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Abstract

Increasing and maintaining maize yield to feed the growing population faces challenges due climate change
limitations and soil degradation. Knowledge of nutrient dynamics particularly at critical stages of plant growth
and development is crucial for effective fertilization decisions. The experiment was carried out in 2022 at the
Latékép Crop Production Experimental Site of the University of Debrecen, Hungary. The aim was to evaluate the
dynamics of nutrient accumulation in maize at six different phenological stages. After collecting the test plants
and dividing them into various parts, average dry matter and nutrient concentrations were determined. Results
demonstrated that the plant parts absorbed nutrients differently at each growth stage. Most of the nutrients
accumulated in grains during the post-silking stage were primarily redirected from the vegetative organs. Only N,
P, Mg, S, and Zn contributed significantly to the grain’s mineral content. The maximum dry matter accumulation
was 23784.4 kg*ha'. Nutrient accumulation was in the order of K> N > P > Ca > Mg > S > Fe > Mn > Zn > Cu > B.
This research emphasizes the importance of improving our understanding of nutritional crop requirements and
their distribution in maize plants during developmental phenophases for optimal maize yield and quality.
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Resumo

Aumentar e manter a producdo de milho para alimentar a populacao crescente enfrenta desafios devido as limita¢des
impostas pelas mudangas climaticas e pela degradagdo do solo. O conhecimento da dindmica dos nutrientes,
particularmente em estagios criticos do crescimento e desenvolvimento das plantas, é crucial para decisdes eficazes
de fertilizagdo. O experimento foi realizado em 2022 no Campo Experimental de Producgdo Vegetal Latokép da
Universidade de Debrecen, na Hungria. O objetivo foi avaliar a dindmica do acimulo de nutrientes no milho em seis
estagios fenoldgicos diferentes. Apds coletar as plantas de teste e dividi-las em vérias partes, foram determinadas as
concentragdes médias de matéria seca e nutrientes. Os resultados demonstraram que as partes da planta absorveram
nutrientes de forma diferente em cada estagio de crescimento. A maioria dos nutrientes acumulados nos graos
durante o estagio pds-florescimento foi redirecionada principalmente dos 6rgios vegetativos. Apenas N, P, Mg, S
e Zn contribuiram significativamente para o contetido mineral do grdo. O acimulo maximo de matéria seca foi de
23.784,4 kg*ha'. 0 actimulo de nutrientes foi na ordem de K> N> P> Ca>Mg>S > Fe > Mn >Zn > Cu > B. Esta pesquisa
enfatiza aimportancia de melhorar nossa compreensao das necessidades nutricionais das culturas e sua distribui¢ao
nas plantas de milho durante as fenofases de desenvolvimento para obter produtividade e qualidade ideais do milho.

Palavras-chave: desenvolvimento do milho, estagio de crescimento, seguranga alimentar, remobiliza¢cdo de
nutrientes, nutri¢ao de culturas de precisdo.

1. Introduction

Maize is one of the most cultivated crops globally, grown
on some 200 million (M) ha (Erenstein et al., 2022) with a
global average yield of 5640 kg*ha™ (Zhang et al., 2023b).
As a C4 plant, maize has special morphological feature called
Kranz anatomy, which makes the crop well-suited to hot
and dry climates (Sedelnikova et al., 2018). However, due

to extensive breeding interventions, maize became suitable
for cold regions as well (Chaudhary et al., 2014). The plant
is considered a major source of nutrition for humans
and animals, as well as raw material for manufacturing
(Zhang et al., 2020). Maize is rich in carbohydrates, fiber,
essential vitamins, and minerals. Its nutritional composition
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makes it a valuable tool for combating malnutrition,
especially in vulnerable regions where other nutritious
options are limited. In addition, as the world’s population
continues to grow to an estimated 9 billion people by
2050 (Godfray et al., 2010; Del Borghi et al., 2022), inflation
in food demands is expected to rise by 70% (Randive et al.,
2021; Zhai et al., 2022). Therefore, raising maize yield is
such a global priority for food and feed security. In order
to achieve this goal, the use of fertilizers in addition to
other balanced inputs, has been playing an important
role in plant growth and development, consequently
promoting high-yield agriculture (Ahmad et al., 2023).
However, of the factors hindering plant growth and limiting
optimal yield are those associated with plant-specific
requirements, such as water availability and mineral
nutrient imbalance. The sensitivity of maize to water and
essential nutrient availability was brought to attention by
Nagy (2006), especially throughout the physiological stages,
which are crucial for the crop’s healthy growth. During
the growth season, maize nutrient demand and uptake
change dynamically (Vago et al., 2014) and are associated
with important vegetative or reproductive growth stages
(Stewart et al., 2021). These authors reported that, for
most nutrients, the maximum nutrient uptake occurs
between V-10 and V-14 and reaching a plateau at VT/R,
creating a sigmoidal shape of the seasonal uptake. During
the vegetative stage, as growth rate accelerates, nutrient
uptake and accumulation increase, and the nutrient demand
becomes higher. At this point, the plant can take up large
amounts of nitrogen, phosphorus, potassium, and other
nutrients. Therefore, it is considered as a critical stage
and any deficiency experienced can negatively impact
the final yield. Then, during the reproductive stage, maize
cobs begin to form, which are the main yield factors and
are greatly influenced by nutrient availability. Therefore,
a high amount of essential nutrients is required for grain
development. Subsequently, from the grain filling to
the maturity stage, maize accumulates a large amount
of minerals. At the time of physiological maturity, the
accumulation of dry matter and minerals is complete. It s,
therefore, essential to understand the nutrient requirements
of a plant according to its phenological phase in order to be
able to establish a fertilizer management plan, especially
for modern genotypes with high production potential
(Cavalcante et al., 2018). This study aimed to determine
the progression of macro- and micronutrient accumulation
in different phenological stages of maize biomass for the
purpose of understanding and revealing its specific nutrient
requirements to guide precision nutrient supply decisions.

