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ABSTRACT
Best fertilizer management practices such as adopting the right N sidedress timing can reduce N losses 
by volatilization, thus, raising N-fertilizer recovery and grain yield. To evaluate ammonia (N-NH3) losses, 
N-fertilizer recovery and grain yield as a function of urea sidedress timing in corn, a field study was 
conducted during the 2011-2012 and 2012-2013 growing seasons, adopting a complete randomized block 
design with four replications. Treatments consisted of urea sidedress timing (140 kg N ha-1) at V4, V6, 
V8, V10, and V12 growth stages, plus a control without sidedress N. The largest N losses by N-NH3 
volatilization occurred when urea was applied at V10 or V12 growth stages, reaching losses of 35 and 
41 % of the total applied N. Although climatic factors influences N-NH3 volatilization process, crop 
characteristics such as canopy development also seems to affect N-NH3 losses. Nitrogen application at V4 
or V6 growth stages resulted in greater N-fertilizer recovery from urea sidedress, reaching values of 53 %. 
No increase in corn grain yield was observed with N application at different corn growth stages during the 
two growing seasons evaluated, most likely due to high N mineralization rates from the soil.
Key words: 15N isotope, Nitrogen fertilization, Nitrogen volatilization, Zea mays.
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INTRODUCTION

Among N sources in Brazil, urea is the most 
commonly used, mainly because it has the lowest 
cost per unit of  N compared to other solid N 
fertilizers currently available in the market. When 
applied to soil, urea undergoes hydrolysis by the 
action of an enzime called urease, converting R-NH2 
to NH4

+. By consuming H+, this reaction increases 

soil pH near the fertilizer granules, favoring 
deprotonation of NH4

+ to NH3, a gas possible of 
volatilization losses that can reach values up to 
78% of total N applied (Lara Cabezas et al. 2000). 
However, when urea is incorporated into soil, NH3 
losses by volatilization decrease significantly (Lara 
Cabezas et al. 2000, Trivelin et al. 2002, Sangoi et 
al. 2003). 

Because of complex N dynamics in soil, 
N-fertilizer recovery efficiency generally does not 
exceed 50% (Lara Cabezas et al. 2000, Scivittaro 
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et al. 2000, Gava et al. 2006, Duete et al. 2008), 
reaching very low values of 9% in some cases (Lü et 
al. 2012). Nitrogen from fertilizer not recovered by 
the crop, in addition to being lost by volatilization, 
leaching and/or denitrification, can remain in the 
soil in organic or inorganic forms, without being 
absorbed by plants.

Among several strategies to reduce N losses, N 
supply at the optimal time and enhanced N-fertilizer 
recovery, N split application is very important 
(Randall and Vetsch 2005, Duete et al. 2008, Lü 
et al. 2012, Abbasi et al. 2013). In general, corn 
N fertilization is performed in two applications, 
with part of the rate applied at planting (30 to 40 kg 
ha-1 N) and the remaining during the V4-V6 growth 
stages (Cantarella and Duarte 2004). A higher 
recovery of N results from the synchrony between 
the N supply and the high nutrient requirement 
period (Amado et al. 2002). Although fertilizer N 
application is recommended between the V4 and 
V8 corn growth stages in tropical and subtropical 
regions, studies evaluating application time have 
found contrasting results. For example, Silva et al. 
(2006) verified no differences in fertilizer recovery 
by corn plants when N was applied during the V4 or 
V8 stages with an average recovery value of 50%. 
On the other hand, Lü et al. (2012), evaluating the 
amount and time of N application, observed higher 
fertilizer recovery when N was split applied at 
several times, including after flowering application.

Responses in grain yield and fertilizer recovery 
to late N application are observed because modern 
high-yielding hybrids take up a considerable 
amount of N after flowering (Huber et al. 1994 
Ciampitti and Vyn 2013). Therefore, as N supply to 
grains via remobilization from leaves and the stem 
is limited, uptake of high amounts of N is required 
during the reproductive stages (Ciampitti and Vyn 
2013).

Although it is hard to perform mechanized 
application of solid fertilizers to corn plants when 
they are well developed, it is becoming a common 

practice in Brazil to broadcast N over the corn 
canopy because it is easier, faster and cheaper than 
incorporating fertilizers into the soil (Vargas et al. 
2015). One of the strategies to maintain a greater 
amount of available N for a crop after flowering 
may be N application during more advanced growth 
stages than recommended (V4 – V8), but allowing 
for mechanized fertilization without damaging 
plants. In this context, the objective of this study 
was to evaluate ammonia volatilization, corn grain 
yield and N fertilizer recovery as a function of urea 
sidedress application time. 

