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More than two thirds of global nitrous oxide (N,0) emissions originate from soil, mainly associated with
the extensive use of nitrogen (N) fertilizers in agriculture. Although the interaction of black carbon with
the N cycle has been long recognized, the impact of biochar on N,O emissions has only recently been
studied. Herein we reflect on proposed hypotheses to explain N,O decrease with biochar, linking them
to specific mechanisms for N, O formation and consumption in soil. Moreover, to assist in elucidating key
mechanisms in which biochar may act in mitigating emissions of N, O, we undertook a meta-analysis using
published literature from 2007 to 2013. This quantitative analysis used 30 studies with 261 experimental
treatments. Overall, we found that biochar reduced soil N,O emissions by 54% in laboratory and field
studies. The biochar feedstock, pyrolysis conditions and C/N ratio were shown to be key factors influencing
emissions of N,O while a direct correlation was found between the biochar application rate and N,O
emission reductions. Interactions between soil texture and biochar and the chemical form of N fertilizer
applied with biochar were also found to have a major influence on soil N, O emissions. While there is clear
evidence that, in many cases, emissions of N, O are reduced, there is still a significant lack in understanding
of the key mechanisms which result in these changed emissions. As such, we have guided readers with
suggestions to address specific research gaps, which we anticipate will enhance our knowledge and

understanding of biochar’s N,O emission mitigation potential.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nitrous oxide (N,0) is a potent greenhouse gas and the single
most important ozone depleting compound currently emitted to
the atmosphere (Ravishankaraetal.,2009). Its atmospheric concen-
tration has increased from 270 parts per billion by volume (ppbv)
in the pre-industrial era to ~324 ppbv at present (Ussiri and Lal,
2013). Agriculture is the main source of the global anthropogenic
N, O emissions (Smith et al., 2008), largely due to the widespread
use of synthetic nitrogen (N) fertilizers.

Although some studies have shown that N,O can be pro-
duced through abiotic redox reactions (Samarkin et al., 2010;
Rubasinghege et al., 2011), N,O is predominantly generated by
the microbial transformations of reactive N in soils (Baggs, 2011;
Thomson et al., 2012; Butterbach-Bahl et al., 2013). Reactive N (Nr)
is defined as organic bound and inorganic N compounds except N.
Once N; (organic or mineral) enters the soil, there are numerous
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processes that can lead to N,O formation, although their rela-
tive importance is still poorly understood (Fernandes et al., 2012;
Butterbach-Bahl et al., 2013; Zhu et al., 2013). Three main pro-
cesses are thought to be the major contributors to N,O emissions
from soils: nitrification, denitrification and dissimilatory nitrate
reduction (Baggs, 2011). The relative contribution of each to total
N,O emissions depends not only on the soil characteristics (tex-
ture, available carbon, pH, aerobicity, microbial activity) but also
on the prevailing environmental conditions (temperature, rainfall).
Moreover, soil can act not only as a source but also as a sink for
N,O (Chapuis-Lardy et al., 2007; Thomson et al., 2012). Nitrous
oxide can be used by some heterotrophic bacteria, as well as a few
autotrophic bacteria for respiration and is further transformed to
N, (Chapuis-Lardy et al., 2007).

The quantity and complexity of N,O production pathways, and
their high spatial and temporal variability, make reducing N,O
emissions from fertilized soils particularly challenging (Venterea
etal.,2012). Mitigation of N, O emissions will ultimately be accom-
plished by reducing N fertilizer (organic and mineral) inputs, which
can only be made viable through increasing the amount of N assim-
ilated by crops via improved N management, where biochar might
play a role.
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The interaction between biochar and the soil N cycle is acknowl-
edged and there are several comprehensive reviews recently
published on this topic (Clough and Condron, 2010; Biederman and
Harpole, 2013; Clough et al., 2013). Applying N fertilizers in com-
bination with biochar has been proposed for improving temporal
synchrony between crop-N demand and soil-N availability, enhanc-
ing N use efficiency and reducing environmental impacts. However,
the mechanisms by which biochar influences such processes are not
well understood.

The reduction in N,O emissions after biochar soil amendment
was first reported in a greenhouse experiment by Rondon et al.
(2005). They found that N,O emissions were decreased by up to
50% for soybean and by up to 80% for grass growing in a low-
fertility oxisol from the Colombian savanna. Since then, the interest
in biochar as a N,O mitigation strategy for agricultural soils has
been continuously increasing and the number of studies evaluating
N, O emissions from biochar-treated soils has risen exponentially.

Different hypotheses have been postulated to explain why
biochar might decrease N,O emitted from soils. Biochar may
enhance soil aeration, increase soil pH, favour N immobilization,
interact with available organic carbon and N in soil, modify enzy-
matic activities as well as potentially induce a toxic effect on
nitrifier and denitrifier communities. To date, the hypothetical
mechanisms, and the importance they might have in reducing N,O
emissions remain controversial and are not well documented. Sim-
ilarly, the characteristics that make a biochar most appropriate
for N,O emission mitigation in a particular soil or a range of soils
are not well known. Without the basic knowledge of when, how
much and why biochar modifies soil N transformation processes
and consequently soil N, O emissions, the use of biochar to mitigate
N, O emissions from fertilized agro-ecosystems remains a difficult
challenge.

This present review focuses on the impact of biochar on N,O
emissions using meta-analytical techniques to investigate whether
the often proposed reductions in N, O emissions occur across mul-
tiple studies. Further, the results of such analysis will be used to
provide evidence for proposed mechanisms and highlight the areas
where further research is needed.

2. An overview of proposed hypothesis to explain the
impact of biochar on N,0 production and consumption
pathways in soil

2.1. Abiotic mechanisms

Nitrous oxide can be formed or consumed in soil through abi-
otically mediated mechanisms (van Cleemput, 1998). The term
“chemodenitrification” refers to any abiotic chemical reaction lead-
ing to the formation of NO, N,O and N, and includes: (i) chemical
decomposition of hydroxylamine (NH,OH) (Bremner et al., 1980);
(ii) chemical decomposition of nitrite (NO, ~) (van Cleemput, 1998);
and (iii) the recently reported abiotic decomposition of ammonium
nitrate (NH4NO3) in the presence of light, moisture and reacting
surfaces (Rubasinghege et al., 2011). Nitrous oxide can also be abi-
otically consumed in soil, which implies that, once it is formed
(through biotic or abiotic processes)itis further chemically reduced
to Nj.

Even though abiotic reactions of N,O formation and consump-
tion in soil have been rarely investigated, the potential role of
biochar as a redox catalyst should not be neglected. In a recent
study Cayuela et al. (2013) found no N,O emissions from a steril-
ized soil amended with biochar, demonstrating that biochar did not
induce abiotic NO3~ reduction to N,O through catalytic reactions.
However, the abiotic interactions of biochar with other more reac-
tive mineral (NO, ) or gaseous N forms (N, 0O, NO) in soil still have

not been sufficiently explored. Recently, Cornelissen et al. (2013)
demonstrated N, O sorption to anhydrous biochars as a plausible
mechanism of N, O emissions reduction; however the role of water,
CO, and organic matter in soil as competitors for biochar sorption
sites and the fate of biochar-sorbed N, 0 in soil, are topics of further
research.

Nitrous oxide is a thermodynamically strong oxidant, but kinet-
ically refractory towards decomposition and reduction. This kinetic
barrier can be overcome through binding and activation with metal
ions such as Fe or Cu (Tolman, 2010). Some recent studies have
demonstrated that carbon-based nanomaterials can act as catalytic
active sites favouring the transfer of electrons and mediating envi-
ronmentally relevant redox reactions. For instance Fu and Zhu
(2013) showed that graphene oxide acts as a catalyst favouring the
reduction of nitrobenzene to aniline and Yuan et al. (2013) found
that sewage sludge biochar catalyzes the reduction of oxygen in fuel
cell systems. Wannakao et al. (2012) demonstrated that graphene is
able to induce the positive charge of an embedded Fe atom, making
it ready to react with the N,O molecule.

As reported by Oh et al. (2013) the microscopic graphene moi-
eties in biochar may serve as both adsorption sites (due to the
condensed carbon formed during pyrolysis) and electron-transfer
agents. The catalytic ability of biochar can be due to the presence
of surface functional groups, such as (hydro)-quinones, or redox-
active metals, such as Fe, Cu and Mn.

Cayuela et al. (2013) proposed the function of biochar as an
“electron shuttle”, a redox system readily changing from one state
to another that favours the transport of electrons to microorgan-
isms. This system has also been described in other forms of organic
matter in soil, such as humic substances (Lovley et al., 1996) and
microbial exudates (Newman and Kolter, 2000).

Although at present there are no experiments that demonstrate
a purely chemical formation or consumption of N, O in soil after the
addition of biochar, many novel studies (such as presented above)
provide new and challenging insights into how N,O might bind
to biochars, particularly metal ions embedded in biochar, and be
activated for N-N or N-O scission.

