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ABSTRACT: Upland rice cultivars manifest different nutritional demands. A field study
was conducted to quantify the extraction, distribution, and removal of micronutrients
and silicon by the upland rice cultivars. The experiment was arranged in a randomized
complete block-split plot design. Plots consisted of three cultivars (Caiapé - traditional,
BRS Primavera - intermediate, and Maravilha - modern) of upland rice. Split-plots
. . ) consisted of plant samplings, which occurred at 39, 46, 55, 67, 75, 83,92, 102, 111, 118,
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E-mail: crusciol@fca.unesp.br and 125 days after emergence (DAE). Up to the end of tillering (46 DAE), all cultivars
exhibited low demand for most micronutrients and Si, and took up less than 24 % of
the total B, Cu, and Si, but around 31 % of the total Zn. The period of greatest uptake
of micronutrients and Si occurred from 65 to 80 DAE in the Caiapé and BRS Primavera
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INTRODUCTION

The development of modern type of rice cultivar, adapted to dryland or irrigated production
systems, has been an excellent strategy for maximizing Brazilian production of this cereal
crop. Nevertheless, the rice cultivars used in this production system may have variable
grain yields as a result of differences in the redistribution of assimilates among the plant
organs throughout the period of development (Alvarez et al., 2012). Traditional rice
cultivars, such as Caiapd, are notable for their height, long decumbent leaves, and long and
vitreous grains (Alvarez et al., 2012). In contrast, modern cultivars like Maravilha are short
plants with long thin grains, short upright leaves, strong stems and high tillering (Alvarez
et al., 2012). Intermediate cultivars like BRS Primavera are the result of crosses between
traditional and modern cultivars, and their main characteristics are a shorter plant and
better grain quality (Santos et al., 2006). These modern cultivars represent an excellent
alternative in composing crop rotation programs in Cerrado (Brazilian tropical savanna)
areas under no-tillage systems where intensive cropping of soybean, maize, and cotton
prevails (Moraes, 1990; Guimaraes and Yokoyama, 1998; Guimaraes and Stone, 2004).

The Brazilian Cerrado region has great agricultural potential for growing upland rice,
especially for growing modern cultivars. Nevertheless, the low natural fertility of these
soils, the increase in the yield levels of maize and soybeans grown in the region, and the
intensive use of soil acidity amendments and concentrated NPK fertilizers have generated
micronutrient deficiency problems in large areas of the Cerrado (Bernardi et al., 2003).
Although micronutrients are taken up in small quantities by plants, they are fundamental
for crop growth and development (Kirkby and Rémheld, 2007) and the lack of any one
of them causes significant yield losses. Thus, to avoid limitations on rice grain yield, the
ready availability of these nutrients at the times of greatest plant demand is necessary
(Fidelis et al., 2012), otherwise there may be nutritional deficiency.

In the rice crop, deficiency of zinc (Zn), manganese (Mn), and iron (Fe) results in chlorosis
on the leaf blades and reduces plant development (Moraes, 1990; Fageria, 2006), while B
deficiency substantially reduces the synthesis of dry matter (DM) of the shoots and roots
(Fageria, 2000). Rice plants that are deficient in copper (Cu) exhibit chlorotic leaves with
less tillering and lower viability of pollen grains (Das, 2014). Silicon (Si), although not
considered essential (Epstein, 1994), is one of the nutrients that is most taken up by
the rice plant (Tokura et al., 2011), such that when plants are grown in the absence of
Si, DM accumulation in the grain is cut in half (Ma et al., 1989).

There are many older studies available in the literature on the nutritional demands of
rice for micronutrients and Si (Gilmour, 1977; Malavolta et al., 1981a,b, 1982; Ma et al.,
1989), as well as more recent studies by Fageria (2004) and Mauad et al. (2013). However,
in most of these studies, rice was grown in greenhouse or the studies used traditional
cultivars, whereas some cultivars were recommended only for flooded growing conditions.
However, since modern rice cultivars in current use have genotypic characteristics
different from those studied in the past, and considering that the uptake and use of
nutrients by rice plants also depends on physiological processes inherent to the cultivars
used (Fageria et al., 1995), the nutritional demands of these current cultivars may
be different. There are studies showing that an increase in rice grain yield results in
greater nutrient removal from the growing area (Crusciol et al., 2003a,b; 2007). Recent
studies on these rice cultivars in current use that have different plant architectures have
indicated the presence of significant differences in biomass production and grain yield
(Guimaraes et al., 2008; Alvarez et al., 2012). Thus, we hypothesized that the periods
of greatest demand and the total amounts of micronutrients and Si taken up by these
modern cultivars is greater than that of the cultivars used in the past, since the current
cultivars have higher yields.

