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1 | INTRODUCTION

Biochars are organic materials produced by the pyrolysis
of a highly diverse range of feedstocks including plant bio-
mass, manures, or organic waste products (Demirbas, 2004;
Gaunt & Lehmann, 2008; Lehmann, Gaunt, & Rondon,

| Bruno Delvaux

Abstract

Silicon (Si) is beneficial to plants since it increases photosynthetic efficiency, and
alleviates biotic and abiotic stresses. In the most highly weathered and desilicated
soils, plant phytoliths make up the reservoir of bioavailable Si. The regular removal
of crop residues, however, substantially decreases this pool. Si supply may therefore
be required to sustain continuous cropping. Available Si fertilizers are costly and
usually poor in soluble Si. Biochar produced from the pyrolysis of phytolith-rich
biomass is thus a promising alternative Si source for plants. Taking into account the
challenges of increasing food demand and environmental concerns, we evaluate the
global potential of biochar produced from major crop residues and manures in terms
of phytogenic Si (PhSi) supply. Crop residues contribute to 80% of the global pro-
duction of biomass dry matter (8,201 Tg/year) of which 3,137 Tg/year are potentially
available after pyrolysis, giving a potential application rate of 1.7 T ha™! year_1 for
highly weathered soils in the tropics. The potential PhSi supply from crop biochar
amounts to 102 Tg Si/year. On its own, rice straws produce 57.7 Tg PhSi/year, ac-
counting for 56.6% of the potential annual PhSi production. The Si release from crop
biochar depends on inter altere feedstock type, pyrolysis temperature, soil pH, and
buffer capacity. Furthermore, the amplitude of plant Si uptake and mineralomass
depends on plant species, soil properties, and processes. These factors interact and
can exert a decisive influence on the effectiveness of phytolithic biochar in releasing
Si into highly weathered soils. We conclude that the use of phytolithic biochar as
a Si fertilizer offers undeniable potential to mitigate desilication and to enhance Si
ecological services due to soil weathering and biomass removal. This potential must

be explored, as well as the conditions for using biochar in the field.
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2006). The pyrolytic process is a slow combustion carried
out at low oxygen supply, traditionally between 300 and
700°C (Boateng, Garcia-Perez, MaSek, & Brown, 2015).
As illustrated in Figure 1, pyrolysis increases the degree of
aromatic carbon, highly disordered in an amorphous mass
(Chia, Downie, & Munroe, 2015). Besides, the oxidation
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FIGURE 1

Schematic illustration of the organic carbon (OC)—phytogenic Si structural interaction relative to pyrolysis process. (A) The

pyrolitic process (300-700°C) increases the degree of aromatic OC, highly disordered in amorphous mass, and exposes phytolith particles to the

surrounding environment. (B) Further heating above 500-700°C generates growing sheets of turbostratic aromatic carbon, and promotes silica

crystallization: phytoliths transform into cristobalite and/or tridymite and eventually quartz. (C) The structure becomes graphitic with order in

the third dimension whereas crystalline silicates are amorphized at high temperatures. The heating process from (A) to (C) is accompanied by a

decrease in the apparent volume and an increasing organization. Adapted from Chia et al. (2015)

process increases the capacity of the pyrolyzed matter to
retain nutrients, and the resilience of carbon in soil (Liang
et al., 2006). Regarding the recent interest in the use of bio-
chars in agricultural soils, Sanchez (2019) notes that burnt
organic carbon (OC) is a major component of soil humus in
areas where periodic burning is common, such as in many
tropical savannas and in slash-and-burn systems. This au-
thor further reports that the most iconic effect of biochars
in soils occurs in the fertile black earths, so-called Terra
preta (Sombroek, Nachtergaele, & Hebel, 1993) widely
found in ancient Amazonian settlements, where large quan-
tities of charcoal, organic residues, ashes, etc., were added
over long periods of time by previous civilizations (Glaser
& Woods, 2004; Lehmann et al., 2003). The production of
pyrolyzed organic substances by humans is thus very old,
but the scientific interest and agronomic potential were
only recently developed. It is clear that the issue of climate
change is part of this high interest because of the poten-
tial offered by biochars to store carbon in soil (Lehmann &
Joseph, 2015). From recent literature data, both biochar pro-
duction and supply to agrosystems are recommended as a
promising multiple-“win” strategy for a number of benefits,
inter altere (i.a.) the disposal of crop residue (Jeffery et al.,
2015; Van Zwieten et al., 2010; Woolf, Amonette, Street-
Perrott, Lehmann, & Joseph, 2010) and the sequestration of

OC to mitigate climate change (Lehmann, 2007; Lehmann
et al., 2006; Schlesinger & Amundson, 2019; Weng et al.,
2017). Besides, biochar application does not only lead to
increase soil pH and nutrient retention (Chan & Xu, 2009;
Laird et al., 2010; Sohi, Krull, Lopez-Capel, & Bol, 2010;
Van Zwieten et al., 2010) but also decreases the toxicity of
contaminants in soil (Houben, Evrard, & Sonnet, 2013; Lu
et al., 2017; Nie et al., 2018; O'Connor et al., 2018; Yang,
Lu, et al., 2017), thus promoting crop biomass and yield
(Biederman & Harpole, 2013; Crane-Droesch et al., 2013;
Jeffery et al., 2011; Liu et al., 2013).

