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Introduction

Maize is widely planted in Brazil but has a low yield 
(average grain yield in 2019 was 6.2 Mg ha-1) (Conab, 2019) 
concerning the United States of America (average grain 
yield in 2018 was 11.7 Mg ha-1) (USDA-NASS, 2019). The 
lower yield (average grain yield in 2019 was 4 Mg ha-1) 
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The objective of this work was to evaluate the radiation use efficiency (RUE) for 
the accumulated biomass and for grain yield in the irrigated maize crop according 
to sowing dates (SOW) and plant densities (D) in Rio Largo, state of Alagoas, Brazil, 
in the year 2013. SOW were SOW 1 (6/28/13), SOW 2 (7/8/13), SOW 3 (7/18/13), 
SOW 4 (7/28/13) and the plant densities were D1 = 125,000, D2 = 87,500, D3 = 50,000, 
D4 = 37,500 plants ha-1. Sowing dates and the interaction of these dates with plant 
densities did not have significant effects on grain yield and RUE, but plant densities 
were significant. The highest average grain yield (6067.3 kg ha-1) occurred in D3, 
decreasing in the highest densities. RUE increased from 2.98 g MJ-1 in low density 
(D4) to 4.72 g MJ-1 in higher density (D1). The maize plants with higher densities 
showed a higher index of leaf area and dry biomass. At low plant density, the solar 
radiation incident is less intercept because the leaf area index is poorly distributed 
among the plant lines. The effect of plant density on RUE for the accumulation of 
biomass was the opposite to that of the RUE for grain yield (RUEy), so that lower 
RUEy was found at lower densities.
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ARTICLE INFO ABSTRACT

(Conab, 2019) observed in northeastern Brazil is a result 
of poor distribution or concentration of rainfall in a few 
months and the low technological level of management of 
small farmers (Silva et al., 2005; Ferreira Junior et al., 2014; 
Andrea et al., 2018). 

The improvement in maize yield in northeastern Brazil 
leads to research related to crop management seeking to 
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mitigate the gaps between current and potential yields. 
The potential yield of a crop depends on intercepted solar 
radiation by the canopy when thermal, water, nutritional, 
and phytosanitary are in optimum condition (Monteith, 
1977). Photosynthetic active radiation (PAR) is the energy 
that plants use to carry out photosynthesis at wavelengths 
from 400 to 700 nm, while global solar radiation range 
from 305 to 2800 nm. Radiation use efficiency (RUE) is a 
parameter used to quantify the relationship between solar 
radiation and biomass production, which is the input basis 
for growth and yield models. Solar radiation incident 
on the canopy is absorbed, transmitted and reflected in 
varying amounts depending on the angle of incidence 
of solar rays and the quantitative (leaf area and volume) 
and qualitative (optical and geometric) characteristics 
of the canopy (Hirose, 2005). The optical and geometric 
properties of vegetation are represented by the radiation 
extinction coefficient (k), which, associated with the leaf 
area occupying a particular ground area (Leaf Area Index, 
LAI), resulting in the transmittance of solar radiation 
(Monteith, 1973; Campbell, 1986).

Increasing the density of plants changes the 
distribution and angle of leaves, raising the interception 
of solar radiation. However, the degree of intra-specific 
competition caused by increased plant density causes a 
reduction in the plant part of interest, such as the grain 
(Demétrio et al., 2008). Thus, targeted studies using 
different population densities are needed to define the best 
use of solar radiation, water and nutrients (Mundstock, 
1977; Argenta et al. 2001; Kunz et al., 2007).

Most of the maize cultivation in the coastal region 
of Alagoas is rainfed, where rains are concentrated from 
April to August (Souza et al., 2005), allowing only one 
growth cycle per year. Water stress reduces the maize 
yield, obtaining a direct consequence in the absorption of 
solar radiation, causing leaf curl and smaller leaf area (Earl 
& Davis, 2003; Müller et al., 2005). Therefore, this study 
aimed to evaluate the RUE in the production of biomass 
and grain yield of maize in response to sowing dates 
and plant densities in Rio Largo, in the coastal region of 
Alagoas.

Material and Methods

The research was conducted in the region of Rio 
Largo, state of Alagoas, Northeast of Brazil (09°28’02”S; 
35°49’43”W; 127 m) in an area of 2,736 m². According to 
the classification of Thornthwaite, the region is classified 
as humid climate, megathermic, with moderate water 
deficiency in summer and sizeable excess of water during 
winter (Thornthwaite & Mather, 1955). The local receive 
70 percent of their total annual precipitation (1818 mm) 
during the months of April to August. Air temperature 

varies from 19.3 (August) to 31.7 °C (January) with an 
annual average of 25.4 ºC and average monthly air humidity 
above 70% (Souza et al., 2005).

The field study was composed of four sowing dates: 
SOW 1 (28/06/13), SOW 2 (08/07/13), SOW 3 (18/07/13), 
SOW 4 (28/07/13) and four plant densities  (D1 = 125,000, 
D2 = 87,500, D3 = 50,000, D4 = 37,500 plants ha-1) with a fixed 
row spacing of 0.8 m. The sowing dates were established 
within the rainy season (Souza et al., 2004) aiming to take 
advantage of the greater availability of precipitation and 
less use of irrigation to meet the search for high yields. The 
values of plant densities evaluated were defined based on 
previous studies (Sangoi et al., 2005; Dourado Neto et al., 
2003;  Sangoi et al., 2011).

We used a randomized blocks design in split-plot-
scheme (16 treatments). The sowing dates treatments were 
allocated on the plots and the plant densities in the subplots. 
Each treatment was replicated four times. The subplots 
consisted of five lines of seven meters.

