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ABSTRACT: Off-season corn is the main form of corn crop in Brazil. During the maturation stage of the plants, the availability of heat is
reduced, and frosts may occur. The aim of this study was to determine the effect of row spacing reduction and population increase in corn
cultivars on agronomic parameters and leaf burn caused by moderate frost to minimize the effects of abiotic stresses on grain yield. We used
arandomized block experimental design ina 3 x 4 x 2 factorial scheme: row spacing of 40, 80, and 120 cm; populations of 25,000, 43,750,
62,500, and 81,250 plants-ha?; and Fort cultivars (semi-erect leaves, and early cycle) and DKB 950 (erect leaves and super-early cycle).
Three field trials were conducted in the state of Sao Paulo, Brazil, from mid-March. The spacing reduction provided antagonistic effects
on yield with different response from hybrids in the most of locations. Population density increased plant height, stalk lodging and grain
yield; populations = 68,000 plants per hectare provided the best yields. Specific determinations were made in the area where moderate
frost occurred; higher leaf area index and less Brix in the stem at 40 cm spacing were obtained, but without any increase in plant dry mass
and grain yield. The hybrid with erect leaves was more adapted to the reduced spacing and exhibited less leaf damage by frost. The effect
of frost was greater at reduced row spacings; therefore, this factor should be considered when selecting the population arrangement of
off-season corn in areas with frequent frost.
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INTRODUCTION

The production of off-season corn or second crop without irrigation is the main type of cultivation of this cereal in
Brazil, accounting for three-quarter of the area and national production (CONAB 2022). The corn is sown from January
to March, and during its development, in autumn and winter, environmental conditions become more unfavorable, with
reduction in day length, temperature, and rainfall. In the Vale do Paranapanema region, in the state of Sdo Paulo, Brazil,
the thermal factor is a major limitation, and moderate and severe frosts may occur in one-third and one-quarter of the
year, respectively (Pantano 2017).

The population of plants used in off-season corn production is relatively low, usually 55 to 65 thousand plants per
hectare, and the yields in the range of 6-9 tons per hectare (Duarte et al. 2017). The use of 80 and 90 cm spacing has reduced
markedly, and a reduced spacing of 45 and 50 cm has become predominant during the 2010s (Duarte 2022), mainly due
to the operational ease of using the same planter and spacing for growing soybeans.

Corn grain yield was increased through the development of cultivars that were more adapted to high population density.
These cultivars had a lower rate of plant barrenness and stalk lodging in high-density field crops (Duvick 2005, Ma et al.
2014) and less competition between plants for solar radiation due to more erect leaves (Strieder et al. 2007). Densification
enables greater accumulation of dry mass per area and greater leaf area index, which stabilize after a certain threshold
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(Ahmad et al. 2010, Overman and Scholtz 2011, Djaman et al. 2022, Graffitti et al. 2021). However, yield may be reduced
in extremely high-density plantations (Zhai et al. 2017, Bernhard and Below 2020).

The spatial distribution of plants can also interfere with maize yield. Reduction in spacing generally increases yield because
more equidistant distribution of plants maximizes the use of light, water, and nutrients (Sangoi et al. 2001). However, there
are interactions between spacing, plant population, and cultivars, mainly due to differences in plant cycle and architecture
(Strieder et al. 2007, Ahmad et al. 2010, Kappes et al. 2011, Djaman et al. 2022). The beneficial effects of reduced spacing
have often been associated with high populations and vice versa (Cruz et al. 2007, Bernhard and Below 2020).

Studies on population arrangement in off-season corn are few. Dias et al. (2019) reported that reduction in row spacing
did not influence plant architecture, grain yield, and its components, regardless of population and cultivar. The same found
Schwantes et al. (2007), that observed that yield did not differ between width rows of 0.36 and 0.78 m. However, Penariol
et al. (2003) showed that reduction in row spacing to 40 cm increased yield and reduced plant heights in the contrasting
genotypes in terms of cycle and plant architecture.