However, the potential of biochars as a source of silicon
(Si) to alleviate advanced soil desilication in vast tropical
croplands is poorly known despite the beneficial effects of Si
in terms of plant protection against biotic and abiotic stress
(Belanger, 1995; Cooke & Leishman, 2016; Coskun et al.,
2019; Fauteux, Rémus-Borel, Menzies, & Bélanger, 2005;
Liang, Sun, Zhu, & Christie, 2007; Ma, 2004). In fact, a large
part of crop production is lost due to harmful pests and dis-
eases, while the remainder is threatened by increasingly erratic
weather and soil fertility decline (Sanchez, 2019; Vanlauwe &
Giller, 2006). In challenging these global change issues, the
accumulation of Si in cereals provides protection against pests
and pathogens, and mitigates the impacts of climatic stresses
such as drought and salinity (Coskun et al., 2019; Meunier
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et al., 2017). Si-based plant protection could therefore open
new avenues to enhance crop yields by addressing current
threats and contribute to improving food security, enhanc-
ing bioenergy production, and mitigating climate change.
Several cultivated plants are high Si-accumulators. In partic-
ular, monocotyledons, notably cereals and sugarcane, actively
take up dissolved silica (Deshmukh & Bélanger, 2016) which
precipitates in plant tissues as amorphous silica bodies named
phytolith (McKeague & Cline, 1963), a phytogenic silica
(PhSi; Cooke & Leishman, 2016; McKeague & Cline, 1963;
Puppe et al., 2017; Sommer et al., 2013). Once deposited into
soil within organic debris, phytoliths can dissolve and pro-
vide plant-available Si (McKeague & Cline, 1963). Pyrolyzed
phytolith-rich biomass can thus be regarded as a source of
bioavailable Si (Wang, Xiao, & Chen, 2018; Xiao, Chen, &
Zhu, 2014), which can be taken up by plant roots and increase
crop biomass (Li, Song, Singh, & Wang, 2019; Li, Unzué-
Belmonte, et al., 2019). Besides, the biochar supply improves
soil fertility and C sequestration (Houben, Sonnet, & Cornelis,
2014; Wang, Wang, & Wang, 2018). Generalizations about
biochars performance must, however, be balanced against the
fact that biochars are highly heterogeneous in their form and
reactivity in soil, which may affect the dynamics of dissolved
Si (DSi) in soil. In addition, as illustrated in Figure 1, the pyro-
litic process may impact the intrinsic properties of phytoliths
(Jindo, Mizumoto, Sawada, Sanchez-Monedero, & Sonoki,
2014; Wang, Wang, et al., 2018; Wu, Yang, et al., 2012; Wu,
Wang, & Hill, 2012; Xiao et al., 2014).

Here, we review the available literature to evaluate the
prospect of using phytolith-rich biochar to reduce our reli-
ance on expensive Si fertilizer inputs. In particular, we first
provide global estimates of PhSi biochar and then evaluate
their potential to challenge agronomic and environmental
issues. This knowledge is essential to develop guidelines
for the selection and appropriate use of biochars to achieve
desired agronomic outcomes. We particularly focus on the
potential use of PhSi-rich biochar in highly weathered soils.
Except for Podzols, the distribution of which is confined to
cold and forested areas, the most weathered soils occur in
the tropics where desilicated Ferralsols, Acrisols, Lixisols,
and Nitisols make up roughly 2,385 Mha (Driessen, Deckers,
Spaargaren, & Nachtergaele, 2000; IUSS, 2014), of which
approximately 1,890 Mha are cultivated in input-free crop-
ping systems (Sanchez, 2019).

2 | ENHANCING THE
BIOLOGICAL SI FEEDBACK LOOP
IN AGROECOSYSTEMS

Over the past decades, several studies have highlighted the im-
portance of the soil—plant cycle of Si, notably on the transfer
of this element from terrestrial to marine ecosystems, linking
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the global cycles of Si and carbon (Carey & Fulweiler, 2012;
Cermeiio, Falkowski, Romero, Schaller, & Vallina, 2015;
Conley & Carey, 2015; Lahr, Bosak, Lara, & Mitchell, 2015;
Li, Lerman, & Mackenzie, 2011; Liang, Nikolic, Bélanger,
Gong, & Song, 2015; Parr & Sullivan, 2005; Reyerson et al.,
2016; Sommer, Kaczorek, Kuzyakov, & Breuer, 2006; Song,
Wang, Strong, Li, & Jiang, 2012; Street-Perrott & Barker,
2008; Struyf & Conley, 2012; Tréguer & Pondaven, 2000;
Trembath-Reichert, Wilson, Mcglynn, & Fischer, 2015).
As illustrated in Figure 2, the primary source of readily or
plant-available Si is the reserve of lithogenic silicate minerals
(LSi). LSi dissolution releases aqueous H4$i040 (DSi), which
may follow four routes: formation of pedogenic silicate
minerals (PSi), adsorption onto Al and Fe oxide surfaces,
uptake by plant roots, and to watersheds through drainage
waters. Besides, Si can be taken up by diverse organisms in
soils (Desplanques et al., 2006; Puppe, Ehrmann, Kaczorek,
Wanner, & Sommer, 2015). In fact, silica structures synthe-
sized by, for example protists, sponges, and plants, form pro-
tistic, zoogenic, and PhSi pools in soils, respectively (Puppe
et al., 2015). These pools represent various sources of DSi
in agricultural soils (Haynes, 2017), because biogenic silica
has a much higher dissolution rate than silicate minerals
(Fraysse, Pokrovsky, Schott, & Meunier, 2006, 2009). The
phytogenic pool is, however, the most important source of
bioavailable Si in soil.

Once taken up by plant roots, H4SiO40 is transferred
to plant shoot tissues where it precipitates as silica bod-
ies (SiO,nH,0) named phytoliths (PhSi; Jones & Milne,
1963), which return to soil within plant debris (Smithson,
1956). Soil phytoliths readily dissolve at common pH
values of soil solution (Fraysse et al., 2006, 2009), and
thus contribute to feed the reservoir of plant-available Si
(Alexandre, Meunier, Colin, & Koud, 1997; Bartoli, 1983;
Farmer, Delbos, & Miller, 2005; Keller, Guntzer, Barboni,
Labreuche, & Meunier, 2012; Li, Song, & Cornelis, 2014;
Marxen et al., 2016; Meunier, Guntzer, Kirman, & Keller,
2008; Riotte et al., 2018; Unzué-Belmonte et al., 2016;
Yang & Zhang, 2018). As defined in Figure 2, the mineral
Si contribution and biological Si feedback loops interact in
the Si soil-plant cycle. According to Cornelis and Delvaux
(2016), in natural ecosystems, the relative importance of
the mineral Si contribution is greatest at the early stage
of soil weathering, but sharply decreases at the advanced
weathering stage where phytoliths start to alleviate natural
soil desilication and mainly feed the pool of plant-avail-
able Si (Lucas, Luizao, Chauvel, Rouiller, & Nahon, 1993;
Meunier, Colin, & Alarcon, 1999).

