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Accumulation and partition of macronutrients in Pennisetum purpureum cv. Roxo
managed under different growth ages and seasons
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SUMMARY

The objective of this study was to evaluate the
macronutrient accumulations in leaf, stem, and
shoot of elephant grass cv. Roxo. The treatments
consisted of seven growth ages (9, 18, 27, 36, 45,
54, and 63 days) and three growing seasons (rainy,
transition, and dry). A completely randomized
design and a split-plot time arrangement were
used, where the ages were the plots and the
seasons the subplots, with three replications.
Interaction between the factors age and season of
cultivation for the contents and the daily
accumulation rates of N, P, K, Ca, Mg, and S in
leaf, stem, and shoot fractions were calculated.
The margins of daily accumulation of nutrients N,
P, K, Mg, and S presented positive linear behavior
in all seasons studied; however, with variation in
the magnitude of the response between them. The
daily accumulation rate of Ca in the canopy was
adjusted to a linear model for the rainy and dry
seasons and to a quadratic model for the transition
season, reaching a maximum of 4.60 kg ha™ at
59.76 days of growth. The accumulation of
nutrients in elephant grass cv. Roxo showed the
following decreasing order: K > N > P > Mg >
Ca> S in the rainy and transition seasons, while in
the dry season the following decreasing order was
observed: K>P>N>Ca>Mg>S.

Keywords: absorption run, elephant grass,
mineral nutrition

RESUMO

Objetivou-se avaliar a marcha de actimulo de
macronutrientes na folha, colmo e na parte aérea
do capim-clefante cv. Roxo. Os tratamentos
consistiram em sete idades de crescimento (9; 18;
27; 36; 45; 54 ¢ 63 dias) em trés periodos de
cultivo (chuvoso, de transi¢do e seco). Adotou-se
um delineamento inteiramente casualizado e um
arranjo de parcelas subdivididas no tempo, onde as
idades foram alocadas nas parcelas e os periodos
de cultivo nas subparcelas, com trés repetigdes.
Constatou-se interacdo entre os fatores idade e
periodo de cultivo para os teores e para as taxas de
acumulo diario de N, P, K, Ca, Mg ¢ S nas fracoes
folha, colmo e parte aérea. As marchas de acumulo
diario dos nutrientes N, P, K, Mg e S apresentaram
comportamento linear positivo para todos os
periodos estudados, todavia com variacdo na
magnitude da resposta entre estes. A taxa de
acimulo diario de Ca na parte aérea do dossel
ajustou-se ao modelo linear para os periodos
chuvoso e seco e ao modelo quadratico para o
periodo de transi¢do, atingindo maximo de
4,60 kg ha! aos 59,76 dias de crescimento. O
acumulo dos nutrientes no capim-elefante cv.
Roxo apresentou a seguinte ordem decrescente: K
>N > P > Mg > Ca > S no periodo chuvoso e de
transi¢do enquanto no periodo seco observou-se a
seguinte ordem decrescente: K > P > N > Ca >
Mg> S.

Palavras-chave: marcha de absorc¢do, capim-
elefante, nutri¢do mineral
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INTRODUCTION

An efficient management of fertilization
requires  knowledge  of  nutrient
accumulation (ECHER et al., 2009). The
knowledge of the nutritional requirements
in each phase of the growth cycle would
make it possible to improve the
synchrony between availability and
nutrient requirements of the plant, making
it possible to increase the agronomic and
economic efficiency of the system. The
accumulation and exportation of nutrients
by the plant, on the other hand, varies
according to the age of the plant, plant’s
organ, species, cultivar, type of nutrient,
management, and edaphoclimatic
conditions in which the canopy develops
(COSTA et al, 2010; SILVA et al,
2015).

Diffused in tropical and subtropical
regions, elephant grass (Pennisetum
purpureum) has been distinguished by
relevant and appreciable agronomic and
bromatological characteristics for the
production of ruminants. It is quite
responsive to management; however,
very demanding in soil fertility for
maintenance of its productive potential,
which may vary according to the
edaphoclimatic conditions and cultivar
adopted.

Most studies on nutrient accumulation are
carried out in intensive irrigation systems,
making it difficult to extend the results to
plants managed on dry lands. It is worth
mentioning the scarcity of studies on the
partition of nutrients in forage plants.
Thus, the demand for research on nutrient
accumulation in tropical regions is
explicit, considering the variation of
rainfall, in particular regarding the
requirements of macronutrients by
elephant grass cv. Roxo. It is also worth
noting that studies of this nature make it
possible to generate predictive models of
macronutrient accumulation by elephant

ISSN 1519 9940
BY

grass under dry conditions. Thus, the
objective ~ was to evaluate the
macronutrient accumulations in the leaf,
stem, and shoot of elephant grass cv.
Roxo managed at different ages and
seasons of growth under waterless
conditions.

MATERIAL AND METHODS

The experiment was carried out at the
Nucleo de Ensino e Estudos em
Forragicultura of the Departamento de
Zootecnia of the Centro de Ciéncias
Agrérias of the Universidade Federal do
Ceara-NEEF/DZ/CCA/UFC, located at
latitude 03° 44' 32' S' and longitude 38°
34" 40"W in Fortaleza-CE, with a rainy
tropical Aw' climate classification
according to Koppen (1936). The study
was carried out from May to November
of 2012, in an area of elephant grass
(Pennisetum  purpureum) cv. Roxo
established five years prior to the study.
The soil of the area is classified as yellow
Argisol, with a sandy texture. Three
successive cycles of growth in distinct
seasons (rainy, transition, and dry) were
evaluated according to rainfall during the
experimental timeframe.

