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ABSTRACT

Slicon (S) is one of the most abundant ements found in the earth's crud, but is modly
inet and only dightly soluble Agriculture activity tends to remove large quantities of S from
0il. Sugarcane is known to absorb more S than any other minerd nutrient, accumulating
goproximady 380 kg ha' of S, in a 12month od crop. Sugarcane (platt growth and
development) responses to dlicon fetilizetion have been documented in some aress of the world,
and goplications on commercid fidds are routine in certan aees. The reason for this plant
response or yield increese is not fully understood, but severd mechanisms have been proposed.
Some dudies indicae that sugarcane yidd responses to slicon may be associaed with induced
resgance to hiotic and abiotic dresses such as disease and pest resgance, Al, Mn ad Fe
toxicity dleviaion, increesed P avalability, reduced lodging, improved lesf and ddk erectness
freeze resgance, and improvement in plant waer economy. This review covers the redionship
of gdlicon to sugarcane crop production, incduding recommendaions on how to bet manage
dlicon in soils and plants, dlicon interections with others dements, and laboratory  methodology
for determining glicon in the soil, plant and fertilizer. In addition, a future research agenda for
dlicon in sugarcane is proposed.

INTRODUCTION Kirkby, 1982). At times they ae

Integrated  management  of 13 important that they can be regarded
physologicdly essentid nutrients  namey agronomicaly essntid to sudtanable crop
X mecronutrients [nitrogen (N), production. As far as rice (Oryza sativa L.)

phosphorus (P), potassum (K), sulfur (S),
cdadum (Cg), and magnesum (Mg)] ad
seven micronutrients  [iron (Fe), manganese
(Mn), zinc (Zn), boron (B), copper (Cu),
molybdenum (Mo), and chloride (Cl)] ae
gengdly conddered by agronomigts for
increesng and  sudaning  cop  yidds
However, there are non-essentid eements,
that under certan agrociimaic conditions,
enhance plant growth by promoting severd
physologicd  processss. Although  not
conddered essntid, these dements are said
to be functiond nutrients (Mengd and

and sugarcane (Saccharum officinarum L.)
crops are concerned, Si is such an dement.
Members of the grass family
accumulate large amounts of S in the form
of dlica gd (S0,.nH,0) tha is locdized in
goecific cdl types The function of S in
plants has been proposed as i) support for
odl  wadls (resgance to lodging); i)
deterence to pet and pahogens i)
reduction in water loss by
evapotrangpiration; iv) reduction in certan
heavy metd toxicities and v) an essentid
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dement for normd devdopment in some
pecies.

Severd  reports  in the  literature
ugget that S nutriion has a ddinite
agronomic  rde  in sugacane  crop
cultivetion, especidly on westhered tropica
ils such as Oxisols, Ultisols, Entisols and
Hisosols (organic soils). Sugarcane absorbs
large amounts of S from soil. According to
Samuds (1969), a 12-months the above
ground pats contaned 379 kg ha' of S,
compared with 362 kg ha of K and 140 kg
ha! of N. Ross e d. (1974) reported the
remova of 408 kg ha® of totd S from sol
by a sugarcane crop (tops + millable cane)
yidding of 74 t ha*. The removd of S from
il could be more importat in intensvey
cultivated aress. As a result of the S export
of this magnitude, a temporay depletion of
bo-avalable S in soils coud ds be a
possble factor of declining yidds of ratoon
cops. In other words, there may be an
gopaent need for congdeation of S
nutrient management in developing
gopropriate  integrated nutrient  management
sysem for sudtainable sugarcane production,
epecidly in cetan ecoregions having S-
deficient weathered soils and organic soils

This paper intends to review
avalable liteeaure on S nutriion  of
ugacane and to summaize  potentid
agroeconomic  benefits of S management in
ugarcane  cultivation.  Suggestions  for
research on sdl and plat teding ae
discused for determining the need for S
goplication in sugarcane faming s that
sugar productivity could be increesed and/or
udaned over a long peiod of time in
certain agroclimatic regions.

SILICON IN SOIL

Slicon, dfter oxygen, is the mos
abundant dement in the earth's crud, with
ils contaning goproximatdy 3% S by
weight (Lindsay, 1979). Because of its
abundance in the biogphere the essentidity

of S as a micronutrient for higher plants is
vay difficult to prove Even highly purified
water contains about 20 M S (Wermner and
Roth, 1983) and; correspondingly, the leaves
of S accumulator plants that were subjected
to a socdled nodlicon treament usudly
contain between 05 - 19 mg S gt lesf dry
weight.

Literature on forms of S and ther
reection in oils has been reviewed by
McKeague and Cline (1963ab); Jones and
Handreck (1967); Mitchdl (1975); Lindsay
(1979); Halmark et d. (1982); Drees ¢ 4d.
(1989); and Tan (1994).

With increasng ranfall and
laterization in warm  sub-humid and  humid
tropicd ecoregions, the soils  ae
characterized by a lowering of base
sduration and S content, accompanied by
the accumulaion of iron and duminum
oxides (dessilication) (FGURE 1).
Desdlication is a continuing  process
mitigated by S recyding. Silicon is rdessed
by the wegthering of minerds, but only part
Is log by drainage or in a crop ecosystem
that is regulaly havested or burned.
Inversdy, soluble S may be introduced by
runoff, cepillary ascendon from the water
table or by aedlian, dluvid or avy other
depodtion of dlicate maerid a the <oil
surface.

According to Baker and Scrivner
(1985), the potentid leeching losses of S in
the Menfro soil series (fine-glt, mesc Typic
Hapluddfs) were approximady 542 kg ha’
yrt, which is approximady 200 times
gregter than the edimated losses for Al, 0.27
kg hat yrt.

Leeching of S from the w0l and
plat upteke ae ds importat in
determining S concentrations  in - Soils
(Kittrick, 1969). The concentration  of
ouble S in soils is undoubtedly dynamic,
where  equilibium  conditions ae the
exception rather than the rule Changes in
moidure content relaed to dternating
wetting-drying cydes in the il may




influence S concentration in solution more
readily than the other processes. Quartz is
lo& from soils upon  weeathering;
consequently,  perturbetions of the S
equilibrium must occur, and these reduce the
sluble S concentrations. In soils quartz is
generdly concentraied in sand and St
fractions, with secondary quantities in the
clay fraction. The parent materid of the soil
gengdly dictates which dze fraction will
have the maximum quatz content. The
quartz content of the clay fraction generdly
ranges from O to 250g kg™, depending on
the parent materiad and degree of weathering
(Tedrow, 1954; Borchardt d d., 1968, Le
Roux, 1973); dthough it may be as high as
750 to 850 g kg'. Generdly, the most highly
westhered soils have the lowest content of
quartz (Jackson and Sherman, 1993).

A  asaummay of the man
reactions'transformations influencing S
concentration in soil - solution is shown in
FGURE 2.

The lidphese of S ocours in
vaious discrete and associaed forms in
ils in wdl-ordered (quartz) and disordered
polymorphs  (eg. opal), and clayminerd
latice  dructures  The  <olubility  of
disordered or amorphous S polymorphs in
ils a an ambient temperature and neutra
pH is approximady 50 to 60 mg S L%
wheress tha of quatz is much lower,
commonly 3 to 7 mg S L (Alexander et
d., 1954; Krauskopf, 1959, Blat, 1979;
Dapples, 1979; Hdlmark et d., 1982). The
ligud-phase of S in sl is more complex,
but agronomicdly important. It indudes S
in ol soluion manly a monadliac or
orthoglicdic add [H4sSO, o S(OH),] and
may rage from 1 to 40 mg S L*?
(McKeague and Cline, 1963a; Beckwith and
Reeve, 1964; Jones and Handreck, 1963,
1967; Crook, 1968, Elgawhay and Lindsay,
1972), with 16 to 20 mg § L' most
common in soils near fidd capadty
(Hdlmark et d., 1982).

According to Elgawhay and Lindsay
(1972), a Hlid-phese tha is less soluble than

anorphous S but more soluble than quartz
controls S in s0il solution. Others have
uggested that amorphous S codings
formed due to dehydration (McKeague and
Cline, 1963c), kadlinite and montmorillonite
(Kittrick, 1969), a surface duminoglicate
component (R) of vaiable compogtion
(Weaver and Bloom, 1977), andlor opd
(Wilding & d., 1979) might regulate the
anoutt of S in the <ol oution. As
monoglidc add loses water, it forms so
cdled dlica gd until the proper moisture
content is reached. When the dissolved S in
il solution exceeds 65 mg S L7
polymerizetion of S usudly occurs and a
mixture of monomas and polymes of
S(OH)s and S-organic compounds may be
found in soil solution a a given time (Tan,
1994; Matichenkov and Ammosova, 1996).

The solubllity of S (both crystdline
and amorphous) is essatidly  congtant
between the pH limits of 2 and 85, but
increases rapidly above 9. The rgpid rise in
olubility above 9 is due to ionization of
monaslicic acid, asillugtrated below:

S(OH)4 +OH g S(OHRO +H20
H,90, + OH @ H:SO, + H,O

The rddionship obsarved by Ayres
(1966) between S in the sugarcane lesf and
il S extracted by 0.5 N ammonium acetate
(pH 4.0), implies that the plant upteke of S
is governed by the concentration of S in the
il solution.  If  the concentration  of
monadlidc add, dthough vaying in soils
of same pH, is beng mantaned a a Seady
levd by soil reserves, the highly weethered
s0ils are bound to become severdy depleted
in S if continuoudy cropped  with
sugarcane.

The ooncatretion of S in <ol
solution seems to be controlled more by
chemicd kinetics than by thermodynamics
(Hdlmark et d., 1982), and goparently has




no reaionship to the totd in the soil
(FIGURE 3). However, where S in solution
is higher (soluble S), the plant content of
this dement generdly is grester (Korndorfer
et d., 1999a). According to Drees e 4.
(1989) the dissolution kinetics of soil S ae
influenced not only by naure of S
polymorphs but dso by a myriad of soil
factors such a organic mater, redox
potertid, medlic ions  phyllo-glicates,
sequi-oxides, surface area, surface coatings,
and ovedl w0l soution dynamics. Organic
compounds such as dgnic acid, ATP, and
amino acids may enhance the dissolution of
2l S (Bvans 1965). Crook (1968) as is
demondrated by the high rates of dissolution
of sl S, induding quatz, to leachaes
containing organic metter, with the S going
into solution a complexes  S-organic
molecules. However, Douglas et d., (1984)
did not find a corrdation between the large
concentrations of soluble organic carbon and
monogdlicic acid movement in the leachate
Sadzavka and Aomine (1977) reported that
humus protected soil S from dissolution and
a the same time pevented S from
adsorption by  soils  These obsarvations
suggest that the role of soil organic matter in
S disolution is raher complex and needs
futher  daification. As patide dze
decreases or surface area of particles
increases, the disolution rae of S minerds
increese  (ller, 1955; Huang and Vogler,
1972; Lidgrom, 1968). Chemi-sorption of
metdlic caions (Al, Fe ec) to SO,
reduces its disolution rate, probably due to
the formaion of rddivdy insoluble
codings (Jones and Handreck, 1963;
Beckwith and Reeve, 1964; Lidgrom,
1968). Soil moidure dynamics seem to play
an importatt role in deermining the
concatration of S in sl solution.
Eveporation of soil waer may result in
depodtion of amorphous S coatings tha
may lder be invoved in S dissolution
(McKeague and Cline, 1963b).

