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ABSTRACT. Nitrogen via solid urea is easily lost by volatilization 
and leaching. This element, due to its easy absorption and 
translocation, shows the possibility of foliar supply. Knowledge of 
the dynamics of urea dissolved in water and foliar spraying on oats 
can improve use efficiency. The bjective of this study was to assess 
the urea dlution time under non-linearity of air temperature, and 
validate the technology of foliar application of urea dissolved in 
water in oat crops, considering different water volumes and urea (N) 
rates and the oat grain yield in different crop systems. The urea 
dissolution was carried out in laboratory, using a randomized block 
experimental design with four replications, in a 4×7 factorial 
arrangement, consisted of 4 water volumes (100, 200, 300, and 400 L 
ha-1) and 7 urea rates (0, 44, 88, 132, 164, 176, 220, and 264 kg ha-1). 
After determining the appropriate water volume for urea dissolution 
(300 L ha-1), a field experiment was carried out for foliar application, 
using a randomized block design with four replications, in a 2×7 
factorial arrangement, consisted of application of two urea sources 
(solid and dissolved) and seven N rates (0, 20, 40, 60, 80, 100, and 
120 kg ha-1). The water volume of 300 L ha-1 dissolves the rates of 
urea, resulting in the expected oat grain yield for the nitrogen rates. 
The use of high rates increases the urea dissolution time; high air 
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temperature facilitates this dissolution. The use of the technology of 
urea dissolved in water for foliar application results in similar yields 
to those using applications to the soil, making it an alternative for 
supplying N to oat crop systems. 
 
Key words: Avena sativa L.; Nitrogen; Air Temperature; Sustainability; 
Yield; Agenda 2030 

INTRODUCTION 
 
White oat (Avena sativa L.) is a cereal grown worldwide that has been highlighted 

due to its benefits to human health; it is recognized as a functional food of high nutritional 
quality (Basso et al., 2022; Dornelles et al., 2023). The growth of oat crops requires the use 
nitrogen (N) fertilizers. N acts directly on metabolic processes of the plant and is decisive 
for defining the yield (Mantai et al., 2021a; Ju et al., 2022). The main N source used in oat 
cultivation is urea, which is a white, crystalline solid compound of high solubility in water 
(Reginatto et al., 2021; Oliveira et al., 2022). Its advantages include high N concentration 
(45%), low transport cost, compatibility with various fertilizers and pesticides, easy 
handling, and quick availability to plants (Henrichsen et al., 2022; Oliveira et al., 2023). 
Broadcast application is commonly used for applying urea to the soil; the N released is 
absorbed by the roots of the plants (Polese et al., 2018; Santos et al., 2020). 

The recommended N application time for oat crops is between 25 to 45 days after 
emergence; however, meteorological conditions is not always favorable for applying N in 
this period (Kraisig et al., 2020; Reginatto et al., 2021). High temperatures and low soil 
moisture due to absence of rainfall in periods prior to N application cause losses by 
volatilization, while excessive rainfall, even in a short period of time right after its 
application cause losses by leaching (Reginatto et al., 2021; Trautmann et al., 2022). The 
ease of loss of N by volatilization by urea, causes the release of ammonia, contributing to 
the pollution of the atmosphere and aggravation of greenhouse effect (Yamamoto et al., 
2016; Henrichsen et al., 2022). The leaching of N causes the release of nitrate, which that 
leads to contamination of surface and underground water sources, a threat to public health 
due to continuous consumption of contaminated water, which increases the risks of 
manifestation of certain types of diseases (Martínez-Dalmau et al., 2021; Basso et al., 
2022). Therefore, advances are needed in the development of strategies that promote better 
use of N in oats, improving the N efficiency to reduce environmental and public health 
impacts (Mantai et al., 2021b; Trautmann et al., 2021). 

N is a mobile element, easily absorbed and translocated in plant tissues; studies 
have shown the potential of foliar N application (Fan et al., 2020; Henrichsen et al., 2023). 
The use of urea dissolved in water is a technology that facilitates the absorption of N with 
low environmental losses (Azeem et al., 2014; Henrichsen et al., 2022). The water used for 
the urea dissolution and nutrient vehicle can favor the cooling of the leaves and promote the 
opening of stomata, facilitating the entry of N (Mortate et al., 2018; Henrichsen et al., 
2023). The amount and nature of the solute, volume and temperature of the solvent, and air 
temperature directly affect the dissolution capacity. Temperature is the only physical factor 
capable of modifying the solubility of a solvent in relation to the solute (Shnidman and 
Sunier, 1931; Atahar, et al., 2019). Preliminar studies on foliar application of urea dissolved 
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in water showed its effectiveness in wheat (Khan et al., 2009) and corn (Petean et al., 2019); 
however, they did not clearly determine the urea dissolution time, the water volume used, 
and the effects of temperature on the dissolution capacity. 