Information on cold tolerance in corn grown during the winter season in a tropical/subtropical environment is limited
(Zaidi et al. 2010). Corn does not tolerate temperatures below 0 °C, unlike temperate plants, which reduce their rate of
development and become more tolerant to subsequent exposure to cooling temperatures through progressive changes in
cell structure and metabolism (Harwood 1991). Low photosynthetic performance and export of assimilates from corn
leaves occur at low temperatures due to changes in the ultrastructure of plasmodesmata (Bilska and Sowinski 2010) and
disturbances in chloroplast development, changes to the pigment composition, damage of the photosystem II (PSII) reaction
centers, and reduced activity of carbon cycle enzymes (Zhou et al. 2022). Below a certain temperature threshold or severe
frost, ice forms in the cells of maize and damages them permanently. The ice crystals in the intercellular space break down
chloroplast structures and cause a rapid change in leaf biochemical constituents (Choudhury et al. 2019).

Given that temperatures gradually decrease during autumn-winter and that studies on the interaction between density,
population arrangement, and genotypes of off-season corn under these conditions are scarce in the Sao Paulo region of
Médio Paranapanema, especially with the occurrence of frost, the present study was conducted with the aim of identifying
crop managements that minimize the effects of abiotic stresses on grain yield.

MATERIALS AND METHODS

The experiments were conducted under field conditions and no-tillage in a Dystroferric Red Latosol in the municipalities
of Candido Mota, Pedrinhas Paulista and Palmital, state of Sdo Paulo.

A randomized block design was used with four replicates in a 3 x 4 x 2 factorial scheme. Three row spacings were used
(40, 80, and 120 cm), in four plant populations (25,000, 43,750, 62,500, and 81,250 plants-ha') and two cultivars: Fort
(Syngenta single hybrid, tall, semi-erect leaves, and early cycle) and DKB 950 (Dekalb’s single hybrid, low height, erect
leaves, and super early cycle), that represent the types of architecture and cycle of plants cultivated in this region.

The plots were 7-m long and had four, five, and 10 rows with 120, 80 and 40 cm spacing, respectively. A total of 5 m of the two
central rows were used for evaluations at 120 and 80 cm spacing, and four central rows were used for evaluations at 40 cm spacing.

Sowing was carried out on 16" March, 18" March and 2 April, 2004, in Pedrinhas Paulista, Candido Mota, and Palmital,
respectively. The seeds were treated with thiodicarb + imidacloprid insecticides. Fertilization was carried out using 16, 40,
and 40 kg-ha of N, P,O,,
after emergence (DAE) to obtain definitive populations. Nitrogen (40 kg-ha) in the form of ammonium sulfate was used

and KO, respectively. Two seeds were planted per hole, and the plants were thinned six days

in topdressing fertilization, and insecticides were sprayed to control the fall armyworm (Spodoptera frugiperda).

Specifically, in Palmital, there was frost on the 14" day of June (73 DAE), immediately before flowering of the plants,
with temperature of 3 °C (Fig. 1). At 88 DAE, at the beginning of grain filling (stage R3), ten plants were sampled in the
useful area of each plot. The length and width of all leaves were measured, and the leaf area (LA) of each plant and leaf area
index (LAI) of each plot were calculated. The percentage of leaf area burned by frost was visually evaluated by estimative,
as a percentage of the total leaf area, by a single evaluator.

2 Bragantia, Campinas, 82, €20230038, 2023



Population arrangement in off-season

Maximum temperature

Minimum temperature

== Rainfall

(Ww) |ejurey (ww) [eyutey
ww) ||ejule
2 £ 88 2828 2 o 2 2282892 828 2 o (e
L 1 1 1 1 1 1 1 Mw\mN L 1 1 1 1 1 1 1 W\ON m m w m m m w &
8/2z o 8/zt _ : _ : : : : 8/67
8/gT 2 8/g1 g 8/zz
8/8 s 8/8 & 8/gT
8/ o 8/ g 8/8
/5T g /5T £ 8/1
L/8T £ L/8T = /5T
LITT £ LITT 5 L/8t
LIy % LIy E LTt
9/1z = 9/1z 2 LIy
9/0Z 9/0z = e 9T
9/eT 9/eT 3 Z _|9/oe
9/9 ° 9/9 s = 9/et
0 35 gos g 9/9
sz sz 2 aloe
gor & g9t B — — = G/ec
o/6 5 o/6 g 5/91
2 £ G/6
15z = §/z 2 sz
p/Gz 2 v/5Z g S
v/8T = /8T E v/8T
v/TT = b/TT £ m
. s O /Tt
o viv o 144 = viv
z €/8¢ Z €/8z i
= =— ¢/TC an — €/ ) €/t
? e — P/l  _ R P
R/ < /4 2 —¢€lL
r4[Y4 24 = /6 ‘T 3 7/62
luze | e m“ — /22
zZ/st zZ/sT zZ/st
— s MV 28 M 78
T T T T T T T MN\H T T T T T T T T T = N\H T T T T T T T T = N\._“
o e} o [Te) o n o Lo} o e} o L o [Te] o [X9] o X9 o o e} o [Te) o n o Yo} o
< (%3] ™ N o~ — — < < ™M ™M ~N o~ — — <t ™ ™ (] o~ — —
< (Do) @1njesadwa] M (Do) @injesadwa] G (Do) @injesadwa]