MATERIALS AND METHODS

The experiments were conducted in a rural area of 
Piracicaba City, State of São Paulo, Brazil (22°34’ 
S; 47°37’ W), and the laboratory analyses were 
performed at the Center for Nuclear Energy in 
Agriculture, University of São Paulo (CENA/USP). 
Two field experiments were conducted during 
the 2011–2012 and 2012–2013 growing seasons, 
arranged on a randomized complete block design 
(RCBD) with four replicates, in a conventional 
tillage managed soil. The soil of the experimental 
area is classified as a Rhodic Haplustox (Soil 
Survey Staff 2014), and it has been cultivated with 
corn during the last three growing seasons during 
the summer while remaining fallow during the off 
season. Prior to experiment implantation, chemical 
and physical characterization of the 0.0–0.2 and 
0.2–0.4 m soil layers were performed (Table 
I). Treatments consisted of five urea sidedress 
application times, during the V4, V6, V8, V10 and 
V12 corn growth stages, and a control treatment 
without a sidedress N application. The experimental 
plots were 5 m wide and 10 m long, with corn rows 
spaced every 0.5 m. A microplot 0.5 wide and 1.5 
m long to apply 15N-labelled urea (2 atom % 15N) 
was installed inside each plot, using the same rate 
and time of the commercial urea applied on the 
remainder of the plot.
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 Ammonia volatilization was measured using 
a semi-open static collector, adopting the model 
described by Nömmik (1973) and calibrated by Lara 
Cabezas et al. (1999), changing the collector base 
position between sampling dates, as proposed by 
Cantarella et al. (2003). Collectors were placed on 
the plots immediately after N fertilizer application. 

Four plants from the microplots (two plants 
from the center of each corn row adjacent to the 
15N-urea application line) were sampled and 
separated into leaves (leaves + tassel + husk leaves), 
stem, cob and grain, and then oven dried, weighed 
and finely milled for determination of total nitrogen 
(TN) and 15N abundance using a mass spectrometer 
(Barrie and Prosser 1996). Accumulated N (AN) 
in the different parts of the plants was calculated 
using equation 1:

( ) ( ) ( )1   
      .1     

1000
DM NC

AN kg ha Eq− ×
= 	 (Eq. 1)

where AN is the accumulated N in the different 
parts of the plant (kg ha-1); DM is dry mass 
accumulated in the different fractions of the plants 
(kg ha-1); and NC is N concentration in the different 
parts of the plants (g kg-1). 

Summing the AN of each part of the plant 
(grains, cob, stalk and leaves), total accumulated 

Before corn planting, in Oct. 2011 and Nov. 
2012, lime was applied to the soil aiming to increase 
the base saturation to 70%, with incorporation 
by disking harrow operation. On 12/8/2011 and 
12/19/2012, corn was planted manually, placing 
seeds in pairs every 0.33 m in the planting furrow, 
with a manual thinning operation during V4 
(leaving one plant every 0.33 m), aiming to obtain 
a uniform plant stand and a final population of 
60,000 plants ha-1. For both growing seasons, the 
basal fertilization was 750 kg ha-1 of a formulated 
04-14-08 applied on every plot, resulting in 30, 105 
and 60 kg ha-1 of N, P2O5 and K2O, respectively. For 
sidedress N, 140 kg N ha-1 were applied as urea. 
During V4, 60 kg of K2O ha-1 were sidedressed as 
potassium chloride. Both the N and K2O rates were 
defined in order to obtain a high grain yield (10–
12 Mg ha-1), as recommended by Cantarella et al. 
(1997). Urea sidedress application was performed 
in a single-side surface banding (0.25 m from the 
crop row). Application times for every treatment 
were represented as the V4, V6, V8, V10 and V12 
growth stages, as described by Ritchie et al. (1993). 
Corn hybrid 30F35HR from Pioneer® was used, 
and cultural practices were performed according to 
the crop needs.  

TABLE I
Chemical characterization and clay content of the experimental area. Piracicaba (SP), Brazil.

