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A B S T R A C T

In soils, mineral weathering and phytolith dissolution release aqueous monosilicic acid that can be taken up by
plant, adsorbed on mineral surfaces, entrapped in neoformed clay minerals, or exported to watersheds. The
balance between biotic and abiotic processes determines the fluxes of bioavailable silicon (Si), impacting plant
growth and health, and diatoms biomass, hence the oceanic capacity to fix carbon dioxide. Here we quantified
this balance in an experimental system using rice and an albic soil material (quartz grains) containing no
weatherable silicate minerals. Materials representing a soil weathering gradient were prepared by adding
variable amounts of silicate minerals within fresh powdered tephrite (< 83 µm) as a source of weatherable
minerals whereas phytogenic Si was supplied within phytolith-rich biochar. We quantified the distribution of Si
in leachate, soil and plant reservoirs. Weatherable minerals rapidly released Si that flowed into two main sinks:
allophanic substances neoformed in soil from released Si and aluminum (Al), and phytoliths formed by pre-
cipitation of absorbed silica in plant tissues. The leaching of Si was negligible. Allophane rapidly formed at a
maximum rate of 0.85 g allophane kg−1 soil day−1. Of the Si stock of weatherable minerals, 7–14% contributed
to allophanic Si and less than 1% to phytogenic Si. The contribution of supplied phytoliths to plant Si accu-
mulation markedly increased from 26 to 80% with the decrease in weatherable mineral reserve from 405 to 5
cmolc kg−1. Weatherable minerals primarily controlled bioavailable Si while phytoliths increasingly contributed
to Si plant uptake with increasing mineral depletion. Returning phytoliths to soil thus boosts the biological
recycling of Si in proportion to the increase in soil weathering stage.

1. Introduction

The continental cycle of silicon (Si) is mainly based on the Si
soil–plant cycle where the primary source of Si is the reserve of
weatherable lithogenic aluminosilicates (McKeague and Cline, 1963a;
Alexandre et al., 1997; Sommer et al., 2006; Henriet et al., 2008b). In
soils, the dissolution of lithogenic aluminosilicates releases aqueous
H4SiO4

0 (dissolved Si: DSi), aluminum (Al), iron (Fe) and other solutes.
Some of these may recombine to form pedogenic minerals such as
secondary aluminosilicates, Al and Fe oxides. Pedogenic aluminosili-
cates can in turn dissolve depending on the activity of DSi (Garrels and
Christ, 1965; Kittrick, 1977; Lindsay, 1979). At advanced soil Si de-
pletion stage, Al and Fe oxides accumulate and may enhance adsorption
of H4SiO4

0 (Beckwith and Reeve, 1963; Jones and Handreck, 1963;
McKeague and Cline, 1963b; Struyf et al., 2009; Churchman and Lowe,
2012; Song et al., 2012). The processes of lithogenic aluminosilicates

weathering, pedogenic aluminosilicate neoformation and dissolution,
and DSi adsorption define the mineral contribution of lithogenic and
pedogenic aluminosilicates to the DSi pool. These contributions govern
the mobility of Si in moderately weathered soils where both types of
aluminosilicates act as major sources and sinks of Si (Cornelis and
Delvaux, 2016). Yet DSi can be taken up by plant roots, translocated to
plant shoots (Jones and Handreck, 1965), and precipitate as amorphous
Si, called phytoliths (PhSi), which return to soil within plant residues
(Smithson, 1956; Farmer et al., 2005). PhSi particles readily dissolve
(Köhler et al., 2005; Fraysse et al., 2006, 2009), and replenish the DSi
pool in soil. The processes of DSi uptake, PhSi formation and dissolution
define the biological Si feedback loop, which governs the mobility of Si
in highly weathered soils. Recent meta-analyses suggest that the bio-
logical Si feedback loop may progressively take over the mineral cycle
along a soil weathering gradient (Cornelis and Delvaux, 2016; Vander
Linden and Delvaux, 2019). Thus, paradoxically, the contribution of
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PhSi to Si biocycling would be more important in soils depleted in li-
thogenic and pedogenic aluminosilicates, and depends on the biological
pumping of Si (Lucas et al., 1993; Meunier et al., 1999; Lucas, 2001;
Carey and Fulweiler, 2012; Vander Linden and Delvaux, 2019). How-
ever, the respective contributions of lithogenic silicates and phytoliths
to Si biocycling has not yet been addressed and quantified in controlled
experiments despite its importance in croplands on highly weathered
soils.

In agrosystems, crop harvesting disrupts the biological Si feedback
loop (Meunier et al., 2008; Guntzer et al., 2012; Keller et al., 2012;
Haynes, 2017). In the long term, PhSi and DSi pools may decrease
(Struyf et al., 2010; Vandevenne et al., 2012) whereas detrimental ef-
fects on crop yield may occur. Indeed, Si exerts major positive effects on
plants by increasing their photosynthetic activity and tolerance against
various biotic and abiotic stresses (Epstein, 1994; Belanger, 1995;
Exley, 1998; Fauteux et al., 2005; Liang et al., 2007). Both the natural
soil Si depletion and removal of crop residues from Si high-accumulator
plants thus contribute to Si depletion in soils (Vander Linden and
Delvaux, 2019). Therefore, the enhancement of the biological Si feed-
back loop presents a major agronomic interest, particularly in croplands
on highly weathered soils (Li and Delvaux, 2019).

The supply of pyrolyzed biomass is known to improve soil fertility
through the increase of pH, organic carbon (OC) content, and cation
exchange capacity (CEC), promoting plant growth (Liang et al., 2006;
Major et al., 2010; Sohi et al., 2010; Jeffery et al., 2011; Crane-Droesch
et al., 2013; Lehmann and Joseph, 2015). Such a supply may enhance
the biological Si feedback loop. Indeed, plant-derived phytoliths are
concentrated in biochar (Xiao et al., 2014; Li and Delvaux, 2019). Their
increased solubility, which is enhanced after burning (Ngoc Nguyen
et al., 2014; Unzué-Belmonte et al., 2016; Li and Delvaux, 2019), en-
hances their ability to release plant-available Si (Houben et al., 2014;
Liu et al., 2014; Wang et al., 2018a; Wang et al., 2018b), which can be
taken up by plant roots (Li et al., 2018; Li et al., 2019). The amplitude
of plant Si uptake and mineralomass depends, however, on plant spe-
cies, soil weathering stage, pH and buffer capacity (Li et al., 2019).

Here we use dosed additions of lithogenic aluminosilicates and
PhSi-biochar input to boost, respectively, the mineral contribution and
the biological Si feedback loop in the Si soil–plant cycle. We investigate
the Si dynamics in a soil–plant system using rice plant and controlling
lithogenic aluminosilicate and PhSi inputs in order to quantify the
balance between the mineral contribution and biological Si feedback
loop, which is unknown.

