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Abstract

Purpose Positive priming effect following the incorporation
of biochar may partially reduce the biochar-induced soil car-
bon (C) sequestration. We hypothesize that repeated biochar
incorporations induce further priming effect in the soil that
was already amended with biochar.

Materials and methods Two biochars prepared from
Miscanthus giganteus at 350 and 700 °C, at a rate of 50 g
C kg ! soil, were added into the soil previously received each
biochar separately with a pre-incubation of 1.5 years.

Results and discussion The second addition of fresh biochar
caused 108 and 26.9 pg CO,-C g ' soil of soil C losses, which
is the same order but less amount (about 72 and 56%) of C
losses as the first biochar addition. This might be due to the
depleted soil C after 1.5 years of incubation. Also, it might be
attributed to the altered soil microbial community with lower
proportions (%) of gram-positive bacteria, and higher propor-
tions of fungi, actinobacteria and gram-negative bacterial
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phospholipid fatty acids (PLFAs) with repeated biochar
addition.

Conclusions Our research provided insights into the second
addition of biochar-induced priming effects and responsible
PLFAs.

Keywords Biochar-containing soil - Biochar-induced
priming effect - PLFA - Repeated biochar addition

1 Introduction

It is widely known that soil organic matter mineralisation can
be either accelerated or decelerated by substrate addition,
which is refers to as positive or negative priming effect, re-
spectively (Kuzyakov et al. 2000). Biochar addition increases
mineralisation of soil organic matter (SOM), i.e. positive
priming effect, which raised a very controversial issue and
debate (Lehmann and Sohi 2008; Wardle et al. 2008a;
Wardle et al. 2008b). Clearly, any increase in C sequestration
due to biochar incorporation would be diminished due to pos-
itive priming effect on SOM caused by biochar amendment, or
by increasing biochar mineralisation following the introduc-
tion of a substrate. In contrast, negative priming effect follow-
ing biochar addition has been also measured (Woolf et al.
2010; Lu et al. 2014).

The inconsistent results on biochar priming effect may be
attributed to the differences in the biochars and soils
(Maestrini et al. 2015; Awad et al. 2017). Generally, positive
priming effect was observed in the early stage and might be
mainly attributed to the labile organic C in biochar (Luo et al.
2011; Jien et al. 2015). The magnitude of biochar-induced
priming is also determined by the content of easily mineraliz-
able SOM. Whitman et al. (2014) found that biochar addition
caused less absolute primed CO, in 6-month pre-incubated
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soils compared to 1-day pre-incubated soils, and they ex-
plained that the decreased biochar-induced priming effects
was due to the 60% reduction of water-extractable C during
the 6-month pre-incubation. Biochar-caused priming effects
also largely depend on soil properties like pH (Luo et al.
2011), aggregate composition (Liang et al. 2010), microbial
biomass (Luo etal. 2013; Thiessen et al. 2013; Watzinger et al.
2014), activity (Steinbeiss et al. 2009), community (Watzinger
etal. 2014) (Lehmann et al. 2011) and enzyme activity (Jones
etal. 2011). Environment factors, like temperature (Fang et al.
2014), nitrogen (N) fertilizer (Lu and Zhang 2015), forest
burning (Nocentini et al. 2010) and presence of plant root
(Weng et al. 2015), can also affect the direction and magnitude
of biochar-induced priming effect. It was widely reported that
biochar has certain effects on soil physio-chemical properties,
like water-filled pore spaces, habitat structure, soil aeration,
moisture, pH and nutrient availability (Chan et al. 2007; Sohi
et al. 2010; Verheijen et al. 2010). As soil properties might be
changed with biochar addition, the SOC in biochar-amended
and unamended soils may respond differently to added sub-
strates; thus, the direction or magnitude of priming effects
caused by second addition of biochar might be different to
the first addition as soil properties are different.

Hamer et al. (2005) found that repeated inputs of substrates
caused higher priming effects, indicating that the available soil
organic C (SOC) pool was not depleted, and priming effects were
not limited by availability of SOC. Considering that biochar-
caused priming effect is similar to that of other organic inputs,
despite its low decomposability, it remains largely unknown
whether the biochar previously added into soil would physically
protect SOC from microbial decomposition or intrigue higher
soil priming effects due to previously added biochar-induced
changes to soil properties, like higher pH and microbial activity.
This calls for more studies that contribute to our understanding
about the impact of continuous input of biochar on soil organic
matter decomposition (Maestrini et al. 2015).