Layer pH† P‡ K‡ Ca‡ Mg‡ H+Al§ Al¶ CEC# BS†† OM‡‡ Clay
m mg dm-3 ------------------- mmolc dm-3 --------------------  % ---- g kg-1 ----

Growing season 2011-2012
0.00–0.20 4.9 27 1.9 30 13 42 1 87 52 29 529
0.20–0.40 4.5 32 0.6 19 8 58 5 86 32 22 548

Growing season 2012-2013
0.00–0.20 4.8 29 1.3 16 9 47 2 73 36 30 -
0.20–0.40 4.6 21 0.6 10 7 52 3 70 25 24 -

† pH in 0.01 mol L-1 CaCl2, with ratio of 1:2.5 for soil and solution;
‡ extracted with ion exchange resin; 
§ determined by the SMP at 7.0 pH buffer method;
¶ extracted with KCl 1 mol L-1, with ratio of 1:10 for soil and solution;
# potential cation exchange capacity;
†† base saturation;
‡‡ Organic matter, determined by oxidation with potassium dichromate 0.167 mol L-1. Methods described by Raij et al. (2001).
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nitrogen in the aboveground part of the plant (TAN) 
was obtained.

Fertilizer recovery efficiency (FRE) was 
measured at the end of the crop cycle (physiological 
maturity) and calculated using equation 2:

( )

15
 

15
 

 
 % 1 00  2 

Np AN
Nf

FRE
NF

  
×  

  = × × 
  
 

	 (Eq. 2)

where FRE is fertilizer recovery efficiency 
(%); 15Np is the abundance of 15N in excess in 
the different parts of the plants (%); 15Nf is the 
abundance of 15N in excess in the fertilizer applied 
(%); AN is the accumulated N in the different parts 
of the plants (kg ha-1); and NF is the amount of N 
applied via fertilizer (kg ha-1).

Considering that plants uptake a similar 
amount of nutrients from fertilizer applied on each 
side of a corn row (Jhonson and Kurtz 1974) and 
that labeled fertilizer was applied on the center of 
the inter-rows (equivalent to one of the sides of each 
row where plants were sampled), we assumed that 
50% of the N derived from fertilizer in the plant is 
taken up from the labelled fertilizer and 50% from 
the conventional fertilizer, making it necessary to 
use the multiplication factor 2 in equation 2.

Nitrogen derived from fertilizer (NDFF) was 
calculated using equation 3: 

( ) ( )  
 %  

FRE NF
NDFF

AN
×

= 	 (Eq. 3)

where NDFF is N derived from fertilizer 
(%); FRE is fertilizer recovery efficiency in the 
different parts of the plants (%); NF is the amount 
of N applied via fertilizer (kg ha-1); and AN is the 
accumulated N in the different parts of the plants 
(kg ha-1).

At the end of the crop cycle, grain yield was 
measured by harvesting all ears from the two 
central rows (neglecting 1 m at the beginning and 
at the end of the plot). Ears were then threshed, and 

grains were weighed with a humidity correction to 
130 g kg-1.

Using the dry mass of the aboveground part 
of the plant, grain dry mass, N accumulated in the 
aboveground part of the plant and N accumulated 
in grain, the grain and nitrogen harvest indexes 
were calculated, according to equations 4 and 5, 
respectively:

( ) %  1 00  GDMGHI
TDM

= × 	 (Eq. 4)

where GHI is grain harvest index (%); GDM is 
grain dry mass (kg ha-1); and TDM is total dry mass 
of the aboveground part of the plant (leaves, stalk, 
cob and grain) (kg ha-1).

( ) %  100 GNANHI
TAN

= × 	 (Eq. 5)

where NHI is nitrogen harvest index (%); GNA 
is grain nitrogen accumulation (kg ha-1); and TAN 
is total nitrogen accumulation in the aboveground 
part of the plant (kg ha-1).

Results of each growing season were submitted 
separately to analysis of variance (p≤0.05), and 
when the F test resulted in significance, means of 
the treatments (time of nitrogen application) were 
compared by Tukey’s test (p≤0.05). For statistical 
analysis, SAS version 9.2 was used (SAS Institute 
2009).

RESULTS AND DISCUSSION

Climatic conditions were not a limiting factor for 
the normal development of corn plants during the 
experiments (Figure 1).

The higher N losses by ammonia volatilization 
were observed when urea was applied during the 
V12 or V10 growing stages, reaching values of 
35 and 41% of the N applied, in 2011-2012 and 
2012-2013, respectively (Figure 2). When N was 
applied during V8, intermediate losses occurred 
(up to 20%). On the other hand, applying N during 
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V6 during the first season, approximately 11% of 
the applied N was lost, while during 2012–2013, 
ammonia losses did not surpass 1.5%. For N 
application during V4, volatilization losses were 
negligible, with less than 0.5% of the total N 
applied.

