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Abstract

Purpose Silicon (Si) is the predominant element in soils, but is usually sparingly soluble and limited in its availability for plant
uptake. Although Si is not a nutrient, Si fertilization may be necessary in weathered soils where Si is depleted to obtain increased
yield, especially for Si-accumulating plants such as sugarcane. The multiple harvest of sugarcane crops in such soils may lead to
Si depletion over time if Si supplementation is not practiced. However, there is a lack of information about soils type and Si
concentrations in soils with positive responses to Si fertilization.

Methods Advances in methods of analysis of Si in soil and plants and their implementation in future studies can improve our
understanding of the dynamics of Si in soil-sugarcane systems. Additionally, the responses to Si fertilization require further
investigation in sugarcane, which is planted in tropical and sub-tropical regions of the world where soils are strongly weathered
and Si-depleted.

Results Here, we review our current state of knowledge on Si solubility, availability for plant uptake, responses to Si fertilization,
and its uptake in sugarcane.

Conclusions This paper summarized outcomes from early and recent research on Si in sugarcane, with a view to improving yields
through appropriate Si nutrition.

Keywords Saccharum spp - Siabsorption - Silicate - Plant nutrition - Soil

1 Introduction

Silicon (Si) is the second major element constituting the
Earth’s crust with an average of 28% total Si [1, 2]. Around
80% of igneous rocks, which originated from metamorphic
and sedimentary rocks, are basically constituted by silicate
minerals [3]. In the solid phase, Si is bound to four oxygen
atoms in crystalline forms and amorphous compounds (allo-
phane and phytolithic silica) [4, 5]. Thus, soils generally have
large quantities of Si in their composition, but the soluble and
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plant available Si may be low, leading to the necessity of Si
fertilization, even though Si is not an essential element [6].
The subject of Si in soil and plants in general has been
reviewed numerous times [5—12] since the classic paper of
Jones and Handreck (1967). However, very few reviews have
focused exclusively on the importance of Si in sugarcane ag-
riculture [4, 13, 14] while the recent review [15] examines its
role in ameliorating abiotic and biotic stresses. However, the
association of data of Si availability to soil type, methods of
extraction of soluble Si contents, responses to Si fertilization,
and Si uptake has not yet been reviewed for sugarcane.
Sugarcane is relevant economically, being the world’s main
sugar producing plant. The crop is also important from an
environmental perspective as a source of renewable energy
through production of ethanol and therefore reduced depen-
dence on fossil fuels [16, 17]. As sugarcane is considered a Si-
accumulating plant [6], Si concentrations in soil will inevita-
bly be reduced after multiple harvests, as the same areas have
been used for cropping for several decades [4, 18, 19]. Despite
advances in methods for Si analysis in soil and plants in the
last decades, it is essential that we develop a better understand-
ing of the association between soluble and plant-available Si
and responses of sugarcane to Si fertilization, if we are to
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enhance yields through adequate management of this benefi-
cial element in soils under sugarcane.

In consideration of these specific issues and the need to
achieve a more generalized understanding of the topic in sug-
arcane agriculture, this review comprises an overview of Si
availability in soil, responses to fertilization, and uptake in this
crop. We expect that it will enhance our understanding of the
direct effects of Si fertilization in maximizing stalk yield and
contributing to the sustainability of sugarcane crops.

2 Silicon in Soil

2.1 Factors Influencing Si Availability to Plants and
Responses to Fertilization

Although Si is the main constituent of soils, Si solubility and
availability to plants differ greatly between soils. Silicon sol-
ubility and availability varies as a function of mineral compo-
sition, particle size, Fe and Al oxides and hydroxides, organic
compounds and pH in soil [1, 10, 20, 21]. These factors influ-
ence the soluble and available Si dynamics in the soil-plant
system and, consequently, responses to silicate fertilization.

The soil Si liquid phase is constituted by monosilicic acid
(H4S10,), polysilicic acid [6], and their complexes with or-
ganic compounds [5]. Silicic acid is the most important uptake
form for growth of plants, and its concentration varies from
0.01 to 2 mM Si in soil [10]. Monosilicic acid (H4Si0,) is the
main form of Si absorbed by plant roots [6] and it is the only
form determined by the molybdenum blue method [22]. This
form is also predominant in most soils with a pH lower than
7.0, due to the high pKa (9.6) of'silicic acid [23]. At pH higher
than 9 and 11, H3Si0, and H,SiO, 2 forms occur, respec-
tively. In addition, the concentration of monosilicic acid in
soils with pH < 7.0 is low when high quantities of Fe and Al
oxides and hydroxides, and anionic adsorption are present [5,
23]. Under high Si concentrations in soil solution, H4SiO4
polymerizes to form polysilicic acid and complexes with or-
ganic compounds, which are not absorbed by plants.
Dissolution mechanisms are complex and several intermediate
stages are involved in deriving more soluble forms [5].
Monosilicic acids and their anions have weak acid properties
and can react with many organic and inorganic compounds
[24].

