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Figure 2. SEM microphotographs of the diatomaceous earth (DE) used in the experiments. a) aggregate showing

that the material is not entirely composed of diatom frustules, where the circle shows the location of b); b) close

up of the circle in a) showing two fragments of diatom frustules (arrows); ¢) a well preserved diatom frustule; d)

material containing a sponge spicule (arrow).

3.2. Straw biomass and grain yield

Lower biomass was recorded in alkaline soil (from
0.5 to 6.8 g pot™) compared to acidic soil (from 6.2
to 14.6 g pot') and neutral soil (from 9.4 to 20.1 g
pot™) if all treatments (DE added and moisture condi-
tion) are taken as a whole. Straw biomass (g pot') was
higher at the SUB than at the FC moisture condition
in all treatments for acidic soil and in all treatments
except for the control for alkaline soils (Figure 3). For
neutral soil, straw biomass was generally not signifi-
cantly different of the two moisture conditions. For a
given moisture condition, the effect of DE application
was contrasted among soils, and no regular increase
of straw biomass was recorded with graded levels of
added DE. However, compared to the control, appli-

cation of 600 kg DE ha' significantly increased the

straw biomass grown in acidic and neutral soils un-
der the SUB condition and in alkaline soil under both
the SUB and FC moisture conditions. Under the FC
moisture condition, DE application did not increase
the straw biomass for acidic and neutral soils.

The grain yield was lower in plants grown on FC
than on SUB moisture conditions regardless of the
soil type and the levels of DE application (Figure 3).
Higher grain yield was observed with the highest rate
of DE application (600 kg DE ha') under the SUB
moisture condition in all three soils. Under the SUB
moisture condition, the increase in yield, calculated as
= 100x ((yield at 600 kg DE ha™' -yield without DE)/
(yield without DE)), was recorded as +29 + 8% for
acidic soil, +19 + 11% for neutral soil and +455 + 106
% for alkaline soil. Under the FC moisture condition,

grain yield increase was observed in acidic soil at 150
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and 600 kg DE ha'! and in neutral soil at 150 kg DE For intermediate DE treatments under the SUB con-

ha''. For straw biomass, the grain yield presented a dition, the results were contrasted. The maximum
roughly lower range of values for alka line soil (from grain yield was achieved at only 300 kg DE ha' for
0.7 to 5.2 g pot™!) than for acidic soil (from 2.7t0 9 g acidic soils and was even lower for alkaline soil at
pot') and neutral soil (from 4.1 to 12.6 g pot™). 150 kg DE ha''.
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Figure 3. Effect of graded levels of diatomaceous earth on straw and grain yield (g pot!) under field capacity and
submergence moisture conditions in acidic, neutral and alkaline soils. Each value represents the mean value of 3

replications; values having same letters do not differ significantly at P<0.05.
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3.3. Straw and grain Si

Higher straw Si content was observed in neutral soil
(range = 6.3-8.3% Si) than in alkaline soil (range =
5-6.6% Si) and acidic soil (range = 4-5.3% Si) (Fig-
ure 4), whereas grain Si content roughly decreased in
the same range in all three types of soils (0.4-1.2% Si)
(Figure 4). Plants treated with the highest level of DE
recorded higher straw Si content than the control for

neutral and alkaline soils under the SUB condition and

Straw Si (%)
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O =D W O - 0O

Straw Si (%)
L B T S B PR S s e

0 150 300 600
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for acidic and alkaline soils at the FC conditions, but no
clear trend was observed among the intermediate treat-
ments. Generally, we did not observe a significant dif-
ference in straw Si content between moisture regimes
for a given treatment. An increase in grain Si content
between the control and the highest level of DE was
observed under the SUB condition in alkaline soil only.
Under the FC condition, treatments of different levels
of DE did not significantly affect the grain Si content

for each soil.
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Figure 4. Effect of graded levels of diatomaceous earth on straw and grain Si (%) under field capacity and submergence

moisture conditions in acidic, neutral and alkaline soils. Each value represents the mean value of 3 replications; values

having same letters do not differ significantly at P<0.05.
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3.4. Total Si (straw + grain) uptake

Total Si uptake was calculated by summation (biomass
straw x Si straw) +(biomass grain x Si grain). As expect-
ed, the Si uptake under the SUB conditions was gen-
erally higher than under the FC condition. The highest

values were obtained for neutral soil (both moisture
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conditions) followed by acidic soils and alkaline
soils (Figure 5). With increasing DE application, Si
uptake increased linearly for acidic and alkaline soil
but not in neutral soil under the SUB moisture condi-
tion, whereas under the FC condition, Si uptake was

increased over the control only in the alkaline soil.

