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PREFACE

"Everything should be made as simple as possible, but not more so."
- Albert Einstein

In an attempt to make the results of this research more meaningful and relevant, |
have drawn upon and synthesized from a wide range of scientific disciplines, such
as geology, inorganic and organic chemistry, soil science, ecology, evolution,
genetics, pathology, plant physiology and agronomy. In so doing, | run the risk of
oversimplification, as well as exceeding the limits of my own expertise.
Nevertheless, | hope these risks are compensated by placing the present research
into a broader, more interesting and more relevant context.

In presenting this work as a CIAT Working Document, | am seeking to preserve it
in a useful and readily available format, not to imply that the views represented
here necessarily have the official endorsement of the Institution or of my
colleagues. It not been internally reviewed in a formal sense by CIAT, although
the broad outlines were presented as a CIAT Internal Seminar on June 14, 1995
and it reflects the interactions | have had with a number of knowledgeable
colleagues over recent years, both within and outside the Institute. | hope to
publish aspects of it in refereed journal form in the near future.

Mark D. Winslow
CIAT, Cali, Colombia
June 30, 1995
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SILICON, A NEW MACRONUTRIENT DEFICIENCY
IN UPLAND RICE

Executive Summary

( Silicon (Si) is the second-most abundant element in the earth's crust, yet
paradoxically, appears to be massively deficient in upland rice. This new finding
from CIAT research could account for over a half billion dollars in lost rice
production annually, equivalent to about 15% of the region's total rice farm-gate
value.

The basis of silicon deficiency lies in the low Si-supplying capacity of the highiy
weathered Oxisol and Ultisol soils which dominate the savannas; and in the
absence of Si in rainwater, the only source of water for upland rice. Irrigated rice,
in contrast obtains ample Si from the typically less-weathered alluvial soils and Si-
rich groundwater used to flood the crop. 7

e

A healthy rice crop contains several-fold more Si than N, P or K, yet those more
conventional macronutrients have received far greater research effort. The rarity
of Si deficiency in irrigated rice globally may account for the astonishingly little
research attention that has been paid to this "mega-nutrient". Since upland rice is
proportionally and strategically more important in Latin America than elsewhere in
the world, however, Si would seem to deserve special research attention here.

| Collaborative research between the Rice and Tropical Lowland Programs of CIAT,
with important inputs from the University of Florida and DuPont Company are
shedding light on this knowledge gap. Correcting Si deficiency experimentally by
applying calcium silicate to typical savanna soils (Matazul and La Florida, 1993)
increased the yield of marketable whole rice grains by 61%. \Most of the effect <
appears to be caused by a reduction in neck hlast disease, a fungus which not
only reduces the quantity of grain production, ~ut also reduces the quality of those
grains which are produced. Grain discoloration, another widespread cause of low
grain quality in upland rice, is also greatly alleviated. Upland rice farmers in the
savanna view low grain quality as the major constraint in further development of
the industry; so indirectly, low quality could also slow the adoption of upland rice-
based agropastoral systems, viewed as key to increasing the sustainabilitity of
tropical savanna agriculture in South America. |

[ The identification and quantification of Si deficiency, and the installation of

" diagnostic tools and skills at CIAT are the major outputs of this research so far.
These can help the region identify and manage the problem to an important
extent. Rapid tests for soil, water and plant tissue are now in place, and critical
level ranges have become evident. Perhaps the easiest and most powerful
indicator is the analysis of rice husk tissue, which is readily available in stored
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grain samples all over the continent. A mapping of the region's Si status could be
quickly achieved in this way. Values of <3% Si on a dry weight basis suggest
deficiency; 3-5%, borderline; and >5%, probable adequacy. |

Besides diagnosis, of course we would also like to find practical solutions for Si
deficiency. Si fertilizers are technically feasible but their economics will probably
be location-specific, and require more detailed investigation by local and private
sector institutions, as well as IFDC. Iron-ore slag, a waste byproduct of steel
manufacture, is the most promising, and there are numerous steel mills in the
savannas of Brazil. Rice husk ash, if solubilized could also have interesting
possibilities. To be practical, it appears that materials and methods must be found
to deliver 500 kg soluble Si‘ha to the field for about US$100 or less per hectare, to
achieve a 2:1 benefit/cost ratio. Finding solutions to the low efficiency of recovery
of applied Si, a result of strong adsorption of silicic acid by soil sesquioxides,
would be a major advance in making Si fertilizers economically attractive by
reducing apptication rates and transport costs.