The past decade has also seen the emergence of studies
that confirm the crucial role of Si in agriculture (Carey &
Fulweiler, 2016; Guo et al., 2015; Haynes, 2014; Liang et
al., 2015; Song, Miiller, & Wang, 2014) and reveal the im-
pact of land use on the pool of plant-available Si (Bardo
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FIGURE 2 Conceptual scheme of Si reservoirs and fluxes in the soil-plant system. The original source of dissolved Si (DSi; H,SiO,") is the

pool of primary weatherable lithogenic silicates (LSi). DSi may take four routes in this system: (a) formation of pedogenic silicate minerals (PSi);

(b) adsorption onto Al, Fe oxide surfaces; (c) uptake by plant roots; (d) exportation to watersheds. In plant shoot tissues, H,SiO O precipitates as
p p Yy P p p 4910, precip

phytolith, a phytogenic Si (PhSi). Processes (a) and (b) and their reverse reactions define the mineral Si contribution to DSi pool in the Si soil-plant

cycle. DSi plant uptake, phytolith formation, return to soil, and dissolution define the biological Si feedback loop. PhSi can be exported out of the

soil-plant system through crop harvesting and removal of crop residues. It is evident that, in highly weathered soils exhausted in LSi and depleted

in PSi, the continuous loss of PhSi results in the increase in soil desilication. Adapted from Cornelis and Delvaux (2016)

et al., 2014; Clymans, Struyf, Govers, Vandevenne, &
Conley, 2011; Conley et al., 2008; Guntzer, Keller, Poulton,
Mcgrath, & Meunier, 2012; Struyf et al., 2010; Vandevenne
etal., 2015; Vandevenne, Struyf, Clymans, & Meire, 2012).
As illustrated in Figure 2, both the crop harvesting and re-
moval of crop residues can disrupt the soil-plant cycle of
Si and aggravate soil desilication, in particular in highly
weathered soils (Henriet, Bodarwé, Dorel, Draye, &
Delvaux, 2008; Klotzbiicher et al., 2015). This threat must
be challenged, given the role of Si in enhancing the pho-
tosynthetic activity and plant tolerance to various biotic
and abiotic stresses (Belanger, 1995; Cooke & Leishman,
2016; Coskun et al., 2019; Fauteux et al., 2005; Hartley
& Degabriel, 2016; Liang et al., 2007; Ma, 2004). Si fer-
tilization indeed increases crop yields (Berthelsen, Noble,
& Garside, 2001; Keller et al., 2012; Liang, Ma, Li, &
Feng, 1994; Liang et al., 2015; Meyer & Keeping, 2001;
Savant, Snyder, & Datnoff, 1996; Song, Wang, Strong, &
Shan, 2014). It is increasingly practiced to improve crop
productivity (Datnoff & Heckman, 2014; Datnoff, Snyder,
& Korndorfer, 2001; Haynes, 2017; Keeping, 2017; Ma &
Takahashi, 2002; Tubana, Babu, & Datnoff, 2016). To date,
Si fertilizers consist mainly of silicate slag and natural sili-
cate minerals (Berthelsen et al., 2001; Datnoff & Heckman,

2014; Gascho, 2001; Haynes, 2014; Haynes & Zhou, 2018;
Keeping, 2017; Li et al., 2018; Liang et al., 1994; Ma &
Takahashi, 2002), as well as nano-Si foliar fertilizers
(Puppe & Sommer, 2018). Although cost-effective because
they derive from by-products of furnaces, silicate slags
often contain only a small proportion of soluble Si (Haynes,
2014, 2017; Liang et al., 2015; Savant et al., 1996), and may
present hazardous levels of heavy metals (Belanger, 1995;
Haynes, Belyaeva, & Kingston, 2013; Savant et al., 1996).
In contrast, silicate minerals such as wollastonite (CaSiO5)
are expensive and have limited mineral reserves (Haynes,
2014; Haynes et al., 2013; Savant et al., 1996). More im-
portantly, they do not improve soil fertility or store soil OC.
More sustainable alternatives are thus needed to increase
crop production and promote environment preservation.
Using biochar is a promising alternative.

3 | PHSI BUDGETS IN
CROPLANDS
3.1 | PhSi content in cultivated plants

The mechanisms of Si uptake by plants are active, passive,
or rejective. Si accumulation in plants is caused by active
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uptake, which is commonly attributed to the density of
Si transporters in roots (Lsil and Lsi2) and shoots (Lsi6;
Deshmukh & Bélanger, 2016; Exley, 2015; Ma et al., 2006,
2007; Ma & Yamaji, 2008; Mitani & Ma, 2005). Thus, Si
content in plants is dependent on plant species, and var-
ies from 0.1% to 10.0% of dry matter (DM; Epstein, 1999;
Hodson, White, Mead, & Broadley, 2005). Based on Si
contents, plant species can be classified as Si high-, low-,
and non-accumulator, respectively (Takahashi, Ma, &
Miyake, 1990). In this respect, Si high-accumulators gener-
ally contain 1.0%-10.0% Si in the DM, and are monocoty-
ledons. Most dicotyledons take up Si passively, and their Si
contents range from 0.5% to 1.0%. Some dicots, however,
are unable to accumulate Si over 0.5% (Cooke, Degabriel,
& Hartley, 2016; Hodson et al., 2005; Liang et al., 2007;
Ma, Miyake, & Takahashi, 2001; Ma & Takahashi, 2002).
However, biosilicification in plants may also follow pas-
sive uptake of Si (Exley, 2015). Crop residues from Si-ac-
cumulating plants may contain large amounts of Si so that
their removal from croplands may significantly affect the
terrestrial Si cycle (Carey & Fulweiler, 2012, 2016; Conley,
2002; Keller et al., 2012; Song, Parr, & Guo, 2013; Struyf et
al., 2010; Vandevenne et al., 2012). Here, we focus on the
PhSi content in rice hulls and straws, wheat straws, maize
stalks and cobs, barley straws, sorghum straws, millet, rye
and oats, sugarcane crop residues, oil crops including sun-
flower and cotton, legume crop residues including soybean
straw and beans. As shown in Table S1, the highest PhSi
contents are in rice hulls (10.3 wt%), rice straw (8.4 wt%),
sugarcane (8.2 wt%), and millet (7.5 wt%), followed by
straws of sorghum, wheat, maize, barley, and rye (1.9-6.0
wt%). In other crop residues, PhSi content is below 1.0
wt%. The differences in PhSi content among soybean straw
and beans, sunflower, and cotton could be explained by
various transpiration rates given the role of aquaporins in
Si flux (Cooke et al., 2016; Deshmukh & Bélanger, 2016;
Epstein, 2001; Hodson et al., 2005; Liang et al., 2007). In
contrast, for cereals, Si is actively taken up, and the differ-
ence in PhSi content has been attributed to the density of Si
transporters in plant roots (coded by the low-silicon genes
Lsil and Lsi2) and in shoots (Lsi6; Liang, Si, & Rombheld,
2005; Ma & Yamaji, 2008; Ma et al., 2007; Mitani & Ma,
2005). For example, compared to other crops, rice cultivars
are well known to exhibit a stronger ability to accumulate
PhSi due to a particularly high density of Si transporters in
their roots (Epstein, 1999; Ma et al., 2006, 2007).