2.2. Biotic mechanisms

2.2.1. Biochar liming effect

Soil pH is a master variable affecting N,O production and con-
sumption processes in soil. Nitrifiers perform well in slightly acidic
to slightly alkaline pH soils (Merkved et al., 2007), whereas deni-
trifiers have a wider pH optimum in the range of pH 4-8 (Liu et al.,
2010).Therefore, the relationship of nitrification and denitrification
on N,O emissions is not straightforward because of the influence
of soil pH on the fractions of transformed N released as N,O from
the two processes (Simek and Cooper, 2002; Mgrkved et al., 2007).
Low soil pH may increase the N, O product ratios for (i) nitrification
(N20O/(NO,~ +NO37)) possibly due to enhanced denitrification of
NO,~ from nitrification (Megrkved et al., 2007), and (ii) denitrifica-
tion (N, O/(N, + N, 0)) possibly due to impaired synthesis or activity
of the functional N,O reductase enzyme (Liu et al., 2010; Bakken
et al., 2012). These product ratios have been shown to decrease
when pH is increased through liming of agricultural soils par-
ticularly for denitrification under anaerobic conditions (Mgrkved
et al., 2007; Liu et al., 2010). However, in drained soils, the pH and
N, O emission relationship may be hampered because liming may
transiently increase organic C and N mineralization (Curtin et al.,
1998) with potential feedback effects on denitrification and nitri-
fication, respectively (Mgarkved et al., 2007). Nevertheless, altering
N, O product ratios of nitrification and denitrification by increasing
soil pH within an optimum range is of considerable practical
relevance to devise strategies for reducing N,O emissions from
agricultural soils (Simek and Cooper, 2002).
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Biochars are usually alkaline in nature, which may vary in their
acid neutralizing (liming) capacity depending on feedstock type
and production temperature (Cao et al.,, 2009; Cao and Harris,
2010; Singh et al., 2010a; Yuan et al., 2011a,b; Yuan and Xu, 2011).
Oxygen-containing organic functional groups on biochar surfaces
and mineral deposits such as CaCO5; (Van Zwieten et al., 2010a)
formed during pyrolysis or inherited from parent feedstocks are
the main forms of alkalinity in biochars, which may neutralize soil
acidity (Yuanetal.,2011b). Furthermore, biochars may contain con-
siderable amounts of soluble base cations (Singh et al., 2010a; Yuan
et al,, 2011b), which can release rapidly into soil. Thus, biochar
application may be a novel strategy to increase soil pH, supply base
cations, and consequently decrease the N, O product ratios of nitrifi-
cation and denitrification (Van Zwieten et al., 2010b; Castaldi et al.,
2011). Some studies have linked observed reductions in N, O emis-
sions to biochar-induced increases in soil pH, which may shift the
product stoichiometry of denitrification to increased production
of N, relative to N;O (Van Zwieten et al., 2010b). More recently,
Cayuelaetal.(2013)demonstrated by >N stable isotope techniques
that biochar favours the last step of denitrification, decreasing the
N,O/N, ratio in 15 soils, and showed that biochar liming effect
is a key aspect, but not the only one, for mitigating N,O emis-
sions during denitrification. In a parallel experiment, addition of
CaCO3 did not decrease N, O emissions, which demonstrates that a
mere shift in soil pH was not the only reason for N,O mitigation.
Further direct field or laboratory-based evidence is required using
I5N stable isotope methodologies to investigate the liming-buffer
capacity hypothesis for biochars across predominantly nitrifying
and denitrifying conditions.

Biochar may lose its liming effect over time. Furthermore, oxi-
dation of biochar surfaces during ageing may generate acidity and
lower soil pH in the vicinity of biochar particles. Slavich et al.
(2013) reported that the liming effect of animal manure biochar
can be retained in soil over several seasons. However, simultane-
ous field measurements did not show significant reductions in soil
N, O emissions by the feedlot manure biochar (Scheer et al., 2011).
It is thus important to characterize the longevity of the impact of
biochar alkalinity on N, O product ratios for different biochars and
soils, thereby optimizing biochar-soil combinations for reducing
soil N, O emissions.

2.2.2. Impact on soil aeration

The addition of biochar has been reported to decrease soil N,O
emissions by affecting soil physical properties, either by reduc-
ing soil compaction and bulk density (Rogovska et al., 2011) or
by adsorbing an excess of soil moisture (Yanai et al., 2007). These
authors reported an increase in soil porosity and aeration which
is a major factor governing N, O generation and diffusion (Heincke
and Kaupenjohann, 1999). Water-filled pore space (WFPS), a mea-
sure of the water—air contents of the soil, regulates soil aeration
and the oxygen availability for microorganisms, affecting the activ-
ity of nitrifiers and denitrifiers. Bateman and Baggs (2005) found
that nitrification was the main process producing N,O at 35-60%
WEPS, whereas denitrification was the predominant process above
70% WEPS and the major contributor to soil N,O emissions. Under
severely O, limiting conditions denitrifiers can reduce NO3~ to N,
without appreciable N, O emissions. However, as the availability of
0, increases in the soil the amount of emitted N, O can be enhanced
considerably, increasing the N, O/N; ratio. In this case, nitrifier den-
itrification may be responsible for the generation of N,O (Wrage
et al.,, 2001). With decreasing WFPS, gas diffusion and transport
increases in soil allowing the N, O to be emitted rather than being
further reduced in the soil (Chapuis-Lardy et al., 2007). Increased
0, availability at low WFPS inhibits the activity of denitrifiers, with
nitrifiers being the main responsible for N, O emissions. Despite the
positive impact of biochar in enhancing soil O, availability, the net

contribution of biochar in reducing N, O emissions needs to be care-
fully assessed since the positive impact of biochar on soil moisture
may lead to an increase of N,O emissions by stimulating micro-
bial growth (Saarnio et al., 2013). Case et al. (2012) found that the
enhancement of soil aeration by the addition of biochar only made
a minimal contribution to the decrease of N;O emissions and con-
cluded that biochar should affect other variables involved in N,O
production and consumption.

Another indirectimpact of biochar on soil porosity and hydraulic
properties is its influence on the formation and stability of soil
aggregates (Liu et al., 2012b; Herath et al., 2013), a subject that has
been barely studied to date and that is known to alter greenhouse
gas (GHG) emissions (Mukherjee and Lal, 2013).

2.2.3. Interaction with N in soil

Bioavailable or reactive N in soil constitutes both organic and
mineral N species, including nitrate and ammonium, which can
be readily utilized by microorganisms and plants (Huygens et al.,
2008). The availability of this N is the major driver for soil N, O emis-
sions (Butterbach-Bahl et al.,2013). While there is arecognized lack
of literature on the interactions between biochar, soil biota and N
cycling (Clough et al., 2013), evidence is emerging that biochar may
limit the availability of N in soil, thus reducing substrate availability
for production of N,O.

Biochars produced at high temperatures have been shown to
adsorb NO3~ in aqueous sorption experiments (Dempster et al.,
2012b; Kameyama et al.,2012; Yaoetal.,2012). Clough et al. (2013)
reviewed this work in detail, suggesting that biochars produced
above 600 °C are more likely to sorb NO3 ~. Similarly, in soil column
experiments, Mukherjee and Zimmerman (2013) presented evi-
dence that higher temperature biochars (650 °C) displayed greater
nutrient sorption than low temperature biochars and reasoned
that this is due to their greater surface area and organic matter
(OM) sorption capacity. However, Kameyama et al. (2012) sug-
gest that this adsorption may be through ionic binding with basic
functional groups on the biochar rather than through physical
entrapment. Similarly, Knowles et al. (2011) reported significant
reductions in NO3~ leaching upon application into soil amended
with wood biochar made at 600°C, but could not determine the
mechanisms involved. Case et al. (2012) using wood biochar made
at 400°C and Bruun et al. (2011) using crop residue biochar made
at 525 °C also showed a significant decline in soil extractable NO3~
over time in the presence of biochar. Van Zwieten et al. (2010b)
reported an accumulation of NO3 ~ in soils with biochar amendment
and a concomitant decrease in N,O emissions. Here biochar rate
tended to influence NO3~ accumulation to a greater degree than
biochar temperature or feedstock composition. Similarly, Cayuela
et al. (2013) has shown concomitant accumulation of NO3~ in a
range of soils with corresponding decrease in emissions of N,O.
Prendergast-Miller et al. (2011) showed accumulation of NO3~ in
biochar amended rhizosphere soil, suggesting flow of NO3~ from
bulk soil via soil solution, with NO3; ~ being localized within the pore
spaces of biochar in the rhizosphere.

The effects of biochar on NO3~ binding, however, may be short
term as biochar surfaces are oxidized in soil, generating acidic (car-
boxylic and phenolic) functional groups (Cheng et al., 2008; Lin
et al.,, 2012). This is supported by Singh et al. (2010b), who found
that biochars produced at 400 and 550 °C did not impact on leach-
ing of NO3~ in two contrasting soil types in a relatively long-term
soil incubation study.

While changes to the sorption of mineral N in soil following
biochar amendment has been reported in incubation studies, a
paucity of data still exists from longer term field studies (Clough
et al, 2013). In a 3-year field experiment, contrasting results were
observed where a wood biochar appeared to have little effect on
the turnover of amino acid-N, the concentration of NH4* or NO3~,
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or the rate of N mineralization in soil (Jones et al., 2012). Evidence
suggests that biochars undergo oxidation reactions in soil, which
will improve their cation sorption capacity, concomitantly reduc-
ing anion exchange. Further, evidence suggests the direct sorption
capacity for organic compounds may decrease upon ageing of
biochar in soil (Martin et al., 2012), while biochar organo-mineral
interactions may increase following ageing (Liang et al., 2010).
Biochar application may also positively prime organic matter
mineralization in soil (Luo et al., 2011), thus releasing soil organic
N from relatively recalcitrant to more labile N forms (Nelissen
et al., 2012). Nevertheless, the impact of biochar amendment on
the availability of N for microorganisms that produce N, O remains
contradictory. Clearly, further work is required on how biochar
properties, as a function of pyrolysis temperature or feedstock type,
and its application rate and ageing in soil alter soil NO3~ and NH4*
dynamics and consequently their availability for N,O emissions.

2.2.4. Interaction with dissolved organic C in soil

Biochar is expected to impact N,O emission by affecting dis-
solved organic C availability, which is a major variable governing
denitrification potential in soils (Butterbach-Bahl et al., 2013). Den-
itrification is a facultative process that requires an extra source
of organic C as electron donor. Hence the presence of available
C would directly promote the growth of denitrifiers but it would
also indirectly increase their activity by stimulating soil respira-
tion and reducing O, availability in soil (Morley and Baggs, 2010).
The denitrification N, O product ratio [N;O/(N,0 +N>)] in soils has
been reported to be affected by the relative availability of organic C
and NO3~ (Miller et al., 2008) and the quality of the added organic
C (Baggs et al., 2000). The application of organic material with a
high C/N ratio may lead to decreases in N,O emissions due to a
temporary immobilization of soil N, whereas low C/N ratio mate-
rials generally promote rapid mineralization after incorporation in
soil leading to higher N,O emissions (Baggs et al., 2000). Biochar
itself does not represent an important source of labile organic C
but it is known to interact with native or added organic C, possibly
through the sorption of organic compounds on biochar surfaces and
incorporation of the added organic C in organo-mineral fractions,
reducing the availability of organic C for the soil microorganisms
(Joseph et al., 2010; Liang et al., 2010; Keith et al., 2011). Troy
et al. (2013) observed that biochar increased N,O emissions in a
soil amended with pig manure, which was attributed to increased
WEFPS and organic C contents, probably from either the direct input
of labile biochar C or through enhanced soil OM mineralization.
The interaction of specific organic C compounds with the denitrifier
community, in particular with the regulation of the N, O reductase
enzyme, still remain aresearch topic requiring further investigation
(Morley and Baggs, 2010).

