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Abstract: Interest in biochar stems from its potential agronomic benefits and carbon
sequestration ability. Biochar application alters soil nitrogen (N) dynamics. This review
establishes emerging trends and gaps in biochar-N research. Biochar adsorption of NOs , up
to 0.6 mg g ' biochar, occurs at pyrolysis temperatures >600 °C with amounts adsorbed
dependent on feedstock and NO; concentration. Biochar NH," adsorption depends on
feedstock, but no pyrolysis temperature trend is apparent. Long-term practical effectiveness
of inorganic-N adsorption, as a NO; leaching mitigation option, requires further study.
Biochar adsorption of ammonia (NH3) decreases NH3 and NO3; losses during composting
and after manure applications, and offers a mechanism for developing slow release
fertilisers. Reductions in NHj3 loss vary with N source and biochar characteristics. Manure
derived biochars have a role as N fertilizers. Increasing pyrolysis temperatures, during
biochar manufacture from manures and biosolids, results in biochars with decreasing
hydrolysable organic N and increasing aromatic and heterocyclic structures. The short- and
long-term implications of biochar on N immobilisation and mineralization are specific to
individual soil-biochar combinations and further systematic studies are required to predict
agronomic and N cycling responses. Most nitrous oxide (N,O) studies measuring nitrous



Agronomy 2013, 3 276

oxide (N,O) were short-term in nature and found emission reductions, but long-term studies
are lacking, as is mechanistic understanding of reductions. Stable N isotopes have a role in
elucidating biochar-N-soil dynamics. There remains a dearth of information regarding
effects of biochar and soil biota on N cycling. Biochar has potential within agroecosystems
to be an N input, and a mitigation agent for environmentally detrimental N losses. Future
research needs to systematically understand biochar-N interactions over the long term.

Keywords: biochar; immobilization; mineralization; nitrate leaching; nitrogen; nitrous
oxide; ammonia volatilisation

1. Introduction

Biochar is defined by Lehmann and Joseph [1] as a carbon (C) rich product derived from the pyrolysis
of organic material at relatively low temperatures (<700 °C). Bioenergy production using pyrolysis
creates biochar as a bi-product. There is intense interest in using this biochar as a means to sequester C in
soils as a tool for offsetting anthropogenic carbon dioxide (CO,) emissions, and as a soil amendment due
to its potential agronomic benefits [1]. An analysis by Woolf et al. [2] showed that globally
implementing a sustainable biochar program could potentially offset 12% of the current anthropogenic
CO,-C equivalent emissions. Besides potentially sequestering C biochar has been observed to have
agronomic benefits [3,4] and to alter the nitrogen (N) dynamics in soils [5]. Since the biochar and N
cycling review of Clough and Condron [5] the interest in the potential of biochar has continued to
escalate, such that, according to the Web of Science® data base, there have been 442 manuscripts
published on various aspects of “biochar” since the beginning of 2011, with 87 of these cross referenced
to “nitrogen”. The anthropogenically induced global N cascade is resulting in enhanced fluxes of nitrous
oxide (NO), ammonia (NHj3), and nitrate (NO; ) leaching as a consequence of the increasing
intensification of agricultural systems [6,7]. In fact, humankind introduces more reactive N into the
biosphere via the Haber-Bosch process and legume cultivation than all the natural processes taken
together [7]. Thus mitigation options to reduce environmentally harmful N fluxes are keenly sought.
Biochar has been shown to have promise in reducing inorganic-N leaching [8], N,O emissions [9], and
ammonia volatilisation [10], while also increasing biological nitrogen fixation [11]. This review focuses
on the impacts of biochar on soil N dynamics, in particular the literature since 2010, and recommends
future directions for research.

2. Mitigation of Nitrogen Leaching Using Biochar

Several mechanisms have been proposed to explain the apparent retention of N in biochar-amended
soils and the reduction of N leaching. These include adsorption of NH; or organic-N onto biochar, cation
or anion exchange reactions, and enhanced immobilisation of N as a consequence of labile C addition in
the biochar. Recent research on these mechanisms is considered below.
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2.1. Nitrate Adsorption and Leaching

Recent research has clarified the potential role of biochars with respect to NOs; adsorption.
Yao et al. [12] evaluated 13 biochar materials (sugarcane bagasse, peanut hull, Brazilian pepperwood,
and bamboo that had been slowly pyrolysed at 300, 450 or 600 °C, and a hydrochar) to determine their
potential to remove NO; from solution. It was found that four high temperature (600 °C) biochars
(bagasse, bamboo, peanut hull, and Brazilian pepperwood) were able to remove between 0.12% to 3.7%
of NO;3~ (0.02-0.64 mg NO; per g of biochar) from a solution (0.1 g:50 mL of 34.4 mg L' NO5") with
variation in removal due to species of feedstock used. As Yao et al. [12] point out, the ability of the
higher temperature biochars to remove NO; is consistent with the earlier findings of Mizuta et al. [13]
who found that bamboo biochar manufactured at 900 °C had a high NO; adsorption capacity.
Kameyama et al. [14] performed a very informative study using sugarcane bagasse, where they
determined NO; adsorption properties of bagasse biochar manufactured at five pyrolysis temperatures
(400-800 °C). Significant NO; adsorption occurred at pyrolysis temperatures >700 °C. At high
pyrolysis temperatures the biochars had high pH (8.7-9.8) and Kameyama et al. [14] reasoned that the
adsorption of NO3; was a result of base functional groups and not a result of physical adsorption since
surface area and micropore volumes followed different trends when compared to observed NOj;
adsorption. Similarly, Dempster et al. [15] also showed that a Eucalyptus sp. biochar (600 °C) could
adsorb NO3; when placed in an ammonium nitrate (NH4NO3) solution (10 g:100 mL), with up to 80%
adsorbed after 24 h when the NO; -N concentration was 2.5—5 mg NO;3 -N L (0.02-0.04 mg NO5-N
per g biochar), decreasing to 38% at 50 mg NO; -N L™ although the adsorbtion rate had increased to
0.19 mg NO;-N per g biochar.

