(AOAC, 1990). The potential cations exchange capacity (CEC) was de-
termined by extraction in ammonium acetate pH 7 as described by
Rajkovich et al. (2012) and by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Perkin Elmer Optima 4300 DV, Con-
necticut, USA). The base saturation was calculated from the sum of the
total bases divided by CEC values using the following equation:

= + + +

×

+ + + + −

−

Base saturation (%) [Ca Mg K Na (cmol kg )

/CEC(cmol kg )] 100

2 2 1

1 (1)

The dry and volatile matters and ash content were determined by
thermogravimetric analysis (TGA701, Leco Corporation, Michigan,
USA) using 0.1 g biochar. A subsample of biochars was finely ground,
and sieved using an 800-μm nylon screen (Aquamerik Inc., Quebec, CA)
to determine C/H/N/S and O total contents (duplicate) by dry com-
bustion analysis (TruSpec® Micro elemental series, Leco Corporation,
Michigan, USA).

Table 1
Physicochemical characteristics of biochars.

Parameters M400 M550 M700 P700 W400
Feedstock
nature

Maple bark Maple bark Maple bark Pine chips Willow
chips

Pyrolysis
temperature

400 °C 550 °C 700 °C 700 °C 400 °C

pH (H2O) 10.1 c 11.3 a 11.1 b 7.4 c 8.2 c
EC (mS cm−1)† 0.6 b 1.4 a 1.1 a 0.1 c 0.4 bc
CCE (%)‡ 14.5 b 17.5 a 15.3 ab 8.9 c 9.3 c

Base saturation
(%)

100.0 a 100.0 a 100.0 a 32.7 b 100.0 a

Ca2+ (cmol
kg−1)§

108.1 c 174.2 a 146.9 b 16.5 e 44.4 d

Mg2+ (cmol
kg−1)

9.0 b 12.2 a 10.0 b 2.1 c 2.9 c

K+ (cmol kg−1) 19.3 b 23.3 a 20.9 b 11.6 c 24.8 a
Na+ (cmol

kg−1)
1.2 b 1.5 ab 2.4 a 1.0 b 1.6 ab

CEC (cmolc
kg−1)#

53.5 b 62.6 b 60.5 b 96.2 a 58.4 b

Dry matter (%) 96.5 b 95.8 c 96.6 a 93.2 e 95.7 d
Ash content (%) 15.8 c 23.6 a 20.1 b 4.8 e 7.5 d
Volatile matter

(%)
36.6 a 29.4 c 33.7 b 15.8 e 17.7 d

Total C (%) 59.15 54.57 54.04 76.09 74.50
Total H (%) 2.45 2.03 2.42 1.88 2.54
Total N (%) 1.02 0.93 0.63 1.24 0.78
Total S (%) < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
Total O (%) 14.99 13.24 14.16 9.64 8.37
C/N ratio 57.99 58.68 85.78 61.36 95.51

Bulk density (g
cm−3)

0.42 a 0.42 a 0.39 a 0.17 c 0.26 b

Particle density
(g cm−3)

1.67 bc 1.78 a 1.71 b 1.66 c 1.52 d

Total porosity
(cm3

cm−3)††

0.75 c 0.76 c 0.77 c 0.90 a 0.83 b

Means (n=3) in a row followed by different letters are significantly different at
p < 0.05 (Tukey’s test), except for total C, N, H, S and O performed in duplicate. M400,
M550 and M700, Maple bark with pyrolysis temperature at 400 °C, 550 °C and 700 °C,
respectively; P700, Pine chips with pyrolysis temperature at 700 °C; W400, Willow chips
with pyrolysis temperature at 400 °C.

† Electrical conductivity.
‡ Calcium carbonate equivalence.
§ In the highly alkaline biochars Ca is also extracted from carbonate.
# Cation exchange capacity.
†† Total porosity= 1− (bulk density/particle density).

V. Lévesque et al. Applied Soil Ecology 126 (2018) 129–139

130



2.1.2. Physical characteristics of biochars
Physical measurements were performed in triplicate. The water

retention curve (desorption curve) of each biochar (Fig. A.1) was de-
termined using a low-tension table according to the method of Reynolds
and Topp (2008). Briefly, a metal cylinder (3 cm diameter and 2.8 cm
height) with a 15-μm nylon mesh opening (Sefar Nitex®, Quebec, CA) in
the bottom was filled with biochar and dropped three times from
0.15m to allow a good contact between particles before saturation of
biochar into a container of distilled water during 72 h to obtain a
complete saturation. A tensiometer (TX model, Hortau Inc, Quebec, CA)
was inserted vertically at the middle height (2.2 cm) of the sample to
monitor matric potential and to determine the steady state. The sample
was put on the pre-saturated tension table and desorption curve was
determined by using 0.0, −0.1, −0.2, −0.3, −0.4, −0.5, −0.6, −0.7,
−0.8, −0.9, −1.0m tensions. Sample weight, volume and matric po-
tential were measured after equilibrium at each tension of the deso-
rption curve. When maximal desorption was achieved, the sample was
oven-dried at 105 °C for 24 h and weighed to calculate the dry bulk
density (BD) and volumetric water content at each tension of the curve
(Reynolds and Topp, 2008).

