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Introduction

Corn (Zea mays L.) can be cultivated as either an
in-season (during summer) or off-season crop (during
fall) in tropical regions. Currently, the off-season crop

ABSTRACT: Integrating plant density and nitrogen (N) management is a strategy for improv-
ing corn yields, especially for off-season corn production in the tropics. This study tested the
hypothesis that increasing plant densities and N rates promotes yield gains for off-season corn
production in high-yielding environments. The aim of the study was to investigate the yield per-
formances of two hybrid versions (DKB PRO and DKB PRO3) submitted to three plant densities
(55,000; 65,000 and 75,000 plants ha-!) and four N rates (control, 60, 120 and 180 kg ha-* N).
Field trials were undertaken at Uberlandia-MG (sitel and 2) and Pedro Afonso-TO (site 3), Brazil
from which data on corn yield parameters were collected and analyzed. Multivariate analysis
separated the three trial areas into two groups, presenting high (sites 1 and 2) and low yields
(site 3), which were related to weather conditions. There was no influence of a hybrid version or
plant densities on crop yields at site 1 or 2. In contrast, there was a positive response to increas-
ing plant densities and the use of DKB PRO3 at site 3. A significant response to N was observed
at sites 2 and 3, following a plateau model. Our results suggest that N application rates and plant
densities do have the potential to increase off-season corn yields in low yielding environments.
Keywords: Zea mays, hybrid, population, corn yield, second-crop

off-season corn production in high-yielding environ-
ments. Therefore, the aim of this study was to investi-
gate the yield performance of two hybrid versions sub-
mitted to N application rates and plant densities during
the off-season corn production.

is the main production season in Brazil and contributes

approximately 60 % of total corn production (CONAB,

Materials and Methods

2016). Due to the prevailing climate conditions, off-

season corn crops typically suffer greater water deficit
during the growing cycle, which can lower yields com-
pared to the first season’s crops (Soler et al., 2007).
The use of corn hybrids is one of the main strat-
egies deployed to increase corn yields having widely
shown increases of approximately 50 % for adaptable
hybrids (Gaffney et al., 2015). The spatial arrangement
of plants (Penariol et al., 2003) and effective manage-
ment of nitrogen (N) fertilizers are other factors that
can play a role in determining relative corn yield.
Plant density is directly related to intraspecific
competition for environmental resources, such as so-
lar radiation, water and nutrients (Dai et al., 2017).
Nitrogen (N) is one of the most important nutrients
for corn development (O'Keeffe, 2009; Oliveira et al.,
2018), responsible for improving the yield potential of
the crop. Our understanding however, of the possible
interactions between corn hybrids, plant density and
N management for off-season crops in Brazil needs im-
proving to ensure yield gains under the often challeng-
ing conditions of water limitation that occur during this

growing season.

This study tested the hypothesis that increasing
plant densities and N rates can promote yield gains for
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Characterization of sites

The research was conducted during the 2016
growing season at two experimental areas in Uberlan-
dia, Minas Gerais (site 1: 19°25" §; 47°59' W, altitude
700 m; site 2: 18°59' S; 48°07' W; altitude 680 m) and
Pedro Afonso, Tocantins (site 3: 9°6' S, 48°8' W, alti-
tude 282 m), Brazil (Figure 1).

The climate of Uberldndia, MG is classified as
Cwa, humid subtropical zone, with dry winter and hot
summer, according to the Képpen scale (Alvares et al.,
2013), which is characterized by cold and dry winters
(Apr to Sept) and hot, humid summers (Oct to Mar). The
climate of Pedro Afonso, TO is classified as Aw, tropi-
cal, with dry winters, according to the Koéppen scale
(Alvares et al., 2013). Additionally, corn production in
Pedro Afonso, TO, compared to Uberlandia, MG, has
reduced yield potential due to the lower altitude, lower
rainfall and greater variation in temperature between
day and night.

