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Savannas currently occupy a fifth of the earth's land surface and are predicted to expand in the next few
centuries at the expense of tropical forests, mainly as a result of deforestation and human fires. Can such a
vegetation trend impact, through changes in plant Si cycling, the lithogenic silicon (LSi) release into soils
(through chemical weathering) and the net dissolved Si (DSi) outputs from soils to stream water (through
chemical denudation)? The first step of an investigation requires quantifying the net Si fluxes involved in the
plant/soil system. Here, a schematic steady-state Si cycle, established for a tropical humid savanna (Lamto,
Ivory Coast) that developed on a ferruginous soil and is subjected to annual fires, is presented. Erosion was
assumed to be insignificant. LSi and biogenic Si (BSi under the form of phytoliths) pools weremeasured, and Si
fluxes were estimated from Si concentrations and mass balance calculation. Identification of plant and soil
phytoliths indicated that the soil BSi pool is in equilibrium with the current BSi input by the savanna. In the
soil column, mixing between a young rapidly recycled BSi pool and an old stable BSi pool is attested by a
mixing line equation. Storage of the old BSi pool is assimilated as a BSi output from the plant/soil system. A BSi
output additionally occurs after annual fires, when ashes are exported. Both BSi outputs decrease as much the
BSi dissolution. In order to uptake constant DSi flux, the savanna increases by three to eight times the net LSi
release, depending upon the post-fire ash exportation scenario. A comparison between savanna and rainforest
Si cycles that maximizes the differences in plant/soil systems and minimizes differences in climate is
presented. The comparison revealed that BSi storage is higher in the savanna soil than in the rainforest soil,
mainly due to BSi production that is twice higher in the savanna (127 vs 67 kg/ha/yr). The resulting LSi release
that is enhanced by plant uptake is more than 1.5 higher in the savanna than in the rainforest (from 33 to
85 kg/ha/yr in the savanna vs 21 kg/ha/yr in the rainforest). On the contrary, DSi output from soils to stream
water, which is not controlled by plant Si cycling but more likely by the soil hydrological regime (or meteoric
weathering), is close to twice as high in the rainforest/ferrallitic soil ecosystem (16 vs 9 kg/ha/yr). This case
study suggests that the predicted expansion of savannas at the expense of forests should significantly increase
DSi uptake by plants, BSi storage in soils, BSi output with ash exportation, and, hence, LSi release through
chemical weathering, without direct impact on DSi outputs from soils to stream water. Tracks for further
assessing the role of plant Si cycling on chemical weathering, Si and C cycles were suggested: 1) estimates of
BSi fluxes that were wrongly based on the assumption that the amount of DSi leached out from soils is linked
to the magnitude of plant Si cycling and/or to BSi concentration in soils should be reappraised and 2) changes
in the magnitude of plant Si cycling should be accounted in geochemical carbon cycle models, for one of the
plant-induced weathering mechanisms.
: +33 4 42 97 15 40.

ll rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

It is well known that higher plants and associated mycorrhizal
fungi enhance silicate weathering in the rhizosphere by silicate
dissolution, chelation, and the root absorption of nutrients and other
elements such as silicon (Si) (Kelly et al., 1998; Moulton et al., 2000;
Hinsinger et al., 2001; Pagani et al., 2009; Taylor et al., 2009). Si is
taken up by the roots in its dissolved form (DSi), translocated in the
sap, and deposited in the cells as biogenic silicon (BSi) or micrometric
hydrous amorphous silica particles, also called phytoliths. When
plants decay, phytoliths are either dissolved in the litter or the soils, or
incorporated into the soil column or exported by physical erosion
to the regional watershed. The concentration of phytolith-BSi in
ecosystems is low and ranges from less than 0.01% of dry weight in
angiosperms to more than 8% of dry weight in grasses, from 0.05 to 8%
of dry weight in soil humic horizons, from 0.5 to 2% of dry weight in
the riverine suspended load, and from 0 to several‰ of dry weight in
lake and sea sediments (e.g. Geis, 1973; Bozarth, 1992; Runge, 1996,
1999; Alexandre et al., 1997, 1999; Meunier et al., 1999; Webb and
Longstaffe, 2000, 2002; Conley, 2002; Cary et al., 2005; Derry et al.,
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2005; Blecker et al., 2006; Piperno, 2006; Hughes et al., 2011). On the
other hand, given the abundance of continental plant biomass, DSi
fluxes from soils to plants and particulate BSi fluxes from plants to
soils are high. At the global scale, higher plant BSi production is
estimated to be comparable in magnitude to oceanic BSi production
(respectively, 60–200 Tmol Si/yr and 240 Tmol Si/yr, Conley, 2002).
At regional and local scales, DSi plant uptake and particulate BSi
release can, individually, exceed by more than two times the DSi
fluxes exported from soils to watersheds (Bartoli, 1983; Lucas et al.,
1993; Alexandre et al., 1997;Meunier et al., 1999; Blecker et al., 2006).
As a result, a major proportion of the DSi in stream solutions passes
through the BSi pool, as recently demonstrated from geochemical
studiesmeasuring the δ30Si or Ge/Si compositions in terrestrial waters
(Ding et al., 2004; Derry et al., 2005; Ziegler et al., 2005; Struyf et al.,
2006; Opfergelt et al., 2010).