In locations under the same soil cover 
management and nutrients application methods, 
ammonia volatilization variation occurs mainly 
due to the different climate conditions during the 
days after fertilizer application (Da Ros et al. 2005, 
Fenilli et al. 2007). Even when rainfall occurred 
few days after urea application for almost every 
treatment and for both growing seasons (Figure 
1), except during V12 in 2011–2012, ammonia 
volatilization was higher as later the N application 
was performed (Figure 2). Therefore, if the amount 
of rainfall after N fertilizer application is not 
enough to incorporate the fertilizer (or its hydrolysis 
products) into the soil, to a depth that minimizes 
ammonia volatilization, that rainfall may contribute 
even more to N loss by volatilization. This occurs 
because rainfall increases soil water evaporation 
(SWE) potential (if all other climate conditions 
are maintained), which according to Wahhab et al. 

(1957) and Al-Kanani et al. (1991), is essential for 
ammonia diffusion to the atmosphere.

Considerable amount of rain (> 20 mm) 
immediately after urea application on the soil 
surface was one of the factors that likely reduced 
ammonia losses by volatilization, explaining the 
minimal losses observed during V4 in the first 
growing season and during V6 in the second. In 
2012–2013, ammonia losses during V4 were also 
minimal, even with rainfall (15 mm) occurring only 
the second day after the N-fertilizer application, 
followed by three days with no rainfall, which 
could have increased ammonia losses. However, 
as urea was applied on the dry soil surface, 
probably the N-fertilizer hydrolysis was limited, 
remaining as urea, and after the 15-mm rainfall, it 
was incorporated deep enough to reduce ammonia 
losses. Black et al. (1987) related that 73% of the 
total N applied on a dry soil remained as non-
hydrolyzed form 30 days after the application.  

As a non-ionic molecule, urea is more mobile 
in the soil compared to NH4

+ (Black et al. 1987, 
Dawar et al. 2011), requiring smaller amount of 
water to be incorporated into the soil. The lowest 
mobility of ammonium is because positive ions 
may be trapped in the negative charges of the 

Figure 1 - Daily rainfall and daily mean temperature during the 2011–2012 (a) and 2012–2013 (b) growing seasons.
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soil. Evaluating urease enzyme inhibitor (UEI) 
effectiveness, Dawar et al. (2011) observed that urea 
without UEI applied on the soil surface hydrolyzed 
rapidly (in adequate humidity and temperature 
conditions), forming a great amount of NH4

+ in the 
upper soil layers, which may promote ammonia 
volatilization. On the other hand, when using UEI, 
the authors observed delayed urea hydrolysis, that 
occurred mostly in the subsurface, due to the higher 
movement of N in the form of urea trough the soil 
profile. Thus, the higher mobility of urea alongside 
with the possibility of its hydrolysis in deeper soil 
layers, could explain the low ammonia lost when N 
was applied during V4 during the second growing 
season, even with the occurrence of a single 15-
mm rainfall in the five subsequent days after the 
fertilizer application.

Although during other growth stages (i.e., 
V8 in the first season and V12 in the second) 
rainfall events of 9 mm occurred on the first 
day after fertilizer application, significant N 
volatilization was observed. In these situations, 
the amount of rainfall was likely not sufficient to 
avoid volatilization, probably because of fertilizer 
application on wet soil, which may have promoted 

urea hydrolysis with subsequent NH4
+ formation, 

which, as previously mentioned, is less mobile in 
soil.

It is also important to consider the possibility 
of interference of water interception by leaves 
and the preferential rainwater flow in older plants 
on ammonia volatilization. Some studies have 
demonstrated that part of the rainfall intercepted 
by the plant canopy can be retained in the leaves 
or reach the ground via water stemflow or as 
splash water (Parkin and Codling 1990, Alves et 
al. 2001). According to Alves et al. (2001), rainfall 
interception rates by leaves and afterwards water 
stemflow are increased as crop leaf area increases. 
In a study performed by Parkin and Codling 
(1990), for rainfalls of 3 to 7.5 mm, water stemflow 
of corn plants varied from 19 to 48% of the total 
rainfall. Therefore, the rainfalls probably occurred 
during later corn growth stages were less effective 
in incorporating the N fertilizer into the soil after 
the application on the inter-rows.