Weather data were obtained from the meteoro-
logical stations located at each of the farms. The water
balance was calculated according to Thornthwaite and
Mather (1955) for each site using a water holding capac-
ity (WHC) of 80 mm for all sites (Figure 2). Total rainfall
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Figure 1 — Experimental sites in Uberlandia, MG (A: site 1; B: site 2) and Pedro Alfonso, TO (C: site 3).
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Figure 2 — Water balance during the agricultural year of 2016 in Uberlandia, MG (A: sites 1 and 2) and Pedro Alfonso, TO (B: site 3). In the graph,

bar represent the mean of 10 days.

over the study period was 408.0 and 420.6 mm, with
means of 11.5 and 11.8 daylight hours, and daily mean
temperature of 21.3 °C and 27.3 °C for sites 1/2 and 3,
respectively.

The soils were classified as Oxisol (Typic Eutru-
dox) and clay (site 1) and sandy clay texture (site 2)
in Uberlandia, MG; and Oxisol (Typic Hapludox) and
sandy clay texture at Pedro Alfonso, TO (site 3) (Soil
Survey Staff, 2014). Prior to the installation of trials,
soil samples were collected from six positions (replica-
tion) within a depth range spanning the 0 to 1.0 m soil
layer (i.e., 0.2 m depth intervals). Samples were homog-
enized before being submitted to analysis of chemical
(Raij et al., 2001) and physical characteristics (Pipette
method), Table 1.
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Experimental design

The experiment involved the use of a split-split-
plot design that included the treatments; two corn hy-
brid versions (DKB PRO and DKB PRO3); three plant
densities (55,000; 65,000, and 75,000 plants ha-!); and
three N rates (60, 120, and 180 kg ha~' N) plus a con-
trol (without NJ, each of which had three replicates
per treatment. The trials were established at all three
sites using the same experimental design.

The N source was urea [CO(NH,),] coated with
the urease inhibitor NBPT (N-(n-butyl) triphosphoric
triamide) to avoid volatilization losses. The fertilizer
was applied by top dressing, without incorporation,
at the V4 corn growth stage (i.e., four developed
leaves).

345


http://

Faria et al.

Corn yields in off-season crops

Table 1 - Soil characterization in Uberlandia, MG (sites 1 and 2) and Pedro Alfonso, TO (site 3).

Layer pH OM P S Ca Mg K Al H+Al SB CEC BS m B Cu Fe Mn Zn Sand Silt Clay
m CaCl, g dm-3*—mg dm-3— mmol,dm-3 % mg dm-3 — g kg!
Site 1
0.00.2 52 30 27 9 40 14 14 <1 13 554 73 75 0 063 06 24 04 02 15 17 827
0204 49 23 8 54 12 3 10 <1 18 160 38 42 0 058 08 29 09 08 161 38 800
0406 48 24 4 110 9 3 13 <1 18 133 33 40 0 056 05 14 03 01 145 30 825
0608 49 22 6 89 9 3 12 <1 15 132 33 40 0 051 04 14 <03 0.1 147 23 830
0810 49 18 4 72 8 3 11 <1 13 121 32 38 0 038 04 9 <03 01 147 34 3819
Site 2
0.00.2 56 23 47 13 24 8 16 <1 22 336 46 72 0 037 07 22 14 1.2 521 39 440
0204 48 20 28 57 9 2 16 <1 18 126 30 41 0 041 09 25 <03 04 497 37 466
0406 46 20 4 97 4 1 11 <1 20 61 24 25 0 031 09 15 03 01 480 24 4%
0608 50 14 8 72 6 <1 06 <1 20 76 22 34 0 033 0.7 11 <03 <01 474 31 49%
0810 51 11 2 35 6 2 05 <1 20 85 21 40 0 039 06 9 04 <0.1 478 33 489
Site 3
0.002 48 32 24 28 15 6 15 2 52 230 75 30 8 0.13 07 67 10 16 320 173 507
0204 44 18 4 56 9 4 12 4 47 140 61 23 22 022 03 32 04 03 280 199 521
0406 4.7 14 4 43 7 3 1.0 2 34 110 45 24 15 021 01 13 01 0.3 260 203 537
0608 49 9 4 7 5 2 10 1 28 80 36 22 11 016 0.1 8 0.1 03 240 241 519
0810 53 5 4 6 3 1 05 0 18 50 23 20 0 0.16 0.1 2 0.1 0.2 230 208 562