Figure 1. Rainfall and minimum and maximum daily temperatures, from February to August 2004, and arrows indicating the dates of sowing
Bragantia, Campinas, 82, €20230038, 2023

and silking of the plants, in (a) Candido Mota, (b) Pedrinhas Paulista and (c) Palmital, Sdo Paulo, Brazil.
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The leaf area of each leaf was obtained from the Eq. 1, proposed by Tollenaar (1992):
LA=LLxIW x0.75 (1)

where: LL: leaf length (cm); LW: leaf width (cm).

LAI was calculated based on the relationship between the leaf area of the 10 plants and the area occupied by the plants
on the soil based on the density and population arrangement of the plot. The effect of frost was evaluated by estimating the
percentage of leaf area burned on each leaf. For that, we multiplied the leaf area of each leaf by the necrotic proportion and
calculated the proportion of the affected area in all the leaves in relation to the plant leaf area. Finally, it was calculated the
average percentage of the leaf area affected in the 10 plants evaluated in the plot.

The soluble solid contents in the stalk (brix), height until the insertion of the last leaf, and height of the first ear were
evaluated in the same 10 plants, and the average values per plot were recorded. Brix was determined at the 5" internode,
counting from the base towards the apex of the plant, using a direct reading manual refractometer. The stalk diameter was
measured with a caliper, at the widest part of the third internode. The dry matter of plant shoots and the fractionation of
the total dry matter in leaves, stalk, and ears were also evaluated. All the plant fractions were weighed and ground, and a
sample of 500 g was taken to determine the dry matter content (oven at 60 °C for 72 h).

In the three trials, the ears were harvested when the grain moisture was equal to or less than 21%. We evaluated the
height of plants, total number of plants and ears, number of stalk lodging, mass of ears with husk and, after threshing, mass
and moisture of the grains. Thereafter, we calculated the number of ears per plant, percentage of stalk lodging, percentage
of grains in the ear, and the yield corrected for 13% moisture. In Palmital, we used the average heights of plants and ears
obtained immediately after the occurrence of frost.

The experimental data were analyzed by analysis of variance (ANOVA) with the SAS program (Littel et al. 1996). Due
to the great variability among environments, only individual analyses per location were performed. Population and seeding
density were compared using polynomial regression and cultivar comparison were made using Tukey’s test, both at the 5%
level of significance.

Rainfall and minimum and maximum daily temperatures data were collected from the automated agrometeorological
stations of the Agronomic Institute, located up to 5 km from the experiments. Ten-day water balances were constructed
according to the method proposed by Thornthwaite and Mather (1955) and modified by Camargo and Camargo (1983)".
The available water capacity in the soil was considered equal to 50 m.

RESULTS AND DISCUSSION
Agronomic and morphological parameters

Higher average yields were observed in the experiments conducted at Candido Mota and Pedrinhas Paulista (4,604,
4,570 kg-ha', respectively), where corns were sown in mid-March, than in Palmital (2,331 kg-ha), which was sowed in
early April and frost occurred (Table 1). Late sowing is the main cause of low yields in the Médio Paranapanema region,
according to Duarte et al. (2017). Water deficit occurred in almost the entire month of March to mid-April, during the initial
stages of corn development, that conditioned small plants (height of plants less than 2 m), and several days of minimum
temperatures below 10 °C from the second 10 days of May to the first 10 days of June (Fig. 1). The few rains that occurred
in March provided sufficient soil moisture for plant emergence. Notably, flowering occurred in mid-June in Palmital and
early June in the other two locations, before the long period of water deficit from the third 10 days of June (water balance
data not shown).

