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ABSTRACT
Optimal management practices for nitrogen (N) fertilization is well defined for
corn (Zea mays) cultivated during summer (“summer” corn), but not for corn
cultivated during the fall (“fall” corn) in the tropics. Two experiments were
carried out to evaluate N rates (50, 100, 200, and 300 kg N ha−1), N application
timing (pre-planting – PP, V2–V3, and V5–V6) and N split application, once (at
PP, V3, and V6), two (at V3+ V6) and three times (at PP+ V3+ V6) in corn
cultivated during summer (2014/2015) and fall (2015/2016). Data on corn grain
yield (CGY), weight of 1000-grains, leaf N content and values of soil-plant
analyses development (SPAD) were collected and analyzed using univariate,
multivariate (principal component analysis, PCA) and regression analysis.
Results showed that corn growth was affected by N rates and splitting. Corn
cultivated during summer presented higher CGY and weight-1000 g than corn
cultivated during the fall. The highest yields were obtained with higher N rates
on “summer” corn (125 kg N ha−1) than “fall” corn (50 kg N ha−1). Split
N-application at vegetative growth stages, V3+ V6, or PP+ V2+ V6, provided
higher yields for “summer” corn, while only PP applicationwas a reliable period
of N fertilization for “fall” corn. The finding is that corn cultivated during the fall
presented a lower response to N and no obvious advantages to split
N fertilization when compared to corn cultivated during summer. These opti-
mal management practices for N fertilization in corn production in the tropics
depend on soil water availability.
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Introduction

Corn is the most widely produced cereal in the world (FAO 2017), with a global production of
959.885 million tons reported in 2015/16 (USDA 2016). Brazil is the third largest corn producer
worldwide (Ranum, Pena-Rosas, and Garcia-Casal 2014), contributing with 7% of global production
in 2016 (CONAB 2016), which was surpassed only by the United States and China, which together
accounted for 59.4 % of global production (USDA 2016).

In tropical regions, corn can be cultivated during summer (as first crop; “summer” corn) or
during fall (as second crop; “fall” corn). Corn cultivated during the fall is considered to be high-risk
because of the higher temperature, solar radiation and lower rainfall (Sans and Guimarães 2010),
which typically lead to lower yield potential when compared to corn cultivated during summer
(EMBRAPA 2017). Nevertheless, since 2011 the total cultivated area and total production of corn in
the fall has been higher than “summer” corn in Brazil (CONAB 2016). This increase in area of
“summer” corn production in Brazil has occurred because farmers have switched to the cultivation
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of soybean during the summer, and have adopted the appropriate technology to permit the
production of corn as a second crop in the fall (EMBRAPA 2017).

The basics of nitrogen (N) management for corn production in the summer is well established in
the tropics, with split N application at planting and during the crop development (Basso and Ceretta
2000). However, the optimal management practices for N management for corn cultivated during
the fall require further refinement. In additional, the cultivation of soybean (a leguminous crop)
prior to corn can supply additional N that reduces the corn response to N fertilization (Albuquerque
et al. 2013). Furthermore, a shortage of water during cultivation of corn in the fall can affect the
uptake of N causing a reduction in the N-use efficiency.

We tested the hypothesis that corn cultivated during fall shows a lower response to N rate and
split application than corn cultivated during summer in conditions of the tropics. Our objective was
to determine the optimal management practices for N fertilization in corn cultivated during summer
and fall, and their correlation with corn production.

Material and methods

Characterization of field experiments

The research was conducted in a no-tillage system during 2014/2015 (summer season) and 2015/
2016 (fall season) at Uberlândia-MG, Brazil (lat. 19º 25ʹ S, long 47º 59ʹ W, 700 m). The climate was
classified as an Aw, Tropical (Peel, Finlayson, and Mcmahon 2007), with a mean temperature and
daily hours of light of 24.9 and 21.7ºC, and 12.7 and 11.7 h, respectively, for the “summer” and “fall”
corn. The water balance for each season was calculated by considering the water holding capacity of
60 mm for all sites (Thornthwaite and Mather 1955), as shown in Figure 1.