!pH in CaCl, (0.01 mol L-!); OM =organic matter; CEC = cation exchange capacity; BS = base saturation; m = aluminum saturation.

Historically, sites 1 and 2 have been cultivated
under a no-tillage system for 15 years with corn or soy-
bean (Glycine max) as the first crop, and corn, wheat
(Triticum sp.), oats (Avena sativa) or millet (Pennisetum
americanum) as off-season crops in succession. Site 3 was
cultivated with soybean and corn in succession for 15
years. Corn was sown using a no-tillage system (without
soil disturbance) at all sites.

Neither lime nor gypsum were applied to any of
the experimental areas following soil analysis (Table 1).
Prior to planting, fertilizer was broadcast to supply 10 kg
ha-' N and 21 kg ha-! P (Monoammonium phosphate -
MAP); 50 kg ha=' K (Potassium chloride - KCl); and 0.36
kg ha-'of B (Ulexite).

The hybrids were sown on Feb 27, 2016 (Site 1
and 2) and Feb 25%, 2016 (site 3). In order to obtain the
desired plant densities of 55, 65 and 75 thousand plants
ha-!, sowing was done using an application rate of 2.75;
3.25 and 3.75 seeds per meter, respectively. The experi-
mental units were composed of 10 lines of 15 m each in
length and spaced at 0.5 m.

The version DKB 290 VT PRO (VH 1) is an early
hybrid (Bt technology), which has the advantages of
controlling the main pests that attack corn (Spodoptera
frugiperda, Diatraea saccharalis, and Helicoverpa zea).
The DKB 290 VT PRO3 (VH2) is the same hybrid, but
a slightly different version that also provides control for
the main pests as well as Diabrotica speciose which has
been shown to exhibit glyphosate tolerance (Pereira Fil-
ho and Borghi, 2016).

Corn yield parameters analyzed

Analysis of Soil-Plant Analyses Development
(SPAD) was carried out using a chlorophyll meter to de-
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termine the SPAD index (Waskom et al., 1996). SPAD
measurements were taken on 10 leaves per plot, using
the first leaf below the corn ear at the R2 corn growth
stage. The leaves analyzed were collected and subjected
to N content determination according to the methods
described in Malavolta et al. (1997).

Corn yield was assessed at the R7 growth stage
(physiological maturity) through mechanized harvesting
of the four central lines of the plots (10 m). The yield
was estimated (kg ha-!), considering a standard mois-
ture of 13 % (wet basis). At site 3, the corn ear size (ES),
number of grain rows per ear (NRE) and number of
grains per ear (NGE) were also recorded at harvest time.

Data processing and statistical analysis

The variability in corn yield parameters was eval-
uated using both univariate and multivariate statistics,
with the assumptions of normality (Shapiro-Wilk test)
and homogeneity of variance (Bartlett test) validated
prior to analysis. Hierarchical groupings and Principal
Component Analysis (PCA) were used simultaneously
as multivariate methods to analyze the variables from
each experimental area. The data group was standard-
ized to obtain a zero mean and constant variance (Sneath
and Sokal, 1973). The Euclidean distance between data
points were calculated and the Ward algorithm used to
group similar data points according to the methods ad-
opted by Hair (2010). The principal components (PC)
with eigenvalues greater than 1 (which provides rele-
vant information from the original variables) were used
(Kaiser, 2002). PCA results were graphed to identify the
groupings of information and hierarchical results were
added to the PCA plots to visually highlight the relation-
ships between variables and experimental areas.
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Yield parameters were assessed using analysis of
variance (ANOVA) based on the F-test statistic. When
the F-test was significant (p < 0.1), qualitative param-
eters (hybrids and plant densities) were compared using
the LSD-test, while the quantitative parameter (N rates)
was analyzed through regression analysis and represent-
ed by Plateau model regression (p < 0.1).