The particle density (PD) of biochar (12 g) was determined using
ASTM B923-10 method (ASTM, 2010) with a helium pycnometer (Ac-
cuPyc™ 1330 Micromeritics, Georgia, USA). Total porosity (TP) was
calculated by using the BD and PD values according to the following
equation:

= −
− − −TP BD PD(cm cm ) 1 (g cm )/ (g cm )3 3 3 3 (2)

Further physicochemical properties of biochars such as total phos-
phorus concentration, metal content, particle size fractions and max-
imum NO3

− and NH4
+ adsorption capacity are presented in Appendix

A (Tables A.1; A.2).

2.2. Peat-based growing media formulations

A commercial sphagnum peat moss produced and kindly supplied
by Premier Tech Company (Rivière-du-Loup, Quebec, CA), was used for
preparing the PBGMs. The control PBGM contained in volume: 73% dry
sphagnum peat moss and 27% perlite. Since biochar economically
showed a better potential to replace perlite than peat (Nemati et al.,
2015), biochar-amended PBGM contained in volume: 73% dry
sphagnum peat moss, 12% perlite and 15% dry biochar. The pH of the
control and biochar PBGM mixtures was adjusted with dolomitic
limestone (1 g L−1). Calcic limestone (4.3–4.8 g L−1) was also added,
but only in control and PBGM amended with W400 or P700 because of
their low CCE (Table 1). The starting pH of control PBGM was 6.5 and
for biochar treated PBGMs it ranged from 5.8 for P700 to 7.6 for M550.
Half of each formulation (control and biochar treatments) was mixed
with a volume of 4% air-dry peat and shrimps commercial compost
sieved at 2mm (N-P-K of 1.5–1.0–1.0; C/N of 20; pH of 6.8) produced
by Fafard (Saint-Bonaventure, Quebec, CA).

2.3. Microcosms incubation study

Microcosms were established in 500mL Mason glass jar containing
250mL of PBGM packed to a bulk density of 0.2 g cm−3 and moistened
to 60% WFPS with 63mL of N fertilizer solution containing in mg L−1:
177 NO3-N; 6 NH4-N; pH 4.9; 2.2 mS cm−1 EC. The experiment was laid
out as a randomized complete block design, with 12 treatments (control
PBGM and five PBGM-biochar treatments M400, M550, M700, P700
and W400, with or without compost) and four replicates prepared for
each sampling date (7, 16, 23 and 58 d after the pre-incubation period)
to allow for destructive sampling. A total of 192 microcosms were used.

To minimize evaporation, jars were covered with a silver lid holed
in the middle (Ø 0.5 cm) to allow gas exchange. The jars were placed in
a dark-incubation chamber at 22 °C with 65% relative humidity.
Microcosms were pre-incubated for 21 d to allow a stabilization of

microbial activity at a humidity of 60% WFPS, then 1mL of N-fertilizer
solution was uniformly added on the surface of each treatment every
week, 24 h before PBGM analysis and gas sampling, to supply the
substrate for denitrification. During the whole experiment deionized
water was also added as needed every week (with the N-fertilizer
during incubation) to keep moisture at 60% WFPS in PBGMs, by
weighing each experimental unit. At each sampling date, the jars were
removed from the experiment and the PBGM was thoroughly mixed
before analyses were performed.

2.3.1. Chemical analysis of peat-based growing media
At each sampling date, 9 g subsample was taken from each micro-

cosm for the determination of gravimetric water content by oven drying
at 105 °C for 24 h. The pH and the available mineral element con-
centrations of total dissolved nitrogen (DN), NO3

−, dissolved organic
carbon (DOC) and dissolved inorganic carbon (DIC) of PBGM were
conducted following the saturated media extract method (Warncke and
Krauskopf, 1983). Because of the high moisture content of the sub-
strate, only 75mL of deionized water was mixed with 150mL of PBGM.
Analyses were performed on the extracted solution using TOC analyzer
(Shimadzu Total Organic Carbon-Visionary Series; TOC-VCPH+TNM-
1, Maryland, USA) for DN, DOC and DIC, and Dionex ICS-1100 and ICS-
2100 ions chromatography systems (Thermo Fisher Scientific, Cali-
fornia, USA) for NO3

− and NH4
+, respectively.

2.3.2. Biological analysis of peat-based growing media
At each sampling date, total-microbial-enzymatic activity was

measured by hydrolysis of fluorescein diacetate (FDA) according to the
method of Adam and Duncan (2001). Briefly, in 50mL centrifuge tube
2g of PBGM sample were added to 15mL of 60mM potassium phos-
phate buffer (pH 7.6). Blanks were also prepared. To start the reaction
each tube received 0.2mL of FDA stock solution (1000 μgmL−1). The
tubes were shaken (Innova™ 4900, Multi-Tier Environmental Shaker,
New Brunswick Scientific, New Jersey, USA) at 200 rpm for 20min at
30 °C, centrifuged (Allegra® 25R Centrifuge, Beckman Coulter®, Cali-
fornia, USA) at 4100 rpm (3007g) for 5min and 300-μL supernatant of
each sample was rapidly placed in a cell of 96-well microplate (Costar®
3595). The fluorescence of the supernatant was measured 40min after
the beginning of the reaction, at 490 nm with an ultra-fast UV/Vis
spectrometer (FLUOstar® Omega, BMG Labtech, Ortenberg, DE),
against a sodium fluorescein standard curve (five points calibration).