The sowing of cultivar AL Bandeirantes from Embrapa 
(Brazilian Agricultural Research Corporation) was 
performed in the no-till system and the furrows were opened 
at a depth of 10 cm. The fertilizer was applied pre-planting 
with 30, 80 and 60 kg ha-1 of N, P2O5 and K2O, respectively. 
Top-dressing fertilization was performed at 20 days after 
sowing (DAS) when the plants presented four expanded 
leaves (V4), according to the scale proposed by Ritchie et 
al. (1993). The N source used was urea, applying 120 kg 
ha-1 of N. Micronutrients were applied twice: at the four and 
eight leaves expanded stages (V4 and V8) as needed. Weed 
and pest control was carried out during cultivation.

The soil water content at the depth of the root zone (0.3 
m) was maintained at more than 55% of the total available 
water necessary to obtain potential crop growth conditions 
(Doorenbos & Kassam, 1979). The drip irrigation was 
based on the reference evapotranspiration (daily average 
of 3.8 ± 0.4 mm) of the study region obtained from the 
agrometeorological station neighboring the experimental 
area, crop coefficient (Allen et al., 1998) and physical-
hydro soil data (Magalhaes et al., 2017) volumetric water 
content in field capacity (0.2445 m3 m-3) and permanent 
wilting point (0.1475 m3 m-3).

The leaf area (LA) of twelve plants per plot was obtained 
weekly by the equation of Hermann & Câmara (1999): 
LA = L*W 0.75 (N + 2), where W is the width, L is the 
length of the 3rd fully expanded leaf from top each plant, 
N is number of green leaves fully, 0.75 is leaf shape factor 
and 2 is represents the area of the leaves not fully explanted 
(Montgomery, 1911; Francis et al., 1969). The LAI was 
calculated by the ratio between the LA and the soil area 
occupied by the plants. 

Weekly sampling was performed in eight plants per sub-
plot to obtain the dry mass (DM) through of a dry oven at 
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65 °C with forced ventilation (Benincasa, 1988). Harvesting 
was performed manually when the grains acquired a black 
layer formation, endosperm solidification line, and DM 
accumulation (Araújo et al., 2006). Grain yield (GY) was 
determined in the ears harvested in the three central lines of 
three meters of each treatment. The grains were dried in a 
forced circulation oven at 75 ºC, and the mass was corrected 
for 13% humidity (Pimentel & Fonseca, 2011). The harvest 
index (HI) was calculated by the ratio between the GY 
and the accumulated DM until physiological maturation 
(Demétrio et al., 2008).

The air temperature (HMP45C, Campbell Scientific, 
Logan, Utah) and global solar irradiance - Rg (Eppley, 
model 848, B&W, Newport, Rhode Island) were obtained 
from an automatic agrometeorological station near the 
experimental area. The values of incident photosynthetic 
solar irradiance (PAR, W m-2) were estimated as 43% of Rg 
(Ferreira Junior et al., 2012). Global solar irradiation (Hg, 
MJ m-2 day-1) and incident photosynthetic irradiation (HPAR, 
MJ m-2 day-1) were obtained by integration of the Rg and 
PAR values, respectively, during the daytime period.

The transmitted photosynthetic solar irradiance (TPAR, 
W m-2) was measured four times in each sub-plot in the four 
sowing dates, from 10:00 to 14:00 hours, on clear sky days, 
using a linear quantum sensor (LI-191SA, LI-COR, Lincoln, 
Nebraska) adequately calibrated. These measurements were 
made diagonally on the crop line to install the sensor in the 
interline (Monteith, 1993; Maddonni et al., 2001). The flow 
densities of photosynthetic photons (μmol s-1 m-2) and the 
conversion to photosynthetic irradiance (W m-2) considered 
that 1 W m-2 is equal to 4.6 μmol s-1 m-2 (Mccree, 1972). 
The parameter k was estimated by exponential regression 
between the transmitted irradiance fraction (fTPAR = TPAR 
/ PAR) and LAI (Flénet et al., 1996).

RUE was determined by linear regression (with 0=0) 
between the DM of the accumulated aerial part and the 
intercepted photosynthetic irradiation (HIPAR) accumulated 
(Monteith, 1977). HIPAR (MJ m-2 day-1) was calculated based 
on Beer’s law (Hipps et al., 1983):

       
   HIPAR = HPAR (1 - exp⁡ (-k LAI))                                                (1)

where, HPAR is the photosynthetic incident irradiation (MJ 
m-2 day-1). RUE for the grain yield (RUEy) was estimated 
by the relationship between the GY and the accumulated 
HIPAR.

The statistical analyses were performed using 
SISVAR software, submitting the data to the analysis of 
variance (Anova), at 5% probability. Subsequently, for the 
quantitative variables, regressions were performed and for 
the qualitative variables mean comparison by the Tukey 
test (p≤0.05).

Results and Discussion

The air temperature was not a limiting factor for 
the maize studied, with the average values in the cycles 
ranging from 23.9 °C in SOW 1 to 24.2 °C in SOW 2 (Figure 
1), since for the development of crop maize the thermal 
demand is between 8 and 44 °C, with maximum growth 
occurring between 26 and 34 °C (Kiniry, 1991). 

Crop cycle decreased with the advance of the sowing 
dates due to the greater availability of daily thermal 
energy, ranging from 108 (SOW 4) to 117 days (SOW 1). 
The acceleration of chemical reactions together with 
the substrate availability (CO2) and energy transport 
can shorter the Maize cycle (Andersson & Backlund, 
2008), which is characteristic of C4 plants in a tropical 
environment. Thus, the shorter cycle of maize due to the 
increase in air temperature with the advance of sowing 
dates reduced the period of photosynthesis, resulting in 
less grains by the lower interception of solar radiation and 
biomass conversion (Tollenaar, 1977; Muchow et al, 1990; 
Andrade et al., 1993; Cirilo & Andrade, 1994; Bergamaschi, 
2006). Similar results were highlighted in other studies 
(Didonet et al., 2002) regarding the duration of the 
phenological phase and grain yield.