The impacts of substrate-induced priming effects as related
to microbial community structure have been extensively inves-
tigated. In contrast to litter, investigations into the effects of
biochar on soil microbial community structure are mainly based
on traditional biochemical and C isotopic assays (Watzinger
et al. 2014) and few studies investigated on the relationship
between soil C priming and microbial community changes.
High-throughput sequencing provides robust and comprehen-
sive insights into the phylogenetic diversity and taxonomic
composition of microbial communities and biochar-induced
priming effects (Whitman et al. 2014). A greater understand-
ing of microbial functions on priming effects in biochar-
amended soils needs to be elucidated by linking with mi-
crobial community. Thus, we hypothesize that because
microbial community after first addition of biochar is dif-
ferent from soil that has never received biochar, the sec-
ond biochar addition may stimulate different priming

effects with different microbial compositions. The objec-
tives were to quantify the primed CO,-C in the biochar-
containing soil following repeatedly biochar addition, and
find the possible mechanisms, mainly microbial commu-
nity, for biochar-induced priming effect.

2 Materials and methods
2.1 Soils and biochars

The used biochars were made from Miscanthus giganteus
straw. The straw was dried at 105 °C for 24 h, milled to
<1 mm and pyrolyzed in a Carbolite CWF 1200 furnace with
a sealable retort (Carbolite, Hope, UK), at 350 or 700 °C for
30 min (BC350 and BC700, respectively), while being
flushed with argon.

An extremely acidic soil (pH 3.7) was sampled (0-23 cm)
with a Dutch auger from the Hoosfield acid strip at
Rothamsted Research, UK. Soil had 0.87% of C content and
0.1% of N content. Biochar had a pH value of 7.8 (BC350)
and 10.8 (BC700), water-extractable C of 4430 mg C g ' soil
(BC350) and 323 (BC700). More details about the soil and
biochars were given by Luo et al. (2011).

2.2 Experiment design

Two portions of the soil were thoroughly mixed with BC350
and BC700 at 50 g C kg ' soil (d.w. basis), and then incubated
for 431 days following moisture adjustment to 50% of water-
holding capacity (WHC). The soils were added water every
week to keep the moisture by weighing the incubation box,
thus avoiding any driedout soil samples during the long period
of incubation. They were named as Spc3so and Sgcrgo-
Another portion of the soil without adding biochar (Sck)
was incubated for 431 days as described above.

After 431 days of incubation, both soils (Sgc3so and
Sec700) Were again separately amended with two biochars of
BC350 and BC700 at 50 g C kg7l soil, named as Sg_gc350 and
Sr-BC700 Tespectively, and M. giganteus straw (<1 mm, Sy
Bc3so and Sypc7oo), to investigate the priming effects caused
by repeated biochar addition and compare the differences be-
tween raw material and the corresponding biochar. Nitrogen at
170 pug NH,NO;-N g ! soil was added to avoid any N limi-
tation, and then incubated for a further 28 days following
thorough mixing and adjusting to 50% WHC. Scx received
no addition of either biochar or M. giganteus straw during
28 days of incubation was set as control (Sg.ck). Also, Sg.
ck went through the mixing procedure to avoid any disturbing
effects different from other treatments.

Each moist soil sample (40 g d.w. basis) was incubated in a
100-ml glass jar inside a 1-1 brown glass jar, with 20 ml 1 M
NaOH in a vial and 10 ml water in the base of the brown jar.

@ Springer



130

J Soils Sediments (2018) 18:128-135

Three jars with only water and NaOH as blanks were also
included as above. All the jars were sealed with a rubber bung
and incubated in a randomized block design at 25 °C for the
28 days of incubation. The NaOH vials were changed after 1,
3,7, 14 and 28 days for determination of evolved CO, and
13C-CO, (%o). Both biomass C and PLFAs were determined
for the soils at the end of incubation. The mineralisation of
SOC (C3) was distinguished from biochar (C4) based on the
changes of stable isotopic composition (6'°C) over 1, 3, 7, 14
and 28 days of incubation.