Results

Principal component analysis

The results of the PCA showed that the variables
used in our study permit the separation of data into two
distinct groups: group 1 comprised of sites 1 and 2, and
group 2 (site 3) which was distinct from group 1 (Figure
3).

The variance in the PCA was concentrated along
the PC1 axis and was able to explain 66 % of variance,
followed by PC 2 with 25 %. These components togeth-
er accounted for 92 % of the total variance. For all of
the variables, the variance was strongly correlated with
PC1, with correlation coefficient values higher than 70
%. These correlation values are shown in Table 2 and
are represented by vectors for each variable in Figure 3.

Sites 1 and 2 were represented by high-yielding
corn production with means of 6,769 + 808 and 6,231
+ 862 kg ha~?, respectively. Site 3 showed comparative-
ly lower levels of yield (4,259 + 914 kg ha~') and high
SPAD values (59.5 + 4.9). The yield vector was greater
and closer to group 1, demonstrated by the strong as-
sociation between group 1 and the yield vector. How-
ever, the SPAD vector was greater and closer to group
2 (Figure 3). The leaf N content vector was also related
to group 2, with higher overall values (34.3 + 3.6) and
increments of 26 % and 30 % when compared to sites
1 and 2, respectively (Table 2). Interestingly, there was
an inverse relationship between SPAD and leaf N con-
tent in terms of measures of corn yield, demonstrated
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Figure 3 - Principal Component (PC) using the variables: SPAD, leaf
nitrogen (N) content and corn yield in Uberlandia, MG (sites 1 and
2) and Pedro Alfonso, TO (site 3).
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by the opposite directions of the corn yield vector (0.73)
to those of leaf N content (-0.93) and SPAD (-0.78) (Table
2 and Figure 3).

Corn yield parameters

For site 1, only SPAD varied significantly in re-
sponse to treatments (Table 3). The hybrid version
VT PRO presented higher SPAD values than hybrid
VT PRO3, while the increase in plant density re-
duced SPAD values. As expected, increasing N rates
increased the SPAD values (Table 3), and fitted a qua-
dratic response curve for each hybrid (R* = 0.98 and
0.99; p < 0.1) with maximum values given by the rates
of 70.1 and 112.0 kg N ha~!, respectively, for VT PRO

Table 2 - Correlation coefficients of the principal components (PC),
mean of corn yield (kg ha-1), SPAD and leaf nitrogen (N) content
(g kg1) at Uberléndia, MG (sites 1 and 2) and Pedro Alfonso, TO
(site 3), Brazil.

Factor Corn yield SPAD Leaf N content
kg ha! g kg!

PC1 0.73 -0.78 -0.93

PC2 0.65 0.58 0.03

Site 1 6,769 (+ 808) 53.3 (+ 3.5) 25.4 (+ 2.7)

Site 2 6,231 (+ 862) 51.1 (= 4.8) 24.1 (+ 2.6)

Site 3 4,259 (+ 914) 59.5 (+ 4.9) 34.3 (+ 3.6)

Correlations (> 0.50) were considered highly significant in interpreting the
principal component analysis. Values between brackets represent the standard
deviation (n = 4).

Table 3 - SPAD, leaf nitrogen (N) content and corn yield as a function
of hybrid versions, plant densities and N rates at site 1.

