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ABSTRACT

Little is understood about the nutritional status of manganese (Mn) in oil palm (Elaeis guineensis Jacq.), further

research is needed to provide technological support for greater productivity, especially on the dynamics of accumulation,
recycling, immobilization and export. Thus, the objective of this work was to evaluate the dynamics of accumulation,
immobilization, recycling, exportation and the efficiency of Mn use in oil palm plants at different ages. The experiment
was carried out in a completely randomized design, with seven treatments (plant age: 2, 3, 4, 5, 6, 7, and 8§ years of
planting) and four replicates. The leaflets and male inflorescence were, the vegetative and reproductive organs with the
highest Mn concentration, respectively. The accumulation of this nutrient in the tree crown predominated in the stipe
through all years. The bunch exported the highest amount of Mn, especially in older plants. The oil palm immobilizes
and recycles, more than exports, a large amount of Mn. The Mn use efficiency is increased as a function of the age of the

crops in all the oil palm organs. In conclusion, the nutritional demand of oil palm is altered as a function of age, altering

the dynamics of immobilization, recycling and exportation of Mn.

Keywords: Elaeis guineensis Jacq.; Mn export; Mn immobilization; Mn recycling; Mn use efficiency.

INTRODUCTION

The oil palm (Elaeis guineensis Jacq.) is an oilseed
palm that originated from Africa and is an important
source of vegetable oil that is widely used in the cosmetic
and biodiesel industry (Lebid & Henkes, 2015). From the
economic point of view, its useful life is around 25 years,
and the maximum productive potential is normally reached
in the eighth year, where 25 t ha! year! of bunches can
be harvested, resulting in 4 to 6 t ha'! year' of vegetable
oil (Nabun et al., 2017; Cruz Filho et al., 2019). When
cultivated in the field, the oil palm presents two distinct
stages; growth and production (Costa ef al., 2017).
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Oil palm has excellent development in environments
with high precipitation, and when in a dry environment, it
can manifest low fruit and inflorescences production (Cha-
gas et al., 2019). This crop requires for its full development
temperatures between 24 and 28 °C, rainfall of 2000-2500
mm year', well distributed during every month, in addition
to deep and uncompacted soils (Pirker et al., 2016). In the
eastern Amazon, there is a predominance of Oxisols and
Argisols (Gama et al., 2020), with low natural fertility, high
acidity, and aluminum saturation (Al), requiring adequate

correction and fertilization to enable crop production (Fer-
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nandes et al., 2013). It is emphasized that acidic soils may
present high concentrations of Mn, with toxic potential to
plants and animals (Lopes & Guilherme, 2007). Increases
in the pH of acidic soils can promote the decrease of the
availability of Al and Mn ions (Silva & Mendonga, 2007).
Oil palm cultivation in Para is traditionally carried out
in acidic soils without pH correction which increases the
availability of Mn to plants (Homma & Rebello, 2020).
Mn is a micronutrient necessary to photosynthesis and is
involved in the structure, functioning, and multiplication of
chloroplasts, in addition to its role in the electron transport
(Vitti et al., 2006). It also plays a key role in the activation
of various enzymes in the shikimic acid route, leading to
the biosynthesis of aromatic amino acids such as tyrosine,
tryptophan, and phenylalanine, and various secondary
products such as lignin and flavonoids (Wilkinson & Ohki,
1988). Also, a large amount of Mn is present in the growth
areas of the plant, mainly in the palm heart, as the nutrient
concentrates around meristematic tissues (Vitti et al., 2006).
The nutritional needs of oil palm are large and vary
widely, depending on yield, planted genotype, spacing,
palm age, type and soil cover conditions, climate, and other
environmental factors (Woittiez et al., 2017). About the
micronutrients, there are few long-term studies developed
with oil palm plants, however, some reports are found in the
literature (Viégas et al., 2019; Viégas et al., 2020; Viégas et
al., 2021). The evaluation of commercial oil palm nutrition
in Para pointed to Zn and Mn as the most deficient micro-
nutrients in this palm tree (Matos et al., 2016). Therefore,
monitoring manganese in plant organs as a function of age
is necessary due to the importance of this nutrient in several
fundamental plant processes such as photosynthesis and
respiration, which are affected with plant age. Therefore,
the objective was to evaluate the accumulation, recycling,
immobilization, exportation, and Mn efficiency use in the
different organs of the oil palm plant as a function of the

planting age.