Another part of the solution may be genetic. The important role of Si in blast
resistance provides an opportunity to identify new gene-based mechanisms
against the disease. However, this has also received little study. Silicon was
hypothesized to block fungal penetration over thirty years ago, yet the hypothesis
has still not been tested (though often quoted!) Penetration defense mechanisms
in general have received a fraction of the research attention accorded to post-
penetration defenses, despite possessing many attractive potentialities.

Penetration appears to be a weak link in the fungal attack strategy. Penetrating
fungi are exposed to a number of environmental hazards as well as host defense
challenges, and as a result, most die in the attempt. Si plays a key defensive role,
presumably including a "constituitive" physical barrier presented by the Si layer
under the cuticle, and possibly also an "inducible" reinforcement by new Si
deposition as penetration is initiated. However, neither mechanism has been
experimentally demonstrated to date. Data we are currently collecting appears to
be confirming the penetration-blockage hypothesis. Such evidence could lead to
the identification of valuable new resistance genes which could be highly durable
and complementary to the more familiar post-penetration, race-specific genes.
The literature suggests that similar genes are at work in other crops such as
beans.

t’r Present evidence leads to the conclusion, however that genes alone are not likely
to overcome the huge shortfall in Si supplying capacity in the savanna, which is
just one-tenth of the amount provided to irrigated rice in the CIAT-Palmira
environment. An integrated strategy is clearly called for, to be developed through
a continued multi-disciplinary and multi-institutional research effort. |
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- THE SOILS OF. SOUTH AMERICA
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Fig. 1. Distribution of soil acidity across South America,
and location of key field testing sites used in this study.
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Si deficiency results in neck blast (left), a fungal
disease which reduces yield and quality and causes
the panicle to die and break over (left). Addition of
500 kg Si/ha corrects the problem (right).
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Fig. 3. Effect of Si on neck blast in vifro. Plants were grown in pots receiving
different levels of Si, then excised and inoculated with droplets of blast spore
suspension in petri dishes. Areas showing damage (blackening) are locations
were droplets were applied. Photo taken one week after inoculation.

L. i
No silicon ~ 1000 ppm 2000 ppm



Fig. 4. Effect of Si applied to soil on grain (husk) discoloration under upland
conditions. Lowland-adapted, indica-type rices are more susceptible, and show a
greater response to supplemental Si.
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Fig. 5
The BottleNECK: Weak Link in the Line of Defense against Blast?

Neck blast causes the major economic damage

Location: Neck is the direct pipeline for grain filling
- Grain quality, as well as quantity is affected :

Timing: No chance to recover before crop matures

Physiology: Si content in neck is strikingly low.



INTRODUCTION

The Silicon Knowledge Gap

Silicon (Si) is a major nutrient for rice. This monograph describes recent (1993-
95) research convened by CIAT towards identifying and understanding Si
deficiency in upland rice cultivation in the South American tropical savannas.

Research is only necessary, of course in areas where knowledge is presently
lacking. Over the past century, there has been an enormous amount of research
on the mineral nutrition of crop plants, including the world's most important food
crop, rice. Silicon is the nutrient in highest concentration and content in the rice
crop, found at levels seven times greater than nitrogen, for example (Table 1).

From these simple precepts, it would seem that silicon should have received
substantial research attention by now, at least in comparison to the quantitatively-
lesser macronutrients. Remarkably, this is not the case, however (Tables 2,3).

