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Abstract Banana plantlets (Musa acuminata cv
Grande Naine) cultivated in hydroponics take up
silicon proportionally to the concentration of Si in the
nutrient solution (0—1.66 mM Si). Here we study the
Si status of banana plantlets grown under controlled
greenhouse conditions on five soils developed from
andesitic volcanic ash, but differing in weathering
stage. The mineralogical composition of soils was
inferred from X-ray diffraction, elemental analysis
and selective chemical/mineralogical extractions.
With increasing weathering, the content of weather-
able primary minerals decreased. Conversely, clay
content increased and stable secondary minerals were
increasingly dominant: gibbsite, Fe oxides, allo-
phane, halloysite and kaolinite. The contents of
biogenic Si in plant and soil were governed by the
reserve of weatherable primary minerals. The largest
concentrations of biogenic Si in plant (6.9-7 g kg™ ")
and soil (50-58 gkg™') occurred in the least
weathered soils, where total Si content was above
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225 g kg~'. The lowest contents of biogenic Si
in plant (2.8-4.3 gkg™') and soil (8-31 gkg "
occurred in the most weathered desilicated soils
enriched with secondary oxides and clay minerals.
Our data imply that soil weathering stage directly
impacted the soil-to-plant transfer of silicon, and
thereby the stock of biogenic Si in a soil-plant system
involving a Si-accumulating plant. They further
imply that soil type can influence the silicon soil—-
plant cycle and its hydrological output.

Keywords Silicon - Musa - Biogenic Si -
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Introduction

The global cycle of silicon receives increasing
attention because Si has a crucial role in major
biogeochemical processes such as the regulation of
atmospheric CO,, nutrition of aquatic biota, and
proton buffering through weathering (Sommer et al.
2006). It is being increasingly appreciated that
terrestrial plants can exert a strong control on Si
fluxes in the biogeosphere (Derry et al. 2005).
Numerous plant species take up considerable quan-
tities of H4SiO4 from soil solution (Raven 1983),
which is carried from roots to transpiration sites
through mass flow (Raven 2001) and active transport
(Ma et al. 2006, 2007) and precipitates as biogenic
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opal (SiO, - nH,0) called phytolith (Smithson
1956). Silicon is recycled into the soil from falling
litter and decomposition of plant debris. A biogenic
Si (BSi) pool is thus built up in both plant and soil
compartments of terrestrial ecosystems (Alexandre
et al. 1997, Markewitz and Richter 1998; Meunier
et al. 1999). The soil BSi pool can be substantial,
particularly in the humid tropics (10-40 g kg™ '), and
can be rapidly recycled (Alexandre et al. 1997; Cary
et al. 2005). The soil-plant Si cycle is significant in
comparison with weathering input and hydrologic
output (Lucas et al. 1993; Alexandre et al. 1997,
Markewitz and Richter 1998; Meunier et al. 1999), as
most of the Si released to water streams can pass
through the BSi pool (Derry et al. 2005). The
building-up of that pool would primarily depend on
the availability of H4SiO, in the soil solution, which
is controlled by silicate dissolution and clay forma-
tion in soil (Garrels 1967, Kittrick 1969), which both
reflect soil constitution and weathering stage. The
relationship between the soil mineral composition
and Si soil-to-plant transfer is, however, poorly
investigated though plant-BSi has been reported to
vary depending on soil type (Fox et al. 1967;
Berthelsen et al. 1999; Matichenkov et al. 2000;
Schwandes et al. 2001). In humid tropical regions,
weathering sequences of soils developed on volcanic
ash are remarkably suited to study the impact of soil
weathering stage on soil constitution and properties
(Parfitt et al. 1983; Delvaux et al. 1989; Chorover
et al. 1999; Chadwick et al. 2003), and on plant
nutrient status (Delvaux et al. 1989; Chadwick et al.
1999). We have recently shown from a field study
that soil weathering stage governs the leaf Si status in
mature banana plants cultivated on soils derived from
similar parent ash (Henriet et al. 2008). However,
plant transpiration may have influenced the Si soil-to-
plant transfer since climatic conditions were not
homogeneous over the studied weathering sequence.

The objective of this study is twofold. Firstly, we
assess the soil-to-plant transfer of Si by young banana
plantlets (Musa acuminata cv Grande Naine) from
soils developed on andesitic ash under controlled
homogeneous greenhouse conditions. Secondly, we
measure the BSi pool in soils. We further assess the
link between the accumulation of BSi in plants and
soil with the reserve of weatherable primary silicate
minerals. We use banana plants to measure the
availability of silicon since they take up Si
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proportionally to its concentration in the nutrient
solution (0-1.66 mM Si: Henriet et al. 2006).

Materials and methods
Environmental and soil conditions

The soils were sampled in cropping areas used for a
long time for intensive banana cultivation (Dorel et al.
2000), located on the Western (Ws) and Eastern (Es)
slopes of the active volcano La Soufriere (Basse-
Terre, Guadeloupe, 16°N, 61°W). The soils developed
from andesitic ash deposits of Pliocene to Holocene
age (4,000 year BP), dominated by plagioclase,
pyroxene and ferromagnesian volcanic glasses
(Dagain et al. 1981; Ndayiragije 1996; Ndayiragije
and Delvaux 2003). The area is influenced by a strong
rain shadow with mean annual rainfall (MAR)
decreasing from ~3,200 mm at 450 m asl to
~850 mm at sea level on Ws slopes, and from
~ 5,000 mm at 450 m asl to ~2,500 mm at sea level
on Es slopes (Fig. 1) (Chaperon et al. 1985). The soils
are distributed according to climotoposequences, and
they strongly differ in weathering stage (Fig. 1)
(Colmet-Daage and Lagache 1965; Ndayiragije
1996; Ndayiragije and Delvaux 2003, 2004). Similar
soil weathering sequences have been described in
other environments (e.g., Chadwick et al. 2003).