2.3 Chemical analysis
2.3.1 Soil CO, emission

The evolved CO, during soil incubation was determined ac-
cording to Tinsley et al. (1951). In brief, 5 ml of solution was
mixed with 10 ml deionized water and then titrated with stan-
dardized 0.5 M HCI using a TIM840 autotitrator (Radiometer
Analytical, Villeurbanne Cedex, France).

2.3.2 3C in soil CO; emission

To determine the 6'°C (%) of the trapped CO,-C, 8-ml ali-
quots were added to 8 ml 1.5 M BaCl, in vials (Aoyama et al.
2000). The resulting BaCO; precipitate was filtered with a
glass fibre filter (90 mm, Whatman GF/A, UK), and then
carefully rinsed with deionized water to make sure all
BaCOj; precipitate was collected. The precipitate was dried
overnight at 80 °C and then scraped off the filter. '*C of the
precipitate was analysed with an elemental analyser-isotope
ratio mass spectrometer (Sercon Ltd., Crewe, UK).

2.3.3 Soil microbial biomass C

Soil microbial biomass C was determined by fumigation ex-
traction (Vance et al. 1987; Wu et al. 1990). The K,SO4
(0.5 M)-extractable organic C was determined using an organic
carbon autoanalyser (Shimadzu, Analytical Sciences, Kyoto,
Japan). Soil microbial biomass C (Bc) was calculated from
Bc =2.22 Ec, where Ec = [(organic C extracted from fumigated
soil) minus (organic C extracted from non-fumigated soil)].

2.3.4 Phospholipid fatty acid

A modified Bligh Dyer extraction procedure was applied for
the extraction of PLFA (Dungait et al. 2013). In brief, Bligh
Dyer solvent (KH,POy4-buffered H,O, pH 7.2:MeOH/CHCl,4
in 4:10:5 v/v/v) was used to liberate a total lipid extract (TLE)
from freeze-dried soils. Silicic fractionation was used to iso-
late the phospholipid fraction from the TLE using the solvent
system: CHCI; (neutral lipids), (CH3),CO (glycolipids) and
MeOH (polar lipids). The polar lipids were saponified (0.5 M

@ Springer

methanolic NaOH; 1 h, 80 °C) and acidified (1 M HCI), and
the liberated PLFAs were methylated with acidified dry
MeOH (1 h; 80 °C). PLFAs were analysed as their methyl
esters using gas chromatography-mass spectrometry (GC-
MS; Rothamsted Research North Wyke, Okehampton, UK).

PLFA molecular structures are described using standard
nomenclature. The first number refers to the total number of
C atoms, and the number after the colon refers to the number
of double bonds. A number following a ‘v’ is the location of
the first double bond relative to the aliphatic end of the mol-
ecule. Notations ‘Me’, ‘OH’ and ‘cy’ are, respectively, meth-
yl, hydroxy and cyclopropane groups and notations ‘i’ and ‘a’,
respectively, are iso- and anteiso-branched fatty acids. PLFA
biomarkers were grouped as Gramme-positive bacterial
(115:0, al5:0, 116:0, 117:0, al7:0, 7Me-17:0), Gramme-
negative bacterial (16:1v5, 16:1v7, 17:1v8, 7,9¢cy-17:0,
18:1v7, 7,8¢y-19:0, 19:1) and fungal (18:2v6, 18:1v9)
(Nottingham et al. 2009).

2.4 Calculation

The mineralisation of SOC was calculated based on the chang-
es of stable isotopic composition (5'>C) over time. The stan-
dard equation for determining 5'*C (%o) is derived from

8C (%0) = [(Rsample/RvppB)—1] x 1000 (1)

where R¢,mpie 18 the mass ratio of 13C to '°C of the sample and
Ryppp is the mass ratio of '*C to '?C of the international Pee
Dee belemnite (PDB) standard (Craig 1953).

