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Abstract
Purpose Soil is the crucial biological sink of methane, which is an important and potent greenhouse gas. The extensive biochar
application in soil has also aroused interests in its influence on soil methane emissions. However, although numerous studies have
paid attention to the methane flux from the biochar amended soil, the research efforts of biochar effects on methanotrophs
mediating the methane consumption in soil still lag behind and need to be re-examined. Especially, studies of the nonconven-
tional methanotrophs for atmospheric and anaerobic methane oxidation, which have rapidly developed in recent years, deserve
much attention.
Results and discussion Here, we literately reviewed the proceedings about the biochar effects on conventional, atmospheric, and
anaerobic methanotrophs in soil, respectively. Biochar plays a great role in methanotroph communities through soil character-
istics controlling and redox reactions. Key physical soil characteristics such as porosity, aggregation, and moisture and chemical
parameters such as soil pH, nitrogen, and metal oxides are confirmed to be altered by the biochar amendment for the regulation of
methanotrophs.
Conclusion Soil methane oxidation is thereby regulated by biochar amendment. This review improved our understanding of the
biochar function in greenhouse gas regulation and provided a scientific basis for better soil management with biochar application.

Keywords Biochar amendment . Methanotrophs . Atmospheric methane oxidation . Anaerobic methane oxidation

1 Introduction

Methane (CH4) is the second critical greenhouse gas (GHG)
after carbon oxide (CO2) which accounts for 17% of global

warming. Its global warming potential is 34 times of CO2 and
its emission growth has increased 151% compared to the pre-
industrial era (IPCC 2007; Reinman 2013). These traits have
aroused great concern for methane emission. Soil serves as the
major biological sink of the atmospheric methane with the
methane consuming process mediated by microbial oxidation.
The most common process of methane oxidation is driven by
the conventional methanotrophs including sub-groups such as
type I (Gamma-proteobacteria) and type II (Alpha-
proteobacteria) (Bourne et al. 2001; Dedysh et al. 2002).
These conventional methanotrophs are well known as the
low-affinity methane oxidation microbes catalyzing methane
consumption at aerobic-anaerobic interfaces in paddy and
wetland soil (Knief et al. 2003; Angel and Conrad 2009;
Conrad 2009; Knief 2015; Cai et al. 2016). The conventional
methanotrophs consume more than 80% of the high-
concentration methane from anaerobic compartments in the
soil. The endogenous methane diffusion from soil to the oxic
environment is therefore reduced (Dedysh et al. 2002; Knief
and Dunfield 2005). Conversely, some high-affinity methane
oxidation (HAMO) processes are detected with some
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atmospheric methane oxidation bacteria (atmMOB). The
atmMOB are designated as two uncultured clades: upland soil
clusters α (USCα) and upland soil clusters γ (USCγ) (Knief
et al. 2003; Kolb et al. 2005; Baani and Liesack 2008;
Pratscher et al. 2011; Knief 2015; Pratscher et al. 2018;
Tveit et al. 2019). These atmMOB consume atmospheric
methane without high-concentration methane product in the
aerobic upland soil in forest and grassland (Knief et al. 2003;
Kolb 2009; Pratscher et al. 2018; Tveit et al. 2019). Although
the low-affinity and high-affinity processes take place in an-
oxic or aerobic compartments in the soil, both conventional
methanotrophs and atmMOB mediate the methane oxidation
with the aerobic condition.

Nevertheless, an amount of the methane produced by
methanogenesis from the soil is collected by anaerobic
methanotrophs (ANME) through anaerobic oxidation of
methane (AOM) before it escapes into the atmosphere
(Pancost et al. 2000; Smemo and Yavitt 2011; Haroon et al.
2013; Fan et al. 2020). The AOM in the soil is mainly driven
by nitrite-dependent anaerobic methane oxidation (N-
DAMO). N-DAMO is a denitrification process using methane
as the electronic donor under anaerobic conditions. It is me-
diated by ANME-archaea coupling with denitrifying bacteria
or bacteria (Methylomirailis oxyfera) independently. ANME-
archaea oxidize methane into carbon dioxide through the re-
verse methanogenesis pathway and provide intermediates and
electrons for denitrification (Raghoebarsing et al. 2006). Apart
from the reverse methanogenesis pathway, M. oxyfera could
take advantage of intra-aerobic metabolism for N-DAMO to
stimulate the methane oxidation activity with the existence of
nitrite (Raghoebarsing et al. 2006; Ettwig et al. 2008; Ettwig
et al. 2009).