2. Materials and methods

2.1. Soil materials

The initial soil used was albic material (E horizon) of a Podzol
(Spodosol) developed on sandy sediments of the Brussels Formation
(Eocene), located in the Bois de Lauzelle, Louvain-la-Neuve, central
Belgium. The altitude is ~90 m.a.s.L.; the climate is humid temperate
with mean annual temperature and precipitation of 9.4 °C and 835 mm,
respectively. The albic horizon was 35 cm thick. A sample was air-dried
and sieved at 2 mm prior to further characterization. Quartz was the
exclusive mineral, as evidenced by X-ray diffraction (XRD) (Fig. S1a,
Supplementary data) and SiO2 content was in accord with this com-
position (98.63%, Table S1). Table S1 further shows that amorphous
silica and bioavailable Si contents were negligible as inferred from,
respectively, oxalate- and Na2CO3- extractable Si (0 and<0.02
g kg−1), and CaCl2 extractable Si (0.03 g kg−1) contents. The organic
carbon content (0.3 g kg−1) was negligible. The total reserve in bases
(TRB), which sums the total contents of major alkaline and alkaline-
earth cations to estimate the reserve of weatherable primary minerals
(Herbillon, 1986), amounted to 5 cmolc kg−1 (Table S1), a content
much below 40 cmolc kg−1, considered as the upper limit for highly
weathered ferrallitic soils (Herbillon, 1986).

We used fresh tephrite as a source of weatherable lithogenic alu-
minosilicates. This material was obtained from DCM Inc.Co. www.dcm-
info.com as a powder (< 83 µm) of fresh natural tephritic lava (Eifel,
Germany) crushed and sieved at 83 µm. It was rich in weatherable li-
thogenic aluminosilicates as it contained augite, olivine, leucite, ne-
pheline, plagioclase and phlogopite (Fig. S1. b), but no (or minor) glass.
The TRB amounted to 1058 cmolc kg−1 (Table S1). The respective ca-
tion contents (cmolc kg−1) decreased in the order Mg (447) > Ca
(4 2 8),>Na (97) > K (85), representing, respectively, 42, 40, 9 and
8% of TRB. Dosed quantities of fresh tephrite were added to the albic
soil material to simulate a soil weathering gradient following a TRB
geometric progression using three as a constant multiplying factor, i.e.
from TRB (cmolc kg−1) 5 to 15, 45, 135 and 405 cmolc kg−1. Te-
phrite:Podzol-E mixtures were built up by respective tephrite additions
of 0, 10, 38, 123 and 308 g kg−1 soil (dry weight) to reach the re-
spective TRB values. The two components were mixed thoroughly and
homogeneously using a plastic bag to reach 2 kg on a dry weight basis.
The mixtures Tephrite:Podzol-E were thus considered as synthetic soils
named here soils T5, T15, T45, T135 and T405, respectively (T for
TRB). Here, these soils will be used (i) uncultivated; (ii) cultivated using
rice crop without biochar supply; cultivated with rice crop but pre-
viously amended with (iii) phytolith-free biochar (Si−) or (iv) phyto-
lith-rich biochar (Si+). The simulated weathering gradient from TRB
405 to 5 cmolc kg−1 is perfect in line with weathering sequences
starting from young Cambisols or Andosols to highly weathered soils
(Delvaux et al., 1989; Henriet et al., 2008a; Klotzbücher et al., 2015;
Vermeire et al., 2016).

2.2. Biochar materials

The Si depleted and Si enriched biochars (Si− and Si+) were
produced from rice straws (RS). Rice seeds (Oryza sativa subsp. indica
IR64 from IRRI, Philippines) germinated on a polystyrene plate floating
on a Yoshida nutrient solution (Yoshida, 1981) in 10 plastic tanks each
of 25 L. Si− and Si+ rice plants were each produced in five respective
tanks. After one week, the solutions for Si+plants were enriched with
aqueous H4SiO4

0 at a concentration of 40 mg L−1. H4SiO4
0 was pre-

pared through dissolving Na2SiO3·5H2O, and further leaching on an H+

cation exchanger (Amberlite®IR-120) to fix Na+ ions until the threshold
level of Na+ was below 10-2 mM Na (Henriet et al., 2006). Si− and Si+
nutrient solutions were renewed weekly. After two weeks, the seedlings
were thinned to one plant per hole. The pH was adjusted daily to
5.0–5.3 by using 2 M KOH or HCl. Si− and Si+ plants were grown in
greenhouse-controlled conditions: 80% relative humidity, 28/
25 °C day/night, 12 h photoperiod with 360 µmol m−2 s−1 light in-
tensity. After 12 weeks, the plants were harvested. The aboveground
biomass was measured fresh, then dry after 7 days at 55 °C. The bio-
chars were obtained from Si− and Si + rice straws, respectively, ac-
cording to a slow pyrolysis procedure (Ronsse et al., 2013). Dried
straws (2 cm fragments) were placed in a vertical, tubular, stainless
steel reactor (d × L= 3.8 × 30 cm), and further pyrolyzed at a heating
rate of 17 °C min−1 up to 500 °C. The reactor was maintained at 500 °C
for 60 min, and then progressively cooled. Nitrogen was continuously
supplied to remove gases and tars produced during the pyrolysis pro-
cess. Biochar yields were calculated as the mass ratio of biochar to the
dried RS used for the pyrolysis process. The Si-enriched (Si+) and Si-
depleted (Si−) biochars were passed through a 0.154 mm sieve prior to
experimental use.

2.3. Soil:biochar mixtures

The soil:biochar mixtures were prepared by adding Si− and Si+
biochar to the soil at the rate of 2.5 g biochar per kg of soil resulting in
supplying 3 mg PhSi per kg to the five Si-soil mixtures (Si-T5, Si-T15, Si-
T45, Si-T135, Si-T405), and 121 mg PhSi per kg to the five Si+soils
mixtures (Si+T5, Si+T15, Si+T45, Si+T135, Si+T405). This rate is
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equivalent to supply 2.8 T biochar ha−1, and, in the case of Si+,
136.5 kg Si ha−1, which correspond to field application rates of, bio-
char (Liu et al., 2013) and Si fertilizers (Savant et al., 1996; Ma and
Takahashi, 2002), respectively.

2.4. Soil-plant experimental device

The experimental device is sketched out in Fig. S2 (Supplementary
data). Two kg of soil or soil:biochar mixture was packed into each pot.
Four treatments were designed, each with five replicates: (a) bare soils,
(b) rice-cropped soils without biochar, (c) rice cropped soils with Si-
biochar, and (d) rice cropped soils with Si + biochar. They were re-
spectively named: (a) bare soils T5, T15, T45, T135, T405, (b) rice
cropped soils T5, T15, T45, T135, T405, (c) Si-biochar amended
cropped soils Si-T5, Si-T15, Si-T45, Si-T135, Si-T405, and (d) Si+bio-
char amended-cropped soils Si+T5, Si+T15, Si+T45, Si+T135, Si
+T405. Two successive rice cropping periods each of 13 weeks were
conducted in controlled phytotron conditions: 80% relative humidity,
day/night temperature 30/25 °C, 12 h photoperiod with
360 µmol m−2 s−1 light intensity.

2.4.1. 1st cropping period
Soils and soil:biochar mixtures were irrigated with deionized water

and kept for a four-week incubation at field moisture capacity during
4 weeks before rice cropping. After germination in deionized water, the
rice plantlets (Oryza sativa subsp.indica, IR64) were allowed to grow up
to 5 cm height. Three plantlets were transplanted in each pot. During
rice growth, each pot was watered every two days with 100 mL deio-
nized water during the first 4 weeks, and 200 mL the last 9 weeks.
Nitrogen fertilizer (15 mg kg−1, 17 kg N ha−1) was applied as NH4NO3

to all treatments, and split into three applications: 20% at week 2, 40%
at week 4, and 40% at week 6. At week 13, the aboveground plant part
was collected to separate straws and grains for washing with deionized
water, and drying at 55 °C for 7 days before weighing their dry matter
(DM). The dried rice straws were considered as crop residues and cra-
shed (< 2 cm) for restitution to soil:biochar mixtures prior the 2nd

cropping period.

