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ABSTRACT: Delay of sowing date in subtropical environments with long growing seasons
can modify the yield response of corn hybrids to nitrogen (N) fertilization. This study
evaluated the effects of the sowing time, and N top-dress rate on corn hybrids’ yield
and N-use efficiency with different cycles. Two field experiments were carried out in
subtropical environment of southern Brazil. The following factors were investigated: corn
hybrids (AG9025, super early cycle and P30F53, early cycle), sowing times (early and
late spring), and N top-dress rates (0, 150, 300 and 450 kg ha™). The delay of sowing
date from early to late spring reduced 10 % the number of kernels per ear, decreasing
grain yield. Corn presented lower yield potential in late sowings (-24 %), associated with
a smaller response of grain yield to the N rate increase. The maximum corn yield was
achieved at a rate of 360 kg ha™ of N in early spring sowing and 300 kg ha™ in late spring.
The hybrid with early cycle presented greater yield stability and higher N use efficiency
than the super early cycle hybrid in the late sowing. The N agronomic efficiency use is
47 % lower in late spring sowing than in early spring sowing. Regardless of the sowing
date, the N use efficiency decreased 0.08 for each kg ha™ N rate increase. This study
suggests a reduction of at least 20 % in the N top-dress rate when the sowing date of
cornis delayed to late spring in southern Brazil to decrease N losses and production costs.

Keywords: Zea mays L., nitrogen fertilization, sowing time, yield stability, relative
maturity group.
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INTRODUCTION

In southern Brazil, there has been an intense replacement of the first corn crop by
soybean due to the adequate availability of technologies, market prices and liquidity
of the oleaginous (Cattelan and Dall’Agnol, 2018). The first corn crop area in Brazil
decreased from 9.8 million ha in 1999/2000 to 4.2 million ha in the 2019/2020 growing
season (Conab, 2020). One of the factors that limits the economic viability of first corn
crop in southern Brazil is its low yield. In the 2018/2019 growing season, the Brazilian
average productivity of first corn crop was only 8.2 Mg ha™ (Conab, 2020). However,
experiments carried out by Kolling et al. (2019) and Panison et al. (2019) showed that
first corn crop has a yield potential higher than 15 Mg ha™ in this region. The generation
of information that allows better understanding of management practices for high corn
grain yield is fundamental to enhance the cereal-cultivated first crop area, enabling
rotation with soybean in spring/summer and increasing the sustainability and resilience
of grain production systems in southern Brazil.

Currently, the achievement of high yields associated with a high N use efficiency is
fundamental to the production of cereal crops (Duan et al., 2019). A yield-based approach
is often used to make N fertilizer recommendations for corn (Stevens et al., 2005).
However, efficient use of N fertilizers is becoming increasingly important in modern
corn production due to environmental and economic costs associated with N fertilization
(Cantarella et al., 2018). In this context, variables such as N agronomic efficiency (NAE)
(Baligar et al., 1990), N recovery efficiency (NRE) (Vargas et al., 2015), amount of N
exported by grains (N exported) (Rocha et al., 2020) and partial N balance (PN balance)
(Austin et al., 2019) can be useful for more rational decision-making in the management
of N fertilization. The NAE is expressed as the grain production per mass of N applied.
The NRE, demonstrates how much of the applied N was allocated to the grains. Nitrogen
exported shows how much of the applied N is removed and exported of the field with
the harvest and commercialization of grain production. The PN Balance estimates the
input or output of N in the production system.

Different crop management practices, as well as hybrid genetic characteristics, can
affect N use efficiency (Haegele and Below, 2013; DeBruin et al., 2017). The choice
of the sowing date is one of the most important management decisions. It defines the
atmospheric conditions that the crop is subjected to during its development cycle,
influencing plant growth and grain yield (Sindelar et al., 2010; Bonelli et al., 2016;
Jiang et al., 2020). A strong interaction between the hybrid cycle and sowing date affects
the corn grain yield (Tsimba et al., 2013; Baum et al., 2019; Jiang et al., 2020). When corn
is sown at the end of spring, the higher soil and air temperatures accelerate the crop
development from the plant emergence to flowering (Lizaso et al., 2018). This effect is
more pronounced in super early hybrids because they require fewer thermal units to reach
the tasseling stage (Coelho et al., 2020). The faster development may decrease the plant
ability to take up nitrogen and use the nutrient for ear development and kernel filling.
The earlier hybrids may demand higher N rates, especially when sowing is performed
in early spring when the yield potential is greater (Sangoi et al., 2016). Therefore, this
interaction between sowing date and corn hybrid may also influence the crop response
to N fertilization (Jiang et al., 2020).