Biochar amendment has been suggested to be a significant
strategy to modulate methane from soil ecosystems
(Kammann et al. 2009; Bamminger et al. 2018; Wang et al.
2019; Blanca Pascual et al. 2020). Biochar is the pyrogenic
residue derived from the thermal degradation of carbon-rich
feedstock (Mohan et al. 2014; Inyang et al. 2015). This car-
bonaceous material is extensively applied in the soil for soil C
sequestration and soil fertility initially (Glaser et al. 2001;
Lehmann et al. 2006; Lehmann et al. 2011; Gurwick et al.
2013). Concurrently, the research efforts have focused on
the correlation between biochar and the emission of GHG
such as carbon oxide (CO2) and nitrous oxide (N2O)
(Cayuela et al. 2013; Maestrini et al. 2015; Obia et al. 2015;
Sagrilo et al. 2015). However, the exploration for interaction
between biochar and methane emission from soil lags behind
and a paucity of studies on this indicate the complex and
controversial results. Biochar was observed to reduce the
methane emission from soil (Liu et al. 2011; Feng et al.
2012; Dong et al. 2013), while some findings showed the
inducing methane flux with biochar application (Zhang et al.
2010; Spokas and Bogner 2011; Wang et al. 2012b).

In addition to the inconsistent results of biochar effect on
methane flux from the soil, rare efforts were found in the
methane consumption, and especially the methanotrophs as
the microbial driver of the methane oxidation in a single-
scale study (Dong et al. 2013; Jeffery et al. 2016; Cai et al.
2017; Bamminger et al. 2018). Moreover, most of the studies
focused on aerobic methane oxidation driven by conventional
methanotrophs, and little attention has been paid to atmo-
spheric methane oxidation and anaerobic methane oxidation
in soil (Jeffery et al. 2016; Ji et al. 2018; Qiu et al. 2019).
Concurrently, most of the experiments were established in
paddy soils while the upland soils such as grassland and forest
soils were neglected (Zhang et al. 2010; Han et al. 2016;
Wang et al. 2018b; Wu et al. 2019).

Thus, it is urgent to further investigate the biochar effects
on methane consumption in soil. Here, we present a compre-
hensive literature review about the following: (1) What are the
biochar effects on methane oxidation driven by conventional,
atmospheric, and anaerobic methanotrophs? (2) What is the
mechanism of biochar impacts on methane oxidation and bio-
char’s role in soil methanotroph regulation through direct or
indirect studies? (3) How does biochar affect methane oxida-
tion by altering key soil parameters? This review aimed to
provide a perspicuous illustration of the interaction between
biochar and methane consumption in soil and clarify the direct
and indirect mechanisms of the biochar effects on soil meth-
ane oxidation.

2 Biochar effects on soil methanotrophs

Methane consumption is mainly caused by the methane oxi-
dation driven by the methanotrophs in soil. All the typical
methanotrophs: conventional methanotrophs, atmospheric
methane oxidation bacteria (atmMOB), and nitrite-
dependent anaerobic methane oxidation (N-DAMO), are sig-
nificantly influenced by the biochar amendment in various
soils such as paddy, wetland, grassland, forest, and upland
soils (Fig. 1).