At the end of the incubation (day 58), microbial biomass C and N
(MBC and MBN) were determined according to the chloroform fumi-
gation-extraction method (Voroney et al., 2008). Briefly, 10 g of the
sample were fumigated in a glass desiccator with ethanol-free CHCl3 for
24 h in the dark. Carbon and nitrogen content from fumigated and non-
fumigated samples were extracted with 37.5 mL of 0.25M K2SO4, fil-
tered through Whatman GF 934-AH filter paper, and the filtrates were
stored at 4 °C and analyzed within 24 h with a TOC analyzer (Shimadzu
Total Organic Carbon-Visionary Series; TOC-VCPH+TNM-1, Mary-
land, USA). The MBC and MBN concentrations were subsequently cal-
culated as proposed by Voroney et al. (2008) by using extraction
coefficients of 0.35 and 0.50 for MBC (KEC) and MBN (KEN), respec-
tively.

2.3.3. Gas sampling
All gas measurements were performed on the same set of 48 mi-

crocosms prepared for the last day of sampling (day 58). After the pre-
incubation period, the microcosm headspace was subsampled at 1, 3, 5,
7, 9, 16, 23, 30, 37, 44, 51, and 58 d of the incubation. At each mea-
surement, the lids were sealed exactly 30min before the first sampling,
and the jars were kept closed 24 h. Preliminary testing confirmed that
the gases were accumulating linearly well beyond 24 h (data not
shown). Air samples (20mL) were taken and replaced by 20mL of
helium through a rubber septum using a syringe at 0.5, 6, and 24 h and
transferred into pre-evacuated vials (12-mL Exetainer vials; Labco, High
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Wycombe, UK). Gas concentrations (CO2, CH4 and N2O) were de-
termined within 7 d with a gas chromatograph equipped with an elec-
tron capture detector (Model 450 GC; Bruker Ltd., Ontario, CA) and a
headspace auto injector (Combi Pal; CTC Analytics, Zurich,
Switzerland). After each gas sampling the microcosms were aerated and
covered with the holed silver lid. Gas emissions were calculated ac-
cording to the equation of N2O-N flux (Rochette and Bertrand, 2008)
and cumulative gas emissions were calculated by linear interpolations
between sampling dates.

2.3.4. Microbial metabolic quotient
The microbial metabolic quotient (qCO2) used as an indicator of the

ecosystem and microbial stresses was calculated for each PBGM ac-
cording to the equation described by Zhou et al. (2017) as follows:

=qCO SR MBC/2 (3)

where, SR is soil respiration in mg CO2-C kg dry peat−1 evolved in 58 d
of the incubation and MBC is the microbial biomass C in mg C kg dry
peat−1.

2.4. Statistical analysis

All statistical analyses were conducted by using Proc Mixed proce-
dure of SAS 9.3 release 12.1 (SAS Institute Inc., North Carolina, USA). A
one-way analysis of variance (ANOVA) including factor biochar type
with three replicates was carried out with the physicochemical char-
acteristics of biochar as dependent variables. Data from the incubation
study were analyzed according to a randomized complete block design
with four replicates. A three-way ANOVA was applied to determine how

Fig. 1. Effect of different biochars and compost on total dissolved nitrogen (DN) and nitrate (NO3
−) in a peat-based growing medium measured by the saturated media extract method.

Each sampling was performed 24 h after nitrogen fertigation. No NH4
+ was detected. Bars show standard errors (± SE) of means (n=4). Control, without biochar; biochar treatments

received 15% (v/v) of: maple bark produced at 400 °C, M400; 550 °C, M550 and 700 °C, M700, pine chips produced at 700 °C, P700, or willow chips produced at 400 °C, W400. Compost
treatments received 4% (v/v) of peat and shrimps compost.
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biochar, compost, time, and their interactions affected pH, available
mineral element concentrations and FDA hydrolysis. A repeated mea-
sure univariate ANOVA was also used to test the effect of biochar,
compost, and their interaction on the cumulative CO2, CH4 and N2O
emissions. Then, a one-way ANOVA including factor biochar type was
conducted with the MBC, MBN, qCO2 and total cumulative CO2, CH4

and N2O emissions as dependent variables. The variance homogeneity
was verified by a graphical analysis of the residuals and no transfor-
mation was necessary. The significant differences between means were
established using Tukey’s test at p < 0.05.

3. Results

3.1. Biochar characterization

As expected, using different feedstocks and pyrolysis temperatures
produced biochars with different physicochemical properties (Table 1).
In general, the pH, EC, CCE, base saturation, Ca2+ and Mg2+ were
higher in the maple biochars than in P700 and W400, and maximum
values were observed in M550 (Table 1). The concentrations of K+ was
lower (p < 0.05) in P700, while the CEC was 64% higher in P700 than
the average CEC of other biochars. Biochar P700 had the highest hu-
midity (6.8%) and the lowest ash (4.8%) and volatile matter (15.8%)
contents. Among maple biochars, the ash content was lower in M400
and increased (p < 0.05) at higher pyrolysis temperature, while the
volatile matter was high in M400 and decreased at higher pyrolysis
temperature (Table 1). Total C/N/H/S and oxygen (O) were only per-
formed in duplicate and therefore results shown in Table 1 are only
trends. Carbon content was lower in maple biochars (average 56%)
than in P700 (76%) and W400 (75%), while hydrogen (H) and N
content were comparable in all biochars. Sulfur (S) was undetectable in
all biochars and O was higher in maple biochars than in P700 and W400
biochars (Table 1). The maximum C/N ratio was observed in W400, and
it increased with rising pyrolysis temperature in maple biochars. The
highest bulk density and particle density were measured in the maple
biochars (∼0.4 g cm−3), whereas the total porosity was higher in P700
(0.9 cm3 cm−3; Table 1).