The plants in the treatments D1, D2, D3, and D4 had an 
average radiation extinction coefficient (k) of 0.46, 0.58, 
0.59, and 0.66, respectively (Figure 2). The k in treatments 
D2 and D3 were not significantly different, according to the 
SEE, thus considering that the architectures of the D2 and 
D3 plants are equivalent. The determination coefficients 
(R2) of the relations between fTPAR and LAI were greater 
than 0.70 and significant at 95% probability (t-test). In low 
plant density, the incident radiation is less intercepted 
because the LAI is little distributed between the rows of 

Figure 1. Air temperature in sowing dates (SOW 1 28Jun2013, 
SOW 2 08Jul2013, SOW 3 18Jul2013 and SOW 4 29Jul2013) of maize 
in Rio Largo, coastal region of Alagoas, 2013.
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planting, i.e., more plant density takes more advantage of 
incident radiation.

Plants with horizontally arranged leaves and more 
open foliar architecture showed a k above 0.60. Lindquist 
et al. (2005) found a k (0.67) like ours in the period of 
grain filling. Maddonni & Otegui (1996), in research using 
different hybrids, at a density of 70,000 plants ha-1, showed 
that k varied between 0.46 and 0.64 for different types of 
hybrids, in three different locations. The highest values 
of k were observed in hybrids with a more horizontal leaf 
architecture, while hybrids with more erect leaves showed 
a lower k. Tohidi et al. (2012) calculated k for five hybrids 
and three nitrogen levels in the semi-arid region of Iran, 
where k ranged from 0.56 to 0.60 for the highest and lowest 
nitrogen level and from 0.52 to 0.69 when comparing maize 
hybrids.

We found a strong relation between the k and the plant 
density (R2 = 0.90), that is, the highest the density (D1) the 
lower the k, and higher k at low densities (Figure 3). The k 
found in this work serves as a tool to mechanistic models 
that use light interception of varieties with open canopy 
based on k and LAI.

Maddonni et al. (2001) determined k using also 
exponential equations in the region of Argentina and found 
a value of 0.55 at the density of 9 plants m-2 (maximum LAI 
= 6). However, at densities of 3 and 12 plants m-2, they found 

different values than in this research, probably a result 
of different characteristics of the hybrid canopy used. 
The treatment may have affected the distribution and 
growth of hybrid leaves through morphological changes 
in the leaves before radiation competition. Borrás et al. 
(2003) obtained similar results to those of Maddonni et 
al. (2001), with increasing k as a function of plant density. 
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Figure 3. Extinction coefficient (k) of solar radiation as a func-
tion of maize plant density in Rio Largo, coastal region of Alagoas, 
2013.
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Monsi & Saeki (1953) reported k with a value equal to 1.0 
for ideally distributed horizontal leaves and 0.44 for leaves 
with lower inclination angle at insertion. For Müller et al. 
(2005), the smallest k occurred in treatments less efficient 
at interception, due to more erect and smaller leaves that 
reduce the capacity of light interception between leaf 
layers. The authors attribute the result to unadjusted plant 
population density and/or row spacing.

The solar radiation is more intercepted in crop with 
higher density and more erect leaves. Thus, the structure 
of the canopy of plants, population density and types 
of hybrids/maize varieties modify light interception. 
Genotypes with most erect foliar structure in higher plant 
density use better the solar radiation and experience 
lower competition on the canopy. Thus, the larger the k 
the smaller the fraction of radiation intercepted by the 
leaf structure by the densification of the plants.

The density of plants and their architecture influence 
the quantity and quality of light allowing a better use and 
conversion into biomass (Monteith, 1973; Campbell, 1986). 
The RUE for biomass increased with plant density, however 
the sowing dates had varied values of RUE (Figure 4), due 

to the difference in solar irradiance.
The intercepted photosynthetic irradiation (HIPAR) in 

the SOW 1 cycle varied according to the planting densities, 
in which D1 and D2 were higher (563.6 and 564.0 MJ m-2) 
and D3 and D4 were 475.5 and 480.8 MJ m-2, respectively. In 
SOW 2, the HIPAR in the cycle for D2 was the highest (522.3 
MJ m-2) about 14% than in D4 (450.1 MJ m-2). D1 and D3 
accumulated HIPAR of 517.2 and 509.9 MJ m-2, respectively. 
SOW 3 accumulates radiation intercepted by crops in D2, 
D1, D3 and D4 ranging from 437.2 (D4) to 537.5 MJ m-2 (D2).  
In the last sowing date (SOW 4), the accumulated HIPAR 
values decreased from 542.1 (D1) to 450.3 MJ m-2 (D4).

The daily HIPAR t increased in all treatments up to the 
maximum LAI (at the end of the vegetative phase of the 
crop) when the translocation of photoassimilates to the 
ears, leaf senescence and decrease of LAI began (in the 
reproductive phase of the plant), and consequently lower 
light interception. LAI values decreased with the decrease 
in plant densities, but it does not mean that the density 
with higher LAI intercepts more radiant energy. The 
interception also depends on the architecture of plants, 
that is, spatial arrangements of planting densities – 
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depends, therefore, on LAI, k and the angle of incidence of 
solar radiation.