The solubility of primary and secondary minerals is one of
the principal factors related to Si concentrations in soil solu-
tion [5, 10, 25]. Soils containing greater contents of primary
minerals (feldspar, plagioclase, orthoclase) and clay minerals
(montmorillonite, vermiculite, smectite, kaolinite) have higher
total and soluble Si contents compared to weathered soils. The
desilication process is more intense in tropical humid regions
where high levels of iron and aluminum oxides are found in
soils [4, 10]. This is well illustrated in the weathering
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sequence as a function of Soil Order [26], where Mollisols
contain the highest quantity of Si-minerals, followed by
Vertisols, Inceptisols, Alfisols, Ultisols, and Oxisols, with pre-
dominant contents of Fe-Al oxides. Other examples of the
importance of soil mineralogy regarding solubility and avail-
ability of Si were provided by [20]. These authors showed that
a soil derived from basalt rock (Tolga series) showed higher Si
(23.7mgL" 'Siin0.01 mol L™ ' CaCl, ) compared with the Si
level (9.7 mg kg ') in a soil from granitic rock (Nicotine
series), in sugarcane-growing areas of Australia. Not only
the quantity of silicate minerals in soils is important to provide
Si to plants, but also the Si-mineral type. Soils with elevated
contents of silicate minerals such as quartz, which are com-
monly found in sand and silt fractions, may have low Si con-
centrations [4, 21]. The Si solubility of quartz is lower (3 to
7 mg L™ ' Si, pH 7.0) than that of some amorphous Si com-
pounds (50-60 mg L™ ' Si), including phytoliths [5, 23].

Soil texture is another important factor influencing soluble
Si in soil. Positive correlations between clay content and sol-
uble Si in several solutions were reported for soils under sug-
arcane in South Africa [14, 27], Australia [20, 28], Hawaii
[29, 30] and Brazil [21, 31, 32]. Low Si concentrations are
commonly found in soils with clay values less than 35%, but
some soil types, such as Kandiustalf, can provide higher sol-
uble Si due to relatively high Si-mineral contents (Table 1).
[21] showed higher Si contents extracted by 0.01 mol L'
CaCl, in Cerrado soils containing 60% clay levels (Table 2).
However, the highest soluble Si was not obtained from soils
with the highest clay content, but rather from the Rhodic
Kandiudox, which is a younger soil, as indicated by its greater
silt level (Table 2) and presence of kaolinite [33]. It explains
the absence of a response in sugarcane stalk yield when rates
ofup to4 tha ' cement were applied to a Kandiustalf soil (<
35% clay) by [33].

Other important factors affecting Si concentration in soil
solution are the Fe and Al oxides and organic matter contents
in soils. The first studies on silicate fertilization in sugarcane
were conducted in oxidic soils and produced impressive yield
increases [30, 37, 38]. This beneficial effect of increased Si in

Table1 Contents of clay and Si extracted by two solutions in soils from
Sao Paulo state, Brazil

Soil type Clay Acetic acid CaCl, Reference

(05molL™Y  (0.01 molL™Y)
%o mg kg ' Si

Quartzipsamment 6.0 3.3 24 [34]
Rhodic Hapludox 16.0 6.9 2.9 [35]
Rhodic Hapludox 22.0 8.1 49 [34]
Rhodic Acrudox  68.0 10.7 5.7 [35]
Kandiustalf 28.0 275 115 [36]
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Table 2 Physical characteristics, total contents of silica (SiO,),
aluminum and iron oxides, and Si concentration in CaCl, (0.01 mol L™
! in Cerrado soils from Brazil

Table 3  Sugarcane yield responses (as a percentage of the untreated or
lime-treated control) to source of Si incorporated before planting in field
experiments under soils of contrasting soil texture

Soils Clay Silt 8102 A1203 Fezo3 Ki Si
% mgkg !

Soil Texture Source Rate Yield Country Author

tha (%)

Rhodic Hapludox 82 7 181 314 95 098 42

Rhodic Kandiudox 77 16 - - - - 300
Rhodic Acrustox 65 20 104 259 209 0.68 9.2
Kandiustalf 36 8 - - --- - 17

Rhodic Haplustox 17 1 72 6.9 5.4 1.34 2.6

Adapted from [21]

soil solution was a consequence of the decreased adsorption of
Siby Fe and Al oxides [8, 9, 29]. Additionally, organic soils in
the Histosols order are well-known for their low Si-minerals
contents with consequent positive responses to silicate fertili-
zation [39—44]. However, [45] reported that some organic
soils from Florida (USA) had high Si-minerals content (>

35%) in the clay fraction, such as the Torry muck soil series,
and silicate fertilization is not necessary to provide Si to sug-
arcane, in contrast to Lake Okeechobee.