3.2 | PhSiamounts in crop
residues and manures

Here, we do not consider crop residues belonging to the
following three categories. First, the residues that are avail-
able in very small quantities (e.g., nut and peanut shells,

sesame, peas and orchard prunings) are neglected since
they account for only 1.5% of global crop residues, their
annual total dry biomass being below 6 Tg/year. Second,
some residues exhibit relatively high water contents (e.g.,
potato) to be unsuitable for pyrolysis. Third, other residues,
such as legume crops, exhibit no global significance be-
cause they have a very low PhSi content that is below 0.1%
(Carey & Fulweiler, 2012, 2016; Hodson et al., 2005; Song
et al., 2013). In Figure 3a, we estimate that the global PhSi
annual production, as deduced from selected crops (Table
S1), amounts to 213.8 Tg Si/year (Lal, 2005; Woolf et al.,
2010). Our estimated annual PhSi amount is close to the
global estimate (204.8 Tg BSi/year) of annual global crop
straw provided by Carey and Fulweiler (2016). The total
PhSi amount in crop residues depends on DM biomass, and
on plant species or plant part (Table S1). In this regard,
we distinguish the crop residues into five categories: rice,
wheat, maize, sugarcane, and other crops with relatively
low DM and PhSi content. Rice, wheat, maize, and sugar-
cane account for 194.1 Tg Si/year, that is, 90.8% of the total
PhSi amount on a global scale (Figure 3a). Among these
crop residues, rice straws and husks account for 83.4 Tg Si/
year, and wheat straw accounts for 53.2 Tg Si/year. They
thus contribute to 39.0% and 24.9% of the total global
PhSi amount from crops, respectively. Thus, maintaining
adequate PhSi stocks in agricultural systems is highly de-
pendent on the recycling of rice and wheat crop residues.
Since phytoliths are resistant to fungal or animal diges-
tive juices after grass or crop feed ingestion, significant
amounts of PhSi accumulate in animal manures (Hartley
& DeGabriel, 2016; Jones & Handreck, 1967; Krishnan,
Samson, Ravichandran, Narasimhan, & Dayanandan,
2000). We estimate that the global PhSi amount in selected
manures (cattle, pig, and poultry) amounts to 42.0 Tg Si/
year among which 94.5% is provided by cattle manures
(Figure 3a). Manure return may thus play a major role
in returning PhSi to soil, hence replenishing the pool of
DSi in agricultural lands. Besides, the transit of phytoliths
through animals can increase phytolith solubility: for ex-
ample, applications of pig manure from rice straw-fed pigs
at the rate of 35 Mg ha™' year™' significantly increased the
content of plant-available Si in rice-cultivated soils (Song,
Wang, et al., 2014).

3.3 | Removal of crop residues and
subsequent exportation from croplands

The regular removal of crop straws of Si-accumulator plants
is a common practice in agrosystems. The resulting Si ex-
portation can lead to a substantial loss of PhSi in cultivated
soils (Carey & Fulweiler, 2016; Guntzer, Keller, Poulton, et
al., 2012; Keller et al., 2012; Vandevenne et al., 2012), cre-
ating a new loop in the soil-plant Si cycle. The loss of PhSi
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is likely most pronounced under intensive agriculture, espe-
cially for Si high-accumulator crops (Table S1), since they
pump large amounts of Si from soils. Carey and Fulweiler
(2016) have indeed noted that, on a global scale, agricultural
crops contribute to ~35% of PhSi accumulated by terres-
trial plants because of their large biomass and PhSi contents
(Table S1). They have also pointed out that this contribution
will increase during the next decades because of increased
agricultural production, predicting that the global removal
of PhSi would reach 40 Tmol Si/year by 2050 (Carey &
Fulweiler, 2016). Crop harvest and residue removal may
thus substantially reduce soil PhSi (Meunier et al., 2008).
This statement is supported by several studies. Clymans et
al. (2011) report a threefold lower content of amorphous
Si (ASi) in cultivated soils than in forest soils (22.8 vs.
66.9 t Si/ha) in southern Sweden, this difference resulting
from the annual removal of PhSi from plant products and
residues. Vandevenne et al. (2015) have reported that waters
drained from arable cropland display heavier Si-isotopic
composition (8*°Si) than the one from mature forest areas,
resulting from the preferential removal of 28i in harvested
plant parts. Annual exports of wheat straws led to a 10% de-
crease in the soil PhSi stock over 100 years (Guntzer, Keller,
Poulton, et al., 2012), whereas the continuous removal of
wheat straws at the rate of 50-100 kg Si ha™' year™" over
the past 12 years would completely exhaust this pool within

—

Maize stover

Sugarcane residue Other selected crops Manures

(a) Estimated annual global amounts of PhSi (Tg Si/year) in various crop residues and (b) their respective biochar products.

next 10-20 years (Keller et al., 2012). Exporting PhSi out
of rice croplands at 270 + 80 kg Si ha™' year™!
sume the soil PhSi pool in next 5 years (Desplanques et al.,
2006). These experimental data suggest that the depletion
of the PhSi pool is caused by intensive cropping involv-
ing cereal straw removal. In contrast, returning rice straws
to paddy soils maintained a constant stock of soil phyto-
liths and enriched it relatively to neighboring soils under
bamboo and coniferous forest (Yang & Zhang, 2018). As
recently reviewed (Vander Linden & Delvaux, 2019), the
impact of soil weathering stage on the soil-plant Si cycle
markedly differs depending on land use in the tropics. In
less weathered soils, cultivated plants take up Si in larger
amounts than forest trees do whereas in highly weathered
soils, Si plant uptake increases in forest ecosystems while it
decreases in croplands.

