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In contrast, a superior uptake of Si was observed in 
sugarcane grown with Si application under continu-
ous irrigation (ND+Si), and the lowest was obtained 
without Si (ED-Si and LD-Si), in agreement with to-
tal dry biomass of the sensitive cultivar. 

Figure 5. Silicon uptake (stalk+leaves+straw) of 
drought-tolerant (a) and drought-sensitive (b) sug-
arcane cultivars grown in sandy soil with (+Si) and 
without Si (-Si) under non-deficit (ND), early (ED) 
and late water deficit (LD). Means followed by the 
same letter in the column do not differ by Tukey’s test 
(p <0.05). MSD0.05= 744.44 for the tolerance, and 
570.83 for the sensitive. Standard error bars are in-
cluded in all figures. n=4 repetitions.

3.4. Chemical characteristics and soluble silicon con-
tent of the soil 

The soil samples exhibited low acidity (pH>7.0) and the 
P, Ca, and Mg contents were considered low (6-12 mg 
dm-3 of P), high (> 7 mmolc dm-3 Ca), and medium (5-8 
mmolc dm-3 Mg), respectively; and the base saturation 
(BS) was moderate (51-70%) after both harvests (Table 
2). These levels of soil fertility (acidity, Ca and Mg) were 
adequate for sugarcane cultivation, according to the clas-
sification of Raij et al., (1997). Although sugarcane fer-
tilization was performed according to Raij et al., (1997), 
low levels of P after harvest were found, which could be 
attributed to the uptake by the plant and the low initial 
levels of this type of soil.
The treatments did not affect (p>0.05) the chemical char-
acteristics of the soil samples that were collected from 
both experiments, except for the P and soluble Si contents 
(Table 2). The levels of phosphorus extracted by resin and 
soluble Si in acetic acid (0.5 mol L-1) and CaCl2 (0.01 mol 
L-1) were higher in all of the treatments that received Si 
fertilization, including those with water deficit (Table 2). 
The soluble Si contents (x) obtained by the extraction of 
acetic acid and CaCl2 were related with the Si uptake (y) 
by the whole plant (leaves+stalks+straw), and the avail-
ability of this element to the plant for each extractant 
solution was evaluated. The linear regression equations 
were significant (p<0.05, F test) for the soluble Si ex-
tracted by acetic acid from soil samples after harvesting 
the drought-tolerant cultivar (ŷ = 635.130 + 21.763 x, R2 
= 0.74*, p<0.05) and the drought-sensitive cultivar (ŷ = 
587.68 + 9.968 x, R2= 0.64*, p<0.05). They were also 
verified using CaCl2 from soil samples after the harvest of 
the drought-tolerant cultivar (ŷ = 498.84 + 393.75 x, R2 
= 0.49*, p<0.05) and the drought-sensitive cultivar (ŷ = 
447.49 + 211.40 x, R2=0.51*, p<0.05).



Journal of Soil Science and Plant Nutrition, 2017, 17 (1), 99-111

107Silicon fertilization reduces the deleterious effects of water

Table 2. Chemical attributes, soluble silicon in acetic acid 0.5 mol L-1 and CaCl2 0.01 mol L-1 of soil samples 
collected after 11 months of two sugarcane cultivars grown in sandy soil with and without Si fertilization under 
non-deficit, and early and late water deficit.

1Sia= Si in acetic acid 0.5 mol L-1; 2Sic= Si in CaCl2 0,01 mol L-1; 3pH CaCl2; 
4P= anion resin exchangeable; 5Ammonium acetate 

method; 6Cation exchange capacity; 7Base saturation; 8MSD= minimum significant difference.** Means followed by the same 

letter in the column do not differ based on a Tukey’s test (p <0.05).

4. Discussion

Silicate fertilization increased the soluble Si concen-
tration in the soils, which resulted in an increased 
Si uptake, dry biomass, and sugar and stalk yield of 
sugarcane grown under continuous irrigation and 
water deficit imposed in both phenological stages. 
Althought positive responses of silicate fertilization 
were observed for both cultivars, Si provided simi-
lar sugar and stalk yield for water deficit treatments 
(ED+Si, LD+Si) and continuous irrigation (ND+Si) 
for drought-sensitive cultivar. These results dem-
onstrated that Si was useful to recovery of drought-
sensitive sugarcane cultivars after both water deficit 
periods, which did not show yet for sugarcane crop. 
The initial levels of Si in the soil (0-5 mg kg-1 Si, 0.01 
Mol L-1 CaCl2;< 15 mg kg-1 Si, 0.5 mol L-1 acetic acid) 
were considered low (Berthelsen et al., 2001; Mc 
Cray and Ji, 2012) as a consequence of the sandy tex-
ture (Camargo et al., 2013). Si fertilization promoted 
sharp increases in the Si content in the soil extracted 
by both extractors. Although these values are not con-
sidered sufficient (> 20 mg kg -1 Si extracted by CaCl2 
0.01 mol L-1) for sugarcane according to Berthelsen 