2. Materials and Methods

2.1. Description of the experimental area

The research was carried out in 2022 at the Latokép Crop
Production Experimental Site of the University of Debrecen,
located in West of Debrecen (47°33’ N 21°26’ E), Hungary.
The experiment was laid on calcareous chernozem soil,
having the physical and chemical properties as presented
in Table 1.
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Table 1. Physical and chemical properties of the experiment soil.

pH (KC1 1:2,5) 5.59
Arany’s Plasticity Index (KA) 38.47
Total salt (m/m%) <0.02
CaC0, (m/m%) <0.1
Humus (m/m%) 2.25
Nnitrite+nitrate (m/m%) 1.98
Magnesium (mg/kg) 344.50
Sulfur (mg/kg) 475
Potassium oxide (mg/kg) 321.18
Sodium (mg/kg) 10.10
Phosphorus pentoxide (mg/kg) 200.89
Copper (mg/kg) 217
Manganese (mg/kg) 240.60
Zinc (mg/kg) 0.57

2.2. Climatic conditions

According to the collected daily weather data obtained
from the weather station at the Latokép Experimental
Site, April was characterized by cool temperature, and
it was 2.2 °C cooler compared to the multi-year average
temperature (Table 2). May, in contrast, was warmer.
Positive anomalies of 2.9 °C in June, 2.1 °C in July, and
2.7 °C in August were registered during the cropping
season, i.e. significant warm weather accompanied by
little precipitation during the three summer months with
a total rainfall of 56.6 mm. The lack of rainfall resulted in
severe drought. These conditions, in consequence, were
unfavorable for maize production. A significant change
in weather conditions occurred during September in the
form of heavy rainfall with a total of 152 mm, which led
to delay the harvesting time to October (Gombos et al.,
2023; Gombos and Nagy, 2023).

2.3. Experimental design, treatment, and data collection

The maize excellence, randomized split-plot field
experiment was started in 2018, to evaluate the
physiological and yield parameters of different maize
genotypes with advanced precision farming technology.
In 2022, the fifth year with identical parameters, the
experiment was sown on 26™ April with a plant spacing
of 15.6 cm, and a total plant population of 62 000 plants/
ha, and they were harvested on 10" October. The research
was conducted analyzing the results of two maize hybrids
(FAO350 and FAO420) of mid-maturity characteristics
with high production areas in Hungary, making the results
relevant to later practical use cases.

Adrip irrigation system was installed in the experiment
from 27™ May and lasted until 11% August providing 8 mm
of irrigation water per 2 days (28 total applications, which
is the equivalent of 456.8 mm). Data collection was done
considering the maize phenological stages classification
system proposed by Hanway (1963) who established the
developmental stages before silking based on the number
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Table 2. Monthly and half-year characteristics of the precipitation and temperature (Debrecen-Lat6kép) in 2022.

Period Precipitation (mm) Mean temperature (°C)
Winter period (X-III) 144 (-70) 3.4(-0.8)
Summer period (IV-IX) 268 (-78) 18.5(+1.0)
April 53 (-3) 9.0(-2.2)
May 10 (-54) 17.6 (+1.0)
June 17 (-49) 222 (+2.9)
July 22 (-44) 23.4(+2.1)
August 17 (-32) 23.5(+2.7)
September 152 (+104) 15.3 (-0.9)
of leaves. Hanway defined subsequent stages based on 100
grain development and divided the growing season of %
maize into 11 stages. During the growing season, at six ©
different phenological stages, the nutrient composition
of the studied hybrids was evaluated using 4 randomized g
replications from each hybrid, respectively. Thus, at 5 ®
the V6, V12, R1 (Silking), R2 (Blister), R4 (Dough), and Y
R6 (Maturity) stages, four randomly selected plants were E a0
collected from each hybrid, partitioned into leaves, stalk %
with tassel, ear with silk, cob, kernels and husk. The plant .
parts were placed in paper bags, which were oven-dried .
at 60 °C for 72 h (to 120 h depending on the stage) and 10
then weighed to obtain the dry matter (DM) of the plants. 0 ) .
. Date 06.05 2505 14.06 04.07 15.07 05.08 06.09
As a next step, they were sent to the laboratory in order DAE o 10 10 © o ol 123
to analyze their nutrient concentrations. Therefore, 0.5 g Heatunit o 152 349 s00 720 984 1377
of the prepared average sample was weighed and 5 ml scale 0 Ls 3 s 5 7 10
of distilled cc. HNO, and 3 ml of 30% H,0, were added. Phe?;’;gf"“l vE | ve | vz | R R2 R Ro
) Leaves —Stalk-+tassel Ear+silk Cob

Then, the samples were destructed using an Ethos Plus
Milestone microwave destructor and in accordance with
Application Note 076, followed by measurements in ICAM
7000 spectrophotometer, measuring the wavelength
spectral line of the plasma light emission characteristic
of each element.

2.4. Statistical analysis

Data were subjected to analysis of variance (ANOVA) to
identify the significant differences in the essential nutrient
content between each phenological stage. Means were
compared using Tukey’s test where the mean differences
were considered significant at p<0.05. Pearson’s correlation
analysis and cluster analysis were performed. Minitab
v19.2020.1 software was used for statistical analyses and
graphs were created using Minitab and MS Excel 365.

3. Results

The emergence of the studied hybrids occurred
10 days after sowing. The development of maize plants
can be divided into three main stages characterizing the
early vegetative stage (VE until V6), the vegetative stage
(V6 until R1), and the reproductive and grain filling stage
(R1 until R6). The average yield produced by the crops
was 13.4 kg*ha''. The accumulation of plant parts dry
matter, for instance, that of leaves, stalks, ear, kernels,
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Figure 1. Dry matter accumulation of maize as a function of

phenological stages. DAE = days after emergence. VE = emergence.

cob, and husk during the growing season can be divided
into three main phases. Up to V6, the accumulation
of dry matter at this phase was slow and the plants
accumulated 216.8 kg*ha! of both leaves and stalk, which
corresponds to only 0.9% of the total accumulated dry
matter at the end of the growing season (23784.4 kg*ha')
(Figure 1). From then on, a large accumulation of dry
matter takes place mainly by the vegetative organs to the
R1 stage, accumulating 2543 kg*ha' of leaves dry matter,
5990.3 kg*ha' of stalk dry matter, and 894.5 kg*ha of ear
dry matter, respectively, corresponding to 10.7%, 25.2%,
and 3.8% of the total accumulated dry matter at the end
of the cycle. The overall rate of dry matter accumulation
of the studied maize significantly increased to reach
its maximum value at the physiological maturity stage
as the kernels reached their maximum weight. At this
phase (R6), the kernels held the highest dry matter
accumulated at 11208.9 kg*ha™', corresponding to 47.2%
of the total accumulated dry matter, followed by the
stalk with 33.9% (8082.3 kg*ha'), and then the leaves
with 10.5% (2485.8 kg*ha™).
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3.1. Macronutrients absorption

From the early stage of maize development, the
demand for nitrogen was relatively small but increased
rapidly in the subsequent stages. The leaves had a higher
N demand compared to other organs until reaching the
R4 stage when the N mobilization into the kernels occurred
and accumulated the highest N content. Up to V6, the
plant accumulated 8.69 kg*ha™' of nitrogen which is the
equivalent of 4.25% of the total N accumulated at the end
of the cycle (Figure 2). Later on, the N absorption mainly
by the plant vegetative organs increased significantly.
The leaves accumulated the highest (62.5 kg*ha') nitrogen
content at the R1 stage, followed by 40.3 kg*ha' in the
stalk and 16.7 kg*ha-1 in the ear. This is equivalent to
30%, 19.2%, and 8.1% of the total N accumulated at the end
of the growing season. After R1, as the ear development
occurred, the N accumulation increased as the accumulation
of nitrogen by leaves and stalk progressively decreased
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by 0.5 kg*ha day' and 0.06 kg*ha' day, respectively.
At the end of the growth cycle, the accumulation of
nitrogen content in the kernels, stalk, leaves, husk,
and cob was 125.1 kg*ha' (60.8%), 36.5 kg*ha' (17.8%),
32.1kg*ha(15.5%), 7.4 kg*ha' (3.6%) and 4.6 kg*ha™' (2.3%)
respectively, totaling 205.7 kg*ha' (100%).