Why is this so? My impressions, gained through reviewing the literature and
discussing with scientists over the years, are the following:

1. Silicon is usually not deficient in irrigated rice

The majority of rice research to date has been focused on irrigated rice, and
rightly so considering that it is the most important form of rice cultivation both in
economic and total production volume terms. Since irrigated rice is rarely silicon-
deficient, why should importance be attached to this element?

However, upon further reflection this explanation is found wanting. Deficiencies in
more "conventional" macroelements, such as nitrogen, phosphorus and potassium,
were identified long ago and practical, economic solutions devised and
implemented to an extent such that large deficiencies are rare in conscientiously-
managed irrigated fields. Nevertheless, research on these non-deficient elements
(in a practical sense) continues apace (Tables 2,3).

Continued research on conventional macronutrients is reasonable, of course even
if they are non-deficient, because a better understanding of the agro-ecological
processes, physiological roles and gene-based mechanisms that involve them
could lead to valuable and cost-saving management innovations, and other
benefits. But if this rationale is valid for the "effectively non-deficient" elements N,
P, K, is it not also for silicon?

15



2. Limited research on upland rice. in which Si deficiency m e widespread

Research on crop constraints in marginal environments has been increasing since
socio-economic studies in the early 1970's began to point out that the benefits of
"Green Revolution" research breakthroughs had largely bypassed the poorer
farmers and rural communities occupying less-favored production environments.
Within the rice research community, this shift in emphasis was reflected in
increased effort on upland rice, as reflected in the publication of four major global
analyses of upland rice research (IRRI, 1975; IRRI, 1985; IRRI, 1986; and Gupta
and O'Toole, 1986). Two of them represent global conferences on the subject,
with hundreds of participants.

Perhaps within these tomes one might expect to find the issue of silicon deficiency
raised as a constraint characteristic of this neglected agro-ecosystem. However, a
reading of them provides only a single suggestion concerning the possibility and
significance of silicon deficiency, and that from two soil scientists not part of the
core rice research community:

"The strongly weathered soils in tropical regions have reached a high degree of
desilication. Research is needed to determine the effect of Si... on upland rice in
the highly desilicated Oxisols and Ultisols."

- Juo and Sanchez (1986), Jakarta Conference, page 89

To give proper recognition, it should be noted that Juo had raised the issue a
decade earlier, although perhaps in a forum that is less widely read by the rice
research community:

"The low soluble silica content in the well-weathered kaolinitic Ultisols and Oxisols
may become an important limiting factor in upland rice cultivation..."

- Juo (1978), lITA 1976 Annual Report, pages 58-59

Subsequent to the global confe ences, funding constraints have precluded further
major assemblies with this under-researched agro-ecosystem as a central theme,
and the momentum to accelerate progress in the uplands has inevitably suffered in
like manner.

Nevertheless, an excellent and comprehensive analysis of upland rice was
published in 1986 by Gupta and O'Toole, which made an indirect reference to
another (unfortunately remote) citation of an important effect of silicon deficiency in
upland rice by J. M. Bonman, formerly a rice pathologist at IRRI :

" Bonman ... suggested ... reasons for increased blast severity in upland
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environments ... [including] upland rice plants have relatively low silicon content".

- Gupta and O'Toole, 1986, citing IRRI 1983 training
course lecture notes

Despite Bonman'’s hint, however the conventional explanation of the upland blast
phenomenon continues to be that water deficits themselves (the most obvious
difference between upland and irrigated environments) are the cause. The lack
of general awareness or acceptance of Bonman's reminder, which itself derives
from much earlier knowledge from Japan (described in Suzuki, 1963) appears to
be reflected elsewhere in this same treatise, albeit with evident dissatisfaction
concerning the state of current knowledge.

"Water deficits seem to increase blast... Unfortunately we must base this... on
synthesis of indirect observations because neither the mineral nutrition nor
microclimatic aspects of blast epidemiology... [in upland rice] have been studied."