2.1 Biochar effects on conventional methanotrophs

Most of the biochar effects on soil methane oxidation occur on
conventional methanotrophs. Conventional methanotrophs
are the most prevalent methanotrophs living in the soil eco-
system. Due to their low affinity for methane oxidation, con-
ventional methanotrophs are mainly cultivated in flooded and
anoxic soils such as paddy, wetland, and mangrove soils,
which harbor a high concentration of methane. Nevertheless,
some of them also live in the grassland, forest, and upland
soils providing an anaerobic microenvironment. These con-
ventional methanotrophs consist of subgroups type I
(Gamma-proteobacteria) and type II (Alpha-proteobacteria).
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Both of the subgroups oxidize methane at the interface of the
oxic and anoxic compartment in the soil. More than 80% of
endogenous methane from the soil is consumed by these
methanotrophs with low affinity before escaping to the atmo-
sphere. Conventional methanotrophs are also responsible for
the atmospheric methane oxidation in the paddy soils since
their high affinity of methane oxidation activity could be
primed by flush-feeding with a high concentration of methane
(Knief and Dunfield 2005; Angel and Conrad 2009; Conrad
2009; Knief 2015). Most of the previous studies about biochar
effects on soil methane oxidation have focused on these con-
ventional methanotrophs, especially in the paddy soils. The
“biofilter” function of biochar amendment leads to the reduc-
tion of methane emission through enhancing the methane ox-
idation before the endogenous methane escaping from soil
(Feng et al. 2012; Reddy et al. 2014; Han et al. 2016).
Biochar applications were found to increase biodiversity and
abundance of conventional methanotrophs (Conrad 2009;
Han et al. 2016; Qin et al. 2016; Wu et al. 2019). This phe-
nomenon might be attributed to the elevated labile C and N
content and optimum pH for methanotrophs breeding in the
biochar applied to soil (Lehmann et al. 2006; Ouyang et al.
2014; Jeffery et al. 2016). Biochar-amended soil also provides
a large surface area with high porosity and good aeration,
which is favorable for conventional methanotrophs (Karhu
et al. 2011). In addition, the elevation of methanotrophs abun-
dance could be explained by the capture ability enhancement
for methane and impair impact alleviation to methanotrophs
after the amendment of biochar with high porosity and pH
(Tamai et al. 2007). However, the community structure of
methanotrophs is not significantly affected by the biochar ap-
plication (Liu et al. 2011; Feng et al. 2012). Moreover, soil
microbial structure alteration is not correlated to the reduction
of methane emission (Liu et al. 2011; Feng et al. 2012; Qin
et al. 2016).

In paddy soil, which is the most typical soil type harboring
conventional methanotrophs, these biochar effects on

methanotrophs facilitate the methane uptake and therefore re-
duce the soil methane emission (Table 1). Most previous stud-
ies showed methane fluxes in biochar applied paddy soil de-
crease in the range of 20–51% compared to the normal farm-
ing practice (Zhang et al. 2010; Feng et al. 2012; Wang et al.
2012a; Dong et al. 2013; Han et al. 2016; Qin et al. 2016; Cai
et al. 2017; Wang et al. 2019; Yang et al. 2019). Although an
elevation of methane uptake by 31% could be observed in the
summer season, there are no significant biochar effects on
methane emission in a whole arable period in upland soil
(Wang et al. 2012a; Bamminger et al. 2018). This discrepancy
between paddy and upland soils might be attributed to the
variation of soil endogenous methane owing to the soil mois-
ture. Due to the low soil moisture and aerobic condition, the
inadequate endogenous methane in upland soil leads to a low
abundance of methanotrophs. It makes the background
methanotroph activities in upland soil not high enough to ob-
serve their response to biochar amendment (Di et al. 2010).
Nevertheless, biochar addition brought about a 96% increase
of CH4 uptake in (clover–clover–wheat–bean–oat) crop rota-
tion agriculture soil in the polar circle (Karhu et al. 2011).
These differences might indicate the temperature impact on
the evaluation of methanotroph response to biochar amend-
ment and deserve future concern (Table 1).

2.2 Biochar effects on atmospheric methanotrophs

Another typical aerobic methanotrophs, atmospheric methane
oxidation bacteria (atmMOB), also might be influenced by the
biochar amendment. Atmospheric methane, as the potent
greenhouse gas, is mainly consumed by abiotic tropospheric
hydroxyl radicals and aerobic methanotrophs in soil (Conrad
2009; Cai et al. 2016). Unsaturated soils such as grassland,
forest, and upland soils are a critical biological sink for atmo-
spheric methane with uptake of approximately 30 Tg CH4 y

−1

(Griggs and Noguer 2010). Other than the so-called conven-
tional methanotrophs firstly described in 1906, the generally