et al., (2001), positive results in sugarcane yield have 
already been obtained in soils with similar Si contents 
(Mc Cray and Ji,  2012; Camargo et al., 2013), in 
agreement with the results of this study. 
Although acetic acid has greater power to extract sol-
uble Si from the soil than does CaCl2, it showed the 
correlation with Si uptake (leaves+stalks+straw) due 
to its high determination coefficient (R2) as reported 
in other studies (Camargo et al., 2013; Camargo et 
al., 2014). When silicate is used as a Si source, similar 
values of pH, Ca, and Mg are necessary in all treat-
ments to observe only the effects of increasing the Si 
availability in the soil and Si application, as in this 
study. Moreover, the absence of differences in these 
values among treatments confirmed that the results 
obtained were due to increases in the soluble Si in soil 
and its uptake by plant. This increase in the P con-
tent in soil with Si addition could be related to the 
exchange of Si by P because both elements occupy 
the same adsorption sites, but there is no effect on P 
uptake by plants (data not shown).
The stalk diameter and plant height are important attri-
butes for determining the potential of sugarcane yield 
(Dinardo-Miranda  et al.,  2010;  Silva  et al.,  2008). 
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The negative drought effects on these attributes have 
already been observed in some genotypes of sugar-
cane cultivars (Silva and Costa 2004; Silva et al., 
2008; Machado et al., 2009). In this study, water defi-
cit reduced these attributes only for the sensitive culti-
var and when there was no application of Si to the soil. 
On the contrary, no reduction in the stalk diameter or 
plant height with Si fertilization was observed, and 
treatments with irrigation (ND+Si) and under deficit 
(ED+Si, LD+Si) had similar and the highest values. 
Moreover, the plant height, and stalk length were not 
different among treatments, unlike those observed in 
some studies that were conducted under field condi-
tions (Inman-Bamber and Smith, 2005; Silva and 
Costa, 2004) and in pots (Machado et al., 2009; Car-
lin and Santos, 2009). This can be explained because 
the intensity of the water deficit was moderate (55% 
field capacity) (Carlin and Santos, 2009; Oliveira et 
al., 2010) and longer duration (60 days), unlike that 
of other studies using severe water deficit (20 to 40% 
field capacity) to assess the immediate effects (Car-
lin and Santos, 2009, Oliveira et al., 2010; Boaretto 
et al., 2014) or the recovery of the plant after stress 
(Machado et al., 2009). 
Sugarcane stalk is considered the main component 
in this crop (Dinardo-Miranda et al., 2010) because 
sugar and ethanol are obtained by processing the juice 
extracted from the stalk. The decreased stalk yield 
grown under water deficit (Machado et al., 2009; In-
man-Bamber and Smith, 2005; Ramesh, 2000; Silva 
and Costa, 2004) was also verified in this study. Water 
deficit has reduced the sugar yield, which has not been 
evaluated in most studies of sugarcane and abiotic 
stress conducted in pots, with the exception of studies 
of salinity and Si (Ashram et al., 2010). The effects of 
Si fertilization were markedly positive on the allevia-
tion of water deficit in the sensitive cultivar, result-
ing in a similar stalk and sugar yield in the following 
treatments: Si and continuous irrigation (ND+Si) and 