3.2. Effect of incubation time on the chemical properties of the saturated
media extracts

During the 58-d incubation period, the presence of biochars affected
(p < 0.05) chemical and biological properties of all the studied PBGM.
Except for the pH, these properties varied with time and by the addition
of compost as indicated by the observed compost x biochar x time in-
teraction (Table A.3).

In the absence of compost, DN and NO3
− concentrations of the

PBGM extracts were constant during the 58-d incubation, but they were
lower (p < 0.05) in all biochar treatments than in the control (Fig. 1a,
c). At all sampling dates extracts from M400 treatment contained the
lowest concentration of NO3

− (54mgN kg dry peat−1), which was 12
times lower than in the control (652mgN kg dry peat−1) (Fig. 1c; Table
A.4). Addition of compost increased the average concentrations of DN
in the PBGM extracts of some biochar treatments (Fig. 1b, d; Table A.4).
The NO3

− concentration in M400 treatment with compost was 20 times
lower (p < 0.05) than in the control (Fig. 1d; Table A.4). A 31% de-
crease in NO3

− (p < 0.05) was observed with M550 between the start
and the end of the incubation time when compost was added (Fig. 1d;
Table A.4). No NH4

+ was detected in all treatments and controls
throughout the incubation.

In the absence of compost, DOC was higher (p < 0.05) in all bio-
char treatments than in the control after 23 and 58-d incubation
(Fig. 2a; Table A.5). The average highest DOC concentration
(p < 0.05) was observed with M400 (∼2355mg Corg kg dry peat−1),
and adding compost reduced (p < 0.05) DOC in M400 treatment by
23% (Fig. 2b; Table A.5). In general, DIC concentration was higher

(p < 0.05) in PBGM enriched with maple biochars than in treatment
receiving W400 or P700 or the control (Fig. 2c). This trend was not
affected by the addition of compost (Fig. 2d; Table A.5). For maple
biochars, DIC increased (p < 0.05) with decreasing pyrolysis tem-
perature (Fig. 2c, d; Table A.5). Adding compost increased (p < 0.05)
the average DIC concentration in M700 treatment (48 vs 71mg Cinorg kg
dry peat−1; Fig. 2d; Table A.5). Little variation of PBGMs pH was ob-
served during the 58-d of incubation and enrichment with compost had
no effect on the pH in all treatments (Fig. A.2; Table A.3). The pH of all
PBGM receiving maple biochars (range of 7.4 to 8.1) was higher
(p < 0.05) than the control (pH 6.6) during the whole incubation
period, while pH of P700 and W400 treatments were similar (Fig. A.2).

3.3. Effect of incubation time on biological properties of PBGMs

In the absence of compost, FDA hydrolysis in PBGMs amended with
maple biochars and W400 was lower (p < 0.05) than in the control at
all sampling dates, while P700 was lower only on day 58 (Fig. 3a).
Microbial enzymatic activity decreased (p < 0.05) in all treatments
during the incubation (Fig. 3a). The observed interaction between
compost and biochar indicates that addition of biochar reduced FDA
hydrolysis (Table A.3), but the effect varied in the presence or absence
of compost (Fig. 3b).

MBC and MBN in the control PBGM were similar to those observed
with all biochar treatments, except for M400, which had a substantial
(p < 0.05) microbial biomass. A same trend was observed in the
PBGMs enriched with compost, but more (p < 0.05) MBC and MBN
were produced (Table 2).

3.4. Effect of incubation time on GHGs emissions from PBGMs

In absence of compost, the highest total cumulative CO2 emissions
were observed when PBGM was supplemented with P700 biochar, and
the lowest emissions were obtained with M550 (Fig. 4a). In fact, P700
PBGM emitted 23% more CO2 (p < 0.05) than the control, while M550
emitted 50% less (p < 0.05) (Table 3). Except for M400 treatment, the
cumulative CO2 emission rates increased linearly with incubation time
in all PBGMs without compost (Fig. 4a). The CO2 emissions from M400
treatment without compost were higher (p < 0.05) than the control
during the first 23 d, and were similar to the control at the end of the
incubation (Fig. 4a). Adding compost increased (p < 0.05) the total
CO2 emissions, especially in control and P700 (Fig. 4b; Tables 3; A.3).
The total cumulative CO2 emissions from maple treatments with com-
post were lower (p < 0.05) than in control, while W400 was similar
(Table 3).