Savannas currently occupy a fifth of the earth's land surface as a
result of both climate and fires (endemic wild fires as well as human
fires) (Mistry, 2000; Bond et al., 2005; Sankaran et al., 2005).
Savannas are today predicted to expand at the expense of tropical
forests, mainly as a result of deforestation and human fires (Favier
et al., 2004; IPCC, 2007; Delire et al., 2008; Sala et al., 2000). Can such a
vegetation trend impact, through plant Si cycling, lithogenic silicon
release (LSi) into soils (through chemical weathering) and/or net DSi
outputs from soils to streamwater (through chemical denudation)? Is
it significant regarding other identified driving variables such as
meteoric weathering, adsorption/desorption on soil mineral surfaces,
and the formation of soil secondary minerals? Answering such
questions will contribute to refining the role of vegetation changes
on global silicate weathering rates and atmospheric CO2 consumption
(Berner, 1997; Moulton and Berner, 1998; Gaillardet et al., 1999a,
1999b; Moulton et al., 2000; Dessert et al., 2003; Dupré et al., 2003;
Street-Perrott and Barker, 2008), and on terrestrial Si fluxes that
reach the oceans, feed the marine phytoplankton and participate
to the so called CO2 biological pump (Harrison, 2000; Tréguer and
Pondaven, 2000); two main processes that may retroactively con-
tribute to climate change.

Although recent reviews highlighted the need for estimating pools
and fluxes of the terrestrial Si cycle (Conley, 2002; Sommer et al.,
2006; Conley et al., 2008; Street-Perrott and Barker, 2008; Laruelle
et al., 2009; Cornelis et al., 2011), their impacts were limited by the
striking lack of quantitative data. The first step of an investigation
requires quantifying the net Si fluxes at the interface between soils
and plants. Such quantification is arduous when one uses tracers
such as δ30Si and Ge/Si values of soil water. Indeed, the sum of soil
processes leads to cumulated Si isotopic fractionations of close
amplitude that prevent one from distinguishing BSi from LSi inputs
in soil water. As for Ge/Si values, since Ge is stock-piled in the roots,
the Ge/Si composition of soil water is lowered by BSi dissolution but
is not impacted by plant DSi uptake (Opfergelt et al., 2010). An al-
ternative method is, for a given plant/soil system that is not subjected
to erosion, to estimate from measured Si concentrations a schematic
steady-state Si cycle and infer plant DSi uptake and BSi dissolution
fluxes. Such Si cycles have previously been estimated for rainforest
and temperate grasslands ecosystems (Alexandre et al., 1997; Blecker
et al., 2006). Although such studies have led to rough estimations,
they have also revealed that no matter the plant/soil system, BSi
dissolution alone is not sufficient to meet the annual requirements for
plant Si uptake. Indeed, the particulate BSi produced by plants is
stored in soils long enough to be assimilated as a BSi output from the
system. Consequently plant Si cycling significantly enhances LSi
dissolution or silicate chemical weathering.

In the present study, we quantified a steady-state schematic Si-
cycle for a tropical humid savanna that developed on a ferruginous
soil and that was subjected to annual fires. Si fluxes were compared to
those previously obtained for a rainforest ecosystem that developed,
under similar climate conditions, on a ferrallitic soil (Alexandre et al.,
1997). The comparison brought several lines of evidence to the
forefront for assessing the significance of forest/savanna changes on
terrestrial Si cycling, LSi release through chemical weathering and DSi
output through chemical denudation.

2. Materials and methods

The humid grass savanna studied for this work is located in the
Lamto scientific station (Ivory Coast, 6°13N, 5°02W, 75 to 125 mabove
sea level in elevation), at the southern andwettest edge of the Guinean
savanna domain (“V” Baoulé), at the entrance to the rainforest domain
(White, 1983). The station was established in the 1960s. Forty years of
ecological studies for the Lamto savanna ecosystem were recently
synthesized in Abbadie et al. (2006). The climate of the region is
tropical humidwith a two to threemonth dry season, and is controlled
by the position of the Intertropical Convergence Zone (ICZ) and the
South West Monsoon. Mean annual precipitation (MAP) is approxi-
mately 1200 mm and the mean annual temperature (MAT) is fairly
constant at approximately 27.8 °C. The grass savanna is located on the
lower part of a gentle slope (1%) and is made of a continuous grass
layer dominated by the perennial tall C4-grass species Loudetia simplex
(Pannicoideae grass subfamily). Trees and shrubs are rare with the
exception of the palm Borassus aethiopum. Higher on the slope, tree/
shrub Andropogoneae savanna and savanna woodland occur. Annual
fires burn approximately 80% of the standing grass biomass at Lamto
preventing tree invasion (Abbadie et al., 2006). In the northern section
of the station, the forest regularly advances over grass savanna in plots
protected against fire.

The soil (SB1) is ferruginous, with a vertic horizon at depth. The
top portion of the soil is made of a humic horizon (the A1 horizon)
from 0 to 30 cm in depth, and a sandy horizon (the A2 horizon) from
30 to 85 cm in depth. The lower portion is made of a sandy-clayed
vertic horizon (85–185 cm) above a saprolite and a granitic bedrock.
Earthworms and termites are present in the soil column.