Fig. 1 Microorganisms
participating in methane
oxidation with oxygen gradient
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cultivated methanotrophs classified in Alpha-proteobacteria,
Gamma-proteobacteria, and Verrucomicrobia, the cultivation-
independent methane oxidation bacteria living in the ambient
concentration of atmospheric methane (atmMOB), are obtain-
ed until the 1990s (Knief et al. 2003; Kolb et al. 2005; Kolb
2009; Degelmann et al. 2010; Knief 2015; Tveit et al. 2019).
Interestingly, only atmMOB rather than conventional
methanotrophs take advantage of atmospheric methane with
low concentration as the maintenance energy source. It indi-
cates that atmMOB have more energetical efficiency, higher
affinity, and specific affinity for methane than conventional
methanotrophs. atmMOB consist of two uncultured clades
that belong to bacterial lineages within the Alpha-
proteobacteria and Gamma-proteobacterial, which are known
as upland soil cluster α and γ (USC α and USC γ) (Knief
et al. 2003; Knief and Dunfield 2005; Kolb et al. 2005; Baani
and Liesack 2008; Knief et al. 2010; Pratscher et al. 2011;
Knief et al. 2012; Knief 2015; Deng et al. 2019). Owing to
its functions of improving soil fertility and nutrient bio-avail-
ability, biochar has been extensively applied in the unsaturat-
ed soil system for remediation recently (Lehmann et al. 2006;
Lehmann et al. 2011; Jeffery et al. 2016). Although there are
few studies on soil atmMOB response to the biochar amend-
ment directly, previous studies indicated the activity of
atmMOB and atmospheric methane oxidation in these soil
systems might be affected by biochar through alteration on
soil characteristics. The primary function of biochar is the
sequestration of soil C with fertility increase (Glaser et al.
2001; Lehmann et al. 2006; Tian et al. 2016). The affiliated
alternative C provides energy sources for atmMOB to thrive in
unsaturated soils (Knief et al. 2003; Degelmann et al. 2010).
Particularly, USCα, which is the dominant methanotroph ge-
notype, exhibits high abundance and relative contribution to
the total microbial community in these C rich soils. This is
possible on account of the capacity of USCα to utilize addi-
tional C sources other than CH4 as substrates for cell mainte-
nance and growth (Knief et al. 2003; Degelmann et al. 2010).
Its potential mechanism might be similar to the Methylocella
silvestris utilization of alternative C compounds such as ace-
tate or methanol (Dedysh et al. 2002). Biochar addition also
remarkably enhanced the water holding capacity across vari-
ous types of soil for improving water retention (Hardie et al.
2013; Ahmad et al. 2014; Rasa et al. 2018). The atmospheric
methane oxidation rate is correspondingly influenced by the
direct effect on atmMOB activity and growth and the diffusion
rate of methane and oxygen. In fact, the soil consumption for
atmospheric methane reaches the optimum in soil with the
moisture of a low level. However, either excessively low or
high moisture would inhibit the activity of atmMOB (Castro
et al. 1995; Dasselaar et al. 1998). Thus, the water holding
capacity enhancement might benefit for the atmospheric
methane oxidation mostly in the extremely arid desert soil
(Angel and Conrad 2009). Modification of soil pH in the

biochar added soil could be another potential approach to
influence atmMOB (Lehmann et al. 2011). The presence of
negatively charged functional groups and the combination
with the H+ on biochar surface increase soil pH (Chintala
et al. 2014; Gul et al. 2015; Palansooriya et al. 2019). The rate
of atmospheric methane oxidation decreases with the soil pH
increase in different soil ecosystems, although it did not show
a remarkable difference with various pH in some studies since
these atmospheric methane oxidation activities are in the same
order of magnitude (Dalal and Allen 2008; Aronson and
Helliker 2010). Concurrently, soil pH could shape the com-
munity structure of atmMOB. The presence of USCα is al-
ways found in the acidic soil while USCγ mainly occurs in
neutral soil with pH >6.0 (Knief et al. 2003; Kolb 2009).

2.3 Biochar effects on anaerobic methanotrophs

Biochar also has a substantial influence on the anaerobic oxida-
tion of methane (AOM) in soil. The microorganisms mediating
AOM have been demonstrated in consortia mainly contain an-
aerobic methanotrophic (ANME) archaea and bacteria. Apart
from the anaerobic oxidation of methane accompanying sulfate
reduction in the ocean ecosystem, most AOM processes in ter-
restrial ecosystems coupled to denitrification, which represents
the reduction of nitrate (NO3