MATERIAL AND METHOD

The experiment was carried out under field conditions
at Agropalma S/A, located in the northeast of Para, on the
municipality of Tailandia-PA (2° 56° 50 S and 48° 57°
12 O). The climate in this region is Ami type (tropical
rainy), according to Kdppen classification, with an average
annual temperature of 26.5 °C, annual rainfall of 2,400
mm, and relative air humidity of 84%. The rainfall during

the experimental period was monitored using a rain gauge

installed at the company Agropalma, observing rainfall of
1523, 3256, 3093, 2575, 2011, 2397 and 2293 mm year’
from the first to the seven year, respectively. The average
annual temperature was 26 °C and the average minimum
and maximum temperatures ranged from 21 °C and 32.5
°C, respectively. The average relative humidity of the air
during this period was 83%. Seven treatments (plant ages;
2,3,4,5,6,7, and 8 years of planting) were evaluated with
four replications, in a completely randomized experimental
design. Four palm trees were sampled for each age, and
the following components were collected: leaflets, petioles,
rachis, cabbage, arrows, stipe, male inflorescences, pedun-
cles, spikelets and fruits. The plants came from Companhia
Real Agroindustrial (CRAI). The plants were grown at a
spacing of 9 m, in an equilateral triangle, making a “stand”
of 143 plants/ha. The legume Pueraria phaseoloides was
used as ground cover throughout the CRAI plantation. The
productions were collected from the third year of cultiva-
tion, reaching 1.5 t bunch/ha, in the fourth, fifth, sixth, sev-
enth and eighth years the plants reached productions of 7.0;
9.0; 15.0; 19.0 and 20.0 t bunch/ha. Regarding fertilization,
these were carried out at all ages, in which the following
nutrients were applied in g plant': in year 2 (N: 35; P,O.:
60; K,0: 60; S: 24), in year 3 (N: 18; P,0,: 77; K,0: 154),
in year 4 (N: 56; P,O.: 115; K O: 300; Mg: 60; S: 45), in
year 5 (N: 97; P,O,: 336; K,O: 240; Mg: 60; S: 45), in year
6 (N: 135; P,O.: 470; K,O: 335; Mg: 77; S: 58), in year 7
(N: 135; P,0,: 470; K,0O: 335; Mg: 102; S: 58 and H,BO,:
50) and year 8 (N: 160; P,O.: 384; K,O: 324; Mg: 68; S: 52
and H,BO,: 60).

According to Rodrigues et al. (2005) and Santos et al.
(2018), the soil of the experimental area is a Dystrophic
Yellow Oxisol, with low natural chemical fertility, high
acidity, and medium texture. During the period in which
the plants were collected, soil sampling (0 - 0.3 m) also
occurred. Four simple samples were collected between
planting rows for each age of the plants to form a com-
pound sample. After the soil sampling, the samples were
sent to the laboratory of the Department of Soil Science
of the Higher School of Agriculture “Luiz de Queiroz” for
chemical characterization (Table 1). For the characteriza-
tion of soil physical attributes, the analyses were carried
out at the Center for Agroforestry Research of eastern
Amazon and presented the following results: a) area with
two-year-old plants (g kg') 730 sand, 40 silt, and 230 clay;
(b) with three years of age (g kg') 620 sand, 160 silt, and
220 clay; (c) with four years (g kg!) of age 690 sand, 80 silt
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and 230 clay; (d) with five years of age (g kg') 680 sand,
100 silt, and 220 clay; (e) with six years of age (g kg™') 590
sand, 80 silt, and 330 clay; (f) with seven years of age (g
kg!) 660 sand, 100 silt, and 240 clay; (g) and at cight years
of age 740 sand, 60 silt and 200 clay.

For this experiment, oil palm plants of the commercial
hybrid Tenera (Dura x Psifera), aging from 2 to 8 years,
and spaced in an equilateral triangle (9 x 9 m) with a total
of 143 plants ha'!, were used. The data on productivity and
fertilization and the sources of nitrogen (N), phosphorus
(P), potassium (K), magnesium (Mg), and sulfur (S) fer-
tilizers used in the experiment are shown in Table 1. The
fertilization of B was carried out at the seventh and eighth
crops using 50 and 60 g plant™' of boracic acid, respectively.