The total cumulative CH4 emissions in the absence or presence of
compost were similar in P700 and the control, and both were higher
(p < 0.05) than those observed in maple biochars and W400 treat-
ments (Table 3). The addition of compost lowered the total cumulative
CH4 emissions (Tables 3; A.3).

The total cumulative N2O fluxes in treatments without compost
were three times higher (p < 0.05) in control (95mg N kg dry peat−1)
than in the maples and W400 (∼33mgN kg dry peat−1), and it was not
statistically different from P700 (82mg N kg dry peat−1) (Table 3).
During the incubation, the cumulative N2O production rates in treat-
ments without compost were lower (p < 0.05) in all biochar treat-
ments compared to the control, except for P700 which showed a rapid
increase of N2O emissions after 23 d of the incubation (Fig. 4c). At the
end of the incubation, P700 emissions were comparable to the control
(Fig. 4c). Adding compost produced less (p < 0.05) N2O especially in
the control and P700 PBGMs, whereas it increased the production of
N2O in M550, M700 and W400 (Table 3). Addition of compost slightly
improved the mitigation of N2O in the M400 PBGM, but the effect was
not significant (Table 3). Compared to other PBGMs, M400 enriched
with compost maintained the highest efficiency (p < 0.05) to mitigate
N2O emissions throughout the study (Fig. 4d).
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3.5. Microbial metabolic quotient in PBGMs

The addition of biochar affected the microbial metabolic quotient in
PBGMs, but no significant biochar x compost interaction was observed
(Table A.3). The qCO2 in PBGMs with and without compost was more
important (p < 0.05) in the P700 (1.93) than in the control (1.45), and
it was lower (p < 0.05) in M400 and M500 (Table 2). Regardless of the
compost application no difference was observed between the qCO2 of
the control, M700 and W400 PBGMs. Enrichment with compost de-
creased (p < 0.05) the average calculated qCO2 by 0.4 units in the
PBGMs (Table 2).

4. Discussion

4.1. Physicochemical properties of biochars

The composition of the five used biochars (Table 1) was strongly
influenced by the type of feedstock and pyrolysis temperature,

corroborating other studies (Dai et al., 2017). The C content, ash and
volatile matter of P700 (Table 1) were comparable to a mixed pine
wood chips biochar produced at 650 °C (Crombie et al., 2013). Nelissen
et al. (2014) reported that a willow biochar made at 450 °C had higher
ash content and lower CEC than a pine biochar pyrolysed at 650 °C, and
our results with W400 and P700 followed a similar pattern (Table 1). At
pyrolysis temperature of 400 °C or higher the decomposition and vo-
latilization of organic materials are responsible for the low concentra-
tion of N and S in biochars (Gondek et al., 2017; Zhang et al., 2015) as
observed in the biochars tested (Table 1). Furthermore, the increase of
pH, ash content and C/N ratio and the reduction of volatile matter with
increasing pyrolysis temperature in maple biochars (Table 1) are
usually reported in the literature for biochars made from different
feedstocks (Dai et al., 2017; Fidel et al., 2017; Gul et al., 2015).

According to the criteria established by Schimmelpfennig and
Glaser (2012), the five biochars evaluated in this study are suitable for
use as soil amendments because of their O/C ratio< 0.4, H/C ratio<
0.6 and total C>15%.

Fig. 2. Effect of different biochars and compost on dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) in a peat-based growing medium measured by the saturated
media extract method. Each sampling was performed 24 h after nitrogen fertigation. Bars show standard errors (± SE) of means (n=4). Control, without biochar; biochar treatments
received 15% (v/v) of: maple bark produced at 400 °C, M400; 550 °C, M550 and 700 °C, M700, pine chips produced at 700 °C, P700, or willow chips produced at 400 °C, W400. Compost
treatments received 4% (v/v) of peat and shrimps compost.

V. Lévesque et al. Applied Soil Ecology 126 (2018) 129–139

134



4.2. Biochar effects on GHGs emissions

Because of their high C content during short-term incubation, peats
have a basal respiration rate twofold higher (Amha and Bohne, 2011)
than mineral soils (Cross and Sohi, 2011). Generally, peats with mod-
erate degree of humification favor microbial activity and have a high
CO2 flux, while peats in advanced decomposition are rich in recalcitrant
C and release less CO2 (Amha and Bohne, 2011). In this work, PBGM
contained in volume 73% of a high-quality fibrous peat moss and 27%
perlite and this mixture contained 23% total C but its basal respiration

rate was comparable to that of mineral soils (Cross and Sohi, 2011).
Since a weekly nitrogen fertigation was applied, the availability of la-
bile C in the PBGM appears to be a factor limiting microbial activity. In
fact, the addition of 4% compost increased by 21% the basal respiration
rate of the control. Overall, addition of compost increased (p < 0.05)
the total cumulative CO2 emission and MBC and MBN (Tables 2 and 3).
This is in agreement with the conclusion made from the meta-analysis
of Liu et al. (2016) for mineral soils, indicating that the greatest in-
creases in soil CO2 fluxes and MBC content were obtained when biochar
was used in combination with synthetic N and waste compost