-) and nitrite (NO2
-) through nitric

oxide (NO) to nitrous (N2O) and dinitrogen gas (N2). This
denitrifying anaerobic methane oxidation (DAMO) takes meth-
ane as the electron donors and nitrate and nitrite as electron
acceptors under the anaerobic condition to complete both deni-
trification and methane oxidation. The plausible mechanisms of
DAMO are mainly attributed to two pathways: reverse
methanogenesis pathway interconnecting nitrate reduction and
intra-aerobic pathway in association with nitrite reduction. In
reverse methanogenesis theory, methane could be oxidated to
CO2 after activation by methyl-coenzyme M reductase (MCR)
and catalysis by dehydrogenase (Pancost et al. 2000; Hallam
et al. 2004; Raghoebarsing et al. 2006). Candidatus
Methanoperedens nitroreducens, the typical ANME-archaea,
are supposed to mediate the CH4- CO2 conversion through re-
verse methanogenesis path (Raghoebarsing et al. 2006). The
intermediate products such as methanol, acetate, and released
electrons from this process are provided for denitrification bac-
teria to complete the reduction of nitrate and nitrite (Hallam et al.
2004; Raghoebarsing et al. 2006). However, this hypothesis
could not fully interpret the paradox that the inhibition of the
reverse methanogenesis path does not impact the methane oxi-
dation rate. The absence of archaea at the later stage of DAMO
enrichment experiment further confirmed the existence of “dis-
appeared” bacteria mediating DAMO via another unknown path
(Ettwig et al. 2008). A bacterium “Methylomirailis oxyfera” cou-
pling AOM, which belongs to NC10 phylum, is predicted to
complete DAMO process independently through intra-aerobic
metabolism of nitrite-dependent anaerobic methane oxidation.
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Nitric oxide (NO), the reduction product of nitrite with nitrite
reductase catalysis, is catalyzed into N2 and oxygen (O2) through
disproportionation reaction. With the activity of methane
monooxygenase and a series of dehydrogenase, methane could
be oxidated into CO2 by the aforementioned oxygen (Ettwig
et al. 2008; Ettwig et al. 2010; Wu et al. 2011; Wu et al. 2012;
Evans et al. 2019). The active mediation of biochar amendment
in deep fields for anaerobic methane oxidation has aroused great
attention owing to the unfavorable gas accessibility of soil, al-
though its feasibility and mechanism are only seldomly explored
(Zhang et al. 2019b). Biochar could feasiblymediateAOM in the
soil by its inherent redox-active functionalities via three potential
mechanisms (Zhang et al. 2019b). Anaerobic methanotrophic
archaea ANME-2d encode plentiful multiheme cytochromes as
the genetic basis for biochar respiration complying with extracel-
lular electron transfer (EET).Multiheme cytochromes potentially
play the role of electron shuttles to shift electrons to extracellular
solid electron acceptors from intracellular circumstance (Haroon
et al. 2013; Wegener et al. 2015; Silvan et al. 2016; Zhang et al.
2019b). Notably, Geobacteraceae was also found in the microbi-
al consortia with biochar serving as a sole electron acceptor.
Geobacteraceae, the anaerobic bacteria with EET ability, also
possess the capability of direct interspecies electron transfer
(DIET) to obtain electrons for syntrophy with other microbes
under anaerobic conditions (Lovley 2017). It is reasonable to
propose that the biochar reduction evolves in the syntrophic as-
sociation between ANME and Geobacteraceae via DIET mech-
anism, apart from the electron shift from ANME and biochar via
direct EET path (Zhang et al. 2019b). Besides, electrons also
could be transferred from ANME to Geobacteraceae indirectly
through intermediate such as acetate. Biochar might serve as the
extra electron acceptor in this pathway (Cai et al. 2019). Thus,
DAMOprocessmight bemediated by biochar via three plausible
mechanisms: EET, DIET, and intermediate-based pathways
(Fig. 2).

3 Key soil characteristics
for biochar-mediated methane oxidation

In the biochar-mediated methane oxidation processes, biochar
amendment significantly modifies several soil properties to
play a key role in methanotroph regulation. The altered soil
characteristics could be divided into physical and chemical
characteristics to exert direct or indirect influences on
methanotrophs under various soil conditions (Fig. 3).

3.1 Physical characteristics

As the crucial physical parameter for methane consumption,
soil porosity could be controlled by biochar. Biochar with
porous nature could contribute its own-possessed numerous
particle pores and interparticle voids to soil (Atkinson et al.