Soil materials

Recent data from a topsoil-foliar survey highlighted
the positive relationship between the Si leaf concen-
tration of mature banana plants and the soil reserve of
weatherable primary minerals (Henriet et al. 2008).
From that study and from the detailed 1:20,000 soil
map of Guadeloupe (Colmet-Daage 1969), we
selected five soil types corresponding to well-known
weathering sequences Andosol-Cambisol (Ws-An,
Ws-Ca) and Andosol-Nitisol-Ferralsol (Es-Anl,
Es-Ni, Es-Fe) from Ws and Es sites, respectively
(Colmet-Daage and Lagache 1965; Ndayiragije 1996;
Ndayiragije and Delvaux 2003, 2004). The Ws and Es
soil transects are sketched out in relation to MAR and
elevation in Fig. 1. Our previous field study involved
10 cultivated banana plots per soil type and 10 banana
plants per plot (Henriet et al. 2008). All cultivated
plots had a past and long banana cropping history.
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Fig. 1 Sketch transects of Western (Ws) and Eastern (Es)
rainfall pattern in relation to elevation (m asl) and major soil
type in the island of Basse-Terre (Guadeloupe): Andosol (An),
Cambisol (Ca), Nitisol (Ni), Ferralsol (Fe). MAR in mm

Based on soil characteristics and Si leaf concentration
of mature banana plants (Henriet et al. 2008), we
selected a representative banana plot for each soil
type. Plot identification, elevation, MAR and soil
classification are presented in Table 1. In each plot,
soil samples were collected from 00 to 20 cm depth.
They were sieved at 5 mm and mixed up to produce a
homogeneous bulk sample per plot for further soil—
plant pot experiment. For each bulk sample, a separate
aliquot was moderately air-dried (12 h) and sieved at
2 mm for further physical, chemical and mineralogical
analyses. No replicates were done for these analyses,
which were consistent with previous data (Ndayiragije
1996; Henriet et al. 2008).

Soil analyses

pH was measured in 5 g:25 ml soil:water suspensions
(Page et al., 1982). Organic carbon content was

(adapted from Chaperon et al. 1985; Dorel 2001). Arrows
indicate the localization of experimental sites. Ferralsols (Fe)
are located at elevations ranging between 150 and 320 m in the
Northern part of the island

determined according to the method of Walkley and
Black (1934). Cation exchange capacity (CEC) and
the content of exchangeable bases were determined
according to Jackson (1965). Total elemental con-
tents were measured by inductively coupled plasma/
atomic emission spectrometry (ICP-AES) after
fusion in Li-metaborate + Li-tetraborate at 1,000°C
(Chao and Sanzolone 1992). Within a first set of
selective extractions, dark oxalate-extractable (o),
dithionite-citrate-bicarbonate (DCB) extractable (d)
and pyrophosphate-extractable (p) contents of Si, Al
and Fe were determined in the respective extracts by
ICP-AES following the methods compiled in Dahl-
gren (1994). A second set of selective extractions was
applied to address the pools of the so-called available
Si (Sauer et al. 2006), by using the following
extractants: (1) H,O extraction (adapted from Fox
et al. 1967), (2) H,O extraction adapted here by
adding flocculant SrCl,, (3) 0.01 M CaCl, (adapted

Table 1 Soil type, mean annual rainfall (MAR) and elevation at each reference banana plot for each soil (Ws: Western slopes; Es:

Eastern slopes)

Soil Farm Plot Elevation(m asl) MAR(mm) Soil type (IUSS Working
Group WRB 2006)

Ws-An Grand Marigot GM29 470 3,442 Humic Andosol

Ws-Ca Belle Vue BV 3 222 1,929 Haplic Cambisol

Es-Anl Moise M1 424 4,767 Molli-silicic Andosol

Es-Ni Changy Doyon 1 32 2,550 Haplic Nitisol

Es-Fe Feneteau Fen 5 164 3,296 Haplic Ferralsol
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from Haysom and Chapman 1975), (4) 0.87 M acetic
acid + 0.18 M Na acetate, buffered at pH4 (adapted
from Imaizumi and Yoshida 1958), (5) 0.6 M citric
acid 4+ 0.4 M Na citrate, buffered at pH4 (adapted
from Beckwith and Reeve 1963). The extraction
procedure was standardised for all extractants as
follows: a 5-g dry soil sample was placed into a
100 ml polyethylene cup with 50 ml extractant
(soil:extractant ratio = 1:10) and shaken for 5 h at
20°C. The tubes were then centrifuged at 3,400g for
10 min and the supernatant was filtered through
Whatman cellulose membrane (20-25 pm pore size).
The concentrations of Si, Al, and Fe were determined
by ICP-AES.

