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Abstract

We synthesized 20 years of research to explain the interrelated processes that deter-
mine soil and plant responses to biochar. The properties of biochar and its effects
within agricultural ecosystems largely depend on feedstock and pyrolysis conditions.
We describe three stages of reactions of biochar in soil: dissolutiBrwg@eks); re-

active surface development @.months); and aging (beyond 6 months). As biochar
ages, itis incorporated into soil aggregates, protecting the biochar carbon and promot-
ing the stabilization of rhizodeposits and microbial products. Biochar carbon persists

SFWE RFA 2000004349 ) : . . :
in soil for hundreds to thousands of years. By increasing pH, porosity, and water

availability, biochars can create favorable conditions for root development and micro-
bial functions. Biochars can catalyze biotic and abiotic reactions, particularly in the
rhizosphere, that increase nutrient supply and uptake by plants, reduce phytotoxins,
stimulate plant development, and increase resilience to disease and environmental
stressors. Metanalyses found that, on average, biochars increase P availability by a
factor of 4.6; decrease plant tissue concentration of heavy metals b@9%%dsuild

soil organic carbon through negative priming by 3.8% (range 21% to +20%); and
reduce non-C@greenhouse gas emissions from soil by 129%. Metaanalyses

show average crop yield increases of 18284 with biochar addition, with greatest
increases in lowutrient Psorbing acidic soils (common in the tropics), and in sandy
soils in drylands due to increase in nutrient retention and water holding capacity.
Studies report a wide range of plant responses to biochars due to the diversity of bio-
chars and contexts in which biochars have been applied. Crop yields increase strongly
if site-specific soil constraints and nutrient and water limitations are mitigated by
appropriate biochar formulations. Biochars can be tailored to address site constraints
through feedstock selection, by modifying pyrolysis conditions, througroppst-
production treatments, or @gplication with organic or mineral fertilizers. We dem-
onstrate how, when used wisely, biochar mitigates climate change and supports food
security and the circular economy.

KEYWORDS

carbon sequestration, GHG mitigation, heavy metals, priming effect, resilience, rhizosphere
processes, soil carbon

1 INTRODUCTION 350°C to over 750°C. Biochar properties vary widely, de-
termined largely by feedstock, HTT, and residence time at
Biochar is produced by thermal transformation of organicdHTT, as well as treatments applied before and after pyrolysis
matter in an oxygefimited environment. Research interest (Schimmelpfennig & Glaser, 2012). A review of 5400 stud-
in biochar has grown markedly since 2000 (Figure S1), stimies (Ippolito et al., 2020) found that wobdsed feedstocks
ulated by early studies of Terra Preta soils in the Amazon thagenerally produced biochars with the highest surface area,
indicated potential for biochar amendment to simultaneouslgtrawbased feedstocks gave the highest cation exchange ca-
improve a broad range of soil properties and thus increagecity (CEC), and manure feedstocks produced biochars with
agricultural yields, while also contributing to climate changethe highest N and P content. HTTs above 500°C produced
mitigation (Glaser et al., 2002; Lehmann et al., 2006). biochars that were more persistent in soil, with higher ash
A wide range of biochar types produced from feedstockgontents and pHs.
including woody residues, crop straw, animal manures,; sew Biochar trials have used a wide range of application rates
age sludge, and food wastes are pyrolyzed at temperaturasd formulations (Text S1; Table S1; Figure S2; Figure S3).
(highest treatment temperature, HTT) ranging from aroundHigher rates (1060 Mg ha' ) have commonly been applied



where lownutrient biochar is used as a soil conditioner toim- We first describe biochaseilplant interaction mecha-
prove bulk soil chemical and physical properties, while lowemnisms, focusing on rhizosphere processes and implications
rates (<1 Mg hé) have been used as a nutrient carrier tdfor plant growth, concentrating on biochar applied to annual
increase fertilizer use efficiency and decrease nutrient lossesops. Use of biochar in annual crops has been the most com-
and in mechanized planting (Table S1). Economic analysewnonly studied application to date and is anticipated to be the
suggest that formulations combining biochar with fertilizermost widespread future application of biochar. Subsequent
(biochar compound fertilizer [BCF]), applied at low rates, aresections review the implications of biochar for food secu-
likely to be the most cosffective approach for broadacre rity, climate change mitigation, and the role of biochar in the
cropping in higher income countries (Robb et al., 2020).  circular economy. We conclude with a summary of key pro-

Studies report a wide range of effects of biochars on physesses, knowledge gaps, and recommendations for optimal
ical, biological, and chemical soil properties and functionspiochar use.
and on plant growth. Reviews and matalyses show that
biochar generally lowers soil acidity and increases buffer
ing capacity; increases dissolved and total organic C, CEQ | MECHANISMS OF BIOCHAR
available nutrients, water retention, and aggregate stabilitE FFECTS ON SOIL AND PLANTS
and reduces bulk density (Blaggar et al., 2019; Lehmann &

Joseph, 2015). Biochar can increase microbial activity, accelWe consider the interactions between biochar, soil and plants
erate nutrient cycling, and reduce leaching and volatilizatioin the context of the annual crop cycle:
of nitrogen (Lehmann & Joseph, 2015).

In terms of plant performance, biochars can affect seed Stage 1: Shorterm (1-3 weeks) reactions of biochar
germination, plant growth, flowering, resistance to disease, in soil, and effects on seed germination and seedlings
and acclimation to abiotic stresses. Many studies report that Stage 2: Mediunterm (1-6 months) creation of reactive
biochar increases plant productivity, with an average yield surfaces on biochar, effects on plant growth and yield
increase of 10%2% (Table 1), although negative effects from seedling to harvest
have also been recorded (Jeffery et al., 2017; Macdonald Stage 3: Londerm (>6 months) interactions as biochar
et al., 2014; Ye et al., 2020). Studies reporting positive re- “ages” in soil, and its effect on subsequent crop cycles.
sponses have commonly used biochar application rates of
5-20 Mg hd (Table 1); however, applications of biochar—  Biochar is commonly applied at sowing or3lweeks be-
fertilizer mixes at low rates (<1 Mg Habiochar) have also fore sowing. Mechanisms involved when biochar is applied
increased yields, particularly when applied as a band near tlire conjunction with mineral and/or organic fertilizers, and as
seed (Table S1). The effects of biochar on crop yields are@ BCF comprising biochar, fertilizer, minerals (e.g., gypsum,
discussed further in Section 4. dolomite, diatomite, rock phosphate) and binder (e.g., clay,

Besides agronomic benefits, biochar contributes to clistarch) are examined.
mate change mitigation: Biochar C persists in soil for one
to two orders of magnitude longer than unpyrolyzed organic
residues, providing lonterm C sequestration when applied 2.1 | Stage 1: Shortterm reactions
to soil. In addition, biochar can increase soil C levels by de{1—3 weeks)
creasing mineralization of existing soil organic matter (SOM;

Wang et al., 2016) and newly added plant C (Weng et al2.1.1 | Biochar reactions in soill

2017). Furthermore, biochar can reduce emissions of the

greenhouse gases (GHGSs), nitrous oxide and methane (Vaihemical effects

Zwieten, Kammann, et al., 2015). The general properties of biochars are described in Text S2.

The large body of literature that has accumulated oveAfter application to soil, water entering biochar pores dis-
the last two decades has greatly increased our observatiorsallves soluble organic and mineral compounds on biochar
database of the effects biochar can have on soil propertiesiter and inner surfaces (Figure 1). These solutes increase
and crop performance. lblepth mechanistic studies have dissolved organic carbon (DOC), cations, and anions in the
brought focus to the importance of the rhizosphere in thessoil solution (Silber et al., 2010), which increases the elec-
effects. The objectives of this review are to synthesize the lastical conductivity and pH and reduces Eh (Joseph et al.,
20 years of research on biochar to elucidate the underlying015) The extent of changes in soil solution compaosition
biochar-soil-plant processes, and mechanisms that lead tdepends on the specific biochar and soil (Mukherjee &
plant responses to biochar, and to provide recommendatio@émmerman, 2013; Schreiter et al., 2020). Release of DOC
for optimizing the use of biochar to increase plant yield, soiend nutrient ions from biochar (Kim et al., 2013) is rapid
health, and climate change mitigation. over the first week and much slower over the following
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FIGURE 1 Summary of the processes that occur when biochar is applied to soil, based on two modes of application: (left) biochar and
fertilizer applied together and incorporated through the soil prior to sowing, and (right) biochar compound fertilizer (BCF) comprising biochar
mixed with fertilizer, minerals and a binder, granulated, applied to the soil as a band near the seed. (a) Stage 1: dissolution of biochar, interactions
with seedlings; (b) Stage 2: reactive surface development on biochar, interactions with growing plants. RC, resistor and capacitor in parallel

