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Summary: The factors involved on the silicification process in Cyperaceae are scarcely known. In this 
study we analyse the effect of maturation stage and silica availability on the production of amorphous 
silica biomineralizations in culms of Schoenoplectus californicus. Young and senescent culms were 
collected from ponds with different silica availability. Two complementary methodologies (calcination 
and staining techniques), light and scanning electron microscopy and EDS were applied for amorphous 
silica analyses in plants. Quantitative data were analysed by Kruskal-Wallis and a two-way ANOVA tests. 
There were no significant differences between silica content of culms collected in ponds with different 
silica availability. Instead, silica content in senescent culms was higher than in young culms (F=91.43, 
P<0.01). Young culms only produce cone-shaped amorphous silica bodies, located in epidermal 
cells overlying sclerenchyma. Senescent culms produce a higher diversity of silicified cells, such as 
epidermal, stellate (aerenchyma) and parenchymatic cells. Silicification process in S. californicus is 
clearly affected by age and may act as a mechanism of structural resistance improvement. Some cells 
became silicified very early in the development and others may be silicified at a later stage depending on 
wall characteristics or rate of transpiration. 

Key words: Sedge, silicophytoliths, senescence, aerenchyma, culms, ponds, SE Buenos Aires province.

Resumen: Biomineralizaciones de sílice amorfo en Schoenoplectus californicus (Cyperaceae): su 
relación con el estado de maduración y la disponibilidad de sílice. Los factores involucrados en el 
proceso de silicificación en Cyperaceae son poco conocidos. En este estudio se analiza el efecto del 
estado de maduración y la disponibilidad de sílice en la producción de biomineralizaciones de sílice 
amorfo en tallos de Schoenoplectus californicus. Tallos jóvenes y senescentes fueron recolectados 
de lagunas con diferente disponibilidad de sílice. Dos técnicas complementarias (calcinación y 
tinción), microscopía óptica y electrónica y EDAX fueron aplicados para el análisis en las plantas. 
Los datos cuantitativos fueron analizados por tests de Kruskal-Wallis y ANOVA de dos vías. No hubo 
diferencias significativas entre el contenido de sílice en los tallos recolectados en lagunas con diferente 
disponibilidad de sílice. En cambio, el contenido en tallos senescentes fue mayor que en los jóvenes 
(F=91,43; P<0,01). Los tallos jóvenes solo producen cuerpos silíceos cónicos, localizados en células 
epidérmicas asociadas al esclerénquima. En los tallos senescentes se silicifican una mayor diversidad 
de células, como las epidérmicas, del aerénquima y esclerénquima. El proceso de silicificación en S. 
californicus está claramente afectado por la edad y mejoraría la resistencia estructural. Algunas células 
se silicifican tempranamente, mientras que en otras depende de las características de la pared celular 
y/o de la tasa de transpiración.

Palabras clave: Junco, silicofitolitos, senescencia, aerénquima, tallos, lagunas, sudeste bonaerense.
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introduction

Biomineralizations are biogenic inorganic-
organic composites, crystalline or amorphous, 
deposited in intracellular or extracellular spaces as 
the consequence of metabolic activity of organisms 
(Lowenstam, 1981; Osterrieth, 2004). One of the 
most common type of biomineralization in plants 
are the deposits of amorphous silica bodies (SiO2.
nH2O) (also called phytoliths or silicophytoliths), 
in tissues of diverse organs (e.g., Piperno, 2006; 
Bauer et al., 2011). Cyperaceae sedges along 
with other families such as grasses, palms and 
Equisetaceae, are important producers of this type of 
biomineralization (Metcalfe, 1971; Piperno, 2006). 
The first studies about the presence of silicified 
cells in sedges date from XIX century, where 
Duval-Jouve (1873) and Wilczek (1892) described 
the “cone-shaped silica bodies” in epidermal cells 
overlying the sclerenchyma, in leaves, culms and 
fruits. Later, Mehra & Sharma (1965) explained the 
development of these “silica bodies” in Eriophorum 
comosum Wall. ex Nees. Metcalfe (1971) described 
and classified these silica bodies in many species 
of the family, and since then, many anatomical 
and descriptive studies have been carried on this 
issue (Schuyler, 1971; Gordon-Gray et al., 1978; 
Ragonese et al., 1984; Ollendorf, 1992; Browning 
& Gordon-Gray, 1995; Fernández Honaine et al., 
2009, among others). These researches showed 
that the main silicified tissues are epidermal 
(where cone-shaped amorphous silica bodies 
are developed), and in a lesser degree, xylem, 
parenchyma and sclerenchyma. 