Uniform, healthy, well-developed, and nourished
plants, presenting good yield, and with ages of 2, 3, 4, 5, 6,
7, and 8 years from the same plot, were selected for their
organs sampling for further analysis. After identification of
the plants, the circumference and height of the plants were
measured, with the latter being measured from the base leaf
of number 33, advocated by Surre (1979) and Jacquemard
(1979), which has the advantage of corresponding to the
height of the mature bunch to be harvested. The sampling
process consisted of separating in each plant the leaflets,
petioles, stipe, rachis, palm heart, central spear, male
inflorescence, peduncles, spikelets, and fruits, obtaining
representative samples of each plant component and Fresh
weight (FW).

The samples of the collected plant material were sent

to the laboratory, where a subsample (SAM) was collected,
stored in a paper bag, and dried in a forced-air circulation
oven at 70 °C until it reached constant mass. Subsequently,
the dry mass of the subsamples (MSSA) of the different
vegetative organs collected was quantified. The FW, SAM,
and MSSA data of each material were placed in the equa-
tion (DW = MSSA*FW/SAM) for the estimative of the dry
weight (DW) of each plant component. The Mn in each
plant component was determined by atomic absorption
spectrometry, following the method described by (Mala-
volta et al., 1997), after the dry plant tissue was milled in
a Wiley mill.

The effects of the treatments were evaluated by con-
centration, accumulation, and export of Mn in each plant
component. From the concentration of Mn in the plant
tissue and dry mass values, the amounts of Mn accumu-
lated in each of the oil palm components for each age were
estimated. The immobilized amounts of Mn were obtained
by adding the accumulated stipe, palm heart (palm heart),
and central spear, while the recycled were from the leaflets,
rachis, petioles, and inflorescences. Additionally, the Mn
use efficiency was calculated, for this response variable, the
use efficiency for all organs and the total plant efficiency
were calculated using the methodology described by Sid-
diqi & Glass (1981). The data were submitted by the tests
of normality and homogeneity prepositions, consequently,
the results were submitted to variance analysis (F test;
p < 0.05) and regression model adjustments through the

statistical software Sisvar (Ferreira, 2011).

Table 1: Chemical characteristics of soil (0-30cm) in oil palm plantation of different ages

Chemical attributes of soil

Mineral fertilizers

Plant

age  pH K Ca Mg Al H¥Al P MOS N PO, KO Mg S
(years)

Ca(l, mol dm mg dm? g kg! g plant™

2 43 0.07 0.7 0.4 0.4 3.4 4 16 35 60 60 o 24

3 44 0.06 0.7 0.2 0.3 2.8 6 23 18 77* 154 o o

4 4.1 0.05 0.9 0.2 0.3 3.1 5 15 56 115 300 60 45

5 4.0 0.07 0.8 0.3 0.5 3.8 6 19 97 336 240 60 45

6 4.0 0.05 0.7 0.3 0.8 3.4 6 20 135 470 335 77 58

7 43 0.05 0.7 0.3 0.4 2.6 6 21 135 470 335 102 58

8 4.0 0.06 0.6 0.3 0.6 3.4 8 18 160 384 324 68 52

K, Ca, and Mg extracted with ion exchange resin; H+Al obtained by the SMP method; SB represents the sum of the basic cations; P extracted by ion
exchange resin; V base saturation; MOS (soil organic mass) obtained by the colorimetric method. *Application of 500 kg ha' of phosphine (rock

phosphate); Fertilizer sources of N (Urea - 45% N), P (Natural Phosphate -

and Mg (Mg Sulfate - 18% Mg and 13% S).