would con-

4 | PHYTOLITHS IN BIOCHARS
PRODUCED FROM THE PYROLYSIS
OF CROP RESIDUES AND MANURES

4.1 | Global amounts of PhSi in biochars
derived from crop residues and manures

Using the conversion factor determined by Woolf et al.
(2010), we estimate from Tables S1 and S2 the global



LI axo DELVAUX

L CHANGE BIOLOGY

TABLE 1

(DM) in various crop residues and in their biochar products

Estimated global amounts of yearly produced PhSi

Annual PhSi Annual PhSi
amount in amount in
crop residue biochar
(Tg Si/year) (Tg Si/year)
Crop residues Mean SD Mean SE
Cereals
Rice hulls 8.8 1.2 7.9 1.0
Rice straw 74.6 16.0 49.8 10.7
Wheat straw 532 17.7 10.7 3.6
Maize stover 31.6 9.1 6.3 1.8
Barley straw 7.1 1.8 1.4 0.4
Sorghum straw 52 23 1.0 0.4
Rye straw 1.0 0.0 0.2 0.0
Millet straw 3.3 1.3 0.7 0.3
Oat straw 0.9 0.0 0.2 0.0
Total 185.7 78.1
Sugar crop
Sugarcane residue 25.8 5.2 22.6 4.5
Legume
Soybean straw 1.3 0.4 0.9 0.3
Beans 0.4 0.3 0.3 0.0
Total 1.6 1.2 0.0
Oil crop
Sunflower 0.4 0.0 0.3
Cotton 0.2 0.0 0.2 0.0
Total 0.6 0.5
Grand total 213.8 101.9

Data are calculated from Table S1.

amounts of PhSi at 101.9 and 11.9 Tg Si/year in crop and ma-
nure biochars, respectively (Figure 3b; Table 1). They con-
tribute to 82.3% and 17.7% of the global amounts of PhSi in
crop and manure biochars, respectively. The amounts of PhSi
vary depending on plant species and plant part, in particular
on DM and initial PhSi content (Figure 3b). Rice straw is
the largest driver of the global PhSi flow into biochar prod-
ucts since it contributes to 48.9% of the PhSi contained in
crop biochars (Figure 3b), whereas sugarcane residues con-
tribute to 22.7%. The contributions of wheat straws (10.5%),
rice hulls (7.8%), and maize straws (6.3%) to the global PhSi
reservoir in crop biochars are relatively low (below 11%).
Maintaining an adequate global PhSi reservoir through bio-
char supply in agricultural soils thus requires to produce bio-
char from rice straws and husks, sugarcane residues, wheat
and maize straws. Though the global DM production (Tg/
year) is much larger for cattle manure (1,570) than for pig
(90) and poultry (134) manures (Table S2), the conversion
factor into biochar is 1/3.9 for cattle, 1/1.1 for pig and poultry
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TABLE 2 Estimated global amounts of yearly produced PhSi in
manure (DM) and in their derived biochars

Annual PhSi

Annual PhSi amount in

amount in manure biochar

(Tg Si/year) (Tg Si/year)
Manures Mean SD Mean SD
Cattle manure 39.7 0.0 9.9 0.0
Pig manure 1.6 0.3 14 0.3
Poultry manure 0.7 0.0 0.6 0.0
Total 42.0 0.3 11.9 0.3

Data are calculated from Table S2.

manures, revealing a much lower potential of cattle manure
for biochar production and agricultural use as compared to
pig and poultry manures (Hoogwijk et al., 2003; Woolf et al.,
2010). However, cattle manure is enriched in PhSi (Table 2),
which originates from fodder obtained from Si-accumulating
plants (Blecker, Mcculley, Chadwick, & Kelly, 2006; Hartley
& DeGabriel, 2016). In contrast, pig and poultry manures
are comparatively poor in PhSi (Table 2). Cattle manure is
thus the largest driver of the global PhSi flow into manure
biochar since it contributes to 83.2% of the PhSi produced
by manure biochars (Figure 3b). The PhSi pool in cattle ma-
nure biochar may thus affect the soil PhSi pool in grasslands.
Unfortunately, this is poorly studied.

4.2 | Effect of pyrolysis on phytolith
content and morphology

Biochar yield is the percentage of pyrolyzed DM in rela-
tion to the original dry biomass. It depends on pyrolysis
temperature, heating rate, and feedstocks (Ronsse, Hecke,
Dickinson, & Prins, 2013; Spokas & Reicosky, 2009; Van
Zwieten et al., 2010). Biochars produced after slow pyrol-
ysis below 700°C exhibit yields as high as ~50% (Yang,
Wang, et al., 2017), and optimal effects on plant-available
nutrients (Atkinson, Fitzgerald, & Hipps, 2010; Chan &
Xu, 2009; Sohi et al., 2010), whereas they concentrate Si
(Xiao et al., 2014), which is preserved as phytolithic Si.
PhSi content in rice straw biochar (RS) raises from 49.0
to 142.1 mg/g from 150 to 700°C. Phytoliths resist to py-
rolitic heating (Kelly, 1990; Parr, 2006), and keep their
initial morphological characteristics below 500-700°C
(Elbaum, Weiner, Albert, & Elbaum, 2003; Piperno &
Pearsall, 1998), depending on plant species. The morphol-
ogy of phytoliths from pyrolyzed tree leaves (Morus alba,
Pteroceltis tatarinowii, Celtis bungeana, Celtis koraiensis,
etc.) is not altered up to 500°C, but can be slightly altered
above that temperature (Wu, Wang, et al., 2012). In con-
trast, phytoliths from pyrolyzed grasses are more resistant
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since their morphology only slightly alters above 700°C
(Parr, 2006; Wu, Wang, et al., 2012; Yin, Yang, & Zheng,
2014). Phytoliths are firmly entrenched to the surface of
Miscanthus biochar particles pyrolyzed at 600°C (Houben
et al., 2014). Phytoliths of rice husk lose their distinct mor-
phological characteristics above 900°C, and completely
disappear at 1,100°C (Wu, Wang, et al., 2012; Yin et al.,
2014). These experimental facts suggest that the recom-
mended pyrolysis temperature would be below 500°C for
tree or wood material, and at 600°C for grass materials but
not above 700°C for rice husk.