- Gupta and O'Toole, 1986, p. 36-37

Shifting from a global to a regional focus, it is clear that upland rice commands a
substantially greater proportion of the total rice area in Latin America and West
Africa than in Asia (Table 4), and even takes on important commercial dimension
in the former. Accordingly, even in the face of dwindling resources research
institutions in these regions have found it necessary to continue to accord high
priority to upland rice research. It would be logical to suspect that silicon may
have received more direct attention in these regions. However, there are very few
mentions of silicon in regional information databases (Table 3), and only recently
has the magnitude of the deficiency been demonstrated (Yamauchi and Winslow,
1989; Winslow, 1992; and present document). Of course, it must be kept in mind
that together these two regions account for just 8% of global rice production, and
their research contributions are a proportionally small fraction of the global rice
research effort.

In conclusion, while it is true that upland rice has received much lower and less
steady funding than for irrigated rice, it seems that even so the research effort on
silicon has been extrordinarily limited in relation to its importance in this agro-
ecosystem.

ilicon i an ntial element

The norm in plant nutrition research has been to categorize elements found in
plants into those which are "essential”, i.e. without which the plant cannot survive,

17



and those which are nonessential. In a recent, incisive review, Epstein (1994) has
pointed out that, because of the hidden implication that nonessential means
unimportant, this paradigm may have influenced plant nutrition researchers to
neglect silicon, considered non-essential even though it is acknowledged to be
extremely important for field agronomic performance in a range of crops. This
analysis is all the more compelling in that Epstein is one of the most experienced
and respected voices in plant nutrition research. He further points out that the
“essentiality" mindset may limit the relevance of much past solution-culture work to
real field production situations.

4. Silicon research is not traditional

Closely related and probably deriving in part from the third reason above, is the
relative absence of mention of silicon in the advanced-degree training which many
rice scientists receive in universities of the western world. Rice is not a major crop
in most of those countries, and where it is, it is irrigated and thus rarely silicon-
deficient. The other major crops of the temperate zone do not have high silicon
requirements, and temperate soils are probably less likely to be silicon deficient,
although the available information is so limited that even this basic point is
speculative. An education in such institutions produces students more confident in
studying the more traditional, well-explored macronutrients such as N, P, K, Mg
and Ca.

Two important exceptions to this generalization should be made, however. First,
the most advanced knowledge of the mechanisms through which silicon
ameliorates plant diseases comes from advanced institutions in the developed
world, albeit on crops other than rice (namely sugarcane, beans, cowpeas, and
cucumber). It is somewhat ironic that the future rice research community may find
itself seeking to catch up by learning from research on these far less important
and less silicon-dependent crops.

Second, the largest volume of silicon research on rice by far comes from Japan,
the only developed country with a long rice-growing tradition. That this experience
has had limited transfer to or impact in the Western developed world, or even to
the tropical developing world, may be a testimony to the importance of language
and cultural barriers in limiting the effective global interchange and application of
scientific knowledge. While the Japanese research findings are increasingly
finding their way westward, they do not include much mention of upland rice, since
this form of cultivation is extremely limited there. Nevertheless, the Japanese
literature forms the most substantial starting point for expanding the knowledge
base into the upland rice situation.

18



In considering these last two reasons for the limited research on silicon, one is
reminded of an observation of John Maynard Keynes:

"The difficulty lies not in the new ideas, but in escaping the old ones."

The main purpose of this monograph is to contribute to shrinking this knowledge
gap, and to bring the gap to greater awareness in the rice research community so
that a better understanding of the role of silicon can be developed in the future.
This in turn should lead to more productive and stable rice production in the
important but relatively neglected upland agro-ecosystem. It may be particularly
appropriate that such a missive emanates from CIAT, an institution with a rice
research mandate for the region that has the world's highest proportion of rice
(Latin America and the Caribbean); and which views upland rice as a crucial
strategic leverage point which can trigger the adoption of more sustainable
agricultural systems across the tropics.