Both the top portion of the soil (0−85 cm) and grasses were
sampled in 1981. Aboveground grasses were collected over a surface
area of 10 m2. Stems and leaves of Loudetia simplex were sorted,
ground, and dried. The rhizospherewas cored from0 to 50 cm in depth
(Abbadie, 1984). Grass roots with a diameter between 1 and 10 mm
were also sorted, ground, and dried. As roots are difficult to fully
remove from the soil remnants, a small amount of the aboveground
components incorporated into the litter and the humus may have
remained.

Phytolithswere extracted from soil samples after the dissolution of
amorphous iron (Fe) and aluminum (Al) oxides, the chemical oxi-
dation of organic matter, Fe reduction and dissolution, clay fraction
removal, and densimetric separation following Kelly (1990) and
Alexandre et al. (1997). Surface cleaning and the chemical oxidation
of soil organic matter (SOM) of above- and belowground biomass
samples were done following Webb and Longstaffe (2000). The dry
weight of phytoliths N2 μm in diameter was measured and related to
the initial dry weight of the soil or the plant material. The purity of the
phytolith assemblages was checked under a microscope and a weight
correction was made for the presence of quartz particles in the soil
and root assemblages (using the proportion and the density of quartz
grain contamination). The phytolith content of the soil samples is a
minimal estimate since phytoliths with diameters lower than 2 μm
were not taken into account. More than 200 phytoliths with de-
termined morphology were counted and classified according to
Bremond et al. (2005b), and named after the International Code for
Phytolith Nomenclature 1.0 (Madella et al., 2005).

Some of the physical and chemical characteristics of the soil were
presented in Abbadie et al. (2006). Additional soil elemental (Si, Al,
and Fe) and mineralogical compositions (quartz, kaolinite, and
hematite) were determined by I.C.P.-A.E.S. after alkaline fusion and
from X-ray diffraction spectra obtained on random oriented powders



Table 2a
Plant biogenic Si pools (BSi) and production.

Mean
biomassa

BSi
content

BSi
pool

Mean
production

BSi
production

(t/ha) (%) (kg/ha) (t/ha/yr) (kg/ha/yr)

LSb aboveground parts 4 0.8 33 11 90
LSb belowground parts 19 0.1 21 34 37
Sum 54 127

a From Menaut and Cesar (1979) and Abbadie et al. (2006).
b Loudetia simplex.

164 A. Alexandre et al. / Global and Planetary Change 78 (2011) 162–169
with a Phillips PW 3710 X-ray diffractometer (Co Kα radiation). Soil
organic carbon (SOC) was measured with a C–H–N analyzer.

3. Results

Phytolith assemblages from the leaves, the root concentrate of
L. simplex and from the SB1 ferruginous soil top portion are presented
in Table 1. The leaves of L. simplex yielded a typical Panicoideae grass
assemblage dominated by the Bilobate short cell type (Alexandre et al.,
1998; Bremond et al., 2005b). In the root concentrate assemblage, the
Bilobate short cell type was still present, although in a much lower
proportion, supporting above-ground contamination. Two additional
species types were abundant, as follows: (1) Papillae cell type pro-
duced by Cyperaceae species, and (2) Globular psilate type with no
demonstrated taxonomic significance. The phytolith assemblages
along the soil column showed a consistent pattern. Two phytolith
indices, previously calibrated as proxies of tropical grassland physi-
ognomic characters (Alexandre et al., 1998; Bremond et al., 2005a,
2005b), could be calculated. Iph is the percentage of Chloridoideae
short cell types (Saddle) versus the sum of Poaceae short cell types. Iph
remained null indicating the exclusive contribution of phytoliths from
the Panicoideae C4-tall grass subfamily, in agreement with the
dominance of L. simplex in the savanna. D/P is the ratio of the phytolith
type diagnostic of tropical ligneous dicotyledons (Globular granulate)
versus diagnostic Poaceae phytoliths (i.e. the sum of short cell types
plus Parallelepipedal and Cuneiform bulliform cell types). D/P
remained lower than 0.4 from 0 to 50 cm in depth and increased to
0.9 at greater depths. A D/P value lower than one indicates a limited
contribution from tropical shrubs and trees (Bremond et al., 2005a)
rare in the current grass savanna. A slight increase of D/P at depth can
be explained by the increasing contribution of older phytoliths from
shrubs or trees, either due to higher tree cover density in the past or
to a higher resistance of tree and shrub phytoliths to dissolution.
Interestingly, SOM δ13C values previously obtained from another
ferruginous soil column at Lamto (Martin et al., 1990) showed a slight
decrease of −3‰ with depth that was also attributed to a higher
proportion of old recalcitrant SOM at depth, formerly produced by
shrubs and trees.