2.2.5. Release of toxic/inhibitory compounds

Several studies have reported an initial noxious effect to plants
(Gell et al.,, 2011) or microbial communities (Dempster et al.,
2012a) when certain biochars were applied to soil. Biochar may
contain potentially toxic organic compounds (polycyclic aromatic
hydrocarbons (PAHs), polychlorinated dibenzo dioxins and furans
(PCDDs/Fs)), which develop during the pyrolysis of biomass (Hale
et al., 2012; Hilber et al., 2012). The release of these compounds
during the first weeks after soil amendment might alter microbial
processes. For instance, PAHs have been found to modify nitrifica-
tion processes (Sverdrup et al.,2002; Maliszewska-Kordybachetal.,
2007) and profoundly transform the abundance and structure of
denitrifying communities (Guo et al., 2013).

This transient release of inhibitory or toxic compounds after
biochar soil amendment has been postulated as a contributing
mechanism to explain the reduction of N,O emissions from soil.
Spokas et al. (2010) were the first in reporting a direct impact

of a biochar-released microbial inhibitor on GHG decrease. They
detected production of ethylene (known to inhibit nitrification
and methanotrophic activities) in soils amended with biochar and
related this to the observed GHG reductions. More recently, Wang
et al. (2013b) reported that the PAHs in low-temperature biochars
(300-400°C) seem to be a dominant factor in reducing N,O emis-
sions, but not for high-temperature biochars (500-600 °C).

According to Hale et al. (2012) for slow pyrolysis the greatest
PAHs concentrations are generally observed in biochars produced
between 350 and 550 °C. Biochars produced by fast pyrolysis and
gasification contain higher concentrations of PAHs than those pro-
duced by slow pyrolysis. In line with this, transient release of
inhibitory compounds might be a contributing mechanism for some
biochars, however, experiment lags behind theory and there is an
urgent need for more studies giving definitive evidence and quan-
tifying the real contribution of this mechanism.

2.2.6. Biochar interactions with the soil biota

While many of the soil biological interactions with biochar
remain to be determined, it has been reported that biochar changes
microbial abundance and community composition (Lehmann et al.,
2011) including ammonium oxidizer community composition
(Dempster et al., 2012a). Potentially the ratio of nitrifiers to deni-
trifiers within the soil will also be affected by biochar application,
which has been shown to be the case with biochar applied in com-
post (Wang et al., 2013a). However, the underlying mechanisms
behind such changes in community composition remain largely
unknown (Lehmann et al., 2011).

The N-cycle within soils is driven by the microbiota; mainly bac-
teria and archaea. Some work now exists in the literature regarding
the effects of biochar application to soil on the microbiota (Kolton
et al., 2011; Chen et al., 2012). However, there is still a paucity
of data on the effects of biochar application to soil on microor-
ganisms or genes involved in N-cycling or N,O production. Ducey
et al. (2013) found that biochar increased the abundance of nifH
(N fixation), nosZ (nitrous oxide reductase), nirK, and nirS (both
nitrite reductase) genes within the microbial communities. All of
these genes were found to increase with increasing biochar appli-
cation rate up to 10% (w:w), the maximum application rate that
they studied.

Wang et al. (2013a) reported that N,O emission rates corre-
lated with the abundance of nosZ, nirK, and nirS genes in compost
amended with biochar. They found that the nirK gene (associ-
ated with cytochrome cd1 nitrite reductase) was approximately
24 times more abundant than the nirS gene (associated with cop-
per nitrite reductase). Cytochrome cd1 nitrite reductase is also able
to reduce molecular oxygen to water. This has the potential to
increase O, depletion locally and so shift the environment towards
one more suitable for denitrification with potential implications for
the N, O/N, production ratio. However, the significance of this and
whether it occurs in soil following biochar application is yet to be
determined.

Biochar amendment to soil has been shown to increase biologi-
cal nitrogen fixation (BNF) in legumes (Nishio, 1996; Rondon et al.,
2007). This is likely to lead to increase N within the soil system
and so increase the potential for N,O emissions. Several mecha-
nisms have been proposed for the improvement in BNF, including:
increased nodulation (Tagoe et al.,2008; Ogawa and Okimori, 2010;
Rillig et al., 2010); immobilization of mineral N (Bruun et al., 2011;
Nelissen et al., 2012); and increase P bioavailability (Nelson et al.,
2011; Brewer et al., 2012), which can influence N uptake by plants,
particularly in P poor soils. However, Saarnio et al. (2013) reported
a plant competition effect for N on N, O fluxes with decreased N,O
emissions when plants were present due to plant uptake compet-
ing with microbes for N. The effects of interactions between biochar
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and BNF on N, 0 emissions remain to be determined and are likely
to vary between different biochar, plant and soil types.

Little to no work has been conducted on the interaction with
biochar and soil mesofauna such as nematodes, collembola and
mites. While these organisms play little direct role on the emission
of N, O from soils, microbe feeding mesofauna are known to influ-
ence microbial community composition and hence decomposition
rates and N mineralization rates (Seastedt, 1984). It is possible that
biochar interactions with soil mesofauna can cascade down the soil
food web and so affect bacterial and archaeal communities with
implications for N, O emissions from soil. However, further work is
needed to test this hypothesis.

Earthworm activity is an important contributor to N,O emis-
sions from soils (Lubbers et al., 2013). While some work has been
published looking at the interactions of earthworms with biochar
(e.g. Chan et al., 2008; Weyers and Spokas, 2011; Van Zwieten
et al.,, 2010a), little work has yet been done on the effects on
N, O emissions resulting from the interaction between biochar and
earthworms on N cycling. Noguera et al. (2012) found few inter-
actions between earthworms and biochar and no interactions with
mineral N. Conversely, Augustenborg et al. (2012) reported that
biochar reduced earthworm-induced N,O fluxes. However, the
mechanisms behind this effect were unclear again highlighting the
need for further research in this area.

3. Current knowledge: a quantitative analysis of published
studies

3.1. Methods

3.1.1. Data sources and compilation

A literature search was conducted using Scopus, Web of Sci-
ence and Google Scholar databases using the keywords “biochar”
OR “charcoal” OR “black carbon” AND “N,0” OR “nitrous oxide” OR
“greenhouse gas” (cut-off date May 15th 2013). For each article the
title and abstract were evaluated to verify if they reported original
quantitative data on N,O emissions and these articles were exam-
ined in detail for quality criteria. A minimum of three replicates per
treatment were required for the study to be included in the meta-
analysis. Studies where the gas sampling frequency was considered
not appropriate (gas samples were taken only once or twice during
the entire experiment) were not included. We collected data com-
paring N,O emissions between a control and a biochar treatment.
The control was defined as being identical to the treatment for all
variables but without biochar.

A total of 261 experimental treatments from 30 peer-reviewed
articles published between 2007 and 2013 were selected. Data
derived mostly from laboratory or greenhouse experiments (Yanai
etal., 2007; Spokas et al., 2009; Spokas and Reikosky, 2009; Cayuela
et al., 2010a, 2013; Clough et al., 2010; Singh et al., 2010b; Van
Zwieten et al., 2010b; Bruun et al., 2011; Augustenborg et al., 2012;
Caseetal, 2012; Chengetal., 2012; Jiaetal.,2012; Kammann et al.,
2012; Sarkhot et al., 2012; Schouten et al., 2012; Stewart et al.,
2012; Zheng et al., 2012; Ameloot et al., 2013; Angst et al., 2013;
Malghani et al., 2013; Saarnio et al., 2013; Suddick and Six, 2013;
Troy et al., 2013; Wang et al., 2013b), but also from field studies
(Scheer et al., 2011; Taghizadeh-Toosi et al., 2011; Liu et al., 2012a;
Zhang et al., 2012a,b). Only peer-reviewed studies were included
because we did not find studies in the grey literature satisfying our
quality criteria. To test the possibility of publication bias (because
of studies showing no significant effects being not considered for
publication) the Rosenthal’s Fail-safe N test was used (Rosenthal,
1979).

From each study relevant data were extracted for (i) soil type
(texture, pH), (ii) biochar (feedstock, production temperature and
type of pyrolysis (slow, fast, hydrochar), application rate, pH and

C/N) and (iii) environmental conditions (field/lab study, soil mois-
ture, rate and type of extra N-fertilizer and study length). In
addition, data on biochar ash concentration and biochar ageing (in
soil) were extracted when available. When data were only provided
in graphs, Plot Digitizer 2.6.2 was used to extract data points. When
no measure of variance was given, or if some relevant data were
not included in the paper, efforts were made to contact the corre-
sponding authors to obtain these data. If such information was not
provided, these studies were excluded from the meta-analysis. We
focused our study on soils emitting N,O. Cases where soil acted
as N,O sink were only found in a forest nursery soil (Spokas and
Reikosky, 2009) and were not included in the study. If data from
the same experiment, from the same study period, were reported
in several papers (e.g. in chronosequence studies with different
papers showing data from the same study) the data were only
included once from the paper showing the longest study.

3.1.2. Data treatment and definition of categories

Data were subjected to a standardization process to allow for
comparisons. Biochar application rates were transformed to per-
centages of dry weight ratio (w:w) considering the soil layer
reported in each study (or a layer of 20cm when not reported)
and the bulk density (BD) of the soil. If BD was not included in the
article, it was calculated from the soil texture according to (Saxton
etal., 1986). The pH values measured with CaCl, were transformed
with the formula pHy, 0} = 1.65 4 0.86 x pHjc,c1,] inorder to make
them comparable to pH measured in distilled water (Biederman
and Harpole, 2013). When the temperature of pyrolysis was given
as a range (e.g. 400-500°C), the average value was chosen (i.e.
450°C). Soil moisture was found and reported as both percentage
of water holding capacity (WHC) or water filled pore space (WFPS).
The database containing the data for the meta-analysis is included
as supplementary material.