There was accumulated rainfall of 373.30,
1730, and 9.60 mm in the rainy,
transition, and dry seasons, respectively.
While the potential evapotranspiration of
the crop presented values of 39.43, 46.11,
and 52.58 mm day” for rainy, transition,
and dry season, respectively. The
climatological variables were obtained at
the Meteorological Station of the
Universidade Federal do Ceard, Campus
do Pici (Figure 1).

The accumulation of macronutrients was
quantified at seven growth ages (9, 18,
27,36, 45, 54, and 63 days after cutting
close to the soil) during three successive
growing cycles. The design was
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completely randomized in a split-plot
time arrangement, where the ages were
the plots and the seasons (rainy,
transition, and dry) the subplots, with
three replications. The area of each
experimental unit was 3.0 x 3.5m.

Prior to the experimental period, two
standardization cuts were performed
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(January and April of 2012) aiming to
homogenize the canopy. Due to the
standardization cuts, phosphate
fertilization was applied in January based
on the soil analysis at the time, which
justifies the high phosphorous contents at
the later soil analysis, making cover
phosphate fertilization not necessary.
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Figure 1. Climatic data of the experimental period

Before the beginning of the experiment,
soil chemical analysis of the experimental
area of the layer of 0 to 20 cm was carried
out, presenting the following results: pH
in water 6.0; 20.89 g kg'of O.M.; 397
and 391 mg dm® of P and K,
respectively; and 2.8, 1.5, 0.15, and 0.04
cmolc dm™of Ca™, Mg™, AI’", and Na’,
respectively.

Maintenance fertilization was carried
out with doses equivalent to 200 kg ha™
of K,O (potassium chloride), 600 kg ha
! year of nitrogen (urea), and 50 kg ha”
! of FTE BR-12. The recommendations
of potassium and FTE BR-12 were
based on the Fertility Commission of
the State of Minas Gerais (CFSEMG,

1999). Fertilization was fractionated into
two doses, the first one (100% of FTE
BR-12, 50% of nitrogen, and 50% of
potassium) was administered at day 18
and the second one was administered at
day 27. It should be noted that the
fertilization was carried out exclusively
during the rainy season, due to the high
temporal variation of rainfall
characteristic of the region, so that it was
decided to administer the nutrients at the
time of highest rainfall probability. At the
end of each growing season, a soil
chemical analysis (layer 0-20 cm) was

performed to characterize soil fertility
(Table 1).
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At each growing age in the three
cultivation periods, a sample of total
forage biomass (TFB) was collected,
using a frame of known area (1.0 x 1.0
m). TFB was fractionated into green leaf
blade biomass, green stem biomass, and
dead forage biomass (data not shown).
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All the fractions of the plant were pre-
dried in a forced ventilation oven at 65 °C
until reaching constant weight. The pre-
dried biomass of the plant fractions were
summed and used to estimate the TFB
productivity of elephant grass cv. Roxo
managed under cutting at ground level.

Table 1. Chemical soil attributes at the end of each cultivation season of elephant grass cv.

Roxo
P K Ca Mg® A" Na- SB T oM Vv pH
Season 3 3 T
mg dm cmol.dm g kg % H,0
Rainy 179.0 58.6 3.8 2.3 040 0.06 63 8.8 14.6 72 54
Transition 177.0  39.1 2.5 2.1 030 0.04 48 6.6 10.0 73 5.9
Dry 165.0  58.7 2.8 2.3 040 0.05 53 7.1 13.7 75 5.9

Phosphorus (P, values in mean range), potassium (K, values in very good range), calcium (Ca, values in
good range), magnesium (Mg, values in very good range), aluminum (Al values in low range), sodium
(Na), organic matter (OM, values in low range), sum of bases (SB, values in good range), total capacity of
cation exchange (T, values in mean range), hydrogen ion potential (pH, values in good range). The
interpretation of soil nutrient contents as an average of the crop cycles was considered (CFSEMG, 1999).

The pre-dried green leaf blade and stem
biomasses were ground and submitted to
nitroperchloric digestion to determine the
nitrogen (N), phosphorus (P), potassium
(K), calcium (Ca), magnesium (Mg), and
sulfur (S) contents according the
methodology described by Silva (2009).
The accumulated amount of each nutrient
in leaves and stems of elephant grass cv.
Roxo was determined by multiplication
of the estimated biomass of each fraction
(kg ha') versus the content of the
respective nutrients. The accumulation of
nutrients in the shoot was obtained by the
sum of the accumulated amounts in the
leaf and the stem, in each growth age.

Data were submitted to analysis of
variance, mean comparison test, and
regression analysis. The interaction age x
season was deployed when significant
(p<0.05) by F test for nutrient
accumulation in leaf, stem, and shoot
fractions. Only the main effect of the
seasons was presented for nutrient
content. The seasons (rainy, transition,
and dry) were compared by the Scott

Knott test (p<0.05). The ages were
evaluated by regression analysis (T test,
p<0.05). The models were selected from
the significance of linear and quadratic
coefficients and the coefficient of
determination. As a tool for statistical
analysis, the computational software
System for Statistical and Genetic
Analysis (SAEG) version 9.1 (UFV,
2007) was used.

RESULTS AND DISCUSSION

From the proposed equations, yields of
11,869.26, 5,550.23, and 2,692.68 kg ha
were estimated at age 63 days after
cutting (DAC) in the rainy, transition, and
dry seasons, respectively. The positive
linear increment for total forage biomass
of the elephant grass as a function of the
growth ages (Figure 2) helps explain the
linear response for the accumulation of
most of the studied nutrients. It is worth
noting that the forage was managed only
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up to 63 days of age in order to match the
productivity and quality of the biomass
produced, since harvest at later ages leads
to qualitative reduction of the forage due
to a lower leaf/stem ratio, an increase in
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the rumen undegradable fiber fraction,
and a reduction in the crude protein of the
forage (BHERING et al., 2008; LOPES et
al., 2013a).
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Figure 2. Total forage biomass (BFT) of the shoot; coefficient of determination (R?),
significant at the level of 0.1% (**%*)

The studied factors, growth age and
growing  season,  presented an
interaction (p <0.001) for nitrogen (N),
phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg), and sulfur (S)
contents in leaf and stem fractions,
except for the P and K content in the
stem fraction (Tables 2 and 3). It should
be noted that the macronutrient contents
were not submitted to regression
analysis, only to mean comparison test,
comparing the contents between the
growing seasons at each growth age,
which were used as indicators of the
nutritional status of elephant grass cv.
Roxo. An interaction (age X season) was
also observed for nutrient accumulation
in the leaf, stem, and shoot of elephant
grass cv. Roxo.