The phytolith-BSi content measured in the aboveground parts of
L. simplex was 0.8% of dry weight (Table 2a), in agreement with the
range of BSi content in grasses reported in the literature (e.g. Webb
and Longstaffe, 2000; Blecker et al., 2006). In the belowground
parts, the phytolith-BSi content was 0.1% of the dry weight (Table 2a).
Table 1
Phytolith assemblages from the SL Loudetia simplex savanna/SB1 ferruginous soil ecosystem

Sample Grasses ph.t.a Unknown

Bilobate
short cell

Elongate Parallelepiped and Cuneiform
bulliform cell

Acicular
hair cell

Globular
psilate

% of counted phytoliths

Loudetia simplex
Leaves 76 11 1 1 0
Root
concentrate

17 3 3 0 17

Soil (SB1) depth (cm)
0/5 13.6 16.9 18.2 8.4
5/10 13.8 18.7 22.7 6.9
10/20 5.2 12.4 21.6 11.1
20/30 4.4 13.7 24.9 13.7
30/50 1.8 8.3 28.8 8.9
50/70 0.9 4.0 28.9 15.7
70/85 1.0 4.7 29.8 8.8

a Phytolith types (ph.t.) named after the International Code for Phytolith Nomenclature
b Ratio of ph.t. diagnostic of tropical ligneous dicotyledons (Globular granulate) versus ph

cell, Acicular hair cell) according to Bremond et al. (2005a).
c Percentage of Chloridoideae short cell type (Saddle) versus the sum of Poaceae short ce
However, due to the potential for aboveground phytolith contamina-
tion in the root concentrate this value may be overestimated.

The mineralogical composition of the upper soil section (Table 3)
was fairly constant and typical of well drained ferruginous soils
dominated by quartz (from 88.9 to 95.5% of dry weight), with minor
contributions of kaolinite (from 3.9 to 5.6% of dry weight) and
hematite (from 0.2 to 0.3% of dry weight). The clay size fraction
(b2 μm) remained lower than 10% of dry weight. The SOC content in
SB1 (Table 3) was weak, ranging from 0.2 to 0.4% of dry weight and
showed a logarithmic decrease with depth typical of soils with
homogeneous SOM translocation, fast SOMmineralization on top and
slowmineralization at depth. Indeed, a rapid 3.9 to 2.4%/yr decrease in
SOM mineralization was previously calculated for the upper 25 cm of
a similar soil at Lamto (Martin et al., 1990; Abbadie et al., 2006). The
phytolith content (Table 2b) showed a rapid decrease from 0.22 to
0.03% of dry weight in the top portion of the soil.

4. Discussion

4.1. Estimation of Si pools

The steady-state plant/soil Si cycle to be schematized includes four
Si pools (Alexandre et al., 1997), as follows: (1) live plant biomass
(biomass BSi or phytoliths in plant), (2) soil biogenic components
(soil BSi or soil phytoliths), (3) soil lithogenic components including
primary and secondary minerals (soil LSi), and (4) soil dissolved
exchangeable Si (soil DSi).

The above- and belowground biomass of L. simplex in Lamto
savannas accounts for 4 and 19 t/ha, respectively (Menaut and Cesar,
1979). Taking into account the measured phytolith-BSi contents, the
biomass BSi pool accounts for 33 kg/ha (in the aboveground part of
.

ph.t.a Sedges ph.t.a Tropical trees ph.t.a Palms ph.t.a Phytolith
indexes

Papillae Globular
granulate

Vascular
cell

Globular
crenate

Unclassified
ph.t.a

D/Pb Iphc

(%)

0 0 0 0 11
34 0 0 0 26

0 5.3 5.3 2.7 29.6 0.2 0
0 4.6 5.9 3.6 23.8 0.1 0
0 10.5 7.2 2.6 29.4 0.4 0
0 11.9 4.1 3.0 24.3 0.4 0
0 11.2 3.2 1.8 36.0 0.4 0
0 26.6 0.7 4.0 19.2 0.9 0
0 26.8 0.4 2.5 26.0 0.9 0

1.0 (Madella et al., 2005).
.t. diagnostic of grasses (here sum of Bilobate, Parallelepipedal and Cuneiform bulliform

ll types (here Saddle, Bilobate, Cross) according to Bremond et al. (2005b).



Table 2b
Lithogenic and biogenic Si pools (LSi and BSi) in the ferruginous soil; extrapolated concentrations (cf Section 4.1) are displayed in italic.

Soil (SB1) depth
cm

Total SiO2

(% dry wt.)
Total Sia

(t/ha/10 cm)
Phytolith
(% dry wt.)

BSi LSi
(t/ha/10 cm)

Stable BSi
(t/ha/10 cm)

Decreasing BSi

(% dry wt.) (t/ha/10 cm)

0–5 94.6 751.9 0.53 0.22 3.3 748.6 0.6 2.7
5–10 97.7 776.4 0.50 0.21 3.2 773.2 0.6 2.5
10–20 96.2 764.6 0.37 0.16 2.3 762.2 0.6 1.7
20–30 97.2 772.8 0.22 0.09 1.4 771.4 0.6 0.7
30–50 97.2 772.8 0.32 0.13 2.0 770.8 0.6 1.4
50–70 93.5 743.6 0.19 0.08 1.2 742.4 0.6 0.6
70–85 91.1 724.0 0.08 0.03 0.5 723.5 0.6 −0.1
85–105 724.0 0.8 723.2 0.6 0.2
105–125 724.0 0.8 723.2 0.6 0.1
125–145 724.0 0.7 723.3 0.6 0.1
145–165 724.0 0.7 723.3 0.6 0.0
165–185 724.0 0.6 723.4 0.6 0.0
Average in t/ha/10 cm 743.8 1.5 742.4 0.6 0.8
Sum in t/ha/185 cm 13,761 27 13,734 12 15

a Calculated for a soil density of 1.5 t/m3 (Le Roux, 1995).
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L. simplex) plus 21 kg/ha (in the belowground part), for a total of
54 kg/ha (Table 2a).