Figure 5. Effect of graded levels of diatomaceous
earth on total Si uptake (mg pot') under field capacity
and submergence moisture conditions in acidic, neu-
tral and alkaline soils. Each value represents the mean
value of 3 replications; values having same letters do
not differ significantly at P<0.05.

4. Discussion

4.1. Control of Si uptake by rice without DE appli-

cation

The uptake of Si by plants depends on the concentra-
tion of dissolved Si (DSi) (Ma and Takahashi, 2002),
which is ultimately a function of the solubility of the
soil-forming silicate minerals and water availability
(Cornelis and Delvaux, 2016). Therefore, the uptake
of Si can be expected to vary between a lower bound
represented by highly weathered soils in a dry condi-
tion and a higher bound represented by poorly weath-
ered soil in a humid condition. Comparing the Si up-
take for the treatments without DE, our data showed
the importance of soil type and water availability in
explaining the different results in Figure 4 and 5. The
higher Si uptake observed for SUB compared to FC
in acidic soil (Figure 5) demonstrated the importance
of water for Si uptake, as previously documented in
South Australia soils for wheat (Schultz and French,
1978). Such a result showed that the limiting factor
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for accumulation of Si in rice was water and not the
pool of PAS in acidic soil. In this work, the acidic
soil showed evidence of a higher degree of weather-
ing compared to the other soils with the presence of
gibbsite and the lowest value of Si extracted by CaCl,
(Table 1) but still contained a significant amount of
primary and secondary silicates. Acidic soil was also
less fertile than neutral soil with respect to the lower
number of available nutrients (Table 1). In acidic soil,
we suggest that an increase in the amount of water
added to the soils results in more favorable interac-
tions with the mineral surface, which enhances the
dissolution of silicates (Haynes, 2014). A slightly dif-
ferent situation might occur in neutral and alkaline
soils because the difference in Si uptake between FC
and SUB is not significantly different. Water in these
soil types might not be a limiting factor for Si uptake
because of the more significant pool of PAS. To ex-
plain the higher Si uptake in neutral soil compared to
alkaline soils, two factors can be mentioned, namely,
the stress conditions induced by higher salt content,
as indicated by the higher electrical conductivity of
the alkaline soil (Table 1), and the texture of the al-
kaline soil, which was less sandy than the neutral soil
and might have affected the crop growth because of
less favorable access to water for the roots. Phyto-
liths have not been investigated in this work although
their presence was attested in a majority of soils and
might constitute a preferential source of Si for plants
because they dissolve faster than most of the other
soil silicates, especially at alkaline pH (Fraysse et
al., 2009). A few studies indicated that the phytolith
pool is depleted in cultivated land (Clymans et al.,
2011) because of straw exportation from the field. In
the cases studied in this work, a fraction of straw was
reincorporated into the field according to the farmers,
and thus it can be assumed that the phytolith contents
of the soils were not completely depleted and could

constitute a source for Si. Therefore, we speculate that
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the phytolith pool might be more heavily depleted in
alkaline soil and still more significant in neutral and
acidic soils. Quartz was common in the 3 soils and
was generally considered to be inert as a source of
Si for plants. However, the solubility and dissolution
rates of quartz are higher in alkaline solution and in
the presence of electrolytes (Dove and Elston, 1992).
The pH values of 9 and the presence of salts, as shown
by the higher EC values (Table 1), indicated that
quartz dissolution cannot be ruled out for alkaline soil
(Knauss and Wolery, 1988)