weeks (Mukherjee & Zimmerman, 2013). Initial rapid dis-  Fresh biochar typically has a low CEC, as the high tem-
solution can occur via dissolution of salts, ion exchangeperatures during pyrolysis reduce the concentration of func-
submicrometer particle detachment, and preferential digional groups (e.g.,6H, -COOH, -CH, and -€=0). CEC of
solution at crystal imperfections (Wang et al., 2020). Afterbiochar is more difficult to measure than CEC of soils, due to
the initial rapid dissolution stage, continued dissolution ists pH-dependent variable charge properties and the presence
faster in acidic (Silber et al., 2010) and lowrtrient soils  of soluble salts (Graber et al., 2017; MunEcheverri et al.,
(Wang et al., 2020). 2018). Using methods considered suitable for biochar, CEC
When biochar is applied in the form of BCF that com-ranges from approximately 50 to 200 mmol‘kdGraber
bines biochar, minerals, and N and P compounds (e.g., urest, al., 2017; Mitchell et al., 2013), and anion exchange ca-
ammonium sulfate, diammonium phosphate), the physicgbacity (AEC) is typically also less than 200 mmol‘kg
and chemical reactions that occur during the production ofLawrinenko et al., 2017). As CEC of fresh biochar is rel-
the granules slow the rate and extent of dissolution of Mtively low compared with CEC of many soil components,
compounds compared with dissolution of mineral fertilizersapplying biochar typically does not increase the soil CEC
(Chen et al., 2017; Shi et al., 2020). immediately (Kharel et al., 2019). However, the CEC and
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AEC of biochar increase over time as additional functionabxceeding 40 Mg h& (see Section 3; Quin et al., 2014).
groups form on biochar surfaces (see Section 2.3), increasifBjochar can also impact water infiltration into soils, for ex-
its ability to sorb and retain cations and anions (Hagemanmmple, moderating the reduction in infiltration rate that oc-
Joseph, et al., 2017; Hagemann et al., 2017; Rechberger et alirs during highintensity rainstorms in soils prone to surface
2017; de la Rosa et al., 2018; Wang et al., 2019). sealing, as seen at 2% w/w by Abrol et al. (2016). Reduced
Low-temperature biochars (HTT < 450°C) and biocharssealing leads to lower runoff and erosion rates. The effects
produced in facilities with incomplete separation of pyrolysiswere attributed to a biochaglated increase in soil solution
vapors (Buss & Masek, 2014; Buss et al., 2015) generally hav@éa and decrease in Na, leading to decreased sodium adsorp-
higher contents of wateseluble organic compounds, particu- tion ratio (Abrol et al., 2016).
larly low molecular weight neutrals (alcohols, aldehydes, ke- Biochar particles have low density and are easily crushed
tones, phenolics, karrikins), polyphenols/polyphenolic acids(Abdullah & Wu, 2009). Cultivation and ingestion by sail
and complex macromolecules, whereas haghperature fauna result in fragmentation and fracturing, creating very
biochars (HTT >450°C) have relatively lower levels of water-small particles (approximately <100 um). These small parti-
soluble compounds that are dominated by foalecular cles are more mobile and can have higher reactivity, surface
weight acids and lownolecular weight neutrals (Graber charge, radical content (Das et al., 2020; Yu & Kuzyakov,
et al.,, 2015; Reynolds et al., 2018; Taherymoosavi et al2021) and surface area than larger particles (Yang et al., 2020),
2018). Lowtemperature biochars can be hydrophobic ini-which can increase reactivity and nutrient availability (Wang
tially due to accumulation of aliphatic compounds in poreset al., 2020). High mineral ash biochars and engineered bio-
and on the surface; such compounds are usually lost durirgipars used in BCF generally contain high quantities of small
pyrolysis at higher temperatures. Hydrophobicity can inhibitmineral particles <100 um (especially silica, alumina, Fe/O
water uptake by biochar particles (Gray et al., 2014), but thiand CaCQ@, CaHPQ, and Mg compounds) in or on the C
effect dissipates over time. matrix that are easily fragmented from the biochar and are
Most biochars are alkaline, with aamrutralizing capac- mobile in soil.
ity up to 33% of agricultural lime (Van Zwieten, Kimber,
Morris, Chan, et al., 2010) due to their carbonate, oxide, and
hydroxide content. Biochar is a reductant, and therefore low2.1.2 | Effects on seed germination and early
ers soil redox potential (Joseph et al., 2015). An exceptioseedling growth
is flooded rice soils, where biochar application can increase
Eh due to the release of,@om roots. Chew et al. (2020), Reported impacts of biochar on germination and seedling
Joseph et al. (2015), and Pignatello et al. (2017) detail thgrowth range from inhibition to stimulation. Hormesis is
range of reactions that can take place on the external surfacesmmonly observed, that is, high rates of biochar can have a
and in the pores of biochar (see also Section 2.2). Except @etrimental effect, while low rates can be stimulatory. Below
flooded soils, oxygen will diffuse into the pores and reactwve discuss the mechanisms likely to contribute to the range
with redoxactive organic molecules (e.g., quinones; Yu &of effects on seed germination and early seedling develop-
Kuzyakov, 2021) and minerals, particularly Fe and Mn. Inment reported in the literature.
acid soils, excess Heacts with basic minerals such as cal- Seed germination begins with water imbibition and ends
cite and dolomite present within the C lattice of the biochawhen the radicle emerges from the seed coat. The following are
(Amonette & Joseph, 2009). the main factors that determine whether biochar impacts seed
Biochars (especially those made at >400°C) can have germination: (i) release of salts from biochar to the soil solution;
high content of free radicals, which can lead to the formafii) release of phytotoxins; (iii) release of germinatiodeicing
tion of reactive oxygen species (Pignatello et al., 2017; Ruahormones or karrikins; (iv) change in water holding capacity
et al., 2019; Yu & Kuzyakov, 2021) and strongly accelerateand porosity of the soil. These biochelated factors are the
oxidation reactions. This acceleration leads to oxidation nateason that biochar feedstock, production HTT, and application
only of biochar itself but also of SOM and plant residues (Diamount have a range of impacts on germination speed and rate.
et al., 2020) and is especially intensive in soils with fluctuat-The specific sensitivity of seeds of different plant species to
ing water level (Merino et al., 2020) or with high content ofsalinity, toxins, hormonéke compounds and water availability
iron (oxyhydr)oxides (Merino et al., 2020; Yu & Kuzyakov, also results in very variable results. For example, wood biochar

2021). (HTT 620°C) at 80 Mg h& in a pot trial inhibited germination
of tomatoes, while biochar made from paper sludge and wheat
Physical effects husk (500°C) or sewage sludge (600°C), and applied at the

Biochars commonly increase soil water holding capacitysame rate, had no effect on lentil, tomato, cress, cucumber, and
particularly in coarseéextured soils, decrease bulk density, lettuce seeds (Gasco et al., 2016). Other studies that applied a
and increase porosity, with greater effects observed at ratesnge of woody and manure biochars at rates ofd®g ha'