Measured soil BSi content was expressed in t/ha/10 cm using the
measured soil phytolith-BSi concentration in% dryweight, the average
soil bulk density (1.5 t/m3; Le Roux, 1995) and the horizon thickness
(10 cm) (Table 2b, Fig. 1(a)). Logarithm distributions of SOC and
phytoliths are typical of soils in equilibrium with vegetation inputs
and decomposition/dissolution outputs (Alexandre et al., 1997). In
order to estimate BSi and SOC contents of the lower soil portion (85–
185 cm), both concentrations (C) were extrapolated using a Ln–Ln
model (Jobbágy and Jackson, 2000) according to the equation Ln
C=S Ln d+I, where the slope of the model (S) characterizes the
relative rate of the decrease with depth (d) and the intercept (I)
indicates the absolute content. Extrapolated SOC and BSi values,
expressed in t/ha/10 cm, are displayed Table 2b and Fig. 1(a).

The soil BSi distribution, in equilibrium with phytolith inputs from
above vegetation, can be modeled assuming two pools of BSi with a
different mean residence time (MRT) (Alexandre et al., 1997; Blecker
et al., 2006). One pool rapidly dissolves and is maintained in dynamic
equilibrium with litter inputs. This young pool decreases to traces at
depth, as a logarithmic function. A second pool has a very low
turnover. According to the model, this old inactive pool remains
relatively constant along the soil column and reaches 100% of the
phytolith content at the bottom of the soil. In the present case (Fig. 1
(b)), the young decreasing pool and the old stable pool account
respectively for 15 and 12 t/ha (Table 2b). Important to note is that
the proportion of Globular granulate phytolith type increases with
depth (Table 1) in parallel with the stable pool. The mixing between a
young decreasing pool with few Globular granulates and an old stable
pool with a larger amount of Globular granulate is attested by the
mixing line equation, as follows: % Globular granulate=f (1/BSi
content) with a linear R2=0.9 (Fig. 1(c)).
Table 2c
Si fluxes and mean residence time (MRT) estimated for the savanna/ferruginous soil ecosys
rainforest/ferrallitic soil ecosystem after Alexandre et al. (1997).

Ecosystem Ash
exportationa

DSi plant
uptake

BSi input
(incl. ash
input)

BSi
sto

(%) (kg/ha/yr)

Savanna/ferruginous soil 0 0 127 127 24
Savanna/ferruginous soil 50 36 127 91 17
Savanna/ferruginous soil 90 65 127 62 12
Rainforest/ferrallitic soil 0 0 67 67 5

a With fire burning 80% of the aboveground parts (Nacro et al., 1996).
b With 19% of the BSi input feeding a stable BSi pool (Section 4.2, Fig. 1).
The soil LSi pool (quartz and kaolinite) can be roughly approxi-
mated using total Si content, measured up to 85 cm in depth and
extrapolated below, minus BSi content. Extrapolated LSi values are
assumed similar to the LSi content at 70/85 cm depth. The soil LSi pool
approximates 13,734 t/ha (Table 2b).

4.2. Estimation of Si fluxes

The Si input fluxes to soil are, as follows: (1) the phytolith annual
input from plant to soil (BSi input), (2) phytolith dissolution (BSi dis-
solution), and (3) the lithogenic weathering release (LSi release) which
is anet input equal to LSi dissolutionminus theneoformationof silicates.
The Si input from rainfall, whichwas estimated as 3.3 kg/ha/yr at Lamto
(Villecourt and Roose, 1978), was ignored in the present study. The Si
output fluxes from the soil are, as follows: (1) the phytolith storage in
the soil profile (BSi storage), (2) the DSi plant uptake, and (3) the DSi
output in groundwaters and stream waters (DSi output).

The BSi annual production can be estimated using the averaged
annual aboveground and belowground biomass production (Abbadie
et al., 2006) multiplied by their measured BSi content (Table 2a). The
resulting annual BSi production reaches 127 kg/ha/yr (Table 2a),
which is also equal to the annual DSi plant uptake by the L. simplex
savanna. When annual fires occur, burning 80% of the above-ground
biomass, the BSi contained in the ashes may be exported by wind at a
regional scale or exported by runoff at the beginning of the rainy
season (Villecourt and Roose, 1978). Therefore, part of the BSi pro-
duction may be removed from the BSi annual input to soil. In the
absence of quantifiable data for ash exportation, several scenarios
were assumed (Table 2c), as follows: (1) ash-BSi output is not sig-
nificant and the BSi input to soil equals the total BSi production or
127 kg/ha/yr; (2) 50% of the ash-BSi is exported (36 kg/ha/yr) and the
BSi input to soil equals 91 kg/ha/yr; and (3) 90% of the ash-BSi is
tem, assuming ash exportation of 0, 50 and 90% of burnt aboveground biomass, and a

rageb
BSi
dissolution

DSi
output

LSi
release

Stable
BSi MRT

Total BSi
MRT

(yr)

103 9 33 486 213
74 9 62 678 298
50 9 85 993 436
62 16 21 1400 397



Table 3
Elemental, mineralogical and soil organic carbon (SOC) composition of the upper SB1 ferruginous soil section.