The objective of this study was to assess the urea dissolution time under non-
linearity of air temperature, and validate the technology of foliar application of urea 
dissolved in water in oat crops, considering different water volumes and urea (N) rates and 
the oat grain yield in different crop systems. 

MATERIAL AND METHODS 
 
The study of urea dissolution in water was conducted in 2019, at the Plant 

Production Laboratory of the Regional University of Northwestern Rio Grande do Sul 
(Unijuí), Brazil. Four water volumes were used as solvent (100, 200, 300, and 400 L ha-1), 
considering volumes that have been used in most field fertilizer applications by farmers, and 
seven urea rates (0, 44, 88, 132, 176, 220 and 264 kg ha-1), considering the range of N 
(nitrogen) rates used for oat crops when applying urea (45% N) (0, 20, 40, 60, 80, 100 and 
120 kg ha-1). 

The study of urea dissolution time in water and validation in the experimental field 
was carried out by calculating volumes and rates for experimental units of 6 m2. Thus, the 
volumes of 100, 200, 300 and 400 L ha-1 were represented by the volumes of 60, 120, 180 
and 240 mL for the area of 6 m2, respectively, which were placed in two-liter bottles. The 
urea rates of 0, 44, 88, 132, 164, 176, 220 and 264 kg ha-1 were determined for these 
volumes, considering the application area of 6 m2; thus, 0, 26, 53, 80, 107, 133 and 160 g 
were used, respectively. A randomized block experimental design with four replications 
was used, in a 4×7 factorial arrangement, consisted of 4 water volumes and 7 urea rates, 
resulting in a total of 112 bottles for the analysis of the urea dissolution time. Potable tap 
water was used as solvent; the water physical, chemical, and microbiological characteristics 
is shown in Table 1. 

 
 

Table 1. Water physical, chemical and microbiological characteristics used to dissolve urea. 
 

Parameter Unit Result Method ** Reference value LQ/range 
Physical and chemical parameters 
Residual Chlorine mg/L < LQ Standard 4500-CI G MVA 0.2 - 5.0 0.10 
Fluoride mg/L <LQ Standard 4500-F- D MVA 1.5 0.55 
pH* - 7.45 Standard 4500- H+ B MVA 6.0-9.5 1-14 
Turbidity NTU 0.85 Standard 2130 B MVA 5.0 0.10 
Microbiological parameters 
Total coliforms MLN/100 mL Absence Standard 9221 E Absence 1.10 
TC MLN/100 mL Absence Standard 9221 E - 1.10 
THBC CFU/mL 9.00 Standard 9215 B MVA 500 1.00 
*: Parameter(s) recognized by the Meteorological Network RS by NBR ISO IEC 17025 Standard; Methodology: Standard Methods for 
Examination of Water and Wastewater, 22ed; **: Reference values, Consolidation Ordinance no. 5 of 2017 of the Brazilian Ministry of 
Health, attachment XX. TC: Thermotolerant coliforms; THBC: Total Heterotrophic Bacterial Count; LQ: limit of quantification; MVA: 
maximum value allowed; MLN: most likely number; CFU: colony forming unit; NTU: Nephelometric Turbidity Unit. Source: Analytical 
Center UNIJUÍ (2019). 

 
The urea rates dissolved in water were placed into the bottles, which were shaken 

for one minute and then left on a table to visually quantify the complete urea dissolution 
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time, with the aid of a digital stopwatch. The study that involved the analysis of urea 
dissolution was carried out considering 4 different experiments in time, making it possible 
to involve different conditions of air temperature, for analysis of the effect of the non-
linearity of temperature on the dissolution process. These experiments to analyze the effect 
of temperature took place in the characteristic months of the oat growing season, using a 
digital thermometer during dissolution. The maximum time of one hour was defined for the 
dissolution for the highest urea rates, as more concentrated solutions may not completely 
dissolve, leaving solids at the bottom of the container. It was defined considering an easy 
preparation and fast possibility of application by the farmer, without making the process 
disadvantageous. 