Slicon soption in sils is pH-
dependent. Low pH results in less sorption,
and grester sorption occurs a higher pH
(McKeegue and Cling 1963b). A highly
dgnificat  corrdation  (r=0.989**)  was
obtained by Wong You Cheong et d. (1968)
usng 4 different grest soil groups, between
extractable S and pH. Many researchers
believe that sesqui-oxides espeddly Al
oxides ae lagdy respondble for much of
the capacity of soils to sorb soluble S, with
the maximum capacity between pH 8 and 10
(Beckwith and Reeve, 1964; Drees e 4.,
1989). Adsorption dudies of monomeic S
by volcanic ash oils suggest that the pH
effect was primaily rdaed to the totd
number of dtes avaldble for S sorption a a
gven pH (Wada ad Inoue 1974). Gibson
(1994) has determined the kinetics of S
rdeese from soils. He obsarved rdativey
rgpid removd of S from soil during the fird
hour of extraction with 0.01 M CaCl,, which
continued deady for 144 hours S sorption
by soil gopears to controlled by a second
order reaction kinetics (Brown and Mahler,
1987). Jones and Handreck (1963) dso
dhowed that iron oxides and especidly
duminum oxides were very effective in
sorbing  monoglicdc  add.  Therefore,  the
olubility of S in soils of the same pH was
influenced by the free sesqui-oxides present.

Although the S sorption process was
found to depend on soil pH and sequioxides,
it appears that the equlibium S
concentration was controlled by amorphous
S deposted a the surfaces of soil particles
(Brown and Mahler, 1987). Lopes (1977),
working with dx soils from different regions
of Brazil conduded that, in gengd, an
increase in pH increased S adsorption and
tha the adsorption of S by the oils
decreesad P adsorption, especidly  around
pH 7.

In  generd, the  pH-dependent
sorptiontdesorption of S by  sesqui-oxides
and days can result in fader eguilibrium
between solid and liquid pheses of S in ol




thean  disolutionprecipitation  phenomenon
(McKeague and Cline, 1963a; Beckwith and
Reeve, 1964; Jones and Handreck, 1963). A
typicd pH-dependent adsorption of S(OH)4
by sesqui-oxides can be illusrated by the
following resction:

S(OH), g[SO(OH)3]” + H*
[SO(OH)s]" + Fe(OH)3 g Fe(OH)0S(CH)3
+OH

The primary processes of chemicd
weathering of <ol glicaie ae hydraion,
oluion and  carbonaion; hydrolyss
chelaion; oxidation and reduction (Sticher
and Bach, 1966). In intensve westhering in
ab-humid and humid tropicdl region, ol S
is log through leeching. In a dimae
characterized by weting and  drying,
leaching of S would be grester than in a
cdimae that is continuoudy mois (Baker
and Scrivner, 1985). Based on a
methematicd  modd, potentid  leaching
losses of S from Hapluddf (Menfro series)
could be approximatdy 54 kg ha' yrl. As a
reult of desdlicaion, soils have diginct
minerdogicd sydems tha can be ranked
with respect to S-content and S-solubility,
as folows 21 days > 1.1 days > Al and Fe
oxides (Fox e d. 197 b). Sauraion
extracts of Oxisols of Puerto Rico generdly
contained less § (24 mg dm® S in
slution) then that of Ulisols (58 mg dm™
S in <olution) (Fox, 1982). Soluble S in
red, gray upland, gray lowland and dark red
wils of Okinawa, Jgpan, under sugarcane
cultivetion, ranged from 09 to 46 mg S 100
g' ad was podtivdy rdaed to soil pH
(Oya e 4d., 1989, Oya and King, 1989). In
gengd, S ooncetration in olution  of
highly westhered soils such as Ultisols and
Oxisols is saverd times less than those soils
in temperate regions (McKeague and Cling,
1963c; Juo and Sanchez, 1986; Foy, 1992).
This may be a possble factor of lower
productivity of sugarcane on tropica soils.

TABLE 1 presnts the vaidion
found in extractable S in saverd oils with
accompanying  determinations of totd S
content of leaves growing of these soils A
sanple of sandy soil from near Ocda
contained approximately twenty times as
much soluble S as did a sample of Tera
Caa from Oklavaha Among the organic
ils, the highes sample contained eght
times as much soluble S as the lowed.
Okeechobee muck from Pahokee caries 3.7
times as much extractable S as the sample
of Everglades pest from Bele Glade (Bar,
1966).

Application of glicates increesed the
water-soluble P as the rate of goplication
increased, despite the fact that the pH of the
s0il dso increased.  The result suggests that
the S effect is not to reduce the formation of
inoluble cadcium phosphates, but rather to
reduce the adsorption of P by the freshly
precipitted Fe and Al hydroxides
McKeague and Cline (1963bc) reported that
freshly precipitated hydroxides of polyvaent
metds such as Al and Fe are highly effective
inS sorption.

Cddum glicte may neutrdize the
il addity (see equations bdow) with the
formation of dlidc add and could thus
dminish the solubllity of such dements as
Mn, Feand Al

CaS0; +H,0 @ Ca* +90,2
S0,% + H,0 g HSO, + OH
HIO, + H,O @ S0,%+ H,O+OH"

The additon of CaCO; to ol
reduced S solubility, mogly because of a
change in pH of the soil (more dkdine pH).
The effect of soil pH is shown by Ayres
(1966), who found that liming a <ol
decreased the upteke of S by various plants
including sugarcane.

Amounts of opd phytdiths in soils
commonly range from < 1 to 30 mg kglon a
tota soil basis. As much as 500 to 750 g kgt
of the totd contributed to soils by many




grass and forest species is in the $ um gze
fractions (Jones and Beavers, 1964; Wilding
and Drees 1971). Coaser opdine
condituents are more sable and esser to
fractionate from soils, but finer ones ae
often more vauable for plat taxonomic
purposes.

Sevard interdated factors govern
concentrations of biogenic opd, which may
vay by seved ordes of magnitude from
one geogrgphicd aea to the next. Thee
incude plant species ol factors  (pH,
soluble S, reactive Fe and Al sesqui-oxides,
hydrology, e€c), dimae geo-morphology,
and opd dability (Jones and Handreck,
1967; Wilding and Drees, 1971).

Quantities of biogenic opd in soils
commonly decrease  with depth. The
maximum concentration usudly occurs in
the surface or subjacent horizon, wheress a
minimum occurs 50 to 100 cm below the
aurface unless a buried paeosol is present
(Wilding and Drees 1971; Jones ad
Beavers, 1964).

SILICON IN WATER

Irrigetion water could be a potentid
source of S for sugarcane, because the
folowing fooms of S may occur in naurd
waters. ionic and molecular S, aggregate S
(es cdlod, solid andlor gd), S adsorbed
onto sexqui-oxides, organic-S complexes
(humites), metd-S complexes and in living
organiams, plankton, detritus, etc. (Mitchell,
1975, Tan, 1994). The monomeric form of
S (HsS0,) has been recognized to be the
man  form. However, the ovedl
compogtion of forms of S is influenced by
severd factors such as pH, temperature,
degree of super saturation, and the presence
of other substances.

Ran water contaned less than 0.2
mg dm® S and was consdered not enough
to be of agronomic importance (Whiteheed
and Feth, 1964; Fox & d., 1967a and b). In
Hawai, mountan water & about 300 m

contaned only 25 mg dm® S wheress
irrigation water pumped from wells near sea
level contained 30 mg dm® S (Fox & 4.,
1967a). Wel water from Kerda date (India)
having westhered <oils contaned less S
(24 to 32 mg dm® S) than irrigation water
from dam (56 mg dm3 S) (Nar and Ayer,
1968). Kobayashi (1960) obsarved for
Japanese rivers tha the average dissolved S
in those flowing through regions of
sdimentary rocks was 47 mg dm® S
wheress it was 21 mg dm3 S for those in
the neghborhood of volcanic  rocks
Sadzawka and Aomine (1977) have reported
gmilar obsarvation in river waters from the
volcanic ash aea of centrd Chile. Silicon
contents of 23 to 28 mg dm*® S have been
reported for deegp ground water (Dapples,
1959).

SILICON NUTRITION IN
SUGARCANE

There is ample evidence that
different gpecies uptake greatly different
anounts of S. Legumes and other
dicotyledons have much lower levds than
monocotyledons, for example, the
Graminege. Sugarcane is a S accumulaor
plant, which drongly responds to S supply.
The S form that which sugarcane usudly
absorbs has no electric charge (H,SO,4) and
is not very mohbile in the plant. Because the
upteke of undissociaed H;SO; may be
nonsdective and enageticdly passve, and
its trangport from root to shoot is in the
trangoiration dream  in the xylem, the
assumption has sometimes been made that
the movement of S follows that of water
(Jones and Handreck, 1965). The dlicic acid
is depogted manly in the wals of epiderma
cdls where it is integraied firmly into the
Sructura meatter and contributes
ubgtantidly to the strength of the stlem.

The didribuion of S within the
shoot and shoot pats is determined by the
transpiration rate of the pat (Jones and




Handreck, 1967). Mogt of the S remans in
the apoplasm manly in the outer wals of
the epidemd cdls on both sufaces of the
leaves as wdl as in the inflorescence bracts
of graminaceous Species and is deposited
after waer evaporation a the end of the
trangoiration stream, (Hodson and Sangder,
1989). Slicon is deposted dther as
amorphous b (SO,. hH,0O, 'opd') or as so-
cdled opd phytdiths with didinct three-
dimensond ghgpes (Pary and Smithson,
1964). The preferentid depodtion of S in
the gooplaan of epidemd cdls ad
trichomes is reflected in Imilarities between
surface features of lesf and structure of S
depodts (Laning and Eeuterius,  1989).
The epidemd cdl wdls ae impregnaed
with a firm layer of S and become effective
bariers agang both fungd infections and
water loss by cuticular transpiration. Despite
that, there is increedng evidence for the
necessty to modify the treditiond view of
S depogtion in the cdl wadls as a purdy
physcd process leading to mechanicd
dabilization (rigidity) of the tissue and
acting as amechanicd barrier to pathogens.

Slioon may be invoved in cdl
dongaion andlor cdl divison. In a fidd
dudy, plait crop heght was quedraicaly
rlated to the rate of S applied, while plant
cop dem diange was linearly reated
(Elawad e d., 19829). Gascho (1978)
reported that goplication of TVA dag and
Na dlicate to greenhouse grown sugarcane
increesad  plant  height.  Phicket  (1971)
indicated that some of the effects of S on
sugarcane were longer daks with larger
diameters and increased number of suckers.
These  obsavations on cae ad
obsarvations for other crops suggest a
possble roe of S in cdl dongaion and/or
cdl divison (Elawed et d., 1982ah).

Ayres (1966) determined that only
15% of the totd plat S ae presnt in
sugarcane daks a 14 months The ledf
shesths on the best cane-gowing oils
contained about 25 pecent S. Usng the

gxth leaf sheath, Hdas (1967) suggested
citicd levds of 1.25 percent of S and 125
mg dm® of Mn. If the S levd was beow
this vdue, S responses could be expected.
Under fidd conditions in Horida, Anderson
(1991) suggested that at least 1% S (~2.1 %
SO, in the leaf dry maiter) is required for
optima cane yidd. At 025% S the yidd
drops to about 50%. According to Rodrigues
(1997), increesing S rate from 0 to 924 kg
ha' uing Wolasonite  resulted  in
subgtantid increese of the S content in the
leaves from 0.7 to 1.93 % and S in the soil
from 14 to 46 mg dm® (TABLE 2).