Fig. 3. Effect of biochars and compost on microbial activity in a peat-based growing medium as reflected by fluorescein diacetate (FDA) hydrolysis. For each sampling date, means (n=4)
labelled with different letters are significantly different according to Tukey’s test at p < 0.05. Bars show standard errors (± SE) of means. Control, without biochar; biochar treatments
received 15% (v/v) of: maple bark produced at 400 °C, M400; 550 °C, M550 and 700 °C, M700, pine chips produced at 700 °C, P700, or willow chips produced at 400 °C, W400. Compost
treatments received 4% (v/v) of peat and shrimps compost.
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fertilizers.
GHGs mitigation can greatly vary according to biochar properties

which are determined by the feedstock and pyrolysis temperature used
during production (Brassard et al., 2016). When added to soil, biochars
stimulate microbial growth and activity by creating favorable niches for
microorganisms (Gul et al., 2015), but also by bringing, a labile C pool
which represents on average 3% of the total C of biochars (Wang et al.,
2016). When 15% of the perlite in PBGM was replaced with biochar,
the total C content of the mixtures increased from 23% in the control, to
a range of 45% in P700 to 51% in W400 (results not shown). From the
five used biochars, only P700 treatment released more CO2 (p < 0.05)
than the control (Table 3). P700 produced at high temperature is
probably more resistant to decomposition (Liu et al., 2016) and poor in
labile C. In fact, the lowest volatile matter, H/C and O/C ratios of P700
(Table 1) indicate a high C stability (Crombie et al., 2013). Therefore,
the stimulation of CO2 emission by P700 cannot be attributed to an
enrichment with labile carbon. Jones et al. (2011) estimated that the
extra CO2 released in 48 h from a sandy clay loam amended with a
hardwood biochar originated mainly from biochar, equally through the
mineralization of organic C and the release of inorganic C by carbonate
dissolution. Although we did not measure here the carbonate-C of
biochars, the water extract of PBGM treated with P700 had a very low
concentration of DIC, similar to that of the control (Fig. 2c, d; Table
A.5). In addition, the concentrations of exchangeable Ca2+ and Mg2+,
which can trap CO2 during C-mineralization or pyrolysis, were very low
in P700 (Table 1). Therefore, it is probable that P700 has a positive
priming effect on peat decomposition favored by improvement of CEC

Table 2
Effect of different biochars and a compost on microbial metabolic quotient (qCO2) and
microbial biomass carbon (MBC) and nitrogen (MBN) in a peat-based growing medium
after 58-days of incubation.

Treatment qCO2
† MBC MBN

(mg C kg dry
peat−1)

(mg N kg dry
peat−1)

Biochar effect (n=8)
Control 1.45 ± 0.16 b 1352 ± 155 b 998 ± 113 b
M400 0.95 ± 0.06 cd 1821 ± 143 a 1357 ± 95 a
M550 0.78 ± 0.08 d 1227 ± 123 b 922 ± 83 b
M700 1.28 ± 0.08 bc 1253 ± 80 b 921 ± 65 b
P700 1.93 ± 0.15 a 1179 ± 100 b 913 ± 82 b
W400 1.58 ± 0.23 ab 1380 ± 189 b 1033 ± 138 b

Compost effect (n=24)
Without

compost
1.53 ± 0.12 A 1107 ± 64 B 824 ± 47 B

With compost 1.13 ± 0.08 B 1631 ± 72 A 1224 ± 49 A

Means ± standard errors in a column followed by different small or capital letters are
significantly different at p < 0.05 (Tukey’s test). Control, without biochar; biochar
treatments received 15% (v/v) of: maple bark produced at 400 °C, M400; 550 °C, M550
and 700 °C, M700, pine chips produced at 700 °C, P700, or willow chips produced at
400 °C, W400. Compost treatments received 4% (v/v) of peat and shrimps compost. No
significant compost x biochar interaction was observed (Table A.3), thereby statistical
analysis shows the simple effect of biochar and compost.

† qCO2, mg CO2-C/mg C microbial biomass.

Fig. 4. Effect of biochars and compost on the cumulative CO2 and N2O emissions from a peat-based growing medium during 58 days of incubation. Bars show standard errors (± SE) of
means (n=4). Control, without biochar; biochar treatments received 15% (v/v) of: maple bark produced at 400 °C, M400; 550 °C, M550 and 700 °C, M700, pine chips produced at 700 °C,
P700, or willow chips produced at 400 °C, W400. Compost treatments received 4% (v/v) of peat and shrimps compost.
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and nutrient retention (Nemati et al., 2015). This is also supported by
the DOC concentration in the water extracts of P700, maintained during
the 58-d incubation at a level comparable with those of other biochars
produced at 550 °C or 700 °C (Fig. 2a, b; Table A.5). There are many
reports indicating a negative priming effect in soil following biochars
addition (Wang et al., 2016), and the reduction in cumulative CO2

emissions was associated with the high ash content and high pH of
biochar (Mukome et al., 2013; Spokas and Reicosky, 2009). These ob-
servations are corroborated in this work by the important CO2 mitiga-
tion produced by M550 (Table 3). Indeed, M550 had the highest pH and
ash contents (Table 1).

Only M400 amended PBGM had higher (p < 0.05) MBC and MBN
in comparison to the control or to other tested biochars (Table 2). This
can be explained by the high volatile matter content of M400 (Table 1)
which represents the low molecular weight DOC, the preferred source
of C by microorganisms (Gul et al., 2015). This is also supported by the
high concentration of DOC measured with M400 and maintained during
the 58-d incubation study (Fig. 2a, b).