According to Amelung et al. (2008), the labelled 13C (%)
was then estimated from

COz_BC (%) = (6treatment_5C4)/(5C3_6C4) x 100 <2)

where CO,-'">C (%) is the proportion of evolved CO, from
SOC (C3), Sireament is the 8'°C (%0) of evolved CO, in treat-
ment, 5C3 is the 5'°C (%0) of original soil C without biochar
addition and 5C4 is the 6'*C (%¢) from C4 materials
(Miscanthus biochar). Thus, the CO,-C produced during the
incubation was calculated from

COZ_Ctreatment = COZ_13C (%)
xtotal evolved CO,~C (pg g™ soil) /100
3)

where CO,-Ciearment 18 the non-isotopically labelled CO,-C
evolved from biochar-amended soil. The primed soil CO,-C
with the addition of biochar was calculated from

Primed soil CO,-C (pg C g ' soil) = CO»~Ceamen™ CO2~Ceonrol (4)

where CO,-C, o1 18 total CO,-C evolved from control soil
without second addition of biochar.
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2.5 Statistics

Data meeting assumptions of normality and equality of vari-
ances were analysed by ANOVA. Data not meeting the as-
sumptions were logarithmically transformed. All analyses
were performed using GenStat software (13th edition). A
one-way analysis of variance was undertaken to determine
the significance (p < 0.05) of differences between the treat-
ments of priming effects with BC350 and BC700. LSD was
chosen for the comparisons between treatments. All treat-
ments were prepared in triplicates.

3 Results
3.1 CO, evolution

Biochar-unamended soil (Sg.ck) had a very low CO, evolu-
tion, less than 2.5 ug C g ' soil within 28 days of incubation.
Both biochar-containing soils of Sgc3s9 and Sgcrgo had very
low CO, evolution, 32 and 40 pg C g soil, respectively,
within 28 days of incubation. The second biochar addition to
the corresponding biochar-amended soils caused much more
CO, evolution, 411 and 93 pug C gf1 soil in Sg_pc350 and Sg.
BC700, Tespectively (Fig. 1). Most CO, emissions were
evolved within the initial 2 weeks.

3.2 6"3C delta value of CO, and priming effect

The tested soil cropped with wheat (C3) for many years had a
§"3C value of —26.6%, while the C4 plant of Miscanthus and the
derived biochar had much higher 5'3C of —11.8 and —12.0%e,
respectively, showing that pyrolysis induces very small isotope
fractionation (Fig. 2a). The 5'3C value of the evolved CO,
ranged from —22.0 to —16.4%o, reaching to maximum at day 3
in Sgr.pc3so, but at day 8 in Sg_gc700, and then decreased slowly
in both soils during further incubation. In general, the evolved
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Fig. 1 Cumulative CO, efflux from biochar-free (Sg_ck), biochar-
containing soils (Sgc3s0, Spc7oo) and repetitive biochar addition soils
(SR—BC3507 SR—BC7OO) durlng 28 days incubation at 25 °C
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Fig. 2 Change of 5'3C value (a) in evolved (top) and primed CO, (b) in
the soils during the incubation. The bottom dashed line (at the top figure)
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CO, from Sg_pc3so had higher §'°C value (—18.3 to —16.4%o)
than those from Sg_gc700 (—22.0 to —19.5%o).

The primed CO, that evolved from Sg_gc3s0 and Sgr_pc700
during 28 days of incubation was 108.0 and 26.9 ug CO,-C g
soil, respectively (Fig. 2b), about 72 and 56% of primed CO,
caused by the first addition of biochar (Sgcsso and Spc700)
(Electronic Supplementary Material, Table S1). The soil of
Sr-Bc3so had much higher priming rate, 3.86 pug CO,-
C day_] g_l soil on average, than Sg_pc700, 0.96 pg CO,-
C day ' g soil. Both soils had a much stronger priming effect
in the initial 3 days, 14.8 and 2.16 pg CO,-C day ' g ' soil,
respectively. Instead of turning feedstock into biochar,
Miscanthus caused a much larger priming effect, giving primed
soil C losses of 243 g CO,-C g s0il (Sypcsso) and 413 pg
CO,-C g7l soil (Sm.c700), respectively, at the end of incuba-
tion (Electronic Supplementary Material, Fig. S1).

3.3 Microbial biomass C and PLFA

Both biochar-containing soils of Sgc359 and Sgc70o had larger
microbial biomass C than biochar-free soil (Sck) with only
22 ug C g . The second biochar addition to the previously
biochar-amended soils increased biomass C from 84 to 147 ug
C gil in SR—BC350 and from 48 to 89 Hg C gil in SR»BC3507
respectively (Fig. 3). The total mass of PLFA biomarkers was
similar to microbial biomass C, higher in repeated biochar
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addition soils of Sg_gc3s50 and Sr_pc700 (@ < 0.05, Fig. 4), com-
pared to the control soil. PLFA followed the order Gramme-
positive bacterial > negative bacteria > fungi > actinobacteria
(Fig. 4). The most abundant PLFAs were branched saturated
fatty acids 115:0, al5:0, i116:0, 117:0, and al17:0 (Gramme-pos-
itive bacteria), 18:1w9 (Gramme-negative bacteria) and
18:2w6,9 (fungi). Both soils of repeated biochar addition had
lower proportions of Gramme-positive bacteria, 53 and 49% in
Sr-Bc3aso and Sg_pc7oo, respectively, compared to 61% in the
control soil of Sg_ck, while it had a higher proportion of fungi,
actinobacteria and Gramme-negative bacterial PLFAs (Fig. 5).