2.4.2. 2nd cropping period
The respective rice straws (RS) (3 g pot−1) collected from the 1st

cropping period were returned to their respective soil:biochar mixtures.
Rice straws were not returned to bare soils and soils were cultivated
without a biochar supply to simulate distinct cropping practices that
either minimize or maximize crop residues and use of biochar. After
rice crop harvesting from the first cropping, all soils and soil:biochar
mixtures were watered once a week with 200 mL deionized water and
kept for a 4-week incubation at field moisture capacity before the 2nd

rice cropping, which was carried out following the same protocol ap-
plied for the first cropping period.

2.5. Chemical analyses

2.5.1. Soils and soil:biochar mixtures
Total elemental contents of Si, Al, Fe, Ca, K, Na and Mg were de-

termined prior to the 1st cropping by inductively coupled plasma/
atomic emission spectrometry (ICP–AES, Jarrell Ash Iris Advantage)
after alkaline fusion using Li-metaborate + Li-tetraborate at 1000 °C,
followed by ash dissolution with concentrated HNO3 (Chao and
Sanzolone, 1992). The pH in H2O and 1 M KCl were measured using
5 g:25 mL suspensions. The C and N contents (and H for RS and bio-
chars) were measured using a Flash 2000 Elemental Analyzer (Thermo
Fisher Scientific, Waltham, MA, USA). The CEC and contents of ex-
changeable cations were determined using 1 M CH3COONH4 buffered
at pH = 7 (Chapman, 1965). Crystalline soil minerals were identified
by X-ray diffraction (XRD) on soil powder samples using CuKα radia-
tion in a Bruker Advance diffractometer. Soil textural analysis was

achieved by quantitative recovery of clay, silt and sand fractions after
sonication and dispersion with Na+-saturated resins without any pre-
vious H2O2 oxidation of organic matter (Bartoli et al., 1991). Scanning
electron microscopy coupled with energy dispersive X-ray analysis
(SEM-EDX) was performed on biochar without any chemical pretreat-
ment using a field emission gun SEM (FEG-SEM; Zeiss Ultra55)
equipped with an EDX system (Jeol JSM2300 with a resolution<129
eV), and operating at 15 keV with a working distance of 8 mm. The
acquisition time of the EDX spectra lasted 100 s with a probe current of
1 nA.

2.5.2. Rice plant materials and biochars
Harvested straws and grains were dried at 55 °C for 7 days prior to

weigh their dry matter (DM). The dried plant materials were analyzed
for selected elements (C, N, H, Si, K, Ca, Na and Mg). Total carbon (C),
nitrogen (N), and hydrogen (H) contents were measured by dry com-
bustion with a CNHS analyzer (Flash EA1112 Series). Oxygen (O) was
computed as follows: oxygen (O) (%) = 100-C–H-N-S-ashes. Mineral
elemental analysis was carried out after calcination at 450 °C for one
day and fusion in Li-metaborate + Li-tetraborate at 1000 °C (Chao and
Sanzolone, 1992), followed by ash dissolution with concentrated HNO3.
Element contents were measured by ICP-AES. Element mineralomass
was computed from total element contents and rice crop biomass after
each cropping period. Phytoliths were extracted from collected rice
straws following the procedure of Kelly (1990). Briefly, 2.5 g of dried
plant materials (≤1 cm) were digested at 120 °C using a mixed solution
of HNO3 (70%) and H2O2 (30%) until the reaction ended (about
10 days). Extracted phytoliths were filtered using a 0.2 µm filter and
rinsed with deionized water, oven-dried at 55 °C for 7 days to determine
PhSi content.

2.5.3. Leachates
The collected leachates were measured for their volume, filtered on

a 0.45 µm filter, and then divided into two aliquots to determine pH
and solutes concentrations. The latter extract was kept in darkness at
4 °C prior to further Si, Al, Fe, K, Ca, Na and Mg analyses using ICP-AES.

2.6. Selective Si extractions in soil and soil:biochar mixtures

Around 30 g of soil and soil:biochar mixtures were collected in each
individual pot using a small stainless steel auger (2 cm internal dia-
meter, 40 cm length). All samples were air-dried, ground, and sieved at
≤2 mm prior to further analyses.

The Na2CO3 extraction of Si is used to quantify biogenic silica in soils
(DeMaster, 1981; Koning et al., 2002; Saccone et al., 2007). Briefly,
30 mg of sample was mixed with 40 mL of Na2CO3, 0.1 M (pH = 11.2)
and digested for 300 min at 85 °C. One ml of extraction solution was
sampled at 30, 60, 120, 180, 240, 300 min, then neutralized and
acidified using 100 μl of 7 M HNO3 to measure Si by ICP-AES. The soil
biogenic Si content, named here Na2CO3-Si, was calculated by de-
termining the intercept of the linear regression at constant extraction
rate (DeMaster, 1981; Koning et al., 2002) using the lm function of the
R programming language to fit a first-order kinetic model (Cornelis
et al., 2011). Starting from the Si + biochar, the impact of dosed ad-
ditions of tephrite on the extraction of Na2CO3-Si was tested by using
the same procedure. The five final Si + biochar:tephrite mixtures fol-
lowed the proportions (%) 100:0, 75:25, 50:50, 25:50 and 0:100.

Dark oxalate (o) selectively dissolves short-range-order (SRO) Si, Al,
Fe components in soils (Parfitt et al., 1980; Blakemore et al., 1981;
Parfitt and Henmi, 1982; Dahlgren, 1994) whereas pyrophosphate (p)
(Bascomb, 1968) is routinely used to extract Al- and Fe-humus com-
plexes (Parfitt et al., 1980; Parfitt and Henmi, 1982; Farmer et al.,
1983). The procedures compiled by Dahlgren (1994) were used: (i) dark
oxalate extraction using 0.2 M ammonium oxalate-oxalic acid at pH 3,
followed by analysis of extracted Sio, Feo and Alo by ICP-AES; (ii) 0.1 M
Na pyrophosphate, analysis of extracted Alp and Fep by ICP-AES. We
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used Sio, Alo and Alp to compute the Si:Al atomic ratio (Sio:(Alo-Alp)) of
allophanic substances.

The CaCl2 extractable Si (CaCl2-Si) is considered as plant available Si
in soils (Haysom and Chapman, 1975; Sauer et al., 2006). It was
measured through a kinetic extraction method (Li et al., 2019) using a
solid:liquid ratio 5 g:50 mL (0.01 M CaCl2) in 100 mL polyethylene cups
shaken at 25 °C. The 1:10 solid:liquid ratio was kept constant using
replicates for both the extraction and analysis. At each time step (6 h,
12 h, 1 day, 2 days, 4 days, 8 days, 16 days, 32 days, 64 days and
128 days), the collected suspension (50 mL) was centrifuged at 3,000g
for 20 min. The supernatant (40 mL) was filtered and separated in two
aliquots of 20 mL to measure, respectively, pH and solutes concentra-
tions. The latter extract was acidified by adding 100 µl of HNO3 7 M,
then stored in darkness at 4 °C prior to further analyses.