According to Werner (1997), the
appropriate leaf nitrogen content for

elephant grass should be between 15
and 25 g kg''. In the present study, the
leaf nitrogen content (LNC) of elephant
grass cv. Roxo remained within the
recommended range from day 36 DAC
to harvest in the rainy season. For the
transition and dry seasons, LNC
remained below the lower limit at all
ages (Table 2) due to the fact that
nitrogen fertilization took place only in
the rainy season (Figure 1), resulting in
low residual N availability as it is very
dynamic in the soil-plant system.

From the age of 27, higher LNC and
stem nitrogen content (SNC) were
observed for the rainy season,
intermediate contents for the transition
season, and lower contents for the dry
season, probably due to the combined
effect of nutrient availability and
negative water balance since the contact
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between N and root  occurs
predominantly through a mass flow
process (SILVA et al, 2011;
TEIXEIRA et al, 2011), requiring
appropriate matrix potential for this to
happen (Table 2).

The leaf phosphorus content (LPC) of

with the recommendations by Werner
(1997) for elephant grass (1 to 3 g kg™),
and was similar to the content observed
by Santos et al. (2012) (3.60 g kg for
elephant grass cv. Roxo), revealing the
tolerance of elephant grass cv. Roxo to
extended water deficit regarding the

elephant grass cv. Roxo quantified for
all ages and seasons was in accordance

absorption of P (Table 2).

Table 2. Nitrogen, phosphorus, and potassium contents in the leaf and stem fractions
elephant grass cv. Roxo at different growth ages in three growing seasons

. Growth Ages (days) CV
Variable Season 9 T 77 36 45 52 03 Mean (%)
gkg'

Rainy 0.48%  427% 833" 20.06" 15.79% 1542% 16.03% 11.48

LNC Transiton 0.66%  2.07°  338% 334® 636° 626° 687° 413 1756
Dry 0.72% 1.64° 249  270° 325 273 3.66° 245
Rainy 0.13% 141 1.92%  770% 844" 11.52% 11.53%  6.09

SNC  Transition  0.32*  0.59®  090° 087° 222% 279® 371®° 162 1993
Dry 0.35%  0.44®  056° 053 1.09° 0.67° 0.84° 0.64
Rainy 3.07°  230°  3.19% 259 213 1.72°  1.74° 239

LPC  Transiton 3.76°  3.65%  3.87% 3.14* 259* 223% 1918 302 9.01
Dry 450%  347%  251° 244 2.19% 248" 249 286
Rainy 6.40 6.48 584 553 455 451 459 5258

SPC  Transition  8.47 7.67 6.55 598 542 538 452 628 1032
Dry 7.88 7.63 7.31 6.09 587 570 489  6.48*
Rainy 49.90°  31.33° 39.95% 40.23° 39.98° 41.29° 39.93% 4037

LKC  Transition 48.10° 56.67° 40.42% 4621° 44.69° 40.12° 3553 4453 10.85
Dry 104.45%  11045% 59.46% 5528% 52.71% 42.10" 43.83* 66.90
Rainy 93.83 12378 100.93 8343 71.59 98.88 92.74 95.03%

SKC  Transition 99.50 10044 77.51 7590 84.06 6488 72.16 82.06° 14.72
Dry 105.52  110.74 102,55 97.11 95.16 7243 104.72 98.32*

Leaf (LNC) and stem (SNC) nitrogen content; leaf (LPC) and stem (SPC) phosphorus content; leaf (LKC)
and stem (SKC) potassium content; CV: coefficient of variation; means followed by corresponding
uppercase letters in the same column did not differ between variables by the Scott Knott test at 5% of
probability; means with no letters did not present significant interaction (age x season) but only
significant difference between the seasons.

From day 54 DAC there was
progressive increase in LPC of elephant
grass cv. Roxo between rainy,
transition, and dry seasons due to the

The stem phosphorus content (SPC)
was not influenced by the growth age,
presenting mean values of 5.25, 6.28,
and 6.48 g kg for the rainy, transition,

concentration effect of P on foliar
biomass in response to the reduction in
plant growth (COSTA et al., 2013)

and dry seasons, respectively (Table 2).
On average, lower SPC was observed in
the rainy season in relation to the other
seasons, probably due to the effect of
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nutrient dilution as a consequence of the
greater relative growth of the stem
regarding the absorption of phosphorus
in the rainy season (CARMO et al.,
2011).

The lack of significance of SPC
between the transition and dry seasons
reinforces that the forage was able to
absorb and maintain similar P contents
during  these two  cycles of
regrowth under low availability of water
in the soil. Although water deficit
compromises contact and nutrient
absorption, absorption may occur
depending on the water stress time, as
observed by Ledo et al. (2011).

It was found that the leaf potassium
content (LKC) of elephant grass cv.
Roxo, at all ages and seasons, remained
above the upper limit of the sufficiency
range (15-30 g kg™') recommended by
Werner (1997) and above the content
observed by Silva et al. (2011) (27.07 g
kg") for elephant grass cv. Roxo. The
response in question may be related to a
possible nutritional unbalance between
N and K (PRADO et al., 2011) (Table
2).