found positive or nil effect on germination (Das et al., 2020; At very high rates of application (>50 Mg h3, biochars
Gasco et al., 2016; Khan et al., 2014; Mete et al., 2015; Vadlerived from contaminated sludges or feedstock grown in
Zwieten, Kimber, Morris, Downie, et al., 2010). Some studiecontaminated soils can release heavy metals that inhibit ger
(e.g., Uslu et al., 2020) that reported negative effects of biochanination (Das et al., 2020). Biochars contain polycyclic aro-
on germination at very high rates (120 Mg'haapplied bio- matic hydrocarbons (PAHs; Gascé et al., 2016; Weidemann
char directly to seeds in a petri dish, in the absence of soil @t al., 2018), organic pollutants formed during incomplete
other media, which is unlikely to reflect the effects of biochar incombustion, that can inhibit germination at high rates.
the field environment, where charged clay minerals, microbesjowever, PAHs in biochar are generally of little or no con-
and organic compounds interact with biochar, and are likely toern for plant growth due to their strong binding by biochar,
modify and buffer the response. Germination rates were not a&nd furthermore, their concentration is usually below regula-
fected by the addition of BCF at <700 kg’han pot or field  tory limits if biochar is made under slow pyrolysis conditions
trials, while seedling growth was the same or greater than witfBuss et al., 2015; Hale et al., 2012; Hilber et al., 2017).
NPK fertilizer alone (Joseph, Graber, et al., 2013; Liao et al., At high biochar application rates in the absence of soil
2020; Qian et al., 2014; Zheng et al., 2017). Aqueous extrac(solumetrically equivalent to >40 Mg Ha, in a petri dish),
of some biochars have been found to stimulate germination arficce radicals from biochar inhibit germination and seedling
seedling growth (Taekeun et al., 2012). growth (Liao et al., 2014). However, at low biochar rates, low
Seed germination and early seedling development can bevels of free radicals could be beneficial, as reactive oxygen
influenced as a result of the effects of biochar on soil physispecies can interact with plant hormones that trigger germi-
cal properties (Section 2.1.1). For instance, by reducing soilation (Gomes & Garcia, 2013). Furthermore, free radicals
bulk density and increasing soil aeration, biochar can providassociated with biochar have been found to degrade certain
oxygen for seed germination and improve seedling growtlerganic and inorganic pollutants (Ruan et al., 2019) which
through lower resistance to root penetration and seedling turn could enhance germination and seedling growth. In
emergence. These effects typically increase with higher bieaddition, biochar can lower the production of reactive- oxy
char rates (Obia et al., 2018). gen species by plants: Natasha et al. (2021) showed that the
Chemical impacts of biochar on soils and soil water soluproduction of reactive oxygen species was lower, on average,
tion can also affect seed germination and early seedling déy 33% in plants grown in soils contaminated with trace ele-
velopment. For example, by raising the pH, alkaline biocharsments where biochar was applied (2%% w/w).
alleviate Al and heavy metal toxicity that can reduce root In summary, most biochars and biochar formulations do
growth in acidic soils (Lauricella et al., 2021; Shetty et al.,not inhibit germination and early growth of plants in soil un-
2020; Van Zwieten, Rose, et al., 2015). At high applicatioress applied at very high rates (e.g., >80-Mg ha' ), and
rates, biochars with high levels of soluble salts could inhibitan promote germination and seedling growth at moderate
germination and seedling growth through osmotic stressates. The mechanisms for the positive effects largely involve
Certain soluble organic compounds released from biocharsatersoluble organic compounds that stimulate germination
can stimulate germination and plant growth (Sun, Drososand seedling growth, or reactions that deactivate inhibitory
et al., 2017). Kochanek et al. (2016) showed that biocharfactors such as heavy metals and phytotoxic organic com-
containing karrikins, a class of watestuble organic mol- pounds. These effects vary between biochars: low tempera-
ecules associated with plant response to fire, can accelerdtge biochars have a higher content of watduble organic
germination and early growth of plants. These authors amolecules that can promote germination and early growth at
tributed the response to signaling molecules that stimulatew application rates; these biochars are also likely to cause
plant development. The quantity of karrikins and germinainhibition if applied at high rates. Negative effects on germi-
tion response varied widely between biochars studied bgation can result where high rates are applied due to release
Kochanek et al. (2016). French and IfRascuzzi (2018) of soluble salts or phytotoxic levels of organic compounds,
found evidence that stimulation of the gibberellin pathwaywhere biochar is contaminated, and where soil is absent.
contributes to the observed promotion of germination andiochars with high levels of soluble mineral compounds can
seedling growth by wood biochar in some tomato genotypesilso cause inhibition at high application rates.
Similarly, phenols and polyphenols released from biochar
(Reynolds et al., 2018) can break seed dormancy, leading to
germination, and also promote seedling growth (Mu et al.2.2 | Stage 2: Mediumterm reactions
2003; Stoms, 1982). Yet, some organic molecules releaséd—6 months)
can be phytotoxic, so applying biochar a few weeks in ad-
vance of sowing supports seedling growth through the deFhe effects of biochar in later periods differ from the first
velopment of a beneficial rhizosphere microbiome (Jaiswastage which is dominated by dissolution of compounds from
et al., 2018). biochar. In stage 2, plant roots intercept and interact with



biochar. Root hairs enter biochar pores, roots wrap around.2.2 | Microbial responses
biochar (Joseph et al., 2010; Prenderdéiier et al., 2014),
and very small biochar particles can attach to root surfacédeta-analyses have shown that biochar increases microbial
(Figure 1; Chew et al., 2020). Biochar affects the abundand@iomass and activities (Pokharel et al., 2020), particularly in
of specific microorganisms especially in the rhizosphere, antligh-N soils (Zhang et al., 2018) and with biochars produced
the interactions between biochar, soil, plants, and the micr@t low temperature from nutrienth feedstocks (Li et al.,
biome affect plant growth and health (Anderson et al., 20112020). Biochars, particularly those made at low temperature
Jaiswal et al., 2015). from crop residues, cause shifts in microbial community
composition, increasing the ratios of fungi to bacteria, and
gramypositive to grarmegative bacteria (Zhang et al., 2018).
2.2.1 | Physical and chemical reactions in soil The metaanalysis by Pokharel et al. (2020) identified that bi-
ochar increased microbial biomass C and the activities of the
The physical and chemical properties of biochar surfacesnzymes urease, alkaline phosphatase, and dehydrogenase by
change significantly in Stage 2 through a range of biotic an@2%, 23%, 25%, and 20%, respectively, with greatest effects
abiotic processes that take place in the pores exposed aftaracidic finetextured soils. This increase in enzyme activi-
the rapid dissolution phase ends (Joseph et al., 2010). Thies as well as the shift in microbial community diversity and
surface area and porosity increase (Schreiter et al., 202Qctivity (Jaiswal, Elad, et al., 2018) are directly dependent
and a fine layer of organic matter with a high concentraen (i) pH increase after biochar addition, as soil acidity is
tion of C-O and CN functional groups forms around the the main factor regulating microbial composition (Rousk
external and some of the internal pore surfaces of the biet al., 2010); (ii) increased aeration, and consequently, bet-
char and BCF. This fine layer adsorbs cations (includinder conditions for fungi and aerobic bacteria, as well as oxi-
heavy metals), anions, nanoparticulate minerals, and odative enzymes; (iii) changes in metabolic needs due to the
ganic compounds through a range of binding mechanisnm@revalence of large organic compounds, and consequently,
that include cation and anion exchange, ligand exchangshift in the community toward Istrategists (Cui et al., 2020),
covalent bonding, complexation, chelation, precipitationdecrease in gramegative bacteria, shift toward saprophytic
redox, and acidsase reactions, that together result in for-fungi, and increase in peroxidases; and (iv) strong increase in
mation of organanineral layers (Hagemann, Joseph, et al. hydrophobic compounds in soil that favors activity of fungi
2017; Joseph, Van Zwieten, et al., 2013). These layers a(Beng et al., 2021; Xia et al., 2020).
redox-active and mesoporous. Surfaces in nanopores bind Li et al. (2020) noted a negative effect of high biochar
molecules more tightly than larger pores (Pignatello et alrates (>50 Mg ha& ) on microbial diversity, and suggested
2017). Some of the nutrients released from fertilizer, espehe following potential causes: (i) introduction of toxic com-
cially N and P, can react with the biochar pore surfaces angbnents that inhibit some species; (ii) increase in the C:N ra-
organomineral layers (Haider et al., 2020; Hestrin et al.,tios of SOM that limits microbial C utilization, possibly only
2019; Joseph et al., 2018; Kammann et al., 2015). Biochan the short term and only to the extent that the organic C is
pores may become filled with organic matter and minermetabolized; and (iii) disruption of microbial microenviron-
als, protecting organic matter from microbial decomposi-ments. Note also that C:N ratio does not influence microbial
tion (Pignatello et al.,, 2017) and reduces availability ofmetabolization of biochars (Torr&ojas et al., 2020).
nutrients. Fungi and bacteria inhabit the larger nutrigolk+ pores
Microagglomerates that form on internal and external bioof biochar (>2 um) where they mine the nutrients in the bio-
char surfaces, consisting of nanoparticulate minerals bourchar and those that have been absorbed from fertilizers. The
with organic molecules, have a significant concentration ofdsorption of root exudates, microbial metabolites, and mi-
—C-0O, -C=0, -COOH, or NH functional groups (Joseph crobial necromass increases SOM levels and thus increases
et al., 2010). Recent research indicates that many of the rseil organic carbon (SOC; see Section 4.2). Small biochar
actions described above related to biochar occur on or in thgarticles can migrate to the root surface and can alter the
microagglomerates. abundance of specific roassociated bacteria (Chew et al.,
Gases such as NHN,O, and CH produced through bi- 2020; Kolton et al., 2011).
otic and abiotic reactions of fertilizers in soils and/or through Inlow P soils, arbuscular mycorrhizal fungi (AMF) invade
chemical reactions on the surfaces of the biochar can diffusbe pores of biochar, especially biochars with high P content
into the nanopores (<50 nm), where they can react with oxen the pore surface, which can increase plant P uptake (Gujre
idants and reductants, especially if the pores contain wategf al., 2020; Solaiman et al., 2019; Vanek & Lehmann, 2015).
which reduces N loss and GHG emissions (Section 4.3; ChiBlackwell et al. (2015) found that a phosphoemfanced
& Huang, 2020; Quin et al., 2015). BCF increased root colonization to 75% compared with 20%
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in mineral fertilizer and unfertilized control and increased P2020), which can increase nutrient availability, and can re-
uptake efficiency. sult in additional adsorption sites for organic molecules
Adsorption of microbial signaling molecules (especially (Prendergasiiller et al., 2014).
acyl-homoserine lactone) on biochar surfaces can disrupt soil In flooded paddy soils, biochar and BCF particles can be
microbial communication, which could reduce the effects ofencapsulated in an organgneral layer (Chew et al., 2020)
pathogens (Gao et al., 2016; Masiello et al., 2013). Biochawn the root surface. BCF attached to the root or located in
can also adsorb pathogenic enzymes and toxic metabolitése rhizosphere of rice grown in flooded soils was observed
exuded by soiborne pathogens, thus reducing the concentrato significantly alter the pH and Eh around the root, the root
tion of virulence factors in the root zone and lowering diseassembrane potential (the potential difference between the in-
severity (Jaiswal et al., 2018). side of the root and the soil), and the abundance of specific
microorganisms that increase nutrient availability (Chew
et al., 2020). Thus, when biochar is in contact with root hairs,