The selected data were grouped by categories. Feedstocks were
grouped in five categories: (i) biowaste (municipal solid waste),
(ii) biosolids (sewage sludge from water treatment plants), (iii)
manures or manure-based materials (from poultry, pig or cattle),
(iv) wood (oak, pine, willow, sycamore and unidentified wood
mixtures), (v) herbaceous (greenwaste, bamboo, straws) and (vi)
lignocellulosic waste (including rice husk, nuts shells, papermill
waste). The selection was aimed at producing homogenous group-
ings representative of the main feedstock types utilized for biochar
production. Biochars were grouped according to their pyrolysis
production temperature (<400, 401-500, 501-600, >600°C) and
the pyrolysis type (slow, fast or hydrochar). pH ranged from 4.2
to 9.0 in soils, being mostly acidic and neutral, and from 4.2 to
10.5 in biochars, being predominantly alkaline. Due to the differ-
ent data distributions they were grouped differently: two levels
of acidity for soils (<5 and 5-6.5) and two levels of alkalinity for
biochars (7.5-9.5 and >9.5). Soil texture was grouped into four cat-
egories: (i) organic soil (organic C >12%, w:w, basis), (ii) coarse
(sandy loam, sandy clay loam, loamy sand), (iii) fine (clay, silt clay,
sandy clay) or (iv) medium (clay loam, loam, silty clay loam, silt, silt
loam) (USDA, 1999). Soil moisture was classified as: (i) “low”, when
WEPS or WHC were lower than 80%, (ii) “high”, when WFPS or WHC
equal or higher than 80% or as (iii) “cycles”, when soil moisture was
subjected to drying-rewetting cycles in microcosms, pots or field
studies. In some studies biochar was added in combination with
N fertilisers. These were grouped as: urea, nitrate (NO3~), organic
amendment (compost, manure), ammonium nitrate (NH4NO3).
Finally biochar application rate was subdivided in five categories
(<1, 1-<2, 2-<5, 5-<10, >10%, dry weight ratio (w:w) basis).

3.1.3. Meta-analysis
Standardization of the literature results on the impact of
biochar application on N,O emissions was quantified through a
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meta-analysis (Rosenberg et al., 2000). For each study the control
and experimental (biochar) means were recorded (as average N,O
fluxes or total cumulative N, O emitted). The standard deviations of
both control and biochar treatments were included as a measure of
variance. We used the natural log-transformed response ratio (RR)
as a measure of effect size for the meta-analysis:

Xp
InRR = In (X—C)

where Xp represents the mean of the biochar treatment and Xc
the mean of the control group. The effect sizes of each grouping
were calculated using a categorical random effects model, where
the effect size is weighted in inverse proportion to its variance
(Adams et al., 1997). Groups with less than two treatments were
excluded from the analysis. Mean effect sizes of each category and
the 95% confidence intervals generated by bootstrapping (999 itera-
tions) were calculated with MetaWin Version 2 Statistical software
(Rosenberg et al., 2000). In the graphs, the change in N, O emissions
isshown as a percentage of the control (the effect size was exponen-
tially transformed and multiplied by 100 to obtain the percentage
change).

3.2. How do biochar characteristics influence N,O mitigation?

Biochar is not a single “uniquely defined” substance but includes
a series of charred biomass materials with different chemical com-
position and varying degrees of aromaticity (Keiluweit et al., 2010).
Biochar physical architecture and molecular composition depend
on both the original feedstock and the pyrolysis conditions. For
instance, Zhao et al. (2013) found that, for the same pyrolysis con-
ditions, properties including: fixed carbon, surface area, mineral
constituents or chemical functional groups widely differed depend-
ing on the feedstock. Keiluweit et al. (2010) proposed a gradual
change in the molecular structure of biochars with increasing tem-
peratures and defined four categories of biochars. The transition
temperature of one category to another depends on the pyrolysis
conditions (rate of temperature increase, time at highest treatment
temperature (HTT) and exposure to O,/cooling rate) and initial
feedstock (biomass components and physical structure). This gives
an idea about the complexity of the subject but, at the same time, it
provides possibilities for developing biochars for specific scenarios
with the ultimate aim of reducing soil N,O emissions.

3.2.1. Feedstock

Fig. 1 shows the mean effect size in N,O emissions grouped
by the original feedstock class. The sample mean shows a general
strong and significant reduction (—54 £+ 6%) in N,O emissions. The
largest number of studies has been undertaken on wood (415 direct
comparisons) and herbaceous materials (282 direct comparisons)
and in both cases the mean change (reduction) in N,O emissions
was significant. There were a considerable number of studies on
manure-based biochars (107 direct comparisons), with the mean
effect size close to zero, with a confidence interval from —46% to
+39%. The number of studies on biowaste and biosolids was con-
siderably lower, and limited to only one or two temperatures of
pyrolysis and soil type. Hence, the results were highly variable and
more studies are needed to define their influence. From the stud-
ies carried out to date, the combination of chemical composition
(e.g. N content, aromaticity) and physical properties (e.g. surface
area, porosity) related to the specific feedstock possibly defined
the potential of a certain biochar to decrease soil N,O emissions.
However, we could only test a limited number of biochar chem-
ical properties (Section 3.2.3), since a complete physico-chemical
characterization was missing in most of the studies used for the
meta-analysis. Plant derived materials seem to be the most promis-
ing feedstock in mitigating N,O emissions but more studies are

Fig. 1. Influence of different feedstock utilized for biochar production on changes in
N0 emissions from soil. Symbols represent mean effect sizes (percentage of change
in N, O emitted) with 95% confidence intervals (Rosenthals’ Fail Safe N: 10743). The
numbers shown in parentheses correspond to observations in each class upon which
the statistical analysis is based. The dotted line indicates the mean effect size for all
feedstocks when biochar is applied to soil.

needed for other important group of feedstock for which scarce or
no information is currently available.

3.2.2. Temperature and type of pyrolysis

No significant differences were found among the different tem-
peratures of pyrolysis in terms of the extent of N;O emissions
mitigation although the variability was higher for the <400°C and
>600 °C biochars (Fig. 2a). Itis important to note that although tem-
perature is normally used as an important parameter defining the
pyrolysis process, the degree of carbonization is a continuum of
temperature, residence time, atmosphere and particle size of the
feedstock being pyrolysed (Joseph et al., 2010). The majority of
studies used for our meta-analysis did not accurately report the
conditions for pyrolysis, so these parameters could not be tested.
Both fast and slow pyrolysis biochars exhibited significant reduc-
tions in N, O emissions, although fast pyrolysis exhibited a higher
variability (Fig. 2b). The number of studies with hydrochar was very
low, being the only biochar type where no significant effects on N,O
emissions were observed.

3.2.3. Biochar chemical properties (C/N, pH, ash)

Low and very low C/N biochars (C/N<30), from a variety of
original feedstocks (herbaceous, manures, peanut hulls) did not
significantly affect N, O emissions, while for C/N ratios higher than
30, there was a significant reduction in N, O emissions (Fig. 3). The
means for the different C/N ratio classes with values higher than
30 were close to the grand mean and there were no significant
differences between them.

Application of high C/N residues to soil has been found to
decrease N, O emissions due to microbial N immobilization (Baggs
etal.,2000; Cayuelaetal., 2010b). However, this mechanism may be
less important for biochar because of its predominantly aromatic
structure, thus decreasing bioavailable C for inducing N immobi-
lization (Major et al., 2010; Singh et al., 2012). The lower mitigation
capacity of high-N biochars (e.g. manures or biosolids) is probably
due to the increased N release in soil from the biochar (Singh et al.,
2010b; Schoutenetal.,2012; Wangetal.,2012). Evenif N in biochar
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Fig. 2. Mean change in N,O emissions depending on the reported temperature of pyrolysis (a) and the type of pyrolysis (b). Symbols represent mean effect sizes (percentage
of change in N, O emitted) with 95% confidence intervals (Rosenthals’ Fail Safe N: 9824 and 7004 for (a) and (b) respectively). The numbers shown in parentheses correspond
to observations in each class upon which the statistical analysis is based. The dotted line indicates the mean effect size for all temperatures (a) and type of pyrolysis (b).

is occluded in aromatic structures, a small percentage (10-20%) of
N has been found to be mineralized (Schouten et al., 2012).
Grouping by biochar pH or ash concentration did not lead
to differences in N,O mitigation (Supplementary Figs. 1 and 2).
Although pH is known to affect nitrification and denitrification
rates and associated N,O product ratios, biochar pH is not the
most suitable parameter defining its acid buffer capacity. As previ-
ously mentioned, different oxygen-containing organic anions on
biochar surfaces and mineral salts such as CaCO3; provide alka-
linity to biochars. The buffer capacity of a certain biochar will
depend on the type and concentration of alkalis present (Yuan
etal.,2011b).Inaddition, depending on the soil, biochar application

Fig. 3. Mean change in N, O emissions depending on biochar C/N ratio. Symbols rep-
resent mean effect sizes (percentage of change in N, O emitted) with 95% confidence
intervals (Rosenthals’ Fail Safe N: 9956). The numbers shown in parentheses corre-
spond to observations in each class upon which the statistical analysis is based. The
dotted line indicates the mean effect size for all biochars.

might not significantly influence soil pH. Most studies included in
the meta-analysis did not report the changes in soil pH after biochar
application, so we were not able to include this factor in the meta-
analysis. Clearly, further research is warranted to elucidate the role
of soil pH changes through biochar on N, O emission mitigation.

Ash concentration was included because high-salt biochars
could induce a “salting out effect” leading to higher N,O emis-
sions (Heincke and Kaupenjohann, 1999), which might reduce the
capacity of these biochars for mitigating N,O emissions. Cayuela
et al. (2013) found a negative correlation between N,O mitiga-
tion and ash concentration in a study with nine biochars under
denitrification conditions. However, other processes could have
simultaneously operated and the importance of biochars salt con-
centration needs further research.

3.2.4. Biochar application rate

There was a clear correlation between the biochar application
rate and the observed decrease in N, O emissions (Fig. 4). An appli-
cation rate of between 1 and 2% (dry weight basis) was sufficient
to significantly reduce the N,O emitted (mean reduction of 27%)
whereas high doses (>10%) reduced emissions up to 87%. This shows
that a decrease in N,O emissions by biochar can be a function
of biochar properties and their impacts on soil properties, which
are additive and may become pronounced with their increasing
content and dominance in soil.

3.3. How do soil characteristics and N fertilizer type influence
biochar N,0 mitigation capacity?

Some authors have reported contrasting impacts on N,O emis-
sions when the same biochar was applied to different soils (Spokas
and Reikosky, 2009; Stewart et al.,, 2012; Yoo and Kang, 2012;
Zheng et al., 2012). This is clearly linked to different N,O produc-
tion pathways operating in contrasting soils, where biochar would
differently influence these processes.