19



BACKGROUND AND LITERATURE REVIEW

Si in the Environment

The dilemma of silicon deficiency, as with nitrogen can be described as "starvation
in the midst of plenty”. Just as nitrogen is the dominant component of the
atmosphere while agricultural systems are often N-deficient, silicon is the second
most common constituent of the earth's crust, yet upland rice grown on acid soils
(the most common substrate for the crop) faces a severe shortage of this element,
as detailed later. The reasons for these dilemmae are also analogous: N, gas in
the atmosphere cannot be metabolized by higher plants (except indirectly through
symbiotic associations), and in most common chemical forms in which Si occurs,
the element has extremely low solubility in water and is therefore not available for
uptake by rice roots.

Silicon in the geo-biosphere is found in a number of major chemical forms:
® Silicon, the element (Si, mw=28)

@ Silicic acid: Si(OH), major form in aqueous solutions; tetrahedral
- Silicate ion: Si0,* forms salts with calcium, sodium, aluminum, etc.

® Silica: SiO, .
- Crystalline silica (regular lattices; quartz and other rock minerals)

- Amorphous silica {(disorganized polymers; many rock minerals, & glass)

- - Amorphous hydrated silica: SiQ, - nH,0 (silica gel), or opal
(denser, less hydrated, less reactive form; common in plants)

Si in Soils

Si_minerology

Plant-available Si originates from the mineral substrate of the earth's crust. The
simplest mineral silicates are networks of silica (SiQ,) units, ranging from highly
organized crystals such as quartz to disordered amorphous "opal”.

Of interest to plant scientists are forms which can contribute soluble Si, which is
almost entirely in the form of monomeric silicic acid, Si(OH), (McKeague and
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Cline, 1963a). This is a tetrahedral molecule, consisting of a central Si surrounded
by four OH groups. The silica molecule is chemically active; the OH groups can
bond with other entities through condensation to form polymers or crystal lattices,
hydrogen bonds, and polar attractions leading to adsorption (McKeague and Cline,
1963c).

An important source of silicic acid in agricultural soils are the clay minerals called
"phyllosilicates", layered silica sheets with three of the hydroxyl groups of a silica
tetrahedron forming one plane, and the fourth group perpendicular to that plane,
bonding with an Mg or Al atom. Two-layer phyllosilicates, with the silica plane
considered as one layer and the metal cations as the other, form clays such as
kaolinite, while three-layer phyllosilicates, consisting of two silica sheets linked by
a central layer of metal ions, form clays such as mica, montmeorillonite, and
vermiculite.

Si does not appear to leach rapidly. It is an active solute that is mostly adsorbed
before being lost by leaching (Khalid et. al. 1978; McKeague and Cline, 1963b).

It is interesting, if somewhat of a digression to mention a completely different basis
for Si deficiency found in the Histosols. Histosols, such as in the Florida
Everglades region, also show Si deficiency when cropped to irrigated rice (Snyder
et. al.1986). These soils have only a relatively small mineral fraction, about 20%;
and a correspondingly low bulk density. Hence, total Si supply is limited.

Biogenetic opal

A particularly interesting type of amorphous silica is biogenetic opal. In rice, as in
most plants, Si is mainly found in this form. Biogenetic opal a denser, less
hydrated, less reactive form of silica than silica gel (Lanning, 1963). Plants take
up Si in its soluble form (silicic acid), and concentrate and precipitate it as opal
within the plant structure; this material is deposited on the soil after plant death.
Biogenetic opal is resistant to weathering, so it accumulates in the soil over time.
For example, it biogenetic opal residues have been dated at 1000 years of age in
Australian surface soils (Baker, 1959a).

McKeague and Cline (1963) note that "biological deposition of silica proceeds on a
grand scale in soils." Lovering (1958) argued that the extraction and re-deposition
of biogenetic opal in tropical jungles is so massive that it could substantially
change the soil type over several thousand years, a very short time period in
geological terms. Biogenetic opal sometimes makes up as much as 1-2% of the
weight of the surface soil in grasslands, particularly in soils of the Mollisol order
(Baker, 1959b). A soil layer up to 30 cm thick consisting purely of phytoliths was
reported on the Reunion Islands in East Africa (Riquer,1960).
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Much of the biogenetic opal originates from specialized "silica cells", which have
shapes characteristic of the plant species that produced them. Once deposited in
soils, these are termed "phytoliths”, and their presence can be used as a
pedologic indicator of the type of vegetation that was growing in the past. For
example, phytoliths of grasses can be distinguished from those of other plant
communities, such as deciduous forests, and even different types of grasses can
be identified (Twiss et. al. 1969; Verna and Rust, 1969; Wilding and Drees, 1971).