2.2.3 | Plant responses in the presence of microbes, it has the capacity to store and
release nutrient ions and electrons (Chew et al., 2020; Sun,
Nutrient responses Levin, et al., 2017). The change in root membrane potential

Much of the N within the biochar C matrix (e.g., heterocy-can facilitate uptake of nutrients when required by the plant.
clic-N) is unavailable to plants (Clough et al., 2013; TorresChew et al. (2020) have represented these reactions as an RC
Rojas et al., 2020), whereas most K in biochar is present icircuit (Figure 1). Biochar directly mediates electron transfer
soluble forms, released in the short term after application tby functioning as an electron shuttle and indirectly transfers
soil (Silber et al., 2010), and is readily available to plantselectrons from the valence band to the conduction band in
Meta-analyses have found that biochar application comthe Fe minerals by generating electrioole pairs producing
monly increases P availability, particularly when applied toreactive oxygen species (, H,O,, ) by Fenton and
acidic or neutral soils, and for biochar produced from lowFentonlike reactions (Yu & Kuzyakov, 2021).
C:N feedstocks (e.g., manure, crop residues), and produced Chemolithotroph bacteria can grow on the surfaces of mi-
at low temperatures (Gao et al., 2019; Glaser & Lehr, 2019¢roagglomerates of clay and Fe nanoparticles and make S and
However, P availability can be low in C&h and Kpoor  Fe more available to plants (Ye et al., 2017). Microbes can
feedstocks such as sewage sludge (Buss et al., 2018, 2080m biofilms on biochar surfaces, and establish corrosion
TorresRojas et al., 2020; Wang et al., 2019) because pyeells that increase the solubility of metal species (e.g., insol-
rolysis can convert plargvailable organic P into inorganic uble ALO; to soluble Al; Joseph, Van Zwieten, et al., 2013).
P that is less available in the short term (Buss et al., 2020;
Rose et al., 2019). The opposite has also been observedffects on heavy metal uptake
with pyrolysis increasing plargvailable P although decreas- Many studies have shown that biochar can reduce uptake of
ing waterextractable P (Wang et al., 2014; Zwetsloot et al. heavy metal(loid)s by plants. A metaalysis found bio-
2015, 2016). The effect of biochar on P availability is de-char addition to soils resulted in average decreases in plant
termined by microscale effects on soil pH and soil solutiortissue concentrations of Cd, Pb, Cu, and Zn by 38%, 39%,
composition, especially Ca content (Buss, Assavavittayano25%, and 17%, respectively (Chen et al., 2018). Studies
et al., 2018; Buss et al., 2018). Biochar can retain nutrientshowing significant reduction in bioavailability of heavy
especially N, released as fertilizers dissolve, and nutrients atretals have often applied high rates of biochar, in excess
ready present in soil, reducing loss through leaching (Haidesf 10 Mg ha' (Chen et al., 2018; Wang et al., 2020). The
et al., 2020). For example, metaalysis found that bio- surface Ofunctional groups on biochar can immobilize
char reduces N leaching on average by 26%, though it cdreavy metals through ion exchange, precipitation, cation
increase ammonia volatilization at biochar application rateand anion metal attraction, reduction, electron shuttling,
>40 Mg ha' and with biochar pH > 9 (Haider et al., 2020; and physisorption (Figure 2; Ahmad et al., 2014; Ding
Liu, Zhang, et al., 2018). While the stimulation of micro- et al., 2014, Liu, Xu, et al., 2018; Tan et al., 2015; Zheng
bial activity by easilymineralizable components of biochar et al., 2020). Alkalinity from biochar (the liming effect) in-
can reduce N availability through microbial immobilization creases pH of acid soils, increasing the negatively charged
(Clough et al., 2013), it also accelerates the mineralizatioexchange sites on clay particles, attracting cationic met-
of organic matter and nutrient cycling, and AMF root colo-als (Figure 1). Manure biochars commonly contain higher
nization, which can increase N and P uptake by plants, &a than plantierived biochars, and thus can immobilize
discussed above (Solaiman et al., 2019) and can also improgationic heavy metals (e.g., €dand CG") through ion
root growth under water stress (Mickan et al., 2016). exchange (Lei et al., 2019). Stable precipitates formed in
Adsorption of root exudates by biochar may cause dissddiochars with high P can immobilize Pb through the forma-
lution of mineral compounds in biochar pores (Wang et al.tion of -Phy(PO,)s, Whereas higher alkalinity and calcite
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FIGURE 2 Postulated mechanisms of biochar interactions with heavy metals and metalloids (adapted from Ahmad et al., 2014)