Soil (SB1) depth
(cm)

Al2O3 (% dry wt.) SiO2 total Fe2O3 total Kaolinite
(% dry wt.)

Quartz Hématite b2 μm
(% dry wt.)

SOC
(% dry wt.)

0–5 1.9 94.6 0.2 4.8 92.4 0.2 5.7 0.34
5–10 1.8 97.7 0.2 4.6 95.5 0.2 4.7 0.42
10–20 1.7 96.2 0.2 4.4 94.1 0.2 4.6 0.41
20–30 1.5 97.2 0.2 3.9 95.4 0.2 4.1 0.28
30–50 1.9 97.2 0.2 4.8 95.0 0.2 9.9 0.22
50–70 2.2 93.5 0.3 5.6 90.9 0.3 6.1 0.19
70–85 1.9 91.1 0.2 4.8 88.9 0.2 5.3 0.20
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exported (65 kg/ha/yr) and the BSi input to soil equals 62 kg/ha/yr.
The stable BSi pool, that accounts for 100% of BSi at the bottom of the
soil column (0.6 t/ha/10 cm) and is assumed to be constant with
depth, also represents 19% of BSi at 0 to 5 cm. By assuming that BSi
content in the top 0–5 cm depth represents the BSi input from veg-
etation, after fire occurrence and before translocation and dissolution
(Alexandre et al., 1997), the BSi storage accounts for 19% of the
vegetation BSi input (Fig. 1). Depending upon the ash exportation
scenario, phytolith-BSi storage ranges from 24 to 12 kg/ha/yr
(Table 2c). BSi dissolution equals BSi input minus BSi storage, or
ranges between 103 and 50 kg/ha/yr (Table 2c).

Soil DSi outputwasmeasured at LamtobyVillecourt andRoose (1978)
and accounts for 9 kg/ha/yr. Sub-surface lateral flow was found to be
negligible. Net LSi release is equal to the sum of the DSi output from soil
water and the DSi plant uptake minus the BSi dissolution, or ranges from
33 to85 kg/ha/yr depending upon the ash exportation scenario (Table 2c).

Si fluxes involved in the steady state Si cycle at Lamto are sche-
matized Fig. 2, assuming 0%, 50% and 90% ash exportation scenarios
(Fig. 2(a), (b), and (c)).
4.3. Impact of plant Si cycling on LSi release and DSi output

The simplified steady-state Si cycle established for the L. simplex
savanna/ferruginous soil at Lamto highlights that, assuming no ash
exportation (Fig. 2(a)), to compensate for the BSi storage in soil
(24 kg/ha/yr), 19% of DSi absorbed by plants (127 kg/ha/yr) needs to
be derived from 73% of LSi release (33 kg/ha/yr). In this first case, LSi
release is approximately three times the DSi output (9 kg/ha/yr). If
50% of ash-BSi is exported (36 kg/ha/y) (Fig. 2(b)), BSi storage
decreases to 17 kg/ha/yr and LSi release must increase by 53 kg/ha/yr
in order to satisfy the annual plant uptake. The value represents 86% of
the LSi release and 42% of the plant uptake. In this second case, the LSi
release (62 kg/ha/yr) reaches approximately six times the DSi output
(9 kg/ha/yr). If 90% of ash-BSi is exported (65 kg/ha/yr), the BSi
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Fig. 1. (a) Distributions of soil organic carbon (SOC) and biogenic silicon (BSi) with depth
diamonds: extrapolated concentrations (cf Section 4.1); gray lines: logarithmic decreasing tr
of counted phytoliths and 1/BSi content in the top portion (0–85 cm depth) of the soil. (c)
storage decreases further to 12 kg/ha/yr and the LSi release must
increase by 77 kg/ha/yr. The value represents 90% of LSi release and
60% of plant uptake. In this third case, the LSi release (85 kg/ha/yr) is
approximately eight times the DSi output (9 kg/ha/yr). Therefore,
plant Si cycling involved in the present savanna/ferruginous soil eco-
system increases by three to eight times the net LSi release, depending
upon the significance of ash exportation after the occurrence of an-
nual fires, without any impact on DSi output.
4.4. Comparison between savanna/ferruginous soil and rainforest/
ferrallitic soil Si cycles