Soils from the site were classified as Oxisol (Typic Hapludox), according of the Soil Taxonomy
(Soil Survey Staff 2014) with a clay-texture (Pipette method; Camargo et al. 1986). Prior to the
installation of trials, soil samples were taken from two distinct depth layers (0.0–0.2 and 0.2–0.4 m),
subsequently homogenized and subjected to characterize of pH (CaCl2 method), organic matter
(dichromate oxidation method), sulfur (calcium phosphate extraction method), phosphorus,

Figure 1. Water balance for corn cultivated during summer (“summer corn”) and fall (“fall corn”). 1Bars represent the mean of
10 days; TWS, total water surplus; TWD, total water deficit; TR, total Rainfall. Vegetative growth stages (VE) at pre-planting (PP), V6-
V8, and VT (final vegetative stage).
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calcium, magnesium, potassium (Resin method) and aluminum (Potassium chloride extraction
method). The micronutrients, copper, iron, manganese and zinc, were determined by DTPA
(diethylenetriaminepentaacetic acid) solution at pH 7.3, and boron by hot water method (Table 1).
All methodologies to soil chemical and physical characterization were carried out according to Van
Raij et al. (2001).

Experimental design

To test the N response on corn crops, we carried an experiment with four N rates (50; 100; 200;
300 kg N ha−1) and control treatment (No-N), associated with three N timings (pre-planting – PP;
V2–V3; and V5–V6). Another experiment was carried out with 200 kg N ha−1 applied, split, once (at
PP, V3, and V6), two (at V3+ V6) and three times (at PP+ V3+ V6). The experiments were set up as
randomized blocks with four replicates per treatment.

The N source was urea [CO(NH2)2] treated with the urease inhibitor N-(n-butil) tiofosforic
triamide (NBPT), in order to avoid volatilization losses (Silva et al. 2017). Nitrogen fertilizer was
banded (without incorporation) along the corn row. Historically, the field of the “summer” corn has
been managed under a no-tillage system that involves the cultivation of corn (Zea mays sp.) or
soybean (Glycine max sp.). The historical usage of “fall” corn involved the successional planting of
corn, wheat (Triticum sp.), oats (Avena sativa sp.) or millet (Pennisetum americanum sp.) over
periods of 15 years.

Prior to corn planting, soil was prepared by the application of limestone, monoammonium
phosphate (MAP) and potassium chloride (KCl), at rates of 1.3 and 2.0 Mg ha−1; 60 and 50 kg
ha−1 of P2O5; 100 and 70 kg ha−1 of K2O, respectively, for corn cultivated in summer and the fall.
Limestone was applied about three months before planting, with incorporation. Fertilizers were
applied at sowing time, in the planting furrow. Such approach is widely used for corn cultivation in
Brazil. The corn cultivated during summer was sown with a hybrid (pioneer P30F53-H), character-
ized as early cycle and transgenic at density of 76,000 plants ha−1. The corn cultivated during fall was
sown with a simple hybrid (Agroeste AS1633 VTPRO2) characterized as an early cycle and with
PRO2 technology at density of 62,000 plants ha−1. Sowing for the “summer” and “fall” corn were
performed on November 9, 2014 and February 2, 2016, with the harvests carried out on May 4, 2015
and July 1, 2016, respectively.

Corn yield parameters

The Soil-Plant Analyses Development (SPAD) index was quantified for 10 randomly selected leaves
in each plot (first leaf below the corn ear, R2 phenological stage) using a chlorophyll meter
(SPAD-502, Minolta Camera Co., Japan). Analyzed leaves were subsequently collected and the
N content determined by sulfuric digestion according to the method described by Malavolta, Vitti,
and Oliveira (1997). Leaves showing signs of disease or insect damage were excluded from analysis.

Table 1. Chemical and physical soil characterization of the experimental areas.1

Layer pH OM P S Ca Mg K Al H+ Al CEC SB m B Cu Fe Mn Zn Sand Silt Clay

m CaCl2 g dm−3 – mg dm−3 – – - mmolc dm
−3 – - – - % – - – – – mg dm−3 – – – – – –g kg−1 – – –

Corn cultivated in summer “summer corn”
0.0–0.2 5.0 26 28 10 41 8 2.7 0.7 65 113.0 42 1.4 0.4 6.0 26 2.9 1.4 178 16 806
0.2–0.4 4.7 23 19 36 34 6 2.1 1.3 52 106.0 37 3.6 0.2 6.3 22 2.5 1.1 154 90 756
Corn cultivated in the fall “fall corn”
0.0–0.2 5.4 33 37 17 47 14 1.6 0 16 78.6 80 0.0 0.8 1.0 27 1.3 1.3 181 11 808
0.2–0.4 5.1 31 20 77 28 9 1.5 0 20 58.5 66 0.0 0.8 0.6 25 0.5 0.6 153 36 815

pH in CaCl2; OM, organic matter; P, phosphorus; Ca, calcium; Mg, magnesium; K, potassium; Al, aluminum; H+ Al, hydrogen plus aluminum;
CEC, cation-exchange capacity, sum of bases; m, aluminum saturation; B, boron; Cu, copper; Fe, iron; Mn, manganese; Zn, zinc.
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Estimates of corn production in kg ha−1 (assuming a standard humidity of 13%) were obtained
through the mechanized harvesting of the four central lines of each plot. The weight of 1000 grains
(weight-1000 g) was obtained from sub-samples collected at harvest.