*Camargo, A. P.and Camargo, M. B. P. (1983). Teste de uma equacao simples para estimativa da evapotranspiracao potencial baseada na radiacao solar extraterrestre
e na temperatura do ar. In: Congresso Brasileiro de Agrometeorologia, 3. Campinas. Anais... Campinas: Sociedade Brasileira de Agrometeorologia. p. 229-244.

4 Bragantia, Campinas, 82, €20230038, 2023



Population arrangement in off-season

Table 1. Means of agronomic parameters and results of variance analysis of the factors cultivars, row spacings and plant populations, in
Candido Mota, Pedrinhas Paulista and Palmital, Sao Paulo, Brazil.

Height of plants Stalk lodging! Ears per plant Grains in the ear Yield
1] _::"’5 © o] .f:‘g © o] _.-:‘G © o] .‘:‘@ © o] .;:'g ©
Cultivar ° & = ° E = ° = = ° £ = ° s =
s 3 £ 2 5 E oz s E = g E = 3§ E
(3] [ o (3] [ o (3] (-9 [-x (3] o o (3] [ o
............. cm ... cevererrens Yo s cerrererens CM o, cervernnenes Yo s e kgrhat i,
Cultivar
Fort 182a 190a 186a 29a 36a 87a 098 101 101 74a 76a 68a 5046a 4763a 2554a
DKB 950 156b 173b  158b 1b 3b  21b 099 101 100 70b  73b  67b  4162b 4377b 2,108b
Row spacing
40 169 181 170 16 28 57 1,01 101 101 72 74 68 492 4431 2,354
80 169 182 173 14 17 53 0,97 101 1.00 72 74 67 4,51 4,567 2,356
120 168 183 173 15 15 53 098 101 099 72 75 68 4,382 4,712 2,283
Plant population
25,000 160 180 165 2 1 33 107 105 102 71 74 67 3,366 3,814 1,873
43,750 171 180 169 8 1 48 100 098 100 73 75 68 4,812 4,657 2,376
62,500 172 183 175 22 27 61 095 100 100 72 75 68 4,876 4996 2,486
81,250 173 184 177 28 40 76 093 102 099 72 74 68 5,362 4,813 2,589
Cultivar (C) o " - - . o ns ns ns - o - o o o
Row spacing (S) ns ns ns ns ** ns ns ns ns ns ns ns > b ns
linear ns ns * ns e ns ns ns * ns ns ns *x e ns
quadratic ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Plant population (P) o ns . ox o . . N ns . ns o . o "
linear o * o - o o o ns * o ns o o - o
quadratic o ns ns ns ns ns ns > ns ** ns *x ** *x **
CxS ns > * ns ns ns ns ns ns ns ns > ns > *
CxP > ns ns > ns ** * ns ns ns ns ** ns ns ns
SxP ns ns ns * * * ns ns ns ns *x ns ns ns ns
CxSxP ns ns * * ns ns ns ns ns ns ns * ns ns >
Block *x ns ns ns ns ns ns ns ns ns * o ns ns **
CV.% 37 70 37 374 387 113 10.5 7.2 34 16 21 17 10.6 6.0 10.2

*Analyzed by (x + 0,5)1/2; *p < 0.05; **p < 0.01; ns: not significant; lowercase letters into each column indicate differences between cultivar according to Tukey’s
test (p <0.05); CV.: coefficient of variation.

There was a cultivar effect in the three locations for most parameters, except for the ears per plant (Table 1). Fort had the
highest plant size, stalk lodging index, grains in the ear, and grain yield. As for the parameters specifically evaluated in Palmital,
the hybrid Fort showed higher stalk diameter, LAI, and proportion of stalk and leaves in the mass than DKB 950, while the
DKB 950 had higher brix in the stem and proportion of ears in the mass (Table 2). The higher value of ear fraction in DKB
950 confirmed its greater precocity compared to that of Fort, as the evaluation was carried out a few days after flowering.

Spacing reduction provided antagonistic effects in Cindido Mota and Pedrinhas Paulista, increasing and decreasing yield
linearly, respectively (Table 1). However, in Pedrinhas Paulista, the spacing effect occurred only in the Fort, with greater
plant height and yield in the 120 cm spacing (Fig. 2). In Palmital, where the yield was very low due to the occurrence of
frost, analysis of the interaction between cultivar and row spacing showed that the hybrid DKB 950 had a greater yield in
spacing close to 80 cm (quadratic effect) and the yield of Fort did not differ among spacings (Fig. 3). The literature indicates
greater responses to rows spacing reduction in cultivars with more erect leaf architecture and shorter plant cycle in specific
oft-season corn environments (Penariol et al. 2003, Kappes et al. 2011). However, this relationship was not found in the
summer season (Sangoi et al. 2001, Greveniotis et al. 2019) and off-season (Dias et al. 2019).