4.2. Origin of Si uptake from DE application

Our findings offered evidence from ICP-AES, XRD
and SEM analyses that the DE used in the study was
not composed entirely of diatom frustules (amorphous
silica) but also consisted of silicates (contributed from
different type of clays) and other categories of bio-
genic silica (BSi) particles such as sponge spicules
(Figure 1 and 2). The BSi particles detected in SEM
were probably composed of amorphous silica because
opal-C or cristobalite, although common in other
DE (Eichhubl and Behl, 1998), were not detected by
XRD. An estimate of the contribution of Si from DE
added into the pots (as calculated from the chemical
composition given in Table 2) was calculated from
the difference between Si uptake by rice for a given
level of DE minus the uptake by the control (Table 3).
The Si uptake by the roots was not measured, but it
can be estimated as only 10% of the uptake by shoots
(Jeon, 2006). The calculated percentage of shoot up-
take from DE ranged from 57-79% in acidic soils to
40-57% in neutral soils and 59-152% in alkaline soils.
These estimates were not in good agreement with our
XRD data, which should have shown a peak at 26-
27°20 if the DE contains 40% of amorphous silica.
Therefore, we suggested that other sources of Si from

DE, such as quartz and clay minerals, might have
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contributed to the Si uptake by rice. This reasoning
can also serve as a possible mechanism/evidence
for the significant response of rice to applied DE, as
noted by Pati et al. (2016). As observed in the pres-
ent investigation, the theoretical percentage of shoot
uptake from DE was >100 in alkaline soil (Table 3).

The dissolution of Si from DE alone cannot be the
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only contributor to such a high value in alkaline soil
and suggests enhanced dissolution of silica sources
from the soil. Such a hypothesis is in good agree-
ment with the previous findings that addition of DE
might improve water retention (Sahin et al., 1997),
and as a consequence, might drive better adsorption

of the nutrients and Si.

Table 3. Estimation of the uptake of Si by DE added in the soils.

Treatments 300

Acidic (SUB) | Alkaline (FC) Alkaline(SUB)
300 | 600 | 150 | 300 | 600
kg ha'!

Si added per pot as DE (mg pot™) 192

192 384 91 192 384

Uptake of Si by shoot and grain

over control (mg pot™) 12

109 154 138 | 235 265

Theoretical % age shoot Si uptake 79
from DE

57 40 152 | 107 59

4.3. Contrasted effect of DE on yield

Comparisons between two moisture regimes show
significantly higher yield values for SUB than FC for
acidic and neutral soils but not for alkaline soil with-
out DE addition. As discussed previously for Si uptake,
the availability of nutrients depends on the water avail-
ability in acidic and neutral soils, but in alkaline soil,
higher clay content combined with salinity prevents
the growth of rice. The correlation between the Si con-
centration in the shoots and the yield can be used as a
demonstration of the benefits of Si to crops (Ma and
Takahashi, 2002). In this work, such a plot for the data
as whole showed a significant correlation (Figure 6a).
However, a closer look (Figure 6b) indicated that for a
given soil and moisture condition (corresponding to 12
data), the correlation was only slightly significant for
alkaline soils in the SUB conditions. Both param eters

(yield and straw Si content) tended to increase from

the FC to the SUB condition for neutral and acidic
soils. Therefore, our data showed that the Si content of
straw was generally not a good representation of the
effect of DE addition for explanation of the increase
in the yield. The increase in yield due to Si application
is not new and has been documented previously using
DE (Pati et al., 2016) and many other sources (Liang
et al., 2015). We confirmed the dissolution and re-
lease of silicon in our previous incubation experiment
(Prakash et al., 2016) over different intervals of up to
120 days in acidic and alkaline soil and noted higher
PAS with the application of DE compared to the con-
trol in both types of soil. However, DE was able to
affect the PAS of the soil and also plant growth due to
it content of various nutrients (Table 1). Although we
did not measure the available N, P and K for DE, ac-
cording to the total content of P,O, and K,O (0.1 and
0.4 wt %, respectively, Table 1), application of 600 kg
ha' of DE can supply 0.39 kg ha'' of P,O, and 2.22
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of K,O kg ha'. These values were quite small com-
pared to the nutrient content of the soils and of the
RDF applied. Accordingly, the nutrient added to
the soils by DE application cannot explain the in-
crease in the yield. In this work, the slightly better
response for acidic soil than for neutral soil at SUB
- RDF+DE@600 kg ha'! (+ 29 + 8% and 19 £ 11%,
respectively ) was in good agreement with the study
by Tavakkoli et al. (2011) for Si and biomass pro-
duction (grain yield not shown), offering evidence
that acidic weathered soils were more depleted in