The aim of this study was to evaluate the extraction, distribution, and removal of
micronutrients and Si by the upland rice cultivars Caiapd, BRS Primavera, and Maravilha.
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MATERIALS AND METHODS

Site description, experimental design, upland rice cultivar characteristics, and crop
management are briefly presented here. The full details of these topics were presented
by Crusciol et al. (2016).

The field experiment was performed in Botucatu, State of Sdo Paulo, in southeast Brazil (48°
23" W, 22°51'S; 765 m above sea level), in the 2005/2006 growing season in a Nitossolo
Vermelho Distroférrico (Santos et al., 2013) or Typic Rhodudalf (Soil Survey Staff, 2006). Prior
to the experiment, soil chemical properties was determined at 0.00-0.20 m depth according
methods proposed by Raij et al. (2001) and Korndoérfer et al. (2004). The soil properties
were: pH(CaCl,) 5.0, organic matter 21 g dm?, P (resin) 35 mg dm?, K* 2.5 mmol. dm?,
Ca** 38 mmol, dm?, Mg** 17 mmol, dm?, H+Al 43 mmol. dm?, CEC 100.5 mmol, dm?,
base saturation 57 %, S-S50, 20 mg dm?; B 0.27 mg dm; Cu 6.5 mg dm?; Fe 38 mg dm”,
Mn 6.2 mg dm?>; Zn 1.2 mg dm?, and Si 8 mg dm”.

The experiment was arranged in a randomized complete block design with split-plots
and seven replications. The treatments consisted of cultivars of upland rice with different
plant architecture (Caiapé - traditional group; BRS Primavera - intermediate group; and
Maravilha - modern group) and eleven (11) plant sampling (assessment) times (39, 46,
55,67,75,83,92,102, 111, 118, and 125 days after emergence - DAE). The information
about the size, shape and useful area of plots and split-plots, and details about the upland
rice cultivars was presented by Crusciol et al. (2016).

Rice sowing was performed mechanically on November 17", at a row spacing of 0.30 m with
240 viable seeds m™. Mineral fertilization in sowing was applied in a rate of 20 kg ha™ N,
120 kg ha™ P,0s, and 20 kg ha™ K,O. No micronutrients or Si were applied. Plant emergence
occurred at 7 d after sowing, and at 30 and 60 DAE, 40 and 40 kg ha™ N, respectively,
was applied. The N, P and K were applied as the fertilizers urea, superphosphate and
potassium chloride, respectively. The information about the management of irrigation,
weeds, pests and diseases was provided in detail by Crusciol et al. (2016).

Plant measurements, micronutrient and silicon accumulation

A complete description of plant sampling and obtaining of dry matter (DM) data were
presented in Crusciol et al. (2016). In the dry samples, the concentrations of B, Cu, Fe,
Mn, and Zn were determined according to methodology proposed by Malavolta et al.
(1997), while Si concentration was determined according to the method proposed by
Korndorfer et al. (2004). Based on micronutrient and Si concentrations and on the
amounts of DM accumulated by Crusciol et al. (2016), the amounts of micronutrients and
Si accumulated in each plant part were calculated. Accumulation rates of micronutrients
and Si in panicles and shoot, and the extraction of these nutrients per Mg of grain were
calculated as documented for the macronutrient accumulation in Crusciol et al. (2016).

Grain yield and nutrient removal

The details of upland rice cultivars harvest and calculation of grain yield were presented
by Crusciol et al. (2016). A sample of grains from each plot was dried in a forced air
oven (65 °Cfor 72 h) and ground to determine the micronutrient (B, Cu, Fe, Mn, and Zn)
(Malavolta et al., 1997) and Si (Korndoérfer et al., 2004) concentration in the grains.
The micronutrient and Si removal, and relative removal of these nutrients, were calculated
as documented for the macronutrient removal (Crusciol et al., 2016).