Better S-accumulding cultivars may
have the advantage of requiring lower rates
of S fetilizer or less frequent goplications
A rdaivdy narow base of sugarcane
germplasm demondrated sgnificant
vaiadlity for S content in lesf tissue
(Deren e 4d., 1993). Korndorfer e 4.
(19989) dso found that sugarcane cultivars
have different capacities to accumulate S in
the leaves. The S leves in the lesf were of
0.76, 104 and 1.14% respectivdy for the
cltivaes RB72454, SP79-1011 and SP71-
6163.

POTENTIAL BENEFITSOF SLICON
MANAGEMENT

Increased Yidds

Research  work demondrating the
use of dlicate dag as a source of S for
sugarcane has been lagdy conducted in
Hawai, Mauritius ad Hoida  Yidd
reponses are grest enough that sugarcane
grown in the Everglades (South Horida) is
routindy fertilized with cddum dlicae
when soil tegts indicate the need. However,
S fatilization reguires large quantities of
dag (generdly 5 Mg hal), making it quite
codly (Alvarez e d., 1988). Yidds of cane
and sugar in Hawai have been increased 10-
50% on soils low in S, and may sugar
plantations regulaly goply cdcdum dlicae




in reponsve fidds (Ayres 1966, Clements,
1965 Fox e d. 1967b). Incressed yidds
of sugarcane in fidds have been reported in
Mauritius (Ross, 1974) and Pueto Rico
(Samuds,  1969); while in South Africa
(Preez, 1970) and Brazil (Gescho and
Korndorfer, 1998), severd sources of
slicate increased sugarcane yiddsin pots.

In 1961, D'Hotman reported large
increases in sugarcane yidds from massve
goplications of findy ground basdt to soils
in Mauritius In dmilar work, Hdas and
Paish (1964) found increesed S in ledf
sheaths and increesed yidds of sugarcane
with the application of basdt dudt. Ayres
(1966) found thet the S of cdcdum slicate
dag acts as a growth simulant for sugarcane
onlow S soilsin Hawaii.

The berdfits of S fetilization ae
generdly observed in sugarcane grown on
Stdeficient soils such as weethered tropicd
sils and Hidosols. Ayres (1966) obtained
increeses in tonnage of sugarcane amounting
to 18% in cane and 22% in sugar for plant
cane crop following the application of 6.2 t
ha'l of dectric funace dag to auminous
humic ferruginous latosols in Hawaii. The
beneficid effect of the dag lasted on low S
soils for four years and the firg ratoon crop
produced about 20 % more cane and Sugar.
In Mauritius, cddum glicate dag aoplied a
71t ha! to low S woils (less than 77 mg
dni® S extractable with modified Truog's
extractant) a plaiting gave annud cane
increeses tha were economicdly profitable
over a 6-year cycle A net return from the
gopliction of cddum dlicae could be
expected if the totd S leve in the third lesf
lamina was bdow 067 % of S or if the
add-soluble soil S was bdow 77 mg dm
S (Rosset d., 1974) (TABLE 3 and 5).

Based on the resllts of a 3-year
dudy, Gascho and Andres (1974)
conduded that S is benefidd and probebly
essentid  for sugarcane grown on  organic
and quatz ssnd soils of Horida For TVA
cdcum dlicate dag goplied & 49 to 116 t

ha' to muck and soils Gascho (1979)
observed ggnificant podtive response a Al
sven muck locations and two out of four
sand locations. The economic andyss of the
reults of these fidd tests showed
profitability of S management under the
given fidd conditions (Alvarez and Gascho,
1979). With the addition of cddum dlicate
dag (obtaned from El SGLO Corporation,
Columbia, Tennessee) a 6.7 t ha, yidds of
five inter-gpecific hybrids of sugarcane were
increased by an averages of 17.2 % and 21.8
% during 1989 and 1990 respectivdy (Rad
et d. 199). In Mauritius, Ross & d. (1974)
observed that there was marked increase in
ugacane  yidd with cddum  dlicae
goplications  throughout the cyde (TABLE
4).

In Brazil, only a few expeiments
have been done on the effect of S on
Sugarcane  yield. Casgrande  (1981)
obsarved little effect on yield when 4 t hal
of cement was goplied (TABLE 5). The
same results are observed for the amount of
sucrose (Pol).

Rice and sugarcane ae grown in
rotetion in the Everglades Agriculture Areq,
Horida From this rice-sugarcane rotation,
both economic and agronomic benefits have
been obsaved (Alvarez and Snyder, 1984;
Swyder @ d. 1986). Anderson e d. (1986
and 1987) obsarved that a dngle goplication
of dlicate dag to Teara Cda muck prior to
planting of rice increesed production of rice
and sugarcane in rotation, but to a lesser
extet then the dag goplied prior to cane
planting. In an invedigaion to determine
multtyear response of sugarcane (cv. CP72-
1020), the application of 20 t ha'l of dag
(100% passng through 40 mesh screen)
increesed cumulaive cane yidd as much as
39 % and sugar yidd as much as 50 % over
three crop years (Anderson, 1991).

Snce S plays the role of a beneficd
nutrient in sugarcane, it improves cane plant
growth. Applicstion of TVA ad Horida
cddum slicate dag (up to 20 t hal) to




sugarcane (cv. CP 63-583) grown in a
Pahokee muck soil increesed plant height,
dem diange, number of millable daks
and cane and sugar yidds in both plant and
ratoon crops (Elawvad et d., 19823). This
Suggested that S improved the
photosynthetic  effidency  of  individud
plants as well as of the whole sand. They
obsarved gppliction of 15 t ha' of dag
increesing cane and sugar yidds by 68% and
7% in plant cop, and by 125% and 129%
in the raoon crop, respectivdy. Smilar
results have been reported in Tawan (Shiue,
1973), Audrdia (Hurney, 1973) and Puerto
Rico (Samuds, 1969). In mogt of the above
reports, the increeses in cane and sugar
yidds asodaed with the gpplication of
dlicste materids have been dtributed to the
increesad  number  of millable ddks and
incressed plant Sze, and not to Pol reading.

A few reports on agronomic benfit
in sugacane from dlicae applicdion in
Indonesa, Mdaysa and South Africa are
seeninthe literature.

In fiedd trids a two nortirrigeted
gtes in South Africa conducted during 1983
1985 on finetextured acd soil (pH 4.5),
ded dag from Japan was gpplied at a rate of
1-3 t ha'! before planting cane. The results
of the trids indicated increase in cane and
Sugar yidds in the plant and ratoon crop
(Allorerung, 1989). Preez  (1970) hes
reported  podtive  yidd regponses of
sugarcane to goplied dlicate materids to
South African soils.

Recycling of nutrients in  bagasse
funace ah (BFA) may have some
agronomic vaue as a source of S. Pan et 4A.
(1979) incorporated BFA containing 28 %
S d raes of 12, 24, 36, and 48 t hal into
Mdaysa <sols before planting.  They
observed the highest cane yidds of 119 and
127 metric t ha* a 36 and 48 t BFA ha''; 13
and 20% more than the control respectively,
and ds0 sugar yidds 15 and 20% more than
the control, respectivdly. Lee & d. (1965)
reported Smilar increeses in plant cane and

the succeeding ratoon canes from massve
goplication of BFA to Tawanee soils.
Further fidd invedtigaions into recycling of
S for devdoping a practice usng reduced
rates of BFA would be rewarding.

Induced Resistance to Stress

Under fidd conditions, crop yidds
ae adversdy affected by biotic stresses such
as pests and plant disseses, and abiotic
dresses such as soil water shortage, cold
temperature, UV-B radidion, Fe, Al and Mn
toxicties ec. Appropriie S management
of crops may offer some practicad solutions
to thee dres problems (Savat et 4d.,
1997).

a) Disease Control

In sugarcane, smdl rust-colored or
brownish spots on the leaves of cane
growing on  highly weaheed soils
characterize a leaf disorder cdled freckling.
In severe cases, dffected lower leaves may
die prematurely and can affect cane yidd.
Freckled plaits ae less efficdent in
performing photosynthess not only because
they have less lesf but dso because many
leaves ae freckled. This lesf disorder was
corrected by application of slicae materids
(Clements, 1965b). Ayres (1966), Fox e 4d.
(1967b), and Wong You Cheong e 4.
(1972) have dso noticed thet leaf freckling
symptoms in sugarcane were gone following
S treatments.

Elavad e 4d. (19823 observed
ggnificant decrease in percent freckling in
the plant crop as well as the ratoon crop with
goplication of 20 t hat of TVA dag to muck
0il. The mechanism for the disgppearance
of legf freckling in sugarcane following S
gopliction is  ill not  wdl  undergood.
Clements e d. (1974) atributed lesf
freckling manly to the presence of toxic
levds of Fe, Al, Mn and Zn in the soil
olution. However, Gascho (1978) daed




that the development of freckled leaves is an
expresson of the plant's need for Si.

Slicon deposted in the epidermd
tissue mechanicdly deters hyphae invason
(Takahashi, 1996). Furthermore, S
physiologicdly promotes ammonium
assmilation and redrans the increase in
soluble  nitrogen  compounds,  induding
amno adds and amide which ae
indrumental  for the propagetion of hyphae
(Takahashi, 1996).

Recently, Rad e d. (1992
invedtigated the influence of cultivar and
0il amendment with cadum dglicate dag on
foiar dissese devdopment in  sugarcane
hybrids (TABLE 6). Severity of sugarcane
rug¢ (Puccinia melanocephala H. Syd. and
P. Syd) was not affected by application of
dlicde dag. However, they noticed
dgnificant reduction in severity of ringspot
with the addition of the dag (Leptosphaeria
sacchari Breda de Hann) by an average of
67/% across the five cultivars dudied.
Slicon is known to be depodted at the
extend surface of cdl wadls of plants thus
forming a mechanicd barier to penetration
of the pathogen causng ringgpot but not to
that of rug in sugarcane (Kunoh, 1990; Rad
e d., 1992. A hypothess has been
presented that the polymerized S adds fill
up goertures of cdlulose micdle condituting
cdl wdls and make up a S cdlulose
membrane. This membrane is supposed to
be manly regponsble for protecting the
plant from some dissases and insects
(Yoshidaet d., 1969)

b) Pest Control

While gdudying the influence of UV-
B radigion and soluble S on growth of
ugarcane, Elawad et d. (1985) additiondly
observed increased resstance of sugarcane
to stem borer (Diatraea saccharalis F.) with
improved S nutrition. Newly hatched D.
saccharalis lavae, when dating ther
atacks on sugacane plants do so by
feeding on epideemd tisue of the sheeh,
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leves and devdoping internodes in  the
immature top of the plants. The presence of
S aydds in thexe tissues should hinder the
feading of the insect, which in this phase has
raher  fragile mandibles Pants like
sugacane and rice, with high S contents,
sem to interfere in the feeding of lavee
damaging their mandibles It is possble that
plants with higher S contents in ther tissue
would have a higher levd of ressance to
the infections by such pests.

The high S levds in NgSO;3 trested
plants may have served as a deterrent to the
borers (TABLE 7). A dgnificant negative
rddion was observed between lesf S
conteit  and shoot  borer  incidence
Sugarcane vaieties with a higher number of
S cdls per unit area in the leaf sheath
portion 5 to 7 cm from the base were found
resdant to the shoot borer (Reo, 1967). The
percentage of the incidence of borer damage
was less in sugarcane (var. GPB 5) treated
with bagasse furnace ash and dlicate dag
than in untrested sugacane (Pan e 4.
1979). It is interesting to note that incressed
goplication of N fetilizers done incressed
the incidence of sugacane doak borer
(Eldana saccharina, Wadke) in Mdi
(Coulibaly, 1990), and thet of another borer
(Chilo auricilius Dudgeon) in India
(Sukhija e d., 1994). The increese of the
borer's incidence may be patly due to the
formation of softer daks resulting from the
lower than adequate levds of plat S
required for drengthening of the stak cdls
(Jones and Handreck, 1967; Lewin and
Reimann, 1969). In other words, the borer
incdence could have been prevented by
goplication of S together with N fetilizers
(Maxwdll et a.,1972).