Marchão et al. (2006) showed a correlation between 
plant densities and interception of radiation in maize 
crop. The higher plant density allows greater interception 
of photosynthetic radiation and higher grain yield. In 
the present study, the highest densities of plants had 
the highest interception of radiant energy, however, 
concerning the two highest densities, D2 intercepted 
lighter than D1. The higher plasticity of the leaves in the 
lower density crop may explain the lower interception of 
radiant energy. Similar results were found by Sangoi et al. 
(2011).

We did not find an effect of sowing dates and interaction 
between sowing dates and plant densities on the grain 
yield (GY) (F-test, p < 0.05). However, the grain yield was 
significantly affected by plant density. The highest mean 
of GY (mean of the dates) occurred at D3 treatment (6067.3 
kg ha-1), with a maximum of 6409.2 kg ha-1 in SOW 2 (Figure 
5) and a minimum of 4656.5 kg ha-1 at D1 treatment. The 
quadratic regression explained 89% of the GY values as a 
function of plant densities.

We observed the highest ratio of GY and accumulated 
biomass (harvest index - HI) in D4 (0.46) and was 56% 
higher than D1 (0.20, the lowest HI) and the average HI 
was 33%. The results show that when the density of plants 
increased the accumulation of biomass increased but the 
GY decreased, likely due to the self-shading of the leaves 
and the low capacity to translocate the photoassimilates 
to fill the grains of this maize reached. Yang et al. (2004) 
also observed decreasing HI due to the increase in plant 
population, ranging from 0.49 (113,000 plants ha-1) to 0.53 
(70,000 plants ha-1) in the 1999 survey and from 0.50 (110,000 
plants ha-1) to 0.54 (69,000 plants ha-1) in the 2000 survey. 
Argenta et al. (2001) found different HI but unaffected by 
plant density. According to the authors for a population of 
50 thousand plants ha-1, the HI ranged between 0.42 and 
0.50. Demetrio et al., (2008) found a maximum value of 0.44 
for the population of 58 thousand plants per hectare.

The SOW 1 had the highest RUE (4.09 g MJ-1) and SOW 4 
the lowest (3.71 MJ m-1). SOW 2 showed the highest value of 
RUEy (1.15 g MJ-1) and a difference of about 15 % of SOW 4, 
which was the lower (1.01 g MJ-1) (Table 1) but the RUE and 
RUEy of maize plants sown in different dates tested did 
not differ by the F-test (p<0.05). We also not found effect 
of the interaction between sowing dates x plant densities. 
The coefficients of variation showed good experimental 
accuracy, both for RUE and for RUEy (Scapim et al., 1995) 
(Table 2).

The highest RUEy occurred at D3 and the lowest at D1. 
Plant densities significantly affected the RUE and RUEy 
(F-test p<0.05), only for linear regression, indicating that 
the 1st degree equation explains the characteristic of 

the RUE and RUEy as a function of the increase in plant 
density. Plant density significantly increased the RUE from 
2.98 at low density (D4) to 4.74 at higher densities (D1). The 
effect of plant density on RUE was the opposite for RUEy, 
so that lower RUEy were found at lower plant densities 
(Figure 6). The high RUE for maize crop is associated with 
high light saturation point and higher CO2 capture at high 
temperatures.  This is a result of the high efficiency of the 
enzyme phosphoenolpyruvate carboxylase in the fixation 
of CO2 in the sheath beam cells. While the enzyme ribulose-
1.5-biphosphate carboxylase oxygenase is present in 
the mesophilic foliar cells unable to exercise oxygenase 
function.

The high plant density increased LAI and interception 
of solar radiation. The spatial arrangement of the plants 
changed the distribution of leaves enhancing the use of 
solar radiation and biomass conversion. This effect was 
negative for grain production, very likely because the 
increased density of plants raised the competition causing 
physiological limitation (Mundstock, 1977). Stressed 
plants can absorb the same amount of solar radiation as 
unstressed plants but have a lower photosynthetic rate 
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Table 1. Effect of sowing dates on the radiation use efficiency 
(RUE) for biomass production and (RUEy) grain yield of maize 
(Zea mays L.) in Rio Largo, coastal region of Alagoas, 2013.

Treatments RUE (g MJ-1) RUEy (g MJ-1)
SOW 1 4.09 a 1.05 a

SOW  2 3.56 a 1.15 a

SOW  3 3.96 a 1.10 a

SOW  4 3.71 a 1.01 a

Notes: Mean followed by the same lowercase letter in a column do not dif-
fer by the Tukey test (p <0.05).
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and yield conversion (Kunz et al., 2007).
Ferreira Junior et al. (2014) found similar value 

(maximum RUE 3.85 g MJ-1) using a cultivar BR 106 from 
EMBRAPA for a population of 62500 plants ha-1. Kunz et 
al. (2007) found RUE values of 3.2 g MJ-1, for crops with 
70,000 plants ha-1, under irrigated conditions and 0.8 m 
row spacing. When the authors decreased the row spacing 
to 0.4 m, RUE increased (4.0 g MJ-1), concluding that at 
the same density there was an increase in the intercept 
efficiency of PAR with a reduction in the row spacing, due 
to a more equidistant distribution between plants. Still, 
allowing better leaf architecture favoring the interception 

Table 2. Mean squares of the analysis of the variance of the ef-
fects of sowing dates and plant densities of the variables: radia-
tion use efficiency (RUE) for biomass, radiation use efficiency 
for grain yield (RUEy) and grain yield (GY) of maize in Rio Largo, 
coastal region of Alagoas, 2013.

Notes: nsNot significant at p<0.05 by F-test; *Significant at p<0.05 by F-
test; Significant at p<0.01 by F- test; GL = Graus of freedom.