Additionally, soil pH is not an intrinsic soil characteristic,
and can be changed in accordance with the chemical manage-
ment of soil, unlike other factors influencing Si concentration.
Si concentration showed a positive correlation with soil pH in
soils with contrasting physical and chemical characteristics
under commercial sugarcane production in South Africa [27]
and Brazil [31]. Although Si concentration can be increased
with application of acidity correctors, some soils, especially
loam-sandy and sandy soils, do not contain sufficient Si to
supply a Si-accumulator crop such as sugarcane, grown over
several years in the same place [20].

Increases in stalk yield using various sources of Si (crushed
basalt, cement, slags) in soil were reported since the 1960s in
sugarcane. Studies conducted in several countries have shown
that soil characteristics such as mineralogical composition,
texture, and contents of Fe and Al oxides and organic matter
were critical to the success of silicon fertilization in this crop
(Table 3). In addition, the soil pH must be considered before
silicate applications. An assessment of the concentration in
soils is essential for adequate recommendations for Si fertili-
zation of sugarcane crops.

2.2 Silicon Status of Soils Under Sugarcane

Several extractant solutions have been used to obtain soluble Si
concentrations in soil [8—12], which are commonly determined
using the molybdenum blue method after the extraction proce-
dure [22]. Widely used extractant solutions include water,
0.5 mol L™ ! NH,-acetate, 0.005 mol L™ ! H,SO,, 0.025 mol
L' H,S04, 0.01 mol L™ " CaCl, and 0.5 mol L™ " acetic acid.

Slag 9.0 32
Slag 120 35

Australia [20]
Australia [20]

Clay, Fe and Al oxides Slag 80 34 Hawaii [46]
Slag 6-12 1827 Hawaii [37]
Slag 45 29 Hawaii [29]

Slag 142 30
Slag 142 20

Mauritius [38]
Mauritius [47]

Clay Slag 28 65 Brazil [48]
Slag 9.0 13 South Africa [49]
Sand Slag 17.8 13 USA [42]
Slag 1.5 7-17 Brazil [34]
Cement 4.0 94 Brazil [50]
Slag 5.6 11-16 Brazil [51]
Organic soil Slag 17.8 13-22 USA [42]
Slag 6.7 12-24 USA [52]
Slag 20.0 39 USA [40]
Slag 150 68 USA [41]
Slag 6.7 25 USA [44]

In general, the acidic solutions extract large concentrations
compared to neutral solutions [9, 28], leading to over-
estimation of Si in calcareous soils [53] and in soils to which
acidity correctors have been applied [21, 54]. Although the
problems inherent in the use of each solution are still being
debated, studies have been successfully conducted in an attempt
to establish critical levels for soils under sugarcane in several
countries.

Water extraction was one of the first methods used to eval-
uate Si availability to sugarcane. In a study conducted in
Hawaii (humic ferruginous latossol, humic latossol, low hu-
mic latossol, dark magnesium clay), [29] suggested the value
of 90 mg kg ' Si in water (1:10 soil: solution, 4 h agitation) as
a critical Si level for adequate sugarcane growth in soils de-
veloped from basalt rocks and in alluvial soils. They also
found that Si extracted by water showed a strong correlation
with leaf Si (R2 =0.97) extracted with trichloroacetic acid,
unlike other solutions such as H,SO,, Ca (H,PO,), and
HOAC. Based on field studies conducted during 1976—1982
in Hawaii, researchers proposed the application of silicate
when Si concentration in soils was lower than 78 mg kg '
for sugarcane crop [51, 55]. The recommendation was 2.24 t
ha ! of CaSiO; when silicate fertilization had been done with-
in 2 years of planting sugarcane, and 4.48 t ha ' CaSiOs if no
Si addition was done previously. They also suggested 2.55 t
ha ! of silicate when the leaf Si concentration was less than
0.7% or the Mn/SiO, ratio was above 75 [51, 55]. However,
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water is not an adequate extractant because of its weak ionic
strength, increasing the clay dispersion, causing under-
estimated values, especially in clay soils [9, 24, 32].