In soils and many other environmental samples like plant residues
and sediments, FDA is hydrolyzed by both free and membrane bound
enzymes and thus it is widely accepted as an indication of total mi-
crobial activity (Adam and Duncan, 2001). Biochars have a variable
effect on soil extracellular enzymes because they can directly interact
with enzymes or substrates (Gul et al., 2015). Addition of all biochars
except P700 reduced (p < 0.05) FDA hydrolysis. In the presence of
P700, FDA hydrolysis was comparable to that of the control. We cal-
culated qCO2 as an indication of the efficiency of microbial metabolism
and health of the PBGM-biochar mixtures. A low qCO2 is an indication
of a rapid and better utilization of labile C to produce biomass, and a
higher value suggests a less efficient metabolism in which microbes are
spending more energy for maintenance than for growth (Zhou et al.,
2017). The lowest qCO2 ratios were obtained with biochars M550 and

M400 (Table 2). PBGM receiving M400 or M550 had comparable FDA
hydrolysis activity (Fig. 3). The MBC and MBN produced in the pre-
sence of M550 were also similar in the control, thus the lowest calcu-
lated qCO2 for M550 can be attributed to its important ability to mi-
tigate CO2. With M400, the low qCO2 can be explained by the
substantial MBC and MBN produced confirming that the PBGM mi-
croflora is rapidly transforming labile C to biomass. The highest qCO2

values were obtained with P700 and W400. Both biochars released high
amount of CO2 and have low ash and volatile matter contents and are
probably very rich in recalcitrant C, but because they are producing
MBC and MBN similar to those of most treatments, they are probably
spending more energy in priming peat organic matter.

Peat soils and flooded fields are important sources of CH4, but well-
drained aerated soils are generally net sinks (Brassard et al., 2016).
Strictly anaerobic methanogenic archaea use CO2 as an energy source,
releasing CH4. However, most of the CH4 released in soil is oxidized by
the aerobic methanotrophic proteobacteria (Feng et al., 2012). In
flooded soils, biochars shows an excellent potential to mitigate CH4, but
in soils without flooding, particularly with a neutral to alkaline pH,
biochar can cause CH4 emission (Jeffery et al., 2016). None of the tested
biochar showed a CH4 flux higher than the non-amended control
(Table 3). In fact, compared to the control all biochars except P700
decreased CH4 emissions from PBGM, during the 58-d incubation
(Table 3). The P700 did not mitigate CH4 and W400 was less efficient
(Table 3) because the high water-holding capacity (Fig. A.1) and high
porosity (Table 1) of these two biochars create anoxic microsites where
methanogenic archaea are slightly more active. A strong correlation
(r= 0.9, p < 0.01) was observed between the cumulative CH4 and CO2

emissions from the PBGM (Fig. A.4c) indicating that in the vicinity of
actively respiring microorganisms, there is microsites where anaerobic
microorganisms can proliferate. An interesting correlation (r= 0.7,
p < 0.0001) was found between the qCO2 and the total cumulative
CH4 emissions (Fig. A.5b). This indicates that at a low qCO2 metha-
notrophic bacteria are more abundant and more effective in using CH4

as a sole source of C and energy to produce biomass. These results
corroborate the observations made by Feng et al. (2012) who found that
the addition of biochar greatly decreased the ratio of abundance of
methanogenic to methanotrophic microorganisms.

Mitigation of N2O by biochars has been associated with several
potential mechanisms such as inhibition of denitrification by improving
soil aeration, decreasing soil N availability for microbial activity via
sorption or immobilization, increasing soil pH thus promoting complete
denitrification, and inducing toxic effects on microorganisms involve in
N cycle (Cayuela et al., 2014). Our preliminary results showed that the
tested biochars did not inhibit microbial growth or seeds germination
(results not shown) indicating the absence of toxic effect.

In the absence of biochar or compost the control treatment main-
tained a constant level of DN, NO3

− (Fig. 1) and DOC (Fig. 2a, b) during
the incubation. Therefore, the initial fertigation at the start of the pre-
incubation period followed by a weekly addition of N-fertilizer
(NH4

+NO3
−), allowed peat mineralization and stabilized microbial

activity. Nevertheless, as mentioned above, C was still a limiting factor
since the addition of compost increased (p < 0.05) MBC, MBN and CO2

flux indicating an increase in C availability (Nelissen et al., 2014). After
reviewing the literature, Brassard et al. (2016) found that only 6% of
biochars added to soil increased N2O emissions. Among the five bio-
chars tested here in the absence of compost, four decreased (p < 0.05)
cumulative N2O emissions compared to the control (Table 3) and P700
had no effect. A significant correlation (r= 0.7; p < 0.001) was ob-
served between N2O and CO2 fluxes (Fig. A.4a) indicating that labile C
was available and the presence of anoxic microsites. As observed with
CH4, a correlation (r= 0.4, p=0.01; Fig. A.5a) was observed between
the total cumulative N2O emission and qCO2. However, the low value of
r2 (0.1; Fig. A.5a) suggests that denitrification was probably complete
and released N2 in many treatments.