Treatments! SPAD Leaf N content Corn yield
g kg! kg ha!
Hybrid version
DKB PRO 539a 25.0 6,810
DKB PRO3 52.6 b 25.7 6,728
Plant density (103 ha!)
55 55.5a 25.9 7,014
65 52.7b 25.4 6,588
V5 51.6¢ 24.7 6,706
N rate (kg ha!)
0 50.0 24.7 6,542
60 53.1 24.7 6,607
120 54.5 259 6,805
180 55.4 26.5 7,121
ANOVA (p value)
Pyyorid <0.01 0.293 0.659
P <0.01 0.281 0.165
Prate <0.01 0.149 0.132
— 0.393 0.826 0.809
P orctvrates <0.01 0.828 0.477
F— 0.543 0.721 0.380
P 0.361 0.270 0.462

Means followed by distinct letter in the column differ from each other by the
LSD test (p < 0.10).
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and VT PRO3 (Figure 4). The values for leaf N content
and corn yield were not influenced by treatments at
site 1 (Table 3).

At site 2, there were clear reductions in both
SPAD and leaf N content with increasing plant density
(Table 4). However, such changes did not reflect yield
losses, since yields were similar in the three plant densi-

Table 4 - SPAD, leaf nitrogen (N) content and corn yield as function
of hybrid versions, plant densities and N rates at site 2.

Treatments! SPAD Leaf N content  Corn yield
g kg! kg ha!
Hybrid version
DKB PRO 51.3 24.3 6,159
DKB PRO3 50.8 23.9 6,303
Plant density (103 ha!)
55 5l.6a 25.0a 6,217
65 519a 24.0 ab 6,314
75 49.6 b 23.2b 6,163
N rate (kg ha)
0 45.6 23.1 5,492
60 50.9 24.0 6,328
120 53.0 25.3 6,559
180 54.6 23.9 6,546
ANOVA (p value)
Pybria 0.530 0.560 0.452
P <0.01 <0.01 0.807
Prrate <0.01 <0.01 <0.01
Fe— 0.279 0.504 0.431
P orctvates 0.137 0.580 0.994
F—— 0.296 0.593 0.802
P 0.927 0.851 0.437

hybridxds at
Means followed by distinct letter in the column differ from each other by the
LSD test (p < 0.10).

Corn yields in off-season crops

ties evaluated. In addition, there were no differences in
SPAD, leaf N content and corn yield that was related to
hybrid versions.

The increasing N rates increased the SPAD, leaf N
content and corn yield at site 2 (Table 4), fitting a qua-
dratic response curve for SPAD (R? = 0.99; p < 0.1) and
leaf N content (R?* = 0.79; p < 0.1), and a linear-plateau
model for corn yield (R* = 0.99; p <0.1), which equated
to the highest increment at 100.0; 75.1 and 76.1 kg N
ha-!, respectively (Figures 4 and 5).

At site 3, the hybrid VT PRO3 presented higher
SPAD, ES, NGE, and corn yield than hybrid VT PRO.
The increase in plant density caused a reduction in NGE
but increased corn yield. The other parameters were not
modified by plant densities (Table 5). As expected, the
increasing N rates had a direct positive effect on SPAD
(R? = 0.97; p < 0.1) and leaf N content (R? = 0.91; p <
0.1), fitting quadratic response curves with maximum
values given by rates of 140.1 and 166.6 kg N ha~?, re-
spectively, (Figure 4; Table 5). The effect of N rate on
corn yield fitted a linear-plateau model (R? = 0.83; p <
0.1), showing gains that ranged between 0 and 60 kg N
ha-!, but no yield gains above 60 kg ha-'of N (Figure 5;
Table 5).