At the initial vegetative phase, the P demand was small,
where the plant accumulated 4.5 kg*ha™' of phosphorus at V6,
corresponding to 2.2% of the total phosphorus accumulated at
the end of the growing season (Figure 3). Later, the P uptake
by the plant parts increased, specifically by the stalk with
a rate of 0.5 kg*ha' day. Thus, at the R1 stage, the stalk
accumulated 23.9 kg*ha (46.1%), whereas the leaves and
the ear accumulated relatively lower amounts of phosphorus
of 9.1 kg*ha (17.7%) and 4.1 kg*ha' (8%) respectively. From
then on, the P accumulation in the stalk remained higher
than in the other organs until the R2 stage, where it started
to decrease as the P mobilization switched to the kernels.
At the physiological maturity, the phosphorus uptake was
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Figure 2. Nitrogen uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha"' (b).
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Figure 3. Phosphorus uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha' (b).
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highest in the kernels with 31.8 kg*ha, followed by the
stalk that accumulated 15.1 kg*ha, leaves with 5.4 kg*ha,
husk with 1.3 kg*ha' and cob with 0.5 kg*ha"', respectively
corresponding to 62%, 25.3%, 9.3%, 2.4%, and 1%, and totaling
54 kg*ha' (100%).

It was surprising to observe the potassium uptake curve
throughout the plant’s developmental stages. In contrast to
N and P, a higher K uptake was observed in the vegetative
parts than in the reproductive parts of the plant. It is
evident from the graph below that K demand by the stalk
was of major significance which needed a greater amount
of potassium than that of nitrogen (Figure 4). K uptake
was relatively rapid early in the growing season. Up to
the R1 stage, the accumulation of potassium content was
152.1 kg*ha' (59.4%) in the stalk, 45.4 kg*ha' (15.2%) in the
leaves, and 12.3 kg*ha' (4.5%) in the ear. The accumulation
rate from the V6 to the silking stage was 1 kg*ha! day! for the
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leaves, 3.7 kg*ha' day' for the stalk, and 0.3 kg*ha' day-' for
the ear. At the physiological maturity, the stalk, kernels,
leaves, husk, and cob accumulated respectively, 169.7 kg*ha',
42.3 kg*ha'!, 34.1 kg*ha"', 7.8 kg*ha, and 7.1 kg*ha",
corresponding to 57.2%, 13.1%, 11.1%, 3.2%, and 1.9% and
totaling 261 kg*ha' (86.6%). The rate observed in this period
was 0.8 kg*ha' day-'.

Calcium accumulation by the leaves and stalk was largely
compared to the ear and its components during the whole
growing season. On the one hand, the highest Ca accumulation
by the leaves and the stalk occurred especially between
stages V12 and R6 with an average daily accumulation of
0.3 kg*ha day, and accumulating at the end of the cycle
19.9 kg*ha' (51.6%) and 14.7 kg*ha! (37.4%) respectively
(Figure 5). On the other hand, the ear calcium uptake was
small, accumulating at R1 only 0.9 kg*ha™, corresponding
to 2.2% of the total Ca accumulated at the end of the cycle.
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Figure 4. Potassium uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha™' (b).
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Figure 5. Calcium uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha™' (b).
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From then on, the accumulation of Ca was shifted to the ear
components accumulating at the final stage, 2.8 kg of Ca
(7%) in the kernels, 1.3 kg*ha of Ca (3.3%) in the husk, and
0.3 kg*ha of Ca (0.7%) in the cob. The total Ca accumulation
by the plant at the end of the cycle was 39 kg*ha' (100%).
During the initial stage of plant development, the
demand for Mg was small up to the V6 stage. Later,
the uptake of Mg increased as the plant continued to
grow. At the R1 stage, the stalk accumulated the most
Mg content compared to the other plant organs with
5.8 kg*ha' corresponding to 29.9% (Figure 6). Whereas
the leaves and the ear accumulated respectively
2.2 kg*ha'(11.5%) and 1 kg*ha' (5.2%). Until the R4 stage,
the uptake of Mg by the stalk and leaves continued to
increase and the allocation of nutrients into the ear
occurred, thus distributing its concentration among
the different components. The accumulation rate of
magnesium during the period between R1 and R4 was
0.04 kg*ha' day' for the leaves and 0.02 kg*ha' day-1 for
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the stalk when it was 0.04 kg*ha' day' and 0.1 kg*ha"' day-
1, respectively, in the same organs in the previous period.
The highest Mg accumulation occurred at the R6 stage by
the kernels, and it accounted for 9.6 kg*ha™', corresponding
to 49.9%. The stalk, leaves, husk, and cob accumulated
4.8 kg*ha'(25.2%), 2.8 kg*ha' (14.6%), 0.8 kg*ha' (4.3%),
and 0.2 kg*ha' (1%), respectively. At the end of the cycle,
the maize plant accumulated 18.3 kg*ha™' of Mg content.

A slight similarity can be noticed between the curve of
sulfur accumulation and nitrogen accumulation during the
growing season but with a smaller amount (Figure 7). At the
early stage of the vegetative development, the plant uptake
of S was small up to V6 when it increased. However, the S
accumulation curve, especially in the leaves, and in the stalk
fluctuated throughout the growth cycle. It can be observed
from the graph below that at the V12 stage, the leaves
accumulated higher S content than the stalk, respectively
accounting for 4.2 kg*ha' (23.7%) and 2.7 kg*ha (15.3%).
Later, the rate of S uptake decreased until the R2 stage. From
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Figure 6. Magnesium uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha' (b).
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Figure 7. Sulfur uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha' (b).
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R2 to R6 stages, the S accumulation in the leaves fluctuated
when it continued to increase in the stalk. At the end of
the cycle, the total S taken up by the plant was 17.7 kg*ha"!,
which corresponds to 9.8 kg*ha' (55.7%) in the kernels,
4.1 kg*ha'(23%)in the stalk, 2.8 kg*ha' (15.8%) in the leaves,
0.7 kg*ha' (3.7%) in the husk, and 0.3 kg*ha™' (1.8%) in the cob.