The elephant grass yielded the highest
LKC in the dry season, at all growth
ages (Table 2). This was probably due
to the negative water balance that
occurred during the dry season (Figure
1), which induced a strategic
accumulation of K in the leaves as an
adaptive response to stress by water
deficit (MAHMOOD et al., 2009).

The stem potassium content (SKC) was
not influenced by the growth age,
presenting mean values of 95.03, 82.06,
and 98.32 g kg for the rainy, transition,
and dry seasons, respectively. The mean
SKC did not differ (p>0.05) between the
rainy and dry seasons, both being higher
than the transition season. The highest
SKC being in elephant grass cv.
Roxo cultivated in the rainy and
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dry seasons may have occurred due
to the effect of excessive absorption
"luxury consumption" and concentration,
respectively (Table 2).

The leaf calcium content (LCaC) of the
elephant grass cv. Roxo observed was
below the sufficiency values (3 to 8 g kg
! WERNER, 1997) and those observed
by Santos et al. (2012) (16.11 g kg™) for
elephant grass cv. Roxo, except for at
ages 27 and 36 DAC for the transition
and dry seasons, respectively (Table 3). It
should be noted that there was no
need to correct soil fertility for Ca;
however, potassium fertilization possibly
compromised Ca uptake, as reported by
Vale et al. (2011), since both minerals
compete for the same sites of absorption
in the root system.

The LCaC of elephant grass cv. Roxo
varied between growing seasons from the
age of 18 DAC to harvest. Higher LCaC
was observed in the dry season (p<0.05)
from age 45 DAC to harvest. Possibly,
this concentration effect in LCaC was due
to the lower production of biomass in the
dry season (Figure 2).

The stem calcium content (SCaC) of the
elephant grass cv. Roxo differed between
seasons for all evaluated ages (Table 3),
this was possibly because of the low
translocation of this nutrient in the plant
and because the Ca absorption by the root
system was conditioned to rainfall, which
was quite irregular during the evaluated
seasons (Figure 1).

The leaf magnesium content (LMgC) of
elephant grass cv. Roxo presented values
compatible with the sufficiency range of
1.5 t0 5.0 g kg”' (WERNER, 1997) at all
ages and growing seasons, and it was
similar to the content reported by Santos
et al. (2012) (1.60 g kg'l) for elephant
grass cv. Roxo. Thus, it was observed
that, despite the negative water balance,
the plant was able to maintain the
adequate LMgC (Table 3).
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Table 3. Calcium, magnesium, and sulfur contents in elephant grass cv. Roxo at different
growth ages in three growing seasons

. Growth Ages (days) ()%
Variable Season 9 3 27 36 45 54 3 Mean (%)
gkg’

Rainy 1.38%  1.92° 2.04° 0.60° 134 1.18° 1.16° 137

LCaC Transiton  1.31%  2.57%  320% 2.51% 222° 203® 088 210 14.16
Dry 1.004 135 2.18% 3.03® 2714 228% 24% 214
Rainy 0.97° 1.65° 123 0.71° 037 055° 051° 086

SCaC Transition  1.63*  2.05* 1.28% 065" 0.87% 0.61° 036° 1.06 1633
Dry 0.66° 1.10° 0.83% 0.76° 049® 061* 1.10*° 0.79
Rainy 207% 2,19 247° 199 1.84°% 190° 1.73® 2.3

LMgC  Transiton 227% 2.09* 334% 240% 1.17° 190° 124 206 11.22
Dry 2.18%  1.89% 185 2.17° 271% 208 187% 2.11
Rainy 2.78%  3.94%  4.04% 299 257% 2,09 206 292

SMgC  Transition 4.17% 3.83% 289 186° 225° 183® 1.08® 256 1084
Dry 230 2.08% 191 1.85% 190 1.79° 1.72° 194
Rainy 039 041° 042° 020° 022% 025° 043" 033

LSC Transition  0.39*  0.52* 0.56* 042% 0.08® 046" 0.03° 035 1330
Dry 021 020° 0.13° 0.17° 0.04° 0.05° 0.07° 0.12
Rainy 023% 041 033 044" 053 037° 0.77° 044

SSsC Transiton  0.74%  0.46* 0.19° 0.07° 031° 0.14® 021 030 16.16
Dry 0.22%  0.14®  0.10° 0.07° 0.17° 0.06° 024° 0.14

Leaf (LCaC) and stem (SCaC) calcium content; leaf (LMgC) and stem (SMgC) magnesium content; leaf
(LSC) and stem (SSC) sulfur content; CV: coefficient of variation; means followed by corresponding
uppercase letters in the same column did not differ (p>0.05) by the Scott Knott test.

The LMgC and stem magnesium content
(SMgC) differed between seasons from
the ages of 18 and 27 DAC to harvest,
respectively. From age 45 DAC to
harvest, elephant grass cv. Roxo
presented the lowest LMgC and SMgC in
the rainy and transition seasons, probably
due to the effect of nutrient dilution in the
biomass produced (BATISTA &
MONTEIRO, 2010).

The leaf sulfur content (LSC) was below
the lower limit of the sufficiency range
(1 to 3 g kg'; WERNER, 1997) and
similar to the content (5.12 g kg)
observed by Silva et al. (2011) for
elephant grass cv. Roxo, at all ages and
growing seasons. Possibly, the amounts
of S supplied via phosphate fertilization
(single super phosphate, 8% S) and
micronutrient sorted complex (FTE BR-
12) were not sufficient to meet the
demand for S of elephant grass cv. Roxo.

For the transition and dry seasons, some
nutritional unbalance between N and S
may have occurred (AVALHAES et al.,
2009; HOJO et al., 2012). LSC and stem
sulfur ~ content (SSC)  presented
oscillation between the growth ages for
all the growing seasons, showing no
perceptible pattern between the seasons.