in biochar facilitate the formation of insoluble hydrocerus-Plant health
site PR(CO;),(OH), (Cao & Harris, 2010; Li et al., 2016). Besides the impacts of biochar on plant growth and develop-
Particles on the surface of biochars consisting of carborment, it has been observed in numerous pathosystems that bi-
coated minerals are particularly effective in reducingochar can elicit systemic resistance in plants against diseases
bioavailability of heavy metals (Kumar & Prasad, 2018).(Frenkel et al., 2017). Biochar in the growing medium can
Incorporation into organmineral microagglomerates can “prime” plants (Ton & MaunchMani, 2003) for rapid up-
reduce Cr(VI) to Cr(lll) through interaction with reduced regulation of defenseelated genes (Elad et al., 2010; Jaiswal
Fe, organic compounds, and free radicals (Odinga et alet al., 2014, 2015, 2017, 2020; Jaiswal, Elad, et al., 2018;
2020), including through electron shuttling (Xu et al., Kolton et al., 2017; Kumar et al., 2021; Mehari et al., 2015;
2019), reducing their availability to plants (Kumar, JosephMeller Harel et al., 2012). Plants in a primed state display
et al., 2018; Kumar et al., 2020). faster and stronger activation of cellular defense responses,
High-temperature willow biochar was found to adsorbsuch as earlier oxidative burst and stronger upregulation of
heavy metals from sewage sludge through both physisorptiattefense genes, upon encountering biotic stresses (Conrath
and the mechanisms described above (Bogusz et al., 2018}.al., 2006). This effect has been observed also for abiotic
Even feedstocks that contain high contents of heavy metaénvironmental pressures such as salt, heat, cold, toxins, and
can reduce the bioavailability of some heavy metals in somérought (Ton & Maunchvani, 2003).
soils. For example, sewage sludge biochar decreased the bio-A range of biocharhizosphere mechanisms are po-
accumulation of As, Cr, Co, Cu, Ni, and Pb, but increasetentially responsible for these in planta responses (Graber
that of Cd and Zn in an acidic paddy soil (Khan et al., 2013)et al., 2014), involving biochar's varied direct and indirect
Biochar can increase the mobility of anionic metal-influences on the soil/rhizosphere/pathogen/microbiome/
loids such as As (e.g., , ; lgalavithana et al.,, plant system. Some of these include: release of Si from bio-
2017) through a decrease in positively charged sites, whiathar (especially straw and rice husk biochars), reported to
decreases the binding sites for As as soil pH increasescrease disease resistance and plant growth (Wang, Wang,
(Vithanage et al., 2017). Engineering biochars through adcet al., 2019) by suppression of initial infection and pathogen
ing magnetite nanoparticles can increase AEC and thus adecess to plant tissues; adsorption by biochar of extracellular
sorb As (Wan et al., 2020). pathogenic enzymes and toxins (released by soil pathogens
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to dissolve and poison roots) lowering their concentration$o a range of environmental pressures, such as drought, heat,
in the root zone (Jaiswal, Frenkel, et al., 2018); induced sypathogens and pollutants (Husson et al., 2018). Biochar
temic acquired resistance through upregulation of genes aman rapidly transfer charge (Sun, Levin, et al., 2017; Yu &
pathways associated with plant defense and growth (Jaiswidlizyakov, 2021), which could also enhance plants’ capacity
et al., 2020); and adsorption and deactivation of plant sigco cope with oxidative stress (Husson et al., 2018).
naling molecules that induce germination of parasitic weed In summary, biochar can create conditions in the rhizo-
seeds (Eizenberg et al., 2017). sphere that increase nutrient supply and uptake; immobilize
The impact of biochar on plant disease is a function obr deactivate phytotoxic organic and mineral substances;
biochar dose and type (physical/chemical characteristics, aslease bioactive compounds that stimulate growth and de-
discussed above; Frenkel et al., 2017; Poveda et al., 202lelopment; promote beneficial organisms; and inhibit patho-
Rogovska et al., 2017). Generally, no impact is found at lovgens. Thus, biochar can support plant growth, health, and
rates (<2 Mg ha ), positive impacts are seen at moderateresilience to disease and environmental stressors.
rates (2-20 Mg hh), and negative impacts at relatively high
rates (>50 Mg ha ). This response pattern has been observed
in studies of plant growth and disease caused by Rhizoctonza3 | Stage 3: Longterm reactions
solani in common beans (Jaiswal et al., 2015) and cucumber
(Jaiswal et al., 2014), and in other plaait-borne pathogen Several studies have examined the longer term interactions
(Graber et al., 2014) and plafghar pathogen (Elad et al., as biochar “ages” in soil, investigating effects on bulk soil
2011) systems. However, the optimal rate for disease suproperties and plant growth where biochar has been applied
pression does not always coincide with the optimum rate fon previous crops, or examining biochar particles extracted
growth response. Rates that are beneficial for plant growtfrom the soil. Disturbance through cultivation, exposure to
in nondiseased systems can result in disease promotion imetting-drying and freezehaw cycles, and ingestion by soil
pathogeninfected systems (Jaiswal et al., 2015). fauna can lead to further fragmentation of biochar particles
Few studies have examined in planta responses to biochand oxidation of biochar surfaces exposed through detach-
when faced with environmental pressures. Under sufficientnent of microagglomerates (Wang et al., 2020).
and drought water conditions, Chenopodium quinoa and Two studies identified the formation of porous organo-
maize both grew significantly better in biochar treatmentsmineral heterogeneous microagglomerates with mineral
which was attributed to improved plant traits (lower pro-phases consisting of Fe, Al, Si oxides, phosphates (Ca/Fe/
line content and less negative osmotic potential) rather thail), carbonates (Ca/Mg), and chlorides (K, Na), and dimen-
to increased root zone water content (Ahmed et al., 2018jons from 1 to 50 nm, bound together by organic compounds
Kammann et al., 2011). Improved pepper plant productivityand bonded to the biochar surface (Archanjo et al., 2017;
in biochartreated plots in a muliear trial conducted under Rafiq et al., 2020). Simultaneous occurrence of Fe(ll) and
extreme environmental pressures (high evaporation demarte(lll) present as magnetite and hematite could make N and
and vapor pressure deficit, high daytime temperatures (heRtmore available through redox cycling of Fe (Haider et al.,
stress) at planting and low nighttime temperatures at fruiting2020). This could contribute to lorigem increase in P avail-
brackish water irrigation) was attributed to biockhcited  ability in response to biochar application, such as identified
acclimation responses in the plants (Kumar, Elad, et alin the metaanalysis of Glaser and Lehr (2019), who reported
2018). Tests with heat stress and biochar in Arabidopsis irenhancement lasting up to 5 years. Aged héyhperature
dicated early microstresses primed the plants to cope betteood biochar particles retain plaatailable N as nitrates
with subsequent acute heat stress. Early microstresses elamnd ammonium, adsorbed onto the orgamoeral micro-
ited improved energy production and utilization mechanismsagglomerates (Haider et al., 2020). The formation of micro-
while the acclimation mechanism against the acute heat wagglomerates increases the surface area, CEC and AEC, but
related to lower levels of reactive oxygen species. The abilitthe pore volume generally decreases compared to the fresh
of biochar to induce an early acclimated state to basal mbiochar after multiple crop cycles, for example, Dong et al.
crostresses and to prime the plant for coping with subsequef017). Rhizodeposits are protected in soil microaggregates
acute stresses was postulated to explain bicoleadiated im- and Fe (oxyhydr)oxides (Jeewani et al., 2020), and a decadal
provements in plant health, flowering, and growth due to facstudy indicates potential for this mechanism to provide long-
tors other than nutrition, water, or soil structure (Elad et al.term stabilization of newly added plant C (Weng et al., 2017).
2011). Biochar particles can also be protected within the soil micro-
In addition to in planta responses discussed above, biaggregates (Figure 3).
chars buffer pH and poise (equilibrate) Eh (Husson, 2013; The biocharenriched anthropogenic Terra Preta soils
Joseph et al., 2015) which can create and maintain conditiomssociated with pr€olumbian settlements in the Brazilian
in the rhizosphere that support plant growth and resiliencAmazon (Steiner et al., 2009) provide evidence of very
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arthropod pest broad mite, over three seasons in fertilized,

irrigated peppers after application of greenwaste and woody

biochars. Crop growth on Terra Preta soils is approximately

double that on adjacent unamended soils, providing evi-

dence that biochar can increase soil fertility over centuries

(Lehmann et al., 2003).

There is a substantial body of literature examining biochar

reactions over multiple years based on tme application

of biochar at high rates (e.g., ZB-Mg ha® or 2-8% w/w),

often in pots (e.g., Burrell et al., 2016), but there are few stud-

ies of biochar or BCF applied at low (commercially viable)

rates, as single or repeated applications. Slow release of P

from BCF and biochar can increasei$t efficiency in tropi-

cal soils over the mediunte longterm (Lustosa Filho et al.,
FIGURE 3 Fragment of biochar coated with nanoparticles that ~ 2020), possibly through (i) input with high P biochars such as
have a high concentration of Si, Fe, Al, Ti (see Figure S4) embedded those made from manure or sewage sludge; and (ii) reduced

in a soil microaggregate. Nanoparticles are the small spherical and  p sorption due to DOM released from biochar (Schneider &
ovoid particles on biochar lattice. Sample of biochar removed from a Hsderlein 2016).

9-year field trial of greenwaste biochar (Weng et al., 2017). Mineral In summary, aging through interactions of biochar with soil
nanoparticles on the biochar surface can play a key role in the