3.2. Micronutrient absorption

During the life cycle of maize plants, B accumulation
was higher in the leaves compared to the other organs.
During the initial stage of plant development, there was
a small accumulation of boron of 0.002 kg*ha (1.7%)
until V6. However, soon after, its uptake tremendously
increased (Figure 8). The highest accumulation of the boron
content was observed at the R1 stage in the leaves and
stalk with 0.062 kg*ha' (45.8%) and 0.04 kg*ha' (29.9%),
respectively, while the ear accumulated 0.007 kg*ha* (5.3%).
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From then on, boron accumulation in the leaves and stalk
progressively decreased, while the accumulation of boron
inthe ear increased during its development. At the R4 stage,
the boron uptake by ear was partitioned into the kernels
in large concentrations compared to the husk and cob.
Progressing towards physiological maturity, the demand
for boron by the leaves continued to decrease, while the
stalk appeared to uptake higher concentrations. At the
end of the cycle, the final boron content accumulated by
the plant was 0.135 kg*ha' (100%), where the leaves, stalk,
kernels, husk, and cob accumulated 0.053 kg*ha-1(39.3%),
0.038kg*ha'(28.4%),0.032 kg*ha' (24%),0.008 kg*ha' (6.1%)
and 0.003 kg*ha (2.3%), respectively.

Copper accumulation by the plant parts (leaves, stalk,
ear, and its components) during the growing season was
in smaller amounts than that of boron before reaching the
maturity stage (Figure 9). However, between stages R4 and
R6, the demand for Cu by the stalk and the kernels steadily
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Figure 8. Boron uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha' (b).
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Figure 9. Copper uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha' (b).
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increased approaching 0.009 kg*ha' and even above that.
The rate of Cu accumulation observed during this period was
0.0005 kg*ha* day' for the leaves, 0.002 kg*ha' day for
the stalk, and 0.002 kg*ha* day' for the kernels. The total
Cu accumulated by the plant at the end of the cycle was
0.24 kg*ha, being 0.09 kg*ha' (38.2%) in the kernels,
0.09 kg*ha'(36.6%) in the stalk, 0.04 kg*ha (16.4%) in the
leaves, 0.01 kg*ha (4.7%) in cob and 0.01 kg*ha™ (4.1%)
in the husk.

Up to V6, the Fe uptake pattern showed small amounts.
An increase was shown towards subsequent stages, with
large Fe accumulation observed in the leaves compared
to other plant organs (Figure 10). Thus, the rate of Fe
accumulation was 0.01 kg*ha' day! during the period
from V6 until R6 for the leaves and 0.008 kg*ha' day' for
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the stalk. At the end of the growing season, the plant
accumulated a total of 2.6 kg*ha! of Fe and was distributed
as follows: 1.3 kg*ha (51.9%) in leaves, 0.9 kg*ha' (33.9%)
in stalk, 0.2 kg*ha (8.9%) in kernels, 0.09 kg*ha™ (3.6%)
in husk and 0.04 kg*ha' (1.7%) in the cob.

A small accumulation of manganese had been shown
by the plant at the initial stage of plant development. From
the V6 stage, the Mn accumulation in the leaves and stalk
increased significantly, although the ear showed a relatively
small accumulation of Mn content (Figure 11). At the silking
stage, the Mn uptake accounted for 0.24 kg*ha™' in the stalk,
0.2 kg*ha'inleaves, and 0.02 in the ear, which corresponded
to 27.5%, 22.5% and 2.5%, respectively, of the total Mn
accumulated at the end of the cycle. Up to the R4 stage, the
plant accumulated the highest Mn content throughout the
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Figure 10. Iron uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha' (b).
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Figure 11. Manganese uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha! (b).
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entire growing season in the leaves and stalk, accounting
to 0.4 kg*ha(46.3%)and 0.38 kg*ha' (42.9%), respectively.
The observed rate of Mn accumulation during the period
between R1 and R4 was 0.006 kg*ha day' for the
leaves, and 0.004 kg*ha' day' for the stalk while it was
0.004 kg*ha' day' and 0.006 kg*ha' day!, respectively,
during the previous phase. Later, progressing toward the
physiological maturity phase, the Mn uptake by these
organs slowly decreased to reach 0.3 kg*ha' (38.2%) of
Mn accumulation in leaves and 0.2 kg*ha™' (21.4%) of Mn
accumulation in the stalk. The kernels, husk, and cob showed
smaller Mn uptake accounting for 0.05 kg*ha' (6.1%),
0.03 kg*ha (3.5%), and 0.01 kg*ha' (0.7%), respectively.
The total Mn accumulated by the maize plant at the end
of the cycle was 0.61 kg*ha™.

During the growing season, notable zinc accumulation
occurred at the R6 stage in the kernels (Figure 12). At the
V6 stage, Zn uptake by the plant was only 0.01 kg*ha! which
corresponds to 1.9% of the total Zn accumulated at the end
of the cycle. At the R1 stage, the stalk accumulated the
highest amount of Zn and accounted for 0.04 kg*ha™' (14.2%),
while the leaves and the ear accumulated 0.03 kg*ha' (8.9%)
and 0.02 kg*ha' (5.1%), respectively. At the end of the
plant growth cycle, the maize plant accumulated a
total of 0.3 kg*ha™' of Zn content, distributed as follows:
0.2 kg*ha'(58.2%) in the kernels, 0.07 kg*ha' (20%) in the
stalk, 0.03 kg*ha' (10%) in the leaves, 0.03 kg*ha' (7.1%)
in the cob, and 0.02 kg*ha (4.8%) in the husk.