Soil particle-size analysis was achieved by quan-
titative recovery of clay (<2 pm), silt (2-50 pm) and
sand (>50 pm) fractions after sonication and disper-
sion with Na™-saturated resins without any previous
H,O, oxidation of organic matter (Rouiller et al.
1972; Bartoli et al. 1991). This procedure is known
for its great efficiency to disperse strongly micro-
aggregated soils such as Andosols, Nitisols and
Ferralsols (Bartoli et al. 1991; Delvaux et al. 1992;
Pochet et al. 2007). Briefly, sand fractions were
separated after ultrasonic dispersion of fine earth
fraction (<2 mm) and repeated wet sieving. Clay and
silt fractions were then collected and submitted to
prolonged dispersion with Na'-resin. Clay was
separated from silt by successive cycles of 24 h
decanting and pipetting. The mineralogical composi-
tion was determined using X-ray diffraction (XRD)
(Druker D8 Advance diffractometer). Prior to XRD,
the clay and silt fractions were submitted to two
successive treatments: H,O, (6%, 40°C), and DCB
extraction of residual free iron (Dahlgren 1994).

Soil biogenic Si (BSi) extraction
and quantification

The five H,O,- and DCB-treated silt fractions (2—
50 um) were further submitted to an additional
overnight dispersion (16 h) with Na*-saturated resins
to avoid any clay contamination. Each silt fraction
was divided into light (biogenic opal) and heavy
components (other minerals), through a series of
heavy liquid separations, using an aqueous zinc
bromide (ZnBr,) solution with a density of
23 gem ™ (adapted from Kelly 1990). Each silt
fraction (2-5 g) was mixed with 20 ml of ZnBr, and
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centrifuged at 3,400g for 10 min. After centrifuga-
tion, the supernatant containing the floating
phytoliths was carefully and slowly removed with a
pipette and collected in a glass vessel through a
Teflon (polytetrafluoroethylene—PTFE) filter (2 pm)
soaked with methanol. The sample was then remixed
with 20 ml of ZnBr, solution and again submitted to
centrifugation at 3,400g for 10 min. The operation
was repeated until the supernatant was clear. The
filter was then abundantly rinsed with 1 M HCI,
washed with distilled water, transferred with its opal
load to a steel PTFE-lined pressure vessel, with 15 ml
of 0.5 M NaOH, and placed overnight in an oven at
150°C. After cooling, the NaOH solution was filtered
into a 25 ml polyethylene volumetric flask (Herbauts
et al. 1994). Si and Al in solution were determined by
ICP-AES and expressed on a soil dry matter basis at
105°C. Considering the selective floating process and
the specific NaOH dissolution of opal in sediments
(Ragueneau et al. 2005), the Si measured by ICP—
AES corresponds to the BSi content in the silt
fraction. As no method is currently available to
determine BSi in the clay fraction, that Si content
represents the minimum value of soil BSi content.
Indeed, though this method selectively dissolves BSi,
it does not extract it quantitatively (Saccone et al.
2007).

Plant materials

We used young banana plantlets (Musa acuminata cv
Grande Naine, AAA group, Cavendish, dessert
banana) issued from tissue culture, and produced in
nutrient medium devoid of silicon. A total of 150
plantlets were weaned in a nursery under controlled
conditions also devoid of any Si supply. Seventy
homogeneous plantlets with an average height of
9.5 cm were selected: 10 per soil for the pot
experiment, and four per soil for biomass correction
(see below). Ten plantlets were stored after weaning
and dried at 60°C for 1 week for further elemental
analysis to assess the Si concentration of initial plant
materials.

Experimental conditions
The experimental design involved five soils (Table 1)

and 10 replicates per soil, consisting of 50 individual
banana plantlets. Each plantlet was planted in a 2 1
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plastic pot containing a known soil mass depending
on soil bulk density (620-1,300 g dry weight).
Nitrogen (N), phosphorus (P,Os), and potassium
(K;,0) were applied at amounts of 0.4, 0.3, and
1 g pot™!, respectively. Nemathorin® (1 g pot™")
was used to prevent nematode attack. The soil was
covered by an inert black plastic sheet to avoid weed
development and limit direct evaporation. The soil
moisture content was adjusted at field capacity: (1)
each pot, including soil and plant was weighted to
determine the reference pot weight at field capacity;
(2) three times a week, each pot was weighted, and
distilled water was supplied to reach the reference pot
weight; daily plant transpiration was deduced; (3)
every 3 weeks, the reference pot weight was cor-
rected by measuring the fresh biomass of one plant
per soil. The pot experiment was conducted for
84 days in a greenhouse with a global radiance of
8.25 MJ m~? (day:night ~ 12 h:12 h), 83.4% mean
relative humidity, and 23.8°C mean temperature.
Once a week, the numbers of totally and partially
unfurled leaves were measured (Carlier et al. 2002),
the length (/) and width (w) of the unfurled leaves.
The leaf surface area (LA) was computed from the
equation LA = 0.7 x [ x w (Rufyikiri et al. 2000).

After 84 days, the banana plantlets were harvested
separately. Each plant was cut in different parts: roots
(R), pseudostem (PS), petiole and midrib of the
young leaves (y[P + M]), lamina of the young leaves
(yLa) and complete old leaves (petiole, midrib, and
lamina) (oLe) (Henriet et al. 2006). The separation
between old and young leaves corresponded to a
clearcut slope change in the “LA vs. time” curve.
The dry weight of all plant parts was measured after
drying at 60°C for 1 week. Mineral analysis was done
for all plant parts, except roots, and was carried out
after calcination at 450°C for 1 day, followed by
borate fusion at 1,000°C and dissolution of fusion
beads in 10% HNO; (Chao and Sanzolone 1992).
Elemental concentrations were measured by ICP—
AES. The balanced nutrient concentration was cal-
culated for the aerial part (shoot) for each plant as
followed:

Z (nutrient concentration * dry weight),/
Z (dry weight),,

with i referring to each aerial plant part: PS,
y[P 4+ M], yLa and oLe. Mineral analysis was carried

out on plantlets dried and stored after weaning phase
to assess the initial Si concentration.