Based on this increasing body of literature, for a biochar to have any NO; adsorption potential, the
pyrolysis process needs to occur at a temperature of at least 600 °C. Clearly there is also a feedstock
effect on NO; adsorption potentials and more research is needed to better understand exactly how
feedstock characteristics determine NO; adsorption potentials given that high pyrolysis temperatures
are deemed a prerequisite.

But what are the practical implications of adding such a NOs retentive biochar to a soil when it
comes to reducing NOs leaching? Yao et al. [12] tested the significance of this NO; retention
mechanism, with respect to NOs leaching, using two biochars with good NO; retention properties
(peanut hull and Brazilian pepperwood biochars made at 600 °C). These were incorporated (2% by
weight) into a sandy soil, in columns, and a nutrient solution was applied (34.4, 10.0, and 30.8 mg L' of
NO;~, NH,", and phosphate (PO,’"), respectively). After flushing the columns with 4 pore volumes of
water over 4 days it was found that the biochar materials reduced NO3 leaching by 34% [12]. When the
Eucalyptus sp. biochar, found by Dempster et al. [15] to adsorb NOs , was placed in lysimeter pots (25 t
ha') holding a sandy soil, fertilised (NH4),SO4; 40 kg N ha™') and irrigated over 21 days, the
cumulative NOs leached was reduced by 25% when compared with a control treatment. Thus NO3
adsorbing biochars can reduce NO;3; leaching. Differences in the magnitude of the reduced NO;
leaching between laboratory and column studies may possibly be explained by the fact that column
studies contain soil, with rates of biochar and NOs; concentrations that differ from the laboratory
studies, and they have the potential for other loss pathways such as immobilisation and denitrification of
NO; to occur.
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However, other important issues with respect to the potential for biochar to reduce NO3 leaching
were also raised in the study of Kameyama et al. [14]. They questioned if adding biochar could
significantly change a soil’s physical characteristics with respect to hydraulic conductivity, and if so,
could this affect the rate of NO3 leaching, negating or amplifying any effect of NOs adsorption? And
they also asked how permanent the adsorption of NOs on to biochar was when incorporated in a soil?
The answer to the first question will be influenced by the biochars physico-chemical characteristics such
as pore size distribution, hydrophobicity and the rate of biochar addition. Kameyama et al. [14] found
that when a bagasse biochar (800 °C) was applied at a rate >5% by weight to a calcaric dark red soil the
saturated hydraulic conductivity increased, with the effect likely to also be a function of the meso- and
micro-pore fractions in the soil and biochar. Thus, amending soil with biochar could potentially increase
hydraulic conductivity, or preferential flow around larger particles, and thus lead to enhanced leaching
of NO3 . On the other hand, amendment of soil with biochar has been shown to increase water retention
capacity [15—17] and this may decrease leaching of NOs . Ideally, the water-holding properties of the
soil should be known, and a biochar of suitable pore size distribution should be selected and applied at a
rate not likely to enhance leaching. Kameyama et al. [14] also examined the permanence of adsorbed
NO; by measuring NO3 transport in soil columns amended with the same NO; adsorbing bagasse
biochar (0%, 5%, or 10% by weight). They found that when a 20 mg N L' solution of KNOs was
applied to the soil columns the maximum concentration of NO; in the effluent was ~5% less than in
unamended soil, however, cumulative discharge of NO; was similar in all treatments [14]. The authors
therefore concluded that NO; was only weakly adsorbed onto biochar, that it could be desorbed by
water infiltration, and that the net result may be an increased residence time for NOj; in the soil. This in
turn may allow a greater opportunity for plant uptake of NO; . Thus, in situ, the role of a biochar in
reducing NO; leaching will obviously depend on its NOs; adsorption capacity (initial pyrolysis
temperature and feedstock) and if anion or cation exchange capacities evolve with time in the soil, the
biochar rate applied, the resulting rate of NO; adsorption, the N loading of the given ecosystem, the
resulting soil hydraulic characteristics, precipitation/irrigation events, soil type, plant and microbial N
demand and potential biochar effects on these (e.g., changes in nitrification rates). Further in situ studies
need to examine NOs; leaching and biochar effects, e.g., in large lysimeter experiments over long
durations, with both plants and standard fertilizer practices included. Since biochar effects on NO3
leaching may only develop over time. For example, Ventura et al. [18] observed a 75% reduction in in
the second year of a study in an apple orchard in Northern Italy. In addition, some consideration should
be given to the potential impacts of biochar particle size on NO3 retention and loss from soil, and indeed
on the overall effects of biochar amendment on soil N dynamics.