Source de variation
GL

RUE RUEy GY
Mean Squares

Block 3 - - -

SOW 3 0.93ns 0.06ns 1550444,50ns

Residue (a) 9 0.34 0.03 699213,88

Densities (3) 9.74* 0.49* 5401316,36*

Linear 1 28.69* 1.36* 11485231,3*

Quadratic 1 0.44ns 0.002ns 1633298,27ns

Cubic 1 0.09ns 0.12ns -

Densities X SOW 9 0.27ns 0.02ns 642168,22ns

Residue (b) 36 0.25 0.01 445815,74

Total 63

Coefficient of variation a (%) 15.21 15.27 15.57

Coefficient of variation b (%) 13.04 11.63 12.43

Overall average 3.83 1.08 5371,37

of photosynthetic radiation.
França et al. (1999) obtained a value of 2.6 g MJ-1 for 

a population of 67 thousand plants per hectare. Values 
between 2.5 and 2.8 g MJ-1 were found for sorghum crop 
and at a mean of 2.2 for other crops (sunflower, rice and 
wheat) (Muchow & Davis, 1988; Kiniry et al., 1989). Cirilo 
& Andrade (1994) show for maize crop values up to 4.2 g 
MJ-1 in a period of higher solar radiation and similar values 
were found by (Bonhomme et al., 1982; Muchow & Davis, 
1988; Kiniry et al., 1989). Thus, the RUE has values   between 
2.5 and 4.6 g MJ-1, varying with plant density and lea f 
architecture. 

Conclusions

The maize plants at higher densities showed higher 
leaf area index and dry biomass. In low plant density, the 
incident radiation is less intercepted because the leaf area 
index is little distributed between the rows of planting. 
The increase in leaf area index decreased the transmitted 
solar irradiance. The radiation extinction coefficient was 
lower at higher plant densities in the evaluated maize. 
We found a unimodal relationship between crop yield and 
plant density, with higher yield at density of 50,000 plants 
per hectare. The effect of plant density on Radiation use 
efficiency for the accumulation of biomass (increase) was 
the opposite to that of the Radiation use efficiency for 
grain yield.

Acknowledgments

To the Coordination of Improvement of Higher Level 
Personnel (CAPES), National Council for Scientific and 
Technological Development (CNPq) and Foundation for 
Research Support of the State of Alagoas (FAPEAL).

Figure 6. A) Radiation use efficiency for aerial dry biomass (RUE) and B) for grain yield (RUEy) as a function of the maize plant density 
in Rio Largo, coastal region of Alagoas, 2013.

  

 552 

Figure 5. Quadratic regression for grain yield as a function of the maize plant density in 553 

Rio Largo, coastal region of Alagoas, 2013. 554 

 555 

 556 

Notes *Significant coefficients at 5% probability, according to the t test.  557 

Figure 6. A) Radiation use efficiency for aerial dry biomass (RUE) and B) for grain 558 

yield (RUEy) as a function of the maize plant density in Rio Largo, coastal region of 559 

Alagoas, 2013. 560 

 561 



394 Agrometeoros, Passo Fundo, v.27, n.2, p.387-396, dez 2019.

References

ALLEN, R. G.; PEREIRA, L. S.; RAES, D.; SMITH, M. Crop 
evapotranspiration: Guidelines for computing crop water 
requirements. Rome: FAO. 1998. 300p. Irrigation and Drainage Paper 
No. 56, FAO.

ANDERSSON, I.; BACKLUND, A. Structure and function of Rubisco. Plant 
Physiology and Biochemistry, v.46, p.275-291, 2008. 

ANDRADE, F. H.; UHART, S. A.; CIRILO, A. Temperature affects radiation 
use efficiency in maize. Field Crops Research, v. 32, n. 1, p. 17-25, 1993. 

ANDREA, M. C. D. S.; BOOTE, K. J.; SENTELHAS, P. C.; ROMANELLI, T. L. 
Variability and limitations of maize production in Brazil: Potential yield, 
water-limited yield and yield gaps. Agricultural Systems, v.165, p.264-
273, 2018.

ARAÚJO, E. F.; ARAUJO, R. F.; SOFIATTI, V.; SILVA, R. F.  Maturação de 
sementes de milho- doce – Grupo super doce. Revista Brasileira de 
Sementes, v.28, n.2, p.69-76, 2006. 

ARGENTA, G.; SILVA, P. R. F.; BORTOLINI, C. G.; FORSTHOFER, E. L.; 
MANJABOSCO, E. A.; BEHEREGARAY NETO, V. Resposta de híbridos 
simples de milho à redução do espaçamento entre linhas. Pesquisa 
Agropecuária Brasileira, v.36, p.71-78, 2001.

BENINCASA, M. M. P. Análise de crescimento de plantas: noções 
básicas. Funep, 1988. 

BERGAMASCHI, H.; DALMAGO, G. A.; COMIRAN, F.; BERGONCI, J. I.; 
MÜLLER, A. G.; FRANÇA,  S.; SANTOS, A. O.; RADIN, B.; BIANCHI, C. A. 
M.; PEREIRA, P. G. Déficit hídrico e produtividade na cultura do milho. 
Pesquisa Agropecuária Brasileira, v.41, n.2, p.243-249, 2006. 

BONHOMME, R.; RUGET, F.; DERIEUX, M.; VINCOURT, P. Relations 
entre production de matière sèche aérienne et énergie intercptée chez 
différents génotypes de mais. C. R. Academie Sciences, Série III, Paris, 
n. 294, p. 393-397. 1982. 

BORRÁS, L.; MADDONNI, G .A.; OTEGUI, M. E. Leaf senescence in maize 
hybrids: plant population, row spacing and kernel set effects. Field 
Crops Research, v .82, p.13-26, 2003. 