) _ _ _.__minerals and microbes generally leads to functionalized sur
formation of microaggregates that protect biochar from decomposition, . . . .
The energydispersive Xray spectroscopy (EDS) spectrum of this face§ consisting of.orgarrt.nneral mlgroagglomerates, which
image is shown in Figure S4 can mcrgase nutrlemteldlng capacity. Mlcroagglonlerates
and portions of the C matrix can detach, and collosdzdd
particles can migrate through the soil profile. Aggregation
can protect biochar and newly added organic matter, stabiliz-
longterm reactions of biochar in soil. Observations of Terrang new C for long periods in soil. Residual effects of single
Preta soils identified that a substantial fraction of the biochaapplication of biochar on pH have been recorded, and some
remained in particulate form, protected by Fe and Al oxidesesidual yield benefits have been observed.
(Glaser et al., 2000).
Colloidal aged biochar particles consisting of microag-
glomerates and fragments of the C matrix may be more m@ | BIOCHAR'S ROLE IN
bile in soil than fresh biochar (Wang, Zhang, et al., 2019)SUPPORTING FOOD SECURITY
These particles can have higher negative charge on the sur
face compared with fresh biochar due to the higher con©ver 1700 studies published between 2010 and 2020 (Web
centration of CO functional groups (Wang, Zhang, et al., of Science) describe the effects of biochar on plant produc-
2019), further increasing CEC and capacity to adsorb organion. Metaanalyses have found yield responses of annual
molecules. crops and trees of 10%2% and identified site and biochar
The bioavailability of heavy metals has been observedeatures giving greatest responses (Table 1).
to increase or decrease as biochar ages in soil (Wang et al., Sandy soils and soils with CEC below 100 mgrkg‘l
2020). For example, the reduction in uptake of Cd and Pbr organic C content below 20 g kgare most responsive
from a highly contaminated soil was sustained over 3 year@ai et al., 2020; Ye et al., 2020). Soil pH is consistently
after a single application of wheat straw biochar (Bian et alidentified as a key variable (Dai et al., 2020; Jeffery et al.,
2014). Potentially, adding a small amount of biochar in a band011): Responses were greatest in acidic soils, because of
every year could ensure heavy metals remain immobilized. the liming effect of biochar and a concomitant decline in
In their metaanalysis, Ye et al. (2020) reported an in- available Al (Van Zwieten, Rose, et al., 2015). Importantly,
crease in crop yield over multiple years after a single bioYe et al. (2020) identified that yield responses were greater
char application, where fertilizer was applied. Rafig et alin the third year after a single application, when fertilizer
(2020) found that moderate rates Mg ha' ) of rice husk  was applied with the biochar. This response most likely
(high ash) biochar applied with fertilizer gave a residualreflects the physicochemical and microbial changes that
benefit for pasture yield, lasting at least 3 years, associatethprove soil health as biochar ages (Section 2.3), rather
with enhanced microbial activity and diversity. Kumar, Elad,than a simple soil pH response. A matelysis by Glaser
et al. (2018) observed increased fruit yield and quality, andnd Lehr (2019) found availability of P increased on-aver
resistance to the pathogen causing powdery mildew and ttegye by a factor of 4.6 in response to biochar application.
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They noted that biochar increased P availability by a facmetals, and (2) indirect interactions that immobilize heavy
tor of 5.1 and 2.4 in acidic and neutral soils, respectivelymetals through modification of soil properties (see Section
but it had no effect in alkaline soils or at application rate.2.3), and could contribute to the yield benefits of biochar
below 10 Mg ha or with biochars produced at HTT < particularly in acid soils, as soil pH is a key property-gov
600°C (Glaser & Lehr, 2019). The optimal biochar doseerning the speciation and mobility of heavy metals. Increase
differed between studies (Table 1) and is dependent on the soil CEC following biochar application can also reduce
biochar characteristics, soil properties, and the constrairthe bioavailability of cationic heavy metals (Mohamed et al.,
being addressed. Biochar may have no effect on yield2017). Biochar application can also alter soil Eh, impacting
when lownutrient biochars are applied without fertilizer, the speciation, mobility, and bioavailability of anionic heavy
or when biochar is applied to nutrienth soils (Ye et al., metalloids such as As (Yuan et al., 2017).
2020). Negative effects can result from reduction in soil Heavy metals may be present in biochar produced
N and P availability (Nielsen et al., 2014; Prommer et al.from feedstocks such as sewage sludge and treated timber.
2014) especially at high rates of high temperature biochamlthough the pyrolysis process concentrates most heavy met-
(Kammann et al., 2015) through binding mechanisms deals, some metals such as Cd and Zn (Dong et al., 2015) and
scribed in Section 2.2. As (Zhang et al., 2020) can be partly volatilized during py
A metaanalysis of the impacts of biochar on rice produc-rolysis resulting in lower concentrations than the feedstock.
tion (Awad et al., 2018) showed a net yield increase of 16%, Application of biochar is a promising approach to mit-
with greatest response at PD-Mg ha' and with biochars igate heavy metal contamination; however, the remediation
produced at 400450°C. The capplication of biochar with efficacy depends on the type of biochar, biogeochemical
N fertilizer tended to provide the greatest yield increase, suproperties of soil, plant species, and the specific heavy metal
porting previous evidence (Van Zwieten, Kimber, Morris, (Albert et al., 2020; Palansooriya et al., 2020). Therefore, se-
Chan, et al., 2010) that biochar can increase fertilizas®l- lecting the appropriate biochar type to address heavy metal
efficiency, and suggesting that biochar addition could maineontamination, suited to the soil properties, type of plant,
tain crop N uptake at lower doses of fertilizer N. Similarly, inand specific heavy metal, can result in effective remediation
two studies using BCF, N partial factor productivity increasedvhile safeguarding food quality.
by 37%-+4% (Joseph, Graber, et al., 2013; Qian et al., 2014). Improved understanding of the key edaphic properties that
Biochars are generally found to increase soil watéding  constrain plant production and heavy metal uptake, and that
capacity, which would enhance resilience of agricultural sysean be addressed by biochar, enables design of “bespoke bio-
tems to drought, especially under climate change (Edeh et athars” engineered for specific applications (Crombie et al.,
2020) and may further explain the positive effects of biochar2015) to contribute to food security.
in sandy soils especially in arid and semiarid areas. Grass and
straw biochars increase watestding capacity to a greater
extent than woody biochars (Burrell et al., 2016; Kroege# | BIOCHAR'S ROLE IN CLIMATE
et al., 2020). Metanalyses have shown increases in planCHANGE MITIGATION
available water content of 33%5% in coars¢extured soils
and 9%14% in clay soils (Edeh et al., 2020; Omondi et al. Biochar has been recognized as a negative emissions technol-
2016; Razzaghi et al., 2020), with greatest response at 3@gy (de Coninck et al., 2018; Cowie et al., 2020), in addition
70 Mg ha' . Using X+ay -tomography, Quin et al. (2014) to reducing GHG emissions from soil, as reviewed below.
observed increases in total soil porosity, connectivity of pordmong carbon dioxide removal strategies, biochar is sug-
space and number of fine pores across soils of different tegested as a preferred method due to comparatively low cost
ture, explaining the results of Edeh et al. (2020) and Razzaghid large environmental benefits (Smith, 2016).
et al. (2020).
The average 27% increase in photosynthetic rate;in C
plants (but no effect on Qplants) observed in the meta- 4.1 Persistent carbon in biochar
analysis of He et al. (2020) associated with increased stoma-
tal conductance, transpiration rate, and chlorophyll conteritnlike other forms of biomass that are rapidly decomposed
was attributed to the combined effects of biochar on watein soil, the majority of C in biochar has a mean residence time
availability and N nutrition. in the range of hundreds and thousands of years (Schmidt
Heavy metal pollution in arable land significantly impactset al., 2011; Wang et al., 2016). Due to this high persistence,
plant growth and food safety (Luo et al., 2018) especially irbiochar can contribute significantly to lotgrm C seques-
developing countries (Hou et al., 2020). Application of bio-tration (Lehmann, 2007). Sequential additions of biochar to
char to contaminated soils could reduce heavy metal bioavaioil will continue to build SOC stocks, whereas additions of
ability via (1) direct interactions between biochar and heavyinpyrolyzed organic matter (plant litter, compost, manure)
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will be rapidly mineralized, and will increase SOC stockspresent in biochar, especially Si and P, can increase per
only until an equilibrium is reached where inputs equal desistence of biochat (Xu et al., 2017).
composition rate (Figure 4). Estimating potential C sequestration through the use
The very slow decomposition of biochar in comparisonof biochar requires prediction of its persistence in soil.
to unpyrolyzed biomass is attributed to its aromatic strucTemperature thresholds identified in the transformation pro-
ture, which results from chemical transformations of biomassesses can indicate persistence. Using hydrogen pyrolysis to
during carbonization. Wood biochars pyrolyzed at temperaassess relative chemical stability, McBeath et al. (2015) esti-
tures above 45@900°C have a mean residence time of hun-mated, across a wide range of feedstocks, that <20% of the
dreds to a thousand years, compared with decades for mantniechar is persistent at pyrolysis temperatures <450°C, with
biochars (Kuzyakov et al., 2014; Kuzyakov & Gavrichkova,>80% persistent at 60@00°C. These findings are consistent
2009; Singh et al., 2012, 2015; Wang et al., 2016; Table 2vith the structural changes observed by McDoWdftarry
Kuzyakov et al. (2009) suggested that mean residence timesal. (2016).
calculated from incubations (Table 2), which maintain opti- While pyrolysis temperature is a convenient measure to
mal conditions for decomposition, are around 10 times loweobtain predictions for broad trends in persistence, and ade-
than under field conditions (Kuzyakov et al., 2009), althouglguate for national GHG inventories (Ogle et al., 2019), ma-
Rasse et al. (2017) found a similar rate of decomposition dérial properties are a more rigorous approach to estimate
Miscanthus biochar between laboratory and field conditiondiochar persistence for projeletrel GHG accounting and
over a 90 day incubation period. The kinetics of formatiorresearch applications. The elemental ratio of hydrogen to or
of the fused aromatic C structure depend on the rate of heaanic C expressed as HjChas been identified as a simple
ing, the ratio of lignin to cellulose and hemicellulose, timeand reliable parameter for characterizing biochar persistence
at the HTT, and mineral content (Budai et al., 2014; Len@nd recommendations for conservative thresholds have been
& Huang, 2018; Rawal et al., 2016). The initial process ofprovided (Budai et al., 2013). These thresholds are being re-
drying and depolymerization is endothermic and takes placined as more data become available (Lehmann et al., 2015)
between ambient temperatures and approximately 250°@nd other methods, such as spectral and thermal methods and
This is followed by an exothermic phase where most of thehemical oxidation, offer additional insights (Leng & Huang,
volatile gases are released, up to a temperature of appro®018; Li & Chen, 2018).
mately 350°C. The largely amorphous structure of biochars Biochar properties are the key determinant of its per
pyrolyzed at temperatures in excess of 4BB°C has been sistence in comparison to mineralization of unpyrolyzed bio-
found to be persistent. Further heat converts the C matrix tmass, but edaphic and climatic factors are also influential. As
a highly persistent thregimensional nanographitic structure discussed in Section 2.2, the formation of microaggregates
at around 600°C (McDonaMtharry et al., 2016). Minerals through interaction of biochar with minerals and native SOM