33% P,0, and 42% CaO), K (Potassium Chloride - 60% K,O and 45% CI)
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RESULTS AND DISCUSSIONS

The Mn concentrations in the organs of the oil palm
increased with the age of the plants (Figure 1). This high
concentration of Mn may be related to its high availability
in acid soils (Nachtigall ef al., 2009), which is a common
environmental factor in oil palm croplands throughout Para
State (Homma & Rebello, 2020), and in the present study
(Table 1). On the other hand, Singh (1984) researching the
availability of Mn in the Brazilian Amazon (Pard, Amapa,
and the Roraima States) found that the Yellow Oxisol is
poor in Mn, different from the Yellow Red Latosol, Glei-
soil, Red Nitisol that are rich in Mn.

An increasing quadratic response was observed for the
Mn concentration in the vegetative organs such as leaflets,
rachis, and central spear, in relation to the ages of the plants,
however the maximum points were estimated above 8§ years
of age (Figures la and 1b). On the other hand, the Mn con-
centration in the other components responded negatively
with increasing plant age (Figure 1), that is, in this case,
their concentrations reduced as the plants became older.
Probably, the decrease in the concentration of this nutrient
in the organs is due to the fact that the oil palm plant was
not able to redistribute this nutrient to other organs.

In the bunch-forming components, the fruits were the
richest in Mn, while in the far east region there was a higher
concentration of this micronutrient in the oil palm almonds,
one of the fruit constituents, followed by peduncles and
spikelets (Ng & Thamboo, 1967). In the present work, the
latter two components, in general, presented the lowest
levels of Mn. Compared to the results obtained by Ng &
Thambo (1967), the Mn concentrations in the peduncles
and spikelets were 65 and 50% lower, respectively. The
concentration range of Mn in the fruit cluster components
ranged from 13.75 mg kg' of Mn (peduncles) to 92.95
mg kg' of Mn (fruits) and from 4 mg kg' of Mn (pulp)
to 158 mg Mn kg' (almond), obtained by the researchers,
mentioned above, in Malaysia.

Confronting the Mn concentrations obtain ed with
those of Ng et al. (1968), it is verified that, under Asiatic
conditions, they were higher, from 1.3 to 3.0 times in
leaflet, from 1.3 to 4 in the rachis, from 3.0 to 4.6 in the
central spear, from 1.8 to 5.4 in the palm heart and 3.0 to
4.2 times higher in the stipe. These high concentrations of
Mn probably occurred due to the higher concentrations of
this micronutrient in the Malaysian soil. Also in Malaysia,
the average Mn concentration in the soil was 11.6 mg kg
(Ng et al., 1968; Zakaria & Gammon, 1979), in the Yel-

low Oxisol, and in the present work determined by Singh
(1984), it was only 0.97 mg kg'.

According to Rodrigues et al. (2002), the critical level
for Mn is not yet well defined, perhaps for this reason a
significant variation in the concentrations of this nutrient in
the different organs of the plant was observed in this study.
An increase of 57% in bunch production was demonstrat-
ed in Zaire, in the oil palm crop as a consequence of the
application of this micronutrient (Ferrand et al., 1951).
According to Rognon (1984), leaf Mn contents in the range
of 58 to 86 mg kg™, proportionated a yield of 25 t bunches™
ha'year', which was not sufficient to provide a production
increase. Therefore, according to this author, 50 mg kg
seems to be sufficient for oil palm. However, to obtain a re-
sponse with the application of this micronutrient, its critical
concentration in the leaf would be 20 mg kg'. Symptoms
of Mn deficiency in oil palm seedlings, grown in the nutri-
ent solution, were observed by Dufourt & Quencez (1979),
whose Mn content was 22 mg kg, compared to 235 mg
kg! in normal plants.

The components that presented concentrations above
50 mg kg! were the leaflets, palm heart, male inflorescenc-
es, and fruits, with the others below this content. Values
below the critical level of 258 and 244 mg kg' (Matos et
al., 2016) are bad because it affects the economic viability
of fertilizer use, as a greater amount of this element will
be needed to meet the plant’s needs. More recently, critical
levels of 258 and 244 mg kg™ of Mn were determined in the
leaf 17 of young and adult plants of oil palm, respectively,
cultivated under Amazonian conditions (Matos et al.,
2016). For Rodrigues e al. (2002), it is possible to find
in leaf 17 of the oil palm, concentrations of Mn ranging
from 80 to 1000 mg kg'. This concentration range was
also observed in this study for the palm heart and fruits.
According to Rognon (1984), among the micronutrients,
Mn is the most subjected to variations in the leaves. Mn
was identified as one of the most deficient micronutrients in
commercial oil palm crops in Pard (Matos et al., 2016). In
a study conducted by Viégas et al. (2021) with palm plants
in Para State, it was observed that the concentrations of
this micronutrient in the shoot (leaves) reduced from 499
to 415 mg kg! of when the phosphorus (P) doses increased.
According to Matos ef al. (2016), the critical levels of Mn
in the oil palm planted in the Amazon region is 258 mg
kg! of Mn for young oil palm and 244 mg kg' of Mn for
adult oil palm. Considering all ages evaluated, there was