Statistical analyses

The data were subjected to ANOVA. The mean values of the cultivars at each sampling
time were separated by the LSD test at 0.05 probability. The effects of plant samplings
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on the DM and nutrient accumulation variables were assessed by regression analysis
using the software SigmaPlot 10.0.

RESULTS AND DISCUSSION

In the first 46 DAE, the accumulation of most micronutrients and Si in the stem + sheath
did not differ between the cultivars, and represented approximately 10, 21, 46, 41, 24,
and 22 % of the total amounts of B, Cu, Fe, Mn, Zn, and Si accumulated in this plant
structure, respectively (Figures 1a, 2a, 3a, 4a, 5a, and 6a). The lower accumulation of
these nutrients in this phase of the cycle is due to the slow initial growth of the crop
(Guimaraes et al., 2008) and the low accumulation of DM in this organ for all cultivars
(Crusciol et al., 2016). This shows that in the initial stage of rice development, assimilation
of micronutrients by the crop is low (Pavinato et al., 2009), except for the elements Fe
and Mn. After 46 DAE, the quantities of micronutrients and Si accumulated in the stem +
sheath increased up to nearly 90 to 100 DAE in the cultivars Caiap6 and BRS Primavera,
but in the cultivar Maravilha, there was an even greater increase in accumulation of these
nutrients for 10 to 15 days longer (Figures la, 2a, 3a, 4a, 5a, and 6a). The Maravilha
cultivar is characterized by a low rate of growth throughout its entire development cycle
(Guimaraes et al., 2008; Alvarez et al., 2012), which resulted in a slower accumulation
of micronutrients and Si in this plant structure up to a later phase of the cycle. From
75 to 100 DAE, the Caiapé cultivar accumulated between 1.3-1.4-fold more Cu, Fe, and Si
in the stem + sheath than the other cultivars, but after 100 DAE, the accumulation of all
the nutrients in the stem + sheath of this cultivar did not differ from the Maravilha cultivar
(Figures 1a, 2a, 3a, 4a, 5a, and 6a). In the BRS Primavera cultivar, the accumulation of B,
Cu, Mn, and Fe in the stem + sheath was of 0.8-1.4-fold lower than that of the two other
cultivars only after 75 DAE, although, in spite of the shorter cycle, the accumulation of
Zn and Si in the stem + sheath of this cultivar did not differ from the others. In the final
phase of the cycle, the quantities of micronutrients and Si accumulated in the stems +
sheath of all the cultivars declined by 8-33 % depending on the cultivar (Figures 1a, 2a,
3a, 4a, 5a, and 6a). This result is due to a reduction in the amounts of DM accumulated
in this organ of the plant (Crusciol et al., 2016).

At the beginning of vegetative development (39 DAE) there were no differences among
cultivars in relation the amounts of micronutrients and Si accumulated in the leaf blades,
which were only 10, 28, 26, 29, 33, and 10 % of the total amount of B, Cu, Fe, Mn, Zn,
and Si accumulated in this structure, respectively (Figures 1b, 2b, 3b, 4b, 5b, and 6b).
As of 39 DAE, the accumulations of these nutrients in the leaf blades of all the cultivars
intensified until almost the end of the cycle. The maximum accumulation of micronutrients
and Si in the leaf blades of the Caiap6 cultivar occurred at 100 DAE. In the BRS Primavera
cultivar, the maximum accumulations of these nutrients in the leaf blades were earlier and
occurred from 84 to 90 DAE, but in the Maravilha cultivar, they occurred only after 100
DAE. In the leaf blades of the Caiapd cultivar, the accumulations of all the micronutrients
and Si around of 100 DAE were greater than those of the other cultivars, with values per
hectare of 90 g of B, 34 g of Cu, 773 g of Fe, 935 g of Mn, 79 g of Zn, and 53 kg of Si.
However, after 100 DAE, the amounts of micronutrients and Si that accumulated in the
leaf blades of the Caiap6 cultivar became the same as those of the Maravilha cultivar.
The high accumulation of nutrients in the leaf blades of the Caiapé cultivar is related
to the greater leaf area index (Alvarez et al., 2012) and the biomass of the leaf blades
of this cultivar is 34 % greater than that of other cultivars (Crusciol et al., 2016). The
BRS Primavera cultivar has shown lower leaf blades biomass (Crusciol et al., 2016), and
accumulated lower quantities of micronutrients and Si in this organ than the other cultivars,
with values per hectare of 61 g B, 25 g Cu, 580 g Fe, 771 g Mn, 57 g Zn, and 44 kg Si
(Figures 1b, 2b, 3b, 4b, 5b, and 6b). Since this cultivar is of the intermediate group, it
also has smaller and more upright leaves than the Caiapd cultivar of the traditional group
(Alvarez et al., 2012). In the final phase of the cycle, the quantities of micronutrients and
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Figure 1. Boron (B) accumulation in the stems + sheath (a), leaf blades (b), panicles (c), shoots (d), and B accumulation rates in the
panicles (e) and in the shoots (f) of rice cultivars throughout their cycle. ** and *: significant at 5 % and 1 % by the F test, respectively.
Vertical bars indicate the value of LSD by the t test (LSD) at 5 %.
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test, respectively. Vertical bars indicate the value of LSD by the t test (LSD) at 5 %.