Although studies on the adequacy of Si levels in soils for
sugarcane were reported only after 2001 [9, 20, 43-45], an
increase in stalk yield was previously shown with cement
application in several countries, such as Australia [9], South
Africa[13,49, 56] and Brazil [48, 50, 57]. One study involved
the areas most commonly planted to sugarcane on the east
coast of Queensland, Australia [20]. In these areas, the con-
centration of Si was evaluated in 0.01 mol™ ! CaCl, (1: 10) and
0.005 mol L™ ! H,SO, (1:200). These authors also conducted
six experiments in three contrasting soils with different rates
of calcium silicate. At Innisfail, a 34% increase in stalk yield
was obtained with a 9 t ha™ ! silicate application (189 t cane
ha '; 8.6 mg kg ' soluble Si in 0.01 mol L™ ' CaCl,) com-
pared to the control treatment (128 t cane ha™ 1 over two
years. In Mossman soil (4.2 mg kg ' Si in CaCl, 0.01 mol
L"), total yield increased to 161 t cane ha ' following appli-
cation of 12 t ha ! of silicate compared with 105 t cane ha '
over two years, while in Bundaberg soil (9 mg kg ' Si in
CaCl, 0.01 mol L™ "), silicate application at 12 t ha '
creased yield by 23% to 278 t cane ha ' over the control
(213 t cane ha '). Based on these results, [20] suggested
10 mg kg~ ' soluble Si in 0.01 mol L™ ' CaCl, for adequate
growth of sugarcane in Australia soils.

Silicate fertilization in sugarcane was studied in South
Africa over the last decades, but only a few studies evaluated
the soluble Si contents in soils [58—60]. Under field condi-
tions, Keeping et al. (2013) reported increases in yield of plant
cane and two ratoons using 8 t ha ' of silicate. The Si con-
centrations in soil extracted with 0.02N H,SO, [37, 61] in-
creased from 6.3 mg kg™ ' Si in the control treatment to
369 mg kg_1 Si with silicate application in plant cane, while
Si concentration in soil increased from 6.1 to 5.5 mg kg~ ' Si
without Si to 319 and 99.8 mg kg~ ' Si with silicate applica-
tion in the first and second ratoon, respectively. Additionally,
[27] reported Si concentrations ranging from 5 to 123 mg kg~
!'Siin 0.01 mol L™ ' CaCl, and values from 2 to 293 mg kg '
Si in 0.02 mol L™ ' H,SO, in 112 soils from principal soil
types planted to sugarcane, including the following soil or-
ders: Inceptisols, Alfisols, Mollisols, Vertisols, Oxisols,
Entisols, and Ultisols [27]. In 28 sugarcane areas in their
study, Si concentration in the leaves showed the highest cor-
relation (R = 0.77) with soluble Si in 0.01 mol L' CaCl,, in
contrast to Si in 0.02 mol L™ ' H,SO, (R*=0.47).

In the United States, 0.5 mol L™ ! acetic acid is the most
commonly used solution in studies of Si concentration in or-
ganic soils, almost 80% of which are planted to sugarcane in
the Everglades area [44]. Positive responses to silicate fertili-
zation in sugarcane have already been shown in these organic
soils, and in sandy soils [39—42]. Initially, the recommenda-
tion for silicate fertilizer was based on sugarcane leaf analysis

n-
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where values were less than 10 g kg ' Si in the TVD (top
visible dewlap) leaf [62]. Later, silicate fertilization was also
based on values of soluble Si in 0.5 mol ' acetic acid as
required for rice crops [63] planted before sugarcane in crop
rotation systems. For low (<6 mg L™ ' Si), medium (6-24 mg
L ' Si)and high (>24 mg L' Si) soluble Si levels in acetic
acid, 1.5, 1.1, and zero t ha ! of silicate (20% Si) were indi-
cated, respectively, for rice, followed by sugarcane crop.
Despite low Si concentrations in organic soils (Histosols),
some soil types have high silicate mineral contents, such as
those located at Okeechobee in Florida, and, consequently, Si
fertilization is not required [43]. This fact led to studies on Si
fertilization in organic soils. [44] proposed a threshold level of
15 mg kg~ ' Si extracted by acetic acid (0.5 mol L™ ") for
application of silicate in organic soils in the Everglades.
Based on this study, they suggested the application of 6.7,
5.6,45,34,and 2.2 t ha ! of calcium silicate to soils with
Si levels in the range: 0-5; 6-10; 11-15; 16-20, and 21—
25 mg kg~ ' Si, respectively. According to the authors, these
quantities are sufficient to supply Si over a 3-year cropping
cycle. The strong correlation between Si contents extracted by
acetic acid and Si in the plants was a consequence of the high
buffering power of organic soils when acidity correctors such
as lime or silicate are used, unlike most of the soils with clay
contents lower than 35% (sandy, loamy sandy, sandy loam,
sandy clay loam) from tropical humid areas.