Bragantia, Campinas, 82, €20230038, 2023 5
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Table 2. Characterization of maize plants in the R3 stage and the effect of frost on the reduction of the green leaf area index, immediately
after its occurrence, as a function of cultivars, row spacings and plant populations, in Palmital, Sdo Paulo, Brazil.

Stalk Leaf area index Dry Plant fractionation
Cultivar diameter brix total burned (1) matter leaves stalk ears
.......... mm............. vevereene Lo eereeennns kg-ha* cevereeee Do eeneeennns
Cultivar
Fort 200a 89b 30a 21a 5,615 29a bla 20b
DKB 950 189 b 99a 24b 16b 5,343 26b 47b 27a
Row spacing
40 197 8.7 2.8 21 5,438 28 51 21
80 194 101 2.6 19 5,919 26 47 27
120 193 9.4 2.6 14 5,081 27 50 23
Plant population

25,000 234 9.4 15 17 4,015 25 46 29
437750 203 9.2 23 19 5,182 27 49 24
62,500 179 9.4 31 18 6,061 28 50 22
81,250 162 95 3.8 19 6,659 28 53 19
Cultivar (C) o o o . ns o ok o
Row spacing (S) ns *k *x *x . . *x *x
linear ok ok ok - ns ok ns ok
quadratic ok ok * ns - N ok ok
Plant population (P) ** ns * ns *x ** ** *
linear - ns o ns *ox - ok ok
quadratic o ns ns ns ns o ns ns
CxS ns * ns ns * o ns *x
CxP ns o *x ns ns ns ns ns
SxP ns . ns ns * - ok o
CxSxP ns *x ns ns ns ns ns ns
Block ns ns * ** ns ns ns ns

CV.% 5.8 6.6 9.3 181 16.2 72 6.3 12.8

*Analyzed by x¥% *p < 0.05; **p < 0.01; ns: not significant; lowercase letters into each column indicate differences between cultivar according to Tukey’s test
(p < 0.05); CV.: coefficient of variation.
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Figure 2. Effect of row spacings on grain yield, in the cultivars DKB 950 and Fort, in Pedrinhas Paulista, Sdo Paulo, Brazil.
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Figure 3. Effect of row spacings on grain yield, in the cultivars DKB 950 and Fort, in Palmital, Sdo Paulo, Brazil.

In Palmital, there was a quadratic effect of spacing on brix, shoot dry mass, and proportions of ears, stalk, and leaves in
plant mass (Table 2). The effects were different in each hybrid.

Lower plant mass at 40 cm compared to 80 cm spacing and a clear interaction between spacing versus cultivar were
observed. DKB 950 and Fort showed the highest and lowest values of plant mass in narrow spacings, respectively (Fig. 4).
The values of Brix and proportion of mass of ears were higher in the intermediate rows spacing and more with a greater
reduction of the spacing from 80 to 40 cm in the Fort hybrid, and the cultivar Fort was the only one that increased the
proportion of leaves of plants with reduced spacing to the detriment of the ear fraction (Figs. 5, 6 and 7). Thus, the plants
had less reserves in the stems in the form of sugars in the smaller spacing since there was no difference in plant height and

stem diameter between the spacing, which could change the amount stored.

7000 - oFort mDKB950

6,500 - y = -0.3537x + 63.548x + 3306.1
e Rz2=1
g
5 6000
> y = -0.3454x2 + 44.411x + 4369.3
£ 5500 Re=1
E 4
>
2 5,000 -
s
&

4500 -

4,000 ' '

40 80 120

Row spacing (cm)