) Toxicities Alleviation

According to  Clements  (1965Db),
there is a pogtive effect of applying soluble
dlicates in areas where sugarcane absorbs
excess amounts of certan dements such as
Mn, and where the plant is unable to asorb




S to mantan a sheah level a& or beyond
0.7% S (dry weght). The mog important
negdive factor was the MnW/SO;, ratio, i.e,
the lower the ratio, the better plants grow.
The two dominant factors affecting yidd of
sugar wee Ca and S, the later beng
outdanding. The levd of S which appears
adequate is about 0.7%, and the best ratio is
in the 30 to 50 range.

The man effect of the S on

dleviging manganee toxidty was to
didribute the Mn more evenly through the

leaves, thereby preventing it from collecting
into locdized aress which become necrotic
(Jones and Handreck, 1965; Jones and
Handreck, 1967, Vlamis and Williams
1967).

d) Freezing Alleviation

Freeze damage during the winter in
the aub-tropicd aess in the continentd
United Saes (induding Horida, Louisang,
and Texas) and south of Brazil is one of the
mgor condrants in sugarcane production
(Ivine 1963 and 1968, Ta and Miller,
1986). Cultivation and cold tolerant vearieties
can reduce freeze damage to leaves and
ddks and the falure of the ratoon crop. In
Horida, it has been noted that there is an
increesed tolerance to freeze damage of
commercid sugarcane in areas treated with
cdcium dlicae (Ulloa and Anderson, 1991).
Results of drip tests with dlicates suggest

that  goplications of  dlicaes have
amdiorated mild freeze effects on sugarcane
(Rozeff, 1992abc). According to  Ulloa

(quoted from Rozeff, 19924hc), dlicae dag
treated cane ressted deterioration caused by
a deper freeze in Horida These limited
obsarvations on S-induced cold tolerance in
sugarcane, however, warant additiond fied
dudies.

€) Water Economy

Water dress under field conditions is
common and affects cane yidds Improved
S nutrition may reduce excessve ledf
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trangpiration (Wong You Cheong e d.,
1972).

One of the ymptoms associated with
S deficdency is the excessve rae of
trangpiration. The rate of transpiration of S-
deficient plants increased by about 30% over
the rae of ocontrol plants (Lewin and
Reimann, 1969) (rates were messured as
grams of water lost thraugh transpiration per
gram of dry weght per day). Okuda and
Tekahashi  (1965) obtaned a gmilar reault,
but found that in barley the effect was smadl
(less than a 10% difference between S
Oeficent and control  plats).  This
observation suggests a role fa S in the
water economy of the plant. An increased
rale of transpirdion in S-deficent plants
could explan the wilting that may occur,
paticulaly under  conditions of low
humidity, and could dso hdp to explan the
increesed accumulation of Mn and other
mingd nutrients in the agrid pats of S
deficient plants. The rae of trangoiration is
presumebly influenced by the amount of
dlica gd associated with the cdlulose in the
cdl wdls of epidermd cdls. Hence, a wel-
thickened layer of glica gel should hdp to
retard water loss while epidermd cdl wadll
with less glica gd will dlow wae to
escape at an accelerated rate.

Snce this rde of S nutrition may
result in water economy and may be
important in  wae management, fidd
research on this potentid beneficd has
merit.

f) Reducing Lodging and
Erectness

One other effect of increased plant S
content, which has been reported in
literature, is the increesed mechanicd
drength of plant tissue, which results in
reduced lodging

Under fidd conditions particulaly
in dense dands of sugacane, S can
dimulate growth and yidd by decreasng
mutud shading by improving leaf erectness,

Improving




which decreases susceptibility to  lodging.
Lesf erectness is an important factor
afecting light interception in dense plant
population and, hence, photosynthess In
rice S supply increesed the  photo-
assmilaion of cabon, egpeddly dter
heading, and promoted the trandocetion of
assimilated carbon to the leaves. This effect
of S on ledf erectness is mainly a function
of the S depogtions in the epidermd layers
of the leaf panice (Takahashi and Miyake,
1982).

Sucrose Inversion

Few invedigations of the role of S
in  sugacane  have conddered  the
mechanisn by which it &ffects sugarcane
tonnage production. However, Alexander et
d. (1971) has undertaken the task of finding
the roe tha S plays in the synthess
dorage and retention of sucrose in  the
sugarcane plant. He found tha sucrose
inverson in sugarcane juice samples was
ddayed for severd days by adding sodium
metaslicaie immediady  dter milling.
Chromatographic evidence suggests that a
low levds meadlicate forms a physcd
complex with sucrose which prevents the
union of invetase with its subdrate The
hypotheticdl  fructose-slicate  configuration
is retained even after sucrose is inverted,
thereby preventing fructose from beng
metabolized by microorganisms.  Fructose
gopears to be the preferentid hexose for
microbid growth, i.e mog auitable cabon
source.  The effective preservation  of
fructose by dglicales may conditute a
becterid represson operding in addition to
the invertase-inhibitory action.

Next to K, S is the mogt extensve
condituent of ash in sugarcane juice It is
the highes component of millable gaks ash
and represents an even greater percentage in
leaves. However, dlictes in cane ae
believed to be one of the mgor contributors
to mill roll wear.

SILICON MANAGEMENT

Agronomic practices for S
management manly indude S fetilization
and plant S recyding.

Silicon Fertilization

Reseach work on S nutrition has
been reported in Audrdia South Africa,
Brazil, Tawan, India Mauritius Puerto
Rico, the United States and other countries.
S fatilizaion has been practiced in Hawaii
ad Hoida in the United Saes, and in
Mauritius. For effective use of S fetilizers,
it is essentid to have adequate knowledge of
physcd and chemicd chaacterigics of S
sources, and when, and at what rate and how
(methodology) to gpply them.

a) Silicon Sources

The usud carier for S is cddum
dlicae and this maerid can dso supply Ca
to a Caddidet soil. The Hawaian Cement
Corp. fird manufactured cdcium slicae in
August 1965.

Gaxxho and Korndorfer  (1998)
working with four different soils  groups
from Brazal ad sved S sources
(Wollestonite,  thermd-phosphate,  cacium
dlicde and basc dag) concluded that
thermd-phosphate was the mogt  effective
source to supply both S and P to the rice
plant (TABLE 8 and FIGURE 4).

In severa dudies, no atempt was
mede to mantan condant Ca levels with
increesng cadcium dlicate applications. It is
important to separate S from Ca effects.
Ayres (1966) reasoned that snce both
cdcium dlicate and cdcdum carbonate
treetments had increased yidds the cddum
upply probably was not the factor causng
higher yidds in thaer dudies Teanishi
(1968) concluded that yield increases from
cdcdum dlicate applications could not be
atributed to Ca supply in his experiment




gnce plant Ca was above the citicd leve

for sugacane and dso sSnce cdcum

cabonae had been added to the zero S

plots to mantan pH axd supply adeguate

Ca

According to Ross @ d. (1974),
cddum dlicate goplied to low S soils a
planting increese anud cane yidd over a 6
year cycde (TABLE 4) ad wdl
demondrated the resdud effect from this
source.

For  resarch  purposss may
differet S sources have been tested:
Wollagonite (CaS0O3), cement kiln  fired
(fused) cdcium dlicate, Portland cement (9
to 23 % S), d-cddum ortho-slicate
(CaeSQu), cddum meeadlicae,  mini-
granulated cdcdum metadlicate,  dectric
funace dag  (by-product of furnace
production of eementd P), blas furnace
dag, basc dag, Thomas dag, mill furnace
ashes, crushed basdt, volcanc cinder, and
others (Rozeff, 1992abc) (TABLE 9).

Snce 1970, Hawaian Sugar Planter
Assoc. researchers  have tested severd
dlicte maerids and ther findings can be
summarized asfollows:

a) Based on extractable S, dgliceous
materids can be grouped as low levd
(18 to 250 mg dm® S) materids such as
mill funace ah, rock dugt and ged
dag; intermediate levd (2200 to 9800
mg dn® S) maeids such as blast
furnace dag and coarse cadcium slicate;
and high levd (30750 to 91500 mg dm™
S) maerids such as Portland cement,
fine cddum dlicle and Hawaian
cement calcium glicate (HSPA, 1979).

b) The deyee of S <oublity from
dliceous materids was dependent on
paticle dze and chemicd compogtion
(HSPA, 1979).

c) Extractable S levels were higher in the
finer slicate particles (HSPA, 1980).

d A longterm comprehensve approech to
dudy resdud glicates from gpplication
of sliceous materidsto soilsis required.

e) Cddum measlicte was genedly
much more soluble and readily avalable
to sugarcane than cdcium ortho-glicate.
Mini-granules of caddum metaslicae,
which were amdl, spheicd (50 to 150
mesh) made from fine (100 to 200 mesh)
maeid usng 2% sodium oxide as a
binder, were agronomicdly equivdent to
fine ungranulated cadcium metaslicae
(HSPA, 1982). According to Datnoff et
d. (1992), a fine grade of S fetilizer
was best for increesng S content and
gran vyidd. Rice vyidds incressd
rdive to the control by 20-26%, 18%,
and 411% for the fine dSandard, and
pdletized forms, respectively in
1990/1991.  Agronomic  feeshility  of
min-granulaion of CaSO;  has been
confirmed by the realts of Medina
Gonzdes & d. (1988). When contaning
high amounts of S, both granuar and
poweed dag ae equdly efficent
(Schaffer and Henze, 1962). Thee are
useful  findings because they  offer
potentid the option of minkgranulation
of fine glicae sources for solving their
handling problem (Jekeway, 1983).

Working on three add soils Preez
(1970) tested vaious S-contaning materids
on cane growth, and showed that, with the
exception of meadlicate dag (soil  B;
Bdgowan - 63% day) and cement, dl the
dlicate tretments showed increese vyied
with increesng S concentration in the plant.
The CaCOs; had the opposte effect
(FIGURE 5 and TABLE 10).

In addition to the solublity of S in
dlicate sources, reactions of gpplied S with
oganic ad  inorganic  collod  might
influence thar  bio-avalability.  Therefore,
the l-dlicte reactions may ned
congderdtion for developing S management
for a given ecoregion (Bar, 1966, Medina
Gonzdeset d., 1988).

Snce dag is a by-product of
indudry, in addition to containing Ca and S,
it may contan vaious other dements or




contaminants, some of which may under
catan conditions have favoradble and/or
unfavorable effects on sugarcane growth.
Although caddum glicate dag contains trace
anounts of non-recovered P, ggnificant
amounts of P (up to 67 kg hal) could be
added to soil usng commercid raes of dag
(up to 6 to 7 t hal). However, Anderson et
d. (1992) have reported tha P goplied
through dag was bidlogicdly not avalable
to sugacane, probably due to its low
Dlubility.