CAMPBELL, G. S. Extinction coefficients for radiation in plant 
canopies calculated using an ellipsoidal inclination angle distribution. 
Agricultural and Forest Meteorology, v.36, p.317-321, 1986.

CIRILO, A. G.; ANDRADE, F. H. Sowing date and maize productivity: I. 
Crop growth and dry matter partitioning. Crop science, v. 34, n. 4, p. 
1039-1043, 1994.

CONAB. Acompanhamento da safra brasileira: v. 7 Safra 2019/20 - 
Terceiro levantamento, Brasília, p. 1-109. dezembro 2019. 

DEMÉTRIO, C. S.; FORNASIERI FILHO, D.; CAZETTA, J. O.; CAZETTA, 
D. A. Desempenho de híbridos de milho submetidos a diferentes 
espaçamentos e densidades populacionais. Pesquisa Agropecuária 
Brasileira, v.43, p.1.691-1.697, 2008.

DIDONET, A.; RODRIGUES, D. O.; MARIO, J. L.; IDE, F. Efeito da radiação 
solar e temperatura na definição do número de grãos em milho. 
Pesquisa Agropecuária Brasileira, v. 37, n. 7, p. 933-938, 2002. 

DOORENBOS, J.; KASSAM, A. H. Yield response to water. FAO 
Irrigation and Drainage Paper 33. Rome: Food and Agriculture 
Organization of United Nations, 1979. 193p. 

DOURADO NETO, D., VIEIRA, P.A.; MANFRON, P.A.: PALHARES, M.; 
MEDEIROS, S.L.P.; ROMANO, M.R. Efeito da população de plantas e do 
espaçamento sobre a produtividade de milho. Revista Brasileira de 
Milho e Sorgo, v. 2, n. 03, 2003.

EARL, H.J.; DAVIS, R.F. Effect of drought stress on leaf and whole canopy 
radiation use efficiency and yield of maize. Agronomy Journal, v.95, 
p.688-696, 2003.

FERREIRA JUNIOR, R. A.; SOUZA, J. L.; LYRA, G. B.; TEODORO, I.; SANTOS, 
M. A.; PORFIRIO, A. C. S. Crescimento e fotossíntese de cana-de-açúcar 
em função de variáveis biométricas e meteorológicas. Revista Brasileira 
de Engenharia Agrícola e Ambiental, v.16, p.1229-1236, 2012. 

FERREIRA JUNIOR, R. A.; SOUZA, J. L.; TEODORO, I.; LYRA, G. B.; SOUZA, 
R. C.; ARAÚJO NETO, R. A. Eficiência do uso da radiação em cultivos 
de milho em Alagoas. Revista Brasileira de Engenharia Agrícola e 
Ambiental, v. 18, n. 3, p. 322-328, 2014.

FLÉNET, F.; KINIRY, J. R.; BOARD, J. E.; WESTGATE, M. E.; REICOSKY, D. C. 
Row spacing effects on light extinction coefficients of corn, sorghum, 
soybean, and sunflower. Agronomy Journal, v. 88, n. 2, p. 185-190, 1996. 

FRANCIS, C. A.; RUTGER, J. N.; PALMER, A. F. E. A rapid method for plant 
leaf area estimation in maize (Zea mays L.). Crop Science, v.9, p. 537-
539,1969. 

FRANÇA, S.; BERGAMASCHI, H.; ROSA, L. M. G. Modelagem do 
crescimento de milho em função da radiação fotossinteticamente ativa 
e do acúmulo de graus-dia, com e sem irrigação. Revista Brasileira de 
Agrometeorologia, v.7, n.1, p 59-66, 1999.

HERMANN, E. R.; CÂMARA, G. M. S. Um método simples para estimar a 
área foliar de cana-de-açúcar. STAB Açúcar, Álcool e Subprodutos, 
v.17, n.5, p.32-34, 1999.

HIPPS, L. E.; ASRAR, G.; KANEMASU, E. T. Assessing the interception of 
photosynthetically Active radiation in winter wheat. Agricultural and 
Meteorology, v.28, p. 253-259, 1983. 

HIROSE, T. Development of the Monsi–Saeki Theory on Canopy 
Structure and Function. Annals of Botany, v. 95, n. 3, p. 483- 494, 2005.

KINIRY, J. R.; JONES, C. A.; O’TOOLE, C.; BLANCHET, R.; CABELGUENNE, 
M.; SPANEL, D. A. Radiation-use efficiency in biomass accumulation 
prior to grain-filling for five grain-crop species. Field Crops Research, 
v. 20, p. 51-64, 1989. 

KINIRY, J. R. Maize physics development American. In: AMERICAN 
SOCIETY OF AGRONOMY. Modeling plant and soil systems. Madison: 
ASA, CSSA, SSSA, 1991. P. 55-71. (Agronomy Monographs, 31).

KUNZ, J. H.; BERGONCI, J. I.; BERGAMASCHI, H.; DALMAGO, G. A.; 
HECKLER, B. M. M.; COMIRAN, F. Uso da radiação solar pelo milho 
sob diferentes preparos do solo, espaçamento e disponibilidade 
hídrica. Pesquisa Agropecuária Brasileira, v. 42, n. 11, p. 1511-1520, 
2007.

LINDQUIST, J. L.; ARKEBAUER, T. J.; WALTERS, D. T.; CASSMAN, K. G.; 
DOBERMANN, A. Maize radiation use efficiency under optimal growth 
conditions. Agronomy Journal, v. 97, p. 72- 78, 2005. 

MADDONNI, G. A.; OTEGUI, M. E. Leaf area, light interception, and crop 
development in maize. Field Crops Research, v. 48, n. 1, p. 81-87, 1996. 