variation in Mn contents in the different organs of oil palm
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Figure 1: Mn concentration in the leaflets, petioles, and rachis (a), in the palm heart, central spear, and stipe (b), in the male inflores-
cences, peduncle, fruit, and spikelet (c) and Mn accumulation in the leaflets, petioles, and rachis (d), palm heart, central spear, and stipe
(e), in male inflorescence, peduncle, fruit, and spikelet (f) depending on the age of the oil palm.
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plants, mainly in palm heart and raquis (194%), presenting
a variation from 43.25 to 127.25 mg kg! of Mn and 18.25 to
53.62 mg kg' of Mn, respectively (Table 2). This variation
demonstrates that Mn is a mobile element in the different
organs of the plant, which can be considered important to
maintain this element in the different organs.

On the other hand, male inflorescences showed less
variation (26%) in Mn concentrations (82.0 to 103.75
mg kg of Mn). Viégas et al. (2020), evaluating Cl in oil
palm trees, also observed greater variation in the nutrient
contents in the palm heart of the plants. According to these
authors, these variations alter the metabolism of the plant
and, consequently, the uptake rates of nutrients, since at
the beginning of vegetative development the production is
still relatively low (6 to 8 t ha! year' bunches), gradually
increasing until the plants reach eight years, reaching the
maximum yield of 20 to 30 t ha! year' of bunches.

The Mn accumulation in the organs indicates an in-
crease with the age of the plants, with greater absorption
occurring in the eighth year (Figure 1). The highest Mn ac-
cumulated was obtained in the leaflets, reaching, 11,314.97
mg plant! of Mn in the eighth year, corresponding to 48%.
In the second place, the stipe stood out with 4,216.98 mg
plant! of Mn, which in percentage terms meant 18%. The
Mn accumulation in all organs was represented by ascend-
ing quadratic behavior, except for palm heart and fruits, in
which there was a negative quadratic behavior (Figure 1).
This increase in Mn accumulation may be related to the fact
that this micronutrient has undergone an internal relocation
process and is therefore exported in larger quantities to the

leaf organs.

According to Fairhurst & Hérdter (2003), the nutrition-
al differences among plant age groups can be explained by
the widely nutrient allocation for leaf dry mass production
in young oil palm trees, as in the adult plants, nutrients
are redistributed to the fruit clusters. Thus, the following
decreasing order of Mn accumulation was observed in oil
palm plants: leaflets > stipe > petioles > raquis> fruits >
male inflorescences > spikelets > central spears > peduncle
> palm heart (Figure 1). Of the reproductive organs in
the eighth and third year, the fruits presented the highest
accumulation of Mn (1601.98 mg plant') and the peduncle
the smallest (2.97 mg plant™?), respectively (Figure 1f).

The increase in Mn accumulation in plants from two
to eight years was probably influenced by the dry mass
production of the different organs, as reported in the liter-
ature (Viégas et al., 2001). About 45 to 50% of dry mass
production is allocated to the growth of male inflorescences
and bunches in oil palm producing plants (Corley et al.,
1971). Vegetative and reproductive growths are limited,
that is, their growth is compromised according to the
source used, and competition occurs among different
collectors, despite the priority being given to vegetative
growth (Corley & Tinker, 2016). A parallel among the Mn
accumulations obtained in Malaysia, by Ng ef al. (1968),
and those of the present study, showed a preference for all
components in that country, possibly due to the higher dry
mass production, combined with the higher content of this
nutrient. Regression analysis in these organs showed that
the accumulated amount of Mn in the fruit clusters, stipe,
tree crown, and male inflorescence, can be estimated by

second-degree ascending equations (Figure 2).