As ammonia volatilization depends on SWE, 
it is important to understand the process, which can 
be separated into three phases (Idso et al. 1974). 
During phase 1, the SWE rate is limited by the 
quantity of energy available to vaporize water from 
the upper soil layer (Lemon 1956, Idso et al. 1974, 
Ventura et al. 2006), and begins immediately after 
the end of the rainfall or irrigation. The extent of 
this phase is variable and usually longer when 
soil cover is present (Lemon 1956, Dalmago et al. 
2010). During phase 2, a reduction in soil moisture 
in the most superficial layers and soil hydraulic 
characteristics are the factors determining the liquid 
and vapor transference to the surface (Lemon 1956, 
Idso et al. 1974, Ventura et al. 2006). During this 
phase, evaporation occurs below the soil surface 
and the water vapor reaches the soil surface by 
molecular diffusion and by mass flow (Jensen et 
al. 1990). Phase 3 is mainly determined by the 
physical and adsorptive characteristics of the soil, 

Figure 2 - Amount and percentage of volatilized nitrogen 
from urea sidedressed during different corn growing stages. 
For each growing season, columns with different letters differ 
between each other by Tukey’s test (p≤0.05). Coefficients of 
variation for the 2011–2012 and 2012–2013 growing seasons 
were 28 and 39%, respectively.
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with the SWE rate of little importance (Ventura et 
al. 2006).

Based on this distinction of SWE phases, it 
is possible that higher crop leaf area during more 
advanced growth stages may have contributed to 
the differences in losses by volatilization. On a 
first analysis, higher soil cover preventing direct 
sunlight incidence may have reduced the amount of 
incident energy and consequently the SWE during 
phase 1 (Dalmago et al. 2010), reducing ammonia 
losses. However, higher soil cover also increases the 
duration of the SWE phase 1 (Dalmago et al. 2010), 
maintaining higher soil moisture in the surface and 
favoring the occurrence of various reactions that 
contribute to volatilization losses (e.g., hydrolysis 
and conversion of NH4

+ to NH3). On the other 
hand, when soil cover is inexistent or negligible 
(e.g., during the V4 and V6 growing stages), the 
extent of phase 1 will decrease, and the beginning 
of phase 2 is earlier than that of the other corn grow 
stages (e.g., V8, V10, V12). During this second 
SWE phase, as liquid water turns to vapor some 
centimeters below the soil surface (Jensen et al. 
1990), it interferes little with the chemical reactions 
involved in the process of ammonia volatilization 
(hydrolysis, conversion of NH4

+ to NH3, and NH3 
movement in solution by evaporation).

If there is sufficient soil humidity for urea 
hydrolysis and SWE, the ammonia volatilization 
process generally presents a maximum rate from 
two to four days after urea application (Black et 
al. 1987, Da Ros et al. 2005, Fenilli et al. 2007). 
Therefore, late rainfall event occurrence, even 
of considerable amounts, will not be sufficient to 
incorporate urea into the soil and reduce N loss, 
because ammonia losses have already occurred, 
according to the observed N application during 
the V6, V8 and V10 stages during the 2011–2012 
growing season and V10 during the 2012–2013 
growing season.

During the 2011–2012 growing season, the 
total accumulated nitrogen in the aboveground 

part of the plant (TAN) differed only between the 
N sidedress application during the V6 stage and 
the control treatment (Figure 3a). During 2012–
2013, there were no differences between treatments 
for this variable (Figure 3b). Although 30 kg ha-1 
of N were applied under the control treatment at 
planting, it may not have been sufficient to ensure 
normal development of the crop in soils with low 
N availability, as 30 kg ha-1 of N represented just 
20 and 16% of TAN at the end of the corn cycle 
during the 2011–2012 and 2012–2013 seasons, 
respectively. Up to approximately V12, during 
the two growing seasons, visual differences were 
observed between plants in the control treatments 
(slightly yellowish) and plants in the treatments 
with sidedress N application, but there were no 
differences in TAN (except between V6 and the 
control in 2011–2012) (Figure 3a). It is likely that 
the N supply to plants of the control treatment 
was slow, but steady enough to match up the other 
treatments at the end of the crop cycle. This ability 
of the soil to supply N may be related to the soil 
organic matter (SOM) content at the 0.0–0.2 m 
(29.5 g kg-1) and 0.2–0.4 m (23 g kg-1) soil layers, 
and especially to the high SOM mineralization 
rate, responsible for inorganic N supply, that are 
possibly taken up and used by plants.