In Brazil, the pioneering study of [32] on the evaluation
of Si concentrations in soils using water and CaCl,
(0.0025 mol ~ ' and 0.01 mol L™ ') in 44 soils of Sao Paulo
state was only followed decades later by experiments on
silicate fertilization in sugarcane. Acetic acid extraction
(0.5mol L™ ") was only used to evaluate the Si concentration
and responsiveness of soils to silicate fertilization for rice
plants [64]. These authors obtained the best correlation be-
tween rice straw Siand soluble soil Si contents in acetic acid
(R2 =0.88) and water (R2 =0.84), as opposed to CaCl,
(0.0025 mol L™ '; R?=0.70) and buffer solution (pH 4.0;
R? =0.69). Although water extraction showed a high corre-
lation with Si in rice, the authors did not recommended it, in
agreement with other studies [24, 32], due to the long time
required for sedimentation of soil particles after the filtra-
tion process in clayed soils, which could make this method’s
inclusion in routine analysis difficult. However, later stud-
ies on soils with a wide range of mineralogical, physical and
chemical characteristics, and incubated with lime and silicic
acid [21] showed that acetic acid could overestimate soil Si
concentration values. The low pH of the acetic acid solution
produced large changes in pH of soils with a low buffering
capacity, such as sandy and loamy sand soils.

Few studies have been carried out on Si fertilization in
sugarcane through evaluation of soluble Si in soils in pots
[19, 35, 58, 65—68] and under field conditions [31, 34, 58,
69, 70]. [68] reported increases in Si concentrations in
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sugarcane leaves and soluble Si in 0.01 mol L™ ' CaCl,
when rates up to 400 kg ha” ' Si were applied in a loamy
sand soil. [35] have also shown a significant positive corre-
lation between Si uptake and Si contents extracted by acetic
acid (0.5 mol L™ ) and CaCl, (0.01 mol L™ !) in sand and
loamy sand soils. In addition, application of silicate in the
rows before sugarcane planting using rates up to 165 kg ha
' Si resulted in increased Si concentration in sugarcane
leaves and Si extracted by acetic acid (0.5 mol™ Y in plant
cane and first ratoon in a Rhodic Hapludox (16% clay) [34].
For soluble Si in CaCl,, the correlation between soil Si and
leaf Si concentration was only significant in the first ratoon.
Acetic acid was the best solution for evaluation of Si avail-
ability to sugarcane plants in these studies [19, 34, 35], due
to a similar soil pH in all treatments.

On the other hand, silicate application under sugarcane
crop residues (dry leaves + tops) increased the Si concentra-
tion in CaCl, at 0-20 cm and 2040 cm after 12 months, as
shown by [70]. They evaluated the Si levels in CaCl,
(0.01 mol L™ 1), acetic acid (0.5 mol L™ '), KCI, and Na-
acetate buffer in soils from eight commercial sugarcane areas
of South Central Brazil, including clay, medium texture and
sandy soils in plant and ratoon. The authors reported that
acetic acid and KCI were more efficient in evaluating soluble
silicon in three soils. They also suggested dividing the soils
according to texture, in agreement with [21].

Finally, there is no calibration test at present for silicate
fertilization in Brazilian soils. However, it has been accepted
that values lower than 10 mg kg~ ' Si extracted with CaCl,
(0.01 mol L™") in sugarcane research experiments justify Si
supplementation, as proposed by [20] in Australia for soils
with similar chemical characteristics. Also important, is that
soils with clay values less than 35% are the most responsive to
silicate applications. Nowadays, silicate recommendations
can be made to totally or partially substitute the lime applica-
tion for soil pH correction before planting, in accordance with
[71]. These authors have also suggested quantities of silicate
less than 800 kg ha™ ' when the soil pH is adequate for plant
growth.

3 Silicon in Sugarcane
3.1 Silicon Uptake by Sugarcane

While for most plants the essentiality of Si has not yet been
demonstrated, it is considered a beneficial element [6, 25].
Silicon is taken up by the roots, transported to the shoot by
the xylem vessels, and, at least in rice, deposited as a double
epidermal silica layer on the cell walls, strengthening the plant
structure [72]. Most plant Si is opaline, with less than 1%
soluble in the colloidal or ionic form, or combined with or-
ganic compounds [73]. Additionally, while most plant species
are capable of taking up Si [6], sugarcane is considered a Si-
accumulator plant. However, information is still scarce
concerning the amounts of Si absorbed by sugarcane under
field conditions, which vary as a function of soil texture, Si
rates applied and plant age (Table 4).

Concerning sugarcane yield responses to silicate fertiliza-
tion, [37] found that Si uptake increased from 61 kg ha™ in the
control treatment to 207 kg ha™' of Si in the above-ground
biomass after 14 months, following application of 12 t ha™
slag to a clay soil with high levels of oxides. In addition, [75]
showed Si absorption of 379 kg ha™' Si in soils of Hawaii,
while [38] reported 408 kg ha™ Si in above-ground biomass
(tops + millable cane) in only one harvest in Puerto Rico.
Later, [76] reported a sugarcane yield increase from 50 kg
ha of stalk yield in the control treatment to 215 kg ha™ with
1.6 t ha™! of silicate in soil with pH 5.5, while lower values
were obtained with pH 6.0 and pH 6.5.