Table 2: Variation in Mn concentration in different organs (leaflets, petioles, rachis, palm heart, central spear, stipe, male inflorescences,

peduncles, spikelets, and fruits) of oil palm

Organ of plant Mn concentration (mg kg™) Variation (%)
Spikelets 130.50 — 223.62 71
Petioles 20.82 —47.87 130
Rachis 18.25 - 53.62 194
Palm heart 43.25-127.25 194
Central spear 31.75-57.00 79
Stipes 15.25-34.50 126
Males Inflorescences 82.0-103.75 26
Peduncle 13.50 - 20.75 54
Spikelets 16.25 -35.25 117
Fruits 42.75-92.25 116
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in the tree crown, stipe, bunches, and male inflorescences and total

accumulation of Mn per plant (c) and the total accumulation of Mn per area (d) as a function of the age of oil palm.

The accumulated amount of Mn in the tree crown pre-
dominated over that of the stipe, in all years (Figure 2), and
the highest allocation of Mn in the tree crown occurred in
the leaflets, followed by the petioles, rachis, central spear,
and palm heart. The tree crown has an influence on nutrient
cycling since the deposition of its organs on the soil between
the rows of the plantation provides their return (Viégas et
al.,2001). In the present study, in the eighth year, there was
accumulation in the tree crown of 16390.11 mg plant! of
Mn, which is equivalent to 2343 g ha'! of the nutrient (143
plants ha'). According to Chan & Goh (1978), the rachis
is known as an organ for storing substantial amounts of

nutrients in plants, although it is not commonly used as a
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reference in oil palm.

The distribution percentage of the accumulated amount
of Mn showed clear superiority of the tree crown, in relation
to the other organs (Figure 2b). It is also perceived, a slight
reduction over the years. The highest total accumulation of
Mn was observed in the eighth year and reached 23734.21
mg plant!, equivalent to 3393.99 g ha'!, with an increasing
quadratic response in relation to plant ages (Figures 2¢ and
2d). Fe and Mn are present in large quantities in weathered
tropical soils in the form of oxides and hydroxides (Abreu
etal.,2007).

The percentage increase in the total extraction of Mn

in the function of the oil palm age increased according to
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plant development (Figure 3a). In the third year, there was
the lowest percentage increase (347.8%) in the total Mn
accumulation and the maximum (3338.8%) in the eighth
year. The Mn accumulation in the bunches was lower than
that of the tree crown and stipe, however, from the fourth
year on, it was higher than that of the male inflorescences
up to 4.7 times. Due to this fact, good nutrition at a young
age is essential for early entry into the harvest and to
reach the desired production (Rodrigues, 1993). Thus, the
importance of adequate nutrition is emphasized, preventing
this nutrient from becoming limiting to crop production.
The low availability of nutrients is a limiting factor to plant
growth (Fita et al., 2011). Despite the importance of Mn
for plants, and the finding of its deficiency in palm oil crop-
lands (Matos et al., 2016), there is still no recommendation
of its application for culture under the conditions of Para
(Franzini et al., 2020).

The export of Mn was higher in the bunches (2373.3
mg plant!) in the eighth year and lower in peduncles (2.97
mg plant?) in the third year, corresponding, respectively, to
339.38 g ha! and 0.42 g ha! (Figures 3b and 3c). The Mn
export, except for the fruits, responded in a quadratic way
to the age of the plants, however the maximum points were
estimated above 8 years of age (Figure 3). The participa-
tion of the fruits in the export of Mn ranged from 61.6 to
95.0%, from 3.8 to 34.5% in the spikelets, and from 1.2 to
9.3% in the peduncles, with a lower contribution (Figure
3d). The regression equation that best fit, for the amount
exported of Mn by the bunches in the function of plant
age, was quadratic y =11.32x?+ 277.9x - 730.6, R*>= 92.3)
(Figure 3b). According to Matos et al. (2016), the nutrient
export rate, which is considered high in oil palm, is due to
the high productivity of these plants.