MADDONNI, G. A.; OTEGUI, M. E.; CIRILO, A. G. Plant population density, 
row spacing and hybrid effects on maize canopy architecture and light 
attenuation. Field Crops Research, v. 71, n. 3, p. 183-193, 2001. 

MAGALHAES, I. D.; LYRA, G. B.; SOUZA, J. L.; TEODORO, I.; CAVALCANTE, 
C. A.; FERREIRA JUNIOR, R. A.; SOUZA, R. C. Physiology and Grain Yield 
of Common Beans under Evapotranspirated. Irrigation & Drainage 
Systems Engineering, v. 6, n. 1, p. 1-8, 2017.

MARCHÃO, R. L.; BRASIL, E.; XIMENES, P. A. Interceptação da radiação 
fotossinteticamente ativa e rendimento de grãos do milho adensado. 
Revista Brasileira de Milho e Sorgo, v. 5, n. 02, p.170-181, 2006. 

MCCREE, K. J. The action spectrum, absorbance and quantum yield of 
photosynthesis in crop plants. Agricultural and Meteorology, v.9, 
p.191-219, 1972. 

MONSI, M.; SAEKI, T. The light factor in plant communities and its 
significance for drymatter production. Japanese Journal of Botany, v. 
14, p.22-52, 1953. 

MONTEITH, J. L. Climate and the efficiency of crop production in Britain. 
Philosophical Transactions of the Royal Society, v.281, p.277-294, 
1977.

MONTEITH, J. L. Principles of Environmental Physics. Edward Arnold, 
London, 1973, 291p.

MONTEITH, J.  L. Using tube solarimeters to measure radiation 
interception by crop canopies and to analyse stand growth. Pub. 
Delta-T Devies, document code TSL – AW-41, 1993, 11p. 



395Agrometeoros, Passo Fundo, v.27, n.2, p.387-396, dez 2019.

MONTGOMERY, E. G. Correlation studies of corn. Annual report. 
Nebraska Agricultural Experiment Station, v.24, p.108-159, 1911.  

MUCHOW, R. C.; DAVIS, R. Effect of nitrogen supply on the comparative 
productivity of maize and sorghum in a semi-arid tropical environment 
II. Radiation interception and biomass accumulation. Field Crops 
Research, v. 18, n. 1, p. 17-30, 1988. 

MUCHOW, R. C.; SINCLAIR, T. R.; BENNETT, JACKIE, M. Temperature 
and solar radiation effects on potential maize yield across locations. 
Agronomy journal, v. 82, n. 2, p. 338-343, 1990. 

MÜLLER, A. G.; BERGAMASCHI, H.; SILVA, M.I.G. Eficiências de 
interceptação, absorção e uso da radiação fotossinteticamente ativa 
pelo milho (Zea mays L.), em diferentes disponibilidades hídricas 
e verificação do modelo energético de estimativa da massa seca 
acumulada. Revista Brasileira de Agrometeorologia, v. 13, n. 1, 2005.

MUNDSTOCK, C. M. Milho: distribuição da distância entre linhas. 
Lavoura Arrozeira, v. 299, p. 28-29, 1977.

PIMENTEL, M.A.G; FONSECA, M.J.O. Cultivo do milho. 7.ed. Sete Lagoas: 
Embrapa Milho e Sorgo, 2011. (Embrapa Milho e Sorgo. Sistema de 
produção, 1). 

RITCHIE, S. W.; HANWAY, J. J.; BENSON, G. O. How a corn plant 
develops. Ames: Iowa State University of Science and Technology, 26p. 
(Special report, 48), 1993.

SANGOI, L.; ALMEIDA, M.L.; GRACIETTI, M.A.; HORN, D.; SCHWEITZER, 
C.; SCHMITT, A.; BIANCHET, P. Rendimento de grãos, produção e 
distribuição de massa seca de híbridos de milho em função do aumento 
da densidade de plantas. Revista brasileira Agrociência, v. 11, n. 1, 
p25-31, 2005.

SANGOI, L.; SCHWEITZER, C.; SILVA, P. R. F.; SCHMITT, A.; VARGAS, V. 
P.; CASA, R. T.; SOUZA, C. A. Perfilhamento, área foliar e produtividade 
do milho sob diferentes arranjos espaciais. Pesquisa Agropecuária 
Brasileira, v. 46, n. 6, p. 609-616, 2011.

 SCAPIM, C. A.; CARVALHO, C. G. P. de; CRUZ, C. D. Uma proposta de 
classificação dos coeficientes de variação para a cultura do milho. 
Pesquisa Agropecuária Brasileira, v. 30, n. 5, p. 683-686, 1995. 

SILVA, E. C.; BUZETTI, S.; LAZARINI, E. Aspectos econômicos da adubação 
nitrogenada na cultura do milho em sistema de plantio direto. Revista 
Brasileira de Milho e Sorgo, v.4, n.3, p.286-297, 2005.

SOUZA, J. L.; FILHO, G. M.; LYRA, R. F. F.; TEODORO, I.; SANTOS, E. 
A.; SILVA, J. L.; SILVA, P. R. T.; CARDIM, A. H.; AMORIN, E. C. Análise 
da precipitação pluvial e temperatura do ar na região do tabuleiro 
costeiro de maceió, AL. Período 1972–2001. Revista Brasileira de 
Agrometeorologia. v.12, p.131-141. 2004.

SOUZA, J. L.; NICÁCIO, R. M.; MOURA, M. A. L. Global solar radiation 
measurements in Maceió, Brazil. Renewable Energy, v. 30, n. 8, p. 1203-
1220, 2005.