4 Discussion
4.1 Repeated biochar addition-induced priming effects

Our previous study showed biochar-induced priming effects
(Luo et al. 2011). We conducted a 28-day-incubation study
based on a pre-incubation of 1.5 years, to investigate repeated
biochar-induced priming effects. This is mainly because the
influence of a single substrate C addition on priming effect is
not representative of litterfall and root exudation in many
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(Sr-c3s0) and BC700 (S r-pc700) £ 600-
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Fig. 5 Principal component analysis of microbial community structures
(PLFA profiles) in soils without (S) and with repeated BC350 (Sg.
BC3so) and BC700 (S r.pc700) at the end of 28 days of incubation
period. Error bars represent standard errors of the means (n = 3)

terrestrial ecosystems (Qiao et al. 2014). Instead, repeated or
pulses of substrate input may reflect reality, as dead roots, leaf,
shoot residues and root exudates are regarded as continuous C
inputs with fast and slow decomposition rates (Zhu et al.
2014). Currently, a few studies have examined the effect of
continuous input on priming effect (De Nobili et al. 2001;
Hamer and Marschner 2005; Kuzyakov 2010). Hamer et al.
(2005) observed larger priming effect induced by subsequent
substrate additions than the first one in most cases, suggesting
that the pool of SOC available for priming performance was
not depleted. Duong et al. (2009) found that frequent residue
additions increased SOC mineralisation, while Blagodatskaya
etal. (2007) argued that this response was lower than that with
the second addition. Major et al. (2010) measured less primed
CO, from the soil with the repeated biochar addition at the
second year (6% of priming effect) compared with the first
year (40%). Similarly, our study showed that the primed CO,
volumes from the second addition of either BC350 or BC700
were slightly lower than those at the first addition (Electronic
Supplementary Material, Table S1). This could be explained

OSCK

@ SR-BC350
W SR-BC700
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by the depleted soil C after 431 days of incubation without any
fresh C input. Whitman et al. (2014) used two soils with dif-
ferent organic C contents adjusted by pre-incubations of 1 day
(high easily mineralizable SOC) and 6 months (low easily
mineralizable SOC), and found much higher absolute priming
effect in the high organic C soil. How biochar-containing soil
with depleted SOC content level (exclude biochar C) responds
to continuous (more than twice) biochar addition still remains
largely unknown and awaits further research.

Priming effects caused by repeated biochar addition ob-
served in this study cannot be distinguished or attributed to
the aged or fresh biochar application. It would be interesting to
know the contribution of first addition of biochar to total prim-
ing effects after second addition of biochar. Approaches using
two stable isotopes (!3C and'C) here were limited and can be
only partition two sources (biochar C and SOC). More com-
plex methodological approaches, like *C labelling combined
with '3C natural abundance (Luo et al. 2017), which are able
to discern three C sources (aged biochar, fresh biochar, native
SOC) are needed to understand the contribution of biochar at
different addition times and its interactions between the three
C sources.

Incorporation of biochar will clearly increase total SOC.
The budget of C in biochar-amended soil should consider both
the amount of mineralized C from SOM and added C through
biochar (Kuzyakov 2010). The conclusion to the SOC content
could be justified only if the input and output of C calculation
to the biochar soil system in the long term is given (Woolf
etal. 2010). If priming effects with single biochar addition can
be largely negligible compared to biochar C sequestrated into
soil C pool, the primed CO, emission caused by continuous
biochar addition in the biochar-amended soil system needs to
be carefully watched. Anyhow, from this study, biochar
amendment induced less CO, evolution from soil compared
to fresh organic matter addition (Miscanthus) to biochar-
containing soil (Electronic Supplementary Material, Fig. S1).
This may indicate that turning raw feedstock into biochar still
is an approach to diminish SOC loss if priming effects are
ubiquitous following substrate addition (Blagodatskaya and
Kuzyakov 2008). Also, we found larger Miscanthus-induced
priming effects in BC700 incorporated soil compared to
BC350, indicating that pyrolysis temperature can be adjusted
to reduce any substrate-induced priming effects in biochar-
enriched soil.