3.3.1. Soil texture

The mean change in N, O emissions in response to different soil
textures was analysed separately for high moisture (>80% of the
WEPS) and low moisture (<80% of the WFPS) conditions (Fig. 5a
and b). Under high moisture, biochar had the greatest mitigation
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Fig. 4. Influence of biochar application rate (%weight dry basis) on changes induced
in N,O emissions. Symbols represent mean effect sizes (percentage of change in
N0 emitted) with 95% confidence intervals (Rosenthals’ Fail Safe N: 11189). The
numbers shown in parentheses correspond to observations in each class upon which
the statistical analysis is based. The dotted line indicates the mean effect size for all
application rates.

of N,O emissions in fine texture soils, which are more prone to
denitrification. However, for coarse soils biochar did not exhibit a
significant effect, despite the mean showing a 53% increase in N,O
emissions after biochar application, due to the high level of variance
in the data. For low moisture conditions the trend was opposite and
coarse texture soils led to the greatest mitigation of N,O emissions.

There were not enough field (or other drying-rewetting) studies
to allow for analysis of how soil texture influences biochar effec-
tiveness to reduce emissions under those conditions.

3.3.2. Soil pH

Biochar was not effective at mitigating N,O emissions in acid
soils (pH <5), where there was no significant difference with the
control (Fig. 6). The impact of biochar was maximal in soils close to
neutrality but it did not differ significantly with slightly acidic or
alkaline soils. Soil pHs lower than 5 can adversely affect the activ-
ity of nitrous oxide reductase (Liu et al., 2010) and it is possible
thatbiochar application could not consistently alleviate the adverse
effect of such acid pHs.

3.3.3. Chemical form of applied N-fertilizer

Another aspect that might influence the effectiveness of biochar
for reducing N, O emissions is the chemical form of N (i.e. fertilizer)
co-applied with biochar (Fig. 7). Addition of biochar in combina-
tion with organic amendments or NH4NO3 led to non-significant
changes in N,O emissions with respect to the control. The mech-
anisms behind these interactions require further research. The
significantly lower N, O mitigation with NH4NO3 compared to only
NO;3;~ seems paradoxical. However, this might be related to the abi-
otic photo-reduction of nitrate coupled to the oxidation of NH4",
mechanism that has been recently reported by Rubasinghege et al.
(2011), where biochar might act as a reactive surface activating the
process.

The greatest effect mean was observed when biochar was
applied with NO3~ (80% decrease), which seems to point to an effect
on the denitrification process.

4. Knowledge gaps and future challenges

To date, most studies published on biochar and N;O emis-
sions are exploratory, reporting differences between a control
and a biochar-treatment and providing insights into the impact
of biochar on soil properties and conditions relevant for N,O
emissions, but without paying much attention to the different
mechanisms involved. Many quantitative data have been published
already, and our analysis shows that differences in N,O emissions
between the control and biochar treatments do exist, but that they
are highly contextual.

Fig. 5. Influence of soil texture at high (>80% WFPS) moisture (a) and low (<80% WFPS) moisture (b) levels on changes induced by biochar in N, O emissions. Symbols represent
mean effect sizes (percentage of change in N,O emitted) with 95% confidence intervals (Rosenthals’ Fail Safe N: 1489 and 1694 for (a) and (b) respectively). The numbers
shown in parentheses correspond to observations in each class upon which the statistical analysis is based. The dotted line indicates the mean effect size for all textures.
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Fig. 6. Effectiveness of biochar at mitigating N,O emissions depending on soil pH.
Symbols represent mean effect sizes (percentage of change in N,O emitted) with
95% confidence intervals (Rosenthals’ Fail Safe N: 4329). The numbers shown in
parentheses correspond to observations in each class upon which the statistical
analysis is based. The dotted line indicates the mean effect size for all pHs.

The next generation of studies on biochar and N,O emissions
needs to focus on a mechanistic understanding of the interactions
of biochar in soil. Some basic information that should be system-
atically included are (i) the characteristics of original feedstock
(origin and chemical characterization); (ii) the pyrolysis conditions
(the type of reactor, temperature ramp, highest treatment temper-
ature, exposure time, atmosphere, level and type of activation) (iii)

Fig. 7. Influence of N-fertilizers added in combination with biochar on changes
induced by biochar in N,O emissions. Symbols represent mean effect sizes (per-
centage of change in N,O emitted) with 95% confidence intervals (Rosenthals’ Fail
Safe N: 10073). The numbers shown in parentheses correspond to observations in
each class upon which the statistical analysis is based. The dotted line indicates the
mean effect size for all the different fertilizers used.

the physico-chemical characterization of the biochar (particle size,
proximate analysis, pH, acid neutralizing capacity: CaCO3 equiva-
lents, electrical conductivity, bulk density, surface area, adsorption
capacity, elemental analysis (C, N, H, O, S), potential toxicity) and
(iv) the soil characteristics (texture, bulk density, pH, total and sol-
uble organic C, total N, mineral N). Specific studies should also look
at microbial C and N, soil functionality tested by enzyme activities,
and microbial community composition.

There is an urgent need to identify the mechanisms underpin-
ning N,O emission mitigation with biochar and to quantify the
contribution of each mechanism to total N, O reductions. With this
purpose, the design of specific experiments focusing on key pro-
cesses (and preventing possible confounding effects) is essential.
The use of novel tools including isotopes, inhibitors and molecu-
lar techniques, recently reviewed by Butterbach-Bahl et al. (2013),
should be gradually implemented to characterize and quantify soil
processes in biochar-N,O studies.

Although here we were able to identify some factors (e.g.
feedstock type, production temperature and process, biochar and
soil properties, application rate, biochar N-source interactions)
contributing to reductions in N,O emissions with biochar (and
associated variability in the observed effects), several other poten-
tially important factors could not be tested owing to a lack of
appropriate studies. For instance, we were not able to evaluate
the impact of biochar on N,O emissions which are dependent on
soil total organic C as this parameter was often not presented in
published manuscripts. Another important factor to consider (that
has been insufficiently addressed) is the interaction of biochar with
plants. An increase in plant productivity has been observed in soils
amended with biochar (Jeffery etal.,2011). Similarly, in some stud-
ies biochar has been found to favour BNF, reduce N uptake by plant
or minimize NO3~ leaching and therefore increase N concentration
in soil. In this sense, N, O emissions should be assessed as a function
of crop N uptake and crop productivity (expressed as above-ground
N uptake: ‘yield-scaled N, O emissions’ (Van Groenigen et al.,2010))
instead of merely reporting total emissions.

Finally, another important uncertainty is how ageing will affect
the ability of biochar to decrease N, O emissions. A reduction in the
impact of biochar on soil N,O emissions has been observed after
three years of ageing in soil (Spokas, 2012). However, the cause of
the loss of N,O mitigation ability of biochar is unknown, as is the
impact of these phenomena across a range of soil types. Determin-
ing the mechanism responsible for this loss and the actual duration
of the mitigation effect is fundamental to establish the best man-
agement practices incorporating biochar.

Acknowledgements

This study was performed under the framework of the EU
project FP7 KBBE.2011.1.2-02 FERTIPLUS “Reducing mineral fertilis-
ers and agro-chemicals by recycling treated organic waste as compost
and bio-char” project nr. 289853 co-funded by the European Com-
mission, Directorate General for Research & Innovation, within the
7th Framework Programme of RTD, Theme 2 - Biotechnologies,
Agriculture & Food.

The European Social Fund is acknowledged for co-financing
MLC’s JAE-Doc contract at CSIC. The authors are thankful to all
the researchers who performed the studies that made possible the
meta-analysis and particularly to K. Spokas, S. Saarnio, D. Sarkhot,
A.A. Berhe, M. Healy and S. Troy, who were contacted and kindly
supplied any missing relevant information. This publication reflects
the author’s views, findings and conclusions and the European
Commission is not liable for any use that may be made of the
information contained therein.



14 M.L. Cayuela et al. / Agriculture, Ecosystems and Environment 191 (2014) 5-16

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.agee.2013.10.009.

References

Adams, D.C., Gurevitch, J., Rosenberg, M.S., 1997. Resampling tests for meta-analysis
of ecological data. Ecology 78, 1277-1283.

Ameloot, N., De Neve, S., Jegajeevagan, K., Yildiz, G., Buchan, D., Funkuin, Y.N., Prins,
W., Bouckaert, L., Sleutel, S.,2013. Short-term CO, and N, O emissions and micro-
bial properties of biochar amended sandy loam soils. Soil Biol. Biochem. 57,
401-410.

Angst, T.E., Patterson, CJ., Reay, D.S., Anderson, P., Peshkur, T.A., Sohi, S.P., 2013.
Biochar diminishes nitrous oxide and nitrate leaching from diverse nutrient
sources. J. Environ. Qual. 42, 672-682.

Augustenborg, C.A., Hepp, S., Kammann, C., Hagan, D., Schmidt, O., Miiller, C., 2012.
Biochar and earthworm effects on soil nitrous oxide and carbon dioxide emis-
sions. ]. Environ. Qual. 41, 1203-1209.

Baggs, E.M.,, 2011. Soil microbial sources of nitrous oxide: recent advances in knowl-
edge, emerging challenges and future direction. Curr. Opin. Environ. Sust. 3,
321-327.

Baggs, E.M,, Rees, R.M., Smith, K.A,, Vinten, AJ.A., 2000. Nitrous oxide emission from
soils after incorporating crop residues. Soil Use Manage. 16, 82-87.

Bakken, L.R., Bergaust, L., Liu, B., Frostegard, A., 2012. Regulation of denitrification
at the cellular level: a clue to the understanding of N,O emissions from soils.
Philos. Trans. R. Soc. B: Biol. Sci. 367, 1226-1234.

Bateman, E.J., Baggs, E.M., 2005. Contributions of nitrification and denitrification to
N, O emissions from soils at different water-filled pore space. Biol. Fertil. Soils
41, 379-388.

Biederman, L.A., Harpole, W.S., 2013. Biochar and its effects on plant productivity
and nutrient cycling: a meta-analysis. GCB Bioenergy 5, 202-214.

Bremner, J.M., Blackmer, A.M., Waring, S.A., 1980. Formation of nitrous oxide and
dinitrogen by chemical decomposition of hydroxylamine in soils. Soil Biol.
Biochem. 12, 263-269.

Brewer, C.E., Hu, Y.-Y., Schmidt-Rohr, K., Loynachan, T.E., Laird, D.A., Brown, R.C.,
2012. Extent of pyrolysis impacts on fast pyrolysis biochar properties. J. Environ.
Qual. 41, 1115-1122.

Bruun, EW., Miiller-St6éver, D., Ambus, P., Hauggaard-Nielsen, H., 2011. Appli-
cation of biochar to soil and N,O emissions: potential effects of blending
fast-pyrolysis biochar with anaerobically digested slurry. Eur. J. Soil Sci. 62,
581-589.