Rev Bras Cienc Solo 2016;40:e



Zn accumulation in the stem-sheath (g ha)

Zn accumulation in the panicle (g hat)

Rate of Zn accumulation in the panicle (g ha d?)

A

D Crusciol et al.  Micronutrient and Silicon Uptake and Removal by Upland...
225(_a) Caiap6 = 165.5exp(-0.5((x-94.9)/36.2)2) R? = 0,98** 12o(_b) Caiap6 = 81.2exp(-0.5((x-93.2)/40.2)2) R? = 0.98**
— — — BRS Primavera = 149.7exp(-0.5((x-88.6)/32)?) R? = 0.98** — — — BRS Primavera = 58exp(-0.5((x-85.1)/36.1)?) R? = 0.97**
2004 Maravilha = 127.1exp(-0.5((x-103.6)/36.4)) R? = 0.98** o 100 Maravilha = 68exp(-0.5((x-100.9)/40.9)?) R? = 0.98%*
& 4
175 4 =
(9]
B
150 - °
8
125 °
s
100 A £
c
.
75 - B
E
50 3
Q
©
25 1 N
0 T T T T T T T T 1 O T T T T T T T T 1
0 14 28 42 56 70 84 98 112 126 0 14 28 42 56 70 84 98 112 126
Day after emergence Day after emergence
14O(C) Caiap6 = 76.4exp(-0.5((x-121.3)/11.6)) R? = 0.98* 3 O(d) Caiapd = 272.3exp(-0.5((x-108.7)/46.2)?) R? = 0.98**
— — — BRS Primavera = 105.5exp(-0.5((x-105.9)/16.5)2) R2 = 0.98* 01 ___ BRSPrimavera = 281.5exp(-0.5((x-104.6)/38.6)?) R? = 0.99**
120 4 Maravilha = 60.8exp(-0.5((x-121.7)/15.2)?) R? = 0.99* — Maravilha = 234.1exp(-0.5((x-118.6)/45.1)?) R* = 0.99**
o 300 -
=
100 1 % 3 2501
/ &
80 - }/ 2 2001
£
je
60 - S 150 -
©
E
40 A 2 100 1
®
(=
20 T / N 504
/
-~ .
0 T T T '/ L ! T T 1 0 T T T T T T T T 1
0 14 28 42 56 70 84 98 112 126 0 14 28 42 56 70 84 98 112 126
Day after emergence Day after emergence
5 () Caiap6 10(_f) Caiapé
— — — BRS Primavera — — — BRSPrimavera
4 - Maravilha B8] Maravilha
o
e
3 4 o 61
Is]
2
2 1 o
s
{=
1 4 =
S
®
0 T T T g 4'.‘I
14 28 42 3 126
1 s
N
G
2 1 2 44
o<
-3 -6 -

Day after emergence

Day after emergence

Figure 5. Zinc (Zn) accumulation in the stems + sheath (a), leaf blades (b), panicles (c), shoots (d), and Zn accumulation rates
in the panicles (e) and in the shoots (f) of rice cultivars throughout their cycle. ** and *: significant at 5 % and 1 % by the F test,
respectively. Vertical bars indicate the value of LSD by the t test (LSD) at 5 %.

Rev Bras Cienc Solo 2016;40:e



@
A

Crusciol et al.  Micronutrient and Silicon Uptake and Removal by Upland...