Urea sidedress application in corn during the 
V4 and V6 stages, during both seasons, provided 
higher N-fertilizer recovery values (Figures 4a, b). 
A factor that may have contributed to the lower 
fertilizer recovery efficiency (FRE) when N was 
applied during more advanced growth stages, is the 
amount of ammonia volatilized, which was greater 
during V10 and V12 (Figure 2). However, even if 
we subtract the amount of N lost by volatilization 
and assume the difference between the applied and 
volatilized N as the effective rate of N-fertilizer 
available to the crop, FRE values of 53, 57, 36, 
47 and 30% during 2011–2012 and 48, 53, 39, 
44 and 26% during 2012–2013, respectively, are 
observed with urea applied during the V4, V6, V8, 
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V10 and V12 stages. Therefore, even correcting 
for the effective rate of N-fertilizer supplied to the 
crop, FRE maintained the same behavior, showing 
higher values when the fertilizer was applied 
during the V4 or V6 stages. This demonstrates 
that volatilization losses were not the only factor 
influencing the difference between the treatments’ 
FRE and that the N application time is crucial for 
fertilizer recovery by corn plants.

Several FRE values have been reported for 
corn, varying from 19 (Gava et al. 2010) to 89% 
(Lara Cabezas and Couto 2007). In addition to 
different soil-climatic conditions (Hauck 1973, 
Torbert et al. 1992), FRE variations are usually 
related to N source (Lara Cabezas and Couto 2007, 
Lange et al. 2010), soil management system (Gava 
et al. 2006), timing and method of N application 
(Lara Cabezas and Couto 2007, Duete et al. 2008, 
Lange et al. 2010), and N rate (Scivittaro et al. 
2003, Duete et al. 2008, Gava et al. 2010).

A decrease in FRE under the treatments with 
N application during later stages may be related to 
the fact that until N sidedress application, plants 
were supplied only by soil N and/or N applied at 
planting, while under the treatments with earlier 
sidedress N applications (V4 and V6), N-fertilizer 

may have been absorbed earlier, resulting in a higher 
FRE. Evaluating the rates and methods of split N 
application, Duete et al. (2008) also observed that 
applications during later stages (after V8) did not 
increase fertilizer recovery.

N-fertilizer application during the V4 and V6 
stages coincided with the beginning of the increasing 
N uptake rate, as stated by Bender et al. (2013). 
Amado et al. (2002) verified higher N recovery as 
a result of the synchrony between N supply and 
the high demand period. Additionally, during later 
growth stages, the root system is more developed, 
making the plants less dependent on N-fertilizer 
because of larger soil volume exploration.

As TAN did not differ between treatments 
(Figure 3), nitrogen derived from fertilizer (NDFF) 
followed the same behavior of FRE (Figures 4c, 
4d), showing higher values with N application 
during stages V4 and V6. The highest NDFF values 
were 33.1 and 31.7% of TAN, and the lowest were 
12.9 and 12.0 during the 2011–2012 and 2012–
2013 growing seasons, respectively.

The observed low NDFF values show that 
N-fertilizer was not the main N source for the corn 
plants, and the plant N derived from other sources 
in the soil was responsible for up to 88% of TAN, 

Figure 3 - Total accumulated nitrogen (TAN) in the aboveground part of corn plants as a function of urea sidedress timing during 
2011–2012 (a) and 2012–2013 (b). Control indicates absence of sidedress N application. Columns with different letters differ 
between each other by Tukey’s test (p≤0.05). Coefficients of variation for the 2011–2012 and 2012–2013 growing seasons were 15 
and 8%, respectively.
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similar to that reported by Gava et al. (2006) and 
Duete et al. (2008).

As N from fertilizer presents considerable 
interaction with soil organic nitrogen (SON) pools 
(Scivittaro et al. 2003), fertilizer efficiency could 
be higher than its recovery by plants at the end 
of the cycle. In this interaction, known as “pool 
substitution,” part of the N derived from fertilizer 
is immobilized by soil microbial biomass (SMB), 
and in contrast, part of the SON is mineralized, and 
can be taken up by plants (Rao et al. 1992). Another 
factor that can lead to plant fertilizer recovery 
underestimation is the possibility of gas exchange 
(uptake and emission) of N via foliar occurrence, 
especially after flowering. In this case, N from 
fertilizer is taken up by the roots, assimilated, 
incorporated into various reactions in the plant, 

and then lost to the atmosphere through the leaves. 
Therefore, due to foliar N losses (which in certain 
situations can be significant), a hypothesis is that 
plants may require greater amounts of N than just 
that estimated by final N accumulation.