Butterbach-Bahl, K., Baggs, E.M., Dannenmann, M., Kiese, R., Zechmeister-
Boltenstern, S., 2013. Nitrous oxide emissions from soils: how well do we
understand the processes and their controls? Philos. Trans. R. Soc. Lond. B: Biol.
Sci. 368.

Cao, X., Harris, W., 2010. Properties of dairy-manure-derived biochar pertinent to
its potential use in remediation. Bioresour. Technol. 101, 5222-5228.

Cao, X., Ma, L,, Gao, B., Harris, W., 2009. Dairy-manure derived biochar effectively
sorbs lead and atrazine. Environ. Sci. Technol. 43, 3285-3291.

Case, S.D.C., McNamara, N.P., Reay, D.S., Whitaker, J., 2012. The effect of biochar
addition on N,O and CO, emissions from a sandy loam soil—the role of soil
aeration. Soil Biol. Biochem. 51, 125-134.

Castaldi, S., Riondino, M., Baronti, S., Esposito, F.R., Marzaioli, R., Rutigliano, F.A.,
Vaccari, F.P., Miglietta, F.,2011. Impact of biochar application to a Mediterranean
wheat crop on soil microbial activity and greenhouse gas fluxes. Chemosphere
85, 1464-1471.

Cayuela, M.L., Oenema, O., Kuikman, P.J., Bakker, R.R., van Groenigen, ].W., 2010a.
Bioenergy by-products as soil amendments? Implications for carbon sequestra-
tion and greenhouse gas emissions. GCB Bioenergy 2, 201-213.

Cayuela, M.L,, Sinchez-Monedero, M.A., Roig, A., Hanley, K., Enders, A., Lehmann,
J., 2013. Biochar and denitrification in soils: when, how much and why does
biochar reduce N,O emissions? Sci. Rep. 3, 1732.

Cayuela, M.L., Velthof, G.L, Mondini, C., Sinicco, T., van Groenigen, J.W., 2010b.
Nitrous oxide and carbon dioxide emissions during initial decomposition of
animal by-products applied as fertilisers to soils. Geoderma 157, 235-242.

Clough, T., Condron, L., Kammann, C., Miiller, C., 2013. A review of biochar and soil
nitrogen dynamics. Agronomy 3, 275-293.

Clough, T.J., Bertram, J.E., Ray, J.L., Condron, L.M., O’Callaghan, M., Sherlock, R.R.,
Wells, N.S.,2010. Unweathered wood biochar impact on nitrous oxide emissions
from a bovine-urine-amended pasture soil. Soil Sci. Soc. Am. J. 74, 852-860.

Clough, T.J., Condron, L.M., 2010. Biochar and the nitrogen cycle: introduction. J.
Environ. Qual. 39, 1218-1223.

Cornelissen, G., Rutherford, D.W., Arp, H.P.H., Dorsch, P., Kelly, C.N., Rostad, C.E.,
2013. Sorption of pure N, O to biochars and other organic and inorganic materials
under anhydrous conditions. Environ. Sci. Technol. 47, 7704-7712.

Curtin, D., Campbell, C.A,, Jalil, A., 1998. Effects of acidity on mineralization: pH-
dependence of organic matter mineralization in weakly acidic soils. Soil Biol.
Biochem. 30, 57-64.

Chan, K.Y., Van Zwieten, L., Meszaros, 1., Downie, A., Joseph, S., 2008. Using poultry
litter biochars as soil amendments. Soil Res. 46, 437-444.

Chapuis-Lardy, L., Wrage, N., Metay, A., Chotte, ].-L., Bernoux, M., 2007. Soils, a sink
for N,O? A review. Global Change Biol. 13, 1-17.

Chen,J., Qu,J., Liy, X,, Zheng, ]., Li, L., Pan, G., 2012. Inconsistent changes in microbial
community structure and abundance with biochar amendment in rice paddy
soils from South China. In: EGU General Assembly 2012, Vienna, Austria, p. 656.

Cheng, C.-H., Lehmann, J., Engelhard, M.H., 2008. Natural oxidation of black carbon
in soils: changes in molecular form and surface charge along a climosequence.
Geochim. Cosmochim. Acta 72, 1598-1610.

Cheng, Y., Cai, Z.-c.,, Chang, S., Wang, ]., Zhang, J.-b., 2012. Wheat straw and its
biochar have contrasting effects on inorganic N retention and N,O production
in a cultivated Black Chernozem. Biol. Fertil. Soils 48, 941-946.

Dempster, D.N., Gleeson, D.B., Solaiman, Z.M., Jones, D.L., Murphy, D.V., 2012a.
Decreased soil microbial biomass and nitrogen mineralisation with Eucalyptus
biochar addition to a coarse textured soil. Plant Soil 354, 311-324.

Dempster, D.N., Jones, D.L., Murphy, D.V., 2012b. Clay and biochar amendments
decreased inorganic but not dissolved organic nitrogen leaching in soil. Soil Res.
50,216-221.

Ducey, T.F., Ippolito, ].A., Cantrell, K.B., Novak, J.M., Lentz, R.D., 2013. Addition of
activated switchgrass biochar to an aridic subsoil increases microbial nitrogen
cycling gene abundances. Appl. Soil Ecol. 65, 65-72.

Fernandes, S.0., Bonin, P.C., Michotey, V.D., Garcia, N., LokaBharathi, P.A., 2012.
Nitrogen-limited mangrove ecosystems conserve N through dissimilatory
nitrate reduction to ammonium. Sci. Rep. 2, 419.

Fu,H.,Zhy, D.,2013. Graphene oxide-facilitated reduction of nitrobenzene in sulfide-
containing aqueous solutions. Environ. Sci. Technol. 47, 4204-4210.

Gell, K., van Groenigen, J., Cayuela, M.L., 2011. Residues of bioenergy production
chains as soil amendments: immediate and temporal phytotoxicity. ]. Hazard.
Mater. 186, 2017-2025.

Guo, G.-X., Deng, H., Qiao, M., Yao, H.-Y., Zhu, Y.-G., 2013. Effect of long-term wastew-
ater irrigation on potential denitrification and denitrifying communities in soils
at the watershed scale. Environ. Sci. Technol. 47, 3105-3113.

Hale, S.E., Lehmann, ]., Rutherford, D., Zimmerman, A.R., Bachmann, R.T., Shi-
tumbanuma, V., O'Toole, A., Sundqvist, K.L., Arp, H.P.H., Cornelissen, G., 2012.
Quantifying the total and bioavailable polycyclic aromatic hydrocarbons and
dioxins in biochars. Environ. Sci. Technol. 46, 2830-2838.

Heincke, M., Kaupenjohann, M., 1999. Effects of soil solution on the dynamics of N,O
emissions: a review. Nutr. Cycl. Agroecosyst. 55, 133-157.

Herath, H.M.S.K., Camps-Arbestain, M., Hedley, M., 2013. Effect of biochar on soil
physical properties in two contrasting soils: an Alfisol and an Andisol. Geoderma
209-210, 188-197.

Hilber, L., Blum, F., Leifeld, J., Schmidt, H.-P., Bucheli, T.D., 2012. Quantitative deter-
mination of PAHs in biochar: a prerequisite to ensure its quality and safe
application. J. Agric. Food Chem. 60, 3042-3050.

Huygens, D., Boeckx, P., Templer, P., Paulino, L., Van Cleemput, O., Oyarzun, C., Muller,
C.,Godoy, R.,2008. Mechanisms for retention of bioavailable nitrogen in volcanic
rainforest soils. Nat. Geosci. 1, 543-548.

Jeffery, S., Verheijen, F.G.A., van der Velde, M., Bastos, A.C., 2011. A quantitative
review of the effects of biochar application to soils on crop productivity using
meta-analysis. Agric. Ecosyst. Environ. 144, 175-187.

Jia,J., Li,B., Chen, Z., Xie, Z., Xiong, Z., 2012. Effects of biochar application on vegetable
production and emissions of N,O and CHy. Soil Sci. Plant Nutr. 58, 503-509.
Jones, D.L,, Rousk, J., Edwards-Jones, G., DeLuca, T.H., Murphy, D.V., 2012. Biochar-
mediated changes in soil quality and plant growth in a three year field trial. Soil

Biol. Biochem. 45, 113-124.

Joseph, S.D., Camps-Arbestain, M., Lin, Y., Munroe, P., Chia, C.H.,Hook, ]., van Zwieten,
L., Kimber, S., Cowie, A., Singh, B.P., Lehmann, J., Foidl, N., Smernik, R.J., Amonette,
J.E., 2010. An investigation into the reactions of biochar in soil. Soil Res. 48,
501-515.

Kameyama, K., Miyamoto, T., Shiono, T., Shinogi, Y., 2012. Influence of sugarcane
bagasse-derived biochar application on nitrate leaching in calcaric dark red soil.
J. Environ. Qual. 41, 1131-1137.

Kammann, C., Ratering, S., Eckhard, C., Miiller, C.,2012. Biochar and hydrochar effects
on greenhouse gas (carbon dioxide, nitrous oxide, and methane) fluxes from
soils. J. Environ. Qual. 41, 1052-1066.

Keiluweit, M., Nico, P.S., Johnson, M.G., Kleber, M., 2010. Dynamic molecular struc-
ture of plant biomass-derived black carbon (biochar). Environ. Sci. Technol. 44,
1247-1253.

Keith, A., Singh, B., Singh, B.P., 2011. Interactive priming of biochar and labile
organic matter mineralization in a smectite-rich soil. Environ. Sci. Technol. 45,
9611-9618.

Knowles, O.A., Robinson, B.H., Contangelo, A., Clucas, L., 2011. Biochar for the miti-
gation of nitrate leaching from soil amended with biosolids. Sci. Total Environ.
409, 3206-3210.

Kolton, M., Meller Harel, Y., Pasternak, Z., Graber, E.R., Elad, Y., Cytryn, E., 2011.
Impact of biochar application to soil on the root-associated bacterial community
structure of fully developed greenhouse pepper plants. Appl. Environ. Microbiol.
77,4924-4930.

Lehmann, J., Rillig, M.C,, Thies, J., Masiello, C.A., Hockaday, W.C., Crowley, D., 2011.
Biochar effects on soil biota—a review. Soil Biol. Biochem. 43, 1812-1836.

Liang, B., Lehmann, J., Sohi, S.P., Thies, J.E., O'Neill, B., Trujillo, L., Gaunt, J., Solomon,
D., Grossman, ]., Neves, E.G., Luizdo, FJ., 2010. Black carbon affects the cycling
of non-black carbon in soil. Org. Geochem. 41, 206-213.