Data processing and statistical analysis

Variation among treatments was assessed using the descriptive statistics: mean, standard deviation,
minimum and maximum values. Outliers were identified and removed, when present, the assump-
tions of data normality were evaluated using the Shapiro-Wilk test (Sigmaplot Inc., USA) and
homogeneity of variance validated using the Bartlett test (SPSS Inc., USA).

We used principal component analysis (PCA) to assess variation between “summer” and “fall”
corn productivity using the variables: Corn grain yield, weight of 1000 grains, SPAD index and
leaf N content. The data group was standardized to obtain a zero mean and constant variance
(Sneath and Sokal 1973). The Euclidean distance and the Ward algorithm were calculated
according to Hair et al. (2005); and principal component (PC) greater than 1, were used based
on correlation group similar to obtain relevant information (Kaiser 1958). Pearson’s correlation
(p < 0.1) was further used to explain the relationship between variables obtained for each crop
treatment.

Attribute variations were assessed using analysis of variance (ANOVA) based on the F-test. When
the F test was significant (p < 0.1), the qualitative parameters (N Application split and Timing) were
compared by the LSD Test (p < 0.1), and quantitative parameter (N rate) through the regression
analysis (p < 0.1). Significant quadratic regression analysis with dependence correlation higher than
70%, were represented by the plateau model.

Results

Yield differences between “summer” and “fall” corn

PCA was able to highlight differences between “summer” and “fall” corn production through the
formation of two distinct groups, identified as group 1 (“summer” corn) and group 2 (“fall” corn).
This variation was driven by higher levels of corn production (7,787 kg ha−1), weight-1000g (318 g
1000g−1) and leaf N content (34 g kg−1) during the summer cultivation, which represented increases
of 6%; 1%; and 20% compared to the fall cultivation, respectively. Contrastingly, “fall” corn
presented a higher mean SPAD index (59.0), which represented a 3% increase when compared to
those measured for “summer” corn (Figure 2).

As expected, there was a positive relationship between corn grain yield and weight-1000g for both
seasons, “summer” (r = 0.76) and “fall” corn (r = 0.36), as well as there was also a positive correlation
between leaf N content and SPAD (r = 0.46) in “fall” corn (Table 2). Both, leaf N content (r = −0.21)
and SPAD values (−0.44), however, were negatively correlated to weight-1000g in “fall” corn,
explaining that an SPAD and leaf N content increase are associated with a low weight-1000g
(Table 2).

PCA variance was concentrated along CP1 (51%), followed by CP2 (23%), these components
accounted 74% of the total variance in the data. The high level of variance in measures of corn grain
yield (−0.51) was concentrated along CP1, as well as the weight-1000g (−0.92) and leaf N content
(−0.84), while the variance of SPAD index (0.83) was associated with CP2 (Figure 2).

Optimal N management practices

Corn cultivated during summer responded positively to increasing N rates. Corn grain yield
(R2 = 94%; p < 0.01) and weight-1000g (R2 = 93%; p < 0.01) fitted a linear-plateau model, with
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maximum values with rates of 125.0 and 127 kg N ha−1, respectively (Figure 3). However, leaf
N content and SPAD showed no significant relationship to application rate (Table 3).

Corn cultivated during fall responded positively to increasing N rates with a maximum yield of
approximately 50 kg N ha−1 for weight-1000g (Table 3), but corn grain yield did not present
significant response. Leaf N content (R2 = 95%; p < 0.01) and SPAD (R2 = 93%; p < 0.01) fitted
the linear-plateau model. The maximum leaf N content was attained with the rate of 104.3 kg N ha−1,
while maximum SPAD values were obtained using 125.8 kg N ha−1 (Figure 3). The weight-1000g
similarly fitted a quadratic response curve (R2 = 50%; p < 0.01), representing an increase following
a decrease, but not fitted the linear-plateau model (Table 3).