An increasing response (p<0.001) was
observed for the accumulation of
macronutrients as a function of the
growth age in the leaf, stem, and shoot
components of the elephant grass cv.
Roxo in the three growing seasons
(rainy, transition and dry), except for the
accumulation of Ca in the leaf and shoot
for the transition season (Tables 4 and
5). Variation (p<0.05) was observed in
the magnitude of the accumulation of N,
P, K, Ca, Mg, and S as a function of the
season for all the components analyzed
(leaf, stem, and shoot) (Tables 4 and 5).
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Table 4. Nitrogen, phosphorus, and potassium accumulation in elephant grass cv. Roxo at different growth ages and seasons

Variable  Season Growth Ages (days) Equation R’ ((EV
9 18 27 36 45 54 63 (%0)
kg ha'

LNA Rainy 0.03*  2.698%  11.52* 79.84% 56.66" 74.78% 76.91* §=-16.783 + 1.666 ***x 0.77
Transition 0.06" 0.75* 2.058 2.69% 14.11° 16.19" 21.27° §=-7.059 + 0.423 ***x 0.88  45.11
Dry 0.07% 0.42% 1.72" 2.38" 3.68° 3.33¢ 7.58¢ §=1.592 - 0.120%**x 0.90
Rainy 0.01* 0.35% 0.82% 22.69" 22.18% 55.74" 56.86" §=-20.583 + 1.201***x 0.87

SNA Transition 0.02% 0.09% 0.30% 0.35° 2.77° 4.14® 8.68" ¥ =-2.887 + 0.145%**x 0.75 5281
Dry 0.02% 0.04* 0.16% 0.21° 0.65¢ 0.39¢ 0.53¢ §=-0.103 +0.011***x 0.74
Rainy 0.03% 3.04" 12.34%  76.44" 78.85% 130.52*  133.77% §=-41.092 + 2.868***x 0.92

SHNA Transition 0.08* 0.84% 2.36° 3.05° 16.88° 20.33° 29.95° ¥ =-9.947 + 0.568***x 0.87  26.03
Dry 0.09* 0.46" 1.87° 2.59" 4.33¢ 3.73¢ 8.11¢ ¥ =-1.696 + 0.131***x 0.87
Rainy 0.20* 1.44% 4.41* 10.04* 7.59% 9.97* 8.25" §=-0.383 +0.177%*%*x 0.73

LPA Transition 0.36% 1.314 2.348 2.528 5.19° 5.75" 5.83° §=-0.685+0.111%%*x 0.94 2248
Dry 0.49* 1.18% 1.69¢ 2.14¢ 2.46° 3.04¢ 5.13¢ §=-0.322+0.073%**x 0.89
Rainy 0.15% 1.58% 2.51% 12.82% 11.94% 21.81* 22.42% ¥ =-6.221 + 0.463%**x 0.92

SPA Transition 0.45* 1174 1.88% 2.38" 5.73" 8.03" 10.42° §=-2.490 + 0.188***x 0.92  27.00
Dry 0.85* 1.114 1.994 2.28" 3.53¢ 3.22¢ 3.80¢ §=-0.104 + 0.062%**x 0.93
Rainy 0.35% 3.02% 6.92% 22.86" 19.53% 31.78* 30.68" ¥ =-6.603 + 0.640%**x 0.91

SHPA Transition 0.82* 2.49% 4228 4.89° 10.93" 13.78" 16.26" §=-3.175 + 0.300%**x 095 21.96
Dry 0.98% 2294 3.69° 4.41° 5.99¢ 6.25¢ 8.92¢ §=-0.219 +0.135%**x 0.97
Rainy 3.28% 19.71% 5519 160.21*  143.75*  200.26"  191.81* §=-34.115 + 4.022%**x 0.89

LKA Transition 4.55% 20.52%  24.49¢ 37.15¢ 89.74° 103.54" 109.07° §=-22.257+2.162%%*x 0.92 2782
Dry 11.36"  39.39"  40.25° 48.21° 58.72¢ 51.39¢ 90.48¢ §=-8.570 + 1.110%**x 0.82
Rainy 221% 3034 4334%  205.67% 185.62%  477.99%  452.99" ¥ =- 141.910 +9.489%**x 0.87

SKA Transition 5.34% 1535 18.83° 30.308 88.44" 96.46"° 167.158 ¥ =-42.197 + 2.846***x 0.86  30.44
Dry 6.49" 16.47%  28.79° 36.10° 57.13¢ 40.92¢ 72.10¢ §=-2.295+ 1.087***x 0.87
Rainy 5.49%  50.06%  98.52*%  365.88"  329.37% 67825  644.81" §=-176.030 + 3.51 1*¥**x 0.91

SHKA Transition 9.89%  35.87% 4332 67.44¢ 178.17%  200.00°  276.22" ¥ = - 64.454+5.008***x 092 2526
Dry 17.85% 5586  69.04° 84.31° 115.85¢ 92.31¢ 162.58° ¥ =-6.275+2.198%**x 0.87

Leaf (LNA), stem (SNA) and shoot (SHNA) nitrogen accumulation; leaf (LPA), stem (SPA) and shoot (SHPA) phosphorus accumulation; leaf (LKA), stem (SKA) and
shoot (SHKA) potassium accumulation; means followed by corresponding letters in the same column did not differ (p>0.05) by the Scott Knott test. (***) Significant
at 0.1% of probability; R*: coefficient of determination; CV: coefficient of variation.
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Table 5. Calcium, magnesium, and sulfur accumulations in elephant grass cv. Roxo at different growth ages in three growing seasons