When there is adequate water availability, the ideal corn sowing time in southern Brazil
is during early spring because it allows the flowering and grain filling stages to match
the period of greatest solar radiation and adequate air temperature (Sangoi et al., 2010;
Lizaso et al., 2018). In addition, early spring sowings decrease the severity of foliar and
stalk diseases (Coelho et al., 2019; Berghetti et al., 2020). The better environmental
conditions faced by corn when it is sown in early spring provide conditions for the crop
to reach a higher yield ceiling. It is possible that the greater yield potential at this sowing
time increases the crop demand for N and its response to N rates, in comparison to the
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late spring sowings. However, the technical recommendations for N fertilization of corn
in the subtropical environments of Brazil do not consider the sowing date as a factor to
define the recommended N rate (CQFS RS/SC, 2016; NEPAR-SBCS, 2017). This lapse can
limit yield, increase production costs and reduce N use efficiency. In many situations,
farmers grow crops with greater income potential, such as garlic, tobacco and onions,
during the winter/spring seasons, delaying the corn sowing date to the end of spring.
This fact is not considered to define the appropriate N rate for corn.

Elucidation of the interactions between the sowing date and hybrid cycle is necessary to
develop the most accurate recommendations regarding the N rate. This study evaluated
the effects of the sowing time and N top-dress rates on the yield and N use efficiency
of corn hybrids with different cycles in a subtropical environment of southern Brazil.

MATERIALS AND METHODS
Characterization of the experiment

The experiment was conducted during the growing seasons of 2015/2016 and 2016/2017.
In the first year, the trial was carried out in Lages, Santa Catarina, Brazil (27° 50" 35" S,
50° 29’ 45” W and 849 m a.s.l.). The regional climate is Cfb (Alvares et al., 2013),
mesothermal with mild summers and average temperatures during the hottest month
below 22 °C and a well-distributed rainfall. The soil in the experimental area is classified
as Nitossolo Vermelho Distréfico Tipico (Santos et al., 2013), which corresponds to
Oxisol (Kandic) (Soil Survey Staff, 2014). Table 1 presents the soil physical and chemical
properties in the 0.00-0.20 m layer. The experimental area has been cropped under a
no-tillage system for fifteen years.

In the second year, the experiment was conducted in Atalanta, Santa Catarina, Brazil
(27°26° 03" S, 49° 42' 06” W and 586 m a.s.l.). The regional climate is Cfa (Alvares et al.,
2013), subtropical mesothermal humid from hot summers, with an average annual
temperature between 18 and 19 °C, an average annual precipitation between 1300 and
1500 mm and a relative air humidity of 82 to 85 %. The soil in the experimental area is
classified as Cambissolo Haplico distréfico tipico (Santos et al., 2013), which corresponds
to Inceptisol (Soil Survey Staff, 2014). Table 1 presents the soil physical and chemical
properties in the 0.00-0.20 m layer. The experimental area was cropped under a no-tillage
system for twelve years.

Table 1. Soil texture and chemical properties in the 0.00-0.20 m layer of both locations, before
the implementation of the experiments

Soil property Lages Atalanta
Clay (g kg™) 530 452
Silt (g kg™) 243 408
Sand (g kg™) 227 140
Organic matter (g kg™) 36 23
pH(H,0) 5.1 5.7
H+Al (SMP) ( cmol.dm?) 5.2 6.2
P (mg dm?) 13 80
K(mg dm?) 195 223
Ca** (cmol, dm?) 7.0 7.6
Mg** (cmol. dm™) 2.5 2.1
AP* (cmol. dm?) 0.3 0.0
Cation exchange capacity (cmol. dm?) 20.8 13.8

*pH in H,O was determined in 1:2.5 soil:water ratio; P and K were extracted with Mehlich-1. Ca®*, Mg®*, and
AP* were extracted with KCI 1 mol L™,
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Figure 1 presents the sequential water balance according to the methodology described
by Thornthwaite and Mather (1955), considering plant available water capacities of 70 and
60 mm for Lages and Atalanta, respectively. The water deficiency (DEF) was determined
considering how much the soil-plant system decreased the potential evapotranspiration.
Water excess (EXC) corresponds to water that could not be retained and was drained
in-depth (gravitational water). Plant available water (PAW) corresponds to the water
balance stored in the soil. The experimental plots received supplementary irrigation using
a fixed sprinkler irrigation system whenever necessary, maintaining the soil moisture at
80 % of its gravimetric content, close to the field capacity.
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Figure 1. Sequential water balance “by the 5-day period” according to the methodology described
by Thornthwaite and Mather (1955). DEF: water deficiency; EXC: water excess; PlantPAW: plant
available water; Temp Med: average temperature; and Photoperiod.
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Crop management

The plant density was 75.000 plants ha™, and the row spacing was 0.70 m. Manual seeders
were used, dropping three seeds. Thinning was carried out when the plants reached the
growth stage of V2, two fully expanded leaves, according to the scale of Ritchie et al.
(1993). At each sowing date, 30 kg ha™ N, 300 kg ha™* P,0s and 200 kg ha™ K,0 were
applied to the soil surface to produce 21 Mg ha™ (CQFS RS/SC, 2004). Top-dress N rates
were equally divided into three application periods at the growth stages of V4, V8 and
V12, according to the scale of Ritchie et al. (1993). The source of nitrogen fertilizer used
was urea.