2.2. Immobilisation or NH; Volatilisation as Leaching Retardation Mechanisms

Reduced leaching of N has also been observed in the absence of increased ion —retention by biochars.
For example, Ippolito et al. [19] placed two switchgrass (Panicum virgatum L.) biochars, manufactured
at either 250 or 500 °C in an Aridosol and determined cumulative NOs leaching 34, 62, 92, and 127
days after the experimental start. Ippolito et al. [19] found that less NOs; leached when the lowest
temperature biochar was present. This was explained by the presence of more easily degradable C
compounds at the lowest temperature and greater N immobilisation, thus reducing NOs leaching. A 2 M
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KCI extract of the incubated biochar-soil matrix also supported this reasoning with less NO3; present in
the low temperature biochar-treated soils [19]. However, denitrification was not measured and the lower
NOs leaching could just as easily be attributed to denitrification loss of NOs being stimulated by the
additional C. Schomberg et al. [20], incorporated five biochar materials into soil and after a 127 day
incubation reduced N leaching was observed. The rationale supplied for this result was not greater N
retention, but rather the promotion of NHj3 losses by the biochar as a consequence of the elevated soil pH
resulting from biochar addition [20]. Pollution swapping (e.g., reduced NOs leaching in exchange for
greater NH3 losses) does not solve the problem of N leakage from agricultural systems. It is important to
examine the long-term net outcome of biochar in reducing leaching via N immobilisation, changes in
nitrification, N sorption onto biochar or promotion of NHj volatilisation. Immobilisation of N may only
occur for a short term following biochar application, and may lead to a delay in leaching of N. One
relatively long-term result to date has shown reduced N leaching in an orchard system [18].

2.3. Ammonium Adsorption and Leaching

Biochar adsorption of NH," has been examined in several studies. Yao et al. [12] found that 9 of the
13 biochars tested in their sorption experiment could remove NH," from solution (0.1 g biochar in 50 mL
of 10 mg NH," L"), with removal rates ranging from 1.8%—15.7% (0.05 to 0.79 mg NH," per g biochar),
varying widely with feedstock and pyrolysis temperature, but with no pyrolysis temperature trend. The
Eucalypt sp. biochar (600 °C) used by Dempster et al. [15] adsorbed 75% of the NH," in solution (10 g
biochar in 100 mL) at 2.5 and 5 mg NH;-N L™ (0.02-0.04 mg NH,"-N per g biochar) but this was
reduced to 54% at 50 mg NH,-N L™, although the adsorbtion rate had increased to 0.25 mg NH,"-N per
g biochar.

Placing NH, " retentive biochars into soil has also been shown to affect the leaching of NH,".
Ding et al. [21] found a bamboo charcoal (pyrolysed at 600 °C and added at 0.5% by weight to 0—10 cm
depth) affected soil solution NH," concentrations at 20 cm depth when added at a rate of 400 kg N ha™' to
a sandy silt soil, but no differences were observed at 40 cm depth after 70 days. Dempster et al. [15]
observed that when a biochar with cation exchange capacity (CEC) of ~10 cmol. kg ' was added to a
sandy soil (CEC of ~2 cmol. kg ') NH,4" leaching was reduced (15.0 to 12.9 mg pot ') 21 days following
fertilisation ((NH4),SO4; 40 kg N ha ™).

The rationale generally given for the adsorption of NH," onto biochar and the observed reductions in
NH," leaching is the CEC of the biochar. The NH, " retention studies noted above were performed on
fresh biochar materials which have relatively low CEC [17,22,23]. In situ, cation retention increases
with biochar age and depends on climatic conditions, [24,25]. Thus, the practical long-term significance
of freshly made biochar in reducing NH;" leaching remains to be tested. However, the short-term
practical impact of incorporating a new biochar material into soil on the total (soil + biochar) CEC can be
inferred if both the soil’s CEC, and the biochar’s CEC and application rate are known. For example,
Jones et al. [26] found no effects of biochar (50 t ha ') on NH," adsorption in a three-year field trial
where theoretical retention of NH;" by biochar and soil were 3 and 142 kg N ha™', respectively. In sandy
soils this biochar input may be significant in terms of CEC, but may also be insignificant [27], while for
many soils that already contain higher levels of organic matter and clay the impact of biochar may be
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inconsequential. Further studies need to report on the change in freshly incorporated biochar CEC values
over time for biochars that have been placed in situ.

Ammonium contained onto biochar surfaces as a result of cation exchange should be readily
removable with potassium chloride extraction. However, this was not the case when peanut hull biochar
was exposed to NH," solutions, with <0.39% of the total sorbed NH," released [28]. Although the exact
mechanism for NH;' retention was not identified it was suggested that physical entrapment of NH," in
biochar pore structures may have been responsible [28]. Given that the NH;" ion has a diameter of 286
pm [29] and there is wide range of pore sizes in biochar materials [30] this is entirely possible. Prost et
al. [31] also found surface areas of biochars decreased during composting due to compost-derived
materials clogging biochar pores with the biochar also absorbing leachate and nutrients. Thus it is also
necessary to continue to advance our understanding of mechanisms responsible for the adsorption of N
forms onto biochar surfaces and the effect of time on these processes.