Grain yield did not differ between treatments 
during the 2011–2012 and 2012–2013 growing 
seasons (Figures 5a, b), although the variation was 
greater between treatments during 2011–2012. The 
average grain yield of all treatments was 8334 and 
10848 kg ha-1, respectively, for 2011–2012 and 
2012–2013. The lowest grain yield during the first 
season was probably a result of the high incidence 
of disease in the corn, especially Diplodia ear 
rot (Stenocarpella maydis and Stenocarpella 
macrospora). Disease incidence also promoted a 
high uncontrolled variation (experimental error), 

Figure 4 - Fertilizer recovery efficiency during the 2011–2012 (a) and 2012–2013 (b) growing 
seasons and nitrogen derived from fertilizer during 2011–2012 (c) and 2012–2013 (d) as a 
function of urea sidedress timing. Columns with different letters differ between each other 
by Tukey’s test (p≤0.05). Coefficients of variation for fertilizer recovery efficiency during the 
2011–2012 and 2012–2013 growing seasons were 14 and 20% respectively. Coefficients of 
variation for nitrogen derived from fertilizer during the 2011–2012 and 2012–2013 growing 
seasons were 14 and 17%, respectively.
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constraining significant difference detection, even 
between the lowest (7120 kg ha-1) and the highest 
(9862 kg ha-1) grain yield. During the second 
growing season, pest control was effective, avoiding 
the occurrence of severe disease symptoms.

Absence of corn grain yield gain with N 
application was also observed by González 
Villalba (2014), at the same experimental site, 
evaluating blends of polymer-sulfur-coated 
urea and conventional urea applied only at corn 
planting, without further sidedress application. 
The author found that the control treatment (no 
N application) grain yield (10100 kg ha-1) was 
similar to the grain yield obtained using 180 kg 
ha-1 of N application as polymer-sulfur-coated urea 
(10750 kg ha-1) or conventional urea (9840 kg ha-

1), raising the hypothesis that the soil presents high 
N mineralization potential. Considering this, it is 
plausible that in the present study, the soil provided 
sufficient N supply for the crop, and although less N 
accumulated in the plants early in the season under 
the control treatment, N availability did not limit 
grain yield. As soil N mineralization is related to 
SOM oxidation, and according to Muzilli (1983), 
it is higher in soils under conventional tillage, the 
soil preparation operation during the two years 
probably contributed to increased N availability for 
the corn plants.    

It is common to find in the literature corn grain 
yield increases with N application (Araújo et al. 
2004, Ohland et al. 2005, Santos et al. 2010, Amado 
et al. 2013). However, there are also studies that, 
under Brazilian conditions, found little response to 
N fertilization by corn (Ohland et al. 2005, Soratto 
et al. 2010), or no response at all (Casagrande and 
Fornasieri Filho 2002, Lange et al. 2009, Goes et 
al. 2012).

No corn grain yield response to N application 
occurs when the limiting factor is not N availability 
but any other important factor. Evaluating N rates 
of corn plantings during two seasons with different 
climatic conditions, Amado et al. (2013) observed 

that when rainfall was sufficient, responses to 
N rates were higher (increase of 4241 kg ha-1 
compared to the control without N application, that 
yielded 8657 kg ha-1). However, during the season 
with a hydric deficit, a gain of only 1885 kg ha-1 
was observed with N application (control treatment 
yielded 3226 kg ha-1). Thus, according to the 
authors, high corn yields and higher response to N 
rates are associated with soil water availability and 
rainfall indexes (intensity and distribution). Water 
restriction is also cited as a possible limiting factor 
for corn response to N fertilization by Casagrande 
and Fornasieri Filho (2002), Soratto et al. (2010) 
and Goes et al. (2012), who obtained maximum 
yields of 5292, 4904 and 7683 kg ha-1, respectively, 
demonstrating grain yield limitation even with N 
supply via fertilizers. However, considering the 
high soil water-holding capacity of the experimental 
site (530 g kg-1 of clay) and the rainfall distribution 
during the crop cycle during both seasons (Figure 
1), we can verify that no water restriction was 
observed in the present study. The sufficient water 
availability is verifiable looking at the high yields 
observed during 2011–2012 and 2012–2013 (8334 
and 10848 kg ha-1, respectively), which are higher 
than the corn grain yield average of São Paulo State 
(6100 and 6500 kg ha-1, respectively), according to 
Conab (2013).