Variable  Season Growth Age (days) Equation R’ EV
9 18 27 36 45 54 63 (%0)
kg ha

Rainy 0.09* 120 2.82% 227 4.15" 5.73% 5.56" §=-0.701 + 0.106***x 0.93

LCaA Transition 0.12%  093* 1.73%  2.02° 4.45* 5.24° 2.66° §=2.071 +0.209%**x + 0.002*x" 0.73  23.83
Dry 0.12%  047%  1.48% 264" 3.06° 2.80° 5.00° §=-0.756 + 0.083***x 0.91
Rainy 0.02* 040  0.56" 1.60% 0.98% 2.64" 2.50% §=-0.525 + 0.049%**x 0.74

SCaA Transition 0.08*  031* 037°  0.20° 0.93" 0.91® 0.82°¢ §=-0.047 + 0.017*%*x 0.74  34.75
Dry 0.04*  0.16* 023 027" 0.34¢ 0.35¢ 0.84" §=-0.091 +0.011*%*x 0.77
Rainy 0.11*  1.60* 334 387" 5.13° 8.37" 8.05" §=-1.227 +0.155%**x 0.95

SHCaA Transition 0214 124%  210%® 223 5.38% 6.16° 3.49¢ §=-2.140 + 0.227%%*x - 0.002*x" 0.74  21.78
Dry 0.16 0.63* 1.72° 291" 3.39¢ 3.14¢ 5.84° ¥ =-0.847 + 0.094***x 0.91
Rainy 0.13% 138 341 773" 6.54" 9.20" 8.31" §=-0.944 + 0.172%**x 0.86

LMgA Transition 021%  0.76°  2.02° 1.93° 3.84° 4.92° 3.77° §=-0.477 + 0.083%**x 085 17.73
Dry 023  0.65° 1.25° 1.89° 3.06° 2.55¢ 3.84¢ §=-0.420 + 0.065%**x 0.93
Rainy 0.06* 096 1.74*  6.90* 6.84% 10.10*  10.11% §=-2.399 +0.212%%*x 0.93

SMgA Transition 022% 058 083® 075" 2.38" 2.70° 2.46° ¥ =-0.369 + 0.049%*x 0.85  32.28
Dry 0.14*  031*  0.52°  0.67° 1.13¢ 1.02¢ 1.32€ §=-0.065 + 0.022%%%x 0.95
Rainy 020  234% 5148  14.63% 1338 1931  1841" §=-3.343 + 0.384*%*x 0.91

SHMgA  Transition 0.44%  134%  285° 268" 6.22° 7.62° 6.23° §=-0.846 + 0.132%**x 0.86  30.63
Dry 0.38% 096 177 256" 4.19¢ 3.58° 5.16° y=-0.485 + 0.087***x 0.93
Rainy 0.03* 026 058  0.77% 1.33% 1.20% 2.35% ¥ =-0.443 + 0.038***x 0.93

LSA Transition 0.04*  0.19* 034 034" 0.16° 1.19% 0.01¢ §=-0.008 + 0.047*x 0.16  54.35
Dry 0.02*  0.07*  0.08°  0.15° 0.04¢ 0.06" 0.20° ¥ =-0.022 + 0.002%*x 0.35
Rainy 0.01* o0.10* 014"  1.02% 1.41% 1.80% 3.81% §=-1.114 + 0.068***x 0.84

SSA Transition 0.04*  0.07*  0.07*  0.02° 0.39" 0.21% 0.41° §=-0.072 + 0.007***x 0.63  47.49
Dry 0.02*  0.07*  0.03*  0.03" 0.09¢ 0.03¢ 0.21¢ ¥ =-0.027 + 0.002%**x 0.50
Rainy 0.03* 036* 072 147° 2.74% 3.01% 6.16" §=-1.601 +0.102%**x 0.83

SHSA Transition 0.08* 026 041® 036" 0.55" 1.40° 0.51% §=-0.025 + 0.015%**x 0.46  33.30
Dry 0.04*  0.10*  0.11°  0.18° 0.14¢ 0.10° 0.40¢ §=-0.005 + 0.004***x 0.51

Leaf (LCaA), stem (SCaA), and shoot (SHCaA) calcium accumulation; leaf (LMgA), stem (SMgA), and shoot (SHMgA) magnesium accumulation; leaf (LSA), stem
(SSA), and shoot (SHSA) sulfur accumulation; mean followed by corresponding letters in the same column did not differ (p>0.05) by the Scott Knott test. Significant
at the levels of 5% (*), 1% (**), 0.1% (***) of probability; R* coefficient of determination; CV = coefficient of variation.
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Daily leaf nitrogen accumulation rates
(LNA) were 1.66, 0.42, and 0.12 kg ha™
day' for rainy, transition, and dry
seasons, respectively. As for stem
nitrogen accumulation (SNA), daily
accumulations of 1.20, 0.14, and 0.01 kg
ha' day' were estimated for rainy,
transition, and dry seasons, respectively.
From 45 DAC to harvest, the LNA and
SNA presented higher values in the rainy
season, intermediate values in the
transition season, and lower values in the
dry season (Table 3).

Nitrogen was the second most
accumulated nutrient in the biomass of
the shoot of elephant grass in the rainy
and transition seasons, and the third in the
dry season. The daily shoot nitrogen
accumulation rate (SHNA) of the canopy
was estimated at 2.87, 0.56, and 0.13 kg
ha™ day™ for the rainy, transition, and dry
seasons,  respectively, resulting in
accumulations of 139.50, 25.80, and 6.57
kg of N ha at the age 63 DAC for rainy,
transition, and dry seasons, respectively
(Table 3). SHNA presented higher values
in the rainy season, intermediate values in
the transition season, and lower values in
the dry season from age 45 DAC to
harvest.