The relation between the content of silica 
(measured as SiO2) and/or the amorphous silica 
biomineralizations (measured as the quantity of 
amorphous silica bodies or silicified cells in a 
tissue), and environmental and biological factors 
has been studied in other monocot family such as 
Poaceae (e.g., Jones & Handreck, 1967; Handreck 
& Jones, 1968; Sangster & Parry, 1971; Dorweiler & 
Doebley, 1997; Ma & Takahashi, 2002; Motomura 
et al., 2002; Hodson et al., 2005; Massey et al., 
2007). In general terms, these studies showed that 
silica and/or biomineralization content depends 
on external factors (silica availability in soils, 
presence of oxides, water availability, herbivore 
pressure) and on internal factors (genetics, type 
of organ or tissue, age of the organ, transpiration 

rate). According to studies carried on bamboos 
and crops, silica content in tissues increase with 
silica availability in soils and with the age of the 
organ (e.g., Motomura et al., 2002, 2004; Handreck 
& Jones 1968). The age, position and section 
of the organ, the silica content on soils and the 
transpiration rate are some of the most important 
factors involved in the distribution of the silicified 
cells in tissues of grasses, i.e. the formation of the 
amorphous silica biomineralizations (Sangster & 
Parry, 1971; Motomura et al., 2004, 2006; de Melo 
et al., 2010; Fernández Honaine & Osterrieth, 
2012). Lastly, some studies revealed the importance 
of genetics regulation in the distribution of silica 
cells in tissues (e.g., Dorweiler & Doebley, 1997; 
Yamaji et al., 2008). For example, Dorweiler & 
Doebley (1997) revealed in Zea mays that the tga1 
locus seems to affect the number and distribution 
of silica cells in the epidermis, as well as where the 
silica is deposited. In Cyperaceae family, no studies 
dealing with the relation between amorphous silica 
biomineralization content and environmental and/
or biological factors have been found until now. 

Considering the importance of phylogeny on 
the process of silicification and the relatively 
close relation between grasses and sedges, it is 
possible to hypothesize that the factors affecting 
the silicification in Poaceae apply for Cyperaceae 
(Hodson et al., 2005). Thus, it is expected that: 
1) increasing the availability of silicic acid in 
the soil favor the accumulation of amorphous 
silica biomineralizations in the tissue, and 2) 
old plants accumulate more amorphous silica 
biomineralizations in their tissues than young ones.

In order to address to these hypotheses we 
analyzed young and senescent culms of a wide 
spread bulrush native to America continent, 
Schoenoplectus californicus (C.A. Mey) Soják, 
collected from three different aquatic environments 
from SE Buenos Aires province, Argentina. 
Schoenoplectus californicus is a hydrophyte, 
perennial and rhizomatous species living in marshy 
soils, ponds and streams, also fresh or saline water, 
and it is an important component of the flora of 
wetlands and aquatic environments (Rossi & Tur, 
1976; Tur & Rossi, 1976). 