4.2 Mechanisms

The mechanisms for biochar-intrigued priming effect are still
unclear. Previous studies have shown that labile C within bio-
char and organic C sorption on the added char sphere may be
responsible for the priming effect (Steinbeiss et al. 2009; Jones
et al. 2011; Luo et al. 2011; Maestrini et al. 2015; Whitman
et al. 2014). The labile C compounds within biochar may

intrigue microbes and induce much higher priming effect dur-
ing the initial several days of incubation following biochar
addition (Luo et al. 2011), making no difference from priming
effect induced by any substrates containing available organic C
(Blagodatskaya and Kuzyakov 2008). In addition, biochar-
caused priming effect may also attribute to the improvement
of soil physical and chemical properties by biochar addition.
Biochar amendment usually results in low bulk density, but
high values of soil porosity (Verheijen et al. 2010), middle
aggregates (Atkinson et al. 2010), pH (Yuan et al. 2011),
CEC (Cheng et al. 2006; Jien and Wang 2013) and nutrients
(Chan 2009). The changes of soil physical structure may be a
benefit to microbial colonisation, thus escaping from preying
and even exposing organic matter to microbial attack (Luo et al.
2013). The improvements of soil physio-chemical properties
can enhance soil microbial activity (Steinbeiss et al. 2009)
and favour certain groups of microorganisms, like mycorrhizal
fungi (Paterson et al. 2008) and Gramme-negative bacteria
(Cretoiu et al. 2014). Similarly, in our study, soils with the
second addition of biochar had enhanced fungi, actinobacteria
and Gramme-negative bacterial PLFAs (Fig. 4). Fungi and
actinobacteria are usually regarded as the k-strategists respon-
sible for the decomposition of a more complex soil organic
matter, causing real priming effect in the relatively long term
(Fontaine et al. 2003; Kuzyakov 2010). In the previous incu-
bation study (early stage in pre-incubation of 431 days), the fast
initiation of priming effects following biochar indicated r-
strategist might be stimulated by available C in biochar in the
carly stage (Luo et al. 2011), which could more rapidly degrade
and assimilate the available biochar C fraction, and thus en-
hance microbial biomass turnover and cause apparent priming
effects (Blagodatskaya and Kuzyakov 2008). We exclude ‘ap-
parent’ priming effects caused by increased biomass C turnover
as the microbial biomasses were less than the primed CO, in all
treatments (Figs. 2b and 3).

After the labile biochar C vanished, k-strategists might be
largely activated in the late stage of 431 days of incubation.
Another addition of biochar might continuously stimulate k-
strategists (including fungi, actinobacteria and Gramme-
negative bacterial PLFAs) after further 28 days of incubation
(Fig. 4). However, research is needed to determine the specific
microbial groups at phylum taxon level and identify their con-
tributions to SOC mineralisation in the char sphere, using
advanced techniques e.g. DNA-SIP, coupled with high-
throughput sequencing.

5 Conclusions
Our research observed the second addition of fresh biochar-
induced priming effects, which gave the primed CO, of

108.0 nug CO,-C g ' soil and 26.9 ug CO,-C g ' evolved
from BC350-containing soil (Sg.gc3s50) and BC700-
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containing soil (Sg_gc700) during 28 days of incubation.
Priming effects caused by the first addition of biochar had
the same order but less amounts of soil C losses (about 72
and 56%). This might be because of the depleted soil C after
431 days of incubation without any fresh C input. Also, it may
be attributed to an altered soil microbial community with low-
er proportions of Gramme-positive bacteria, and higher pro-
portion of fungi, actinobacteria and Gramme-negative bacte-
rial phospholipid fatty acids (PLFAs). Our research provided
insights into the second addition of biochar-induced priming
effects on biochar-enriched soil (received first addition of bio-
char). How biochar-containing soil responds to continuous
(more than twice) biochar addition or other substrates (root
exudates) still remains largely unknown and awaits further
research.
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