Discussion

Principal component analysis

Multivariate analysis such as PCA can be a useful
tool for evaluating the effects of soil, weather and crop
management on the yield of agricultural crops (Shukla
et al., 2004; Zaidi et al., 2004; Govaerts et al., 2006; Tit-
tonell et al., 2008). In our study, PCA was able to explain
92 % of the variation in data, meeting the criteria of at
least 70 % as described by Senath and Sokal (1973).
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Figure 4 - Effect of N rates on SPAD (A, B, C) and leaf nitrogen (N) content (D, E, F) in Uberlandia, MG (sites 1 and 2) and Pedro Alfonso, TO

(site 3). Ns = not significant.
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Site 2 Site 3
8 4 8
2 A S B f=if (N rate < 60.1 CY4; else, CY,)
—~ CY= Corn yield (kg ha-1)
}:“ 7 o N CY ,=3753-11.7 x N rate
= b d S CY , = 3753-11.7 x 60.1
o 9 - - <
2 g 3 p <0.001
=) . .
2 . .
o o hd
£ S T f=if (N rate < 76.1; CYy; else, CY,) S
8 ¥ CY= Corn yield (kg ha™') T e
- CY, = 5492-13.92 x N rate -
CY, = 5492-13.92 x 76.1 5
§ | p <0.001 S
N T T T T T N T T T T T
0 50 100 150 200 0 50 100 150 200

N rates (kg N ha)

Figure 5 — Effect of nitrogen (N) rates on corn yield at Uberlandia, MG (A: site 2) and Pedro Alfonso, TO (B: site 3).

Table 5 - SPAD, leaf nitrogen (N) content, ear size (ES), number of grain row in ear (NRE), number of grains per ear (NGE), 1000 grains weight
(1000-grains) and corn yield as a function of hybrid versions, plant densities and N rates at site 3.

Treatments! SPAD N content ES NRE NGE 1000-grains Corn yield
g kgt cm g kg ha!
Hybrid version
DKB PRO 58.5b 33.9 14.2b 16.9 465.8b 295.1 4,055 b
DKB PRO3 60.3 a 34.7 149a 17.0 488.3 a 289.8 4,461 a
Plant density (103 ha-1)
55 60.2 35.0 14.8 17.0 491.8 a 291.0 3,721 c
65 58.8 34.2 14.5 171 477.6 b 295.0 4,280 b
75 59.3 33.8 14.5 16.8 461.8 ¢ 291.3 4,774 a
N rate (kg ha!)
0 52.9 325 14.2 16.7 445.1 305.1 3,569
60 60.6 33.6 14.7 16.9 482.5 293.7 4,522
120 62.1 35.7 14.6 17.0 485.9 291.4 4,373
180 62.2 35.5 14.8 17.2 495.1 279.5 4,569
ANOVA (p value)
Pryria <0.01 0.280 <0.01 0.67 <0.01 0.525 <0.01
P 0.235 0.478 0.519 0.471 <0.01 0.905 <0.01
Prrate <0.01 <0.01 0.287 0.276 <0.01 0.197 <0.01
Fe—— 0.537 0.846 0.652 0.240 0.500 0.425 0.302
P prigstrates 0.853 0.553 0.960 0.260 0.275 0.332 0.501
Fa— 0.341 0.369 0.353 0.743 0.444 0.241 0.283
P brisdensityxirates 0.316 0.437 0.933 0.763 0.507 0.277 0.953

Means followed by distinct letter in the column differ from each other by the LSD test (p < 0.10).

Site differentiation into two distinct groups can be
attributed mainly to differences in soil and weather con-
ditions, which were reflected in the different corn yield
parameters. The soil of site 3 presented lower base satu-
ration within the soil profile and higher aluminum satu-
ration, which can cause restriction in soil rooting within
deeper soil layers and consequently lead to a reduction
in yields (Caires et al., 2008), especially in environments
that are subject to water stress.