2010; Sohi et al. 2010; Hardie et al. 2013). Despite the appar-
ent direct biochar porosity improvement of soil, biochar could
also remarkably modify the inherent pore size distribution via
introducing additional micropores and creating accommoda-
tion macropores (Chia et al. 2012; Hardie et al. 2013; Guo
2015). Due to these alterations of the soil pore structure, the
porosity of soil-applied with biochar originated from various
feedstocks was all elevated (Jones et al. 2011; Hseu et al.
2014; Guo 2015; Ajayi and Horn 2016). The high soil poros-
ity provides good aeration in soils, which induces the high
supply of CH4 and availability of O2 to enhance
methanotrophic activity (Scheutz et al. 2009; Bohn et al.
2011; Cong et al. 2018). PmoA, the functional gene of
methanotrophs for methane oxidation, was significantly in-
creased by the porosity obtained from biochar (He et al.
2019). However, in some cases, the methane elimination ca-
pacity remains relatively constant with the increasing soil po-
rosity. A hypothesis was raised that the ascending methane
load at the beginning, which offers more substrates for
methanotrophs, slightly hindered the penetration of oxygen.
Nevertheless, it was disproved by increasing the methane re-
moval efficiency of the landfill soil with the same gas condi-
tions. Thus, other than the availability of CH4 and O2, some
else factors were limiting the activity of methanotrophs
(Einola et al. 2008; Maanoja and Rintala 2018).

The bonds between biochar and soil particles lead to the
formation of secondary units, which is referred to as soil ag-
gregation. The creation of accommodation and packing
macropores occur between biochar and surrounding soil ag-
gregation. In addition, the stability of soil aggregation could
be increased through the persistence enhancement of soil
pores caused by biochar particles (Hardie et al. 2013;
Ouyang et al. 2014; Wang et al. 2017; Edeh et al. 2020).
These large soil aggregation improvements could diminish
the methanotrophs activity as the air diffusion and methane
availability in the central part of soil aggregate became re-
stricted because of the unfavorable ratio of surface to volume.
Nevertheless, small soil size aggregation did not only contrib-
ute rarely to the lessening of methane uptake but also produce
higher methane flux from soil because the repacked aggre-
gates could create sufficiently anaerobic environments to trig-
ger the activities of methanogens (Mangalassery et al. 2013;
Karbin et al. 2016).

Biochar is also essential for the alteration of soil hydrology
and storage of soil water. The intra-pores inside the biochar
particles directly provide extra water storage space beyond
soil interpore compartments. Concurrently, the particle char-
acteristics of biochar such as shape, size, connectivity, and
volume also evidently influence soil texture to interfere with
water storage and mobility. For instance, the biochar particles
filled into the inter-pores in the soil make the size and shape of
the pores no longer large enough for rapid movement for
water (Rasa et al. 2018; Fischer et al. 2019; Razzaghi et al.
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2020). On the contrary, the soil interpore size also could be
enlarged on account of the increasing aspect ratio of soil grain
under control of biochar particles with a high aspect ratio.
Water retention in the soil is therefore altered with these soil
structural and textural changes (Atkinson et al. 2010; Sohi
et al. 2010; Karhu et al. 2011). The correspondingly increased
water holding capacity (WHC) and plant available water con-
tent (PAWC) are supposed to be important to regulate the
methanotroph activity (Kumaresan et al. 2009; Hardie et al.
2013; Guo 2015; Rasa et al. 2018; Fischer et al. 2019). Since

the methanotrophs live preferentially in the microhabitat in
large pores, the improved water retention prevents the steep
decline of the methanotrophs in dry soil. Although conven-
tional methanotrophs grow slowly in the arid soil with subat-
mospheric methane concentration, the elevated soil moisture
could eliminate the negative impact of methane limited soil on
methanotrophs (Conrad 2009; Fischer et al. 2019). The CH4

uptake rate is negatively correlated with soil moisture in
atmMOB-governed soil and the atmospheric methane oxida-
tion shows typical season patterns (Shrestha et al. 2012; Judd

Fig. 2 The mechanisms of biochar effects on anaerobic oxidation of
methane (AOM). ① ANME-2d encodes plentiful multiheme cyto-
chromes as the genetic basis for biochar respiration complying with ex-
tracellular electron transfer (EET). ② Geobacteraceae obtains electrons
from ANME-2d for syntrophy via direct interspecies electron transfer