2.7. Data analyses

Averages, standard deviations of all measured variables, and sta-
tistical tests were performed using SPSS 24.0 software. The significance
of the difference between measured values among all treatments was
measured with Tukey’s mean separation test at the p < 0.05 level.
When average values significantly differ among treatments, they are
presented with a different lowercase letter (a, b, c…) (Duncan's nota-
tion).

3. Results

3.1. Properties of rice straws (RS), derived biochars, tephrite and albic soil
materials

As discussed above, the chemical and mineralogical compositions
illustrated in Fig. 1 and Table S1 are typical for albic soil material and
fresh tephrite (Fig. S1 and Table S1). Na2CO3-Si and CaCl2-Si are neg-
ligible in the Podzol albic horizon (0 and 0.03 g kg−1), and low in the
tephrite (3.8 and 1.5 g kg−1).

The rice straws Si-RS and Si+RS significantly differ in fresh biomass
(31.3 and 40.4 g plant−1), dry biomass (5.0 and 7.9 g plant−1) and Si
content (0.01 and 1.10%) (Table S2). Yet Si-RS and Si+RS did not
significantly differ in C, N, H, O, Ca, K, Mg, Na and ash contents, nor in
C/N, H/C and O/C ratios.

The Si− and Si+ biochars did not significantly differ in C, H, N, Ca,
K, Mg and Na contents, C/N, H/C and O/C ratios, and pH-H2O (Table
S2). Si− and Si+ biochars significantly differ in yield (31.8 and 38.2%,
respectively), their respective contents of O (5.1 and 7.5%) and Si (0.1
and 4.8%), Na2CO3-Si (0.1 and 15.6 g kg−1) and CaCl2-Si (0.1 and
15.2 g kg−1). The SEM micrographs and related EDX element mapping
confirmed that Si− was free of phytoliths (Fig. 1a, c), while Si+ con-
tained dumbbell-shaped and fine silt-sized phytoliths (Fig. 1b, d).

3.2. Soil pH, allophane and ferrihydrite contents in soils and soil:biochars
mixtures

In the 5 g:50 mL solid:liquid suspensions, pH-CaCl2 ranged from 3.8
to 5 in tephrite, 7.3 to 10.0 in Si− and Si+biochars (Fig. S3a). In soils,
pH-CaCl2 was 3.8–4.0 in T5, 3.9–4.4 in T15, but markedly increased
with increasing time from 4.0 to 6.3 in T45, from 4.2 to 6.6 in T135,
and from 5.8 to 7.0 in T405 (Fig. S3b; Table S6). The pH-CaCl2 in-
creased with increasing time in all soil:biochar mixtures, with the fol-
lowing respective minimum–maximum values: 4.3–6.4 in Si-T5, 4.6–6.8
in Si-T15, 5.0–7.0 in Si-T45, 5.0–7.1 in Si-T135, 5.5–7.2 in Si-T405,
4.1–5.6 in Si+T5, 4.6–6.8 in Si+T15, 4.5–6.9 in Si+T45, 5.3–7.4 in Si
+T135, 5.3–7.7 in Si+T405 (Fig. S3c-d; Table S6). Thus, in soils and
soil:biochar mixtures, both minimum and maximum pH values in-
creased with increasing TRB and increasing time, from day 1 to day
128, revealing an increased time-course proton consumption with in-
creasing TRB.

Allophane and ferrihydrite contents, as well as the Si:Al atomic ratio
of allophanic substances, were computed from Sio, Alo, Alp and Feo
concentrations (Tables S3-S5). They revealed the formation of both SRO
minerals, and further showed that the range of the Si:Al atomic ratio
(0.5–1.0) was typical for the series imogolite-allophane. Allophane did
not occur in T5, although its content increased with increasing TRB
(Table S3). A similar evolution was observed for ferrihydrite. The
contents of SRO minerals in both soils and soil:biochar mixtures sig-
nificantly increased with increasing time and TRB (Tables S3-S5). The
rate of the formation of the allophanic substances also increased with
increasing TRB, up to 0.85 g kg−1 day−1 for TRB = 405 cmolc kg−1

(Fig. 2).

3.3. Na2CO3-Si and CaCl2-Si contents in soils and soil:biochars mixtures

The Na2CO3-Si and CaCl2-Si contents are determined to assess bio-
genic silica and plant available Si in soils, respectively (DeMaster, 1981;
Sauer et al., 2006). From Tables S1 and S2, Na2CO3-Si (g kg−1) is
negligible in the albic soil material (0) and Si-biochar (0.12). It amounts
to 3.8 g kg−1 in tephrite and 15.6 g kg−1 in Si+biochar in which CaCl2-
Si (g kg−1) accounts for 39 and 97% of Na2CO3-Si, respectively, sug-
gesting that the pool of Na2CO3-Si is totally bioavailable in Si+biochar.
A constant dissolution rate was rapidly attained during the kinetic ex-
traction of Si from tephrite in Na2CO3 (Fig. S4a). Yet the clear non-
linear part of the dissolution curve could not be attributed to phyto-
genic silica in the fresh tephrite. Na2CO3-Si content linearly decreased
with increasing proportion of tephrite in Si+biochar:tephrite mixtures
(Fig. S4b). It indeed decreased from 15.6 in pure Si+biochar to
3.8 g kg−1 in pure tephrite, confirming that Na2CO3 extraction was not
specific to biogenic Si, and thus the DeMaster technique (DeMaster,
1981) to quantify phytoliths in soils and sediments can be questioned
(Meunier et al., 2014; Kaczorek et al., 2019; Li et al., 2019). As illu-
strated in Fig. S5a, Na2CO3-Si was not detected or negligible in T5, T15,
Si-T5 and Si-T15, confirming the absence of biogenic silica in the albic
material and Si-biochar. It increased with increasing TRB from 0.2 in
T45 to 3.2 g kg−1 in T405 and 2.4 g kg−1 in Si-T405, despite the ab-
sence of phytogenic silica in tephrite and Si-biochar (Fig. S5a). The
maximum value was observed in Si+T405 (3.7 g kg−1) (Fig. S5a). Si-
milar trends were observed for the 1st and 2nd cropping periods (Fig.
S5a-b). The CaCl2 kinetic extractions performed on all materials (Fig. 3)
illustrated the ample supply of plant available Si (g kg−1) from Si
+biochar (15.6), its virtual absence in Si-biochar (0.11), and a sub-
stantial amount in tephrite (1.5) (Fig. 3a). Increasing TRB resulted in
increasing CaCl2-Si contents in soils (Fig. 3b-d). However, CaCl2-Si at
day 128 (mg kg−1) was larger in soils (from 30 in T5 to 90 in T405)
than in Si-biochar:soils (from 20 in Si-T5 to 67 in Si-T405 (67.2)
(Fig. 3b-c). Supplying Si+biochar to soils resulted in a significant in-
crease in CaCl2-Si (117.1 mg kg−1). As shown in Fig. 4, CaCl2-Si was
significantly larger in bare soils than in rice-cropped soils after both
cropping periods. During the 1st cropping period, CaCl2-Si was sig-
nificantly larger in non-amended soils than in biochar amended soils
except in T5 (Fig. 4a). It is clear that the concentration of aqueous
H4SiO4