There are several ways in which the nutrient “status”
of a soil cultivated with oil palm can be reduced, such as
leaching losses, unavailable nutrients, nutrients used in
vegetative development, and export by the fruits. Of these,
the export by the fruits contributes substantially, because
considerable amounts of nutrients can be removed at the
time of the bunches harvest (Viégas, 1993). The amounts
of Mn increased with plant development and reached the
maximum value of the extracted quantity (3400g ha™'), im-
mobilized (638g ha!), recycled (2422¢ ha''), and exported
(339¢g ha') in the eighth year of age (Figure 3e¢).

The recycled amount of Mn exceeded the immobiliza-

tion in all plant ages (Fig. 3e). The amount of immobilized
Mn was 1.8 times higher than that exported, while the recy-
cled amount was up to 7.0 times higher than that exported.
This result is probably because Mn has a characteristic
behavior of nutrient that presents medium mobility, in
which its content becomes high in the leaf as they become
older. Thus, the amount that is recycled from this micronu-
trient exceeds the immobilized and removed possibly due
to its low redistribution in the tissues of plants. Mendes et
al. (2012) also observed that the Mn content is lower in
new rubber tree (Hevea brasiliensis) leaves. The oil palm
cultivated in the eastern part of the Amazon presents higher
concentrations of Mn in the leaflets and male inflorescenc-
es, higher accumulated amount in the leaflets and stipe,
with increasing age of plants, being more predominant in
the tree crown than in the stipe.

The Mn use efficiency increased in all organs as a func-
tion of the age of the oil palm plants, obtaining a maximum
increase at the eighth time of plant cultivation (Figure 4).
The highest Mn use efficiency rates among plant organs
were observed in the stipe (2.22 kg? mg™!) and petiole (1.01
kg? mg'), followed by rachis (0.61 kg? mg'), spikelet
(0.36 kg? mg™), fruits (0.26 kg? mg™'), peduncles (0.16 kg?
mg™), leaflets (0.14 kg? mg'), arrows (0.04 kg mg™'), male
inflorescence (0.03 kg2 mg™") and cabbage (0.004 kg2 mg™),
considering the average of all crop years.

The results of the study indicate that the Mn use
efficiency is modified by the age of the plants (Figure 4),
revealing that oil palm plants use the strategy of reusing nu-
trients from senescent organs to convert them into biomass
gains (Siddiqi & Glass, 1981; Prado, 2021) as a function
of time and, consequently, increase the Mn accumulation
in the different organs of the oil palm (Figure 1). In this
scenario, the increase in the Mn use efficiency use in oil
palm plants changes the Mn accumulation, consequently,
changes the cycling, immobilization, and exportation
of Mn as a function of plant age (Figure 3e). Our results
reveal that oil palm plants use the strategy of increasing
the Mn use efficiency as a function of the age of cultivation
to increase the dry mass biosynthesis, modifying the dy-
namics of immobilization, cycling and exportation of Mn,
consequently altering the demand nutritional. Finally, our
finding indicates that oil palm plants are efficient in using
Mn, increasing the nutrient use efficiency as a function of

plant age.
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Figure 3: Percentage increase in the total extraction of Mn (a), export (b; ¢) and percentage distribution (d) of Mn in peduncles, spike-

lets, fruits, and bunches and amounts of Mn immobilized, recycled, exported and total (e) in the function of oil palm age.
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Figure 4: Mn use efficiency in the leaflets, cabbage, arrows (a), petioles, rachis, stipe (b), male inflorescence, peduncle, fruit, and

spikelet (c) and total (d) in the function of the oil palm age.

CONCLUSIONS

The oil palm cultivated in the eastern part of the Am-
azon presents higher concentrations of Mn in the leaflets
and male inflorescences, higher accumulated amount in the
leafiets and stipe, with increasing age of plants, being more
predominant in the tree crown than in the stipe. The amount
of recycled Mn is higher than that exported exceeding the
immobilized in all plant ages. The highest amounts of
exported Mn occurred in oil palm fruits and the smallest
occurred in the peduncles, and this export of the nutrient
increased with the age of the plants. Oil palm plants are

efficient in using Mn, increasing the nutrient use efficiency

as a function of age, showing greater use efficiency in
the stipe, and decreasing in the petiole, rachis, spikelet,
fruits, peduncles, leaflets, arrows, male inflorescence and

cabbage.
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