Lin, Y., Munroe, P., Joseph, S., Kimber, S., Zwieten, L.,2012. Nanoscale organo-mineral
reactions of biochars in ferrosol: an investigation using microscopy. Plant Soil
357, 369-380.

Liu, B., Markved, P.T., Frostegard, A., Bakken, L.R., 2010. Denitrification gene pools,
transcription and kinetics of NO, N,O and N, production as affected by soil pH.
FEMS Microbiol. Ecol. 72, 407-417.



M.L. Cayuela et al. / Agriculture, Ecosystems and Environment 191 (2014) 5-16 15

Liu, X.-y,, Qu, J.-j,, Li, L.-q., Zhang, A.f,, Jufeng, Z., Zheng, J.-w., Pan, G.-x., 2012a. Can
biochar amendment be an ecological engineering technology to depress N,O
emission in rice paddies? A cross site field experiment from South China. Ecol.
Eng. 42, 168-173.

Liu, X.H., Han, F.P., Zhang, X.C., 2012b. Effect of biochar on soil aggregates in the Loess
Plateau: results from incubation experiments. Int. J. Agric. Biol. 14, 975-979.

Lovley, D.R., Coates, ].D., Blunt-Harris, E.L., Phillips, E.J.P., Woodward, J.C., 1996.
Humic substances as electron acceptors for microbial respiration. Nature 382,
445-448.

Lubbers, .M., van Groenigen, KJ., Fonte, SJ., Six, ., Brussaard, L., van Groenigen, J.W.,
2013. Greenhouse-gas emissions from soils increased by earthworms. Nat. Clim.
Change 3, 187-194.

Luo, Y., Durenkamp, M., De Nobili, M., Lin, Q., Brookes, P.C., 2011. Short term soil
priming effects and the mineralisation of biochar following its incorporation to
soils of different pH. Soil Biol. Biochem. 43, 2304-2314.

Major, J., Lehmann, J., Rondon, M., Goodale, C., 2010. Fate of soil-applied black car-
bon: downward migration, leaching and soil respiration. Global Change Biol. 16,
1366-1379.

Malghani, S., Gleixner, G., Trumbore, S.E., 2013. Chars produced by slow
pyrolysis and hydrothermal carbonization vary in carbon sequestra-
tion potential and greenhouse gases emissions. Soil Biol. Biochem. 62,
137-146.

Maliszewska-Kordybach, B., Klimkowicz-Pawlas, A., Smreczak, B., Janusauskaite, D.,
2007. Ecotoxic effect of phenanthrene on nitrifying bacteria in soils of different
properties. J. Environ. Qual. 36, 1635-1645.

Martin, S.M., Kookana, R.S., Van Zwieten, L., Krull, E., 2012. Marked changes in her-
bicide sorption-desorption upon ageing of biochars in soil. J. Hazard. Mater.
231-232,70-78.

Miller, M.N., Zebarth, BJ., Dandie, C.E., Burton, D.L., Goyer, C., Trevors, ].T., 2008. Crop
residue influence on denitrification, N,O emissions and denitrifier community
abundance in soil. Soil Biol. Biochem. 40, 2553-2562.

Merkved, P.T., Dérsch, P., Bakken, L.R., 2007. The N,O product ratio of nitrification
and its dependence on long-term changes in soil pH. Soil Biol. Biochem. 39,
2048-2057.

Morley, N., Baggs, E.M., 2010. Carbon and oxygen controls on N,O and N, production
during nitrate reduction. Soil Biol. Biochem. 42, 1864-1871.

Mukherjee, A., Lal, R, 2013. Biochar impacts on soil physical properties and green-
house gas emissions. Agronomy 3, 313-339.

Mukherjee, A., Zimmerman, A.R., 2013. Organic carbon and nutrient release from
a range of laboratory-produced biochars and biochar-soil mixtures. Geoderma
193-194, 122-130.

Nelissen, V., Riitting, T., Huygens, D., Staelens, ]J., Ruysschaert, G., Boeckx, P., 2012.
Maize biochars accelerate short-term soil nitrogen dynamics in a loamy sand
soil. Soil Biol. Biochem. 55, 20-27.

Nelson, N.O., Agudelo, S.C., Yuan, W, Gan, ], 2011. Nitrogen and phos-
phorus availability in biochar-amended soils. Soil Sci. 176, 218-226,
http://dx.doi.org/10.1097/SS.0b013e3182171eac.

Newman, D.K,, Kolter, R., 2000. A role for excreted quinones in extracellular electron
transfer. Nature 405, 94-97.

Nishio, M., 1996. Microbial Fertilizers in Japan. Extension Bulletin. Food & Fertilizer
Technology Center, FFTC, Taipei City, pp. 13.

Noguera, D., Barot, S., Laossi, K.R., Cardoso, ]., Lavelle, P., Cruz de Carvalho, M.H., 2012.
Biochar but not earthworms enhances rice growth through increased protein
turnover. Soil Biol. Biochem. 52, 13-20.

Ogawa, M., Okimori, Y., 2010. Pioneering works in biochar research, Japan. Soil Res.
48, 489-500.

Oh, S.-Y., Son, J.-G., Chiu, P.C,, 2013. Biochar-mediated reductive transformation of
nitro herbicides and explosives. Environ. Toxicol. Chem. 32, 501-508.

Prendergast-Miller, M.T., Duvall, M., Sohi, S.P., 2011. Localisation of nitrate
in the rhizosphere of biochar-amended soils. Soil Biol. Biochem. 43,
2243-2246.

Ravishankara, A.R., Daniel, ].S., Portmann, R.W., 2009. Nitrous oxide (N,O): the
dominant ozone-depleting substance emitted in the 21st century. Science 326,
123-125.

Rillig, M.C., Wagner, M., Salem, M., Antunes, P.M., George, C., Ramke, H.-G., Titirici,
M.-M.,, Antonietti, M., 2010. Material derived from hydrothermal carbonization:
effects on plant growth and arbuscular mycorrhiza. Appl. Soil Ecol. 45, 238-242.

Rogovska, N., Laird, D., Cruse, R., Fleming, P., Parkin, T., Meek, D., 2011. Impact of
biochar on manure carbon stabilization and greenhouse gas emissions. Soil Sci.
Soc. Am. ]. 75, 871-879.

Rondon, M., Lehmann, ]., Ramirez, J., Hurtado, M., 2007. Biological nitrogen fixation
by common beans (Phaseolus vulgaris L.) increases with bio-char additions. Biol.
Fertil. Soils 43, 699-708.

Rondon, M.A,, Ramirez, J.A., Lehmann, J., 2005. Greenhouse gas emissions decrease
with charcoal additions to tropical soils. In: Proceedings of the 3rd USDA Sympo-
sium on Greenhouse Gases & Carbon Sequestration in Agriculture and Forestry,
p. 208.

Rosenberg, M.S., Adams, D.C., Gurevitch, J., 2000. MetaWin: Statistical Software for
Meta-Analysis. Version 2.0. Sinauer Associates, Sunderland, MA.

Rosenthal, R., 1979. The “file drawer problem” and tolerance for null results. Psychol.
Bull. 86, 638-641.

Rubasinghege, G., Spak, S.N., Stanier, C.0., Carmichael, G.R., Grassian, V.H., 2011. Abi-
otic mechanism for the formation of atmospheric nitrous oxide from ammonium
nitrate. Environ. Sci. Technol. 45, 2691-2697.

Saarnio, S., Heimonen, K., Kettunen, R., 2013. Biochar addition indirectly affects N,O
emissions via soil moisture and plant N uptake. Soil Biol. Biochem. 58, 99-106.

Samarkin, V.A., Madigan, M.T., Bowles, M.W., Casciotti, K.L., Priscu, J.C., McKay, C.P.,
Joye, S.B., 2010. Abiotic nitrous oxide emission from the hypersaline Don Juan
Pond in Antarctica. Nat. Geosci. 3, 341-344.

Sarkhot, D.V., Berhe, A.A., Ghezzehei, T.A., 2012. Impact of biochar enriched with
dairy manure effluent on carbon and nitrogen dynamics. J. Environ. Qual. 41,
1107-1114.

Saxton, K.E., Rawls, W.]., Romberger, ].S., Papendick, R.I., 1986. Estimating general-
ized soil-water characteristics from texture. Soil Sci. Soc. Am. J. 50, 1031-1036.

Scheer, C., Grace, P.R., Rowlings, D.W., Kimber, S., van Zwieten, L., 2011. Effect of
biochar amendment on the soil-atmosphere exchange of greenhouse gases from
an intensive subtropical pasture in northern New South Wales, Australia. Plant
Soil 345, 47-58.

Schouten, S., van Groenigen, ].W., Oenema, O., Cayuela, M.L., 2012. Bioenergy from
cattle manure? Implications of anaerobic digestion and subsequent pyrolysis for
carbon and nitrogen dynamics in soil. GCB Bioenergy 4, 751-760.

Seastedt, T.R., 1984. The role of microarthropods in decomposition and mineraliza-
tion processes. Annu. Rev. Entomol. 29, 25-46.

Simek, M., Cooper, J.E., 2002. The influence of soil pH on denitrification: progress
towards the understanding of this interaction over the last 50 years. Eur. ]. Soil
Sci. 53, 345-354.

Singh, B., Singh, B.P., Cowie, A.L., 2010a. Characterisation and evaluation of biochars
for their application as a soil amendment. Soil Res. 48, 516-525.

Singh, B.P., Cowie, A.L., Smernik, R.J., 2012. Biochar carbon stability in a clayey soil
as a function of feedstock and pyrolysis temperature. Environ. Sci. Technol. 46,
11770-11778.

Singh, B.P., Hatton, BJ., Singh, B., Cowie, A.L, Kathuria, A., 2010b. Influence of
biochars on nitrous oxide emission and nitrogen leaching from two contrasting
soils. J. Environ. Qual. 39, 1224-1235.

Slavich, P.G., Sinclair, K., Morris, S.G., Kimber, S.W.L., Downie, A., Zwieten, L., 2013.
Contrasting effects of manure and green waste biochars on the properties of
an acidic ferralsol and productivity of a subtropical pasture. Plant Soil 366,
213-227.

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S.,
O’Mara, F., Rice, C., Scholes, B., Sirotenko, O., Howden, M., McAllister, T., Pan, G.,
Romanenkov, V., Schneider, U., Towprayoon, S., Wattenbach, M., Smith, J., 2008.
Greenhouse gas mitigation in agriculture. Philos. Trans. R. Soc. Lond. B: Biol. Sci.
363, 789-813.