Results
Plant growth, transpiration and Si concentration

Silicon content (<10~ mg per plantlet) was negligi-
ble in the initial plant materials. The respective
average values of cumulated LA, shoot dry matter
and cumulated transpiration of banana plants were
significantly lower in Es-Ni and Ws-An than in the
other soils (Table 2).

In all soils, the Si concentration in plant signifi-
cantly increased from the pseudostem towards the
complete old leaves (PS < y[P + M] < yLa < oLe)
(Table 3). For each plant part, the Si concentration in
plants was significantly larger in Ws-soils than in Es-
soils. Within the Es-soils, Es-Anl displayed system-
atically smaller Si concentration in the various plant
parts than Es-Ni and Es-Fe. The same trend was
observed for the balanced Si concentration (Table 3),
which significantly decreased in the sequence
Ws-An = Ws-Ca > Es-Ni > Es-Fe > Es-Anl.

Although this experiment has been conducted
under controlled homogeneous greenhouse condi-
tions, plant growth parameters differed among the
five soils, with lower average values of shoot dry
matter and cumulated leaf area in Es-Ni and Ws-An.

Table 2 Averages of growth parameters and cumulated tran-
spiration calculated for each soil at the end of the experiment
(n = 10)

Soil Cumulated leaf  Shoot dry =~ Cumulated
area® (cm?) matter (g) transpirationb (2)
Ws-An 690 35 1,163
Ws-Ca 973 53 1,273
Es-An1 888 4.7 1,572
Es-Ni 562 2.7 1,008
Es-Fe 808 43 1,225
LSD¢ 152 0.7 217

# Cumulated leaf area is the sum of area of all leaves produced
by the plant during the experiment (84 days)

° Cumulated transpiration is the sum of the water amounts lost
by plant transpiration and measured daily during the
experiment (84 days)

¢ Least significant difference (LSD) is given for each growth
parameter and for cumulated transpiration (e< = 0.05)

@ Springer



214

Biogeochemistry (2008) 90:209-223

Table 3 Si concentration in banana plant parts, balanced Si concentration and quantity of Si exported in banana shoot (aerial parts
excluding roots), and quantity of Si exported with respect to the cumulated transpiration (Si:transpiration ratio: mg Si per kg of water

transpired) (n = 10)

Soil Si concentration in various organs (g kg~' DM) Balanced Si conc. Quantity of Si Si:transpiration
in shoot (g kg~! DM) in shoot (mg pot™') ratio (mg kg ™!
PS*  yM+P] ylLa  ole LSD (e ke ) (mg pot ) (mg kg )
Ws-An  2.85 4.13 7.09 13.00 0.79 6.99 24 21
Ws-Ca  3.29 4.47 6.15 11.93 0.89 6.87 36 29
Es-Anl  1.66 2.34 2.52 5.01 0.20 2.83 13 9
Es-Ni 1.80 243 4.52 7.52 0.42 4.29 12 11
Es-Fe 2.04 2.79 3.38 5.60 0.63 3.40 15 12
LSDP 0.31 0.26 0.57 1.06 0.44 4.1 2.5

* PS, pseudostem; y[P + M], petiole and midrib of the young leaves; yLa, lamina of the young leaves; oLe, complete old leaves

® Least significant difference (LSD) is given for each part of the plant and for each soil (s< = 0.05)

These differences result from physical constraints to
root development at the beginning of the experiment
leading to delayed plant growth. Lower cumulated
leaf area and shoot dry matter thus induced lower
cumulated transpiration in Es-Ni and Ws-An, which
may have interfered with the Si status of banana
plants. We thus expressed the quantity of Si exported
in banana shoot relative to cumulated transpiration
for further comparison between soils (Table 3). This
parameter defines the Si:transpiration ratio, and is
expressed in mg Si per kg of water readily transpired
by plant.

Physical and chemical properties of soils

The organic carbon content, pH, CEC, and textural
analysis of the soil samples are presented in Table 4.
The pH ranged between 5.5 and 6.7. Organic carbon
content (Cors) and CEC were larger in the Andosols
Es-Anl and Ws-An (C,,: 5.88-9.10%; CEC:
40-55 cmol, kg_l) than in the other soils (Cgy:
1.96-2.53%; CEC: 23-29 cmol. kg_l). The contents

of exchangeable Ca and Mg were larger in Ws-Ca
and Es-Anl than in other soils. The clay content was
much larger in the Es-soils (59-81%) than in Ws-
soils (35—41%), and was particularly high (80-81%)
in the most weathered Ferralsol (Es-Fe) and Nitisol
(Es-Ni).