Sampling and measurements

The number of ears per plant (ear index), and the percentage of plants without ears
(barren plants) were determined on the harvest day. Harvests were carried out manually,
in an area of 8.4 m?, at the center of each plot. The grain yield was determined at a
standard moisture of 13 %, after drying the kernels at 65 °C until they reach a constant
weight. The weight of 1,000 kernels was determined in a sample of 400 kernels,
oven-dried at 65 °C and converted to a moisture of 13 %. The number of kernels per
ear was estimated by dividing the kernel mass and the number of ears harvested in
each plot.

The N content in grains (NCG) was determined after sulfuric digestion by the Kjeldhal
method. The amount of N exported by grains (N Exported) was calculated using
the equation:

N Exported (kg ha™) = NCG (kg kg grain™) x YG (kg grain ha™) Eq.1
in which NCG is the N content in grains and YG is the grain yield.

Nitrogen use efficiency was evaluated by the following parameters: N agronomic efficiency
(NAE); N recovery efficiency (NRE); and partial N balance (PN balance).

Nitrogen agronomic efficiency (NAE), was calculated using the equation:

NAE (kg grain per kg of N) = YG Fert - YG Unfert Eq.2
QNAc

in which: YG Fert is the grain yield of the treatments with N fertilization (kg ha™); YG
Unfert is the grain yield of the treatment without N fertilization (kg ha™); and QNAc is
the N topdressing rate (kg ha™).

The efficiency of recovery of applied N (NRE), was calculated using the equation:

(N Exported Fert - N Exported Unfert)
ONAc

RE (%) = x 100 Eq.3

in which N Exported Fert is the amount of N exported in grains of the fertilized plots
(kg ha™); N Exported Unfert is the amount of N exported in grains of the unfertilized
plots (kg ha™); and QNAc is the N topdressing rate (kg ha™).

The partial N balance (PN balance), was calculated using the equation:
PN balance (kg N ha™) = (QNAc + QNAs) - N Exported Eq. 4

in which: QNAC is the N topdressing rate (kg ha™); QNAs is the N rate at sowing (30 kg ha™);
and N Exported is the amount of N exported in grains (kg ha™).

The quadratic model had the best fit to describe the crop yield response to N rates. The
maximum corn yield of the response curve was considered the agronomic optimum N
rate (AONR). The AONR (kg ha™ of N) was calculated as:
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AONR (kg ha™ of N) = % Eq.5

inwhich: bis the linear coefficient and a is the quadratic coefficient from the quadratic equation.

Experimental design and treatments

The experimental design was a complete randomized block, in both trials. Treatments
were arranged in split-split plots, with three repetitions in Lages and four in Atalanta.
Two hybrids were tested in the main plots: AG9025 PRO3 (super early cycle, relative
maturity: 130) and P30F53 VYH (early cycle, relative maturity: 135), hereafter referred
to as AG9025 and P30F53, respectively. Two sowing periods were evaluated in the split
plots: early and late spring. Sowings were carried out on October 15, 2015 (early) and
December 5, 2015 (late) in Lages and September 20, 2016 (early) and December 5, 2016
(late) in Atalanta. Four N top-dress rates were evaluated in split-split plots equivalent to
0, 150, 300 and 450 kg ha™ of N. These rates are equivalent to 0, 0.5, 1.0 and 1.5, the
amount of N recommended by CQFS RS/SC (2004) for an expected yield of 21 Mg ha™.
Each experimental unit was composed of four rows, six meter long. Around each plot,
there was one additional corn row, at the four ends, separating the experimental units.
This extra border row did not receive N top-dress fertilization.

Statistical analyses

Data were tested for normality (Shapiro-Wilk’s test) and homoscedasticity of variances
(Bartlett's test). After verification of these assumptions, ANOVA was performed by the F
test (p=<0.05) for each location separately, considering a split-split plots model. When F
values were significant, means were compared by Tukey'’s test (p<0.05) for the sowing
dates and hybrids. A polynomial regression analysis (p<0.05) was used for N rates.
Pearson correlation coefficients were submitted to the Student t-test (p=<0.05). These
analyses were performed using R software (R Development Core Team, 2017).

RESULTS

Contextualization of meteorological data

Both locations presented, in general, an adequate water supply. In five days, the
highest accumulated water deficit was -3 and -7 mm in Lages and Atalanta, respectively
(Figure 1). The experimental site in Atalanta has a lower altitude (586 m) than in Lages
(849 m). This altitude difference allows sowing corn some days earlier in Atalanta
without having the risk of frosts, as it had higher average soil (data not shown) and
air temperatures (Figure 1). The choice of the sowing day in early spring during the
preferential sowing time at both places was to optimize the crop efficiency to use
temperature and solar radiation.