4.3 | Phytolith transformation

Increasing pyrolytic temperature increases the content
of ASi in biochar. For rice straw, ASi content increases
from 49.8 to 148.6 mg/g from 150 to 500°C, but decreases
from 500 to 700°C (Figure 4b). This change results from
the transformation of phytoliths upon heating (Shinohara
& Kohyama, 2004; Wu, Wang, et al., 2012; Xiao et al.,
2014), which follows the sequence: hydrated amorphous
silica—amorphous silica—cristobalite or tridymite—quartz
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(Bettermann & Liebau, 1975). Phytoliths precipitate as
hydrated ASi (SiO,-nH,0) in living tissues through inor-
ganic polymerization (Jones & Milne, 1963; Piperno &
Pearsall, 1998). Their morphology changes with increas-
ing temperature (Bettermann & Liebau, 1975; Elbaum et
al., 2003; Jones & Milne, 1963). Amorphous SiO,-nH,0 is
relatively stable below 150°C (Elbaum et al., 2003; Kelly,
1990; Parr, Dolic, Lancaster, & Boyd, 2001). Heating from
150 to 500°C weakens the H bonds of the hydrated ASi,
allowing polymeric, crystal nucleation and growth. Silica
crystallization results from an intense cracking of C com-
ponents, enhancing the exposition of phytolith particles to
dehydration, polymerization, and crystallization (Nguyen,
Dultz, & Guggenberger, 2014; Xiao et al., 2014). Above
500°C, phytoliths are completely exposed, and undergo di-
agenesis toward crystalline forms, that is, from cristobalite
and tridymite into quartz (Nguyen et al., 2014; Shinohara
& Kohyama, 2004; Xiao et al., 2014). X-ray diffraction
easily detects cristobalite and tridymite in rice straws py-
rolyzed at 700°C. Above 700°C, phytolith transformation
causes a change in the refractive indices of the silicate min-
eral (Elbaum et al., 2003; Jones & Milne, 1963).
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FIGURE 4 Contents of (a) phytogenic Si (PhSi), (b) amorphous Si (ASi), (¢c) dissolved Si (DSi), and (d) pH values in rice straw (RS) and its
biochars pyrolyzed at different temperatures (150, 250, 350, 500, and 700°C), as well as in the ash residue (RS-ash). Note: Data are from Xiao et al.
(2014). ASi (0.5 M NaOH extracts). DSi and pH as measured in 0.02 M CaCl, extracts
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4.4 | DSirelease from biochar phytoliths

Pyrolysis enhances phytolith dissolution, relative to original
unheated PhSi particles and silica in ash. Biochar phytoliths
readily dissolve and release DSi (Houben et al., 2014; Li et
al., 2018). Their dissolution rate depends on their intrinsic
properties as impacted by pyrolysis such as their amorphous
character, surface area, surface acidity or alkalinity, fixed C,
and pH of surrounding solution. Let us discuss these factors
here below. First, as discussed above, pyrolysis has a major ef-
fect on PhSi concentration in biochar (Figure 4a), and thus on
ASi content and potential Si release, particularly at 500-700°C
(Figure 4b,c). In this range of temperatures, however, phyto-
lith dissolution can be limited above 500°C (Cabanes, Weiner,
& Shahack-Gross, 2011; Nguyen et al., 2014; Wang, Xiao, et
al., 2018). Experimental results show that the release of DSi is
maximal for biochars derived from rice husks at 700°C (Wang,
Xiao, et al., 2018), and at 400-500°C for biochars derived
from rice and wheat straws (Cabanes et al., 2011; Nguyen et
al., 2014). Above 500°C, tridymite and/or cristobalite form,
but they are much less soluble than phytoliths (Dove & Elston,
1992; Fraysse et al., 2006; Iler, 1979). Second, the dissolu-
tion of unheated phytolith is largely pH dependent (Fraysse
et al., 2009). The pH dependence of DSi release from biochar
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has been reported by Liu et al. (2014). With increasing pH,
phytolith dissolution is enhanced by increasing deprotonation
of silanol groups =Si—O~ (Brady & Walther, 1990), which fa-
vors the breaking of siloxane bonds >Si—O-Si<, and enhances
the nucleophilic properties of water (Dove, 1995) or polariz-
ing surface Si—O-Si bonds (Brady & Walther, 1990). The dis-
solution rate of unheated phytoliths increases by two orders
of magnitude from pH 4 to 8 (Fraysse et al., 2009), whereas
the one of heated phytoliths from rice straw biochar increases
fourfold from pH 4.5 to 6.5 (Nguyen et al., 2014). In this re-
spect, another advantage of biochars is their liming effect since
pyrolysis markedly increases the pH of the pyrolyzed mate-
rial (Ippolito, Spokas, Novak, Lentz, & Cantrell, 2015; Xiao et
al., 2014). Figure 4d illustrates the increase of pH from 6.1 to
9.6 with increasing temperature and the concomitant increase
in DSi release (Figure 4c). The liming effect can be strength-
ened by a KOH pretreatment of biochars, which enhances the
release of DSi (Wang, Wang, et al., 2018). Third, since they
govern the balance of cations and anions released into the lig-
uid phase (Atkinson et al., 2010; Silber, Levkovitch, & Graber,
2010), the surface acidity or alkalinity of biochars can affect
the release of mineral nutrients (K, Ca, Fe, Na, and Mg), and
that of Si (Figures 4c and 5a,b). As illustrated in Figure 5, the
pyrolysis of rice straws increases the surface area, fixed C, and
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(a) Surface acidity, (b) surface alkalinity, (c) external, BET-N, surface area, and (d) fixed C in the rice straw RS-derived biochars

at different pyrolytic temperatures (300, 400, 500, 600, and 700°C). Adapted from Wu, Yang, et al. (2012), Jindo et al. (2014), and Wang, Xiao,