At Lamto, the savanna develops under MAP and MAT conditions
that are close to those experienced by the southern rainforest domain.
For instance, in the Mayombe rainforest (Dimonika, 4°S, 12°30E,
Democratic Republic of Congo), for which a schematic steady-state Si
cycle was previously estimated (Fig. 2(c)), MAP and a MAT are, re-
spectively, 1500 mm and 25.5 °C (Alexandre et al., 1997). The rain-
forest, preserved from fires, grows on a ferrallitic soil, slightly less
drained and with more SOC (0.5 to 1.1% of dry weight), secondary
silicates (kaolinite: 10 to 25% of dry weight), and iron oxides
(goethite: 6 to 27% of dry weight) than Lamto ferruginous soil. The
parent-rocks are schists and quartzite, instead of the granite at Lamto.
Therefore, vegetation, fire occurrence or not, soil SOC concentrations,
and soil contents in clays and Fe oxides differentiate the two eco-
systems. Comparison between the two steady-state Si cycles
(Table 2c, Fig. 2) provides evidence of the following differences:
(1) the DSi plant uptake is twice higher in the savanna than in the
rainforest ecosystem (127 vs 67 kg/ha/yr). (2) The BSi inputs are
similar when 90% of ash exportation is assumed in the savanna,
otherwise (when 50 or 0% of ash exportation is assumed) the BSi
input is significantly higher in the savanna than in the rainforest
(from 91 to 127 vs 67 kg/ha/yr). (3) The BSi pools are similar (27 t/ha/
yr), whereas the stable part is slightly higher in the savanna (12 vs 7 t/
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ha/yr). (4) BSi storage is more than twice higher in savanna than in
rainforest, regardless of the ash exportation scenario (24 to 12 vs 5 kg/
ha/yr). (5) The LSi release required for satisfying the annual plant
uptake (BSi storage plus BSi-ash exportation) is 5 kg/ha/yr in the
rainforest compared to 24 to 77 kg/ha/yr, depending on the ash
exportation scenario, in the savanna. It represents 24% of the LSi
release in the rainforest as compared to 73 to 90% in the savanna.
Hence, plant Si cycling clearly shows a stronger impact on the net LSi
release in the savanna than in the rainforest due to higher DSi uptake
and BSi production by the high Si-accumulator grasses, and to a higher
BSi storage in the ferruginous soil. As a result, the net LSi release is
significantly higher in the savanna/ferruginous soil ecosystem than in
the rainforest/ferrallitic soil ecosystem; impact of the plant Si cycling
on LSi release is enhanced by ash exportation.

At the same time, an estimation of Si pools and fluxes allowed us to
calculate theMRT of soil phytoliths. TheMRT is indicative of the average
amount of time that a particle spends in a particular system. Here, it is
equal to the ratio of the BSi pool in soils vs the BSi input from vegetation
(Table2c). TheMRTof the entirepool of phytoliths (totalBSi) inboth the
savanna and the rainforest soils is similar if 90% of the ash exportation is
assumed for the savanna (436 yr for the savanna vs 397 yr for the forest,
as calculatedusingAlexandre et al., 1997). TheMRTof total BSi is slightly
lower in the savanna when the 50 or 0% ash exportation scenarios are
considered. In contrast, theMRTof the stable BSi pool is clearly higher in
the rainforest (1400 yr) than in the savanna (486 to 993 yr depending
on the ash exportation scenario), suggesting that grass phytoliths
dissolve faster in the ferruginous soil than tropical tree phytoliths
(mainly represented by the Globular granulate type) in the ferrallitic
soil. Clear relationships between the Globular granulate type and the
inverse of the phytolith concentration obtained for both the savanna
and the rainforest (Alexandre et al., 1997) support the hypothesis that
for both contexts the stable BSi pools are significantly supplied by the
Globular granulate type. Phytoliths are translocated in soils into clay-
SOM aggregates (Bartoli, 1983). Micro-aggregates are considered to
increase the physical protection of SOMfrombiodegradation (Balesdent
et al., 2000) and may retard the dissolution of phytoliths protected by
SOM. The stability ofmicro-aggregates increaseswith the concentration
of SOM and clays that are higher in the forest ferrallitic soil than in the
savanna ferruginous soil and may explain differences in the MRT of the
stable BSi pool. Experimental studieshavemeasurednodifference in the
dissolution rates of phytoliths, devoid of their organic matrix, from
temperate grass and tree species, both being approximately two orders
of magnitude higher than the dissolution rate of clays (Fraysse et al.,
2006, 2009). However, the investigated types did not show strong
differences in the shape and the specific surface area as should be the
case between grass phytoliths and the Globular granulate type.
Moreover, assuming that phytoliths are mainly translocated in soil
aggregates, an investigation of phytolith capacity to aggregation,
depending on the shape, the surface area, and the soil characteristics
(e.g. SOM, clays, iron oxides contents) is needed to further assess the
sensitivity of soil phytoliths to dissolution.

Finally, the present comparison shows evidence that the higher
DSi uptake of the savanna overrides the lowerMRT of grass phytoliths
in the ferruginous soil and makes LSi release (through plant-induced
chemical weathering) significantly higher than LSi release under the
rainforest. The difference is enhanced when ash exportation occurs.
On the contrary, the DSi output from the soil to the stream water,
which is not controlled by plant Si cycling but more likely by the soil
hydrological regimes (or meteoric weathering), is close to twice
higher in the rainforest/ferrallitic soil ecosystem.