3.3. Analysis of variance

The analysis of variance revealed a strong significance
(p<0.001) of the nitrogen, phosphorus, potassium,
magnesium, sulfur, zinc, and copper content in maize
between the different phenological stages, indicating that
the accumulation of the different nutrients with different
amounts is strongly associated with changes in growth
stages (Table 3). Potassium exhibited the highest F value,
showing a high correlation between potassium content
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and growth stages, possibly greater than those of other
nutrients. The least strong, but still significant association
(p<0.01) was shown in calcium between the phenological
stages, indicating that, during the different growth stages,
its role was mainly supportive rather than crucial. However,
boron showed a moderate significance (p<0.05) between
the different phenological stages. While this element has
an impact on maize growth and development, it was less
pronounced compared to nutrients such as potassium or
sulfur. At the same time, manganese and iron did not show
a statistically significant difference between the observed
different maize growth stages, as indicated by a higher
P-value. This finding may suggest that they were not as
critical as the other nutrients during some growth stages.
As indicated in the grouping analysis (Table 4), the
highest nutrient uptake and accumulation by maize,
mainly nitrogen, phosphorus, potassium, magnesium,
calcium, sulfur, zinc, and manganese, occurred during V6,
i.e. the first stage of the vegetative phenophases.
However, maize accumulated the most boron at the
silking stage (R1), whereas higher amounts of copper were
needed by the plants at the maturity stage. According to the
results obtained, nitrogen content at V6 was significantly
different from V12, and R6. Phosphorus content at V6 was
significantly different from R1, R2, R4 and R6. However, its
accumulation at R1 was not significantly different from
that at R2. Potassium uptake at V6 was not significantly
different from V12 but it was significantly different from
R1 and R6. Significant differences can be noticed for
magnesium at V6 from that at V12, R1, and R6. Calcium
accumulation at V6 showed significant differences from
R1, R4 and R6. The accumulation of sulfur at V6 was
significantly different from V12, R1, and R6. However, for
iron content, a non-significant difference can be noticed
between the phenological stages. Zinc was significantly
different at V6 from the rest of the growth stages. Boron
content was only significantly different between R1 and
R4. For copper, a non-significant difference was noticed
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Figure 12. Zinc uptake of maize as a function of phenological stages, in percentage (a) and in Kg*ha'' (b).
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Table 3. Results of analysis of variance between the different phenological stages in the maize nutrient composition. Debrecen -

Latokép, 2022.

Source DF Adj SS Adj MS F-Value P-Value
Nitrogen Phenological Stage 5 87.2 17.4391 41.73 0.000
Error 146 61.02 0.4179
Phosphorus Phenological Stage 5 1.71E+08 34152253 43.63 0.000
Error 146 1.14E+08 782686
Potassium Phenological Stage 5 2.32E+10 4.64E+09 66.81 0.000
Error 146 1.01E+10 69454262
Magnesium Phenological Stage 5 16865930 3373186 36.55 0.000
Error 146 13475138 92295
Calcium Phenological Stage 5 1.14E+08 22835093 4.08 0.002
Error 146 8.18E+08 5599800
Sulfur Phenological Stage 5 47572716 9514543 46.26 0.000
Error 146 30028363 205674
Iron Phenological Stage 5 145639 29128 1.69 0.139
Error 146 2509628 17189
Zinc Phenological Stage 5 2361 47218 10.38 0.000
Error 146 6643 45.5
Boron Phenological Stage 5 740.5 1481 291 0.016
Error 146 7432.6 50.91
Copper Phenological Stage 5 2053.1 410.627 63.72 0.000
Error 146 940.9 6.445
Manganese Phenological Stage 5 6386 1277 0.69 0.632
Error 146 270211 1851
P<0.001, P<0.01, P<0.05.
Table 4. Essential nutrient content of maize in the main vegetative and generative phenophases.
Unit V6 Vi2 R1 R2 R4 R6
Nitrogen w% 4.02? 2.14° 1.65 1.39« 0.94¢4 0.82¢
Phosphorus mg/kg 5206° 4319 4058° 3624° 2508¢ 17864
Potassium 480522 465112 18908° 16785" 12855¢¢ 10753¢
Magnesium 2102.6* 1485.1° 988.2¢ 918.8< 876.1< 744.84
Calcium 5560° 38373 2745 2959 1961° 23570
Sulfur 3124.4° 1673.1° 1057.8¢ 930.6< 828.3 709.3¢
Iron 130.9° 180.5° 102.82 137.8° 97.7° 163.5
Zinc 25.15° 12.38¢¢ 12.26 12.06" 8.81¢ 16.31°
Boron 10.95%® 6.66% 13.022 1111 7.34° 8.23»
Copper 8.91° 5.71° 2.42¢ 2.49¢ 3.37¢ 11.29°
Manganese 68.14° 51.572 47.64* 4448 51.07° 40.45°

Means that do not share a letter within a row are significantly different.

10/18

Brazilian Journal of Biology, 2025, vol. 85, 290013



between V6 and R6, as well as between R1, R2 and R4.
Manganese, however, showed a non-significant difference
between all stages of maize growth and development.

3.4. Cluster analysis and heatmap

The cluster analysis allowed to identify three main
groups of nutrient contents accumulated by both maize
hybrids as a function of phenological stages.

At the 6-leaf stage, the first group includes nitrogen,
phosphorus, sulfur, calcium, boron, zinc, and copper, the
second group includes potassium, and the third group
includes magnesium, iron, and manganese (Figure 13).

The correlation heatmap revealed that nitrogen had
a stronger linear correlation with phosphorus as well as
sulfur, as the correlation coefficient between the features
approaches one. Nitrogen had also a significant positive
correlation with calcium and boron. Phosphorus had
a stronger linear correlation with sulfur. In addition,

Dendrogram
Complete Linkage; Absolute Correlation Coefficient Distance

w
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Nutrient accumulation of maize

phosphorus had a significant positive correlation with
calcium and boron. Potassium had a positive correlation but
was not significant with both zinc and copper. Magnesium
had a positive correlation but was not significant with both
zinc and copper. Calcium had a stronger linear correlation
with boron and had a positive significant correlation
with sulfur. Sulfur had a positive significant correlation
with boron. Iron had a stronger linear correlation with
manganese. Zinc had a stronger linear correlation with
copper.

At the 12-leaf stage, the first group contains nitrogen,
sulfur, iron, boron, copper, zinc, and manganese, the second
group contains phosphorus, potassium, and magnesium,
and the third group contains calcium (Figure 14).

According to the correlation heatmap, nitrogen had
a strong positive correlation with sulfur, boron, iron,
copper, manganese, zinc, and calcium. Phosphorus had
a significant positive correlation with both potassium
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Figure 13. The dendrograms of cluster analysis based on the correlation coefficients distance of the essential nutrient at V6 (a), and

heatmaps of Pearson correlation coefficient matrix (b).
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Figure 14. The dendrograms of cluster analysis based on the correlation coefficients distance of the essential nutrient at V12 (a), and

heatmaps of Pearson correlation coefficient matrix (b).
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and magnesium. Potassium had a significant positive
correlation with magnesium. At the same time, magnesium
had a significant negative correlation with iron, zinc,
boron, calcium, sulfur, and copper and a non-significant
negative correlation with manganese. Calcium had a
significant positive correlation with iron, boron, sulfur,
zinc, copper, and manganese. Sulfur had a significant
positive correlation with copper, boron, iron, manganese,
and zinc. Iron had a significant positive correlation
with boron, copper, zinc, and manganese. Zinc had a
significant positive correlation with copper, boron, and
manganese. Boron had a significant positive correlation
with copper and manganese. Copper had a significant
positive correlation with manganese.

At the R1 stage, the first group incorporates nitrogen,
sulfur, copper, calcium, iron, boron, and manganese, the
second group incorporates phosphorus and magnesium,
and the third group incorporates potassium and zinc
(Figure 15).