0 in the CaCl2 invariably decreases from day 0.25 (6 h) to day
128 (Table S6). This concentration at d128, here named H4SiO4

0-d128,
is one order of magnitude larger in Si+biochar (10−3.27 M) than in
tephrite (10−4.27 M), indicating that dissolved Si is controlled by dif-
ferent silica phases, i.e., phytolith in Si+biochar and weatherable li-
thogenic aluminosilicates in tephrite. In the albic material (T5),
H4SiO4

0-d128 is 10−3.92 M, suggesting that dissolved Si is controlled by
quartz. The increase in TRB resulted in an increase of H4SiO4

0-d128
from 10−3.92 to 10−3.65 M. Supplying Si-biochar to soils gave the same
trend, from 10−4.20 to 10−3.62 M, whereas supplying Si+biochar in-
creased H4SiO4

0-d128 from 10−3.72 to 10−3.41–10−3.38 M, supporting
the control of dissolved Si by phytoliths.
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3.4. Leachate properties

As shown in Fig. 5, pH increased with increasing TRB in soils, from
3.9 in T5 to 7.7–8.7 in T135 or T405, in both cropping periods. Sup-
plying biochar (with or without Si) resulted in a pH increase in all soils,
confirming the rapid liming effect of biochar in an un-buffered soil such
as T5. In bare soils, leachate DSi was negligible in T5, but increased by
eight-fold in T15, and then decreased with increasing TRB. In cropped
soils without biochar supply, exported DSi followed the same trend, but
the maximum DSi loss (T15) was below that in bare soil in the 1st

cropping period (Fig. 5a). Exported DSi was invariably below

10 mg L−1 in Si− amended soils and above 20 mg L−1 in Si+ amended
soils (Fig. 5a). DSi losses through leaching significantly decrease during
the 2nd cropping period at given TRB (Fig. 5b); yet, DSi loss regularly
increased with increasing TRB. Dissolved Al content (mg L−1) first
raised from 1.9 in T5 to 3–4.5 (Fig. 5a) and to 10–25 (Fig. 5b) in T15 or
T45. In contrast, exported Al (mg L−1) was much lower in biochar-
amended soils, below 2 in the 1st cropping season, and 10 in the 2nd

one. Aqueous Fe concentrations in leachate were invariably lowest in
soils with high TRB (T135, T405), either amended with biochar or not.
In contrast, the highest Fe concentrations were observed in soils with
low TRB.

3.5. Si in plants

Plant PhSi content (g kg−1), as assessed by the procedure of Kelly
(1990), significantly increased from 4.4 in T5 to 40.8 in T405 in the 1st

cropping season, and from 7.48 in T5 to 42.56 in T405 in the 2nd

cropping season (Table 1). Similar trends were observed in soils
amended with biochar, but with larger plant PhSi content in Si+soils,
up to 58.4 g kg−1 in Si+T405 (Table 1). So, plant PhSi content posi-
tively responded to TRB and Si+ supply. Since plant dry matter also
positively responded to TRB (up to 135 cmolc kg−1) and Si+ supply, Si
mineralomass (mg pot−1) logically increased from 1.5 to 300 with in-
creasing TRB and phytolith supply (Table 1). As inferred from Table 1,
in T5 soil, the contribution of biochar-PhSi to plant-PhSi (mg pot−1)
thus amounted to (94.6–19.4) = 75.2 in the 1st cropping period
(without rice straw return), i.e. 79.5% of plant PhSi. In the same soil,
the contribution of biochar-PhSi to plant-PhSi (mg pot−1) amounted to
(46.2–15.6) = 30.6 in the 2nd cropping period (with rice straw return),

Fig. 1. SEM images of biochar particles in (a) Si− and (b) Si+ biochars. The corresponding EDX spectra maps of elements (Si, C, O) performed on these biochar
particles from (c) Si− and (d) Si+, demonstrate the presence of phytoliths in Si+ after pyrolysis.

Fig. 2. Rate of allophane neoformation (g kg−1 day−1) in the bare soil during
the 16 weeks experimental period, calculated from the allophane contents as
measured at 4th, 8th, 12th and 16th week.
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i.e. 66.2% of plant PhSi.

4. Discussion

4.1. Si sources in the experimental soil–plant system

The absence of PhSi in the albic soil material (Table S1) reveals the
very poor biological activity in Podzol subsurface horizons, which in-
volves the accumulation of organic matter (litter and partly decom-
posed litter) and the lack of bioturbation. These well-known processes
in Podzols explain the absence of phytoliths in the bleached E horizon.
Indeed, the phytolith pool in forest soils is supplied from falling litter
debris in organic horizons (Bartoli, 1983; Alexandre et al., 1997;
Meunier et al., 1999; Gérard et al., 2008; Cornelis et al., 2011; Sommer
et al., 2013), which are not mixed with mineral horizons beneath the E
horizon in Podzols. On the other hand, this pool is the main source of
plant-available Si in highly weathered soils (Lucas et al., 1993; Henriet
et al., 2008b; Cornelis and Delvaux, 2016). Not surprisingly, Na2CO3-Si
and CaCl2-Si contents are thus negligible in the albic soil material
(Table S1). Fresh tephrite contains a number of weatherable lithogenic
aluminosilicates that may rapidly dissolve, for example olivine and

other ferromagnesian silicates, as well as the feldspathoids (leucite and
nepheline). Obviously, these lithogenic aluminosilicates release aqu-
eous H4SiO4

0 in the Na2CO3 and CaCl2 extracts. This observation means
that the DeMaster technique (DeMaster, 1981) to quantify biogenic si-
lica is invalid in soils and corroborates alternative methods (Meunier
et al., 2014; Li et al., 2019). In other words, our data show that Na2CO3-
Si is not biogenic in the tephrite used here as a Si source. In contrast,
Na2CO3-Si is fully biogenic in Si+ since this biochar is derived from
pyrolyzed rice straws produced alongside an ample supply of plant
available Si (Li et al., 2019). The concentration of aqueous H4SiO4

0 in
CaCl2 extracts at day 128 supports the notion that phytoliths in Si
+biochar directly control the H4SiO4

0 in solution because it is one
order of magnitude higher in phytolithic biochar (10−3.27 M) than in
tephrite (10−4.27 M) (Table S6 and Fig. S8). Our experimental data
evidently show that both tephrite and Si+biochar release available Si
for plant uptake since both sources significantly increase the plant PhSi
content (Table 1), the PhSi silicate being the main contributor in the
absence of lithogenic aluminosilicates (Table 1). Through an in vitro
controlled experimental soil–plant system, we first demonstrated that
the primary source of plant-available Si in soils is the reserve of
weatherable lithogenic aluminosilicates (Henriet et al., 2008a;
Klotzbücher et al., 2015). Then, we showed that the soil PhSi pool takes
over the lithogenic aluminosilicate reserve in highly weathered soils, as
suggested earlier from meta-analyses of field data gathered worldwide
(Cornelis and Delvaux, 2016; Vander Linden and Delvaux, 2019).

As far as Si− and Si+ biochars are concerned, Si-biochar does not
significantly increase the phytogenic Si pool in any soil, whatever its
TRB, confirming that Si-biochar is depleted in Si. In contrast, Si+bio-
char is a major supplier of phytogenic silica. Surprisingly, the return of
rice straws into soil prior to the 2nd cropping period does not sig-
nificantly increase the plant PhSi mineralomass, except in Si-T15 and Si
+T405 (Table 1). In contrast, the plant PhSi mineralomass decreases in
Si-T405, Si+T5, Si+T15, Si+T45, Si+T135, probably because of dif-
ferences in Si accessibility linked to rice straw decomposition rate in
our experimental device.