2.4. Dissolved Organic Nitrogen Retention and Leaching

Relatively few studies have examined dissolved organic-N (DON) leaching from soil [32,33], and
fewer still have looked at the role of biochar on this. Dempster et al. [15] found that biochar had no effect
on levels of DON leached from a sandy soil, which initially contained 18.8 mg N kg™ in the 0—10 cm
depth (actual values measured in treatments were not reported). However, DON mainly carries a net
negative charge. Dempster et al. [15] therefore argued that this weakened the case for biochar reducing
leaching via adsorption of NOs (despite the fact that the biochar used was capable of NO; adsorption).
Thus the authors went on to propose that the observed reductions in NOs leaching were the result of
reduced rates of nitrification rather than NOs adsorption, since the biochar was also known to inhibit
nitrification [34]. This rationale concurs with the results of Kameyama et al. [14], who found no
differences in cumulative NO3 leaching from a sandy soil over a shorter experimental period when
treating a soil with a biochar known to be NOs retentive.

3. Plant Nitrogen Response to Biochar Amendment

Biochar addition to soils does not always result in consistent yield increases (e.g., [35]) and plant
responses to biochar addition have been reported to vary considerably. Biochar effects on yield were
reviewed by Spokas ef al. [4] and occur as a result of changes in soil nutrition, water holding capacity
and microbial activity, with results varying due to soil type. Positive yield increases were generally
associated with hardwood biochars and chars possessing plant nutrients, such as high N content poultry
manure biochars [4].

Prendergast-Miller et al. [36] also found biochar (charcoal fines from mixed deciduous hardwood,
pH 9.3) produced elevated NO3 concentrations in the rhizosphere of wheat seedlings, increased wheat
root length and decreased root N uptake but with no effect on plant biomass or plant N content. More
recently, O’Toole ef al. [37] reported on a pot experiment growing ryegrass under 4 rates of N fertiliser
with 2 rates of a wheat-straw biochar (500—600 °C) and found foliar N concentrations were reduced,
possibly due to adsorption or immobilisation of N being stimulated with biochar addition, but with
unaffected yields. Kammann ef al. [16] also observed reductions in foliar N concentrations in a pot trial
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with a relatively nutrient-rich peanut hull biochar, but in this case the reduction likely resulted from
increased N use efficiency since the authors reported biomass increases of up to 60%.

Longer term in situ studies on agronomic effects of biochar, and N cycling in particular, are
beginning to appear. Jones et al. [26] performed a three-year field trial to examine the agronomic effect
of biochar (various tree species at 450 °C; 0, 25 and 50 t/ha) where maize was sown in the first year
followed by a forage grass (Dactylis glomerata) in years 2 and 3. Maize yield and agronomic
performance, along with nutrient content, were unaffected by biochar in the first year. However,
subsequent grass crops in the second and third years resulted in greater foliar uptake of N as a result of
biochar addition, which was speculated to be due to the biochar interaction with crop rooting depths and
soil water. In another 3-year study Unger and Killorn [38] found no differences in maize grain or
biomass yields due to biochar addition and no interaction with urea fertiliser. Lentz et al. [39] found a
hardwood biochar (500 °C) had no effect on maize silage N content or yield after 1 year but decreased
silage total-N, yield and cumulative uptake of total-N in year 2, which was reasoned to be due to lower
soil mineralization in year 2. Application of a nutrient rich wheat-straw biochar (20 and 40 t ha™') to a
calcareous loamy soil resulted in no changes in soil mineral N concentrations but nevertheless there was
a significant maize yield increase, accompanied by increased total soil N content and agronomic N-use
efficiency during a 4-month field trial [40]. Uzoma et al. [41] conducted a glasshouse experiment where
a biochar manufactured from cow manure (500 °C) was applied at increasing rates to a sandy soil,
subsequently planted with maize. Both maize yield and N uptake increased with increasing biochar rate,
indicating N release from the biochar. Thus, the latter study further supports the conclusion of Spokas et
al. [4].