Other studies have investigated Si uptake by sugarcane
where silicate fertilization was not practiced. [18] reported
56 kg ha' Si in leaves and 30 kg ha™' Si in stalks, i.e. a total
of 86 kg ha™' Si in above-ground biomass for the second
ratoon crop, in a sugarcane-growing region of Australia.
These authors also verified that more recently released culti-
vars accumulated double the quantity of Si compared with
those released between 1930 and 1980, although Si uptake
was still the same (84 kg ha' Si). The more recent cultivars
absorbed 62 kg ha Si in leaves and 22 kg ha™ Si in stalks,

Table 4 Si uptake in above-

ground biomass of sugarcane Soil texture Rates of Silicate Plant Age Si uptake Author

grown under field conditions as a tha ' Months kg ha™!

function soil texture, rate of

silicate fertilization and plant age Variable 0 2nd ratoon 86 [18]
Clay 0 variable 200-300 [31]
Clay 0 variable 215-795 [74]
Medium texture 0 36 (plant cane+2 ratoons) 406 [36]
Clay 0 12 379 [75]
Clay 1.6 18 (plant Cane+ 1 ratoon) 215 [76]
Clay 12 14 207 [37]
Clay 14 14 408 [38]
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while the older cultivars showed an average of 36 kg ha™ Si in
leaves and 40 kg ha!' Si in stalks. In India, quantities of Si
uptake were between 215 and 795 kg ha' in an average of 30
sugarcane genotypes evaluated under field conditions [74]. In
Brazil, [77] observed 120 and 240 kg ha™ of Si in crop residue
in nine cultivars after plant cane was grown in soil with high
levels of mineral Si (11.5 mg kg Si CaCl,; 27.5 mg kg™’
acetic acid), while 100 and 172 kg ha! of Si were recorded
in the first and second ratoon, respectively. Among these cul-
tivars, TAC91-1099 showed the greatest total uptake across 3
cycles (406.5 kg ha™! Si), which is still lower than in previous
studies from Hawaiin soils. Recently, [31] reported quantities
between 200 and 300 kg ha™ Si for one harvest of different
cultivars, plant ages, and with and without silicate
applications.

3.2 Silicon Concentrations in Sugarcane Leaves and
Responses to Silicate Application

Silicon concentrations in sugarcane vary between tissues, and
higher values are found in the leaves than in stalks [34, 36, 58,
78]. Regarding root tissues, [ 19] found values between 13 and
16 gkg™' Si in 6 months-old plants. [79] obtained increased Si
from 10 g kg Si concentration in the roots in the control to
15 g kg' Si with sodium silicate in 18 weeks-old plants.
Values higher than 25 g kg™' Si Si in the roots were found in
23 and 26 weeks-old plants with sodium silicate applied in
sandy loam soil [80, 81]. Additionally, leaf age also influences
Si concentration, with values varying from 1.4 g kg™ Si in
young leaves to 67 g kg™ Si in old leaves [50].

Differences between cultivars in sugarcane leaf Si concen-
trations are also commonly found in experiments conducted in
pots and under field conditions. In Brazil, [82] reported values
ranging from 10.3 to 19 g kg™ Si for leaves at harvest in 11
cultivars. [50] showed an average of 0.7, 10.4, and 11.4 g kg™
Si in the third leaf for RB72-454, SP79-1011 and SP71-6163,
respectively, grown in sandy soil. Values higher than 10 gkg™!
Siin TVD leaves at 8 months in IACSP 93-3046, IACSP 93-
6006 and IAC 91-1099 cultivars were also shown by [36] in
soil with high soluble Si. However, [34] found values of less
than 6 g kg™ Si in TVD leaves of sugarcane grown in low Si
content soil under field conditions, despite the higher values in
SP89-1115 compared to RB86-7515 in plant cane and ratoon.
In the United States, [83] obtained values between 6.4 and
10 gkg™' Siin 52 genotypes grown in sandy and organic soils
(low available Si). In addition, values from 6.0 to 15.5 g kg™
Si were found in TVD leaves of plant cane and 4.0 and 8.7 g
kg’l Si in second ratoon in 12 cultivars in Australia [18].
These authors also reported values from 0.8 to 2.5 g kg' Si
in the stalk of second ratoon cane. These results show that Si
contents varied as a function of plant phase and Si fertilization.