@ Caiapd = 55.8exp(-0.5((x-103.1)/32.9)?) R? = 0.99**
70 7 — — — BRS Primavera = 40.9exp(-0.5((x-100.3)/32.3)2) R? = 0.99*
'”-; ~~~~~~~~~~~~ Maravilha = 45.6exp(-0.5((x-107.9)/33.9)?) Rz = 0.99**
= 60 .
2
=
® 50
2
EJ 40 | §/§, —
w
(] g
£ A
£ 301 é
c
i .
- 2 i e
% 0 /
IS
=l
o 10
©
O - T - T T T T T T T 1
0 14 28 42 56 70 84 98 112 126
Day after emergence
50 (E) Caiap6 = 25.3exp(-0.5((x-122.4)/11.8)?) R? = 0.99*
— — — BRS Primavera = 32.5exp(-0.5((x-109.6)/17.8)?) R? = 0.99*
:.r; Maravilha = 18.9exp(-0.5((x-124.4)/15.5)?) Rz = 0.99*
> 40
X<
@
o
[
g 301 %/ %
2
= /
S 20
&
>
E /
S 10
@ /
S
0 T T T I/ T “.;‘ T T 1
0 14 28 42 56 70 84 98 112 126
Day after emergence
1.5(_9) Caiap6
. — — — BRS Primavera
'f Maravilha
& 1.0
g
@
2 0.5
3
(]
s
£ 00 T T p—— 7
é 14 28 42 56 70 84 98 112
]
g 05
o]
®
pid
4 -1.0 1
L
©
o
_15 J

Day after emergence

Si accumulation in the leaf blade (kg ha?)

Si accumulation in the shoot (kg ha)

Rate of Si accumulation in the shoot (kg ha*d?)

Caiap6 = 54.3exp(-0.5((x-107.8)/31.6)?) R? = 0.99**

(b)

809" _ _ _ BRS Primavera = 44.3exp(-0.5((x-101.4)/30.2)2) R2 = 0.99%*
20 Maravilha = 49.1exp(-0.5((x-116.4)/37.4)2) R = 0.99%*
60
50 A
401
30 1
20 1
10
0 = T T T T T T T T 1
0 14 28 4 56 70 84 98 112 126
Day after emergence
(d) Caiapé = 123.5exp(-0.5((x-114.4)/36.6)?) R? = 0.99**
1607 _ _ _ BRS Primavera = 115.5exp(-0.5((x-109.2)/31.8)?) R? = 0.99%
1404 e Maravilha = 109.2exp(-0.5((x-121)/39)?) R? = 0.99**
120 -
100 -
80
60 -
40 -
20 -
04
0 14 28 42 56 70 8 98 112 126
Day after emergence
3(f) Caiapd
— — — BRSPrimavera
Maravilha
14 28 42 56 70 84 98 112\ 126
_1 B
2
34

Day after emergence

Figure 6. Silicon (Si) accumulation in the stems + sheath (a), leaf blades (b), panicles (c), shoots (d), and Si accumulation rates
in the panicles (e) and in the shoots (f) of rice cultivars throughout their cycle. ** and *: significant at 5 % and 1 % by the F test,
respectively. Vertical bars indicate the value of LSD by the t test (LSD) at 5 %.

Rev Bras Cienc Solo 2016;40:e



’r-
‘
Y\

Crusciol et al.  Micronutrient and Silicon Uptake and Removal by Upland...

Si accumulated in the leaf blades of all cultivars decreased (Figures 1b, 2b, 3b, 4b, 5b,
and 6b) due to leaf senescence and a reduction in leaf blades DM (Crusciol et al., 2016).

In the panicles, the accumulation of micronutrients and Si increased with the flowering
phase up to the end of the cycle (Figures 1c, 2¢, 3¢, 4c, 5¢, and 6c¢). Throughout the entire
reproductive and maturation phase, the accumulation of micronutrients and Si in the
panicles of the BRS Primavera cultivar was, on average, 1.2-1.7-fold greater than in the
other cultivars and occurred during an earlier phase of the cycle, when the accumulation
rates of these nutrients in the panicles were already high (Figures 1c, 1e, 2c, 2e, 3¢, 3¢, 4c,
4e, 5¢, 5e, 6¢, and 6e). In the panicles of BRS Primavera, the accumulations per hectare
were 19 g B, 26 g Cu, 199 g Fe, 234 g Mn, 102 g Zn, and 32 kg Si. In the panicles of the
Caiap6 and Maravilha cultivars, the accumulations of B, Cu, Fe, Mn, Zn, and Si were lower
and not significantly different, with values per hectare of 14 g, 20 g, 160 g, 1359, 67 g,
and 21 kg, respectively. In these two cultivars, the accumulation rates of micronutrients and
Siin the panicles remained high for a shorter period of time and occurred at an average
of 20 days after the period of maximum accumulation of nutrients in the panicles of the
BRS Primavera cultivar. The high accumulation of micronutrients and Si in the panicles
of the BRS Primavera cultivar is the result of its high harvest index, which results in the
greater development and accumulation of nutrients in the reproductive organ in relation
to the vegetative organs of the plant (Figures 1, 2, 3, 4, 5, and 6).