The correlation heatmap revealed that nitrogen had
a strong positive correlation with sulfur, copper, boron,
and iron. Nitrogen showed also a positive correlation
with calcium, zinc, and manganese. Phosphorus had a
positive correlation with magnesium and zinc. Potassium
had a significant negative correlation with zinc and a
slight positive correlation with manganese and calcium.
Manganese had a positive correlation with zinc. Calcium had
a strong positive correlation with boron, iron, manganese,
copper, and sulfur. Sulfur had a strong positive correlation
with copper, boron, and iron. It had also a positive
correlation with manganese and zinc. Iron had a strong
positive correlation with boron, copper, and manganese.
At the same time, zinc showed a negative correlation with
manganese, boron, and copper. Boron showed a strong
positive correlation with copper and manganese. Copper
had a significant positive correlation with manganese.

At the R2 stage, the first group involves nitrogen, sulfur,
iron, boron, copper, magnesium, calcium, and manganese,
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the second group involves phosphorus, and the third group
involves potassium and zinc (Figure 16).

According to the correlation heatmap, nitrogen had a
strong positive correlation with sulfur, iron, copper, boron,
magnesium, calcium, manganese, and zinc. Phosphorus
showed a slight positive correlation with zinc. Potassium,
in contrast, showed a significant negative correlation
with zinc. Magnesium had a strong positive correlation
with iron, manganese, calcium, sulfur, copper, and boron.
Calcium had a strong positive correlation with manganese,
boron, iron, copper, and sulfur. Sulfur showed a significant
positive correlation with copper, iron, boron, zinc, and
manganese. Iron had a strong positive correlation with
copper, boron, and manganese. Zinc showed a slight positive
correlation with copper and boron. Boron had a strong
positive correlation with copper and manganese. Copper
had a positive significant correlation with manganese.

At the R4 stage, nitrogen, sulfur, calcium, manganese,
boron, iron, and copper are combined in the first group.
Phosphorus and magnesium are combined in the second
group and the third group includes potassium and zinc
(Figure 17).

The correlation heatmap revealed that nitrogen had
a strong positive correlation with sulfur, boron, iron,
copper, magnesium, calcium, manganese, and phosphorus.
Phosphorus showed a significant positive correlation
with magnesium, sulfur, and zinc. It had also a positive
correlation with boron, calcium, manganese, iron, and
copper. Potassium showed a significant negative correlation
with zinc and a positive correlation with manganese,
calcium, iron, boron, and copper. Magnesium had a
significant positive correlation with sulfur, boron, calcium,
manganese, iron, and copper and had a non-significant
positive correlation with zinc. Calcium showed a strong
positive correlation with manganese, boron, iron, copper,
and sulfur. Sulfur had a significant positive correlation
with boron, iron, copper, and manganese, and had a non-
significant positive correlation with zinc. Iron had a strong
positive correlation with copper, boron, and manganese.
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Figure 15. The dendrograms of cluster analysis based on the correlation coefficients distance of the essential nutrient at R1 (a), and

heatmaps of Pearson correlation coefficient matrix (b).
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Figure 16. The dendrograms of cluster analysis based on the correlation coefficients distance of the essential nutrient at R2 (a), and

heatmaps of Pearson correlation coefficient matrix (b).
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Figure 17. The dendrograms of cluster analysis based on the correlation coefficients distance of the essential nutrient at R4 (a), and

heatmaps of Pearson correlation coefficient matrix (b).

In contrast, zinc showed a correlation with the other
nutrients that reach a near-zero but negative correlation
with copper, and manganese, and a positive one with
boron. Boron had a strong positive correlation with both
manganese and copper. Copper had a significant positive
correlation with manganese.

At the R6 stage, nitrogen, sulfur, magnesium, calcium,
iron, manganese, boron, and copper are included in the
first group the second group includes phosphorus, and
the third group includes potassium and zinc (Figure 18).

According to the correlation heatmap, nitrogen had a
strong positive correlation with sulfur and magnesium.
It also showed a positive correlation with boron, manganese,
calcium, iron, copper, and phosphorus. Phosphorus had
a significant positive correlation with magnesium and a

Brazilian Journal of Biology, 2025, vol. 85, €290013

less significant positive correlation with sulfur, calcium,
iron, boron, and manganese. Potassium showed a positive
correlation with copper, calcium, iron, manganese, boron,
and magnesium. Magnesium showed a strong positive
correlation with sulfur, and it also had significant positive
correlation with boron, manganese, iron, and calcium and
a correlation with less significance with copper. However,
calcium had a strong positive correlation with magnesium,
iron, boron, copper, and sulfur. Sulfur showed a significant
positive correlation with boron, manganese, iron, and copper.
Iron had also a strong positive correlation with manganese,
boron, and copper. Zinc, however, showed a slight negative
correlation with manganese, boron, and copper. Boron had
a strong positive correlation with both manganese and
copper. Copper had a strong correlation with manganese.
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Figure 18. The dendrograms of cluster analysis based on the correlation coefficients distance of the essential nutrient at R6 (a), and

heatmaps of Pearson correlation coefficient matrix (b).

4. Discussion

4.1. Partitioning of dry matter

Dry matter accumulation was rapidly increased after
V6, and up to R1, large accumulation of dry matter was
mainly observed in the vegetative organs, accumulating
5990.3 kg*ha of stalk dry matter and 2543 kg*ha' of
leaves dry matter. The amount of dry matter accumulated
in the leaves and stalk fluctuated between stages R1 and
R4. However, approaching the maturity stage, their
accumulated dry weight decreased. At R6, the kernels
reached a maximum dry weight of 11208.9 kg*ha'.
Thus, the increase in dry matter accumulation in the
inflorescence could have resulted from the remobilization
and translocation of plant nutrients and photosynthetic
assimilates accumulated in the senesced vegetative
parts to the inflorescence during the reproductive phase
(Ferreira et al., 2024). The total dry matter accumulation was
obtained at physiological maturity with 23784.4 kg*ha-'.
This result exceeds 16190 kg*ha™, i.e. the result obtained
by Ferreira et al. (2024).

4.2. Nutrient dynamics within the maize plant

During the growing season, the maize plant exhibits
specific nutrient requirements that vary at each
phenological stage. For maize to grow and develop
properly, certain nutrients are necessary. The plant’s
needs, which may be shown in the plant metabolism
and the tissues to which nutrients are partitioned at that
specific stage, determine the concentration differences in
the accumulation and uptake of each nutrient.