Studies by Araújo et al. (2004), Ohland et al. 
(2005), Lange et al. (2009) and Amado et al. (2013) 
also obtained high corn grain yields (> 8000 kg ha-1) 
under treatments without N application, or when N 
was applied at low rates at planting, without further 
sidedress application. We may highlight that these 
studies were developed under different edapho-
climatic conditions and that soil and climate 
variations complicate prediction of corn grain yield 
response to N application when no cropping history 
of the experimental area is available.

In general, grain harvest index (GHI) and 
nitrogen harvest index (NHI) were lower during the 
2011–2012 compared to the 2012–2013 growing 
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season (Figures 5c, d). During the first growing 
season, GHI and NHI were, on average, 42 and 
56%, while during the second season they were 53 
and 68%, respectively. This may be due to disease 
incidence, as previously discussed, especially after 
flowering, causing a grain yield reduction; however, 
without altering significantly leaves, stem and cob 
dry mass (DM).

During the 2011–2012 season no difference 
between treatments was observed for GHI and NHI, 
although variations between them were higher than 
during the 2012–2013 season, in which significant 
effects were detected (Figure 5d). No difference 
between treatments occurred likely as a result of the 
high uncontrolled variation (coefficient of variation 
of 12% for GHI and 11% for NHI), as observed for 
grain yield.

During 2012–2013, the coefficient of variation 
for GHI and NHI were, respectively, 2 and 3%, thus 
making it possible to detect significant differences 
between treatments. Therefore, when GHI 
significant differences were detected, GHI values 
were very close for all treatments, with a maximum 
difference of 3.6% between the highest and lowest 
value. Similar GHIs were found by Lara Cabezas et 
al. (2000), 54%, and Gava et al. (2010), 48%.

During the second season the highest NHI was 
observed under the control treatment (71%), and the 
lowest when N was applied during the V4 (65%), 
V6 (66%) or V8 (66%) stages, evidence of grains 
as the main sink of N in corn plants. Ciampitti and 
Vyn (2013), revising N sources for corn grains 
(remobilization or N uptake after flowering), 
observed NHI variation from 9.6 to 83.9% (63.4% 

Figure 5 - Grain yield during the 2011–2012 (a) and 2012–2013 (b) growing seasons, grain and nitrogen 
harvest index during 2011–2012 (c) and 2012–2013 (d) as a function of urea sidedress timing (phenological 
stages). Control indicates absence of sidedress N application. Columns with different letters (uppercase 
letters for grain and lowercase letters for nitrogen) differ between each other by Tukey’s test (p≤0.05). 
Coefficients of variation for grain yield during the 2011–2012 and 2012–2013 growing seasons were 17 and 
6%, respectively. Coefficients of variation for the grain harvest index were 12 and 2%, and for the nitrogen 
harvest index were 11 and 3% during the 2011–2012 and 2012–2013 growing seasons, respectively.
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on average), close to the values found in this 
study, when N was applied. In general, low harvest 
indexes, either GHIs or NHIs, are related to biotic 
or abiotic factors reducing grain number and weight 
(Ciampitti and Vyn 2013), as occurred in this study 
when a high disease incidence was reported. On the 
other hand, elevated harvest indexes are associated 
with high grain yields (Ciampitti and Vyn 2012).

Nitrogen sidedress application time is a key 
factor in corn production. However, there are 
situations, as the observed in this study, where no 
grain yield response to N application is observed. 
We must consider these results carefully and 
reflect with the whole cropping system over the 
long term in mind. Nitrogen extraction by corn 
is high, and we should not deplete soil N, adding 
N to at least maintain soil N levels. Nitrogen is 
a potential contaminant, so we must look for a 
sustainable environmentally friendly production 
system. Finding strategies to improve nitrogen 
use efficiency in corn production systems is a 
major issue. Current yield goal and organic matter 
content-based fertilizer recommendation systems 
may not be meeting current challenges to preserve 
the environment while achieving higher yields. 
Research on soil N-supplying potential must be 
encouraged to help us detect soils with higher/lower 
likelihood of response to fertilizer N application to 
adapt N application rates and timing for diverse 
farming regions.

CONCLUSIONS

Later sidedress N application (during the V10 and 
V12 growth stages) resulted in higher N losses by 
ammonia volatilization, while N application during 
early growth stages (V4 or V6) provided greater 
N-fertilizer recovery, up to 53%.

N-fertilizer recovery decreased as N was 
applied during later growing stages and no increase 
in grain yield with sidedress N application was 
observed. Therefore, it was not possible to set the 

best time of sidedress N application for corn yield 
due to edapho-climatic conditions of the study site, 
but early N applications were more efficient to 
avoid N losses by volatilization than later ones.
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