Figure 4. Dry matter of plant shoots, in the stage R3, in function of the row spacings, in the cultivars DKB 950 and Fort, in Palmital, Sao Paulo,
Brazil.
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Figure 5. Brix values, at stage R3, as a function of row spacings, in the cultivars DKB 950 and Fort, in Palmital, Sdo Paulo, Brazil.
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Figure 6. Percentage of leaves in the dry mass of plant shoots, in the R3 stage, as a function of the row spacings, in the cultivars DKB 950
and Fort, in Palmital, Sdo Paulo, Brazil.
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Figure 7. Percentage of ears in the dry mass of plant shoots, in the R3 stage, as a function of the row spacings, in the cultivars DKB 950 and
Fort, in Palmital, Sao Paulo, Brazil.
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LAI values were very low (1.5 to 3.8) compared to that reported by Dias et al. (2019), under off-season conditions; those
obtained by Sangoi et al. (2001) and Graffitti et al. (2021), in the second crop irrigated and summer crop in Brazil, respectively;
and reported by Ahmad et al. (2010), Bernhard and Below (2020) and Djaman et al. (2022) in other countries, with values
usually close to or greater than 5. The lack of rain and the consequent water deficit before flowering (Fig. 1) contributed to
the stunting of the plants (1.86 and 1.58 in the cultivars Fort and DKB 950, respectively) (Table 1) and probably to the low
leaf development. Alves et al. (2013) obtained plants with low size (average = 2 m) and LAI (average at the R4 stage = 3.1)
associated with low yields (average = 7.3 Mg-ha') under off-season conditions.

LAI was greater at 40 cm spacing and markedly reduced at 80 cm spacing, staying practically constant between 80
and 120 cm (quadratic effect) (Fig. 4). However, the highest LAI values at 40 cm spacing did not provide an increase in
dry mass and grain yield compared to that at 80 cm (Figs. 3 e 5). It is important to mention that Dias et al. (2019) and
Graffitti et al. (2021) did not reported change in LAI after silking with planting row reduction. According to Strieder
et al. (2008), LAI may vary with row spacing, but their effects depend on density, type of plant, management system and
phenological stage.

In Palmital, an interaction was observed between the population and rows spacing for the dry mass of plants (Fig. 8).
The spacing effect was not significant in the lowest population (25,000 plants-ha), and there was no reduction in dry mass
at 40 cm spacing compared to 80 cm in the highest population (81,250 plants-ha), in contrast to populations of 43,700 and
62,500 plants-ha™’. Therefore, the negative effect of rows spacing reduction on mass production was observed only in the
cultivar Fort and the intermediate populations. Moreover, the yield results did not always follow those of the mass, because,

as already mentioned, the yield of the cultivar Fort did not vary with spacing at Palmital.

+25,000 m43750 62,500 ®81,250

7500 1
7000
6,500
6,000
5,500 - - -

5000 1 .-~ =
4,500

4000 | T g8
3,500

3,000 T 1
40 80 120

Row spacing (cm)

y =-0,5272x* + 63,966x + 5.479
R2=1

y =-0,8051x% +130,53x + 1.630

Plant dry matter (kg/ha)

Figure 8. Dry mass of plant shoots, in the R3 stage, as a function of the row spacings and plant populations (25,000, 43,750, 62,500 and
81,250 plants per hectare), in Palmital, Sao Paulo, Brazil.

The reduction in spacing increased the rate of stalk lodging in Pedrinhas Paulista, corroborating the results of Schwantes
et al. (2007). However, the occurrence of stalk lodging plants increased only in the largest populations (62,500 and
81,250 plants-ha') (data not shown). This was the only place with water deficit in the third 10-day period of April, extending
the initial period of water stress until the V6 stage. Notably, observed the yield reduction in narrow rows even all ears of the
useful plot have been harvested, including broken plants. Probably, in this condition of accentuated hydric stress, rotting
stalks that is associated to stalk lodging interfered in grain filling. Considering that there is a trend towards an increase in
the population of plants in oft-season corn crops (Duarte 2022), the negative effect of spacing reduction on the increase
in stalk lodging may be relevant when populations are equal or greater to 63,000 plants-ha™.

The population factor changed almost all agronomic variables, except for plant height and grains in the ear in Pedrinhas
Paulista and ear per plant in Palmital (Tabela 1). Population density increased plant size and plant breakage and reduced
the number of ears per plant, corroborating the reports of Penariol et al. (2003) and Carmo et al. (2020). However, the
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hybrid DKB 950 did not increase stalk lodging in Candido Mota and had this problem only under high plant populations
in Palmital, contrary to the hybrid Fort (data not shown).