Total element contents and selective extractions

The total reserve in bases (TRB) is the sum of total
Na, K, Ca, and Mg and estimates the content of these
elements in weatherable minerals in mineral soils
(Herbillon 1986). TRB was invariably smaller in
Es-soils (101-32 cmol, kgfl) than in Ws-soils
(246-207 cmol, kgfl) (Table 5). TRB strongly dif-
fered between Ws- and Es-soils because of much
larger contents of total Ca, Mg and Na in Ws-soils, in
good agreement with the dominance of plagioclase,
pyroxene and ferromagnesian glass in the parent ash.
In Es-soils, the TRB of the perhydrated Andosol Es-
Anl (101 cmol, kg™") was largely above that of the
most weathered Nitisol Es-Ni and Ferralsol Es-

Table 4 Major soil properties, as measured in the fine earth (<2 mm): pH, organic carbon content (C,,), exchangeable cations,

cation exchange capacity (CEC), and particle-size distribution

Soil pH (H,0) Cg (%) Exchangeable bases (cmol, kg_l) CEC (cmol, kg_l) Particle-size analysis (%)
Ca Mg Na K Sand Silt Clay
Ws-An  6.37 5.88 5.0 1.2 0.1 1.2 40 21.9 389 41.5
Ws-Ca  6.74 2.41 9.2 4.2 0.1 2.4 23 26.1 38.8 34.9
Es-Anl  6.15 9.10 8.8 4.9 0.2 1.5 55 18.5 23.0 59.1
Es-Ni 5.48 1.96 2.3 14 0.1 1.6 29 4.4 17.0 80.7
Es-Fe 6.25 2.53 5.2 2.2 0.1 1.9 27 5.9 14.5 81.6

@ Springer



Biogeochemistry (2008) 90:209-223

215

Fe (32-33 cmol. kg=') because of larger total
Mg content (64.7 cmol. kg~' in Es-Anl versus
13.0-15.3 cmol. kgfl). The total Si content in Ws-
soils (226266 g kg™') was larger than in Es-soils
(136-184 g kgfl) (Table 6). Inversely, the total Al
and Fe contents were smaller in Ws-soils (~90 and
~65 g kg™', respectively) than in Es-soils (110-
139 g kg~' and 98-114 g kg™, respectively). Oxa-
late-extractable Si and Al contents were substantial
in the two Andosols Ws-An and Es-Anl (Si:
~10 gkg 'y Al: ~30 gkg "), and negligible in
the other soils (<5 g kg™ ).

Table 5 Total elemental contents (t) and total reserve in bases
(TRB)

Soil Ca, K, Mg, Na, TRB
(cmolckg™h

Ws-An 73.8 14.1 89.6 29.4 207

Ws-Ca 107.9 15.4 80.5 422 246

Es-Anl 21.1 11.7 64.7 3.7 101

Es-Ni 5.9 8.1 15.3 23 32

Es-Fe 8.7 10.2 13.0 12 33

Table 6 Total elemental contents (t) and Si, Al and Fe con-
tents in oxalate (o), dithionite (d) and pyrophosphate (p)

extracts
Soil Al Fe, Si; Al, Si, Feq Al, Fey/Fe
(gkg™

Ws-An 946 60.8 2256 32.1 132 246 69 041
Ws-Ca 873 648 2659 2.6 09 21.6 19 033
Es-Anl 1104 104.8 1358 29.3 11.5 53.6 15.5 0.51
Es-Ni 1362 113.7 180.0 4.0 04 70.0 3.3 0.62
Es-Fe 1394 983 1843 3.1 0.3 755 29 0.77

Soil mineralogy

The relative importance of free iron oxide was
assessed through the Fey/Fe, ratio, which was below
0.5 in the Ws-soils and above 0.5 in Es-soils
(Table 6), denoting a more advanced tage of weath-
ering in the Es-soils, particularly in Es-Ni and Es-Fe.
The XRD analyses led to the identification of
primary and secondary crystalline minerals. The
presence of plagioclase and pyroxenes was con-
firmed in the coarse fractions of Ws-An, Ws-Ca, and
Es-Anl (not shown). The silt fraction (2-50 pm) in
all soils was largely dominated by quartz and
crystobalite; tridymite was observed in traces (not
shown). Gibbsite was detected in the silt fraction of
Es-soils. In the clay fraction (Table 7), crystobalite
and halloysite were detected in Ws-soils. In the
Cambisol Ws-Ca, halloysite was mixed-layered with
smectite. The clay fraction of the perhydrated
Andosol Es-Anl was dominated by kaolinite and
particularly gibbsite (also present in the sand and silt
fractions). Hydroxy-Al-interlayered 2:1 clay minerals
(HIS, HIV) were also detected in that soil. Halloysite
and kaolinite were the dominant clay minerals in,
respectively, the Nitisol Es-Ni and the Ferralsol Es-
Fe. The contents of Si,, Al, and Al, were used to
compute the allophane contents according to Parfitt
and Wilson (1985). The allophane content was 10%
in Ws-An, and 6% in Es-Anl. The other soils were
devoid of allophane.

Soil BSi content

The soil BSi content (g kg™') was the largest in Ws-
soils (50-58) (Table 8); in Es-soils, it was larger in
the perhydrated Andosol Es-Anl (31) than in the
most weathered Es-Ni (18) and Es-Fe (8). The
NaOH-extractable Al content was relatively small

Table 7 Minerals detected by X-ray diffraction in the clay fraction (<2 pum) of soils

Soil Quartz Crystobalite Gibbsite Kaolinite Halloysite HIV/HIS? Halloysite/smectite
Ws-An +++ + +

Ws-Ca +++ + + +

Es-Anl + ++ + ++

Es-Ni + + ++ ++

Es-Fe + + +++ +

* HIV: Hydroxy-Al-interlayered vermiculite; HIS: Hydroxy-Al-interlayered smectite
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Table 8 Soil biogenic Si (BSi) content and Al impurities as
extracted by NaOH (0.5 M) in the silt fraction (2-50 pum) after
densimetric separation

Soil NaOH-extractable Al/Si Quantity

elements (g kg™") atomic of soil BSi
ratio ot ™!