PAS and were more reactive to Si fertilization.

o o
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%
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The increase in nutrient availability following Si ap-
plication is well documented but the mechanisms
remain unclear (Liang et al., 2015).The increase of
DSi might have desorbed P from the mineral surfaces
and allowed it to become more bioavailable. How-
ever, such a mechanism depends on pH because the
adsorption of Si increases with increasing pH and
achieves a peak at pH 9 (Parfitt, 1978; Beckwith
and Reeve, 1963), whereas the opposite occurs for P
(Obihara and Russel, 1972).A more positive response
for alkaline soil (+455 + 106%) would be in a good

agreement with the mechanism of Si/P displacement.

y = 0.1766x + 4.924
R2 = 0.2566, P<0.05

5 ‘
0 5 10 15
Straw Si (%)
o CONeutFC
b)
ol Je ENeutSUB
-~ H ] - |
6' A
21y = 0 | A AKFC
z A e
T6
s % & AIKSUB
‘s
5 5 /= ’ (ﬁ @Q .
’ ® AcidFC
4 r & y=01209x+53729
R = 0.3946, P=0.028 O AcidSUB
3 ‘ ‘ ‘
0 5 10 15

Straw Si(%)

Figure 6. Plot of straw Si concentration (in dry weight %) vs. grain yield for the data as a whole (a) and b) for the

6 soil/moisture conditions in the studied cases; only significant linear regression equations are given.
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Additionally, DE might have adsorbed more soluble
salts, including sodium, which mainly inhibited root
development and establishment of the crop and there-
by improved yield under alkaline soils. In addition, in
acidic conditions, supplemental input of DSi might
have reduced the toxicity of metals such as Al and in-
directly influenced the better plant growth (Wallace,
1993). Alkaline soils, which are also affected by salin-
ity, gave the best response to DE for yield with values
up to 455%, which is probably the highest reported
value. Under the alkaline soil condition, the roots of
the plant are highly affected in the early stage of their
establishment. Especially under the high salt content
of the soils, root establishment is restricted to a greater
extent. In the current study, growth and establishment
of the transplanted rice under SUB in alkaline soil ex-
perienced similar stress, and the straw and yield levels
were quite low. The addition of DE greatly improved
the yield, but the values remained low compared to the
other soils. The dramatic increase of the yield in such
a stressed soil demonstrates the capacity of DE to im-
prove the rice growth. Such an improvement was prob-
ably the result of a combination of Si and the physical
property of the DE material. In addition, applied Si as
a DE source must have stimulated the plants to absorb
higher K" (data not reported) under salt stress, as noted
by Liang (1999). Potassium plays an important role in
contributing to the survival of crop plants under salt
stress (Cakmak, 2005, Mahdieh ef al, 2015).

5. Conclusions

Without DE application, we showed that the water re-
gime is not a limiting factor for Si and nutrient uptake
in alkaline soil. Application of DE on soils fertilized
by RDF significantly increased the grain yield from
150 kg ha'! for alkaline soil, 300 kg ha! for acidic soil
and 600 kg ha™! for neutral soil at the SUB conditions,

whereas at field capacity, the increase in yield was not
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significant. The total Si uptake was significant only for
acidic soil at the SUB conditions at 600 kg ha' of DE
and for alkaline soil for the SUB and FC conditions.
The mineralogical study of the DE used in this study
shows that it was not entirely composed of amorphous
silica. To explain the excess of Si uptake following
DE application, our data suggest that the dissolution
of clay minerals and quartz from DE also might have
been involved.DE application not only contributed
additional Si for improved plant growth but its spe-
cific texture also likely aided in improving the water
retention locally and consequently improving the
solubilization of Si and the nutrients. Addition of DE
for improved crop yield offers an interesting applica-
tion in good agreement with previous work. However,
the chemistry and mineralogy of the soils and the DE
used should be characterized in detail to document the

mechanisms of Si and nutrient uptake.
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