Solubility of Si

Silica units in quartz are closely packed and stable, and as a consequence
contribuet little Si to solution (3 ppm at 25 °C). This is why sandy soils, which may
be almost 100% silica and appropriately referred to as "siliceous”, are
nevertheless very low in available Si. Amorphous silica is less dense and more
soluble, ranging between 60-80 ppm (McKeague and Cline, 1963a).

While these figures provide a useful benchmark, actual solubility in tropical soils
and waters is substantially lower, due to a variety of factors which are described
below. On the other hand, concentrations within plant tissues may be substantially
higher, due to biochemical mechanisms.

It is somewhat of an oversimplification, however, to quote solubilities for Si
materials, because these are highly dependent on particle size, pH, temperature,
solution volume, time of equilibration method of equilibration (i.e. shaking vs.
perfusion vs. settling), and the presence of other solutes or adsorbents.

Parti iz rf [ [

As an example, grinding quartz particles to a size below 5 microns in diameter
increases Si solubility from the 6 ppm mentioned above to 120 ppm or more.
Apparently there is a "disturbed layer" of high solubility at the surface of quartz,
and hence increasing its surface area increases solubility (McKeague and Cline,
1963).

This principle could be used to advantage in developing more effective Si
fertilizers (Datnoff et. al. 1992). A particular case of note is biogenic opal such as
that found in rice husk. Since these particles of organic origin are of cellular or
sub-cellular size, they would present a large surface area to the soil solution,
which would increase solubilization.
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Weathering: making Si available to plants

Weathering of soils is an "aging" process characterized by the breakdown of
"young" clays into simpler forms, with the concomitant release of soluble Si, a
process known as "desilication" (McKeague and Cline, 1963c). Substitution of
other atoms such as Mg, Al, Ca, K, Na, etc. into silica lattices weakens silicate
minerals, making them weather more easily. Two-layer phyllosilicates split readily
along the layers, releasing the metal ions into the soil solution, providing other
important plant nutrients in addition to Si.

As less-tightly bound Si is removed, only the more weathering-resistant mineral
structures remain. Mineral segments containing Al in the substitution positions, for
example are more stable than those with Mg, and hence release less Si and
weather more slowly. The types of clay found in a particular soil are thus
indicators of degree of weathering, with those containg 1:1 phyllosilicates rich in
aluminum and iron oxides (sesquioxides) occupying the most-weathered end of
the spectrum. Some important clays along this spectrum include, in order of less-
to more-weathered: illite, interstratified mica intermediates, montmorillonite,
kaolinite, and gibbsite. Hence, soils rich in gibbsite are likely to be low in soluble
Si content (Fox et. al. 1967). The linkage between weathering and Si availability is
strong enough that Gallez et. al. (1977) argued that Si solubility could be used as
a quantitative measure of soil weathering in the tropics.

Since extreme weathering is characteristics of Ultisol and Oxisol soils, and these
are the most important upland rice soils worldwide (and particularly in the South
American tropical savannas, it is reasonable to suspect that silicon deficiency may
be widespread in upland rice (Juo, 1977; Juo and Sanchez, 1986). However,
experimental confirmation of this hypothesis is to date only available for West
Africa (Yamauchi and Winslow, 1989; Winslow, 1992).

The soil nutritional basis for silicon deficiency in sugarcane in Hawaii has been
particularly well documented (Fox et. al. 1967, Fox et. al. 1969). Soils in which Si
responses of sugarcane are frequent are typically the highly weathered, leached
tropical soils with low pH, low extractable Si, low base saturation, and low
silica-sesquioxide ratios (Silva, 1973). Their clay minerals are predominantly
hydrated aluminum and iron oxides (gibbsite and goethite or hematite) and
kaolinite, which have high phosphorus sorption (fixation).