When considering the N application timing, there was no significant difference among the treat-
ments PP, V2–V3 or V5–V6 with respect to corn grain yield for either, “summer” and “fall” corn (Table
3). Contrastingly, a delay in the application of N to V2–V3 or V5–V6 reduced the weight-1000g for
“fall” corn (Table 3), possibly because of the water deficit shortly after fertilizer application. There was
no interaction between N rates and the N application timing for all variables (Table 3).

Figure 2. Principal component analysis (PCA) based on the variables: corn grain yield (CGY), weight of 1000 grains (weight-1000g),
leaf N content (NF) and SPAD for corn cultivated during the summer (“summer” corn) and fall (“fall” corn).

Table 2. Pearson correlation coefficients for corn grain yield, weight of 1000 grains (weight-
1000g), SPAD index and leaf N content in a corn cultivation during summer (“summer corn”) and
fall (“fall” corn).

Weight-1000 g SPAD Leaf N content

“Summer” corn
Corn grain yield 0.76 (0.00) 0.19 (0.13) 0.07(0.59)
Weight-1000 g – 0.20 (0.11) 0.01(0.92)
SPAD – – −0.02 (0.86)
“Fall” corn
Corn grain yield 0.36 (0.00) −0.12 (0.34) 0.02 (0.85)
Weight-1000 g – −0.44 (0.00) −0.21 (0.09)
SPAD – – 0.46 (0.00)

Number of observation: 50; correlation coefficients and p-value (in brackets) <0.1 are significant
(in bold).
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Splitting N fertilization twice or three times resulted in the highest yields for the “summer” corn
(Figure 4). However, split N application did not result in higher yields for corn cultivated during the
fall. The lowest yield and 1000-weight were obtained for treatments in which the 200 kg N ha−1 was
split at V3+ V6. This is possibly related to the water deficit that plants are likely to have experienced
following the V6–V8 stages during the fall (Figure 3).

Discussion

Yield differences between “summer” and “fall” corn

The PCA explained 74% of the total variance, which is within the range considered adequate
according to Sneath and Sokal (1973). The differentiation of seasons into two distinct groups is
attributed to the lower corn grain yield, weight-1000 g and leaf N content of the corn cultivated
during the fall. Historically, the yield of “summer” corn has been much higher (10,000–12,000 kg
ha−1) than obtained in the current study (7,700 kg ha−1). The yield obtained from the “fall” corn,
however, was within the historical average. The water deficit totaled 41.7 mm and persisted
throughout all of the vegetative and reproductive growth stages for “summer” corn, being respon-
sible for the lower yield of this crop season. Corn is very sensitive to water deficiency (Fancelli 2015;

Figure 3. Response of corn grain yield (kg ha−1), weight of 1000 grains (g), leaf N content (g kg−1), and SPAD to N rates (0; 50; 100;
200 and 300 kg N ha−1) in corn cultivated during the summer (“summer” corn) and fall (“fall” corn).
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Frattini 1975) because of the impairment of carbohydrate synthesis (Souza et al. 2015) and enzymatic
activities (Foyer et al. 1998; Ge et al. 2014). For corn cultivated during the fall, the water deficiency
totaled 95.0 mm, but yield losses were less intense than recorded for corn cultivated during summer.
Such results indicate that water deficit can be harmful to corn cultivated during summer, when it
coincides with periods of adequate temperature and solar radiation for plant growth. For corn
cultivated during the fall, a reduction in temperature and solar radiation limited the negative effects
of water shortage on crop growth and yield.

Interestingly, “fall” corn presented higher SPAD values than “summer” corn, possibly because of the
higher N concentration in leaves, as implied by the positive correlation observed between SPAD and leaf
N concentration. Similar correlations have been shown by Hurtado et al. (2009) and Rocha et al. (2005).
Such results indicate that SPAD measurements may be able to replace N leaf analysis as a means of
evaluating nutritional status with high degree of reliability. Additionally, greater N availability was
related to lower weight-1000g, suggesting that the plants exhibited greater vegetative development,
which limited grain formation. It is likely that plants demonstrating higher vegetative development
promoted by N addition, which probably occurred during the summer, and may have been more
affected by conditions of water deficit than plants with lower vegetative growth, such as during the fall.

Optimal n management practices

Nitrogen rates of approximately 125 kg N ha−1 promoted the highest grain yield and weight-1000g
for corn cultivated during summer. Our results confirm previous research that corn is a crop
highly-responsive to N applications. For rainfed corn production, N rates from 110 to 147 kg ha−1

have been recommended by Fernandes et al. (1998) and Fernandes et al. (2005), while rates between
200 and 240 kg N ha−1 have been suggested for irrigated corn (Araújo, Ferreira, and Cruz 2004;
Ferreira et al. 2001). In our study, moderate N rates (125 kg ha−1) were sufficient to facilitate the
highest yields, probably due to a limitation in the yield potential driven by water deficiency for the
corn cultivated during summer.