In aquatic environments, as well as in terrestrial 
ones, plants have a relevant function in the 
biogeochemical cycle of Si, both as agents of 
absorption and accumulation of silicic acid and as 
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Fig. 1. Location of the three sites analyzed (circular symbols) and photographs of the environments.

sources of biogenic silica (e.g. Derry et al., 2005; 
Farmer et al., 2005; Struyf et al., 2007). However, 
there are few studies that analyze the silicification 
process in wetland species (Struyf et al., 2007). 
Previous studies in Schoenoplectus californicus 
showed that this species produces amorphous 
silica biomineralizations in fruits and culms 
(Schuyler, 1971; Fernández Honaine et al., 2009). 
The present work discusses how the production of 
these biomineralizations is affected by maturation 
stage and environmental conditions, information 
that may contribute to the comprehension of the 
biogeochemical cycle of Si in the areas where this 
species develops.

mAteriAls And methods

Site selection and environmental characterization
Three aquatic environments with different 

geomorphologic and hydric characteristics located 
in the SE Buenos Aires Province, Argentina, 
were selected for the collection of plants of 
Schoenoplectus californicus: 1) Los Padres Pond 
Natural Reserve, Gral. Pueyrredón, Buenos Aires; 2) 
Quartzite Quarry, Batán, Gral. Pueyrredón, Buenos 
Aires; 3) Sand dunes Quarry, Gral. Madariaga, 
Buenos Aires (Fig. 1). 

Los Padres Pond Natural Reserve (37º56’ S; 
57º50’ W) is a natural area of 687 ha, where 319 
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ha correspond to an eolic pond, surrounded by low 
eolic hills (Cionchi et al., 1982). The representative 
soils of Los Padres Basin are Typical Argiudolls, 
which were originated from eolian sediments 
during the latest arid cycle of the late Pleistocene–
early Holocene (INTA, 1989). These soils are 
highly developed and their texture is silt loam, 
with silt (55–70%) and clay (20–30%) fractions 
being the most representative (Borrelli et al. 2008). 
In Los Padres Pond, the hydromorphic soils were 
originated from reworked loess of alluvial origin, 
and their texture is sandy loam to silty (Cionchi et 
al., 1982). The pond has only one inflow stream, 
Los Padres Stream, and one outflow stream, La 
Tapera Stream. In surface waters, the pH is alkaline 
with a mean value of 9.27 ± 0.04, the conductivity 
varies from 961 to 1015µS/cm2, with a mean value 
of 994 ± 25µS/cm2, and the salinity is about 0.5ppt 
(Borrelli et al. 2012). The vegetation of the border 
of the pond is characterized by Typha latifolia, 
Polygonum hydropiperoides, Alternanthera 
philoxeroides, Bidens laevis, Mikania parodii and 
Ludwigia sp., among others.

The Quartzite Quarry, Batán city, (38º30’ S, 57º 
45’W) constitute anthropogenic diggings 40m in 
depth on average, made for quartzite extraction 
(Fig. 1). The soils are Tecnosols (IUSS-WRB, 
2007), have an incipient development and are 
characterized by a depth that ranges between 
some millimeters to about 10 cm. The profiles 
that developed AC and CA horizons have sandy 
and sandy-silt textures, respectively (Osterrieth et 
al., 2012). The shallow depth, coarse texture and 
lax structure cause these soils to have low hydric 
retention and rainwater is the main source of 
water for plants. As a consequence of the mineral 
exploitation, different waterbodies developed (del 
Río et al., 2005). These small ponds are temporary, 
have a variable depth and they are fed by rainwater. 
The pond selected for the study also receives water 
from the washing of the quartzite material extracted, 
thus the availability of silica in these diggings is 
greater. The waters are slightly alkaline, being the 
pH range from 8.23 to 9.18, and the salinity is close 
to 0 (zero) (del Rio et al., 2005). Once the extraction 
activity is ended, typical aquatic vegetation, such as 
Juncus spp. and S. californicus, develops in these 
waterbodies. 