BSi Al (g pot)

Ws-An 50 1.41 0.030 41

Ws-Ca 58 1.32 0.024 76

Es-Anl 31 2.78 0.094 19

Es-Ni 18 0.26 0.015 18

Es-Fe 8 0.10 0.014 8

denoting low Al-contamination of the soil BSi pool
except in Es-Anl.

Si, Al and Fe extracted from soils

H,O-, (H,O + SrCl,)-, CaCl,-, acid Na acetate-, and
acid Na citrate-extractable contents of Si, Al and
Fe are presented in Table 9. The CaCl,- and
(H,O + SrCl,)-extractable contents of Si were larger
in Ws-soils (3348 mg kg~') than in Es-soils (9-
27 mg kg~ '). These contents were similar for each
soil. H,O- and CaCl,-extractable contents of Si, Al,
and Fe were similar in the Andosols Ws-An and Es-
Anl, but largely differed in Ws-Ca, Es-Ni and Es-Fe;
the relatively large contents of H,O-extractable Si in
these three soils parallels the relatively large H,O-
extractable contents of Al and Fe, denoting the
presence of dispersed secondary constituents in the
H,0O-supernatant. The acid Na acetate-extractable Si
content was larger in Ws-soils (135-176 mg kg™')
than in Es-soils (64-83 mg kg™'). The acid Na
citrate-extractable contents of Si, Al and Fe were

the largest in the Andosols Ws-An and Es-Anl than
in the other soils.

Discussion
Si gradient in the banana plant

The Si gradient follows the sequence of increasing Si
concentration from pseudostem to old leaves
PS < y[P + M] < yLa < oLe, confirming the gradi-
ent observed in hydroponics (Henriet et al. 2006), and
thus the major impact of transpiration on the Si
deposition in banana plant (Raven 1983).

Soil weathering stage and mineralogical
properties

Mineral weathering involves the partial loss of Si, the
relative concentration of Al and Fe, the formation of
secondary clay minerals and the individualization of
free iron oxide (Chadwick et al. 2003). Figure 2
illustrates these well-known facts in the Ws and Es
weathering sequence: with increasing weathering
stage, TRB decreases from 246 to 32 cmol, kgfl,
below the upper threshold (40 cmol, kg_l) proposed
by Herbillon (1986) to delineate the strongly weath-
ered ferrallitic soils. In parallel, the clay content, the
Al/Si atomic ratio and the proportion of free iron
oxide all increase (Fig. 2). Weathering and desilica-
tion thus increase in the sequence Ws-Ca < Ws-
An < Es-Anl < Es-Ni = Es-Fe. Figure 2 also illus-
trates that Ws-soils markedly differ from Es-soils, as
the former represent a less advanced weathering stage
than the latter in the process of soil development from
similar andesitic ash. The dominant soil components

Table 9 Average extractable contents of elements (from 2 replicates of each soil) for the various selective extractants

Soil Extractable soil elements (mg kg™ ")

Na citrate pH4 Na Acetate pH4 H,O H,O + SrCl, CaCl, (0.01 M)

Al Fe Si Al Fe  Si Al Fe Si Al Fe Si Al Fe Si
Ws-An 6,427 1437 1,310 903 16 176 1.1 0.5 30 nd® nd 33 <0250 <0.010 33
Ws-Ca 836 1,385 361 58 7 135 2634 1063 350 nd nd 46 <0250 <0.010 48
Es-Anl 10,852 6,782 2856 593 18 65 1.3 0.9 10 nd nd 9 <0.250 <0.010 9
Es-Ni 1,511 858 152 307 6 64 32.0 11.9 52 nd nd 24 10.27 <0.010 27
Es-Fe 1,147 574 147 190 2 83 19.8 9.2 33 nd nd 16 <0250 <0.010 18

? nd: no data
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in Ws-soils are primarily weatherable minerals (pla-
gioclase, pyroxene, ferromagnesian glass; Dagain
et al. 1981), whereas the ones in the more desilicated
Es-soils are secondary minerals such as gibbsite and
kaolinite in Es-Anl, halloysite and Fe oxides in Es-
Ni, and kaolinite, gibbsite, and Fe oxides in Es-Fe
(Tables 6 and 7). Our data confirm previous studies
concerning the soils of Basse-Basse-Terre Terre,
Guadeloupe (Colmet-Daage and Lagache 1965; Col-
met-Daage and Gautheyrou 1974; Ndayiragije 1996;
Ndayiragije and Delvaux 2003, 2004), and corrobo-
rate findings from other volcanic areas (Parfitt et al.
1983; Delvaux et al. 1989; Chorover et al. 1999;
Chadwick et al. 2003).

Contents of extractable silicon in soils

The extractable Si content decreases in the
sequence Na citrate pH4 > Na acetate pH4 > H,0
> CaCl, = (H,O + SrCl,) (Table 9). Only the
CaCl,-, (H,O + SrCl,)- and acid Na acetate-extract-
able Si contents follow a similar trend in that they
clearly differ between Ws- and Es-soils with the
largest values in the former. The pH values of the
CaCl,, H,O, and (H,O + SrCl,) extracts range
between 5.5 and 6. The CaCl, solution is recognised
to extract the aqueous Si fraction (Haysom and
Chapman 1975) and to provide a measure of readily
available Si (Chapman et al. 1981; Berthelsen et al.
2001). H,O extraction induces the dispersion of clay
minerals in Es-Ni, Es-Fe and Ws-Ca, as suggested by
the relatively large values of H,O-extractable Si, and
by the values of the atomic Si/(Al + Fe) ratio
ranging between 1 and 1.3, characteristic for
clay fractions dominated by 1:1 phyllosilicates.
Considering the similar contents of CaCl,- and
(H,O + SrCl,)-extractable Si in soils, we conclude