Adsorption of silicic acid

Adsorbed amorphic Si is the main immediate insoluble source of soil solution Si,
governing its solubility dynamics in that medium (McKeague and Cline, 1963c).
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The 1:1 phyllosilicate clay mineral gibbsite is of special interest because it is rich
in aluminum sesquioxides. Sesquioxides of aluminum adsorb considerable
amounts of silicic acid, removing it from solution. Indeed, precipitates of aluminum,
iron, and magnesium oxides are used commercially to remove silica from industrial
waters (McKeague and Cline, 1963c). The mechanisms of adsorption are not well
understood, but Alvarez, Fadley, Silva and Uehara (1976) concluded that Si
adsorption was weak on gibbsite in the absence of Ca. Alvarez, Cramer and Silva
(1976) further concluded that there are specific interactions of Ca, silicate and
phosphate ions with the surface hydroxyls of gibbsite.

The adsorption of Si onto aluminum and iron hydroxides in highly weathered soils
-ads to questions about the efficiency with which plants can recover available Si.
Investigating this question, Khalid et. al. (1978) applied calcium silicate at rates of
830 and 1660 kg Si/ha to plots on a highly weathered tropical Gibbsihumox soil in
Hawaii. They found that after five years of continuous cropping with sugarcane,
maize, and kikuyugrass (Pennesetum clandestinum H.), a total of only 12-21% of
the applied Si had been recovered by the crops. At the end of the experiment,
they performed repeated extractions of soil samples with acetic acid-phosphate
solution but were only able to recover an additional 14-28% of the applied Si. Soil
analysis during the course of the experiment had revealed that virtually no Si had
moved below 30 cm depth, and therefore leaching losses could be ruled out. This
means that 57-72% of the applied Si was held in fixed form not readily available to
plants or displaceable by acid or phosphate.

In a sequel experiment (Khalid and Silva, 1978) they attempted "biological
extraction" of the remaining Si by growing rice in pots containing soil from the field
plots for a 20-week period (including a ratoon crop). On soil from control plots
(where no Si had been added), more Si was extracted by rice plants than by the
repeated acid-phosphate extractions that followed the first experiment. This was
attributed to the longer period of soil contact experienced by the rice plants, or
possibly due to some unknown mechanism of greater efficiency of extraction of
native soil Si by rice. In contrast, the acid-phosphate solution was more effective
than rice in extraction of Si from plots where Si had been applied. These findings
imply some difference between the ways in which "native" and "applied" Si are
retained by the soil.

The role of aluminum sesquioxides in adsorbing Si has lead to the hypothesis that
substances which could reduce the activity of sesquioxides would accordingly
release soluble Si (Low and Black, 1947). Chelating substances from organic
matter might have such an effect. If so, the cropping system effects on quantity
and quality of organic matter, as well as crop genetic capacity to produce organic
substances at the root-soil interface, could affect Si availability and uptake.
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Si-P interaction

An important specific case of adsorption dynamics concerns the postulated
competition between Si and P for adsorption sites in weathered soiis: there is
evidence that Si may displace P from adsorption sites, and vice-versa, depending
on their relative concentrations (Silva, 1971, 1973; Smyth and Sanchez, 1980).
The adsorption of Si to the aluminum hydroxide surfaces of gibbsite appears to be
weaker than the adsorption of phosphate (Alvarez et. al.1976b). Nevertheless,
heavy applications of silicate would still shift the equilibrium towards a release of
phosphate. Silicate fertilizer applications can thus reduce the rate of P application
needed to reach a given yield level in P-adsorbing soils (Thiagalingam, 1971), a
potentially remunerative practice since Si fertilizers may be less costly than P
fertilizers.

Si and pH

Acidifying a particular soil sample increases soluble Si concentration, presumably
because H+ ions compete with silicic acid hydroxyl units for hydrogen bond sites
at sesq