The Sand dune Quarry (37º 23’ S, 57º 05’ W) is 
located in a coastal sector of Buenos Aires province, 

Argentina, where sand is extracted for commercial 
use (Fig. 1). The soils are Arenosols (IUSS-WRB, 
2007) that have evolved from coastal dunes. These 
soils have a high permeability and their texture is 
sandy loam (IUSS-WRB, 2007) with the fine sands 
as the representative fraction (Fernández Montoni, 
2011). As a consequence of the extraction activity 
some semipermanent and permanent ponds have 
been developed. These ponds are fed by rainwater 
and ground water; pH ranges from 8.4 to 8.83, 
being slightly alkaline waters, the conductivity 
is about 338µS/cm2 and salinity is around 0.2ppt 
(Fernández Montoni, 2011). In this site, plants were 
collected from two different ponds (S1 and S2).

Si content in surface waters
Several surface water samples of the different 

ponds were collected along two years, including 
the moment of the vegetation sampling (2008-
2009). The collection and preservation of water 
samples were made following the standard methods 
according to American Public Health Association 
(1998). Surface water samples were filtered 
through 0.45 µm pore size membrane filters of 
cellulose nitrate and silica concentration (SiO2) 
was determined by means of silicomolybdate 
method (American Public Health Association, 
1998). 

Plant collection 
In each of the three sites selected, ten culms of 

Schoenoplectus californicus were collected: five 
young culms (green flowering, with flowers or 
with immature or mature fruits) and five senescent 
culms (with completely mature and disperse fruits). 
Culms were measured and between 1.5 and 3 g. 
from each one were sampled, including basal, 
median and apical sections. 

Analyses of the amorphous silica content 
Culms were subjected to the calcination technique 

sensu Labouriau (1983). After this treatment 
ashes mainly compound by the amorphous silica 
biomineralizations produced along the plant life, 
were obtained. This technique destroys the organic 
matter, dissolves calcium crystals and releases 
amorphous silica biomineralizations. 

The culms were first placed in an ultrasound bath 
for 15–20 min and washed with distilled water to 
remove mineral contaminants. The samples were 
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dried at 56ºC for 24 h, weighted and charred at 
200ºC for 2 h. Later, they were boiled in a 5N HCl 
solution for 10 min, washed with distilled water 
and filtered with ashless filter paper, until no more 
chloride ions were detected. Finally, the samples 
were ignited at 760ºC for 3 h (Labouriau, 1983). 
The final ashes were weighted and amorphous 
silica content was calculated as a percentage 
of dry weight. The ashes were mounted with 
immersion oil and were observed and described 
with a Zeiss Axiostar plus microscope at 400× 
magnification. Microphotographs were taken with 
a digital camera Canon Powershot G10. Between 
200 and 250 particles were counted in each slide 
and the morphotypes were described according to 
Fernández Honaine et al. (2009) and Madella et al. 
(2005). The relative frequency of each morphotype 
in each sample was calculated. Some samples were 
coated in gold and observed by a scanning electron 
microscope (JEOL JSM-6460 LV, Japan) at 
Universidad Nacional de Mar del Plata, Argentina. 
The semi-cuantitative composition of the 
biomineralizations was analyzed by x-ray Energy 
Dispersive Spectroscopy (EDS) investigations. 
The system used was an EDAX Genesis XM4 
- Sys 60, equipped with Multichannel Analyzer 
EDAX mod EDAM IV, Sapphire Si (Li) detector 
and super ultra-thin Window of Be, and EDAX 
Genesis version 5.11 software. 

Analyses of the distribution of the silicified cells in 
the tissues

Since calcination technique destroys 
organic matter and releases amorphous silica 
biomineralizations, it is difficult to identify their 
location in tissues. For this reason, a staining 
methodology was used as a complement of the 
analyses.

Cross sections of young and senescent culms 
were carried on by hand. The material was cleared 
with 50% (w/v) sodium hypochlorite, dehydrated 
in an ethanol series and then stained with phenol 
crystals. Phenol crystals stained silica cells with 
a rose colour (Johansen, 1940).Then the stained 
fragments were mounted with immersion oil and 
observed with a Zeiss Axiostar plus microscope at 
400× magnification.