During the beginning of the vegetative phase (46 DAE), the accumulation of micronutrients
and Si in the shoots of all cultivars did not differ (Figures 1d, 2d, 3d, 4d, 5d, and 6d). However,
after 46 DAE, the quantities of micronutrients and Si that had accumulated in the shoots
increased intensely, and the cultivars reached maximum accumulations at different times
in the cycle. This increase in the uptake of nutrients occurs due to the increase in shoot
biomass with the advancement of plant age (Fageria and Santos, 2013), and demonstrates
that the uptake of nutrients by rice cultivars varies with the growth and development stages
of the plant (Fageria et al., 1997; Fageria, 2004). In the Caiap6 and BRS Primavera cultivars,
the maximum accumulation of B, Mn, and Fe occurred at 98 DAE, whereas the maximum
accumulation of Cu, Zn, and Si was later and occurred after 105 DAE (Figures 1d, 2d, 3d, 4d,
5d, and 6d). In these cultivars, the period of greatest demand for nutrients occurred from
tillering to grain formation, i.e., from 65 to 80 DAE, when the uptake rates reached maximum
values (Figures 1f, 2f, 3f, 4f, 5f, and 6f). In other studies, the maximum micronutrient uptake
rates by the rice plants occurred in this same crop phase (Gilmour, 1977; Malavolta et al.,
1981a). In the Maravilha cultivar, the maximum accumulations of micronutrients and Si
occurred on average two to three weeks after the period of maximum accumulation of these
nutrients by the other cultivars, and the maximum uptake rates of the Maravilha cultivar
always occurred after 80 DAE (Figures 1d, 1f, 2d, 2f, 3d, 3f, 4d, 4f, 5d, 5f, 6d, and 6f). Studying
Zn uptake by rice, Jiang et al. (2008) also observed differences between the two cultivars
studied in relation to the time periods of greatest uptake of this element.

Although the cultivars showed a greater demand for micronutrients and Si at different
periods of the cycle, they did not differ in relation to the amounts of Cu and Si taken up,
which ranged from 103 to 110 g ha™ of Cu and from 111 to 124 kg ha™ of Si (Figures 2d
and 6d). Extraction of 77.1 g ha™ of Cu in a flooded rice crop was observed by Fageria
(2004). In spite of observing variations in the time of greatest demand for Si by the Caiapé
and Maravilha cultivars, Mauad et al. (2013) also failed to observe large differences in the
total amounts taken up by these cultivars. The BRS Primavera and Maravilha cultivars took
up less Mn (1,278 g ha™) than the Caiapd cultivar (1,424 g ha), and the largest proportion
of the Mn taken up by the Caiap6 cultivar was allocated to the leaf blades (Figure 4).
The Maravilha cultivar took up a maximum of 240 g ha™ of Zn, while the Caiapé and BRS
Primavera cultivars took up an average of 278 g ha™ of this nutrient and allocated most
of this Zn taken up to the stems + sheath (Figure 5). The uptake of B and Fe was different
among the cultivars, with the Caiapé cultivar taking up 135 g of B and 1,460 g of Fe
per hectare; the Maravilha cultivar taking up 120 g of B and 1,290 g of Fe; and the BRS
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Primavera cultivar taking up the lowest quantity of these nutrients, namely, 98 g of B and
1,157 g of Fe (Figures 1d and 3d). In the Caiap6 and Maravilha cultivars, of the traditional
and modern groups, the order of greatest uptake was Si>Fe>Mn>Zn>B>Cu, but in the
BRS Primavera cultivar, from the intermediate group, Mn was taken up more than Fe, and
Cu was taken up more than B (Figures 1d, 2d, 3d, 4d, 5d, and 6d). In a study carried out in
pots, the cultivars BRSGO Guara and Talento had the same order of micronutrient uptake
presented by the cultivars Caiapd and Maravilha (Fageria and Santos, 2013; Fageria and
Knupp, 2013). However, other authors also observed a greater uptake of Mn than Fe by
some rice cultivars (Fageria, 2004; Parry et al., 2005).