In Lages, the photoperiod on the sowing day was 12:41 and 13:41 h for the early and
late spring sowings, respectively. In Atalanta, the photoperiods on the sowing day were
11:59 and 13:39 h for the sowings performed during early and late spring, respectively
(Figure 1). The summer solstice occurred on December 22, 2015 and December 21, 2016
with photoperiods of 13:46 and 13:44 h, respectively. The photoperiod on the day of
harvest in Lages was 11:53, 10:57, 11:42, and 10:57 for AG9025 sown in early spring,
AG9025 sown in late spring, P30F53 sown in early spring and P30F53 sown in late spring,
respectively. The photoperiods on the harvest day in Atalanta were 12:18, 11:04, 12:18
and 10:55 h for AG9025 sown in early spring, AG9025 sown in late spring, P30F53 sown
in early spring and P30F53 sown in late spring, respectively.

In Lages, corn reached the beginning of flowering on January 2, February 1, January 6
and February 10 for AG9025 sown in early spring, AG9025 sown in late spring, P30F53
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sown in early spring and P30F53 sown in late spring, respectively. In the Atalanta, corn
flowering started on December 12, February 5, December 18 and February 8 for AG9025
sown in early spring, AG9025 sown in late spring, P30F53 sown in early spring and P30F53
sown in late spring, respectively.

Grain yield

Grain yield ranged from 5.8 to 17.4 Mg ha™ in Lages and from 6.1 to 20.8 Mg ha™ in
Atalanta. The maximum yields recorded in the two locations demonstrate the high yield
potential of corn first crops in the subtropical region of Brazil. In both locations, grain
yield was influenced by the interactions between hybrids and sowing dates, hybrids and
N rates and sowing dates and N rates.

In the early spring sowing, the grain yield of AG9025 was 10 and 17.2 % higher than the
productivity of P30F53 in Lages and Atalanta, respectively, on the average of N rates
(Figures 2e and 2f). In the late spring sowing, the P30F53 hybrid showed greater yield
stability, presenting similar yields on the two sowing dates in Lages and a slight reduction
of 11.4 % when sowing was delayed from September to December in Atalanta. The hybrid
AG9025 showed low adaptability to late spring sowing, presenting yield reductions of
53.95 and 28.7 % in Lages and Atalanta, respectively, compared to early spring.

In both locations, the two hybrids presented a quadratic response to the increase in the
N rate (Figure 2). For P30F53, the agronomic optimum N rates (AONRs) were 351 and
370 kg ha™ in the Lages and Atalanta, respectively. The AONR of AG9025 was obtained
with rates of 290 and 340 kg ha™ of N in the Lages and Atalanta, respectively. In Lages,
the yield of P30F53 showed a greater response to the increase in the N rate on the
average of the sowing dates (Figure 2a). In Atalanta, AG9025 had a higher grain yield
than P30F53 up to the rate of 450 kg ha™ of N, and the hybrids showed a similar average
yield (Figure 2b).

Nitrogen-rates effect on yield was quadratic (Figures 2c and 2d). However, the magnitude
of the response to the increase in N rates was greater in the early spring sowing than in
the late spring sowing. The AONR of corn e sown in early spring was 345 and 375 kg ha™
of N in Lages and Atalanta, respectively. On the other hand, the AONR of corn sown in
late spring was 270 and 331 kg ha™ of top-dressed N in Lages and Atalanta, respectively.
Averaging the results of both locations and hybrids, in early spring sowing, the maximum
grain yield was 39 % greater and it was achieved using 20 % higher N top-dress rate
than late spring.

Yield components

The number of ears per plant was affected by the N rates and sowing date in Atalanta
and by the interaction between the hybrids and sowing date and the N rates and sowing
date in Lages. In Lages, AG9025 had a lower ear index than P30F53 in the late spring
sowing (Table 2). Both hybrids showed a reduction in the ear index when sown in late
spring in Atalanta. Increasing the N rates increased the ear index linearly when corn was
sown in early spring. The number of ears per plant did not respond to the N application
rate when corn was sown in late spring in Lages (Figure 3e). In Atalanta, regardless of
the hybrid or sowing time, the increase in the N rate improved the ear index (Figure 3f).

The percentage of barren plants was affected by the interactions between the hybrids
and sowing date and N rates and sowing date in Lages. The percentage of plants
without ears was affected by the hybrid type, sowing date and N application rate in
Atalanta. In Lages, AG9025 showed a higher percentage of barren plants than P30F53
when sown in late spring (Table 2). As the N application rate increased, the number
of plants without ears sown in early spring decreased. On the other hand, there was
no effect of the N rate on the percentage of barren plants when the crop was sown in
late spring (Figure 4e).
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Figure 2. Corn grain yield according to the rates of topdressed N and the hybrid type (a and b),
rates of topdressed N and sowing time (c and d) and hybrid type and sowing time (e and f) in Lages
(a, c and e) and Atalanta (b, d and f). Uppercase letters distinguish between the meantime of
sowing dates and lowercase letters for hybrids by Tukey’s test (p<0.05).