8

00 00 02 04 06 08 10 00 02 04 06 08 10

Al/Si atomic ratio Fe ,/Fe  ratio

¢, Ws-An; A, Ws-Ca
o, Es-An1; A, Es-Ni; o, Es-Fe

that water-soluble Si is extracted by both extractants,
CaCl, and SrCl, acting as flocculent. The acid
buffered Na acetate extracted 3-5 times more Si than
CaCl, and (H,O + SrCl,). This extractant is recog-
nised to mobilise the labile Si from soils (Sauer et al.
2006). As an acid buffer, it partially dissolves
weatherable minerals, and extracts substantial
amounts of Al, invariably larger than Si in all soils,
except in Ws-Ca. The Na citrate-extractable Si
contents are the largest, as compared to the Si
contents measured in the other extractants (Table 9).
They are particularly high in the Andosols, where the
acid Na citrate extraction likely promotes mineral
dissolution, because of the ability of citrate to
complex Al and Fe from amorphous constituents, as
suggested by the correlation between oxalate- and Na
citrate-extractable contents of Al (r = 0.91) and Si
(r = 0.83) (Tables 6 and 9).

Silicon bioavailability and soil weathering stage

Since the plants were virtually devoid of silicon at the
beginning of the experiment, the Si bioavailability in
the Ws- and Es-soils can be measured through the
determination of the balanced Si concentration in
shoot and/or the quantity of Si exported in the banana
shoot with respect to the cumulated transpiration
(Si:transpiration ratio) (Table 3). Both parameters
give a similar trend with larger values in Ws- than in
Es-soils. As illustrated in Fig. 3, the Si:transpiration
ratio clearly differs between Ws- and Es-soils, and is
positively correlated with the soil total Si content
(r = 0.92), CaCl,- and acid Na acetate-extractable Si
contents (r = 0.90 and r = 0.76, respectively), and
with (H,O + SrCl,)-extractable Si (r = 0.92; not
illustrated). As already shown in hydroponics (Hen-
riet et al. 2006), our data from pot experiments imply
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Fig. 3 Relationship
between the quantity of Si
exported in banana shoot
reported to the cumulated
transpiration (mg Si per kg
of water transpired) and
(a) total Si content, (b)
CaCl,-extractable Si 0
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that the concentration of aqueous and acid-soluble Si
in soil governs the uptake of silicon by banana plants,
and thus impacts the plant shoot content of Si.
Figure 4a supports that the reserve of weatherable
minerals (TRB) influences the Si content in the
various plant parts, the balanced Si concentration in
the shoot, and the Si:transpiration ratio. The largest
values of the Si:transpiration ratio occur for the least
weathered Ws-soils, whereas the lowest ones corre-
spond to the most weathered desilicated Es-soils.
Since the concentration of aqueous Si in soil is
controlled by mineral composition (Kittrick 1969;
Karathanasis 2002), mineral weathering is a major
process in the Si soil-to-plant transfer. Bananas take
up exceptional quantities of potassium (Lahav 1995).
The excess of cation over anion uptake promotes the
excretion of protons by their roots (Rufyikiri et al.
2001), and thereby silicate dissolution (Hinsinger
et al. 2001; Rufyikiri et al. 2004). Figure 4b and c
support that plagioclase reserve principally governs
the Si soil-to-plant transfer in the perhydrated

1 1 1 1 1 1 1 1 1 1 1 1 1
30 0 0 20 30 40 5 0 50 0 0 200 20

CaCl , —exir. soil Si (mg kg -1 Na acetate—extr. soil Si (mg kg ~')

¢, Ws-An; &, Ws-Ca
o, Es-An1; A Es-Ni; o, Es-Fe

Andosol Es-Anl, in which both the occlusion of
octahedral Mg in hydroxyl Al-interlayered 2:1 clay
minerals and the coating of weathered pyroxene and
ferromagnesian particles by iron oxides (Ndayiragije
1996) may protect these Mg-bearing minerals from
further weathering (Baert and Van Ranst 1997).
Similarly, clay coatings on surfaces of weathered
volcanic glass were shown to protect weatherable
primary minerals (Certini et al. 2006). The largest
values of the Si:transpiration ratio are associated with
the largest values of the soil BSi content (Fig. 4d)
suggesting that the building-up of the BSi pool in the
soil-plant system considered here could depend on
the reserve of readily weatherable primary minerals
(Fig. 4b).

Soil weathering stage impacts the BSi pool
in the soil-plant system

The soil BSi content in the soils used in this
experiment (8-58 g kg™') corresponds to the range
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Fig. 4 Relationship between the quantity of Si exported in
banana shoot reported to the cumulated transpiration (mg Si
per kg of water transpired) and (a) TRB, (b) silicate-
(Ca + Na), (c) silicate-(Mg), (d) soil biogenic Si (BSi)
content. Silicate-(Ca 4+ Na) and silicate-(Mg) contents are
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reported so far in tropical environments (9—
40 g kg™") (Alexandre et al. 1997; Cary et al.
2005). These soil BSi contents are 10-20 times larger
than in soils under temperate climates (Wilding and
Drees 1971). The relatively large soil BSi pool in
tropical soils results from warm and wet climatic
conditions promoting the rapid recycling of silicon in
the soil-plant system (Drees et al. 1989; Conley et al.
2006). The above-ground standing vegetation also
plays an important role in the BSi content in soil: the
soil BSi production of a rainforest in Congo ranges
from 58 to 76 kg ha™' year™' (Alexandre et al. 1997).