The BRS Primavera cultivar was the highest yielding and the one which extracted the lowest
quantities of micronutrients and Si per Mg of grain produced (Table 1). This indicates greater
nutritional efficiency, since the demand for micronutrients and Si of this cultivar was not
greater than that of the other cultivars. These results show that the cultivars of the modern
group (Maravilha) are not more demanding of nutrients than cultivars of the traditional group
(Caiapd) because both the Caiapé (traditional group) and Maravilha (modern group) cultivars
obtained very similar values of nutrient extraction per Mg of grain produced. For each ton of
grain, the cultivars took up an average of 25 g of B, 23 g of Cu, 299 g of Fe, 291 g of Mn, 57
g of Zn, and 25 kg of Si (Table 1). Fageria (2004), in a study with a rice cultivar irrigated by
flooding, observed lower values for the uptake of B (12 g) and Cu (15 g) and greater values
of uptake of Fe (412 g), Mn (749 g), and Zn (91 g) per Mg of grain produced.

Table 1. Grain yield, micronutrient and Si extraction per Mg of grain, micronutrient and Si concentration in the grain, micronutrient
and Si removal per area and per Mg of grain, and relative removal of micronutrient and Si by rice cultivars

Cultivar Grain yield B Cu Fe Mn Zn Si
kg ha™ Micronutrient and Si extraction (g Mg™ of grain produced)®” kg Mg™
Caiapd 4,157 b 30.1a 26.3a 351.2 a 342.5a 65.5 a 299a
BRS Primavera 6,010 a 16.3b 17.6 b 1924 b 2133 b 475 ¢ 189 b
Maravilha 4,094 b 29.7 a 26.2 a 354.2 a 316.3a 58.8 b 27.1a
CV (%) 26.5 21.8 24.0 18.6 13.2 7.9 22.2
Micronutrient and Si concentration in the grain (mg kg™) g kg*
Caiapo - 40a 59a 46.0 a 41.1 a 204 a 6.9a
BRS Primavera - 3.8a 49b 38.2a 44.8 a 19.6 ab 6.2 ab
Maravilha - 4.0a 5.2 ab 436 a 34.7b 169b 53b
CV (%) - 13.5 12.5 15.9 12.9 13.9 14.2
Micronutrient and Si removal per area (g ha™) kg ha™
Caiapé - 1440 21.2b 166.3 b 148.7 b 73.9b 248 b
BRS Primavera - 19.7 a 25.8a 1999 a 2342 a 102.4 a 326a
Maravilha - 144D 18.6 b 155.1b 123.8b 60.0 b 19.0 c
CV (%) - 14.8 131 16.0 13.5 15.7 15.0
Micronutrient and Si removal (g Mg™ of grain produced) kg Mg
Caiapé - 35a 51a 40.0 a 35.8a 17.8 a 6.0a
BRS Primavera - 35a 43 b 333a 389a 17.0 ab 5.4 ab
Maravilha - 33a 4.6 ab 379a 30.2b 14.7b 46b
CV (%) - 13.5 12.5 15.9 12.9 13.9 14.2
Relative removal of micronutrient and Si® (%)
Caiap6 - 14 24 12 11 27 22
BRS Primavera - 21 30 19 20 41 31
Maravilha - 16 22 13 10 29 20
Mean - 17 25 15 14 32 24

Values followed by the same letter in the column are not significantly different at p<0.05 according to the LSD test. " Data based on grain yield and
on the values of maximum micronutrients and Si accumulated in the shoot, obtained from figures 1, 2, 3, 4, 5, and 6. ® Proportional micronutrient
and Si removal in relation to the maximum quantities of these nutrients taken up by rice crop, obtained from figures 1, 2, 3, 4, 5, and 6.
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There was no significant difference between the B and Fe concentrations in the grain of
the cultivars studied (Table 1). Nevertheless, the grain of the Caiapé cultivar exhibited a
Cu concentration that was 20.4 % greater than the BRS Primavera cultivar, and Zn and
Si concentrations between 20.7 and 30 % greater than the Maravilha cultivar. However,
in the grain of the Maravilha cultivar, the Mn concentration was 23.6 % lower than those
of the other cultivars, but did not differ between themselves. With the exception of B,
the concentrations of other micronutrients in the grain were lower than those obtained
by Fageria (2004) in a flooded rice cultivar.