In Atalanta, AG9025 presented a higher percentage of plants without ears than P30F53,
regardless of the sowing date and N rate. In the late spring sowing, the number of plants
without ears increased by 164 % compared to those sown in early spring on average
for the hybrids and N application rates (Table 2). Higher N rates reduced the number of
plants without ears, regardless of the hybrid type or sowing time (Figure 4f).

The number of kernels per ear was the variable that affected grain yield the most in the
present study. This yield component was affected by the interactions between the hybrids
and N rates and sowing date and N rates in both locations. However, the interaction
between the hybrids and sowing date was only significant in Lages.
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Table 2. Ear per plant, percentage of barren plants, kernels per ear and thousand grain weight
according to the sowing time and corn hybrid

Lages Atalanta
P30F53 AG9025 Average P30F53 AG9025 Average
Ear per plants (No.)

Sowing periods

Early spring 0.94 Aa 1.00 Aa 0.97 0.98 0.99 0.98 A
Late spring 0.94 Aa 0.77 Bb 0.85 0.95 0.91 0.93B
Average 0.94 0.88 0.97 0.95

Plants without ear (%)
Early spring 5.89 Aa 2.95Ba 4.42 2.82 3.03 2.93B
Late spring 6.17Ab  22.73Aa 1445 6.23 9.24 7.73 A
Average 6.03 12.84 453 b 6.14 a

Kernels per ear (No.)
Early spring 543 Aa 494 Aa 518 509 473 491 A
Late spring 581 Aa 287 Bb 434 468 418 443 B
Average 562 390 488 445

Thousand grain weight (g)

Early spring 390 Ab 440 Ba 415 363 Ab 450 Aa 407
Late spring 380 Ab 477 Aa 428 375 Ab 422 Ba 398
Average 385 459 369 436

* Uppercase letters distinguish between averages in the column and lowercase letters in the row.

In Lages, AG9025 had a lower number of kernels than P30F53 in the late spring sowing
(Table 2). The two hybrids showed a quadratic increase in this variable as the N application
rate increased (Figures 4a and 4b). The P30F53 hybrid showed a higher number of
kernels than AG9025 at all N rates, except for the control (without N) in Atalanta, which
had similar values between the two hybrids. The number of kernels per ear had a lower
response to the increase in the N rate in the late spring sowing (Figures 3a and 3b).

In both locations, the thousand-kernel weight was affected by the interactions between
the hybrids and sowing date and the N rates and sowing date. In Atalanta, the interaction
between the N application rates and hybrids was also significant. AG9025 produced
heavier kernels than P30F53 (Table 2). AG9025 also had the highest kernel weight in
late sowing in Lages and the lowest in Atalanta. The kernel weight increased with the
increasing N application rate (Figures 3c and 3d). In Atalanta, there was a linear increase
in kernel weight for P30F53 and a quadratic increase for AG9025 with an increasing N
application rate (Figure 4d).

Nitrogen in grains and nitrogen exports

Nitrogen content in grains (NCG) was affected by the N application rate in Lages and by
the interaction between the N application rate and sowing time in Atalanta. The NCG
increased linearly in Lages with the enhancement of the N rate, regardless of hybrid or
sowing date (Figure 5a). In Atalanta, the N content of kernels increased linearly when
corn was sown in early spring (Figure 5b). There was a quadratic increase in NCG in the
late spring sowing, stabilizing their values at rates above 150 kg ha™ of N.

The amount of N exported by grains (N Exported) was affected by the interaction
between the hybrids and sowing date in Lages and the interaction between the N rate
and sowing date in both locations. AG9025 showed 46 % less N exported than P30F53
when sown in late spring in Lages (Figure 5e). Greater N export was observed as the rates
of N increased in both sowing periods (Figures 5c and 5d), with N export of 112 kg ha™
when no N was applied and 231 kg ha™ when rate of 450 kg ha™ was applied, on the
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Figure 3. Number of kernels per ear (a and b) and thousand kernel weight (c and d) and number
of ears per plant (e) according to N topdressing rates and sowing time. Number of ears per plant
according to N topdressing rates (f) in Lages (a, ¢ and e) and Atalanta (b, d and f).

average of sowing dates and locations. At rates higher than 300 kg ha™ of N, corn had
higher N export when sown in early spring. This trend was also observed when no N was
top-dressed in Atalanta.

Nitrogen use efficiency

In Lages, N agronomic efficiency (NAE) was affected by the interactions between the N
rate and hybrids and the N rate and sowing date. In Atalanta, the main effects of the
sowing date and N application rate affected NAE. The increase of the N rate decreased
NAE. There was a reduction of 0.08 kg grain per kg of N for each kg ha™ of N applied
increase, on the average of both experimental sites. Corn sown in late spring showed
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a 47 % lower NAE than that sown in early spring, regardless of the N application rate.
AG9025 presented a 44 % lower NAE than P30F53 in Lages (Table 3).