FIGURE 4 Accumulation of soil organic carbon (SOC) stocks with sequential biochar additions, due to (i) the highly persistent carbon

in biochar, (ii) biochainduced negative priming, and (iii) additional C input from plant roots through retention of rhizodeposits ( Root C),

compared with limited SOC stock increase with addition of unpyrolyzed organic matter. Conceptual example for a scenario where biochar is added
every 3 years and decomposes at 3% per year, compared with annual additions of unpyrolyzed biomass, of which 90% decomposes each year
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can reduce the mineralization of biocl@rthus, persistence to temporarily replace the use of SOC (DeCiucies et al.,
is likely to be greater in soils dominated by minerals tha018; Kuzyakov et al., 2000) and (2) a dilution effect of
form stable aggregates (kaolinite and sesquioxides), such agbstrates where added biochar temporarily reduces the
Oxisols and Ultisols (Fang et al., 2015; Fungo et al., 2017mineralization of the more readily mineralizable C in soil
Weng et al., 2017). There is some evidence that biochar pgWhitman et al., 2014) and indirectly from (3) the sorp-
sistence decreases as ambient temperature increases (Fdog of organic compounds by biochar (DeCiucies et al.,
et al., 2017). The movement of biochar through the soil pro2018; Kasozi et al., 2010), (4) improved organmeral
file can increase persistence in some soil types (Singh et ahrotection and stable aggregation slowing down the min-
2015). eralization of SOC within the orgamoineral complexes
(Fang et al., 2018; Weng et al., 2017, 2018), and (5) in-
hibition of microbial activity by polyaromatic toxic com-
4.2 | Priming effects pounds (Zhang et al., 2018). Biochar amendments reduced
the activities of soil enzymes associated with C cycling by
Change in the mineralization rate of SOM induced by organié% (Zhang et al., 2019), improveduSe efficiency (Liu,
or mineral amendments is known as “priming” (KuzyakovZhu, et al., 2019, 2020), increased soil microbial biomass
et al., 2000). Historical addition of pyrogenic organic matter(Li et al., 2020), and lowered the metabolic quotient by
has been shown to slow SOM mineralization and enhancE2%-21% (i.e., respiration rate G& per unit of micro-
native soil organic C (SOC) stocks (Borchard et al., 2014bial biomass C) compared with the unamended soils (Zhou,
Downie et al., 2011; Hernand&mriano et al., 2016; Kerré Zhang, et al., 2017), the latter attributed to improved mi-
et al., 2016; Liang et al., 2010). The direction of primingcrobial habitats and alleviation of environmental stresses
can be positive or negative, with an increase or decrease oicluding acid soil constraints. Negative priming is found
SOM mineralization, respectively. Priming effects of biocharto result mainly from substrate switching (Ventura et al.,
are reviewed in more detail in Text S3. Mataalyses show 2019) and dilution (DeCiucies et al., 2018) in the short
that biochar application commonly induces positive primingterm, with adsorption being more important after several
initially (for 20 days: Maestrini et al., 2015; 2 years: Ding weeks.
et al., 2018), followed by negative priming, of 3.8% on aver- Biochar can affect new additions to soil of platived
age (Wang et al., 2016). Wang et al. (2016) further identiC, and these rhizodeposits can also prime and act as a source
fied that biochar decreased SOM mineralization by 20% witlof SOC. In a subtropical pasture on a Rhodic Ferralsol, a
crop residue biochars, 19% with fast pyrolysis biochars, 199%C-depleted hardwood biochar (450°C) initiated positive
with low temperature biochars (2@#5°C), and 12% with priming up to 0.15 Mg C h& over 62 days, switching to
low biochar application rates (0.1%84 w/w) but increased negative priming after 188 days in the presence of plants
SOM mineralization by 21% in sandy soils. Ding et al. (2014)Weng et al., 2015). Biochar builds SOC through soil ag-
found that the magnitude of negative priming increased witlyregation processes that stabilize new C (i.e., rhizodepos-
increasing pyrolysis temperature, time following biochar apits), by 6%16% (Ventura et al., 2019; Weng et al., 2015,
plication, and soil clay content >50%, but decreased with a@017), as well as by reducing priming caused by plant C
increasing C:N ratio of soil. input (Whitman et al., 2014). In ay&ar field experiment
Mechanisms for biochanduced positive priming in- where woody biochar was applied to corn and bioenergy
clude direct effects from: (1) greater microbial activity crops, SOC stocks increased by 14 Mg C hawice the
and enzyme production fueled by the addition of the eagjuantity of C added in the biochar, as a result of negative
ily mineralizable C from biochar (Luo et al., 2013; Singhpriming (Blanco€anqui et al., 2020). Figure 4 illustrates
& Cowie, 2014; Section 2.1), and (2) microbial nutrienthow biochar application can lead to accumulation of SOC
mining (e.g., N and P); and indirect effects such as (1¥tocks through biochanduced negative priming and en-
amelioration of acidity by biochar that promotes microbialhanced retention of rhizodeposits.
activities (Luo et al., 2011), (2) amelioration of nutrient
constraints (Mukherjee & Zimmerman, 2013), (3) en-
hanced microbial habitat (Luo et al., 2013; Pokharel et al4.3 | Effect on GHG emissions
2020) and soil faunal activity, and (4) much better aeration
because of increased size and stability of macroaggregat&ése complex soil microbial communities that produce
and lower soil bulk density, all leading to increased micro-and consume J0 and CH in soil and the interrelated
bial activities. biotic and abiotic processes that take place, make pre-
Biochar can cause negative priming directly by (1) subdicting GHG emissions from soil extremely challenging.
strate switching where the easily mineralizable C fromMicrobiological N transformations are the main source
biochar may be preferentially consumed by microbeof N,O emissions from soil, with autotrophic nitrification
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and heterotrophic denitrification being the maigONfor-  example, a metanalysis on manure application to soil found
mation pathways. Biochar can lower denitrification (thean average increase of 33% ipONemissions compared to
reduction of to N,) by: (i) facilitating the last step synthetic fertilizer (Zhou, Zhu, et al., 2017). Even high C:N
of denitrification (the transformation of ,® to N,), and amendments that tend to immobilize N in soil have been
(ii) decreasing total denitrification activity (Cayuela et al.,found to increase JO emissions. For instance, Xia et al.
2013; Weldon et al., 2019). Biochar can facilitate the re{2018) found an average increase of 22% jO® Mmissions
duction of NO to N, via: (i) increasing pH in acid soils when straw was applied. Therefore, although the averaged
(Obia et al., 2015) thus enhancing the nosZ gene (Hartemumbers differ between metaalyses depending on the cri-
GuzmanBustamante, et al., 2016); (ii) changing the rela-teria for the inclusion of studies and the methodology used,
tive abundance and composition ofNdreducing micro- there is strong evidence that biochar amendment reduces (on
bial communities (Harter, Weigold, et al., 2016); and (iii) average) direct hO emissions from soil particularly when
facilitating extracellular electron exchange (Chen et al.compared to other organic amendments.

2014) or directly donating electrons to denitrifying bac- Biochars produced by slow pyrolysis, with high degree
teria (Pascual, Sanché&enedero, Cayuela, et al., 2020). of carbonization, high pH, and high surface area, are most
The decrease in denitrification may result from decreaseffective in suppressing ;@ emissions (Borchard et al.,

in availability of NO; and bioavailable C substrate 2019; Cayuela et al., 2015; Weldon et al., 2019). A dose of
(Fiorentino et al., 2019; Hagemann, Kammann, et al., 2017:0-20 Mg h& has been found to significantly reduceCN
Heaney et al., 2020). Abiotic processes, in particular wittemissions (Borchard et al., 2019; Cayuela et al., 2014). The
biochars containing high Fe and Mn content (see Sectioeffect of biochar might diminish with time, as biochar ages
2.2.1), can directly catalyze the reduction gONlo N,. It in soil (Borchard et al., 2019; Fungo et al., 2017; Liu, Zhang,
has also been shown thaj®ican be transformed to NH et al., 2018). Nevertheless, the mitigation provided initially
pyridine, or pyrrole compounds on biochar surfaces, thusan be substantial, and repeated applications may maintain
decreasing D emissions (Quin et al., 2015). the mitigation benefit.