(DIET). Biochar plays as the electron acceptor for Geobacteraceae. ③
Biochar serves as the extra electron acceptors for the spontaneous bio-
synthesis of acetate, which is the intermediate for electrical connection in
AOM

Fig. 3 The key soil parameters in biochar-mediated methane oxidation in soil
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et al. 2016). However, as has been noted, although atmMOB
growth is inhibited by the excessively low moisture, the ex-
cessively high moisture blocking in the soil pores would hin-
der the diffusion of methane and oxygen. Biochar promotes
soil moisture best when the soil moisture falls within 20–35%
(W/W) (Castro et al. 1995; Dasselaar et al. 1998). As for the
anaerobic oxidation of methane, soil moisture is the most im-
portant soil characteristic to affect the abundance of DAMO
bacteria. Higher moisture mainly promotes the growth of
DAMO bacteria in the soil through shaping the anaerobic
microsite and facilitating the diffusion and exchange of the
substrates of DAMO bacteria such as NO3

- and NO2
- (Wang

et al. 2012c; Zhu et al. 2018b).

3.2 Chemical characteristics

Biochar also regulates the soil methane oxidation via alter-
ation of the chemical parameters such as soil pH. Generally,
biochar leads to a liming effect since its average pH of biochar
is about 9.6, which is much higher than the soil pH (Yamato
et al. 2006; Ajayi and Horn 2016; Jeffery et al. 2016; Buss
et al. 2018; Igaz et al. 2018). However, the optimal pH of soil
methanotrophs is in the range of 6–8 as methanogens. Since
the average pH of biochar is about 9.6, it could neutralize the
acidic soil to better harbor methanotrophs and methanogens.
Previous studies also hypothesize that the structure and size of
methanotrophs are more sensitive to the alternative soil pH
from acidity to neutrality than methanogens. This might ex-
plain the result of the increasing methane sink or decreasing
methane source from acidic soils amended by biochar (Jeffery
et al. 2016). Biochar might also affect methane oxidation via
the plausible mechanism of Al3+ toxicity mitigation in acidic
soils. Al3+ solubility exhibits an increase with the low soil pH
while a reduction of Al3+ release from cation exchange sites
takes place in the biochar applied soils with pH value increas-
ing. The Al3+ toxicity to methanotrophic bacteria is thereby
impaired by the biochar amendment in acidic soils (Tamai
et al. 2007; Jeffery et al. 2016). With the biochar effects,
further evidence showed that a methane oxidation increase
only occurred in the soil with pH < 5. This is consistent with
the fact that Al3+ availability is significantly reduced above the
threshold of pH=5 (Jeffery et al. 2016). Nevertheless, the bio-
char effects on methane oxidation by alteration of soil pH are
mainly identified by the methane fluxes observation and more
empirical studies at molecular and gene levels are required to
investigate the microbial mechanisms underlying the findings.
In an anaerobic environment, methane oxidation potentials of
n-DAMO reach maximum at both 6.5 and 7.5. The AOM
potentials decrease or increase with the elevated pH value
respectively when it is below 6.5 or above 7.5 (Wang et al.
2018a; Lou et al. 2020).

Biochar amendment could also influent soil nitrogen
(N) to regulate methane oxidation, although these effects

are controversial depending on the amount and rate of N
addition. Biochar amendment has been proposed as an
operative tool for the enhancement of N cycling and re-
duction of N loss from the soil. More C sequestration was
provided to allow the increase of microbial and relative
enzyme activities with the high biochar load > 5%. The
active microorganisms and enzymes then stimulate organ-
ic N mineralization (Gul and Whalen 2016; Karbin et al.
2016). Mitigations of the soil reactive N loss such as N2O
emissions, NH3 volatilization, and N leaching are caused
by the biochar application (Cayuela et al. 2013). With the
depletion of nutrients, the biochar effects on soil N de-
crease along with the temporal duration > 2 years
(Ouyang et al. 2014; Tian et al. 2016; Zhang et al.
2019a). These soil N regulations due to biochar amend-
ment further control methane oxidation. With the suffi-
cient N supply for the methanotrophic growth and activ-
ity, higher NH4

+ availability decreases the methane oxi-
dation since NH4

+ competitively excludes CH4 from the
binding sites (Bédard and Knowles 1989; Gulledge et al.
1998). Notably, only N addition with a lower input rate
promoted the methane oxidation while the N input with a
higher rate was found to suppress the methane uptake into
soils (Aronson and Helliker 2010). However, NH4