The field experiment was carried out in the 2019 and 2020 agricultural years, in 
Augusto Pestana, RS, Brazil (28°26'30''S and 54°00'58''W), municipality located in the 
region largest oat production in the country. The soil of the experimental area was classified 
as a Typic Hapludox (Latossolo Vermelho Distroferrico tipico) (Santos et al., 2018). The 
region presents a Cfa climate, with hot summer without a dry season, according to the 
Köppen classification. Soil analysis was carried out 20 days before sowing to determine 
physical and chemical characteristics, as shown in Table 2. 

 
 

Table 2. Chemical composition of the soil of the experimental area. 
 

Crop systems Clay OM pH P K AL Ca Mg 
(%) (%) (H2O) (mg dm-3) (mg dm-3) (cmolc dm-3) (cmolc dm-3) (cmolc dm-3) 

Maize-oat 52 2.9 6.2 40.8 239.7 0 6.5 2.5 
Soybean-oat 54 3.2 6.5 26.9 179.5 0 6.3 2.7 
OM= organic matter; P= phosphorus; K= potassium; Al= aluminum; Ca= calcium; Mg= magnesium. 

 
After defining the most suitable water volume for dissolving the urea, two field 

experiments were carried out to validate the technology, one for each crop system (soybean-
oat and maize-oat). A randomized block design with four replications was used in each 
system, in a 2×7 factorial, consisted of applications of two urea sources (solid and 
dissolved) and seven N rates (0, 20, 40, 60, 80, 100 and 120 kg ha-1), totaling 112 plots for 
both systems. Seeds of the oat cultivar Brisasul, recommended for cultivation in southern 
Brazil, were sown in the experimental plots using a seeder-fertilizer, with 5 6-meter rows 
spaced 0.20 m apart, to form experimental units of 6 m2. The population density used was 
400 viable seeds m-2. This cultivar is characterized by early cycle, low height, and great 
yield potential. During the sowing, 45 kg ha-1 of P2O5 and 60 kg ha-1 of K2O were applied. 
The control of diseases and weeds were carried out by applying the fungicide tebuconazole 
(Folicur® CE), at the rate of 0.75 L ha-1 and the herbicide metsulfuron-methyl (Ally®), at 
the rate of 4 g ha-1, and manual weeding when necessary. The treatments (N rates from solid 
and dissolved urea sources) were applied at the oat phenological stage V4, when the oat 
plants presented four expanded leaves. Solid urea was applied manually and the urea 
dissolved in water was applied using a knapsack sprayer, with a maximum pressure of 25 
psi and flow rate of 1.0 L min-1, through cone jet nozzles. It is noteworthy that the 
applications were carried out in full sun in the early afternoon, at a time of day with higher 
temperatures, above 25º C. 



Genetics and Molecular Research 23 (1): gmr19171 ©FUNPEC-RP www.funpecrp.com.br 

 
 
 
 
 
 

 

Application of urea dissolved in water in oat crops                                             5 

 
 

When the oat grains had moisture around 15%, grain yield was estimated by 
harvesting the three central rows of each plot, using a harvester, to validate the results in the 
field experiment. The grains were taken to the laboratory for cleaning and correction of 
moisture to 13% and then weighed to obtain the yield, which was converted into kg ha-1. 

In the laboratory experiments, when the assumptions of homogeneity and normality 
were met by the Bartlett's test, analysis of variance was carried out for urea rates and water 
volumes within each urea dissolution time, up to one hour (data not shown). The means 
were then compared by the Scott and Knott test at 5% probability level, comparing urea 
rates within each water volume condition. Regression analysis was performed, considering 
linear (y= b0 + bix) and quadratic (y= b0 + b1x + b2x2) models for describing the results of 
the urea dissolution time as a function of urea rates in each water volume. Multiple linear 
regression analysis was used to simulate the urea dissolution time and define the adequate 
water volume for urea dissolution, based on the controlled effects of rates and water volume 
under non-linearity of air temperature. 