Efficiency of recovery of applied N (NRE) was affected by the N rates and sowing dates
in Lages. In Atalanta, NRE was influenced by the interaction between these two factors.
There was a linear reduction in NRE as the rate of N was increased in both locations
(Table 3), with a reduction of 0.09 for each kg ha™ of N applied, average of the locations.
At all rates, with the exception of the 150 kg ha™ rate in Atalanta, corn sown in late
spring showed a lower NRE than that sown in early spring. P30F53 and AG9025 presented
similar NRE values.

Partial N balance (PN balance) was affected by the interactions between the hybrids and
sowing date, N rates and hybrids and N rates and sowing date in both locations. The N
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rate increase promoted an enhancement of the PN balance in both locations, regardless
of the sowing date or hybrid type (Figures 6a, 6b, 6¢ and 6d).

Disregarding N losses, the PN balance was neutral at rates of 181 and 176 kg ha™ of N for
P30F53 and 136 and 178 kg of N ha™ for AG9025 in the Lages and Atalanta, respectively.
In the early spring sowing, the PN balance was neutral at rates of 163 and 206 kg ha™ of
N in Lages and Atalanta, respectively. Corn sown in late spring had a neutral PN balance
at a rate of 153 kg ha™ of N. In both locations, AG9025 showed a higher PN balance
than P30F53 when sown in late spring. (Table 2). This trend was accentuated with the
increase in the N topdress rate.
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Table 3. Nitrogen agronomic efficiency, efficiency of recovery of applied nitrogen and partial nitrogen balance according to the
nitrogen topdress rate, sowing time and corn hybrid

Treatment Lages Atalanta
Nitrogen agronomic efficiency (NAE)
N Rates (kg ha™) P30F53 AG9025 Average P30F53 AG9025 Average
150 32.7 Aa 18.8 Ab 25.7 42.4 39.4 409 A
300 17.5 Ba 10.9 Bb 14.2 25.7 25.9 25.8B
450 13.1Ca 5.5Cb 9.3 18.9 16.5 17.7C
Average 21.1 11.7 29.0 27.3
Eq 52.6-0.078x 50.2-0.076x - - 51.4-0.078x
R? 0.94* 0.99* - - 0.97*
N Rates (kg ha™) Early spring Late spring Average Early spring Late spring Average
150 38.1 Aa 13.4 Ab 25.7 46.3 35.6 409 A
300 23.3Ba 5.1 Bb 14.2 30.1 215 25.8B
450 15.7 Ca 2.8Bb 9.3 21.6 13.8 17.7C
Average 25.7 7.1 32.7 a 236D
Eq 57.3-0.082x 45.4-0.073x - - 51.4-0.078x
R? 0.97* 0.97* - - 0.97*
Efficiency of recovery of applied N (NRE)
N Rates (kg ha™) Early spring Late spring Average Early spring Late spring Average
150 49.6 24.9 37.3A 61.4 Aa 70.0 Aa 65.7
300 40.9 14.0 27.5 AB 55.4 Aa 39.7 Bb 47.6
450 28.6 7.3 18.0B 39.9 Ba 29.9 Bb 34.1
Average 39.7 a 154 b 52.2 46.5
Eq - - 46.8-0.064x 73.8-0.072x 86.6-0.134x -
R? - - 0.99* 0.94* 0.92* -
Parcial nitrogen balance (PN balance)
Sowing periods P30F53 AG9025 Average P30F53 AG9025 Average
Early spring 67.7 Aa 63.5 Bb 65.6 33.5 Aa 24.5 Ba 29.0
Late spring 47.6 Ab 142.8 Aa 95.2 65.4 Aa 81.4 Aa 73.4
Average 57.6 103.1 49.5 52.9

Uppercase letters distinguish between averages in the column and lowercase letters in the row; * Equation with p<0.05.

DISCUSSION

Grain yield and yield components

Yield response to N rate was greater when corn was sown in early spring than in late
spring. High levels of organic matter, associated with high soil temperature and humidity,
increase soil N availability (Srivastava et al., 2017). The presence of long fallow periods
before sowing has the same effect (Kramberger et al., 2009). Thus, it is likely that
when corn was sown in December, the availability of N from organic matter in the soil
was greater than when sowing was performed in early spring. The combination of soil
with 2.3-3.6 % organic matter and the extension of a hot and humid fallow period of
81-106 days (Figure 1) possibly increased the amount of N available in the soil for the
crop sown in late spring (Caviglia et al., 2014; Maltese et al., 2019). Therefore, the lower
yield response to the increase in N rates in late spring sowing can be partially attributed
to the greater amount of N availability in the soil.

In temperate and subtropical regions, plants sown in late spring are subjected to lower
temperatures, photoperiods and radiation during grain filling (Bonelli et al., 2016;
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Maltese et al., 2019). In late spring sowing, the lower temperature during grain filling
decreases the radiation use efficiency (Andrade et al., 1993, 2000). Thus, corn sown in
late spring had a lower yield potential (Figures 2e and 2f) than that sown in early spring
due to these environmental conditions. The same yield response to the sowing date
was reported by Tsimba et al. (2013), Caviglia et al. (2014) and Bonelli et al. (2016).
The lower yield response to the increase in the N topdressing rate (Figure 2) suggests
reducing the N dose when corn is sown in late spring. This procedure is important to
avoid excess mineral N in the soil, which can increase nutrient losses by volatilization
and leaching (Pan et al., 2016; Cantarella et al., 2018).