4.2. Rapid neoformation of aluminous allophanic substances

The pedogenic neoformation of allophanic substances, in particular
imogolite, is well known in podzolic environments (Farmer, 1982;
Farmer et al., 1983). Allophane has a Si:Al atomic ratio generally ran-
ging from 1 to 2. Here, the allophanic substances are evidently alumi-
nous since their Si:Al atomic ratio ranges from 1 to 0.5, typical for the
series allophane-imogolite (Parfitt et al., 1980; Parfitt and Henmi,
1982; Farmer et al., 1983; Parfitt et al., 1983; Bartoli et al., 2007;
Parfitt, 2009; Churchman and Lowe, 2012). Our experimental data
showing that allophane content increases significantly with increasing
TRB is in accordance with the formation of allophanic substances in less
weathered Podzol B horizons (Farmer, 1982). In this respect, the te-
phrite weatherable lithogenic aluminosilicates evidently act as a source
for allophane formation in the soils we studied. In fact, the increase in
pH as well as the increase in allophane content with increasing TRB
show that mineral weathering is an active process in the T15-T405 soils.
The combination of lithogenic aluminosilicate dissolution and pedo-
genic aluminosilicate formation consumes protons (Kittrick, 1977) and
thus explains the large increase in pH in non-amended soils (Fig. 5). In
this regard, the pH increase linked to the liming effect of biochars might
have decreased lithogenic aluminosilicate dissolution. Our experi-
mental device does not allow, however, to infer the possible role of
phytolith as a source for allophanic Si. Yet our experimental data shows
that allophanic substances form rapidly, at a maximum rate of
0.85 g kg−1 day−1, and are a major sink of Si in our controlled soil–-
plant system. Parfitt (2009) reported that allophane has been observed
to precipitate in a matter of months on the face of open soil pits con-
taining rhyolitic tephra.

Fig. 3. Plot of the CaCl2 extractable Si content (CaCl2-Si), as assessed prior to
the 1st cropping, against time: 6 h, 12 h, 24 h (1 day), 2, 4, 8, 16, 32, 64 and
128 days before the 1st cropping. (a) Si sources: Si-biochar, Si+biochar and
tephrite. (b) Soils; (c) Si-biochar:soils; (d) Si+biochar:soils. In soils and bio-
char:soil mixtures, the albic material was mixed with fresh powdered tephrite
to reach the respective TRB values (5, 15, 45, 135 and 405 cmolc kg−1). Note
that the units of CaCl2-Si are in g kg−1 in (a), but mg kg−1 in (b-d).
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4.3. Si bioavailability and DSi fate in the experimental soil–plant system

As discussed above, the tephrite-lithogenic aluminosilicates and
PhSi from Si+biochar are the exclusive sources of plant available Si
during the 1st cropping period. In the 2nd cropping period, the return of
rice straws results in a significant increase of CaCl2-Si (Fig. S7), and
thus consists of an additional source of plant available Si. Numerous
previous studies document that soil lithogenic aluminosilicates and
PhSi release DSi that supplies the pool of plant available Si (McKeague
and Cline, 1963c; Henriet et al., 2008b; Li and Delvaux, 2019; Li et al.,
2019). As already mentioned, phytoliths readily dissolve and release
bioavailable Si (Fraysse et al., 2006, 2009; Li et al., 2019). Most of the
basaltic lithogenic aluminosilicates quickly release DSi (Eggleton et al.,
1987; Gislason and Oelkers, 2003; Gudbrandsson et al., 2011). As il-
lustrated in Fig. 3a, CaCl2-Si released from the tephrite sharply in-
creased from 30 mg kg−1 after 6 h to 120 mg kg−1 after 24 h, and then
up to 1490 g kg−1 after 128 days of CaCl2 kinetic extraction. We

attribute the release of plant-available Si to easily weatherable litho-
genic aluminosilicates amounting to 3.82 g Si kg−1, as quantified by the
kinetic Na2CO3 extraction. In this view, the pool of bioavailable CaCl2-
Si would represent 39% of Na2CO3-Si. However, the dissolution rate of
the basic rock is pH-dependent; this rate first decreases dramatically
with pH increasing from pH 2 to 7, then increases slowly from pH 7 to
11 (Gislason and Oelkers, 2003; Gudbrandsson et al., 2011). Here, no
clear pattern could be detected to explain the pH-dependency of CaCl2-
Si content (Fig. 6b), apart from the inputs of lithogenic aluminosilicates
(TRB) and PhSi (biochar), as discussed above. Indeed, CaCl2-Si content
does not increase above 125 mg kg−1 following a further increase of
Na2CO3-Si (Fig. 6a), probably because DSi can be retrieved through
leaching, plant uptake, adsorption on pedogenic aluminosilicates and/
or Al/Fe oxides, and allophane formation. The last process (i.e. allo-
phane formation) is documented above through the formation of allo-
phanic substances. In addition, part of DSi might have been adsorbed
onto allophane and/or ferrihydrite surfaces (Delstanche et al., 2009)

Fig. 4. CaCl2 extractable Si content (CaCl2-Si, mg kg−1) over 12-hour extraction after the (a) 1st cropping and (b) 2nd cropping periods in bare soils, and in cultivated
soils mixed with biochars Si− and Si+. The average contents of CaCl2-Si with different lowercase significantly differed at p < 0.05 level.
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(Fig. 6c-d), as suggested by the slight decrease of CaCl2-Si for allophane
and ferrihydrite contents above 40 g kg−1 (Fig. 6c) and 1 g kg−1

(Fig. 6d), respectively. On the other hand, Si plant uptake is an im-
portant process in our system, directly depending on the pool of plant
available Si, as assessed by CaCl2 extraction (Fig. 7). Thus, here, the

importance of the processes of Si plant uptake, allophane formation and
possibly DSi adsorption explain together the very low exportation of
aqueous H4SiO4

0 through the leachates. Indeed, the loss of DSi through
this last route (i.e. DSi leaching) is negligible except in bare soils.

Fig. 5. pH, concentration (mg L−1) of dissolved Si, Al and Fe in the leachates at the 1st cropping and 2nd cropping periods, as collected from bare soils, and cultivated
soils non-amended, and mixed with Si− or Si+ biochars.
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4.4. Distribution of Si in the reservoirs of the soil–plant system

The distribution of Si in the different pools is presented in Tables 2
and 3 for the 1st and 2nd cropping period, respectively. The same dis-
tribution is illustrated in Fig. 8. To facilitate the understanding of the

balances, the distribution of Si is expressed in terms of Si quantities (g
or mg pot−1), not concentrations. Fig. 8 is particularly illustrative. It
shows that, with or without biochar, the allophanic Si sink remarkably
increases with TRB, i.e., the reserve of weatherable lithogenic Si, up to
similar values in the range 11.5–14.3 g pot−1. Besides, the allophanic Si

Table 1
Plant shoot dry weight (g pot−1), PhSi (g kg−1) and Si mineralomass (mg pot−1) in harvested rice straws after the 1st and 2nd cropping periods for soils, respectively
non-amended, mixed with Si− and Si+ biochars. The average values with different lowercase letters significantly differed at the p < 0.05 level of confidence
according to Tukey’s multiple comparison test.