Only a few biochar studies have examined, in detail, the actual mechanism for enhanced N uptake by
biomass, following biochar addition. One superlative study that does provide a mechanism to explain the
contribution of high N content manure biochars to enhanced plant available N showed that low
temperature biochar materials made from manures and biosolids contain hydrolysable organic N forms
such as amino acids [42]. The hydrolysable N fractions in the biochars decreased as pyrolysis
temperatures increased. These results were explained by either N becoming progressively embodied in
the increased formation of aromatic and heterocyclic structures [43] or the degradation of labile N forms
(e.g., proteins), as clearly shown in the derivative thermogravimetric profiles, as the pyrolysis
temperatures increased. Given the fact that plants can assimilate organic N compounds [44], and that
mineralization of organic N also provides inorganic-N, it can be inferred to be the cause of increased
yields seen under manure derived biochars. Noguera et al. [45] examined the effect of a low temperature
(350 °C) Eucalyptus sp. biochar and earthworms on rice plant growth and associated plant physiological
and gene regulation processes in the leaves, finding that biochar increased protein catabolism
(proteolytic activity) as well as anabolism via enhanced gene expression of some (but not all) genes
associated with the leaf protein turnover, respectively. Given these results and those of Wang et al. [42]
it would be interesting to identify the available organic-N content of the biochar used by
Neurea et al. [45] and to see if bioavailable organic-N forms contributed to the enhanced proteolytic
activity. A "N study by de la Rosa and Knicker [46] also examined biochar-'">N bioavailability, and
confirmed the release of biochar-""N to the soil. After 72 days incubation in an arable soil 10% of the
biochar-""N, manufactured from Lolium perenne at 350 °C, was found to be taken up by the new grass
biomass, clearly showing that biochar N can be decomposed, with subsequent metabolites utilised by
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microbes and plants. Similarly, Schouten et al. [47] showed "N labelled biochar-N (pyrolysed digested
slurry) was recovered by plants. In the short-term, immobilisation and mineralization may be affected by
biochar addition to soil (see below) while effects on soil water availability, root architecture, plant
eco-physiology, nutrient supply, microbial form and function may also be affected. Where biochar
materials induce a liming effect it may be advisable to also run a lime treatment to assist in
differentiating biochar induced soil physical versus soil pH effects. However, knowledge of the
buffering capacity of both the soil and biochar may also be required. Both short and long-term studies
are still needed to further evaluate biochar-N and its effects on agronomic performance. In particular
further use of the '°N stable isotope for this purpose is recommended.

4. Mitigation of Nitrous Oxide Emissions Using Biochar

To date, several studies have shown that the addition of biochar to soils can mitigate N,O emissions
in situ from soybean and grass ecosystems [48], following ruminant urine deposition [49], in wheat
plots [50] and during laboratory or greenhouse incubations under various conditions [8,9,47,51-61]
while other studies have found no differences or even increases in cumulative N,O emissions after
biochar addition [61-63].

In many studies where biochar has been shown to reduce N,O fluxes, a number of mechanisms have
been proposed based mainly on prior knowledge of the requirements of nitrifiers and denitrifiers. These
include: (1) enhanced soil aeration (reduced soil moisture) inhibiting denitrification due to more oxygen
being present; (ii) labile C in the biochar promoting complete denitrification i.e., dinitrogen (N,)
formation; (iii) the elevated pH of the biochar creating an environment where N,O reductase activity is
enhanced thus promoting N, formation and higher N,/N,O ratios; and (iv) a reduction in the inorganic-N
pool available for the nitrifiers and/or denitrifiers that produce N,O, as a result of NH," and/or
NOjs adsorption, greater plant growth, NHj volatilisation loss, or immobilisation of N. Increases in N,O
fluxes have been attributed to: (i) the release of biochar embodied-N or priming effects on SOM
following biochar addition; (ii) biochar increasing soil water content and improving conditions for
denitrification; and (iii) biochar providing inorganic-N and/or carbon substrate for microbes.

Many studies reporting biochar effects on N,O emissions have lacked the rigorous experimental
design needed to test the hypotheses proposed and interpret the results produced (e.g., N,O source and
fate) when investigating biochar effects on N,O emissions. For example, Wang et al. [59] performed a
60 day aerobic incubation with paddy soils treated with rice husk biochar (350-500 °C) and N fertilizers
finding that the cumulative emission of N,O from N fertilizer was reduced when the biochar was
present. However, no detailed examination of the cause was pursued with the rationale for lower N,O
emissions being some of the previously hypothesised theories as outlined above. More recently,
Case et al. [53] hypothesised that observed reductions in N,O emissions from a biochar-amended sandy
soil (0%—10% biochar by weight) occurred due to enhanced aeration. Case ef al. [53] maintained the
biochar-amended soils at field capacity while measuring N,O flux and inorganic-N over 168 h. Reduced
N,O fluxes observed at > 2% biochar were hypothesised to occur as a result of greater immobilisation of
NOs . However, no supporting measurements of the changes that may have resulted from biochar
addition, in the pore size distribution or soil aeration were undertaken, to verify the hypothesis.
Aquilar-Chavez et al. [51] investigated the effects of charcoal application on N,O emissions, over 45
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days, following the application of wastewater sludge to mesocosms cultivated with wheat. The net result
was a decrease in N,O emissions as charcoal rates increased but the experimental design and
measurements provided inconclusive explanations and speculated on the rationales noted above.

However, other studies have included further measurement components in their experiments and
have been more successful at describing mechanisms for reduced N,O fluxes. Saarnio et al. [56]
demonstrated a plant competition effect for N on N,O fluxes, showing increased N,O emissions when
plants were absent with less effect from biochar when plants were present due to plant uptake competing
with microbes for N. Kammann et al. [54] also performed detailed experiments that aimed to examine
causes for the variation in N,O fluxes in response to soil moisture. Kamman et al. [54] included
wetting-drying cycles (assumed to stimulate microbial N,O production), while measuring biomass
yields and inorganic-N, observing that increased plant growth correlated with reduced N,O emissions in
the biochar treatments. A detailed examination of mechanisms for reduced N,O emissions from
biochar-amended soils was also carried out by Spokas ef al. [64] who showed the origins and effects of
ethylene on N,O emissions and its role in reducing N,O emissions. The effect that ethylene has on N,O
production from biochar amended soils needs to be investigated in more detail to further elucidate its
role in biochar-N,O dynamics.