In short, by udng information on the
chemicd and physcd naure of a S source,
it should be menaged to fully redize its
agronomic potentia  benefits, and assure that
adverse effects on soil and human hedth, if
not diminated, are reduced to a minimum.

b) Rate of Application
Slicon gppliction rates ae manly
influenced by the chemicd makeup of the S
source, S leves in the soil, and in the plant.
In Hawaii, the firs dlicate recommendation
for plant cane was made in 1962 for 7.5 tons
hal of TVA (Tennessee Valey Authority)
dag. In 1970, 494 t  ha® of Hawaian
Cement corporation cdcum metaslicate
(CaS03) was recommended. The reduction
in the rate was due to the greater reactivity
of CaSO3 as compaed with TVA dag.
Subsequently, in 1971 a  tentdive
recommendation of 12 to 25 t hal of
CaS0O3 was made for ratoon cane, if the soll
S leve was between 64 to 78 kg ha. Based
on the economic evdudion of fidd trids
conducted on McBryde and Lihue
plantations during 1976 to 1982, the
fdlowing CaS0s; recommendations  for
sugarcane in Hawai have been revisd
basad on soil and plart S indexes
() For fidds not fertilized with CaSOs3
for two or more consecutive cCrops,
aoply 448 t ha® CaSO; to the current
caop if il S levds ae a or bdow
the critical leve of 112 kg ha*.
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For fidds to which CaSO; was
goplied to one or both of the preceding
cops (plait cane and raoon), goply
224 t ha* Cad0; to the current crop
if the s0il S levels ae & or bdow the
critical levd of 78 kg hal. Theresfter,
aply 25 t hal to each succeeding
croE) if soil S levds fdl bdow 78 kg
ha

@

The citicd leves for the "Crop log'
sheeth § (0.7 %) ad the M/SO;
raio = 75 edablished by Clements
(19659 reman the same if shesth S
levds of "Crop Log' samples ae les
then 0.7% or the shesth MN/SO,
ratios are above 75, apply 25 t hat of

CaS03 to the current crop (Hagihara

and Bosshart, 1984).

In Forida, a rate of 7 to 9 t hatl of

TVA dag or other gmilar findy ground dag

has been recommended under the following

soedified conditions  (Kidder and Gascho,

1977):

a) The land in question mus be located
more than five km from Lake
Okeechobee.

b) Soil pH mug belessthan 8.

c) Leaves of sugarcane grown on the soil in
Question mugt have shown heavy
freckling symptoms.

d) Cddum dlicaie dag used as the soil
amendment mugt be ground finer than 60
mesh.

e) Sag mus be goplied broadcat and

diked into the soil prior to plating the

cane. When the dag is applied to sandy

wils with Mg tet levds bdow 120

(according to Everglades Research and

Education  Center, laboraory  tedt),

concurrent Mg fertilization a the rate of

40 kg Mg ha* a planting is suggested as

a precaution (Kidder and Gascho, 1977).

©)

¢) Timing and Frequency of Application
Genedly, dl S is gplied to <ol

before planting. In Florida, if response to the

gplied S is obtaned in the firsd year of




goplication, no further agpplicaions of dag
are needed for a least four years (Kidder
and Gastho, 1977). Horida fames grow
Sugarcane in rotation with rice. Slicate dag
goplications prior to a sugarcane crop and
pior to a rice cop in rotaion with
ugacane have shown pogtive  agronomic
reponse. These two timing gpplications of
dag were agroeconomicdly evauated in the
three crop production sysems. before rice,
before sugarcane and before rice-sugarcane
rotation. Results of the evauation indicated
that, under the costs and prices assumed, it
was more profitable to apply the dag prior
to the rice crop in the rice-sugarcane rotation
(Alvarez et d., 1988).

d) Method of Application

In order to goply S to sgarcane,
cdcium dlicae is broadces and then
incorporated into the soil before  planting.
The dlicate maeriad should be used in the
sane mang & limedone in  liming
ugarcane soils. Big cane plantations employ
two types of mechanicd gpeskers, "E-Z
Flow" goreader and a centrifugd broadcast
Soreader, a socdled in Spreader
(Jekeway, 1983). Broadcading of the dag
usng the E-Z How greader is more
uniform but has a narrow zone of coverage
(26 to 46m). Its rotating pats such as
bearings wear prematurdy because dlicae
dag is arasve Trafficking many times for
uniform  coverage contributes to ol
compaction. Broadcast (spin)  Soreaders
deiver wider coverage for every pass, but
broadcadting is less uniform than the EZ
Flow goreader. Plantations have reported
hending and gpplication problems in fidds
under windy conditions.

Gengrdly, dag maeids ae
incorporated into the soil as soon as posshble
after broadcagting to avoid ceking on the
ground surface. This is usudly performed
with a disc harow, which is followed by
complete land preparation (Jekeway, 1983).

The paticle 5ze of the S fertilizer is
important in increesng S content of leaves
and subsequent disease control  (Datnoff et
d., 1992). Patide dze is asociated with
increased  surface  area;  consequently, the
didribuion and disolution of gmdler S
paticdes mixed in the soil is enhanced and
the probability of root paticle contact is
increesed.  Combining  fine  patides into
peletls probably reslts in less S-sol
contect, leading to reduce S avaldbility to
the crop, dthough some paticle degradation
could occur during soil incorporaion. The
paticle should be of a sze and wedl mixed
with the soil. If very fine, S sources cregte
dusty conditions and can adversdy dffect
meterid handling ad application
performance in the fidd. Specid precautions
ae necessay for avoiding exposure  of
workers to the dugt. This dust problem may
limit the use of dlicate dag for sugarcane in
developing countries where it will be manly
goplied manudly. Minigranulaion of  fine
cdcum dlicaie materids seems to a
potential dternative for addressng the dust
problem. Smdl patide dze increesss the
effectiveness of dlicate materids. Harada
(1965) cdled dtention to the superiority of
findy ground TVA dag compared with
coasdy ground, 16 mesh (<16 mm)
meterid.

Plant Silicon Recycling

Pait S recyding is another option
avalable for supplying S to sugarcane. It
should be conddered for deveoping region
oecific  integrated  nutrient
gysems tha ae essentiad for sustainable
Sugarcane production.

In saverd reports, pogtive effects on
the growth and yidd of sugarcane have been
reported for the gpplication of trash (dried
leaves left in fidd after harvesting cane),
bagasse, bagasse furnace ash, and filter-
press cake. However, plant maerids
geneadly ae goplied as sources of organic




cabon (organic méater) and ther pogtive
effects are normaly attributed to increase in
avalddlity of N, P, and K in sl and, a
times to the improvement in soil chemica
andlor physcd propeties of soil (King,
1955; Yang, 1958, Sory, 1963; Peo, 1973
Eavis and Chase, 1973, Prasad, 1976 a and
b; Meding 1979; Cooper and Abu Idris
1980; Shinde, & d., 1990, 1993; Jonathan et
d., 1991, Ordando Flho & 4. 1991;
Kathiresan, 1991). It is possble that some of
the effects observed could be dso due to S
upplied through these plant materids.

In spite of the potentid vaue of plant
maeid a a source of S, its proper
recyding is not common among sugarcane
famers. Some of the probable reasons for
this could be bulkiness of the materid,
additiond labor cost of recyding practices,
and low costhendfit ratios. Moreover,
polymerized S in the plat is lagdy
associged  with  non-eeslly  decomposable
polysaccharide fractions such as cdlulose,
hemi-cdlulose, ec. The rae of thar
decomposition is dso dowed down because
of thar wide CN rdio (nearly 120:1). For
rgpid decompogtion of trash in <ol or
during compoding, the use of cdlulolytic
fungi together with reduction of its C:N ratio

gopears to a practicd solution. Mixed
cuture  of fungi, namdy Aspergillus
flavipes, Penicillium chysogenum,

Cochliobolus spicefer, Rhizopus oryzae and
Trichoderma viride have produced good
reults in the preparation of trash compost
and when applied onto the trash spread in
furrows Shinde e d., (1990 and 1993) have
used the mixed fungi (1 kg culture ) for
enhancing decompostion of chopped and
non-chopped trash goplied (25, 50, 75 t ha
1 in furrows before planting cane and those
of ratoon cane. The trash was supplemented
with 8 kg of urea and 10 kg ha' of a single
uper phosphate. They observed improved
plant growth and increased yidd of plant as
well as ratoon cane. Bagesse is used as mill
fud and as such plays a vduable pat in the
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sugar-mill economy. In this process, a large
amount of bagasse furnace ash is produced
during each grinding season. This product
has been regarded as a waste materid, and
ples of it accumulae in the factory
compound. However, it might have a
function in S soil amdioration. As the main
condituent of bagasse furnace ash is slica
(as high as 28% S), it might dso have some
effect in increesng sugarcane yidd.  In
prectice, the cost of trangportation must be
taken in account. Pan et d. (1979) showed a
20% increese in cane yidd as a result of
bagasse agpplication. However, there was
decline in sucrose content with increesing
goplication of bagasse furnace ash. Pan et 4dl.
(1979) reported increased cane yidds (GPB
5 caultivar) due to the incorporation of
bagasse furnace ash (28% S).

TESTING OF SOIL, PLANT AND
SILICON SOURCES

Under certan agroclimatic
conditions, sugarcane responds  pogtively  to
il gpplication of S sources There s
however, a need to tet soil, plant and
dlicate maerids used as S sources for
meking S management in  Sugarcane
efficient and affordable for farmers.

Andyds of S by aomic dbsorption
Spectrometry (AAS or colorimetric
techniques requires that S be in solution.
When andyss of soluble or extractable
fooms of S is peformed, this requirement is
easly met; however, when totd S andyss
is dedred, disolution is made difficult by
the presence of slicates and duminantes.

Soil Testing

Snce plants absorb S from sl it is
importat to undestand its forms and
reections in soils Slicon fooms may be
defined in terms of total, extractable, and
oluble As the name implies totd S
comprisss dl foms of S tha may be




preseent and can be <olubilized by drong
dkdi fuson o add-digetion bomb
methods. Extractable S represents  those
forms removed by less severe dissolution
agents such  a  sodium  dithionite,
anmonium  oxdae wesk dkdis ad
sodium  pyrophosphate.  These  extractants
remove S of intermediate Sability that are
often found associaged with crystdline or
anorphous ol components. Soluble S
represents the mogt labile form in soils and
condgts primarily of monomeric dlidc add;
soluble S occurs in interditid S0l solutions
when determingtion is desired.

Obsarvations on a sugarcane fidd a
the Eveglades Reseach and Education
Center  (Horide), <showed tha  the
concentrtion of S in sugarcane was 10 -
12% in leaves, 0.68 - 0.84% in nodes and
042 - 067% in internodes (dry weight).
Based on these data and average sugarcane
harvest data (80 t hal of fresh mass), it was
determined that nearly 100 kg ha of S are
removed with each harvest. Data in 1992 a
the Eveglades Ressach and Education
Center (Bele Glade, FL) showed that for
eech harvested crop between 50 to 450 kg
ha! of S are removed every year. The totd
anount of plant avaldble S makes up not
more that 45 kg ha'! of S (sum of mobile
and potetidly soluble S in the 010 cm
layer) in Histosol and less than 6 kg ha™* of
S in Spodosol. Consequently, the totd
bdance of S on agicuturd fidds is
negative in both soils.

Snce the 1960s, sugarcane scientists
in Hawaii, Mauritius and Horida have been
working on soil testing to assess S datus of

ils. Severd chemicd extractant
procedures have been devdoped to
determine  platavailable S daus  of

sugarcane oils (TABLE 11).

Plant-avallable S in soil seems to be
influenced by severd factors, such as pH,
cay content, paent mateid and its
weathering, and  chemicd  procedure.
Therefore, sugarcane <scientits are  faced
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with a chdlenge to devdop and adopt a
dmple-touse, but dependable, soil  testing
procedure that is gppropriate for a given
agro-climate.