Corn sown in late spring was impacted by the enhancement of necrotrophic diseases,
which increased stalk and ear rot during grain filling. This effect was more pronounced
for AG9025 in Lages, which may help to explain the greater reduction in grain yield of
this hybrid compared to that in Atalanta. Necrotrophic diseases are biotic stresses that
limit corn yield in late spring sowing in the south of Brazil. This tendency is aggravated
by high N rates or N deficiency (Wordell Filho and Spagnollo, 2013; Berghetti et al., 2020).

Greater kernel weight of AG9025 than P30F53 contributed to the higher yield of this hybrid
in the early spring sowing than that of P30F53. However, the P30F53 hybrid showed higher
yield stability in the late spring sowing. P30F53 presented small changes in the number
of ears per plant, number of kernels per ear and percentage of barren plants. Conversely,
the super early hybrid AG9025 demonstrated high sensitivity to the stresses associated
with late spring sowing, expressing greater variations in the yield components with the
delay of sowing date. In Lages, the AG9025 produced heavier kernels in the late sowing
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date. However, the increase in kernel weight did not compensate for the reduction in
the other components. Studies conducted in regions at latitudes higher than 35° N or
S reported large reductions in kernel weight and small effects on the number of kernels
when sowing was delayed (Tsimba et al., 2013; Baum et al., 2019; Jiang et al., 2020),
expressing an inverse relationship of these yield components compared to that observed
in the present study. This pattern can be attributed to the more abrupt reduction in the
photoperiod, radiation, and temperature in regions with a temperate climate than in
subtropical regions. Baum et al. (2019) concluded that the lower the latitude, the smaller
the impact of hybrid relative maturity on grain yield according to the sowing time.

In Lages, the low response to N rates of AG9025 in the late spring sowing increased the
yield difference between the two hybrids when they were sown in December (Figure 2a).
On the other hand, in Atalanta, the lower magnitude of sowing stresses in late spring
allowed AG9025 to mitigate the reduction in kernel number per ear and the increase
in the number of barren plants by enhancing its kernel weight with the increasing N
application rate. As a result, the grain yield of both hybrids did not differ when they
were sown in late spring.

At high latitudes, radiation and temperature decrease abruptly during grain filling on
late sowing dates. These fast climatic changes result in grain yield decreases as the
hybrid maturity class increases (Capristo et al., 2007; Bonelli et al., 2016; Jiang et al.,
2020). However, as latitude is reduced, this effect is mitigated (Baum et al., 2019).
In a subtropical environment, where the decrease in temperature and radiation after
the summer solstice is milder and the growing season is longer, early cycle hybrids
may present greater yield stability than super early cycle hybrids on late sowing dates.
The faster development speed of super early hybrids, such as AG9025, makes them
more demanding in terms of soil and favorable atmospheric conditions. They usually
present lower yield stability because they are less tolerant to biotic and abiotic stresses
(Sangoi et al., 2001; Panison et al., 2019).

Increase in grain yield as a function of the N application rate is explained by the increases
in the numbers of kernels per ear and ears per plant and kernel weight, as well as the
reduction in the number of plants without ears. The effect of increasing the N rate on
corn yield was higher in the early spring sowing than in the late spring sowing, which
was mainly due to the greater effect of N fertilizer on the number of kernels per ear and
the number of ears per plant at sowings performed in early spring. Regardless of the
sowing time or hybrid used, the number of kernels per ear showed a high correlation with
yield (r = 0.81* and 0.82* for Lages and Atalanta) and was the yield component most
associated with grain yield, a pattern also observed by Mastrodomenico et al. (2018).

The lower yield response to the increase in N rates recorded in the late spring sowing is
due to the smaller impact that N had on the numbers of kernels per ear, ears per plant
and barren plants at this sowing time. The highest daily thermal sum from emergence
to flowering at late sowing dates accelerates corn development (Caviglia et al., 2014;
Srivastava et al., 2018; Lizaso et al., 2018), favoring vegetative growth in comparison
to reproductive growth, which reduces the number of grains per ear and kernel weight
(Cirilo and Andrade, 1994; Lizaso et al., 2018).