Daily leaf phosphorus accumulation rates
(LPA) were estimated at 0.17, 0.11, and
0.07 kg ha™ day for the rainy, transition,
and dry seasons, respectively. The
stem phosphorus accumulation (SPA)
presented values of 0.46, 0.18, and 0.06
kg ha™ day™ for the rainy, transition, and
dry seasons, respectively. LPA and SPA
presented, from age 27 and 45 DAC to
harvest, respectively, higher values in the
rainy season, intermediate values in the
transition season, and lower values in the
dry season.

Phosphorus was the third most
accumulated nutrient in the shoot of the
canopy in the rainy and transition
seasons, and the second in the dry
season (Table 3). Daily shoot
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phosphorus accumulation rates (SHPA)
of 0.64, 0.30, and 0.13 kg ha' day”
were estimated for the rainy, transition,
and dry seasons, respectively, resulting
in accumulations of 33.72, 15.73, and
8.30 kg ha™' at age 63 DAC in the rainy,
transition, and dry seasons, respectively.
SHPA presented higher values in the
rainy season, intermediate values in the
transition season, and lower values in
the dry season from age 45 DAC to
harvest.

Daily leaf potassium accumulation rates
(LKA) were estimated at 4.02, 2.16, and
1.11 kg ha™ day™ for rainy, transition, and
dry seasons, respectively. For daily stem
potassium accumulation rates (SKA),
accumulations of 9.48, 2.84, and 1.08 kg
ha™ day™ for the rainy, transition and dry
seasons were estimated, respectively
(Table 3). LKA and SKA presented
higher values in the rainy season,
intermediate values in the transition
season, and lower values in the dry season
from age 45 DAC to harvest.

Potassium was the most accumulated
nutrient in the shoot of the canopy in the
three studied seasons. Daily shoot
potassium accumulation rates (SHKA)
were estimated at13.51, 5.00, and 2.19 kg
ha' day™” in the rainy, transition, and dry
seasons, respectively, resulting in
accumulations of 675.16, 251.08, and
132.20 kg ha™ at age 63 DAC, for the
rainy, transition, and dry seasons,
respectively. The SHKA presented higher
values in the rainy season, intermediate
values in the transition season, and lower
values in the dry season from age 45
DAC to harvest.

Daily leaf calcium accumulation rates
(LCaA) of the elephant grass cv. Roxo
for the rainy and dry seasons were
estimated at 0.10 and 0.08 kg ha™' day™,
respectively (Table 5). In the transition
season, the LCaA adjusted to the
quadratic model, estimated a maximum
accumulation of 4.60 kg ha™ at 55.18
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DAC. Daily stem calcium accumulation
rates (SCaA) were estimated at 0.049,
0.015, and 0.011 kg ha™' day™ for rainy,
transition, and dry seasons, respectively.
Calcium was the fifth most accumulated
nutrient in the shoot of the canopy in the
rainy and transition seasons and the
fourth in the dry season. Daily shoot
calcium accumulation rates (SHCaA) of
the canopy were estimated at 0.15 and
0.09 kg ha™' day” for the rainy and dry
seasons, respectively, resulting in
accumulations of 5.98 and 4.46 kg ha™
at age 63 DAC for the rainy and dry
seasons, respectively. In the transition
season, the SHCaA of the elephant
grass, adjusted to the quadratic model,
estimated a maximum accumulation of
4.64 kg ha™ at 59.76 DAC. Considering
the growing seasons, LCaA, SCaA, and
SHCaA varied according to the growth
age of the plant (Table 5).

The daily leaf magnesium accumulation
rates (LMgA) were estimated at 0.17,
0.08, and 0.06 kg ha™ day™ for the rainy,
transition, and dry seasons, respectively.
The daily stem magnesium accumulation
rates (SMgA) were estimated at 0.21,
0.04, and 0.02kgha" day” for rainy,
transition, and dry seasons, respectively.
Magnesium was the fourth most
accumulated nutrient in the shoot of the
elephant grass cv. Roxo in the rainy and
transition seasons, and the fifth in the
dry season. Daily shoot magnesium
accumulation rates (SHMgA) were
quantified as 0.38, 0.13, and 0.08 kg ha’
" day’, for the rainy, transition, and dry
seasons, respectively, resulting in
accumulations of 20.86, 7.47, and 5.01
kg ha” day™’ at 63 DAC for the rainy,
transition, and dry seasons, respectively.
Considering the growing seasons, it was
found that LMgA, SMgA, and SHMgA
presented higher values in the rainy
season, intermediate values in the
transition season, and lower values in
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the dry season from age 45 DAC to
harvest.

The daily leaf sulfur accumulation rates
(LSA) of elephant grass cv. Roxo were
estimated at 0.038, 0.008, and 0.001
kgha' day' for the rainy, transition,
and dry seasons, respectively. The daily
stem sulfur accumulation rates (SSA)
were estimated at 0.063, 0.006, and
0.002 kgha' day'for the rainy,
transition, and dry seasons, respectively.
Sulfur was the sixth most accumulated
nutrient in the shoot the canopy of
elephant grass cv. Roxo in the three
growing seasons. The daily shoot sulfur
accumulation rates (SHSA) of the
canopy were estimated at 0.102, 0.014,
and 0.004 kg ha' day’' for the rainy,
transition, and dry seasons, respectively,
resulting in accumulations of 4.82,
0.914, and 0.272 kg ha™' at age 63 DAC
in the rainy, transition, and dry seasons,
respectively.

Considering the growing seasons, it was
found that the LSA varied according to
age, while the SSA and SHSA presented
higher values in the rainy season,
intermediate values in the transition
season, and lower values in the dry season
from age 45 DAC to harvest.