The soils considered here were sampled in areas
under long-term intensive cultivation of banana
(Dorel et al. 2000), which is known to be a Si-
accumulator (Henriet et al. 2006). For a 25 tons -
year ' yield with 2,100 plants ha~', the total dry
matter production of a banana crop is estimated to
14 tons ha~! year™' from which ~ 10 tons DM of
residues are left in the field (Twyford and Walmsley
1973). The mean Si concentration in the mature
banana plant can be estimated to 5-10 g kg~' DM
(Opfergelt et al. under revision) so that the Si
immobilisation of a banana crop would range from
50 to 110 kg ha~' year'. The BSi contents in
litterfall and soil will therefore largely depend on Si
concentration of the plant, and thus on soil weath-
ering stage. Indeed, the largest BSi contents occur in
the least weathered Ws-soils (50-58 g kg™') whereas
the smallest BSi contents (8-31 g kg_l) occur in the
more weathered Es-soils (Table 8). Adding up the
quantities of biogenic silicon in both plant (Table 3)
and soil (Table 8) per pot allows calculating the BSi
quantity in the soil-plant system per pot. Figure 5
shows that the quantity of BSi in the soil-plant
system 1is positively correlated with the available
quantity of aqueous Si extracted by CaCl,, the stock

of weatherable minerals (TRB), and particularly the
stock of plagioclase minerals (Ca + Na reserve).
Although the transect Andosol-Nitisol-Ferralsol
forms a sequence of increasing weathering and soil
development, the soils did not really differ with
regard to the build-up of a BSi pool, suggesting that
silicate minerals acting as main source for BSi in Ws-
soils may be either absent or less active in Es-soils, as
coatings can stabilise primary minerals (Ndayiragije
1996; Baert and Van Ranst 1997; Certini et al. 20006).
Our data thus imply that the reserve of easily
weatherable primary minerals governs the availability
of aqueous Si in soil, and thus in turn the soil-to-plant
transfer of silicon, and hence, in the long-term, the
building-up of the BSi pool in a soil-plant system
where the plant component is a silicon-accumulator.
Figure 4d indeed shows that the largest soil BSi
contents are associated with the largest values of the
Si:transpiration ratio, soil BSi clearly differing
between Es- and Ws-soils. Yet, soil BSi would
poorly contribute to the pool of plant-available Si in
Es-Anl (Fig. 4d). This can be due to the higher Al
content of biogenic opal (Table 8), which is known to
decrease its solubility (Dixit et al. 2001; Rickert et al.
2002), and therefore its availability to plant. Dis-
solved Al can be structurally incorporated into the
biogenic silica, leading to the formation of alumino-
silicates coatings (Michalopoulos and Aller 2004),
which inhibit the dissolution of BSi. The high Al
activity in Es-Anl might be largely driven by the
importance of gibbsite and Al-humus components in
this soil (Ndayiragije and Delvaux 2003).

Implications

The contribution of plants to the Si continental
reservoir can be significant (Alexandre et al. 1997).
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The annual BSi production by plants at global scale
indeed ranges between 60 and 200 Tmol year™'
(Conley 2002) and rivals that produced by diatoms in
the oceanic biogeochemical cycle (240 Tmol year ')
(Tréguer et al. 1995). Moreover, plant-BSi is recycled
into the soil from falling litter in a separate soil-plant
Si cycle that can be significant in comparison with
weathering input and hydrologic output (Derry et al.
2005). Consequently, as already stated by Conley
(2002), consideration must be given to the influence of
the terrestrial BSi pool on variations in the global
biogeochemical Si cycle over different times scales.
The results presented here and in our previous study
(Henriet et al. 2008) show that soil mineralogical
composition, and more generally soil weathering stage
and soil development, can strongly influence the
bioavailability of silicon for plant uptake, and hence
the building-up of the terrestrial BSi pool. We thus
believe that more consideration should be given to
soils as major sink-source actors in the soil-plant Si
cycle to further study the mobility of Si at continental
scale, better understand Si export to water streams, and
thus better assess Si mass balances at watershed scale.

Conclusion

We have studied the soil-to-plant transfer of Si using
young banana plants cultivated in controlled green-
house conditions, on volcanic ash soils differing in
mineralogical composition, weathering stage and soil
development. The largest concentrations of biogenic
Si in plant (6.9-7 g kg™") and soil (50-58 g kg™ ")
occur in the least weathered soils, where total soil Si
content is above 225 g kg~'. The lowest contents of
biogenic Si in plant (2.8-4.3 g kg™') and soil (8-
31 g kg™") occur in the most weathered desilicated
soils enriched with secondary oxides and clay
minerals, where total soil Si content is below
185 g kg~ '. These experimental data obtained in
controlled conditions are strongly consistent with
those acquired in the framework of a large scale
topsoil-foliar survey carried out in mature banana
fields (Henriet et al. 2008). These data indicate that
silicon availability is positively influenced by the
reserve of easily weatherable primary minerals, and
thus more generally by soil weathering stage and soil
development. We conclude that soil weathering stage
impacts the soil-to-plant transfer of Si, and thereby

@ Springer

the stock of biogenic Si in a soil-plant system
involving a Si-accumulating plant. Our data further
suggest that soil type can influence the silicon soil—
plant cycle and its hydrological output. We thus
believe that more consideration should be given to
soils as key sink-source actors in the Si soil-plant
cycle at watershed and continental scales.
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