While recent studies have provided an increased perspective on biochar induced decreases in
N,O fluxes further experiments are required to further elucidate the mechanism(s) responsible. The use
of "N stable isotopes can provide insight into the source(s) of the N,O-N, the reduction of N,O to
N», and associated N dynamics of other organic and inorganic-N pools in both the biochar and
soil [46,47,49,65,66]. The use of >N enhances our understanding of biochar N dynamics, N,O emissions
and facilitates modelling [67]. Detailed studies examining the effects of biochar on soil physical
conditions and the effect on N,O emissions where both are measured simultaneously are overdue. We
need to know how biochar rates and forms specifically affect gas diffusivities, soil moisture contents and
water movement under given conditions. Studies are required that concurrently measure both the soil
physical and chemical parameters, inorganic-N species and N,O and N, fluxes following biochar
incorporation into soil. Similarly, every opportunity should be taken to assess changes in microbial
community form and function to elucidate biochar effects on N,O emissions. For example, Yoo and
Kang [61] attributed an increase in N,O emissions, after biochar application, in a rice paddy field to
abundant pre-existing denitrifiers.

Ultimately the magnitude and duration of any N,O flux following biochar incorporation into soil is
the net result of soil and biochar N availability, soil fertility and moisture, climate, and competition for
available N between microbes and plants. While some of the studies measuring N,O are relatively
long-term in nature for incubation experiments (e.g., Kammann et al. [54]) they are relatively short
when compared to the long term (e.g., 2—3 years) in situ experiments now beginning to emerge in the
literature. Given that short-term initial effects on N pool dynamics, observed in short term field studies
and lab incubations, were not persistent in these longer term trials [26] it might be argued that there will
not be persistent changes in N,O dynamics as a result of initial soil-biochar N dynamics. However, in
rice paddies studies in Southern China (summarized by Liu et al. [68]) it was shown that N,O reductions
with biochar application rates of 20 and 40 t ha™ persisted beyond the first cropping season. Thus other
mechanisms involving plant-microbe interactions, denitrifier gene expression or bacterial-to-fungal
ratios may become more important over time in biochar-amended soils. Therefore, the effects of biochar
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on soil physical properties, microbial communities and microbial gene expression on N>O emissions
need to be evaluated in the long-term in situ. Sampling methods must be of sufficient quality and
frequency that rigorous comparisons of seasonal N>O emissions can be made. There is great scope here
for employing automated chamber methodologies. Investigation of old charcoal-rich soils such as Terra
preta or charcoal-kiln sites and comparisons with surrounding charcoal-free soils may offer insights into
the long-term changes in N cycling, and N,O emissions associated with biochar application to soils. The
long-term measurements need to be made during periods of changing N inputs (e.g., regular fertiliser
application) in particular to determine biochar’s long-term in situ role in mitigating N,O fluxes.

5. Impacts of Biochar on Nitrogen Mineralization, Immobilisation and Nitrification

Mineralization and immobilisation rates in the soil are a function of the C and N pools available
to microorganisms. Typically as C:N ratios increase immobilisation of N occurs. Adding biochar to the
soil adds another dimension to both the C and N pools. Addition of biochar to soils has been shown
to result in slower mineralisation of the biochar materials than the uncharred biomass [69], decrease
net N mineralisation [34,50], cause increased net N mineralisation [50], have no effect on
mineralization [20,70], and to have little effect on DON [15]. Furthermore, biochar addition has been
shown to have no effect on soil-N immobilisation [71] or promote immobilisation [72].

The N embodied in plant derived biochar has previously been assumed to be of low availability due to
it being in heterocyclic structures [73] but a "N study by de la Rosa and Knicker [46] shows that biochar
embodied N can be utilised by biomass. Wang et al. [42] showed that acid hydrolysable N (amino acids,
amino sugars and ammonia) embodied in manure-derived biochars decreased as pyrolysis temperature
increased (250-550 °C) with a strong correlation between this acid hydrolysable N and CO; respiration,
following biochar addition to soil, indicating that the total acid hydrolysable N represented the available
N in the biochar.

Fresh low temperature biochars can contain significant amounts of labile C that can be readily utilised
by soil microorganisms [74] which, when delivered to the soil may, in the short term, result in the
microbially available soil N becoming immobilised. This was demonstrated by Bruun et al. [72] who
produced biochar from wheat straw using slow or fast pyrolysis. Fast pyrolysis resulted in a biochar that
still contained a labile, un-pyrolysed carbohydrate fraction. When the “slow” and “fast” biochars were
placed in the soil the “fast” biochar resulted in immobilisation of mineral N while the “slow” biochar
resulted in net N mineralization over a 65 day period. Because addition of biochar to soil involves
multiple N pools, tracer studies are needed to elucidate the gross N immobilisation and mineralization
rates. Nelissen et al. [67] used "°N labelling-tracing to examine and model gross N dynamics following
biochar (ensilaged maize pyrolysed at 350 °C or 550 °C, C:N = 43 and 49, respectively) addition
(10 g kg soil) to a loamy sand (C:N =9). The authors found that gross N mineralization was stimulated
by biochar addition, with most of the N coming from a more recalcitrant fraction, whereas
mineralization in the control was mainly from a labile N pool. This was reasoned to be the result of
biochar having a priming effect, i.e. stimulating microorgansims to mineralize recalcitrant SOM [75,76].
This concurs with the results of Schomberg et al. [20] who also found differences in a recalcitrant N
fraction when incubating several different biochars over 127 days. Increased turnover of SOM can result
from the addition of biochar to soil as a result of priming effects, most likely induced by labile
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components of the biochar, and this may increase with increasing soil pH and decreasing pyrolysis
temperature [77].