The elephant grass cv. Roxo partitioned
more N to the leaf than to the stem,
showing a more pronounced effect in
the dry season in relation to the others
(Figure 3A). The partition of nutrients
in the plant is the product of the
increase in biomass by the nutrient
content in the plant tissue. Thus, the
largest partition of N being observed in
the leaf in the present study resulted
from the higher LNC in relation to the
SNC (Table 2), due to the function of
nitrogen in plant metabolism, since it is
a constituent of chlorophyll besides
directly participating in photosynthesis,
which occurs predominantly in the leaf
(MARSCHNER, 2012; LOPES et al.,
2013b).
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Figure 3. Nitrogen, potassium, phosphorus, calcium, magnesium, and sulfur partitions in the shoot of elephant grass cv. Roxo
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From the age 27 DAC to harvest in the
rainy and transition seasons, the canopy
partitioned more phosphorus to the stem
(Figure 3B). The preferential allocation of
P in the stem is because of the highest
daily increase in stem biomass and the
highest SPC in comparison to LPC (Table
2). As the plant grows there is a greater
investment in stem biomass, allowing
stem elongation in order to improve the
distribution of photosynthetically active
radiation inside the canopy (PARSONS et
al., 2011). With this, there is a preferential
allocation of nutrients to the plant’s stem,
as observed in the present study.

In the rainy season, the canopy
partitioned more P to the stem from age
36 DAC to harvest. For the transition
and dry seasons, there was a certain
isonomy in the partition of P between
the canopy fractions; however, from the
age 45 DAC to harvest in the dry season
the plant partitioned more P to the leaf
(Figure 3B). This response may be
related to the increase in leaf area index
from 1.90 to 2.70, observed between
ages 54 and 63 DAC, and a consequent
increase in leaf biomass, indicating that
rainfall occurred at the end of the dry
season (Figure 1), which stimulated
plant growth and demanded a higher
amount of P, as this is fundamental in
energy metabolism and  biomass
production (OLIVEIRA et al., 2012;
DIAS et al., 2015).

A larger partition of K was observed in
the stem of elephant grass cv. Roxo in
the rainy season, a result of the higher
SKA in relation to LKA (Table 4),
which was due to the biological role of
K in the plant metabolism, such as to
polarize the cells of the conducting
vessels (MARSCHNER, 1995). For the
transition season, a certain isonomy was
observed for the partition of K. For the
dry season, the canopy partitioned a
greater amount of K to the leaf (Figure
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3C), justifying the higher LKC in this
season (Table 2).

A higher allocation of Ca was observed to
the leaf than the shoot at all ages and
seasons evaluated (Figure 3D), and that
can be justified by the higher LCaC in
relation to SCaC, probably due to the
higher transpiratory rate of leaves. This is
caused by transport of Ca in the plant
occurring predominantly unidirectionally
via conducting vessels of the xylem,
allowing accumulation of this nutrient
caused by the transpiratory flow of the
organ in which it accumulates
(MALAVOLTA etal., 1997).

In the rainy season, the elephant grass
cv. Roxo partitioned a larger amount of
Mg to the stem from age 45 DAC to
harvest (Figure 3E). At that age, a
leaf/stem ratio (L/S) reduction was
observed from 1.40 to 1.00, indicating a
higher investment in supporting tissues
present in the stem. Consequently, a
higher amount of Mg was demanded as
it is necessary for the formation of the
middle lamella of plant tissues
(PRADO, 2008). Also, from the age 27
DAC to harvest higher SMgC was
observed in the rainy season (Table 4)
in relation to the other seasons.

For the transition and dry seasons, the
plant partitioned a larger amount of Mg
to the leaf (Figure 3E). It should be
noted that in these seasons the L/S ratio
remained higher than 1.30 in all studied
ages. Thus, the largest portion of leaves
in the canopy demanded a higher
amount of Mg, since it has a structural
function as the central atom of the
chlorophyll molecule, besides being the
activator of several enzymes necessary
for photosynthesis (PRADO, 2008).
Sulfur was partitioned in a greater
amount to the stem from age 36 DAC to
harvest (Figure 3F), accumulating on
average 60.57% between the ages 36
and 63 DAC in the rainy season. For the
transition and dry seasons, a partitioning
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of S similar to the rainy season was
observed, changing only in the
magnitude of the response. From age 9
to 36 DAC, a linear decrease of S was
observed in the leaf (Figure 3F), which
was also observed by Zobiole et al.
(2010). In the interval between 45 and
63 DAC, an allocation superior to 60%
of S was observed in the stem of the
shoot of the canopy.

Despite the accumulation rates of N, P, K,
Mg, and S by elephant grass cv. Roxo
showing positive linear behavior, it was
noticed that the accumulation of those
nutrients was greatest between the ages
27 and 36 DAC in the rainy season and
between the ages 36 and 45 DAC for the
transition season. The response in the
present study is justified by the maximum
population density of tillers being
observed at 31 and 39 DAC in the rainy
and transition seasons, respectively, as
observed by Maranhao et al. (2018). As
for the dry season, the accumulation of
nutrients was enhanced between the ages
of 18 and 27 DAC. Possibly, this
pronounced  accumulation at  the
beginning of the growth cycle was due to
the mobilization of organic reserves
presents in the rhizomes of elephant
grass.

The macronutrient accumulations and
contents in the biomass of the shoot of
elephant grass cv. Roxo were modified
according to the growing age and season.
The accumulation of macronutrients in
elephant grass cv. Roxo showed the
following decreasing order: K> N > P >
Mg > Ca > S for the rainy and transition
seasons and K>P >N > Ca> Mg > S for
the dry season. The age with the greatest
nutrient accumulation varied according to
the growing season of elephant grass cv.
Roxo.

The accumulation pattern of
macronutrients by elephant grass cv.
Roxo along the growth cycle allows
recommendation of  maintenance
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fertilization with the nutrients N, P, K,
Ca, Mg, and S at the beginning (18 days
after cutting) and in the middle phase of
the growth cycle, between the ages 27
and 36 days after cutting during the
rainy season.
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