The most  common  chemicd
extractant used is 05 M ammonium acetate
(NH4AOc, pH 4.8) This use has produced
encouraging  results In Horida, an
agronomic  respone to  Slicate  gpplication
can be obtaned when S extracted from air-
dry soil with acetate buffer (pH 4.85) is
grester than 100 mg dm?3 (Kidder and
Gascho, 1977). The acetae buffer-
extractable S can be deermined usng a
new colorimetric procedure that is superior
to ealier methods in terms of color Sahility,
and sendtivity (Yand e d., 1996).
Although 001 M CaCl, extractant mimics
the ionic drength and pH of soil solution, it
hes been usad for dudying the chemicd
kingtics of S rdease from soils and not for
bio-avaldble S in soils (Gibson, 1994). The
phosphate extractant with 35 pH adjusted
with acetic acid (HAOc) may have some
advantages because it seems to extract
adsorbed S (cgpacity factor) as wel as
water-soluble S (intengty factor) from soil.
(Fox & d. 19%7a Khdid & d. 1978).
Korndorfer et d. (19990) working with
upland rice and four different soils
concduded that among the extractants tested,
the acetic acid 0.5 M gave the best etimate
for the availdble S in the soll.

Sheking time and temperaiure can
affect S extracted from soil. Most of soluble
S seams to be rdeased within the firgt hour
of sheking (Gibson, 1994). Theaefore, a 4
hour sheking period used by many workers
should be adequate for routine soil testing.
The use of wider soil:extractant retios of 1.5
or 110 is common, perhgps to minimize
desorption of S by soil.

Pant upteke of S was mos closdy
rdaed to S in the ol whee a 1:10 (soil:
NH4OAc) extractant was used. The "r"
vadue for the water extraction method
increesed as s0il pH decreased, indicating




the S olubility and S uptake from gpplied
slicates increased as pH decreased (Medina-
Gonzdeset d., 1988).

Recently, Maichenkov and Snyder
(1996) have used a 1:5 soil to water raio for
extraction of socdled mobile fooms of S
from south Horida soils According to them,
it is possble to determine monoslicc adids,
payglicdc adds and organo-S  compounds
in the water extract. However, the practica
dgnificance of these fractions in sugarcane
nutrition is not clear.

Other factors such as soil sampling,
dorage time and extent of drying could aso
dfect S datus of soil samples. The process
of sl drying in fidd andlor laboratory may
increese aggregate dability and resgtance to
disperson (Jask e 4d., 1992); ad
therefore can affect the extractability of soil
S. Usudly various extrections from dry soil
samples are used for ressarch of mobile
forms of soil S substances (Barsykova and
Rochiev, 1979, Noneka and Takahashi,
1986). Results of dry soil extractions do not
reflect actud contents of mobile S forms.
Drying of soil samples leads to essentid
change in the equilibrium between soluble
and <olid S subgances. The soluble S
compounds  (monogdlidc, polyslidc  adds
and organo-S substances) are adsorbed on
2l patides beng dehydraed in the
process. To regore the naturd equilibrium
between vaious S substances, it s
necessty to immerse the soil sample in
water for about one month (Sadzawka and
Aoming, 1977). In addtion, by udng only
dy <ol extraction it is imposshle to
determine the digribution among
monodlicic  adids,  polyslidc  adds  and
ogano-S  subgances, which play very
diffrent roles in  vaious w0l bio-
geochemicd proceses (Matichenkov and
Animosova, 1996). Therefore, it is necessary
to devdop new, highly informaive methods
of invedigding mobile S compounds in
il.
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Plant Testing

Pait tesing for S daus manly
condss of leaf tissue sampling and its
chemicd andyds. Since andytica erors ae
rdativdy amdl, perhgos more atention
soud be gven to proper lesf tissue
sampling and preparation.

Hadas et d. (1969) described detals
of lesf tissue sampling and its preparation.
According to them, leaves from primary
daks should be sampled when there has
been no water dress during the fortnight
preceding the sampling and no wind damege
resulting in shredding of leaves. Workers on
Mauritius have sampled third to sxth ledf
sheeths of plant and ratoon crops generdly
a boom dage (Hdas 1966, 1967, ad
1969; Wong You Cheong and Hdas, 1970).
However, Ross @ d. (1974) sampled the
midde section (10 cm) of the third lesf
lamina free of midrib in the pesk growth
sage of ratoons.

Fox e d. (1969) used the sysem of
numbering tissue for plant samplings for
securing cop log samples. Leaves were
desgnated in numericd order counting the
gindle duger as number 1. The spinde
cluster was defined o thet the sheath of ledf
3 was well dongated. The internodes were
given the same number of the lesf sheath
atached a the upper end of the node. The
entire blade was used for the leaf blade
sanple Totd S was determined by ashing
ground plant tissue in a nickd crudble
Soluble S was edimated in 5 to 10 fresh
plat samples usng 2% tri-chloro-acetic
add (TCA). They found tha soluble S in
plant tisue gave more ussful informetion
about the S-dtatus of the plant, but the
fraction was found ungable with time A
good reaion of TCA-solubde S in the
sheath to water-soluble S in soils was
observed (Fox et d., 1967h).

In Horida sampling of randomly
sdected 10 to 20 top-visble dewlgp (TVD)
leaves (youngest fully expanded leaves)




with midribs has been a common practice
(Elavad et d., 1982b; Anderson et d., 1987,
Anderson, 1991, Rad & d., 1992).
Response to dlicate gpplication is probable
in Horida soils if totd S of TVD leaves is
less than 1.0% (Kidder and Gascho, 1977).

For the determination of totd S in
plant tissue, a rapid gravimetric procedure
devdoped by Hliott e d. (1988) or an
autoclave-induced  digestion  procedure  for
colorimetric determination of S in rice plant
tissue (Elliott and Snyder, 1991) may be
used with necessary modifications.

Silicon Source Testing

In generd, cdcium glicate has been
used a a S source for  sugarcane.
Unfortunately, there are no proven methods
for asessng the avaldblity of S in
potentil S sources. Effectiveness of dlicate
materid as a S source for crops depends
manly on its patide sze and chemicd
reectivity. In generd, a finer S source is
more effective in supplying S to sugarcane
ad rice (Danoff, e d. 1992). Hagihaa
(1981) used 100-mesh glicate materia for

ther evduation dudies in  Sugarcane.
MedinaGonzdes e d. (1988 dudied
cddum glicte maerids having  two

ranges 0.25 to 0.84 mm (20 to 60 meshes)
and 007 to 015 mm (100 to 200 meshes).
They found, in generd, decreased S
avalability with inceased patide gze
These examples suggest that particle sze of
dlicde maeids must be defined when
evauating ther chemical reactivity.

Chemicd  reactivity of dlicate
materids to be used as an S source for
sugarcane can be determined usng three
types of teding procedures (See dso
TABLE 12):

1) Direct Chemical Extraction - In
this procedure, S is directly extracted from
dlicde materids with chemicd  solution
such as05M NH;ACOc.
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2) Indirect Chemical Extraction
After Soil Incubation — The dlicon source to
be evduaed is incubated with soil a near
fidd capacity for varying periods and the
chemicd extractant is used to determine S
rdessed in the w0l from the S source
Medina-Gonzdes e d. (1988) used three
extractants  sheking in - waer  (soil:water
ratio, 1:10) for four hours displacing weater
from saurated soil in leaching tubes after
equilibrating for two days and sheking soil
for one hour with 05 M NH;ACQc in a ratio
1:20.

3) Biological Extraction - Medina
Gonzdes & d. (1988) used an adaptation of
the method devised by Sanford and De
Ment (1957) for shortteem  biologicd
extraction of S usng a previoudy
developed mat of sugarcane roots.

RESEARCH AGENDA

There are certan areas rdevant to S
nutrition and its management that need to be

investigated for making Sugarcane
production economicdly more vidble and
sustanable during the 21% century.

1. Regional S Status Surveys of
Soils and Waters: Due to desslication
Jrocess, wegthered soils (Alfisols,
Inceptisols, Oxisols, Ultisols, ec) of the
sub-tropics  and  tropics (D'Hoore and
Coulter, 1972) and problemdic organic soils
(Higosols) ae most likdy to be low or
defident in plat-avalade S. They may not
be able to support hedthy and productive
growth of crops that dosorb rdaivey large
anounts of S from soil. In other soils
intendve  cultivation of  high  yidding
ugarcane cultivars having very short fdlow
periods, may show dgns of temporay
depletion of bio-avallable S. Decreasng
trends in yidds of ratoon crops could be an
example of the temporary depletion. In order
to address these w0l S rdaed issues
periodicd S daus surveys of soils, plants
and waes should be hdpful for suganing




sugarcane yidds over a long time. The better
underdanding of soluble or plant-avalable

S in sl duing cop growth may asss

formulating efficient region-specific
integrated nutrient management systems  for
sugarcane.

2. Devdopment of  Efficient
Management Practices of S Sources
Improved utilization of S sources by plants
through ther proper management s
esentid  for higher agronomic  efficiency.
Resarch  should continue to  deveop
eficent S management practices  for
sugarcane for increedng vaduecost ratios
and eventudly affordability of S sources for
gndl fames of devdoping countries
Applicstion of S sources gopropriaey
integrated with the use of different organic
manure, and other conventiond fetilizers
epecidly  soluble P sources  warrant
congderdtion.

3. Devdopment of Biotechnology
for S Management There are research
aess in which biotechnology for usng S
sources could be rewading in the future
Two areas of research are;

o use of codluldytic fungi for enhancing
decomposition of sugarcane trash and

o use of dlicaedisolving bacteia as a
pat of integrated nutrient management
system.

At present, S in trash is not
effectivdly recyced. Generdly, most of the
trash is burned in the fidds For the trash
that is placed for mulching in the furrows of
the raoon cop or tha is composted,
effident microbid organiams  egpecidly
cdlulolytic  fungi, may <Speed up its
decompogtion and could hep the recyding
of pat S. Yadav (1977), Shinde e 4.
(1990) and Shinde e d. (1993) have
identified effident cdlulolytic  fungi.
Genetic enginesring goproaches  for
devdoping efficient microorganisms  that
can decompose trash a an acceerated rate
should be congdered.

Reports in the literature suggest that
microorganiams  ae involved in S cyde
(transformations) in nature  (Vintikova,
1956, Tsyurupa, 1964; Krumben and
Werner, 1983). Certan bacteia seem to
posess an dbility to decompose Sliceous
rocks and minerds (Vintikova, 1956), and
duminum-slicates and quartz sand
(Kd'chugina e d. 1985). Webley e 4.
(1960) of the Mecauey Inditute of Soil

Research, Aberdeen, observed
decompostion of  amorphous  synthetic
dlicates, ayddline Wollagtonite,

goophyllite  and  divine tha  were
incorporated into molten agar by a pecies
of Pseudomonas. Accordng to Vintkova
(1964), soil baecteria lacking a mucous coa
were more effective than those of the
mucous type were. Vintikova (1956) and
Surman (1958) have  dudied some
morphology and  physology of  glicate
bacteria Severa beneficid effects of dlicate
bacteria,  socdled  dlicobacterian  are
reported on maze (Vintikova,  1964);
vegetables (Aleksandrov, 1958, Zak, 1964)
and wheat (Aleksandrov, 1958). The
beneficid  effects of  Slicate-decompasing
becteria on S-accumulaing plants, such as
sugarcane, are not seen in the literature, but
if confirmed, would be very usgful for crops
like sugarcane Biotechnology to identify
andor to devdop new  gendicdly
engineered drains of bacteria having the
adlity to decompose insoluble glicaes
should be on the research agenda.