 The multiple linear regression model used was based on the following general 
equation: 

 

ݕ  = ܾ଴ + ܾଵ ଵܺ + ܾଶܺଶ + ܾଷܺଷ +⋯+ ܾ௡ܺ௡ +  (Eq. 1) ߝ
            

Described in matrix form as:  
 

 
ܻ = ቎

ଵܻ

ଶܻ…
௡ܻ

቏ ; ܺ = ൦
1 ଵܺଵ ܺଶଵ … ܺ௣ଵ
1 ଵܺଶ ܺଶଶ … ܺ௣ଶ
…
1

…
ଵܺ௡

…
ܺଶ௡

…
…

…
ܺ௣௡

൪ ; ߚ  = ቎
଴ߚ
…ଵߚ
௣ߚ
቏ ߝ  ݁   = ቎

ଵߝ
…ଶߝ
௡ߝ
቏ (Eq. 2) 

 

The matrices enabled to obtain the regression coefficients:  
 

መߚ  = (ܺ′ܺ)ିଵܺ′ܻ (Eq. 3) 
                                 

 The variance of these coefficients was obtained by the covariance matrix of the 
vector of regression coefficients: 

 

መ൯ߚ൫ݒôܥ  =  (ܺ′ܺ)ିଵߪොଶ   e  ߪොଶ =  ൫௒ି௑ఉ
෡൯൫௒ି௑ఉ෡൯
௡ି௣ିଵ

   (Eq. 4) 
   where n is the number of equations and p the number of parameters. The hypothesis test 

verified was: ߚ௜ = 0 vs Ha: ߚ௜   0 expressed by:  
 

 
ݐ =

መ௜ߚ − ௜ߚ

ට෠ܸ൫ߚመ௜൯
 

 

(Eq. 5) 

In the multiple regression simulation, the independent variables used in the model 
were: water volume, air temperature, and urea rates with the range of data from data 
obtained from different experiments carried out in the laboratory. 

The field experiments for validation of the technology of urea dissolved in water 
generated grain yield data that were subjected to analysis of variance to detect the main 
effects and interactions between N sources and rates in each agricultural year and crop 
system. Regression analysis was performed to estimate the maximum technical efficiency 
(MTE = – [(b1)/(2b2)]) of N use on grain yield and define the optimal rate that maximizes 
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yield. The N rates that results in the maximum technical efficiency were used in the 
simulation of oat grain yield. The Genes program was used for all statistical analyses. 

RESULTS AND DISCUSSION 
 
The dissolution times of the urea rates in the different water volumes, considering 

the maximum analysis time of 60 minutes is shown in Table 3. Complete urea dissolution 
was found for the water volume of 100 L up to 132 kg; for water volume of 200 L up to the 
rate of 176 kg; for the water volume of 300 L up to 220 kg; and for for water volume of 400 
L up to 264 kg, over the time of 60 minutes. 

 
 

Table 3. Time of dissolution of urea (45% N) rates in different water volumes. 
 

Volume Experiment Air  Urea rates (kg ha-1) 
(L ha-1) (n) Temperature (°C) 0 44 88 132 176 220 264 

100 

    Urea dissolution time (minutes) 
1 22.6 0 10 54 60 - - - 
2 20.2 0 13 60 60 - - - 
3 20.2 0 13 60 60 - - - 
4 10.6 0 15 60 60 - - - 

  mean 18.4 0 13 59 60 - - - 

200 

1 22.6 0 4 18 54 60 - - 
2 20.2 0 5 24 60 60 - - 
3 20.2 0 5 25 60 60 - - 
4 10.6 0 7 34 60 60 - - 

  mean 18.4 0 5 25 59 60 - - 

300 

1 22.6 0 3 9 23 40 60 - 
2 20.2 0 4 15 36 48 60 - 
3 20.2 0 4 15 38 49 60 - 
4 10.6 0 6 19 49 59 60 - 

  mean 18.4 0 4 15 37 49 60 - 

400 

1 22.6 0 1 3 13 20 41 60 
2 20.2 0 2 4 18 24 52 52 
3 20.2 0 2 6 20 27 56 60 
4 10.6 0 4 13 28 55 60 60 

  mean 18.4 0 2 7 20 32 52 58 
Urea (45% nitrogen).  Urea rates/ nitrogen rates = 0/0, 44/20, 88/40, 132/60, 176/80, 220/100, 264/120 kg ha-1 

 
The results showed that increases in water volume facilitates the dissolution of the 

highest rates of urea. In addition, the dissolution time increased as the urea rates were 
increased, regardless of the water volume. The results also show the effect of air 
temperature on the urea dissolution process (Table 4); for example, in the volume of 300 L 
with the urea rate of 132 kg ha-1, the reduction in air temperature tended to increase the 
dissolution time, a condition also observed in the other water volumes. 