Thus, while biochar may contain bioavailable N forms, its mineralization and release will be
dependent on how recalcitrant the biochar and soil N and C pools are, on the soil and biochar C:N ratio,
the relative magnitude of the soil and biochar C and N pools, and the studied ecosystems. Further tracer
studies with labelled biochar and/or SOM are required to fully understand the effects of various biochar
forms on immobilisation and mineralization and to determine if the effects observed are of relatively
short duration or more long-term. Long-term modelling of biochar and soil N pools, and processes, over
the long-term will be required as previously demonstrated for soil C [78].

Biochar application may have no effect on gross or net nitrification rates in agricultural soils [50,71],
but biochar application has been shown to promote net nitrification in natural ecosystems due to the
liming effects of biochar or the removal of inhibiting substances such as polyphenols or
tannins [50,79,80]. Volatile organic compounds associated with a biochar or ethylene production can
decrease nitrification activity [62,64]. In agricultural ecosystems, the lack of positive effects from
adding biochar on net nitrification rates may be because agricultural ecosystems are already
characterised by high nitrification rates [80]. The first and apparently only study to date to record
biochar stimulation of gross nitrification in an agricultural soil [67] showed that it was due to increased
mineralization of NH,4 ™ from the recalcitrant soil N pool, where the flux was larger than the simultaneous
incorporation of NH," into the labile soil N pool. Thus, the authors reasoned that the increase in gross
nitrification was mainly due to an increase in the NH," substrate supply. Studies such as that of Nelissen
et al. [67], using a stable isotope modelling approach, provide detailed information on not just N pool
sizes but also the gross N dynamics. These types of studies now need to be applied over longer terms.

6. Biochar and Soil Biota

The known effects of biochar addition to soils on soil biota were extensively covered by
Lehmann et al. [81] who concluded that there was limited knowledge on the shifts in microbial consortia
and that our knowledge of biochar effects in soil on soil biota is limited. This is even more so when
confining the discussion to N. Since the review by Lehmann ef al. [81] the study of Jones et al. [26] has
measured higher growth rates of bacteria and fungi after incorporating biochar but this effect was not
observed after storage of soil in the laboratory leading the authors to speculate that the effect was the
result of an indirect rhizosphere effect. While Dempster et al. [34] found that the addition of a Eucalypt
biochar at 25 t ha ' altered the ammonia oxidiser community structure when it was present with
inorganic-N, with lower nitrification rates ensuing. The latter was thought to be due to a negative
priming effect on the soil organic matter resulting in lower NH," concentrations, since the potential for
NOs; adsorption to remove NO3; was minimal when biochar was mixed with soil. Anderson et al. [75]
examined biochar induced soil microbial community changes from soil where biochar had been
incorporated during pasture renewal, and found that compared to control soils the abundance of the
bacterial families Bradyrhizobiaceae and Hyphomicrobiaceae increased. During anaerobic phases
members of these families can utilise NO3; , N, and NH; and they are capable of N, fixation and
denitrification. This result may explain the enhanced N fixation previously observed in bean crops with
biochar present [11]. Despite a meta-analysis showing root nodulation increases with biochar
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addition [82], assumed to be due to soil pH and P availability became more suitable for efficient N
fixation, there remains a dearth of information on both the long- and short- term effects of biochar on N,
fixation. Anderson et al. [75] concluded that adding biochar to the soil potentially increased microbial N
cycling, especially the abundance of those organisms that may decrease N,O fluxes and NHy
concentrations. Conversely, Yoo and Kang [61] suggested the higher N,O fluxes observed in the
presence of swine manure-derived biochar in paddy soils was partially a consequence of higher
denitrifier abundance.

Noguera et al. [83] hypothesised that earthworms and biochar would have a synergistic effect on
nutrient availability and plant growth. However, while differences in mineral N were observed with
treatments these were soil type dependant and they found few interactions between earthworms and
biochar, and no interaction with respect to mineral N, possibly as a result of the short term nature of the
mesocosm study. The study by Augustenborg et al. [52] found biochar reduced earthworm-induced N,O
fluxes although the mechanisms for this were not clear. Thus, the systematic and rigorous
experimentation, called for by Lehmann et al. [81], to assess biochar-induced effects on soil biota with
regard to soil N cycling is still needed.