1st cropping period 2nd cropping period

Plant shoot PhSi in RS Plant shoot PhSi in RS

dry weight content mineralomass dry weight content mineralomass
g pot−1 g kg−1 mg pot−1 g pot−1 g kg−1 mg pot−1

Soils
T5 1.07d 4.41 h 4.74 h 0.21e 7.48 g 1.54i
T15 4.90bc 28.01ef 137.29d 2.07d 18.46f 38.29 g
T45 5.02bc 28.05ef 140.74d 2.00d 23.24e 46.40 g
T135 5.16ab 32.49de 167.64c 1.92d 28.48d 54.74f
T405 3.88bc 40.86bc 158.53c 1.60d 42.56b 68.02f

Si-soils
Si-T5 3.99bc 4.86 h 19.38 g 6.17a 2.53 h 15.62 h
Si-T15 4.18ab 9.27 g 38.78f 4.62bc 18.56f 85.78d
Si-T45 4.82ab 19.49 fg 93.92e 4.06bc 24.21e 98.31d
Si-T135 5.17ab 21.34ef 110.42e 4.12bc 27.71d 114.20d
Si-T405 3.48bc 43.87bc 152.85c 3.14c 43. 88b 137.81c

Si+soils
Si+T5 4.98ab 18.98f 94.60e 6.30a 7.34 g 46.24 g
Si+T15 5.20ab 36.21 cd 188.39c 4.33bc 19.98f 86.47e
Si+T45 5.54ab 36.79 cd 203.70b 5.62ab 28.84d 162.12b
Si+T135 5.25ab 48.84ab 256.41a 5.24b 35.87c 187.78b
Si+T405 3.55bc 58.44a 207.62b 5.86ab 51.22a 300.13a

Fig. 6. Plot of CaCl2-Si content against (a) soil Na2CO3-Si content, (b) pH-CaCl2 of the extract, (c) allophane and (d) ferrihydrite contents in soil. All contents were
measured at harvesting time after the 1st cropping season except for (b) where all data from CaCl2 extracts at 128d were used (after 1st and 2nd cropping seasons).
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sink significantly competes with the plant phytolith Si sink, given the
huge difference in order of magnitude. The largest content of allophanic
Si indeed amounts to 14.5 g pot−1, i.e., 48 times above the largest plant
PhSi content that reaches 0.3 g pot−1.

In soils and Si-biochar:soil mixtures, leachate DSi accounts for less
than 0.03% of the initial lithogenic Si input, whatever the cropping
period. DSi loss in the system through leaching is thus negligible, likely
because DSi is rapidly involved in allophane neoformation and/or root
uptake. Allophanic Si represents 7.0 to 14.1% and 5.3 to 12.4% of in-
itial lithogenic Si input during the first and second cropping period,

respectively. Considering the two cropping periods, plant PhSi at har-
vest accounts for 0.02 to 3.4% of initial lithogenic Si input. In Si
+biochar:soil mixtures, leachate DSi accounts for 0.9% in Si+biochar:
T5 mixture during the 1st cropping period. In all other Si+biochar:soil
mixtures, leachate DSi represents less than 0.05% of initial lithogenic Si
input, and thus much less than 0.05% of initial (lithogenic Si + PhSi)
input. Thus in Si+biochar:soil mixtures, DSi loss in the system through
leaching is also negligible. The two major Si sinks are also allophane
and plant phytoliths. Allophanic Si accounts for 8.0–12.4% and
10.3–12.3% of initial lithogenic Si input during the first and second

Fig. 7. Plots of plant PhSi content in rice-straw, as assessed following Kelly (1990), against soil CaCl2-Si. (a): after the 1st cropping period; (b) after the 2nd cropping
period.

Table 2
1st cropping period: amounts of the different Si forms in the various reservoirs of the soil–plant system: initial inputs of lithogenic Si and biochar-PhSi, before
cropping; final amounts (harvesting time after the 1st cropping period) of plant phytolithic Si, and soil CaCl2-Si, Na2CO3-Si, allophanic Si and leachate DSi.

Initial lithogenic Si input1 Initial PhSi input2 Plant PhSi at harvest3 Soil CaCl2-Si4 Na2CO3-Si5 allophanic Si6 Leachate DSi7

Soils g pot−1 mg pot−1 mg pot−1 mg pot−1 g pot−1 g pot−1 mg pot−1

Soils (bare) T5 0 0 10.43 0.00 0.00 0.46
bare T15 4 0 0 48.91 0.00 0.49 6.89

T45 15 0 0 55.51 0.23 2.08 3.41
T135 49 0 0 61.64 1.99 5.46 1.90
T405 153 0 0 52.62 6.04 11.46 0.95

Soils (cultivated)
cultivated T5 0 0 4.74 7.27 0.00 0.00 0.41

T15 4 0 137.29 36.69 0.00 0.28 2.56
T45 15 0 140.74 44.01 0.23 1.53 1.89
T135 49 0 167.64 43.96 1.99 5.06 1.92
T405 153 0 158.53 35.79 6.04 14.33 0.54

Si-soils
cultivated Si-T5 0 6.5 19.38 6.58 0.00 0.00 0.65

Si-T15 4 6.5 38.78 7.75 0.00 0.36 0.96
Si-T45 15 6.5 93.92 18.57 0.26 2.12 1.28
Si-T135 49 6.5 110.42 22.49 1.27 6.30 0.66
Si-T405 153 6.5 152.85 19.63 5.27 11.71 0.67

Si+soils
cultivated Si+T5 0 241 94.60 14.92 0.07 0.00 2.12

Si+T15 4 241 188.39 29.41 0.13 0.32 2.22
Si+T45 15 241 203.70 38.55 0.34 1.75 3.10
Si+T135 49 241 256.41 54.50 3.28 6.09 2.34
Si+T405 153 241 207.62 44.65 7.40 13.34 0.83

1 Initial lithogenic Si input from tephrite supply.
2 Initial PhSi input from biochar.
3 Final amount of phytolithic Si in rice straws, as assessed from Kelly (1990).
4 Final amount of CaCl2 extractable Si in soil.
5 Na2CO3-Si: amount inferred from the method of DeMaster (1981).
6 Si amount computed from Sio content.
7 Final amounts of DSi in leachate.
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cropping periods, respectively. Since the allophanic substances are in
the allophane-imogolite range, we hypothesize that they form in mi-
neral microenvironments rich in Al (Farmer, 1982; Eggleton et al.,
1987), thus in weathering solutions close to dissolving lithogenic alu-
minosilicates, and not around phytolith particles. Following this line of
reasoning, phytoliths, as released through biochar and/or rice straw
supply, would not contribute to allophane formation. The similarity of
allophane contents in soils, Si-biochar:soil and Si+biochar:soil mix-
tures, as well as the rather homogenous ratio [allophanic Si: lithogenic
Si], support this hypothesis. In Si+biochar:soil mixtures, the plant PhSi
amount originates from tephrite-lithogenic Si and biochar-PhSi in the
1st cropping period, and from these two sources added to the PhSi
contribution from RS returned to soil. It is, however, possible to
quantify the proportions of plant PhSi originating from lithogenic Si
and PhSi (biochar or rice straw) by deducting the respective plant PhSi
amounts in Si-biochar:soil mixtures from the respective plant PhSi
amounts in Si + biochar:soil mixtures, using the former mixtures as
control (see next section).