There is also a strong correlation between Si concentration
in the leaves and Si fertilization [4]. The quantity of silicate,
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soil type, and cultivar are important in these responses to Si
fertilization. Under field conditions, [52] reported 2.78 g kg™
Si without Si treatment and 6.16 g kg™ Si with silicate (6.7 t
ha’l) for leaf Si concentration in the plant crop, and 2.5 and
5.5 g kg Si in the ratoon, respectively, in organic soil. As
shown by [38], greater quantities applied in a clay soil with
oxides resulted in leaf Si concentrations increasing from 5.1 g
kg™ in the control treatment to 7.3 g kg™ Si with 7.1 t ha™! of
silicate applied over an average of five cropping cycles. Using
the same quantity, soil type and different cultivars, [47] veri-
fied that leaf Si concentration in plant cane of cultivar M93/48
was 5.7 g kg™ in the control and 9.1 g kg Si when treated
with 7.1 t ha™! silicate, while the corresponding values in cul-
tivar E1/37 were 4.9 and 6.8 g kg™ Si. Soil Si extracted using
the Truog method was in the range of 36-110 mg kg™' Si. For
the first ratoon, [47] also showed that leaf Si concentration
increased in M93/48 from 6.3 g kg™' Si in the control to
9.9 g kg'' Si with silicate, and in E1/37 from 6.0 g kg Si
(control) to 7.8 g kg’l Si (7.1 t ha! silicate). These results
showed that some cultivars are likely to have stronger re-
sponses to Si fertilization than others.

Positive responses to Si fertilization were also found by
[58]. They showed Si concentrations in the TVD leaves in-
creased from 3.2, 3.6 and 3.4 g kg™' Si without silicate in plant
cane to 3.9, 4.2 and 4.7 g kg™' Si with 8 t ha™ of silicate.
Higher applications were used by [41], who found that Si
concentration in TVD leaves was 8.3 g kg without Si and
14.0 g kg Siwith 12 t ha™ of silicate in a plant crop, and 3.1
for the control and 7.6 g kg™ Si with silicate in the ratoon crop.
The Si in leaves and soil were determined, respectively, ac-
cording to [30], and [29]. These authors demonstrated that Si
in soil increased from 15 to 52 mg kg™' Si in plant cane, and
from 10 to 28 mg kg™ Si the ratoon crop for the control and 12
tha! of silicate, respectively. However, low Si contents in the
leaves were found by [84], even with similar quantities of
silicate. These authors found Si concentrations in TVD col-
lected at 7 months increased from 1.4 g kg™ Si for the control
to 7.3 gkg ™' Si for 12 tha' silicate in Mossman soil, while the
values were 2.9 and 5.3 g kg™' Si in Innisfail and 4.7 and 7.4 g
kg Si in Bundaberg, using the same silicate application rate.
On the other hand, values between 1.0 and 21.3 g kg™ Siin the
TVD leaves were found in 28 sugarcane production areas over
a wide range of soils types with and without silicate fertiliza-
tion [84].

Similar variations were also found in pot studies with var-
iable Si sources, Si rates and pot sizes. [85] showed that TVD
leaf Si of sugarcane plants grown in sandy soil in 100 L pots
with 555 kg ha' Si increased to values greater than 10 g kg™
Si at 8 months in the plant crop. [86] showed Si concentrations
in TVD leaves increased from 3.75 g kg™ Si without Si appli-
cation to 6.27 g kg™ Si at 6 months age and from 1.75t0 8.3 g
kg'lat 8 months, with a silicate rate in pots (100 L) equivalent
to 600 kg ha™ Si. [19] found that 750 kg ha™' Si as silicate
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Table 5 Threshold levels of Si in
leaf tissues and silicate Country/state Leaf tissue Age Threshold Silicate Reference
recommendations for sugarcane
months Si (g kg™ tha’
Australia TVD leaf, 10.0 -—- [20]
without midrib
Florida TVD leaf, 4-6 10.0 2-10 [39, 62]
without midrib
TVD leaf, 7 5.0 - [44]
without midrib
Hawaii 1-4 leaf 9-15 5.0 1-5 [55, 62, 88]
Mauritius 3rd leaf 6 11.7 - [88]
3rd to 6th leaf 3 1020 - [62]
South Africa Green leaves 4 <10 1.5-9 [56]
TVD leaf, 34 7 - [90]
without midrib

produced Si concentrations greater than 10 g kg™ in TVD
leaves at 6 months in sugarcane grown in 20 L pots with sandy
soil. Using other Si sources, [60] reported that Si concentra-
tions in the leaves at 6 months age increased from 1.3 g kg™
without Sito 2.3 gkg” Siand 3.6 g kg Siwith 4 and 8 t ha™!
of silicate, respectively, for sugarcane planted in 6.4 L pots.
However, data obtained from pot studies cannot simply be
extrapolated to field conditions.