7. Biochar as a Carrier for Nitrogen Fertiliser

Besides the release of N intrinsically embodied in the biochar ([42,46,47] there have been attempts to
further enhance the delivery of N using biochar by adding nutrients to the biochar prior to soil
incorporation. For example, Sarkhot ef al. [84] mixed biochar with filtered liquid dairy manure, by
shaking the mixture for 24 h and then oven drying the biochar, which increased the biochar’s N content
by 8.3%. When the unamended and N enriched biochars were added to the soil in an 8 week incubation
experiment, reductions in net nitrification were 68% and 75%, respectively, while net ammonification
rates were reduced by 221% and 229%, respectively. However, enriching biochar with N did not alter
the N,O flux, which averaged a 26% reduction in the biochar treatments [84]. These results were
interpreted as being due to adsorption processes rather than enhanced immobilisation, since CO; fluxes
were also lower under biochar treatments. Sarkhot et al. [84] thus concluded that N enriched biochar
could be used as a slow release N fertilizer.

Adsorption of NHj onto black carbon (defined as thermal-chemical by-products, encompassing
graphite’s to biochars [85] has been previously recognized [86]. Mechanisms responsible for NH;
adsorption have been reviewed [87,88] and discussed by Spokas et al. [85]. As a result of NHj
adsorption amides and amines are formed on the black carbon surface [89]. Adsorption of NH3 by black
carbon has been shown to be correlated to the quantity of surface acidic groups on the black carbon
(Spokas et al. [85] and references therein). The potential for biochar to be used as an N fertilizer, by
increasing its N content via NH; adsorption, was demonstrated in a study by Taghizadeh-Toosi
et al. [65] who exposed biochar materials to "N-labelled NH; which became enriched in °N. The
increase in biochar-N and its "°N enrichment was higher in the more acidic biochars. Twenty five days
after the application of these '’N-enriched biochar materials to soil, plant biomass had increased up to
3-fold (non-labeled biochar treatments showed no differences from the controls in terms of biomass
yield) and there was transfer of the "N from the biochar to the soil (2.5%—10.6% "N recovery) and
subsequent plant N uptake (10.9%26.1% "N recovery). Taghizadeh-Toosi et al. [66] then showed that
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NHj3 generated in the soil from >N-labelled ruminant urine patches, that are dominated by urea, could
also be captured by biochar present in the soil, which effectively acted as a N “sponge” subsequently
delivering the "N to the soil and plant biomass when the biochar was transferred to non-urine
treated soil.

The ability for biochar to act as a sink for NH3 was further demonstrated by Doydora et al. [90] who
acidified pine chip and peanut hull biochars (400 °C) with HCI and then applied the acidified biochars to
soil and either surface applied or incorporated poultry litter, hypothesising that NH3 volatilisation would
be reduced. After 21 days incubation they found that NH; volatilisation from poultry litter decreased by
58%—63% and 56%—60% for surface applied and incorporated poultry litters, respectively. Notably the
amount of leached inorganic-N was higher due to the retention of non-volatilised N in the soil where
acidified biochar had been used. However, plants were not present in this incubation and it can be
expected that in a field trial situation poultry litter applications (with acidified biochar) timed to enhance
plant N uptake would offset synthetic fertiliser inputs. The role of NH; uptake, i.e., reduced NH;
volatilization and loss, has also been postulated or observed in composting experiments [10,91,92].
Clearly there is role for biochar in capturing NH; and for this captured N to be released upon plant
demand. However, much remains to be examined. Is all the NH; adsorbed on the biochar surface
released, or plant-available? What is the repeatability of the NH; adsorption effect? If NH3 adsorbed
onto biochar as an amide or amine, for example, is released, can the resulting biochar surface
immediately take up further NH; or is a period of surface restoration required? How will soil moisture
conditions affect NH3 uptake? Results from long term field trials are needed to improve our
understanding of biochar as a slow-release N fertilizer after N loading or N capture, subsequent N
dynamics, and its effect on N,O emissions and N,O-emission-to-yield ratios.

8. Conclusions

The increasing body of biochar literature provides further evidence that biochar affects N cycling in
soils and that it offers potential options for tightening the N cycle in agricultural ecosystems. Much of
the biochar-soil research to date, with respect to N cycling, is fragmented with results as diverse as the
types of biochar used and the biochar-soil combinations tested. However, trends do emerge. It is
apparent biochar can take up N via ion exchange, remove NHj; via adsorption, and stimulate
immobilisation with flow on consequences for NO; leaching. Biochar can also stimulate
mineralization, supply N embodied in the biochar to biomass, and reduce N,O emissions. Future
research efforts need to continue the assessment of biochars role in soil N cycling, but in a systematic
way, making use of N isotopes where possible, so that mechanisms responsible for variations in N
cycling and the potential mitigation tools are more fully understood and identified. In particular, there is
a dearth of soil microbial studies and in sifu studies examining the role of biochar and N cycling over the
longer term. Furthermore, biochar N studies should also aim to elucidate the effects and potential risks,
if any, that biochar may have in the future by investigating long-term analogs such as charcoal-rich soils,
or aged versus fresh biochars. As an environmentally beneficial agricultural management tool, the most
promising prospects for biochar, to date, are: (i) the reduction of NHj; volatilisation via adsorption
processes (urine patches, animal housing filters, composting); (ii) the development of slow release N
fertilisers; and (iii) the reduction of N,O emissions using fresh biochar additions to soils. However, even
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these areas require further research since the use of biochar as a mitigation tool demands a deeper

mechanistic understanding and at the same time an increase in our ability to predict net effects over time.
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