Several metanalyses have synthesized the results of The impact of biochar on CHluxes has been widely
studies on effects of biochar on soil GHG emissions, andvaluated in paddy and nélvoded soils. Whereas non-
sought to explain the differences between individual studieslooded soils mostly act as a sink of atmospheric,,CH
Although there are gaps in process understanding, and idengiaddy soils can be a significant source of,Ckeveral meta-
fication of best management practices, there is solid eviden@alyses found that, on average, biochar mitigatese@tis-
that biochar can mitigate soil,® and CH emissions from sions from flooded soils, particularly from acidic soils, but
soil, at least in the short and medium term (Borchard et aldecreases the GHsink of nonflooded soils (Jeffery et al.,
2019; Cayuela et al., 2014, 2015; Fan et al., 2017; Jeffer3016). Ji et al. (2018) cautioned that theapplication of
et al., 2016; Liu, Liu, et al., 2019; Liu, Zhang, et al., 2018;biochar with nitrogen fertilizers substantially decreased the
Verhoeven et al., 2017). effectiveness of biochar in reducing soil £&inissions from

Early metaanalyses on DD emissions showed very high paddies, however, their mesaalysis also showed that the
mitigation (around 50% reductions) of,M! with biochar biocharinduced decrease in Gldptake by norflooded soils
(Cayuela et al., 2014, 2015). These studies included laborasmas lessened when N fertilizer was also applied. Further, a
tory experiments performed under controlled conditions, andecent study demonstrates the relevance of biochar proper
with very high biochar application rates (>100 Mg'la A ties to the effect on soil CHiptake rates: biochars with high
direct correlation between application rate an@Mecrease electrical conductivity and ash concentrations decreasgd CH
was found (Cayuela et al., 2014), with lowesONmitiga-  sink capacity whereas biochars from woody materials pyro-
tion (average 27%) under more realistic rates equivalent igzed at high temperatures and with high pore area increased
10-20 Mg hd . Most experiments included in these meta-soil CH, uptake rates (Pascual et al., 2020). Qian et al. (2014)
analyses were carried out under high moisture conditionound a decrease in,® and CH emissions from paddy soil
favoring denitrification, where biochar is most effective inwhen a range of biochéwased BCFs was compared with
decreasing BD emissions (Cayuela et al., 2013; WeldonNPK fertilizers.
et al., 2019).

Later metaanalyses including a larger number of field
studies and more realistic biochar application rates found.3.1 | GHG intensity and yield-
lower average reductions, of 12% (Verhoeven et al., 201Qcaled emissions
considering only field studies, and 38% (Borchard et al.,

2019) including laboratory and field studies. This contrast§ o avoid overlooking potential tradefs with crop yields,
sharply with other (unpyrolyzed) organic amendments. Fostudies report GHG intensity (GHG per unit crop yield)
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(Mosier et al., 2006) or yieldealed emissions for @ 5 | BIOCHAR'S ROLE IN THE
(i.e., N,O emissions in relation to N uptake of the above-CIRCULAR ECONOMY
ground crop) (Van Groenigen et al., 2010). Analyses of
specific cropping systems show a decrease in GHG inthe circular economy concept aims to conserve resources,
tensity with biochar application in vegetable fields (Fanand minimize inputs and waste. Biochar can support the de-
et al., 2017) and in wheaiee rotation systems (Wu et al., velopment of a circular economy at regional and farm scale
2019). One of the first studies summarizing results orby improving nutrient recovery and nutrient use efficiency.
yield-scaled NO emissions was performed by VerhoevenThe economic case for biochar production is strongest for
et al. (2017) who found that biochar decreased yieldbiochar made from residue materials, especially when the
scaled NO emissions across the majority of the studiedresidues contain high concentrations of nutrients, such as
cropping systems, although a metaalysis could not be animal manures and sewage sludge. Concerns that these
carried out due to the low number of field studies and exfeedstocks may contain contaminants restrict their beneficial
cessively high variance between studies. Later, Liu, Maoreuse. Fortunately, most organic contaminants are destroyed
et al. (2019) were able to incorporate a larger number ofith high efficiency during pyrolysis, by thermal degrada-
studies and showed an overall reduction of GHG intensityion and volatilization followed by destruction during vapor
by 29% after biochar amendment, with higher reductionsombustion. This has been shown for PAHs (Zieli ska &
in nonflooded soils (41%) compared to paddy fields Oleszczuk, 2015), polychlorinated biphenyls (Bridle et al.,
(17%). A meta-analysis focusing on vegetable fields in 1990), per-and polyfluoroalkyl substances (PFAS; Kundu
China also found that biochar application decreased yieldet al., 2021), microplastics (Ni et al., 2020), antimicrobials
scaled NO emissions by an average of 35% (Gu et al.(Ross et al., 2016), antibiotics (Tian et al., 2019), antibiotic
2020). resistance genes (Kimbell et al., 2018), and hormones (estro-
gen; Hoffman et al., 2016).
While incineration destroys organic contaminants with
4.3.2 | Potential tradesffs between C similar efficiency to pyrolysis (Baukal et al., 1994), unlike
sequestration and nd»©, GHG emissions incineration, pyrolysis retains a large portion of the feed-
stock C (typically around 50%), and most nutrients, in the
In order to evaluate the full net GHG balance of biochar irbiochar. In addition, pyrolysis gases can be captured for use
soil, the fluxes of Ciland NO and the changes in SOC as a renewable energy product (see Text S4). Of the main
stocks need to be jointly assessed. Usually, @t NO  plant nutrients, P and K are fully retained in biochar at typi-
emissions are expressed in £&yuivalents using 100- cal pyrolysis temperatures (30000°) (Bridle & Pritchard,
year global warming potential. In ndlvoded soils, the 2004; Buss et al., 2016). Nonetheless, 580%-of N can be
relationship between SOC changes angDNemissions lost (Hossain et al., 2011; Ye et al., 2020; Yuan et al., 2018)
usually regulates the net GHG emission, since agriculturalepending on the N content of the feedstock (ToR@&ss
soils are often weak Cpisinks. One of the greatest dif- et al., 2020), with greater loss at high pyrolysis temperature.
ficulties for the comprehensive analysis of the balance beA metaanalysis found N, P, and K concentrations in biochars
tween C sequestration ang® emission lies in the need of 1.0%, 0.4%, and 1.9% (woddrived biochars), 1.5%,
for longterm studies to measure changes in SOC reservés8%, and 4.1% (crop residue biochars) and 2.4%, 2.6%, and
(Smith et al.,, 2020) and the laborious nature of direcR.5% (manure/sewage sludge biochars), respectively (Ippolito
measurements of JO, which makes longerm N,O stud- et al., 2020).
ies (>10 years) very rare. Notably, some sewage sludge biochars contain as much
An increase in SOC is often associated with highg N as 6%20% total P (Faria et al., 2018; Roberts et al., 2017;
emissions, which could counteract the mitigation benefits deShepherd et al., 2016; Zhang et al., 2015). However, only
rived from C sequestration (Davies et al., 2020). However, i& fraction of the total nutrients in biochar is available for
is precisely in these traddfs where biochar might have the plant uptake (in the shormbedium term), in the order
greatest advantage compared to other soil amendments akgP>N. A meta-analysis found that, on average, the fol-
other SOC sequestration strategies. Although a comprehelowing percentages of the N, P and K present in biochar
sive metaanalysis on these traadfs has not been published were bioavailable: 0.5%, 3%, and 9% (woledived bio-
yet, results from separate metaalyses on C sequestration char), 0.4%, 6%, and 22% (crop residue biochar) and 5%,
(Bai et al., 2019) and JO emissions (Borchard et al., 2019; 5%, and 17% (manure/sewage sludge biochar), respectively
Liu, Liu, et al., 2019) point to a strong synergy between Qlppolito et al., 2020).
sequestration and mitigation ob® emissions with biochar, Biochar P availability can be increased by selecting low
which is much less evident for other SOC sequestration straa feedstocks or doping feedstock with K, leading to pref-
egies (Guenet et al., 2021). erential binding of P with K instead of Ca, Mg, Fe, or Al,













