4. Foliar Application of S - Is it
effective? Pants are known to asorb some
nutrients  through leaves. However, very
litte information is reported about S
absorption through  sugarcane leaves
(Alexander, 1968; Alexander, 1969). Foliar
spraying of soluble S as 01 to 02 mg L*
ution of NaSO; (Okamoto, 1993) and
1% <olution of sodium dlicate (Hooda and
Sivadava, 1996, Pavar and Hegde, 1979)
on leaves of rice plants has been reported
with favorable effect on plant growth.




Jayabad and Chockdingam (1990)
conducted fidd experiments to deveop
management practices for mitigating effects
of drought on sugarcane. When drought was
imposad by irigaing only once a wek
duing summer (May and June), they
observed increased yields of sgarcane (var.
CO. 6304) due to graying 25 % sodium
metasilicate. The effect was atributed to a
reduced rate of transpiration. If the
obsarvation that a foliar soray of soluble S
improves plant gowth and vyidd in
sugarcane is confirmed, an appropriate S
management  practice for dleviaing the
effect of drought could be developed for
sugarcane.  According to Schnug and Franck
(1985), under intendve sysems  of
fatilizaion and plant  protection, the
posshilies of udng the yidd-promating
effect of S ae limted manly to foliar

aoplication.
5. Genetic Research for Efficient S-
accumulating Sugarcane Cultivars:

Gendlics plays an important role in nutrient
upteke by plants induding that of S.
Genotype vaidbility for S contet exigs in
sugarcane (Deren et d., 1993). Better S-
accumulating sugarcane cultivars may  have
the advantage of requiring lower rates of S
fertilizers or ther less frequent gpplications.
While usng a gendtic approach for
devdopment and/or screening of  genotypes
for certain dedrable traits, consderation of a
Sraccumuletion trait will be rewarding.

6. Interaction Between Silicon
Nutrition and UV-B Radiation: Ambient
ultravidet-B  (UV-B) flux in the tropics, the
mgor sugarcane growing aea, is among the
highes on the eath's surface because the
dratogoheric ozone layer is naurdly thinner
and because solar angles are higher near the
equator than at the higher Iditudes. With the
depletion of dratospheric ozone caused by
chlorofluorocarbons, incressed UV-B  flux
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may adversdy affect sugarcane yields. Crop
cultivars having differentid ability to absorb
S from s0il may dso differ in senstivity to
UV-B, which could be derimentd to ther
growth. In rice, cetan biochemicd and
physologicd vaiadles were more sendtive
to UV-B then other variables and shoot dry
weights were reduced by 21% and 23% for
the mog UV-B sendtive cultivas, namdy
IR45 and IR74 (IRRI, 1990). The workers at
IRRI adso noticed incressed leef S in UV-B
sendtive but not in tolerant rice cultivars.
These obsarvations may be gpplicable to
ugacane. Gascho  (1978), Wong  You
Cheong e d. (1972) and Hawad e 4.
(1985) suggest that solar UV-B radiaion
may have caused leaf freckling in S
deficient sugarcane grown under  direct
anlight.  Supporting this Hawad & 4.
(1985) could not obtain this UV-B effect
under greenhouse conditions.  Therefore,
research to enhanced UV-B radidgion on
sected  sugacane  cltivars, having
different &bilities to asorb S from soil, and
screening of sugarcane germplasm for ther
responses to incressed UV-B radidion, with
and without a S supply, may be initiaed
now to address probable UV-B radiaion
effects a potentid future environmenta
problem.

7. Tolerance to Salt Sress: S
influences water use by reducing cuticular
trangpiraion (Jones and Handreck, 1967;
Lewin and Remann, 1969; Yoshida 1975).
Reports suggest that, by improving S
nutrition of plats, it may be posshle to
reduce ther internad water stress and thereby
meke them withdand sdt dress better
(Yoshida, 1975; Matoh & d., 1986; Miyake,
1993). Thee results may be gpplicable to
sugarcane and, if demondrated, they could
be used for meking <dt-affected sugarcane
soils more productive.




abiatic

adsorption

adsorption complex

duminoslicaies

avalable nutrient

bagasse

base saturation

percentage

basic glicate

broadcast
cdcum metadlicae

cddum dlicate

cation

caion exchange

cation exchange

capecity

clay

GLOSSARY
Non-living basc dements of the environment, such as ranfal,

temperature, wind, and mineras.

The dtraction of ions or compounds to the surface of a solid. Sail
colloids adsorb large amounts of ions and water.

The group of organic and inorganic subgances in soil cgpable of
adsorbing ions and molecules.

Compounds containing  duminum, dglicon, ad oxygen as thar man
condituents. An exampleismicrocling, KAIS30s.

That portion of aty dement or compound in the soil that can be readily
absorbed and asamilaed by growing plants ("Avalable’ should not be
co fused with "exchangeable").

The dry pulp remaining from sugar cane after extraction of thejuice.

The extent to which the adsorption complex of a soil is saturated with

exchangegble caions other then hydrogen and duminum. It is
expressed as a percentage of the totd cation exchange capacity.

A by-product in the manufacture of ded, containing lime, phosphorus,
and smdl amounts of other plant nutrients such as sulfur, Mn and iron.

To scatter seed or fertilizer on the surface of the sail.

A white powder, CaSOs3, insoluble in water, used as an antacid, and as
afilter for paper.

Any of the slicaes of cddum: cdcium metaslicae, dicdcdum slicae,
and tricalcium dlicae

A postively charged ion; during dectrolyss it is dtracted to the
negatively charged cathode.

The interchange between a cation in solution and ancther cation on the
surface of any surface-active materid, such asclay or organic métter.

The sum totd of exchangesble cations that a <ol can adsorb.
Sometimes cdled totd-exchange capacity, base-exchange capacity, or
cation adsorption capacity. Expressed in centimoles of charge per
kilogram (cmol. kg?) of soil (or of other adsorbing materid, such as
clay).

D A sl spade condding of patides <0.002 mm in equivaent
diangter. (2) A ol texturd class contaning >40% day, <45% sand,
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decompogtion

desorption

diatomaceous earth

diatoms

essential dement

evgpotranspiration

exchange capacity

fertilizer requirement

fungi

gibbgte

goethite

granulaion

hematite

Histosol

and <40% st

Chemicd breskdownn of a compound (eg, a mingd or organic
compound) into smpler compounds, often accomplished with the ad of
microorganisms.

The removd of sorbed materia from surfaces.

A geologic depost of fing grayish, dliceous maerid composed chiefly
or wholly of the remains of diatoms. It may occur as a powder or as a
porous, rigid meterid.

Algee, having sliceous cdl wadls that persst as a skeleton after deeth;

any of the microscopic unicdlular or colonid agee condituting the
class Bacillariacese.  They occur abundantly in fresh and sdt waters
and ther remains are widdy didributed in soils.

A chemicd dement required for the norma growth of plants.

The combined loss of water from a given aeg, and during a Specified
period of time by evgporation from the soil surface and by transpiration
from plants.

The totd ionic chage of the adsorption complex active in the
adsorption of ions See ds0 anion exchange capacity; cation exchange
capacity.

The quantity of certain plant nutrient dements needed, in addition to the
amourt supplied by the soil, to increese plant growth to a desgnaed
optimum.

Eukaryote microorganiams with a rigd cdl wdl. Some form long

filament cdls cdled hyphee that may grow together to form a visble
body.

AI(OH); - An duminum trinydroxide mine)d mogt common in highly
weethered soils, such as oxisols.

FEOOH - A ydlow-brown iron oxide minerd that accounts for the
brown color in many soils

The process of producing granular maerids. Commonly used to refer
to the formation of soil Structurd granules, but dso used to refer to the
processing of powdery fertilizer materidsinto granules.

Fe;Os - A red iron oxide mingd that contributes red color to many
ils

Soils foomed from maeids high in organic mater. Hisosols with
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hyphee

imogolite

leeching

lime (agriculture)

lime requirement

limestone

micas

muck

mudk sail

oxidation

Oxixls

paticde sze

essantidly no day must have a leest 20% organic matter by weight
(bout 78% by volume). This minimum organic meatter content rises
with increesng day content to 30% (85% by volume) in soils with a
least 60% clay.

Flament of fungd cdls Acinomycetes adso produce sSmilar, but
thinner, filaments of cdls.

A pooly ayddline duminoglicte mingd with an  goproximae
fomua SO,AlL0s25H,0; occurs modly in soils formed from volcanic
ash.

The removd of maeids in olution from the ol by percolaing
waers.

In drict chemicd terms, cdcium oxide In practicd terms a materid
containing the carbonates oxides and/or hydroxides of cdcium and/or
meagnesum used to neutraize soil acidity.

The mass of agriculturd limestone, or the equivdent of other specified
liming materid, required to rase the pH of the soil to a dedred vdue
under fid conditions.

A sedimentary rock composed primarily of cdcite (CaCOs). If dolomite
(CaCOsMQgCQO3) is present in gppreciable quantities, it is cdled a
dolomitic limestone.

Faling over of plants, either by uprooting or sem breskage.

Primary duminogdlicate minerds in which two glica tetrahedrd sheets
dternae with one duminamegnesa octahedra sheet with entrapped
potassum aoms fitting between shegts They separae readily into
visble sheets or flakes.

Highly decomposed organic maerid in which the origind plant parts
ae not recognizable. Contans more minerd matter and is usudly
darker in color than pest. See dso muck soil; pest.

(D A soil containing 20 to 50% organic meter. (2) An organic soil in
which the organic matter is well-decomposad.

The loss of dectrons by a subdance therefore, a gan in pogdtive
vdence chage and, in some cases, the chemicad combination with
oXygen gas.

Soils with resdud accumulations of low-activity days free oxides,
kaolin, and quartz. They are moglly intropica climates.

The effective diameter of a patide measured by sedimentation, Seving,
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produdtivity (sail)

reaction (<o)

resdud materid

savannah

slica

slicagd

glicalduminaratio

glicalsequioxide ratio

dlicate

dliceous

sliacadd

dlicon

dlicone

or micrometric methods.

The capacity of a soil for producing a specified plant or sequence of
plants under a <specified sysem of management. Productivity
emphasizes the capacity of soil to produce crops and should be
expressed in terms of yidds.

The degree of acidity or dkdinity of a soil, usudly expressed as a pH
vadue or by tems ranging from extremdy acid for, pH vaues <45 to
very srongly akaine for pH vaues >9.0.

Unconsolidated and partly weathered minera materids accumulated by
digntegration of consolidated rock in place.

Grasdand with scattered trees often a trandtiond type between true
grasdand and forest.

A white or colorless ayddline compound, SO,, occurring as quartz,
sand flint, agate, and many other minerds and used to make glass ad
concrete. Also cdled slicon dioxide.

A highly adsorbent gdatinous form of S, used & drying ad
humidifying agent..

The molecules of dlicon dioxide (SOz) pe moecule of duminum
oxide (Al,03) in day minerds or in soils

The number of moecules of dlicon dioxide (SO2) per molecule of
duminum oxide (ALGs) plus fearic oxide (Fe;Os) in day mingds or in
ils

Any of numerous compounds containing dlicon, oxygen, and a metdlic

or organic radicd, occurring in mogt rocks except limestone and
dolomite.

Containing, resembling, rdding to, or condgsing of S. Growing in soil
richinS.

A jdlylike subgtance SO,x¥H>O, produced when sodium  Slicate
olution is acidified.

Symbd S. A nonmetdlic dement occurring extensvely in the earth's
cust: used in glass smiconducting devices concrete,  brick,
refractories, pottery, and slicones.