THORNTHWAITE, C. W.; MATHER, J. R. The water balance. Centerton, 
NJ: Drexel Institute of Technology - Laboratory of Climatology, 1955. 
104p. (Publications in Climatology, vol. VIII, n.1).

TOHIDI, M.; NADERY, A.; SIADAT, S.; LAK, S. Variables productivity of 
light interception in grain maize hybrids at various amount of nitrogen. 
World Applied Sciences Journal, v. 16, n. 1, p. 86-93, 2012. 

TOLLENAAR, M. Sink source relationships during reproductive 
development in maize. A Review. Maydica, 1977. 

UNITED STATES DEPARTMENT OF AGRICULTURE (USDA). NATIONAL 
AGRICULTURE STATISTICS SERVICE (NASS). Wisconsin Ag News – 2018 
Corn County Estimates: (USDA-NASS, 2019). Available from: https://
www.nass.usda.gov/Statistics_by_State/Wisconsin/Publications/
County_Estimates/

YANG, H. S.; Dobermann, A.; Lindquist, J. L.; Walters, D. T.; Arkebauer, 
T. J.; Cassman, K. G. Hybrid-maize—a maize simulation model that 
combines two crop modeling approaches. Field Crops Research, v. 87, 
n. 2, p. 131-154, 2004.

SARMENTO, P. L. V. S.; SOUZA, J. L.; FERREIRA JUNIOR, R. A.; LYRA, G. B.; TEODORO, I.; LYRA, G. B.; 
ROCHA, A. E. Q.; MAGALHÃES, I. D.; CAVALCANTE JÚNIOR, C. A. Radiation use efficiency in maize as 
a function of sowing dates and plant densities. Agrometeoros, Passo Fundo, v.27, n.2, p.387-396, dez 
2019.

CITATION



396 Agrometeoros, Passo Fundo, v.27, n.2, p.387-396, dez 2019.

SARMENTO, P. L. V. S.; SOUZA, J. L.; FERREIRA JUNIOR, R. A.; LYRA, G. B.; TEODORO, I.; LYRA, G. B.; ROCHA, 
A. E. Q.; MAGALHÃES, I. D.; CAVALCANTE JÚNIOR, C. A. Radiation use efficiency in maize as a function of 
sowing dates and plant densities. Agrometeoros, Passo Fundo, v.27, n.2, p.387-396, dez 2019.

REFERENCIAÇÃO

Eficiência no uso da radiação no milho em função de datas 
de semeadura e de densidades de plantas

O Objetivo deste trabalho foi avaliar a eficiência do uso de radiação (EUR) para a 
biomassa acumulada e para o rendimento de grãos na cultura do milho irrigado 
em função de datas de semeadura (DS) e de densidades de plantas (D) em Rio 
Largo, Alagoas, no ano de 2013. As DS foram DS 1 (28/06/13), DS 2 (08/07/13), DS 
3 (18/07/13), DS 4 (28/07/13) e as densidades de plantas foram D1 = 125.000, D2 = 
87.500, D3 = 50.000, D4 = 37.500 plantas ha-1. As datas de semeaduras e a interação 
dessas datas com as densidades de plantas não tiveram efeitos significativos na 
produtividade de grão e na EUR, porém a densidades de plantas teve significância. 
A maior média de produtividade de grãos (6067,3 kg ha-1) ocorreu na D3 diminuindo 
nas maiores densidades. A EUR aumentou de 2,98 g MJ-1 em baixa densidade (D4) 
para 4,72 g MJ-1 em densidade mais alta (D1). As plantas de milho com maiores 
densidades apresentaram maior índice de área foliar e biomassa seca. Em baixa 
densidade de plantas, a radiação solar incidente é menos interceptada porque o 
índice de área foliar está mal distribuído entre as linhas de plantas. O efeito da 
densidade de planta na EUR para a acúmulo de biomassa foi o oposto para a EUR 
para rendimento de grãos (EURr), de modo que foram encontrados menores EURr 
em densidades mais baixas.

História do artigo:

Recebido em 27 de novembro de 2019 

Aceito em 11 de março de 2020

Termos para indexação: 

radiação solar

acúmulo de biomassa

rendimento de culturas

coeficiente de extinção

INFORMAÇÕES RESUMO

© 2020 SBAgro. Todos os direitos reservados.

www.sbagro.org.br DOI: http://dx.doi.org/10.31062/agrom.v27i2.26646ISSN 2526-7043

Pedro Luã Vieira de Souza Sarmento1, José Leonaldo de Souza1(*), Ricardo Araujo Ferreira Junior1, Guilherme Bastos Lyra1, Iêdo 

Teodoro1, Gustavo Bastos Lyra2, Adolpho Emanuel Quintela da Rocha3, Ivomberg Dourado Magalhães1 e Constatino Antônio 

Cavalcante Júnior1
.

1Universidade Federal de Alagoas (UFAL). Av. Lourival Melo Mota, s/n - Tabuleiro dos Martins, CEP: 57072-900 Maceió, AL. 
E-mails: pedro.agronomia_ufal@hotmail.com, jls@ccen.ufal.br, ricardo.junior@ceca.ufal.br, gbastoslyra@gmail.com, iedoteodoro@gmail.com, 
ivomgerb31@hotmail.com e constantinocavalcante@hotmail.com
2Universidade Federal Rural do Rio de Janeiro. Seropédica.E-mail: gblyra@gmail.com
3Universidade Federal de Viçosa (UFV). Avenida Peter Henry Rolfs, s/n, Campus Universitario, CEP 36570-900 Viçosa, MG.
E-mail: adolphoquintela@hotmail.com
(*)Autor para correspondência. 