4.5. Tracks for assessing the impact of grassland development on the
terrestrial Si and C cycles

The present study is based on rough estimates of Si fluxes, is
limited to two plant/soil systems, and does not take into account the
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likely impact of climate changes on LSi release and DSi output. Other
similar case studies are required to quantify with more precision, Si
pools, net Si fluxes (including post-fire ash exportation), and re-
spective significance of plant-induced andmeteoric weathering on LSi
release and DSi output at regional scale. However, the large dif-
ferences in Si fluxes involved in the two plant/soil systems suggest
that the expansion of savannas at the expense of forests mainly due to
human impact as expected for the next hundred years, should
significantly increase DSi uptake by plants, BSi storage in soils, BSi
output with ash exportation, and, hence, LSi release and associated
chemical weathering. The increasing drying of soils inherent to
savanna expansion and to global warming (IPCC, 2007) may si-
multaneously decrease meteoric weathering and DSi concentrations.
However this may not impact DSi uptake by grasses if, as it was
recently demonstrated for the Banana Si-accumulator (Henriet et al.,
2006), active DSi uptake (higher than the mass flow-driven flux)
occurs when soil DSi concentration is low. Such an active DSi uptake
may be genetically controlled, as in rice (Ma et al., 2006). In this case,
expansion of savannas would enhance chemical weathering without
increasing soil DSi available for neoformation and/or for feeding the Si
output flow. On the contrary other elements placed in solution by
chemical weathering, would either precipitate as secondary minerals
or be leached out of the soil column. With deforestation, the amount
of DSi exported from Phytolith-BSi stored in soils and litter will
contribute to DSi fluxes toward stream waters only in weathering-
limited regime or during erosion phases, when subjected to transport
and ulterior dissolution.

More generally our results are in agreement with previous case
studies (Alexandre et al., 1997; Blecker et al., 2006) showing that in
transport-limited regime (i.e. with no significant erosion) and when
the plant/soil system is at equilibrium, DSi output to stream water
during chemical denudation is controlled by the catchment surface
area, the parent rocks, and the soil hydrological regime (e.g. Gaillardet
et al., 1999a, 1999b; Millot et al., 2002; Dupré et al., 2003; Viers et al.,
2009) rather than by plant Si cycling. This negates the common
assumption that the amount of DSi leached out from soil profiles is
linked to the magnitude of plant Si cycling (Derry et al., 2005; Conley
et al., 2008; Cornelis et al., 2011) or to BSi concentration in soils
(Laruelle et al., 2009).

With respect to general grassland expansion at the expense of
forests, although a transitory period of erosion may lead to increasing
export of DSi, long term grassland settlement and related high Si
cycling should favor LSi release and weathering rather than DSi
export, contrary to what was previously assumed from short term
deforestation experiments (Conley et al., 2008). This is in agreement
with close DSi flux recently measured from Belgian grasslands and
forests downstreams (Struyf et al., 2010).

Forest primary production biomass and root biomass were believed
to be two key ecosystem properties that enhance soil weathering rate
(Pagani et al., 2009). Their decrease when atmospheric CO2 declined
was supposed to decrease plant-induced weathering of silicates and
limit CO2 drawdown (Pagani et al., 2009). The present case study
however suggests that under widespread grassland development,
increasing plant Si cycling, consequent increasing soil LSi weathering
and associated increasing atmospheric CO2 consumption should be
accounted, in geochemical carbon cycle models (e.g. Berner and
Kothavala, 2001), for one of the plant-inducedweatheringmechanisms.

5. Conclusions

Identification and quantification of plant and soil phytoliths in the
savanna/ferruginous soil ecosystem at Lamto indicated that the soil
BSi pool was made of grass phytoliths with a few tree phytoliths, in
equilibrium with the current BSi input by the savanna. In the soil
column, mixing between a young decreasing BSi pool with a few
Globular granulates produced by trees and an old stable BSi pool with
a larger amount of Globular granulate was attested by the mixing line
equation. The BSi pool with low turnover, is assimilated as a BSi
output from the savanna/ferruginous soil steady-state Si cycle. In
addition to soil BSi storage, BSi exportation may occur after annual
fires if ashes are exported. Both of the BSi outputs decrease as much as
the BSi dissolution. In order to uptake constant DSi flux, plants must
increase (by an equal amount) soil LSi release and associated chemical
weathering. Such a process has already been demonstrated for a
rainforest/ferrallitic soil system that was established under climate
conditions similar to the savanna site (Alexandre et al., 1997). The
comparison between both Si cycles maximizes the differences in
plant/soil systems and minimizes differences in climate. The compar-
ison revealed that BSi storage is higher in the savanna soil than in the
rainforest soil, mainly due to BSi production that is twice as high in the
savanna. The resulting LSi release that is enhanced by plant Si cycling
is more than 1.5 higher in the savanna than in the rainforest (from 33
to 85 kg/ha/yr in the savanna vs 21 kg/ha/yr in the rainforest). The
expected next hundreds years of expansion of savannas at the
expense of forests should significantly increase DSi uptake by plants,
BSi storage in soils, BSi output with ash exportation, and, hence, LSi
release and associated chemical weathering, but should have no direct
impact on DSi output from soils to stream waters.

Other similar case studies, are required to quantify with more pre-
cision, differences in Si pools and fluxes among plant/soil systems, and
respective significance of plant-induced andmeteoricweathering on LSi
release and DSi output at a regional scale. However some tracks for
further assessing the role of plant Si cycling on chemical weathering, Si
and C cycles were suggested: 1) estimates of BSi fluxes that are wrongly
basedon the assumption that the amountofDSi leachedout from soils is
linked to themagnitude of plant Si cycling and/or to BSi concentration in
soils should be reappraised; 2) changes in the magnitude of plant Si
cycling should be accounted, in geochemical carbon cycle models, for
one of the plant-induced weathering mechanisms.
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