Lower atmospheric temperature and the reduced availability of solar radiation during
grain filling have been shown to reduce the kernel weight when corn is sown at the
end of spring, as observed by Cirilo and Andrade (1994), Cerrudo et al. (2013) and
Bonelli et al. (2016). However, in this study, the smaller numbers of ears and kernels
per plant prevented the decrease in kernel weight. Therefore, the late spring sowing
limited yield mainly because it reduced the kernel number per ear but not the kernel
weight. This behavior is probably associated with the lower latitude where the present
study was carried out compared to the studies conducted by Cirilo and Andrade (1994),
Cerrudo et al. (2013) and Bonelli et al. (2016).
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Nitrogen use efficiency

Increase in N rate promoted a linear increase in the grain N content, which led to an
improvement in the grain protein concentration, as there is 5.68 kg of crude protein in corn
grains for each kg of N (Sriperm et al., 2011). Higher N topdressing rates increased the
grain yield and grain protein content, increasing the protein yield. Mastrodomenico et al.
(2018) found that the application of 252 kg ha™ of N increased protein production in corn
by 60 % compared to unfertilized corn. Although the N content in grains increased as
the rate of N increased, the export of this nutrient was more associated with grain yield
(r = 0.90* and 0.94* for Lages and Atalanta).

The NAE decreased with the sowing delay from early to late spring, decreasing linearly
with the increase in the rate of N. Several studies have shown that NAE decreases with
the increase in the N rate (Moll et al., 1982; Srivastava et al., 2018; Duan et al., 2019).
The data obtained in the present study also emphasize that the greater the yield potential
of corn, the higher the NAE.

Greater environmental restrictions resulting from the delay of the sowing date from
September/October to December and the increase in the N rate reduced the NAE. This
effect was more accentuated for AG9025, the hybrid with a smaller group of relative
maturity. The combination of super early hybrids, late sowing and high N rates can even
generate negative NAEs, as observed in the Lages. Therefore, the technical indications
should consider the interaction among these three factors to reduce the N topdressing
rate when corn is grown in late spring sowings.

The efficiency of recovery of applied N demonstrates how much of the applied N was
allocated to the grains. It also decreased linearly with the increase in the N rate. A similar
pattern was reported by Mueller et al. (2017). The NRE was lower in the late spring sowing
due to the smaller grain yield than in the early spring sowing. Therefore, NRE behaved
similarly to NAE regarding the effect of the evaluated treatments.

Variations in the partial N balance (PN Balance) showed that the input or output of N in
the system was dependent on the hybrid and sowing date. The high PN Balance of the
super early hybrid when sown in late spring is explained by the low yield of the hybrid.
When corn is sown in early spring, there is a greater demand for N fertilization to make
the PN Balance neutral, which should be considered in the indications of the N rate.
The high yield values in the absence of N top-dress fertilization (8.5 and 7.8 Mg ha™ in
Lages and Atalanta, respectively; Figure 2) is indicative of the high availability of N in
soil. However, the negative PN Balance reduces the level of organic matter over time and
the levels of total and mineral N in the soil (Ladha et al., 2011; Duan et al., 2019). This
can cause the degradation of soil quality (Palm et al., 2014; Lorenz et al., 2019) and limit
the yield potential in later crops (Oldfield et al., 2019). On the other hand, excess N can
cause environmental damage, such as increased levels N,O emissions (Gu et al., 2013;
Keeler et al., 2016; Gourevitch et al., 2018). Thus, adjusting the N rates in first-crop corn
in southern Brazil, according to the sowing date and corn relative maturity group, is also
relevant to minimizing environmental impacts and maintaining soil quality over time.

Agronomic prospect

Lower response of grain yield to the increase in N fertilization suggests the use of more
conservative N rates when corn is sown at the end of spring in the south of Brazil. Corn
growers can use at least 20 % lower N rates when the sowing date of corn is delayed to late
spring to maximize grain yield. A reduction of 47 % in the N rate is feasible in late spring
sowings, considering the efficient use of N fertilizers. This is important to avoid the loss of
excess mineral N in soil and prevent an increase in production costs. The N balance should
be determined after each growing season, considering the export of 14.7 kg Mg™ of N in
the grain produced. Farmers must be aware that the suppression of N fertilization may lead

Rev Bras Cienc Solo 2022;46:0210087 16



’r-
‘
Y\

Coelho et al. Nitrogen use efficiency and grain yield of corn hybrids as affected by...

to a negative N balance. Under this situation, N needs to be restored to the soil system to
avoid the loss of organic matter and the grain yield potential depreciation. The use of super
early hybrids with high yield potential increases the demand for N, especially when sowing
is performed in early spring. Therefore, the technical indications for N fertilization in the
first corn crop should be revised in the subtropical environments of southern Brazil. They
should consider the sowing date and the hybrid relative maturation group as determining
factors. Additionally, further economic studies need to be carried out.

CONCLUSIONS

When corn is sown in early spring, maximum grain yield is achieved using 20 % higher
N top-dress rate than in late spring, with a 39 % higher grain yield than the maximum
yield reached in late spring in the subtropical region of Brazil.

Nitrogen agronomic efficiency use is on average 47 % lower in late spring sowing than
in early spring sowing. Regardless of hybrid or sowing date, it decreases as the applied
N rate increases. In early spring sowing, the hybrid AG9025 had 17 % higher grain yield
than P30F53. Conversely, the early cycle hybrid P30F53 showed greater yield stability in
late spring sowing than the super early cycle hybrid AG9025, presenting a 36 % higher
grain yield than the hybrid super early cycle.
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