Data analyses
 Mean and standard deviation of Si content 

in surface water in the three sites analyzed were 
calculated. Differences between groups of data were 
tested by a Kruskal-Wallis test and a nonparametric 
multiple comparison test, since normality and 
homoscedasticity assumptions were not achieved 
(Zar, 1984). 

Values of amorphous silica content of young and 
senescent culms collected in the three study sites 
were subjected to a two-way ANOVA test. The two 
factors analyzed were age (young/senescent) and 
collection site (Los Padres pond, Quartzite quarry, 
Sand quarry).

results

Si content in surface waters
Si content (measured as SiO2) ranged between 

0.9 and 47.4 mg.L-1 (Fig. 2A). In descending 
order, the average values of silica content were: 
27.4±18.7 mg.L-1 (Quartzite quarry, Q); 6.5±0.2 
mg.L-1 (waterbody of the Sand quarry, S1); 4.3±1.9 
mg.L-1 (Los Padres pond, LP) and 1.4±0.5 mg.L-1 
(other waterbody of the Sand quarry, S2) (Fig. 2A).

The Kruskal-Wallis test carried on the Si content 
values showed significant differences between 
sites of collection (H =17.17, p=0.0006). The 
multiple comparison test made a posteriori showed 
significant differences between Quartzite quarry 
and Sand quarry S2 (Z=3.86, p=0.0006) and 
between Quartzite quarry and Los Padres pond 
(Z=2.92, p=0.0204) (Fig. 2A).

Amorphous silica content in culms
 The values of amorphous silica content 

obtained from ashes ranged between 5.38-12.65% 
dry weight for senescent culms and 1.05-3.5% for 
young culms (Fig. 2B). The two-way ANOVA test 
showed that there are significant differences in 
the silica content between young and senescent 
culms. Instead, there are no significant differences 
between the amorphous silica content in culms 
collected from sites with different silica availability 
(Table 1).

Anatomical description of the culms
 In cross section, the culms have a uniseriate 

epidermis, composed by cells of rectangular section 
and a thin cuticle (Fig. 3A-C). The epidermal 
cells associated to sclerenchyma strands contain 
the typical amorphous silica biomineralizations 
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Fig. 2. A: Mean, standard error and standard deviation of Si content (mg. L-1) in surface water of the three 
sites studied. B: Mean, standard error and standard deviation of amorphous silica content of young (grey 
bars) and senescent culms (black bars) collected from the three sites. S1 and S2: Sand quarries; LP: Los 
Padres pond; Q: Quartzite quarry.
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(cone shaped phytoliths, cp in Fig. 3B, C). The 
chlorenchyma consists of three layers of rectangular 
cells arranged as palisade tissue (pp in Fig. 3A). 
Ground parenchyma (tp in Fig. 3A, D) consists 
of two-three layers of isodiametric cells and 
collateral vascular bundles are embedded in this 
tissue. Vascular bundles are enclosed by a sheath 
composed of one layer of circular parenchymatic 
cells, and one layer of sclerenchyma at the xylem 
end (v in Fig. 3A). The air cavities consist of stellate 
cells (aerenchyma tissue) and are bounded by 
ground parenchyma cells (in Fig. 3A, D). Some of 
the parenchymatic cells that surround the external 
side of the air cavities have thickened cell walls 
(Fig. 3D, E).

The anatomy between young and senescent 
culms is similar, except for the ground parenchyma. 
In senescent culms the number of cells with 
thickened walls around the aerenchyma increases 
from one to two or three layers (Fig.3A, D).

Morphological description of the amorphous silica 
biomineralizations (phytoliths) and their location 
in tissues

 Between 90-100% of the total of the 
biomineralizations observed in the ashes of young 
culms corresponded to the typical cone shape 
phytolith (Table 2, Fig. 4 A, B). These cones 
are located in the epidermal cells associated to 
schlerenchyma tissue, as it was observed in the 
cross sectioned culms analyzed (Fig. 3 A-D).