+ might
bring about methane oxidation increase owing to the in-
crease of methanotroph biomass despite its competitive
inhibition for the methane oxidation (Bédard and
Knowles 1989; Gulledge et al. 1998; Bykova et al.
2006; Nazaries et al. 2013). This switch of methane oxi-
dation promotion to suppression was found at the N fer-
tilization rate of 140kg N ha−1 (Banger et al. 2012) and
100kg N ha−1 (Aronson and Helliker 2010), respectively.
Correspondingly, previous studies hypothetically raised a
threshold at a low N fertilization rate of 120 kg N ha−1

below which biochar played the role in regulating the
methanotroph simulation (Jeffery et al. 2016). In addition,
NO3

- and NO2
- play the role of electron acceptor for n-

DAMO. The N mineralization resulted from biochar
amendment could provide these adequate reactants to
stimulate the AOM coupling with denitrification process
(Ettwig et al. 2008; Ettwig et al. 2010; Zhu et al. 2018a).

Another vital pathway for the biochar effects on meth-
ane oxidation is the adsorption of heavy metal elements.
Coppe r (Cu) cou ld be seques t e r ed by ae rob i c
methanotrophs using a chelator call methanobactin, which
delivers Cu to methanotrophs rather than denitrifying bac-
teria for generating growth. Thus, this Cu competition be-
tween them brings up increasing methane oxidation but not
N2O reduction (DiSpirito et al. 2016; Chang et al. 2018;
Stein 2020). Concurrently, the presence of metal-driven
anaerobic oxidation of methane was confirmed with the
occurrence of iron (Fe) and manganese (Mn) in soil (Oni
and Friedrich 2017; Li et al. 2019; Miller et al. 2019; Leu
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et al. 2020; Parsaeifard et al. 2020). These metal-driven
AOM taking place in the anoxic zone of soils might follow
the similar mechanisms of the marine and sludge methane
oxidation, which utilizes Fe(III) and Mn (II) minerals as
the electron acceptors (Oni and Friedrich 2017; He et al.
2018; Li et al. 2019; Xie et al. 2019; Yamamoto and Morii
2020). Biochar derived from various feedstocks all showed
great potential as the efficient adsorbent for soil metal el-
ements such as Cu, Fe, and Mn (Coumar et al. 2015; Aran
et al. 2016; Idrees et al. 2018; Trakal et al. 2018; Cao et al.
2019). Moreover, the metal ion capture capacity increased
with the biochar dose because of the linearly increasing
soil surface charge with the biochar addition (Tomczyk
et al. 2019; Hailegnaw et al. 2020). However, because of
the strong reducibility obtained from oxygen-restrict prep-
aration, biochar might participate in the redox-mediated
reactions in soils to enhance the reduction of Fe(III) and
Mn (II) oxides (Graber et al. 2014; Jia et al. 2018). The
redox action of Fe could trigger the leaching of Cu (Wang
et al. 2016). The higher endogenous methane in deeper soil
results in the much more effective Cu stimulation on
methanotrophs with low affinity. Thereby, biochar addi-
tion controls the metal elements for methanotroph regula-
tion through adsorption processes and redox-mediated re-
actions in the soil.

4 Summary and outlook

Biochar amendment could regulate the soil methane con-
sumption in three patterns via affecting conventional
methanotrophs, atmMOB, and ANME, respectively. It
controls the key physical soil characteristics such as po-
rosity, aggregation, and moisture and chemical parameters
such as soil pH, N, and metal oxides to achieve the reg-
ulation. However, current studies have paid more atten-
tion to the methane fluxes of the soils while biochar ef-
fects on the microbial roles in the redox reaction and
electron delivering are overlooked. Directly empirical
studies on the biochar regulation on the methanopheric
microorganisms are still limited. Especially, the physiolo-
gy rather than the ecology of methanotroph with the bio-
char particle impact needs further concern. In addition,
although a large number of studies have reported the re-
sponses of methane oxidation to soil characteristics, it is
necessary to reveal the mechanisms of biochar effects on
soil methane oxidation through soil characteristic control.
Despite these abiotic biochar effects, how does the bio-
char amendment influence the methanotroph communities
and assemblages also needs to be undertaken.
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