The water volume of 300 L ha-1 was considered as the most suitable for field 
application, since it can dissolve up to 220 kg ha-1 of urea in up to 60 minutes. In years 
favorable to oat crops in Brazil, the maximum biological efficiency of N use is obtained 
with application of approximately 100 kg ha-1 of N (220 kg ha-1 of urea) (Mantai et al., 
2015; Kraisig et al., 2020). However, this rate has not been recommended, as N favors 
growth and biomass production, causing lodging, which makes harvesting difficult and 
reducing grain yield and quality (Marolli et al., 2018; Marolli et al., 2021). Another 
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important aspect is the need to use less water in fertilizer applications, reducing operational 
time and downtime to fill the spray tanks and saving water (Bárta et al., 2021; Copetti et al., 
2022). 

According to the regression analysis, the urea dissolution time up to one hour fitted 
to a linear model, in all analyzed volumes (Table 4). Each kilogram of urea added increased 
the dissolution time in the water volumes of 100, 200, 300, and 400 L by 0.47, 0.39, 0.29, 
and 0.24 minutes, respectively. 

 
 

Table 4. Regression analysis of urea (45% N) dissolution time in water volumes as a function of urea rates. 
 

Volume Urea Rate N Rate UDT Equation R2 (L ha-1) (kg ha-1) (kg ha-1) (minutes)  

100 

0 0 0 c 

-1.05 + 0.47*x 88 44 20 13 b 
88 40 59 a 
132 60 60 a 

  0 0 0 d 

-4.85 + 0.39*x 92 
  44 20 5 c 
200 88 40 25 b 
  132 60 59 a 
  176 80 60 a 

300 

0 0 0 e 

-5.21 + 0.29*x 97 

44 20 4 e 
88 40 15 d 
132 60 37 c 
176 80 49 b 
220 100 60 a 

400 

0 0 0 d 

-7.71 + 0.24*x 94 

44 20 2 d 
88 40 7 d 
132 60 20 c 
176 80 32 b 
220 100 52 a 
264 120 58 a 

UDT= urea dissolution time; R2= coefficient of determination; * significant at 5% probability by f-test;  Means followed by the same letter 
are not different from each other by the Scott and Knott test at 5% probability level. 

 
Considering the multiple linear regression model, where water volume and urea rate 

are controlled variables and air temperature is an uncontrolled variable, the adequate 
adjustment of the coefficients showed satisfactory results in the analyzed scenarios (Table 
5). 

In the simulation, the air temperature of 18.4º C was used with a rate of 132 kg of 
urea in different water volumes. The urea rate used is equivalent to a N rate of 60 kg ha-1 
(Silva et al., 2016), which is a rate that guarantees high yields with economic efficiency, 
regardless of the agricultural year. Therefore, using the water volume of 300 L, air 
temperature of 18.4 °C, and urea rate of 132 kg ha-1, the simulation by the proposed model 
shows a urea dissolution time of 36 minutes, whereas the observed result was 37 minutes, 
denoting the proximity of the results obtained (Table 5). 

 
 

ࢀࡰࢁ = +ࢇ  ࢞࢈
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Table 5. Multiple linear regression of urea dissolution time (UDT) involving water volume, air 
temperature, and urea rate. 
 

Variables Scope of work Multiple linear regression 
  

Water volume (V, L ha-1) [100 - 400]           

         

Air temperature (T, °C) [10.6 - 22.6] 
  

 Urea rate (UR, kg ha-1) [0 - 132]          
          

Variables Value    UDTo    UDTs  
  (minutes)   (minutes) 

Water volume (L ha-1) 100   
60 

  
54 Temperature (T, °C) 18.4     

Urea rate (UR, kg ha-1) 132     
Water volume (L ha-1) 200   

59 
  

45 Temperature (T, °C) 18.4    Urea rate (UR, kg ha-1) 132     
Water volume (L ha-1) 300         
Temperature (T, °C) 18.4   37   36 
Urea rate (UR, kg ha-1) 132           
Water volume (L ha-1) 400        
Temperature (T, °C) 18.4   20   27 
Urea rate (UR, kg ha-1) 132           
UDTo= observed urea dissolution time; UDTs= simulated urea dissolution time. 