In the ashes of senescent culms, cones accounted 
for 50-70% of the total with other phytolith 
morphologies also present (Table 2). These other 
morphologies included silica skeletons composed 
by diverse type of cells (Fig. 4D), polyhedrical 
phytoliths (Fig. 4E), lobate phytoliths (Fig. 4 G, H), 
xylem and elongate phytoliths. The analyses carried 

on by x-ray Energy Dispersive Spectroscopy (EDS) 
on the phytolith morphologies clearly showed the 
silicon composition of them (Fig. 4 C, F, I). The 
study of the cross sectioned and stained culms 
showed that the lobate phytolith structures observed 
in ashes of senescent culms (Fig.4 G, H) derived 
from the silicification of the typical stellate cells of 
the aerenchyma tissue (Fig. 3 D). In the parenchyma 
with thickened cell walls associated to the air cavities 
and surrounding the internal vascular bundles, there 
were cells with the lumen silicified (Fig. 3 D) which 
resembled the polyhedrical phytoliths described in 
the ashes (Fig. 4 E). The elongate phytoliths are 
probably derived from fibers, which are commonly 
observed surrounding the vascular bundles and 
below epidermis (Fig. 3 A).

These results showed that senescent culms 
had a higher diversity of amorphous silica 
biomineralizations, i.e. a higher diversity of cells 
that were silicified, and included at least three types 
of tissues.

discussion

Amorphous silica content in culms and silica 
availability

Except for the values obtained for Quartzite 
quarry, the Si content registered in surface waters 
corresponds with the values obtained by the 
typical Pampean ponds (between 0.1 and 8 mg.L-1, 
depending of the season since Si content have a 
strong biological control) (Miretzky et al., 2001, 
2002; Borrelli et al., 2012). The higher values 
for the Quartzite quarry are due to the extraction 
activity of the site. The pond studied receives 
water from rain but also from the washing of the 

Table 1. Two-way ANOVA test of amorphous silica content of young and senescent culms (age factor) 
collected in Los Padres pond, Sand quarry ponds and Quartzite quarry pond (site collection factor).

Source of variation Sum of Squares Degrees of freedom Mean square F p(F)
Intercept 857.47 1 857.47 334.93 0
Age 234.08 1 234.08 91.43 0.00*
Site collection 20.16 3 6.72 2.62 0.07
Age x site 7.11 3 2.37 0.92 0.44
Error 61.44 24 2.56

*Significant differences at P<0.01.
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Fig. 3. Cross sectioned samples of senescent culms of Schoenoplectus californicus after phenol staining. 
A: General view of the main tissues: pp: parenchyma arranged as palisade tissue, s: sclerenchyma strand, 
v: vascular bundle, tp: parenchyma with thicked cell walls, ac: air cavity, cp: cone shaped phytolith. B-C: 
Detail of the cone shaped phytoliths (cp) located within epidermal cells associated to sclerenchyma strands, 
observed under light microscopy (B) and SEM (C). D: Air cavities showing the typical lobate cells with silica 
depositions (arrow). E: Parenchymatic cells with thickened walls (tp) showing amorphous silica depositions 
(arrows). Bars: 40 µm (A, D, E), 20 µm (B), 10 µm (C). 

Table 2. Relative frequency of the morphologies of the amorphous silica biomineralizations (phytoliths) 
observed in the ashes of young and senescent culms of S. californicus collected in the three study sites. 