Mitigation of N2O can also result from a decrease in NO3
−

Table 3
Effect of biochars and compost on total cumulative CO2, CH4 and N2O emissions from
peat-based growing medium during 58-days incubation.

Treatment CO2 N2O CH4
†

mg C kg dry peat−1 mg N kg dry
peat−1

mg C kg dry peat−1

Biochar effect
Without

compost
With and without
compost

Control 1633 ± 51 b 95.4 ± 16.8 a 13.5 ± 0.2 a
M400 1659 ± 35 b 31.3 ± 1.7 b 10.4 ± 0.2 d
M550 814 ± 34 c 29.1 ± 0.5 b 10.8 ± 0.1 cd
M700 1540 ± 61 b 36.8 ± 0.9 b 11.1 ± 0.2 c
P700 2002 ± 113 a 82.0 ± 6.3 a 13.5 ± 0.2 a
W400 1832 ± 137 ab 33.4 ± 0.8 b 12.2 ± 0.2 b
With compost
Control 1976 ± 52 B 58.8 ± 4.9 A
M400 1691 ± 32 C 26.9 ± 0.3 B
M550 994 ± 34 D 60.2 ± 16.4 A
M700 1584 ± 62 C 44.2 ± 3.8 AB
P700 2388 ± 116 A 52.8 ± 3.1 A
W400 1976 ± 77 B 63.3 ± 16.8 A

Compost effect
Without

compost
1580 ± 83 B 51.3 ± 6.2 NS 12.2 ± 0.3 A

With compost 1768 ± 93 A 51.0 ± 4.4 NS 11.5 ± 0.2 B

In each column means ± standard errors followed by different smaller or capital letters
are significantly (p < 0.05) different according to Tukey’s test. NS= not significant.
Control, without biochar; biochar treatments received 15% (v/v) of: maple bark produced
at 400 °C, M400; 550 °C, M550 and 700 °C, M700, pine chips produced at 700 °C, P700, or
willow chips produced at 400 °C, W400. Compost treatments received 4% (v/v) of peat
and shrimps compost.

† No significant compost x biochar interaction was observed on the total cumulative
CH4 (Table A.3), thereby statistical analysis shows the simple effect of biochar and
compost (n=8).
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availability either by slowing the nitrification process by biotic or
abiotic N-immobilization or by promoting complete denitrification re-
leasing N2. Only M400 showed biotic immobilization of N by producing
higher MBN (Table 2). The maximum abiotic N-immobilization by
biochars ranged from 0 (W400) to 193 (M550) mg NO3

−-N kg−1 and
from 636 (W400) to 2059 (M700) mg NH4

+-N kg−1 (Table A.2).
Nelissen et al. (2014) observed that addition of biochars reduced the
concentration of NO3

− in an agricultural Luvisol by 6–16% after 14-d
incubation. Our results confirm this observation, but addition of bio-
chars to PBGM reduced the concentration of NO3

− in the water extract
on average from 40% (W400) to 92% (M400) in the absence of com-
post, and from 45% (W400) to 95% (M400) in the presence of compost
(Table A.4). Since abiotic retention of NO3

− by the tested biochars was
low, the observed reduction in nitrate concentration can be attributed
to a slowdown of the nitrification process caused by the substantial
ammonium abiotic immobilization (Table A.2). In fact, at each sam-
pling date no ammonium was detected in PBGM water extracts. The
possible creation of conditions favorable for a complete denitrification
releasing N2 can also play an important role in mitigating N2O. In fact,
the pH of all maple biochars and of W400 was alkaline which improves
the activity of N2O reductase resulting in the formation of a higher N2/
N2O ratio (Clough et al., 2013). A longer retention of N2O in soil
combined with an anoxic environment also favor the release of N2 in-
stead of N2O. As mentioned previously, P700 and W400 have a high
water-holding capacity (Fig. A.1), a high porosity (Table 1) and a high
basal respiration rates (Fig. 4a, b) and all these conditions are optimal
for denitrification to proceed to N2 if labile C is available. The addition
of compost to the control reduced by 38% the cumulative N2O released
(Table 3) indicating that the additional labile C added favored a com-
plete denitrification (Clough et al., 2013). However, when all treat-
ments are considered, addition of compost did not affect N2O emission,
suggesting that many factors are involved in the mitigation. Compre-
hensive studies are necessary for a better understanding of the func-
tioning of the N-cycle in fertigated PBGM amended with biochar.

5. Conclusion

This 58-d incubation study revealed that the response of PBGM to
the addition of biochars is comparable to that reported for agricultural
soils. In fact, C and N mineralization, microbial activity, GHGs emission
and probably microbial diversity varied according to the physical and
chemical properties of the used biochars. Overall, addition of biochar
did not have an adverse effect on microbial biomass production and it
showed a good potential for mitigation of GHGs emission. Therefore,
incorporation of biochars to PBGM appears to be an interesting practice
towards the development of a sustainable horticultural production.
Because of biochar high capacity to retain water and nutrients, future
work should study the effect of addition of different rates of biochar to
PBGM on yields of different greenhouse crops, on water and fertilizer-
use efficiency, on the diversity of PBGM microbial communities and on
GHGs emission during production. The use of stable isotope-based
technique would also be advantageous for a better comprehension of C
and N transformation in PBGM receiving biochars.
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