etal. (2018)
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surface alcalinity of derived biochar, but decreases its surface
acidity. Anions such as -COO™ and —PO43_ may interact with
tetrahedral Si of deprotonated phytolithic silanol groups by re-
placing OH™ groups, hence controlling phytolith dissolution.
Yet inorganic anions are more effective in increasing phyto-
lith solubility than organic anions (Nguyen et al., 2014). In
contrast, the adsorption of monovalent cations (Na*, K*) onto
deprotonated phytolithic =Si—O~ groups could impede the hy-
dration of Si—O-Si bonds in the siloxane surface and depress
Si release (Nguyen et al., 2014). The adsorption of Al species
on phytolith surface may decrease the release of DSi (Bartoli
& Wilding, 1980; Nguyen et al., 2014), whereas the adsorption
of Fe and Al species significantly decrease the release of DSi
from biochars (Qian, Chen, & Chen, 2016; Wang, Xiao, et al.,
2018). Fourth, phytolith dissolution also depends on particle
size and thus on surface area, a high surface area enhancing
phytolith dissolution (Bartoli, 1985; Bartoli & Wilding, 1980;
Cabanes et al., 2011; Fraysse et al., 2009; Piperno, 2006; Puppe
& Leue, 2018; Sommer et al., 2013; Wilding & Drees, 1974;
Wilding, Hallmark, & Smeck, 1979). Small-sized biochar par-
ticles release larger amounts of plant available nutrients and
Si than large-sized biochars do (Chan & Xu, 2009; Silber et
al., 2010; Sohi et al., 2010; Van Zwieten et al., 2010). The
enlarged surface area (Figure 5c) favors the access of hydroxyl
ions to Si—-O-Si bonds, and accelerates phytolith dissolution
(Figure 4c). High surface area biochars are known to adsorb
efficiently heavy metals (Beesley & Marmiroli, 2011; Houben
et al., 2013; Reddy & Lee, 2014; Yang et al., 2016; Zhang
et al., 2013), Al (Qian & Chen, 2013; Qian et al., 2016), and
other inorganic ions (Beesley & Marmiroli, 2011; Chan & Xu,
2009; Dai et al., 2016; Raveendran, Ganesh, & Khilar, 1995;
Wang, Xiao, et al., 2018), because of their large internal po-
rosity (Chia et al., 2015). Last, but not least, it is worth noting
that a mutual protection occurs between C and PhSi in biochar
(Guo & Chen, 2014; Xiao et al., 2014), suggesting the poten-
tial of biochar for C sequestration. This protection is, however,
dependent on pyrolytic temperature as it is enhanced at low
pyrolytic temperatures (Xiao et al., 2014; Figures 4 and 5).
At high pyrolytic temperatures, phytolith exposure increases
(Figure 1), hence DSi release increases (Figure 4c).

S | AGRONOMIC POTENTIAL OF
PHYTOLITHIC BIOCHAR

Despite its non-essentiality for plants, Si offers a great ag-
ronomic potential because it increases the photosynthetic
efficiency, and alleviates various biotic and abiotic stresses
(Belanger, 1995; Fauteux et al., 2005; Liang et al., 2007).
The need of supplying Si is particularly acute in highly
weathered soils, which are depleted in weatherable LSi and
PSi silicates. In these soils, phytoliths make the pool of plant-
available Si (Alexandre et al., 1997; Li, Unzué-Belmonte, et

al., 2019; Lucas et al., 1993; Meunier et al., 1999). Since phy-
toliths can be exported through the removal of crop residues,
PhSi depletion may aggravate soil desilication in these soils,
making them candidates for external Si supply. However, in
the tropics, most farmers are unable to use Si fertilizers at
recommended rates of 1 or 2 t ha™! year_1 since silicate slag
and minerals are expensive and limited worldwide (Savant et
al., 1996). Supplying phytolithic biochar produced from crop
residues is a potential and environmentally friendly Si ferti-
lizer, which has additional well-known effects on soil fertility
through the increase in CEC, pH, and bioavailable nutrients.

5.1 | Plant-available Si

The amount of DSi effectively available for plants depends
on biochar type, soil properties, and processes since DSi may
be involved in PSi formation, adsorbed on secondary oxides
or leached out and transferred to watersheds, as well as taken
up by various organisms. Houben et al. (2014) have shown
that bioavailable Si content significantly differed between
distinct biochars (Miscanthus x giganteus straws, coffee
husks, and woody material), Miscanthus being particularly
rich in PhSi. Wang, Wang, et al. (2018) have reported signifi-
cant differences in DSi release from biochars in the following
order: rice straw > Miscanthus straw > sugarcane harvest res-
idue > switchgrass, due to their differences in initial amounts
of PhSi. Regardless of pyrolysis temperature, Wang, Xiao, et
al. (2018) reported that rice husk biochar had a larger PhSi
content than rice straw, wood sawdust, and orange peel, and
that bioavailable Si in soil was much larger when released
from rice husk biochar. Figure 6 shows that the application of
wheat straw biochar increases the content of bioavailable Si,
and the Si content of rice shoots (Liu et al., 2014).
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FIGURE 6 Rice plant shoot Si content (mg/g) after wheat-straw
biochar application as plotted against soil bioavailable Si as extracted
by 0.025 M citric acid (field data from Liu et al., 2014)
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Nitisol have a high and a very low buffer capacity, respectively. Wo
and Si + biochar supplies are identical in terms of Si addition. Adapted
from Li, Unzué-Belmonte, et al. (2019)

Soil properties and processes affect the release of DSi from
biochar phytoliths. Through its regulation of soil pH, soil buff-
ering capacity controls the dissolution of biochar phytoliths in
soils (Figure 7; Li, Unzué-Belmonte, et al., 2019). Figure 7
further shows that at a given supply of phytolithic biochar, the
liming effect of biochar depends on soil buffering capacity and
this effect is crucial to predict the mobility of Si in the soil—
plant system (Li, Unzué-Belmonte, et al., 2019). Adsorption
process may retrieve DSi from soil solution and decrease Si
plant availability. H,SiO,” adsorption onto Al Fe oxides is en-
hanced in highly weathered soils (Meunier, Sandhya, Prakash,
Borschneck, & Dussouillez, 2018) where natural soil desili-
cation results in the relative accumulation of Al, Fe oxides,
which selectively adsorb H4Si040. Thus, at given PhSi biochar
supply, soil properties and processes chiefly govern the plant
availability of Si. The efficiency of PhSi biochar supply is thus
expected to vary largely according to soil type.