3.3 Diagnosis of Silicon Deficiency in Sugarcane Plants

The evaluation of Si concentration in sugarcane is done using
several plant tissues, which varies between countries
(Table 5). However, the central part (200 mm) of the TVD
leaf without the midrib is now used worldwide. There are
various extraction methods, including dry ashing [29], but
the most frequently used is acid digestion [87] and determina-
tion is done by colorimetry. X-ray-fluorescence is also used as
a standard method in the South African sugarcane industry
and the calibration frequently checked using colorimetry
[27]. The first studies to establish threshold Si levels in plant
tissue were done in Mauritius [88], while in South Africa [56]
and Hawaii [89] recommendations for silicate application
were proposed based on analysis of leaf Si content.

The recommendation for silicate fertilization of soils un-
der sugarcane production in Hawaii was also based on Si
contents in soils. Research indicated application of 2.5 tha™
of silicate to soils with less than 7 g kg™ Si, or when the Mn/
SiO, ratio was above 75 [51, 55]. And [56] initially pro-
posed 1 to 9 t ha™! of silicate based on leaf Si analysis in
South Africa. Decades later, leaf Si values greater than 7.5 g
kg are currently considered sufficient for growth in South
African sugarcane [90].

Values lower than 10 g kg™' of leaf Si are generally con-
sidered as deficient for this Si-accumulator plant, and

application of 2 to 10 t ha™ of silicate before sugarcane plant-
ing is recommended in Florida, United States [40, 62]. More
recently, [44] suggested that levels greater than 7.0 gkg™' Siin
TVD leaves were adequate for sugarcane plants grown in the
Everglades region. Additionally, [43] proposed the utilization
of soil Si contents extracted using 0.5 N acetic acid as a guide
for the recommendation of silicate applications for sugarcane
(Table 5), rather than leaf Si diagnosis, which can only be used
to evaluate the plant Si status. In Australia, [20] reported that
maximum yields of sugarcane were obtained at TVD leaf Si
levels greater than 5.5 g kg™'. These results were based on
experiments involving different soil types, rates and sources
of Si.

Studies on threshold Si levels in TVD leaves are still being
conducted in Brazil, as well as the Si concentration in soils
adequate to ensure no decline in sugarcane growth (loss of
yield) due to Si deficiency. For example, [34] reported that
under field conditions, the greatest stalk yield with Si concen-
trations lower than 7 g kg' Si in the TVD leaf were obtained
in plant cane, while in the first ratoon higher yields were
obtained when TVD concentrations were greater than 10 g
kg Si after silicate application (165 kg ha™ Si) applied in
rows in Rhodic Hapludox soil (2.9 mg kg™ Si in 0.01 mol
L' CaCl,). The higher values in the TVD leaves in the ratoon
were associated with a concentration effect of Si as a conse-
quence of the lower ratoon crop yield. However, threshold Si
levels in Australia [20] and the United States [44] are now
used as a reference in research studies, as at present there is
no calibration test.

4 Conclusions

The reviewed outcomes show that enhanced yield from Si
fertilization is still underestimated in sugarcane crops. This
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fact is associated with scarce information about: (a) soil type
and Si levels of plant available contents in soil with positive
responses to Si fertilization; (b) Si uptake in leaves and stalks,
which is variable according to plant age, cultivar, soil type,
and presence or absence of Si fertilization. It is concluded that
low Si levels in soils for sugarcane are commonly found in the
following situations: (a) soils with low pH, and high levels of
iron and aluminum oxides; (b) loam-sandy and sandy soils; (c)
organic soils. Additionally, Si levels in soils should be used to
evaluate whether Si fertilization is necessary for sugarcane
plants. Silicon fertilization should be applied when values less
than 10 mgkg ' Siin 0.01 mol L™ ' CaCl, in mineral soils or
less than 15 mg kg ' Siin 0.5 mol L™ ' acetic acid in organic
soils. Moreover, the evaluation of leaf tissues is also reliable
for showing adequate Si supply to sugarcane. Values less than
6 g kg ' of Si in TVD leaves collected during grand growth
period are not sufficient for sugarcane plants to achieve max-
imum yield. Even thought Si levels in soil and plant indicated
in this review are reliable and provided from field conditions,
further studies would contribute to maximizing yield and ad-
ditional benefits of Si fertilization, and to sustainability of
sugarcane agriculture.

4.1 Future Perspectives

The impact of Si fertilization in increasing sugarcane biomass
and sucrose yield, and ameliorating environmental stresses
could be enhanced by joint efforts among researchers world-
wide, conducting experiments in commercial sugarcane areas
during several harvests and that focus on:

* The definition of soil Si levels responsive to Si fertili-
zation, especially those based on the Si extractants
commonly used for sugarcane soils (0.01 mol L'
CaCl,; 0.5 mol L ! acetic acid);

* Calibration tests of Si sources and rates of application

required to provide adequate Si nutrition to sugarcane;

* Management of Si sources (powder or solution/suspen-

sion) under field conditions over multiple crop cycles.
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