During the early stages of plant growth, maize
primarily accumulated nitrogen, phosphorus and
potassium. These macronutrients are critical for leaf
pigmentation and expansion, root and stem development,
and overall plant vigor. For instance, nitrogen is vital for
chlorophyll synthesis and photosynthesis, enhancing
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leaf pigmentation, and contributing substantially to
grain yield (Asare et al., 2023; PDA, 2024). Phosphorus,
second most frequent limiting macronutrient for plant
growth (Schachtman et al., 1998; Isidra-Arellano et al.,
2021), is crucial for root, leaves and stem development
(Masood et al., 2011; Liaqat et al., 2018), metabolism
(structural component in nucleic acids, coenzymes,
phosphoproteins, and phospholipids) (Grant et al., 2001),
cellular energy transfer (Maathuis, 2009), and processes
like respiration and photosynthesis (Raghothama and
Karthikeyan, 2005). The variation in concentrations of
these nutrients across maize vegetative organs can be
clearly observed in this study. N concentrations were
high in plant vegetative organs, mostly in leaves, whereas
high amount of phosphorus was allocated to the stalk
over the leaves up to the R2 stage. Prior silking stage,
maize had the first peak of K uptake in the vegetative
parts during the active vegetative growth stage. Maize’s
significance potassium requirements can be attributed to
its essential role in vegetative growth where it contributes
to osmoregulation, ion homeostasis, enzyme activation,
and photosynthetic product transport (Zhang et al., 2023a;
Sadiq et al., 2017). As part of the vegetative organs, the
stalk’s demand for potassium was of major significance,
as it required more potassium than nitrogen (Figure 4).
In addition to its essential role in overall plant growth,
development and sustainable yield (Adnan, 2020;
Bukhsh et al., 2012), potassium enhances stalk bending
strength, which is vital for maintaining plant structural
integrity and resistance to lodging Xu et al. (2018).
Balanced nutrition is an imperative feature that plays a
major part in producing high-quality maize. Exposure to
stress can inhibit crop growth, leaving the plant unable
to recover. According to Fageria and Baligar (2005),
maize is particularly vulnerable to nutrient deficiencies,
especially during its early growth stages. According to
Gorlach et al. (2021), decreased plant height, reduction
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in tillering, restricted seed formation, reduced leaf area,
and premature senescence of leaves are among the main
P limitation symptoms.

Moreover, calcium and magnesium were also
accumulated in this particular phase, but in smaller
quantities, playing essential roles in cell wall structure
and enzyme function. Calcium was primarily absorbed by
the leaves, playing a crucial role in stabilizing cell walls
and membranes (Kirkby and Pilbeam, 1984), as well as
supporting processes like cell division and elongation
(Pathak et al., 2020), leaf development and plant vigor
(Bromley, 2010). Magnesium, on the other hand, was
mostly absorbed by the stalk, where it served as the
core atom of chlorophyll, regulates ATP activity in the
cytoplasm and organelles (Taiz and Zeiger, 2022), and
supported enzyme functions essential for photosynthesis
and protein biosynthesis (Senbayram et al., 2015).
It was found that maize had absorbed sulfur in lower
quantities also across the vegetative organs. During maize
development, leaves accumulated higher S concentrations
compared to stalk, since they are the primary site for
photosynthesis and protein synthesis (methionine
and cysteine) (Rahman et al., 2011), and antioxidant
defense (glutathione) (Sutar et al., 2017; Li et al., 2020;
Narayan et al., 2023). The uptake and accumulation of
sulfur in this organ is driven by its high metabolic activity
and the need for sulfur for energy and protein synthesis.
On the other hand, micronutrients such as Fe, Mn, Zn, Cu
and B were also accumulated in small amounts during
active vegetative growth, and their concentrations
typically increase as the plant progresses through the
growing season. The highest concentrations of Fe, Cu, Mn
and B were found in leaves unlike Zn was absorbed by
the stalk. In order to maintain the function of enzymes
in the photosystem and the electron transport chain,
chloroplasts in leaves need Fe nutrient. Consequently,
this explains the great demand for this nutrient as it
is indispensable for maintaining overall plant energy
metabolism. However, inadequate Fe availability can lead
to a reduction in energy metabolism and overall plant
health. Researchers reported that excess in Fe can be toxic
to plants, resulting in a cellular damage and disturbance of
cellular ionic homeostasis (Rout and Sahoo, 2015; Li et al.,
2018; Farid et al., 2023). Similarly, Cu was needed in a
minimal amount for the plant to assure healthy growth
and reproduction success, that, at high concentrations,
could become toxic as its mobility is relatively restricted.
This can lead to leaf chlorosis and growth inhibition
which ultimately results in reduced yield (Bouazizi et al.,
2010). Maize leaves required higher amounts of Cu due
to its involvement in photosynthesis and antioxidant
defense (Barbosa et al., 2013). Similarly, it was found that
high Mn concentrations were found in leaves owing to
its essential role in metabolic activities (Millaleo et al.,
2010). Contrary to the aforementioned micronutrients,
higher zinc concentrations were accumulated in the
stalk. During the vegetative phase, the stalk undergoes
cell division and elongation to support the growth of
the plant. Thus, significant zinc amounts are required
for enzyme activation and cell wall synthesis. As maize
growth progresses, the demand for boron increases, but
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in lower concentrations. Maize leaves were the organs
that accumulated mostly this nutrient, as it is essential for
the development of cell walls and meristematic growth
(Bayar et al., 2024). Thus, exposure to boron deficiency
affects plant health, leading to reduced root and stalk
growth, chlorosis and leav malformation.