early and late deficit (ED+Si and LD+Si) (Figures 
2b, 4b). For the tolerant variety, a decreased stalk and 
sugar yield was observed only in the treatments un-
der water deficit without Si (ED-Si and LD-Si), which 
were not different from ND-Si, ED+Si and LD+Si. 
Si fertilization increased the stalk and sugar yield of 
sensitive sugarcane cultivars, even when grown un-
der water deficit conditions, which could be useful 
for planting these cultivars in soils subject to drought. 
Although tolerant cultivars are indicated for condi-
tions of water deficit (Dinardo-Miranda et al., 2010), 
sensitive cultivars are still being used in sugarcane 
fields due to their higher sugar yield in response to 
fertilization under adequate conditions of soil and 
water availability and variability in planting and har-
vesting seasons compared to some tolerant cultivars 
(Dinardo-Miranda et al., 2010; Gava et al., 2011). On 
the other hand, for the tolerant cultivar, just the water 
supply, even without Si application (ND-Si), showed 
best increase in the stalk and sugar yield compared 
to both water deficit treatments with Si application 
(ED+Si and LD+Si). However, Si is also important 
for tolerant cultivars because irrigation is not avail-
able in these areas and/or is costly; silicate fertiliza-
tion is one alternative to increase the stalk and sugar 
yield, as shown in the ED-Si and LD-Si treatments.  
The positive effects of Si on the dry biomass and 
sugar and stalk yield are in agreement to increase of 
Si uptake by above-ground biomass after two water 
deficit periods, whose values were inferior when this 
beneficial element was not applied in soil for both 
cultivars (Figure 5). Although water deficit commonly 
reduces dry biomass yield, the Si plays a important 
role in osmotic adjustment, reducing the water loss 
and increasing biomass yield, as already reported to 
wheat (Gong et al., 2005) and sorghum (Hattori et 
al., 2005). Sonode et al., (2011) have also reported 
the alleviation of Si fertilization for sorghum grown 
under water deficit due to osmotic adjustment and 
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consequent increase on water uptake by roots and dry 
weight. In addition, studies have already shown the 
positive effect of Si on antioxidant enzymes of plants 
under water deficit, providing maintenance of growing 
even in these stressful conditions (Gong et al., 2005). 
The water deficit periods used in this study were chosen 
due to dry season occurrence (May-August) in the South 
Central region of Brazil, which is the most representative 
area of sugarcane cropping (Conab, 2016). The periods 
were also chosen because the dry season coincides with 
the most prejudicial phases for the growth of sugarcane 
(tillering and early grand growth) for sugarcane planting 
in January. In addition, some producers have used irriga-
tion during the dry season, but information is still scarce 
about the positive effects of this practice (Gava et al., 
2011). Considering the common higher temperatures and 
number of hours of sunlight after September in this re-
gion, it is possible that late water deficit (July-September) 
had caused a higher prejudice in stalk yield compared 
to early water deficit (May-July). However, early water 
deficit (120-150 days) and late water deficit (150-210 
days) without Si (ED+Si and LD+Si) did not show differ-
ences in the stalk, sugar and dry biomass (Figure 2,3,4) 
at harvest 330 days after transplanting. The negative im-
pact on dry biomass of drought-sensitive cultivar (IACSP 
96-2042) caused by water deficit imposed during 73 and 
114 days have also observed by Machado et al., (2009). 
In addition, dry biomass reduction in the range of 67-
80% have also observed in sugarcane grown under water 
deficit in pots (22 L) during 84 days (Pincelli and Silva, 
2012). More recently, Ecco et al., (2014) have also 
found 78-83% of decrease on dry biomass of the same 
cultivars evaluated in this study when they grown under 
intense deficit (20-40% field capacity) during 95 days.
Despite of deleterious effects of drought observed, Si 
provided best recovery of sugarcane at harvest after both 
periods (early and late) of water deficit. It was markedly 
reduced the sugar and stalk yield, and dry biomass of 
above-ground when water deficit was imposed (ED-

Si, LD-Si) compared to superior values (Figures 2, 3, 
4) obtained for the same conditions with Si fertiliza-
tion (ED+ Si, LD+Si). The Si fertilization have also 
provided increase of dry biomass of rice (Sonodi et 
al, 2011) and forage grass grown under water deficit 
(Eneji et al., 2008) and dry biomass of rice (Mahdieh 
et al., 2015) and sugarcane grown under salinity and 
Si (Ashraf et al., 2010). 
Finally, the results observed in this study confirm the 
alleviation of deleterious effects of water deficit with 
Si fertilization in both drought-sensitive and drought-
tolerant cultivars. Future studies under field condi-
tions and with more sugarcane cultivars are necessary 
to provide more information about the effects of Si 
application after periods of water deficit on the har-
vest of sugarcane. This information will improve the 
management of cultivars and water in this crop.  

5. Conclusions

Silicon fertilization provided best recovery of sugar-
cane (superior sugar, stalk yield, and dry biomass of 
above-ground) after early and late water deficit com-
pared to its absence for RB86-7515 (drought toler-
ant) and RB85-5536 (drought sensitive) cultivars. For 
RB85-5536, Si fertilization propitiated similar recov-
ery for water deficit treatments and continuous irriga-
tion. No differences were observed between periods 
of water deficit. Therefore, Si fertilization at planting 
should be considered another tool for reducing the 
damage caused by water deficit in sugarcane. 
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