For corn cultivated during the fall, the response to N was much more limited. Considering
a statistical level of 0.11, the response to N rates implied that maximum yields could be achieved
with the application of 50 kg ha−1. For corn cultivated during the fall, following soybean cultivated in
the summer as the main crop, N rates from 30 to 40 kg ha−1 have been recommended in Brazil by
Broch and Ranno (2012). According to Coelho, A. M (2008), previous cultivation of soybean

Table 3. Corn grain yield, weight of 1000 grains (weight-1000 g), SPAD index and leaf N content in a corn cultivation during
summer (“summer corn”) and fall (“fall” corn).

N rates “Summer” corn “Fall” corn

(kg ha−a) Corn grain yield Weight-1000 g SPAD Leaf N content Corn grain yieldWeight-1000 gSPAD Leaf N content

N rates
0 6551.4 293.9 57.1 34.8 6823.7 281.0 52.7 24.6
50 7172.4 308.0 56.1 33.6 7801.1 319.7 56.3 26.0
100 7751.5 316.9 55.5 33.9 7605.9 325.2 59.3 27.1
200 7833.9 320.0 56.4 34.0 7434.2 306.1 59.4 27.5
300 8291.0 328.8 57.9 33.3 6696.2 308.1 60.1 28.2
N application timinga

PP 7830.3 318.2 56.28 33.25 7600.0 326.4A 58.2 27.9
V2-V3 7821.8 316.9 56.16 34.36 7177.4 305.8B 59.5 26.8
V5-V6 7471.5 317.6 56.67 34.21 7375.4 312.0B 58.6 26.6
ANOVA (p-values)
N rates (R) <0.012 <0.012 0.37 0.97 0.14 <0.013 <0.012 <0.012

N timing (T) 0.67 0.79 0.41 0.56 0.49 <0.01 0.39 0.27
R x T 0.73 0.77 0.75 0.28 0.58 0.96 0.98 0.34

a The means with distinct uppercase letters are statistically different as revealed by the LSD test (p < 0.1); 2quadratic model
regression represented by the Plateau-model (R2 > 70%); 3Quadratic equation (y = −0.0011x2 + 0.37x + 291; R2 = 50%).
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provides 35 to 45 kg N ha−1 for the subsequent crop. The linear plateau models adjusted for SPAD
and leaf N content for corn cultivated during the fall, as well as the corn yield and weight-1000g for
the corn cultivated during summer, were much better than linear models, as has also been demon-
strated by Scharf, Wiebold, and Lory (2012) and Hawkins et al. (2007).

The highest yields for corn cultivated during summer were achieved by split N application at V3+ V6
or at PP+ V2+ V6. Split N application for “summer” corn has been recommended in order to increase
N-use efficiency (Duete et al. 2008; Silva and Silva 2003), because corn presents high N demand,
especially during early stages of the growth cycle (Schreiber, Stanberry, and Tucker 1998). For corn
cultivated during the fall, the lowest yield and weight-1000g were obtained when N was applied at V3
+ V6, possibly because of the water deficit that occurred shortly after the application of fertilizer,
probably increasing N losses and reducing the uptake of N from fertilizer.

Figure 4. Response of corn grain yield (kg ha−1), weight of 1000 grains (g), SPAD and leaf N content (g kg−1) to a N rate (200 kg
N ha−1) applied one (PP, V3 and V6), two (V3+ V6) and three times (PP+ V3+ V6) in corn cultivated during the summer (“summer”
corn) and fall (“fall” corn). Bars with distinct uppercase letters are statistically different as revealed by the LSD test (p < 0.10).
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Conclusions

In conclusion, our results show that the optimal management practices for N fertilization will vary
for corn cultivated during summer and fall in the tropics. Corn cultivated during summer requires
higher N application rates (125 kg N ha−1) compared to corn cultivated during the fall (50 kg
N ha−1) in order to achieve the highest possible yields.

Split N application at V3+ V6 or PP+ V2+ V6 provided higher yields for corn cultivated during
summer, while pre-plant (PP) application appears to be a reliable period of N fertilization for corn
cultivated during the fall.

Optimal management practices for N in corn production in the tropics depend on water available
in soil.
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