5.2 | Alleviation of toxicities

Crop biochars are low-cost sorbents for soil contaminants
that are either organic or metallic (Ahmad et al., 2014; Ali et
al., 2017; Beesley et al., 2011; Houben et al., 2013; Inyang
et al., 2016; O'Connor et al., 2018; Yang, Lu, et al., 2017;
Zhang et al., 2013). Alleviating the toxicity of organic sub-
stances is observed in biochar, but after pyrolysis performed
at low temperatures (Ahmad et al., 2014). Because of their
high surface area, internal porosity, surface precipitation, and
sorption capacity, crop biochars significantly alleviate heavy
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metal toxicity in contaminated soils (Abbas et al., 2017;
Verheijen, Jeffery, Bastos, & Velde, 2010). The liming effect
of biochars promotes the deprotonation of organic ligands
and thus their binding with heavy metals, especially Pb and
Cu (Houben et al., 2013; Uchimiya, Chang, & Klasson, 2011;
Yang et al., 2016; Yang, Lu, et al., 2017; Zhang et al., 2013).
In addition, the coprecipitation of DSi with heavy metals may
occur (Belanger, 1995; Cooke & Leishman, 2016; Epstein,
1999; Guntzer, Keller, & Meunier, 2012; Haynes, 2014;
Liang et al., 2007, 2015; Ma, 2004; Ma & Takahashi, 2002;
Qian et al., 2019; Savant et al., 1996; Zama et al., 2018), de-
creasing their bioavailability to plant roots.

The mechanisms of Si-mediated alleviation of Al tox-
icity involves Al adsorption on Si—O sites, formation of
Si—O-Al-O-Si bonds and coprecipitation as hydroxy-
aluminosilicate (HAS) complexes (Cooke & Leishman,
2016; Corrales, Poschenrieder, & Barceld, 1997; Hodson
& Evans, 1995; Liang et al., 2007). Supplying phytolithic
biochar may thus alleviate Al toxicity through HAS copre-
cipitation (Qian et al., 2016). The alleviation of Al toxicity
in acid soils is further enhanced through the liming effect
of biochar (Hodson & Evans, 1995; Hodson & Sangster,
1993; Liang et al., 2007; Mossor-Pietraszewska, 2001;
Qian, Chen, & Hu, 2013), and Al complexation by pyro-
lyzed organic substances (Mimmo, Marzadori, Montecchio,
& Gessa, 2005; Qian & Chen, 2013; Xia & Rayson, 1998).

5.3 | Biochar increases plant biomass and
crop yield

Crop biochar application significantly increases plant bio-
mass and crop yield (Jeffery et al., 2011). This impact is,
however, much larger for plant biomass than for crop yield
(Jeffery et al., 2011), and more significant in pot experiments
than in field trials (Cross & Sohi, 2011; Dong et al., 2013;
Haefele et al., 2011; Peng, Ye, Wang, Zhou, & Sun, 2011;
Schulz & Glaser, 2012; Sohi et al., 2010; Uzoma et al., 2011;
Windeatt et al., 2014; Yuan, Xu, & Qian, 2011; Zhang et
al., 2012). As discussed above, this impact is explained by
the improvement in soil fertility and the mitigation of abiotic
and biotic stresses. In particular, biochar supply boosts nu-
trient cycles. The nutrients concerned are carbon (Gaunt &
Lehmann, 2008; Hagemann et al., 2017; Jeffery et al., 2015;
Lehmann et al., 2006; Lehmann & Joseph, 2015), nitrogen
(Clough & Condron, 2010; Rondon, Lehmann, Ramirez, &
Hurtado, 2007; Saarnio, Heimonen, & Kettunen, 2013; Tan,
Ye, Zhang, & Huang, 2018), phosphorus (Chan & Xu, 2009;
Dai et al., 2016; Madiba, Solaiman, Carson, & Murphy,
2016; Van Zwieten et al., 2010; Vanek & Lehmann, 2015),
as well as K, Ca, Na, and Mg (Hardy et al., 2016; Joseph et
al., 2010; Kloss et al., 2014; Laird et al., 2010; Li, Song, et
al., 2019; Macdonald, Farrell, Zwieten, & Krull, 2014; Sohi
et al., 2010; Van Zwieten et al., 2010).
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5.4 | PhSi biochar boosts the biological Si
feedback loop

The present review demonstrates the potential of phytolithic
biochar to boost the biological Si feedback loop of the soil—
plant cycle in agroecosystems (Figure 2). The basic princi-
ples to achieve this boost are to maximize the restitution of
PhSi-bearing biochars to cultivated soils, and to optimize the
conditions promoting the release of plant-available Si in the
soil-plant system. These conditions are linked to soil prop-
erties such as pH as well as soil processes such as i.a. acid
buffering, and DSi adsorption onto oxide surfaces, and bio-
silicification. Boosting the biological Si feedback loop of the
soil-plant cycle (Figure 2) in agroecosystems through phyto-
lithic biochar supply is expected to be particulary efficient in
highly weathered soils. Given the global estimates of availa-
ble PhSi biochar and the surface covered by highly weathered
soils in the tropics (Ferralsols, Acrisols, Lixisols, Nitisols),
we tentatively estimate a global rate of biochar application of
1.7ha”! year_l. This global estimation is, of course, theoreti-
cal, since it supposes free access to PhSi biochars and free
circulation of this material.

6 | CONCLUSION

The pyrolysis of crop straws or residues from Si-accumu-
lating plants provides biochars contributing to feed the
reservoirs of stable carbon and plant-available Si in agro-
ecosystems. Feedstock type, pyrolysis temperature, soil pH,

—
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Schematic overview of the potential effects of PhSi-rich biochar supply in croplands

soil properties and processes are the main factors that exert
a decisive control on the supply of plant-available Si and
other benefits (Figure 8). The expected improvement is es-
pecially meaningful for highly weathered soils intensively
used for cropping Si high-accumulator plants. On a global
scale, ample amounts of feedstocks for phytolithic biochar
are available. The largest benefits can be expected under
the following conditions: (a) the use of cereals (rice, wheat,
maize) and sugarcane crop residues as feedstock materials;
(b) pyrolytic process performed slowly up to 350-500°C for
tree or wood biochar, 500-600°C for crop biochar, but not
above 700°C to prevent silica crystallization; (c) an optimal
liming effect increasing soil pH to release plant-available Si.

World agriculture faces multiple challenges due to cur-
rent high demands in food and environmental concerns.
Quantifications about the cost and benefits should be com-
pared between phytolithic biochar and traditional Si fertiliz-
ers. The analysis should take into account both the agronomic
(e.g., crop yield) and environmental aspects (e.g., sustainable
ecosystem development) induced by Si ecological services.
The supply of phytolithic biochar indeed positively affects
the reservoir of plant-available Si and other nutrients, stable
OC, as well as soil fertility, given the ample Si ecosystem
services offered by biochars.
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