The warm weather of site 3, when compared to
sites 1 and 2, is most probably another important driver
of the higher yield potential observed. Lower tempera-
ture variation between day and night is an important
factor that can determine corn yield. However, the most
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important factor likely to have limited the yield potential
of site 3 was the severe drought conditions experienced
by plants during the VT and R1 growth stages. The VT
and R1 corn growth stages are considered to be the most
sensitive to water stress (Lauer, 2008). The importance
of water supply for corn yield has been extensively doc-
umented (Stiles, 1948; Lauer, 2008; Souza et al., 2015).
Interestingly, the values for SPAD and leaf N con-
tent were higher at site 3 (group 2) than they were at
sites 1 and 2 (group 1). As expected, SPAD was posi-
tively correlated with leaf N content, but both showed
an inverse relationship with corn yield. At sites 1 and 2,
the excessive aboveground growth that resulted in yields
ranging from 6,000 - 7,000 kg ha~!, reduced the amount
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of N stored in plant tissue and possibly influenced the
greenness of leaves when compared to site 3. Such ef-
fects have been previously reported in a number of stud-
ies involving corn (Riedell, 2010; Schlegel and Havlin,
2017).

Hybrid versions and plant densities

The DKB-PRO version presented higher SPAD
values than DKB-PRO3 at site 1, but an inverse pattern
at site 3. SPAD evaluated the green intensity of leaves,
which can be related to the N status of the plant during
the crop cycle. Previous studies have similarly detected
variation in SPAD among corn hybrids and cultivars
(Yan et al., 2014).

The clear reduction in SPAD and leaf N content
at site 2, which directly related to increased plant den-
sity, can be attributed to competition for nutrients, solar
radiation and water (Penariol et al., 2003). The increase
in plant density may have increased competition for
N, since higher SPAD values are related to improved N
nutrition in plants. This effect can be confirmed if we
consider the increases in SPAD and leaf N content as-
sociated with the increase in N rates observed at site 2.
However, the competition for N was probably limited
since there were no yield losses associated with the in-
crease in plant density at site 2.

No gains in yield were achieved by increasing
plant density for either site 1 or 2. This outcome was
not expected, since for both sites, the water stress was
not considered intense during the growth cycle. The
plants receiving the lower plant density treatment may
have had better levels of development than those of the
higher plant densities, justifying the same yields despite
a reduction in the number of ears per area.

Site 3 might be considered a limiting environ-
ment for corn yield when compared to sites 1 and 2.
This site was the only one that presented differences
between the hybrids and the plant density treatments.
Use of the hybrid DKB-PRO3 resulted in higher SPAD,
ES, NGE and yield values than DKB-PRO. Variation in
corn yield between hybrids has been well documented
(Penariol et al., 2003) and can be associated with differ-
ences in tolerance to drought, low-N conditions (Zaidi
et al., 2004), and insect infestation (Pereira Filho and
Borghi, 2016). A noteworthy difference between these
two hybrid versions is that DKB-PRO3 is resistant to
Diabrotica speciosa (worm-phase). This insect can cause
damage to the root system and thereby reduce the ca-
pacity for absorbing water and nutrients (Pereira-Filho
and Borghi, 2016).

Even under severe drought conditions which
might have caused increased competition between plants
at site 3, higher plant density increased yield, with dif-
ferences varying from 560 to 1,053 kg ha~! compared
to plant densities of 65,000 and 75,000 plants ha-!, re-
spectively. This result is in concordance with Dong et
al. (2010), who described that in low fertility fields, any
plant density increases can directly drive higher yields.
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Interestingly, there was no reduction in ES, NRE,
nor 1000-grain weight associated with increased plant
density, suggesting that this did not exacerbate the wa-
ter deficit suffered by plants in the denser treatments
of 65,000 and 75,000 plants ha-!. However, there was
a reduction in NGE for these treatments, which can be
explained by the drought that occurred during the flow-
ering period (VT) that typically reduces the number of
grains (Araus et al., 2012). The number of ears per hect-
are in the treatments with higher plant density probably
compensated for the lower NGE and thus explains the
yield increases observed.