As maize transitions to the reproductive stages, nutrient
allocation shifts to the ears and kernels development.
During the reproductive and grain filling phases, the
uptake of N and P gradually decreased, reflecting their
remobilization to the growing kernels, with nitrogen
being more readily remobilized owing to its high phloem
mobility (Kosgey et al., 2013). By the time of silking,
maize absorbed 57.4% of nitrogen content and higher
concentrations in phosphorus with 71.74%, which is closer
to the result (69%) obtained by Silva et al. (2018). While,
potassium uptake was the most significant as the plant
accumulated 79.2% at R1. At the end of the growing cycle,
higher nitrogen percentage was observed in the kernels
(60.8%). Similar studies indicated approximate values of
64% (Bender et al., 2013), 53% (Silva et al., 2018), and 74%
(Ferreira et al., 2024). Silva et al. (2018) also stated that
the maximum P accumulation was observed between
R5 and R6 which is consistent with the findings of the
investigations performed in this study. Owing to its vital
role in grain development and filling, maize kernels stored
large amount of P at the maturity stage, accounting for
31.8 kg*ha!, which corresponds to 62% of the total P
accumulated at the end of the cycle. The maximum K
uptake and accumulation was observed at R4, with 100%
of the total K, which is in accordance with the result of
Ferreira et al. (2024). A hypothesis suggested that the
source of the concentration of nutrients in grains is either
coming from post-silking absorption or remobilization
of nutrients accumulated prior to silking (Yuhui et al.,
2019). In this paper, the stalk demonstrated that it was the
organ that absorbed the greatest K nutrient throughout
the growing season. This means that the extent of K
remobilization was the highest in the stalk, indicating
that K was mainly remobilized from the stalk and less
from the leaves. Moreover, it can be noticed here that the
potassium translocation from the stalk and leaves to the
kernels (16.2% of the total K at the maturity phase) had a
notably lower extent than for phosphorus and nitrogen.
For this reason, the grain-filling period is apparently
not critical considering potassium supply. Maize Ca
uptake initially peaked at R1with 25.9 kg*ha' and then
it reached its maximum value of 38.95 kg*ha-' at R6.
At the physiological maturity, the kernels stored only
2.80 kg*ha' (7%) of the total Ca, which is due to the low
mobility of the nutrient which explains the limitation of
its redistribution to the kernels. Whereas Mg accumulation
reached its maximum value of 18.4 kg*ha! at R4 and then
decreased as approaching the maturity stage with a final
accumulation of 18.3 kg*ha in which 49.9% of total Mg
content was present in the kernels. This value exceeds
the total Mg absorption of kernels by 30% as discovered
by Silva et al. (2018). During the reproductive growth
stages, S accumulation exhibited some fluctuation in
both the leaves and the stalk, however, S concentrations
in the ear components have an upward trend, where
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the kernels accumulated the highest concentrations of
9.8 kg*ha' (55.7%) of the total S accumulated at the end
of the growing cycle. This reflects on the continuous
contribution of sulfur to the formation of chlorophyll,
flowering and seed formation. At R6, the greatest S
accumulation was observed with 17.7 kg*ha, contrary to
Ferreira et al. (2024), who found the greatest accumulation
at R3 with 10.84 kg*ha'.

Micronutrients such as B, Fe, Mn, Zn and Cu showed
also increased accumulation during this phase. Perica et al.
(2001) reported that boron is more important for
reproductive development than for vegetative growth,
suggesting that the reproductive organs accumulated
more B concentrations than the vegetative organs.
In contrast, this study demonstrated a higher demand for
B in the vegetative organs than the reproductive organs, as
shown by the higher B concentrations in leaves and stalks
compared to those in the reproductive organs, particularly
the kernels. Still, the demand for B was necessary for the
plant during the grain-filling stage for grain formation
due to its essential role in pollen tube formation and
seed development (Devi et al., 2016; Kaur and Nelson,
2015). At R6, the maximum B accumulation was observed
at 0.135 kg*ha!, which is more in accordance with the
findings of Ferreira et al. (2024). According to our findings,
the leaves in particular and the stalk were the primary
sites of Fe deposition absorbed by maize, while the grains
did not represent a strong drain of this micronutrient.
Corroborating with Ferreira et al. (2024) and Oliveira et al.
(2019), iron was the most extracted micronutrient by
the plant. The maximum estimated accumulation of Fe
was observed in R6, with 2.6 kg*ha which is superior
to that obtained by Ferreira et al. (2024) and 7.12 kg
less than that obtained by Oliveira et al. (2019). At the
physiological maturity, 1.3 kg*ha' (51.9%) was found in the
leaves, 0.9 kg*ha (33.9%) in the stalk, 0.2 kg*ha™' (8.9%)
in the kernels, 0.09 kg*ha (3.6%) in the husk and
0.04 kg*ha' (1.7%) in the cob. Regarding Mn accumulation,
it was found that the maximum Mn uptake by the plant
occurred at R4 with 0.88 kg*ha!, where the leaves stored
the most Mn concentrations (0.4 kg*ha). Ferreira et al.
(2024) reported a similar result, stating that the maximum
Mn accumulation was 0.434 kg*ha' at R3 but it was
present in the kernels. At the maturity stage, the total
nutrient accumulated by the plant was 0.61 kg*ha' which
is comparable to the result that Oliveira et al. (2019) found
at 0.578 kg*ha'. Whereas Zn accumulation reached its
maximum amount at R6 with 0.329 kg*ha'. Ferreira et al.
(2024) did, however, indicate that the total Zn accumulation
at R6 was 0.377 kg*ha' which is close to the results of
this study, and that the largest Zn accumulation occurred
between R4 and R5, with 0.477 kg*ha'. Nevertheless,
compared to Oliveira et al. (2019), who reported a total Zn
accumulation of 0.606 kg*ha', these results are smaller.
Maize kernels accumulated the maximum Cu nutrient with
0.241 kg*ha at R6, contrary to what Ferreira et al. (2024)
found, according to which the maximum Cu accumulation
in their study was 0.136 kg*ha-1 and obtained at R5.
Similarly, Borges et al. (2009) reported that maximum Cu
accumulations were obtained near physiological maturity
with values of approximately 0.30 kg*ha'. In comparison
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to the results obtained by Ferreira et al. (2024), the
kernels accumulated 0.09 kg*ha™' of the total Cu, which
is 0.0512 kg*ha' greater.

During the growing season and at every phenological
stage studied, it can be observed that, of the nutrients
presented in the first cluster, N, S, B, and Cu were
persistent. Mn appeared in the first cluster from V12 until
R6. Zn was present in the first cluster only at V6 and
V12. Ca was only absent from the first cluster at V12 and
appeared lonely in the third cluster. P was present in the
first cluster only at V6 and switched to the second cluster
from V12 to R6. Fe appeared to be present in the first
cluster only from V12 till R6, while at V6 it appeared to
be in the third cluster. Mg, in contrast, was presented in
the third cluster at V6. After that, it was moved to the
second cluster at V12 and stayed until R1. Then, it was
moved again to be among the nutrients in the first cluster
at R2. At R4, Mg appeared to be present in the second
cluster, and lastly, it moved back to the first cluster at
R6. K and Zn were the only nutrients in the third cluster
that appeared from R1 to R6.

5. Conclusions

Generally, nutrient dynamics throughout the growth
cycle have a substantial impact on maize productivity,
as the plant’s ability to effectively accumulate and then
remobilize nutrients directly affects grain development
and overall yield. From V6 up to R1, maize accumulated
the majority of nutrients in significant amounts that, with
the transition to the reproductive stages, were translocated
into the reproductive organs supporting their development.
Overall, only the remobilized N, P, Mg, S, and Zn contributed
significantly to grain content (50% and above). The total
macro- and micronutrients accumulated in this study are
listed in decreasing order: K> N >P > Ca > Mg > S > Fe >
Mn > Zn > Cu > B. Along with nutrient availability, plant
genetics, environmental conditions, and management
practices influence the process of accumulation and
remobilization of nutrients. Therefore, as we strive to
maximize the production potential of maize, improving
the knowledge of plant nutritional needs with the right
source and rate at the right time and place is crucial to
further refine our strategy.
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