4.5. Respective contributions of soil lithogenic Si and PhSi to the plant PhSi
reservoir

As proposed above, the respective proportions of plant PhSi origi-
nating from lithogenic Si and PhSi are presented in Table 4. In the first
cropping period, the contribution of PhSi supply accounts for 80% in
the most weathered soil T5. With increasing TRB, hence lithogenic Si
reserve, the PhSi contribution progressively decreases to 26%. In other
words, with increasing weathering stage, the phytolith pool in soil takes
over of the mineral one to provide plant available Si. This observation is
confirmed in the 2nd cropping period, but to a lesser extent, probably
because of the return of rice straws into soil prior to the 2nd cropping.

Our experimental data thus demonstrate three facts about the interac-
tions between the mineral Si contribution to plant-available Si and
biological Si feedback loop in the soil–plant cycle of Si. (1) The mineral
Si contribution is particularly active once weatherable minerals readily
dissolve to provide plant-available Si and supply DSi for allophane
formation. (2) With increasing soil weathering stage, the biological
feedback loop takes over the mineral contribution to plant available Si.
(3) Even in less weathered soils, phytoliths can be very competitive to
supply plant-available Si. Thus, despite of the major mineral Si sink
consisting of neoformed pedogenic aluminosilicates (here allophane),
the contribution of soil phytoliths to plant Si accumulation can be
largely above 50% because of their fast rate of dissolution (Fraysse
et al., 2006, 2009; Li et al., 2019), and reach 80–90% once the reserve
in weatherable lithogenic aluminosilicates is exhausted. This means
that, in highly weathered soils, phytolith supply through returning crop
residues or supplying phytolith-rich biochar can alleviate natural soil
desilication. Our results thus corroborate previous field studies (Bartoli,
1983; Lucas et al., 1993; Alexandre et al., 1997; Meunier et al., 1999;
Gérard et al., 2008; Henriet et al., 2008a; Klotzbücher et al., 2016;
Marxen et al., 2016). They further validate, on an experimental basis,
the interpretative model proposed by Cornelis and Delvaux (2016)
about the reciprocal balances between the mineral contribution to DSi
and biological Si feedback loop in the soil–plant cycle of Si (Vander
Linden and Delvaux, 2019). In this respect, we further conclude that
phytolithic biochar boosts the biological Si feedback loop in soil–plant
systems by increasing Si bioavailability, which may further depend on
soil properties and processes, hence soil type.

5. Conclusion

We set up a controlled soil–plant-solution experiment using a soil

Table 3
2nd cropping period: amounts of the different Si forms in the various reservoirs of the soil–plant system: initial inputs of lithogenic Si and biochar-PhSi, before the 2nd

cropping; final amounts (harvesting time after the 2nd cropping period) of plant phytolithic Si, and soil CaCl2-Si, Na2CO3-Si, allophanic Si and leachate DSi.

Initial lithogenic Si reserve1 Initial PhSi input2 Plant PhSi at harvest3 Soil CaCl2-Si4 Na2CO3-Si5 allophanic Si6 Leachate DSi7

Soils g pot−1 mg pot−1 mg pot−1 mg pot−1 g pot−1 g pot−1 mg pot−1

Soils T5 0.00 0 7.03 0.00 0.00 0.65
bare T15 3.75 0 0 27.10 0.00 0.25 6.22

T45 13.44 0 0 35.42 0.23 1.56 5.68
T135 43.92 0 0 46.21 1.99 5.08 5.37
T405 139.73 0 0 90.00 6.04 13.27 2.78

Soils
cultivated T5 0.00 0 1.54 15.38 0.00 0.00 0.33

T15 3.80 0 38.29 24.58 0.00 0.20 0.63
T45 13.56 0 46.40 33.80 0.23 1.44 0.80
T135 44.25 0 54.74 41.41 1.99 4.75 1.55
T405 140.77 0 68.02 28.38 6.04 12.23 1.11

Si-soils
cultivated Si-T5 0.00 13.40 15.62 14.84 0.01 0.00 0.21

Si-T15 3.65 30.60 85.78 32.85 0.03 0.35 0.37
Si-T45 13.34 64.30 98.31 36,19 0.32 1.66 0.95
Si-T135 43.99 70.43 114.20 48.55 1.34 5.01 1.21
Si-T405 138.62 144.78 137.81 46.22 5.41 14.38 0.79

Si+soils
cultivated Si+T5 0.00 56.60 46.24 12.13 0.13 0.04 0.25

Si+T15 3.63 97.78 86.47 42.37 0.23 0.37 0.46
Si+T45 13.36 93.81 162.12 55.43 0.44 1.64 1.18
Si+T135 44.42 132.00 187.78 64.04 3.41 4.58 1.25
Si+T405 138.45 156.04 300.13 46.75 7.56 14.55 0.65

1 Lithogenic Si reserve after 1st cropping, but before 2nd cropping.
2 Phytolithic Si supply to soil from the return of rice straws harvested from the 1st cropping period.
3 Final amount of phytolithic Si in rice straws, as assessed from Kelly (1990).
4 Final amount of CaCl2 extractable Si in soil.
5 Na2CO3-Si: amount inferred from the method of DeMaster (1981).
6 Si amount computed from Sio content.
7 Final amounts of DSi in leachate.
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material containing no weatherable silicates and phytoliths, and rice
plant for two successive cropping periods. We controlled the Si supply
to soil by dosed additions of fresh powdered tephrite and known ad-
ditions of phytoliths, and we determined the amounts of Si in the pools
of the soil–plant cycle of Si. It was shown that, in this cycle, the mineral
Si contribution to plant available Si and the biological Si feedback loop
were mutually competitive. The weatherable lithogenic aluminosili-
cates rapidly dissolved and released Si for plant uptake (< 3%) and for
recombination with Al to form aluminous allophanic substances
(> 50%). The amounts of these allophanic substances were similar

irrespective of the cropping period and phytolith supply. Both the
amounts of allophane and plant phytolith increased with increasing
supply of weatherable lithogenic aluminosilicates, but allophane was,
by far, the largest Si sink. Supplying PhSi through the addition of
phytolithic biochar largely enhanced the biological Si feedback loop by
increasing plant available Si. Yet, at identical phytolith supply, Si
bioavailability largely depended on soil weathering stage.

Fig. 8. Amounts (g or mg pot−1) of the different Si forms in the various reservoirs of the soil–plant system: plant PhSi, soil CaCl2-Si, Na2CO3-Si, allophane and
leachate DSi. Note: lithogenic Si (LSi).
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Biochar:soils mixtures Contribution of PhSi supply to the plant PhSi amount1

%

1st cropping period 2nd cropping period

Si-soils
Si-T5 90
Si-T15 55
Si-T45 53
Si-T135 52
Si-T405 51

Si+soils
Si+T5 80 97
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Si+T405 26 77

1 At given lithogenic Si amount (i.e. TRB level), PhSi plant accumulation (the
calculated mass balance) is hypothesized to be equal in cultivated soils not
amended and amended with phytolith depleted in biochar, assuming that the
lithogenic Si contribution to plant uptake is not driven by plant biomass. The
contribution of lithogenic Si to the plant PhSi amount is thus obtained by
subtraction from 100%.
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