Phytolith 
morphologies

Study site
Sand quarry pond 1 Sand quarry pond 2 Quartzite quarry Los Padres pond
Young Senescent Young Senescent Young Senescent Young Senescent

Cone shape 
phytolith 96,76 ± 3,04 52,72 ± 11,55 98,98 ± 1,11 67,75 ± 9,04 100 56,93 ± 18,6 93,09 ± 5,14 72,71 ± 22,5

Polyhedrical 0,62 ± 0,74 5,53 ± 0,54 0,29 ± 0,25 5,36 ± 3,05 0 5,78 ± 3,73 2,36 ± 2,9 14,23 ± 8,13
Lobate 0 8,11 ± 2,37 0 2,80 ± 3,45 0 10,54 ± 9,27 0 1,99 ± 1,8
Elongate 0 6,86 ± 1,35 0 4,60 ± 6,72 0 6,42 ± 4,47 0 8,21 ± 13,34
Xylem 0 5,41 ± 1,75 0 5,05 ± 4,67 0 5,95 ± 3,96 0,34 ± 0,29 0,15 ± 0,27
Stomatal 
complexes

0 0,76 ± 0,28 0 0,32 ± 0,73 0 0 0 0

Silica 
skeletons 2,62 ± 2,41 20,60 ± 8,41 0,73 ± 0,98 14,11 ± 3,81 0 14,38 ± 2,96 4,22 ± 2,43 2,71 ± 2,13

Values are means + standard deviation of three samples.
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quartzite material extracted. Through this washing 
an important quantity of fine and siliceous material 
is discharged into the pond, leading to the Si 
enrichment of the water. Besides the differences in 
the Si content in surface waters, amorphous silica 
content of culms collected in different sites was 
not significantly different. These results would 
reflect that the range of silica content in surface 
water included in the study was not sufficient to 
cause differences in plant silica content. A similar 
result has been obtained for Spartina anglica by 
Bakker et al. (1999), who did not find changes 
in tissue silica content when soils were enriched 
with silica. A second explanation for the lack of 
differences would be that silica accumulation in 
this species is not affected by silica availability 
in water.

Amorphous silica content and culm age
 Amorphous silica content in S. californicus 

culms is clearly affected by age, as it was shown 
in the results, where senescent culms had the 
higher percentages measured as dry weight. As 
plant grows, silica (in the form of silicic acid) is 
continuously absorbed by roots and transported to 
the organs, where it is deposited by transpiration 
(e.g., Ma & Takahashi, 2002). Since it is not 
remobilized once it is deposited, older tissues or 
organs accumulate more silica than young tissues, 
as well as occurs in grasses (Handreck & Jones, 
1968; Ma & Takahashi, 2002; Motomura et al., 
2002). 

Which cells are to be silicified as plants grows? 
This study showed that the typical cone shaped 
phytoliths developed in the epidermal cells seem 

Fig. 4. Microphotographs of the amorphous silica biomineralizations obtained after calcination technique 
and EDAX analyses. A, B, E, H: Electron microphotographs obtained from ashes. D, G: Microphotographs 
obtained from ashes observed by light microscope. C, F, I: EDAX analyses. A, B: Cone shaped phytoliths. 
C: EDAX analyses of cone shaped phytolith. D: Silica skeletons which include stomatal complexes and 
elongate phytoliths. E: Polyhedrical phytoliths. F: EDAX analyses on polyhedrical phytoliths. G, H: Lobate 
phytoliths derived from aerenchyma cells. I: EDAX analyses on lobate phytoliths. Bars: 40µm (D), 30µm (G).
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to be formed at an early stage, since they are 
practically the only morphology found in the young 
culms of Schoenoplectus californicus. At an older 
stage, stellate cells belonging to aerenchyma, 
polyhedrical cells from the parenchyma, fibers and 
xylem became silicified. The presence of silicified 
xylem and/or aerenchyma has been observed in 
leaves of other sedges; however no relation with 
the age of the organ was made (Gordon-Gray et al., 
1978; Fernández Honaine et al., 2009). Considering 
that this species grows in an aquatic environment 
and it experiences some hydrodynamics forces 
higher than a terrestrial plant, it is likely that it 
develops some strategy to improve the structural 
resistance, for instance the silicification of the 
aerenchyma or parenchyma (Gordon-Gray et al., 
1978; Prychid & Rudall, 1999). 