The removal of micronutrients and Si by the BRS Primavera cultivar per area was greater
than that of the other cultivars, showing values per hectare of 19.7 g B, 25.8 g Cu, 200
g Fe, 234.2 g Mn, 102.4 g Zn, and 32.6 kg Si (Table 1). The greater removal by the BRS
Primavera cultivar is the result of its high grain yield since the removal of micronutrients
and Si per ton of grain produced showed little variation between the cultivars. The rice
cultivar with the greatest yield removed the greatest quantities of micronutrients was also
observed by Malavolta et al. (1982). Thus, fertilizer management with micronutrients and
Siin upland rice cultivars should be carried out, especially considering the expected yield,
since the quantities of nutrients taken up by the plants varied less than the quantities
removed with the grain from the cropped area; the greater the yield, the greater the
nutrient removal will be.

With regard to the relative removal of micronutrients and Si, it may be observed that
of the total of micronutrients and Si taken up by the rice cultivars, the BRS Primavera
cultivar removed from 5 to 12 % more nutrients along with the grain compared to other
cultivars (Table 1). This occurred because the cultivar is higher yielding and accumulated
greater quantities of micronutrients and Si in the panicles, thus removing relatively
greater proportions of these nutrients.

The micronutrient with greatest relative removal was Zn, i.e., of the total taken up by
the rice plant, around 32 % was removed along with the grain (Table 1). Zinc was the
micronutrient removed in greatest proportions by the grain in a study carried out in a
nutrient solution (Malavolta et al., 1982). The amounts of Cu and Si removed represented
between 24 and 25 % of the total taken up by the plants throughout the cycle; however,
for the micronutrients B, Fe, and Mn, these values were less than 17 %, which shows that
a greater proportion of these micronutrients taken up remains in the vegetative organs
(Furlani et al., 1977). Lower proportions of micronutrient removal in a flooded rice cultivar
were obtained by Fageria (2004), the values of which were 7, 18, 3, 1, and 6 % for B,
Cu, Fe, Mn, and Zn, respectively. In the case of Si, the relative removal values obtained
were from 17 to 22 %, as observed by Ma et al. (1989). Zinc has been the most limiting
micronutrient for growing rice in Cerrado soils, possibly because of the low availability in
these soils (Vendrame et al., 2007) and because it is the micronutrient removed in the
greatest proportions by the rice crop (Table 1).

CONCLUSIONS

Until the end of tillering (46 DAE), all cultivars exhibited low demand for most of the
micronutrients and Si, and took up less than 24 % of the total of B, Cu, and Si, but around
31 % of the total Zn. The period of greatest uptake of micronutrients and Si occurred
from 65 to 80 DAE in the Caiap6 and BRS Primavera cultivars and after 80 DAE in the
Maravilha cultivar. The Caiap6 and BRS Primavera cultivars took up their needs of B,
Mn, and Fe in the first 98 DAE and of Cu, Zn, and Si up to 105 DAE, but the Maravilha
cultivar took up these nutrients for two to three weeks longer.

The quantities of micronutrients and Si taken up by cultivars Caiapé, BRS Primavera, and
Maravilha of the traditional, intermediate, and modern groups did not exhibit big differences,
and these cultivars took up the following levels per hectare: 98-135 g B, 103-110 g Cu,
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1,157-1,460 g Fe, 1,278-1,424 g Mn, 240-285 g Zn, and 111-124 kg Si. The BRS Primavera
cultivar showed greater removal of nutrients, with average amounts per hectare of 19.7 g B,
25.8 g Cu, 200 g Fe, 234.2 g Mn, 102.4 g Zn, and 32.6 kg Si, while the other cultivars
removed smaller amounts per hectare (14.4 g B, 19.9 g Cu, 160.7 g Fe, 136.3g Mn, 67 g
Zn, and 21.9 kg Si). The BRS Primavera showed a greater removal of nutrients because it
has a higher yield and allocates a greater quantity of nutrients to the panicles.
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