According to Ren et al. (2016), the maximum corn
yield for dry and normal years is obtained by using a
plant density between 52,500 and 67,500 plants ha-!.
In Brazil, it is common for growers to increase plant
density during the first corn crop, because, in general,
it is subjected to less water deficit, but density for the
off-season crop as evaluated in the present study is of-
ten reduced. However, the results obtained from site 3
contradict the negative effect of density increase in the
off-season. Site 3 is located in a warm region of Brazil,
and increasing plant density can result in less solar ra-
diation reaching the soil surface, which in turn reduces
water evaporation. Unfortunately, we did not measure
soil temperature in the present study and we were thus
not able to explore this hypothesis.

Defining the optimal plant density depends on the
characteristics of each hybrid (Penariol et al., 2003) as
well as the soil and climate conditions (Dong et al. 2010).
The density of 55,000 plants ha~! is frequently used by
farmers in high-yielding corn systems in Brazil. Howev-
er, higher plant densities, ranging from 65,000 to 80,000
plants ha~!, have been shown to produce higher yields
for specific hybrids compared to lower plant densities
(Penariol et al., 2003). The results of our study contra-
dict the general idea that lower densities should be pref-
erentially used in lower-yielding environments.

Nitrogen rates

Corn usually exhibits a high responsiveness to the
addition of N (Yan et al., 2014; Oliveira et al., 2018). In-
deed, sites 2 and 3 were responsive to N, but this same
trend was not observed for site 1. The lack of response
at this site can be related to soil N mineralization of soil
organic matter (SOM) (Cassman et al., 2002), either from
the soil or residues of previously grown soybean (Pun-
tel et al., 2016). In addition, the soil at site 1 presented
adequate chemical conditions for root growth, allowing
for extensive development through the soil profile and
the subsequent absorption of N stored in the SOM. Al-
though most studies show corn exhibits a response to
N fertilization, this is not always the case as has been
demonstrated by Khan et al. (2001).

Sites 2 and 3 presented a marked response to N
fertilization with increases in corn yield through the ad-
dition of 76 and 60 kg N ha~!, respectively. Plants from
site 2 experienced weather conditions that were similar
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to those grown at site 1. However, the storage of SOM
is considerably lower at site 2, which explains the posi-
tive response to N observed only at this site. At site 3,
there was a response to N despite the severe drought
conditions experienced by plants during the VT and R1
growth stages. Water stress during the cultivation of
off-season crops in Brazil is common (Amado and Eltz,
2008) and may have limited the response to applied N
observed for site 3.

There was no interaction between N rates and
plant densities for any of the sites evaluated. This find-
ing indicated that increasing N rates in fields with re-
duced plant population, or increasing plant population
but reducing N rates is not feasible for improving off-
season corn production. This trend contradicts Dong et
al. (2012), who found that cotton yield could be maxi-
mized using low plant density at a high N rate or high
plant density at any N rate. Considering that cultivation
of off-season corn is expanding in the tropics with lim-
ited scientific validation of best management practices,
further studies are required to provide insights into the
interaction between plant density and N rates on this
production system.

Conclusion

In conclusion, our study suggests that the viability
of increasing the corn yield potential of off-season crops
may be limited by the conditions of low water. Our ini-
tial hypothesis was that increasing plant densities and
N rates would result in yield gains in high-yielding en-
vironments. However, in contrast to initial expectations,
there was no interaction between N rates and plant den-
sity for any of the sites evaluated.

According to the multivariate analysis, sites 1 and 2
can be categorized as high-yielding, while site 3 presents
a low-yielding environment for off-season corn produc-
tion. Water availability appears to be the primary factor
driving differences in yield potential between sites.

Maximum yields were obtained using 60 and 76
kg N ha-! at sites 2 and 3, respectively indicating that a
limitation of water can directly limit the N response of
off-season corn production. In contrast to our expecta-
tions, increasing the density of plant stands may prove
an effective management strategy for improving off-
season corn yields in the low-yielding environment of
site 3. Overall, our results suggest that N rates and plant
densities have the potential to increase off-season corn
yields for low yielding environments.
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