Which are the conditions that favor the 
silicification of these cells?: a thinner wall or 
the absence of secondary deposition and the 
localization of the areas where transpiration is 
higher seem to be relevant in this aspect. As it 
occurs in grasses with the “typical silica short 
cells”, the development of the cones of sedges 
probably occur independently of external or internal 
factors and at a young stage of maturation of the 
organ (culm in our case) (Motomura et al., 2000, 
2004, 2006). Instead, the silicification of stellate 
cells may be a consequence of a thinner wall, as 
it probably occurs in bulliforms cells of grasses 
(Sangster, 1970; Fernández Honaine & Osterrieth, 
2012). Also if amorphous silica deposition is driven 
by transpiration process (Sangster & Parry, 1971; 
Ma & Takahashi, 2002), it is likely that aerenchyma 
cells, which are in contact with numerous air spaces 
and as a consequence may have a higher loss of 
water, produce high quantities of amorphous silica 
biomineralizations (Taiz & Zeiger, 2002). Lastly, 
the silicification of parenchymatic cells located at 
the edge of the air cavities may act as a reinforcing 
mechanism, avoiding the collapse of the air cavities.

Amorphous  s i l i ca  b iominera l i za t ions 
(silicophytoliths) and the Si biogeochemical cycle

The knowledge and understanding of silica 
biogeochemistry is important for the global 
biogeochemical cycles, since it is linked to the 
global carbon cycle by marine organisms (diatoms, 
radiolarians, sponges) (Tréguer et al., 1995). 
Although several studies focused on the marine silica 

cycle, the interest in the terrestrial silica cycle has 
recently begun to increase, since much of the reactive 
Si reaching the oceans has undergone prior biological 
cycling on the continents (Conley, 2002; Derry et al., 
2005). In the study area, phytoliths represent an 
important fraction of the soils mineralogy, about 
40% in the mollic epipedons, so they represent an 
important source of biogenic silica to the waterbodies 
through the erosion processes. While the silica cycle 
is strongly dominated by diatoms in wetlands, some 
studies were focused on the role of phytoliths of the 
terrestrial ecosystems in the waterbodies (Cary et 
al., 2005; Struyf et al., 2005; Borrelli et al., 2012). 
In Los Padres pond, previous studies have shown 
that diatoms and phytoliths of the surrounding 
soils constitute an important pool of reactive silica. 
Phytoliths produced by macrophytes could not been 
observed in suspension or in the bottom sediments, 
what could be explained by dilution effects or higher 
dissolution rates in relation with alkaline pH of the 
surface waters and/or lower silicification degree 
(Borrelli et al., 2012). Because of that it is important 
to know the process of silicification in vegetal 
aquatic communities as they contribute to complete 
the knowledge about the sources of reactive silica 
to the wetlands and oceans, and the global Si 
biogeochemical cycle.

conclusions

Schoenoplectus cali fornicus  produces 
amorphous silica biomineralizations according to 
the phenological stage, increasing the proportion 
of silicified tissue at older age, probably in relation 
to the structural needs associated to the functions 
of the biomineralizations. Two groups of cells 
could be described: the ones that are silicified 
early in the development (cone shape phytoliths) 
and the ones that under some circumstances, such 
as maturation of the plant, thickness of the wall 
or transpiration rate became silicified (stellate 
cells, parenchymatic cells). It is noteworthy 
that silica content in culms was not affected 
by variations in silica availability in water; 
however, the inclusion of a wider range of silica 
availability in surface waters should be test in the 
future so as to corroborate these results. Finally, 
we can conclude that what we have observed 
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on sedges could resemble to what happen in 
grasses, in relation to the effect of senescence 
and the distribution of silicified cells in tissues, 
but not in relation to silica availability. This work 
contributes to the comprehension of global silica 
biogeochemical cycle, and particularly the silica 
cycle in wetlands.
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