Any of a group of semi-inorganic polymers based on the dructurd unit
RSO, wheae R is the organic group (extremdy dable in high
temperature, and water-repdlent): used in  adhesves,  lubricants,
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dag
il amendments

tetrahedral sheet

Ultisol

wilting point
(permanent wilting
jpoirt)

protective coatings, paints, and dectrical insulation.
A product of smdting, containing modly slicates

Any subgtance other then fetilizers, such as lime, sulfur, gypsum, and
sawdudt, used to dter the chemicad or physca properties of a soil,
generdly to make it more productive.

Sheet of horizontdly linked tetrahedron-shaped units that serve as one
d the badc dructurd components of dlicae (day) minerds. Each unit
consgts of a centra four-coordinated aom (eg., S, Al, Fe) surrounded
by four oxygen atoms that, in turn, ae linked with other nearby aoms
(eg., S, Al, Fe), thereby serving as interunit linkages to hold the sheet
together.

Soils that are low in bases and have subsurface horizons of dluvid day
accumulations. They ae usudly moigt, but during the warm season of
the year some are dry part of thetime.

The moidure content of soil, on an ovendry bags, a which plants wilt

and fal to recover thar turgidity when placed in a dak, humid
amosphere.
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TABLE 1. Soluble and tota soil Slicon compared with silicon content in sugarcane lesf.

Sample Sinsil S
Location Soluble* Tota L eaf
%

Ocda. Rd. 315 0.0178 27 -

Fdlsmere 0.0110 414 1.18
Pahoke 0.0071 4.7 1.00
Oklawaha 0.0042 122 156
Horahome 0.0042 43 0.46
Horahome 0.0037 43 1.06
Cand Point 0.0028 2.2 0.40
Fdlanere 0.0025 380 0.09
Bdle Glade 0.0019 0.7 0.15
Oklawaha 0.0009 31 2.05

Source: adapted from Bair (1966).

TABLE 2. Effect of Wallestonite in an Oxisol on the S content in the plant and soil and S
accumulation by the aerid part of the sugarcane plant.

S gpplied Sinthetise S accumulated S in the ol
kg hai* % g pot* mg am®
0 070 0.36 14
116 089 043 17
231 14 068 19
462 177 0.74 30
o4 193 1.03 46

Source: Adapted from Rodrigues, 1997.

TABLE 3. Average slicon content of 39 leaf lamina (free of the midrib) collected in the pesk
growth stage (7.5 months after harvest).

S - Dry matter
1969 1970 1971 1972 1973 Average
%
Control 045 042 0.61 048 059 051
7.1t- Cacium Slicate 0.71 0.56 0.93 0.60 085 0.73
14.2 t - Cddum Slicate 0.85 0.68 107 0.77 102 0.88

Source: Ross et al. (1974) .




TABLE 4. Effects of cacium dlicate on average caneyields of 2 cultivars,

Treatments Pant Cane Ratoon Means
1968 19699 1970 1971 1972 1973
tha™
Control 40.0 784 53.8 71.1 61.1 55.2 599
7.1t Cdcium Slicae 63.5 22 621 839 728 685 738
14.2 t Cdcium Silicate 68.5 %2 645 905 768 720 781

Source: adapted from Ross et al. (1974).

TABLE 5. Sugarcane yidd, Pol ha® and Pol % of cane obtained for cultivars NA56-79 and
IACA8/65 (plant cane and ratoon) with cement gpplication.

PLANT CANE RATOON
CULTIVARS Cement - tha't

0 2 4 0 2 4

Caethal 108 112 14 97 88 %
NA5S6-79  Pol *% cane 16.2 159 16.1 17.7 17.7 176
Pol - t hat 175 17.8 183 17.2 15.3 169

Caethal 119 124 128 V] % %
IAC48/65  Pol % cane 14.7 153 15.1 17.1 16.9 17.0
Pol - t hat 175 19.0 193 16.1 16.2 16.3

* Percentage of sucrose in the sugarcane juice or stalk.
Source: Casagrande et al. (1981).
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TABLE 6. Effect of cultivar and soil amendment with cdcdum glicate dag on leaf dglicon
concentration, ringspot (Leptosphaeria sacchari) severity.

CULTIVAR Sag S Ringspot Severity
Rates Tisue Ledf 4 Ledaf 5
tha % % %

CP72-1210 0 0.28 234 458

6.7 0.67 7.3 17.8

CP74-20065 0 0.29 8.5 230

6.7 059 31 7.6
CP80-1827 0 0.29 5.2 9.0
6.7 0.55 1.7 31
CP70-1133 0 0.28 105 238
6.7 054 4.2 11.0
CP72-2086 0 0.25 41 115
6.7 0.73 0.9 2.0

Adapted from Raid et al. (1992).

TABLE 7. Influence of S on plant resstance to sem borer (Diatraea saccharalis), S in the
TVD leaf and dry weight of sugarcane plants.

Na,S03 Nur;tb;igldarns Percent of total nght Ie?a‘
gplot* (40L) % g plant* %
0 a4 73 450 029

12 20 482 139

136 4 7 505 239

Source: Adapted from Elawad et al., 1985.




TABLE 8. Tota and citric acid soluble slicon in S sources.

Totd S

. Totd S - luble Soluble
Source (indicated by S ey Pt
upplier)

S % -----------m - %
Cddum Slicate Sag* 21.1 148 70
Wollastonite- Cdlc. Slicate 24.2 231 Trace 0
Mines Liga- Basc Sag** 41.2 39.2 0.05 0
Magnesum Slicate - course 27.8 Trace 0
Magnesum Slicate - fine 271.7 Trace 0
Piau - Basc Sag** 85 6.9 &
Therma phosphate Y oorin 10.8 104 $9)

* Elemental P Electric Furnace by-product (Monsanto/Calcium Silicate Corp.).
** Byproduct of iron manufacture.
Source: Gascho and Korndorfer (1998).

TABLE 9. Totd and soluble S content of some Slicon fertilizers and location.

Materid Location S
Tota Solubler

%
Sag - dectric furnace Algbama 18.2 3.960
Sag - open hearth (ground) Alabama 6.9 1.720
Sag - open hearth Alagbama 20 1.660
Hi-cal slicate limestone (ground) Kendrik 02 0.016
Hi-cd slicate limestone (ground) Brooksville 34 0.026
Ddomite Lebanon 04 0.023
Ddomite Venice 45 0.023
Rock phogphate Horida 36 0.025
Calloidd phosphate Dunndlon 10.8 0.023
Fuller'searth Georgia 3hH.1 0.023

* 2 g of fertilizer + 50 ml ammonium acetate 0.5 N, pH 4.8 (30 min agitation).
Source: adapted from Bair (1966).




TABLE 10. Yidds, pH and nutrient uptake for the different soils and amendments

Soil Sal Mn MnS
sevies Amendments Levd 31 ntops X100
thal Gkgt

(A) Control 0 467 360 ™
Bagowan CaS0O3 45 4.7 278 virg
(71% day) CaS0; 9.0 4.8 283 1
CaS0Os3 180 50 223 5

Blast Furnace Sag 45 51 363 C?)

Blast Furnace Sag 9.0 53 283 27

Blast Furnace Sag 180 56 170 13

Cement 45 51 246 3

Cement 9.0 54 163 2

Cement 180 5.8 56 5

Metaslicate Sag 45 5.0 270 3

Metasllicate Sag 9.0 53 166 19

Metaslicate Sag 180 5.6 69 6

CaCOs 45 51 307 I

CaCOs 9.0 54 197 Y

CaCOs 18.0 5.8 67 2

(B) Control 0 4.5 338 61
Bdgowan Metaslicate Sag 45 5.0 230 24
(63% day) Metasllicate Sag 9.0 51 128 13
Metasllicate Sag 180 54 57 4

CaCOs 45 49 183 37

CaCOs 9.0 51 117 B

CaCOs 180 5.6 67 19

© Control 0 4.6 428 116
Trevanian Metaslicate Sag 45 5.6 93 12
(24% day) Metaslicate Sag 9.0 6.2 59 4
Metadlicate Sag 180 7.2 46 3

CaCOs 45 5.8 0 2

CaCOs 9.0 6.7 85 Y.

CaCOs 180 7.3 67 13

Source: adapted from Preez (1970).




TABLE 11. Chemica extraction procedures used for assessing plant-available S in sugarcane

andrice soils.
EXTRACTION PROCEDURE MF'(A‘)IFTMS REFERENCE
- 10g soil + 100 ml weter. 4 h. sheking high centrifugation lonic Fox et d. (19679
(24000 g) used for darification Khdid et d. (1978)
- 10 g sal + 100 ml of solution containing 500 ppm P as Ad;)r]dbed Fox et d. (1967a)
CaH2POy)2 and 0.IN (H, NH,) OAc., pH 35 Dluble Khdid et d. (1978)
- 1g =0l + 100 ml of soution 002N H»SO, containing 3g SiLble Fox et d. (19673)
(NH_4)2S0, per liter, 30 min sheking.
;hdl(oigngyl + 50 ml of 05M NH4OAc (pH 4.8), 30 min Soble | Bair (1966)
- 10g soil + 50 ml of 0.5M NH;OAc (pH 4.8), 1h shaking Souble |[Fox et d. (19679)
she:il<0|n§ sl + 50 m of 05M NH;OAc (pH 4.85), 4 h Sble | Kidder and Gascho (1977)
- 5g sl + 100 ml of 05M NH;OAC (pH 4.8), 4 h shaking Sode ?Alggg‘a{;o“za&‘ a 4
- 4 g 0il + 50 ml of HGH30, 0.5M. Avalable | Barbosa Filho (1996)
- 10 g s0il + 100 ml of HGH3O, 0.5M. Avaldble | Korndorfer et d. (1998b)

TABLE 12. Chemica extraction procedures used for assessng S sources for

plant-avalable S.

CHEMICAL PROCEDURE

REFERENCE

-2go S source +50m of 05 M NH;OAc (pH 4.8), sheking for 30
min.

Bair (1966)

- S source (100 mesh) + 05 M NH4Oac. (pH 4.85), sheking for
varying periods

Hagihara (1981)

- 10 g of S source + 1g polyethylene. Leach with Tris buffer (pH 7)
using a perigatic pump for 56 hours

- 02 grams S source (65 mesh) + 05 g H-resn Ambetite (IRC-50,
pK 6.1) + 400 ml water, shaking for 4 d (100 rpm) a 35°C

BarbosaFilho (1996)

Kato and Owa (1990)

-1gof S source + 150 ml of 05 M HCl sheking for 1 h & 30 °C
(commonly usad in Jgpan)

BarbosaFilho (1996)

-1gof S source + 150 ml of 0.5M NH;OAc (pH4.0), sheking for 1 h
a 30 °C. (NH4Oac buffer prepared by diluting 49.2 ml acetic acid and
14.8 g anhydrous sodium acetate to 1L, pH adjusted to 4.0 with acdic
acid or sodium acetate

BarbosaFilho (1996)
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FIGURE 1. Smplified acid westhering sequence in soils (Friesen et d., 1994)
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FIGURE 3. Totd S from day fraction (sulfuric acid method) and avalable S in the
soil (without S). Typic Acrustox (LE3), Typic Acugtox (LVa), Rhodic Acrustox (LRd)

and Ustoxic Quartzipsammentic (AQQ).
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N N DN
N Wk~ O

o

Dry matter, g plot™*
PR RN NN
~ oo o =

6 9

I ~ I

12 15 18 21

Rates, t hat

—&— CaSiO3
—&—Blast Furnace Slag
—&— Portland Cement
—#— Metasilicate Slag
—¥—CaCO03

—@&— Na2SiO3

FIGURE 5. Effect of different S sources on sugarcane dry matter