The optimum plant density that maximizes grain yield varied with environment, in accordance with Djaman et al.
(2022), but there was no interaction between cultivars and plant density. Yield increased quadratically with increasing plant
population, with maximum values of 75,000, 68,071, and 70,717 plants per hectare in Candido Mota, Pedrinhas Paulista,
and Palmital, respectively. These values are high compared to the 55 to 65 thousand plants per hectare used in crops in this
yield range (Duarte et al. 2017, Duarte 2022). One of the risks of using high plant populations is the occurrence of broken
plants (Duvick 2005, Ma et al. 2014), as occurred in the present study.

In the evaluations carried out in Palmital, the dry mass, LAI, and the proportion of plant leaves and stems increased as
a result of the increase in plant population, but the stem diameter and proportion of ears in the plant decreased (Table 2),
corroborating the results of Dias et al. (2019) and Graffitti et al. (2021). Several density and population arrangement studies
showed that an increase in leaf area might not ensure greater yield (Bernhard and Below 2020, Dias et al. 2019, Djaman et al.
2022, Graffitti et al. 2021, Overman and Scholtz 2011), especially in genotypes with open architecture (Ahmad et al. 2010).

Brix was the only parameter that was not influenced by plant population, even with the unfolding of the interaction
between population and cultivar (data not shown). The reduced stem diameter resulting from the increase in the
population density may have decreased the storage of sugars in the stem of each plant, as was inferred for the reduction
of spacing. Therefore, the increase in plant mass per area and LAI as a result of the increase in plant population may
have occurred concomitantly with the reduction in the accumulation of reserves in each plant, consequently limiting
ear development.

Effect of frost on leaf area and yield

The frosts caused an average damage of 18% in the leaf area, with greater damage in the upper third of the plants,
mainly in the apices of the leaves. In corn, the leaves are the organs where the injuries from cooling are first observed, as
they undergo cellular autolysis and tissue necrosis for being less lignified. However, non-necrotic tissues are also negatively
impacted by cooling (Bilska and Sowinski 2010). As temperatures re-established after the frost, the maintenance of part of
the green leaves allowed the plants to continue developing until grain maturity (Carter, 1995). However, the yield potential
was compromised by the water deficit in the vegetative phase, frost, and low availability of heat and direct solar radiation
of the winter equinox in this region (Duarte and Kappes 2015).

The hybrid Fort showed greater frost damage probably due to the higher LAI and leaf angle compared to the stem.
However, under the conditions in which the field trial was carried out, it was the most adapted hybrid in Palmital in terms
of yield potential.

In reduced spacings, the effects of frost were greater without interaction between spacing versus hybrids and spacing
versus plant density (Table 2). This may be because higher LAI provided greater soil surface coverage between the sowing
rows, reducing the fluxes in and out of soil heat. A greater vegetation cover would have resulted in a lower flux of radiation
emitted by the soil during the night and, consequently, a more intense cooling of the plants (Loss 1987).

As already mentioned by Palmital, grain yield was lower at 120 cm spacing in the hybrid DKB 950, following the same
trend of dry mass, but with a slight decrease at 40 cm spacing compared to at 80 cm spacing (Fig. 3). This may be because
of the greater frost burn at 40 cm spacing (21% compared to 14% at 80 cm), canceling out the possible advantage of the
greater LAT under reduced spacing (2.83 compared to 2.62 at 80 cm).

The greater burning of the leaves by frost in the 40 cm spacing, in relation to the 80 cm, reinforces the inference that the
reduction of the spacing to 40 cm does not guarantee better yield in conditions of low productivity caused by environmental
stress. Furthermore, the absence of effect of plant population on leaves frost burn allows to confirm that the most limiting
factor for population density is the increase in plant breakage. Thus, cultivars such as the hybrid DKB 950, smaller in size
and with more erect leaves, which had less foliar damage from frost and lower indices of broken plants, could benefit from

reduced spacing up to 40 cm and higher population density in some environments.
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CONCLUSION

The spacing reduction provided antagonistic effects on agronomic parameters by local, with different response from
hybrids, not ensuring better yields.

The greater damage by moderate frosts in reduced spacing must be taken into account when choosing the spacing of
off-season corn production in areas with frequent frost.

Populations equal to or greater than 68,000 plants per hectare provide the best yields, regardless of the occurrence of

frost, but they can result in high rates of stalk lodging in some cultivar.
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