Spokas, K., Baker, J., Reicosky, D., 2010. Ethylene: potential key for biochar amend-
ment impacts. Plant Soil 333, 443-452.

Spokas, K.A., 2012. Impact of biochar field aging on laboratory greenhouse gas pro-
duction potentials. GCB Bioenergy 5, 165-176.

Spokas, K.A., Koskinen, W.C., Baker, J.M., Reicosky, D.C., 2009. Impacts of woodchip
biochar additions on greenhouse gas production and sorption/degradation of
two herbicides in a Minnesota soil. Chemosphere 77, 574-581.

Spokas, K.A., Reikosky, D.C.,2009. Impacts of sixteen different biochars on soil green-
house gas production. Ann. Environ. Sci. 3, 179-193.

Stewart, C.E., Zheng, ]., Botte, ]J., Cotrufo, M.F., 2012. Co-generated fast pyrolysis
biochar mitigates green-house gas emissions and increases carbon sequestra-
tion in temperate soils. GCB Bioenergy 5, 153-164.

Suddick, E.C., Six, J., 2013. An estimation of annual nitrous oxide emissions and soil
quality following the amendment of high temperature walnut shell biochar
and compost to a small scale vegetable crop rotation. Sci. Total Environ. 465,
298-307.

Sverdrup, LE., Ekelund, F., Krogh, P.H., Nielsen, T., Johnsen, K., 2002. Soil micro-
bial toxicity of eight polycyclic aromatic compounds: effects on nitrification,
the genetic diversity of bacteria, and the total number of protozoans. Environ.
Toxicol. Chem. 21, 1644-1650.

Taghizadeh-Toosi, A., Clough, TJ., Condron, L.M., Sherlock, R.R., Anderson, C.R,,
Craigie, R.A., 2011. Biochar incorporation into pasture soil suppresses in situ
nitrous oxide emissions from ruminant urine patches. J. Environ. Qual. 40,
468-476.

Tagoe, S., Horiuchi, T., Matsui, T., 2008. Effects of carbonized and dried chicken
manures on the growth, yield, and N content of soybean. Plant Soil 306, 211-220.

Thomson, AJ., Giannopoulos, G., Pretty, J., Baggs, E.M., Richardson, D.J., 2012. Bio-
logical sources and sinks of nitrous oxide and strategies to mitigate emissions.
Philos. Trans. R. Soc. Lond. B: Biol. Sci. 367, 1157-1168.

Tolman, W.B., 2010. Binding and activation of N,O at transition-metal centers:
recent mechanistic insights. Angew. Chem. Int. Ed. 49, 1018-1024.

Troy, S.M., Lawlor, P.G., O’ Flynn, CJ., Healy, M.G., 2013. Impact of biochar addition
to soil on greenhouse gas emissions following pig manure application. Soil Biol.
Biochem. 60, 173-181.

USDA, 1999. Soil Taxonomy: A Basic System of Soil Classification for Making and
Interpreting Soil Surveys. US Government Printing Office, Washington, DC.
Ussiri, D., Lal, R., 2013. The Role of Nitrous Oxide on Climate Change. Soil Emission

of Nitrous Oxide and its Mitigation. Springer, Netherlands, pp. 1-28.

van Cleemput, O., 1998. Subsoils: chemo-and biological denitrification, N,O and N,
emissions. Nutr. Cycl. Agroecosyst. 52, 187-194.

Van Groenigen, ].W., Velthof, G.L., Oenema, O., Van Groenigen, KJ., Van Kessel, C.,
2010. Towards an agronomic assessment of N,O emissions: a case study for
arable crops. Eur. ]. Soil Sci. 61, 903-913.

Van Zwieten, L., Kimber, S., Morris, S., Chan, K.Y., Downie, A., Rust, ]J., Joseph, S.,
Cowie, A., 2010a. Effects of biochar from slow pyrolysis of papermill waste on
agronomic performance and soil fertility. Plant Soil 327, 235-246.

Van Zwieten, L., Kimber, S., Morris, S., Downie, A., Berger, E., Rust, J., Scheer, C., 2010b.
Influence of biochars on flux of N,O and CO, from ferrosol. Aust. J. Soil Res. 48,
555-568.



16 M.L. Cayuela et al. / Agriculture, Ecosystems and Environment 191 (2014) 5-16

Venterea, R.T., Halvorson, A.D., Kitchen, N., Liebig, M.A., Cavigelli, M.A., Grosso, S.J.D.,
Motavalli, P.P., Nelson, K.A., Spokas, K.A., Singh, B.P., Stewart, C.E., Ranaivo-
son, A., Strock, J., Collins, H., 2012. Challenges and opportunities for mitigating
nitrous oxide emissions from fertilized cropping systems. Front. Ecol. Environ.
10, 562-570.

Wang, C., Lu, H., Dong, D., Deng, H., Strong, P.]., Wang, H., Wu, W., 2013a. Insight into
the effects of biochar on manure composting: evidence supporting the relation-
ship between N, 0 emission and denitrifying community. Environ. Sci. Technol.
47,7341-7349.

Wang, T., Camps Arbestain, M., Hedley, M., Bishop, P., 2012. Chemical and bioassay
characterisation of nitrogen availability in biochar produced from dairy manure
and biosolids. Org. Geochem. 51, 45-54.

Wang, Z.,Zheng, H., Luo, Y., Deng, X., Herbert, S., Xing, B., 2013b. Characterization and
influence of biochars on nitrous oxide emission from agricultural soil. Environ.
Pollut. 174, 289-296.

Wannakao, S., Nongnual, T., Khongpracha, P., Maihom, T., Limtrakul, J., 2012. Reac-
tion mechanisms for CO catalytic oxidation by N,O on Fe-embedded graphene.
J. Phys. Chem. C 116, 16992-16998.

Weyers, S.L., Spokas, K.A., 2011. Impact of biochar on earthworm populations: a
review. Appl. Environ. Soil Sci., Article ID 541592.

Wrage, N., Velthof, G.L., Van Beusichem, M.L., Oenema, O., 2001. Role of nitrifier den-
itrification in the production of nitrous oxide. Soil Biol. Biochem. 33, 1723-1732.

Yanai, Y., Toyota, K., Okazaki, M., 2007. Effects of charcoal addition on N,O emis-
sions from soil resulting from rewetting air-dried soil in short-term laboratory
experiments. Soil Sci. Plant Nutr. 53, 181-188.

Yao, Y., Gao, B., Zhang, M., Inyang, M., Zimmerman, A.R., 2012. Effect of biochar
amendment on sorption and leaching of nitrate, ammonium, and phosphate in
a sandy soil. Chemosphere 89, 1467-1471.

Yoo, G., Kang, H., 2012. Effects of biochar addition on greenhouse gas emissions and
microbial responses in a short-term laboratory experiment. J. Environ. Qual. 41,
1193-1202.

Yuan, J.-H., Xu, R.-K,, Qian, W., Wang, R.-H., 2011a. Comparison of the ameliorating
effects on an acidic ultisol between four crop straws and their biochars. J. Soils
Sediments 11, 741-750.

Yuan, J.-H., Xu, R.-K,, Zhang, H., 2011b. The forms of alkalis in the biochar pro-
duced from crop residues at different temperatures. Bioresour. Technol. 102,
3488-3497.

Yuan,J.H., Xy, R.K,, 2011. The amelioration effects of low temperature biochar gener-
ated from nine crop residues on an acidic ultisol. Soil Use Manage. 27, 110-115.

Yuan, Y., Yuan, T., Wang, D., Tang, J., Zhou, S., 2013. Sewage sludge biochar as an effi-
cient catalyst for oxygen reduction reaction in an microbial fuel cell. Bioresour.
Technol. 144, 115-120.

Zhang, A., Bian, R,, Pan, G., Cui, L., Hussain, Q., Li, L., Zheng, ]., Zheng, ]., Zhang, X., Han,
X, Yu, X., 2012a. Effects of biochar amendment on soil quality, crop yield and
greenhouse gas emission in a Chinese rice paddy: a field study of 2 consecutive
rice growing cycles. Field Crop Res. 127, 153-160.

Zhang, A., Liuy, Y., Pan, G., Hussain, Q., Li, L., Zheng, J., Zhang, X., 2012b. Effect of
biochar amendment on maize yield and greenhouse gas emissions from a soil
organic carbon poor calcareous loamy soil from Central China Plain. Plant Soil
351, 263-275.

Zhao, L., Cao, X., Masek, O., Zimmerman, A., 2013. Heterogeneity of biochar proper-
ties as a function of feedstock sources and production temperatures. J. Hazard.
Mater. 256-257, 1-9.

Zheng, ]J., Stewart, C.E., Cotrufo, M.F.,, 2012. Biochar and nitrogen fertilizer alters
soil nitrogen dynamics and greenhouse gas fluxes from two temperate soils. J.
Environ. Qual. 41, 1361-1370.

Zhu, X., Burger, M., Doane, T.A., Horwath, W.R,, 2013. Ammonia oxidation pathways
and nitrifier denitrification are significant sources of N,O and NO under low
oxygen availability. Proc. Natl. Acad. Sci. U.S.A. 110, 6328-6333.



	Biochar's role in mitigating soil nitrous oxide emissions: A review and meta-analysis
	1 Introduction
	2 An overview of proposed hypothesis to explain the impact of biochar on N2O production and consumption pathways in soil
	2.1 Abiotic mechanisms
	2.2 Biotic mechanisms
	2.2.1 Biochar liming effect
	2.2.2 Impact on soil aeration
	2.2.3 Interaction with N in soil
	2.2.4 Interaction with dissolved organic C in soil
	2.2.5 Release of toxic/inhibitory compounds
	2.2.6 Biochar interactions with the soil biota


	3 Current knowledge: a quantitative analysis of published studies
	3.1 Methods
	3.1.1 Data sources and compilation
	3.1.2 Data treatment and definition of categories
	3.1.3 Meta-analysis

	3.2 How do biochar characteristics influence N2O mitigation?
	3.2.1 Feedstock
	3.2.2 Temperature and type of pyrolysis
	3.2.3 Biochar chemical properties (C/N, pH, ash)
	3.2.4 Biochar application rate

	3.3 How do soil characteristics and N fertilizer type influence biochar N2O mitigation capacity?
	3.3.1 Soil texture
	3.3.2 Soil pH
	3.3.3 Chemical form of applied N-fertilizer


	4 Knowledge gaps and future challenges
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