 
Enthalpy is the thermal energy involved in a chemical reaction or process. There are 

five types of enthalpy that can be calculated: formation, combustion, binding, 
neutralization, and dissolution. In this context, urea has been widely used in laboratory 
experiments involving measurements of enthalpy of dissolution due to the low toxicity 
(House & House, 2017). A solution is formed by the homogeneous mixture of a solute 
(substance to be dissolved) in a solvent (substance responsible for dissolution) (Catiavala et 
al., 2023). The study of urea solubility is important to assess the feasibility of its application 
and interactions between the solute and aqueous solutions (Costa et al., 2015). Mafy et al. 
(2015) evaluated the self-aggregation and interaction of urea and water and found greater 
ease of dissolution when increasing the temperature. Atahar et al. (2019) found that air 
temperature and urea concentration change the dissolution time, the dissolution capacity 
increases as the temperature and water volume is increased. 

After defining the appropriate water volume for application (300 L ha-1), tests were 
carried out to measure the application time with different urea rates on the 6 m2 plots in the 
field. The results of this study are shown in Table 6.  

However, changing the urea rate from 0 to 264 kg ha-1 changed the application time, 
based on the sprayer specifications for the 6 m2 plots, from 15.38 to 29.73 seconds, 
respectively. 

The analysis of variance of data from the study under field conditions showed that 
the N sources (solid urea and dissolved urea) did not alter the oat grain yield, the difference 
was only due to the urea rates, regardless of the succession system or agricultural year 
(Table 7). The absence of source versus rate interaction indicates that the definition of the 

26.02 − 0.45T + 0.34UR − 0.09V 

܂۲܃ = ૙࢈ + ૚ࢄ૚࢈ + ૛ࢄ૛࢈ + ૜ࢄ૜࢈ + ⋯+ ࢔ࢄ࢔࢈ +  ࢿ
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urea rate is not dependent on the source used. Therefore, urea dissolved in water for foliar 
absorption in oat crops shows similar results to the urea applied to the soil for root 
absorption. This result increases the expectations of further improving the N absorption 
capacity of plants when applying it to the leaves and not to the soil; however, this 
application involves complex reactions between N and the plant chemical, physical, and 
microbiological composition. 

 
 

Table 6. Time of application of rates of urea dissolved in water in the experimental plots. 
 

N rate 
Urea  
rate 

Urea 
rate 

Volume  
water 

Solid mass  
volume 

Spray 
volume 

Application  
time 

(kg ha-1) (kg ha-1) (g 6 m-2) (mL 6 m-2) (mL 6 m-2) (mL 6 m-2) (s 6 m-2) 
0 0 0.00 180 0 180 15.38 

20 44 26.66 180 20.19 200.19 17.95 
40 88 53.33 180 40.40 220.40 19.31 
60 132 80.00 180 60.60 240.60 21.08 
80 176 106.66 180 80.80 260.80 23.94 

100 220 133.33 180 101.00 281.00 26.49 
120 264 160.00 180 121.21 301.21 29.73 

s = unit of time in seconds; 6 m-2 = experimental unit area; volume of solid mass obtained through the urea density (1.32 g cm-3); spray 
volume = sum of the volume of solid mass and water volume. The volume of water in ml 6 m-2 represents the volume of 300 L ha-1 of the 
solvent. 

 
 

Table 7. Analysis of variance of main effects and interaction of N sources and rates on oat grain yield in 
different crop systems. 
 

Source of variation DF Ssoybean-oat system   Maize-oat system 
 MS2019                              MS2020   MS2019                            MS2020 

Block 3 37503 119382  25210 13044 
Source (S)  1 5540 1370  153092 1273 
Rate (D) 6 99750* 462165*  703855* 440183* 
FXD 6 3963 4334  16745 8910 
Error 39 39707 18635  37436 25540 
Total 55 - -   - - 
Mean  1729 1493  1500 1323 
CV(%)   11.52 9.14   12.89 12.07 
 

DF = degrees of freedom; MS =mean square; CV = coefficient of variation; * = significant at 5% probability level by the F test. 
 
The mean oat grain yields under the different N rates and sources enabled to 

develop an equation for estimating the N rate of maximum technical efficiency, regardless 
of the source used (Table 8). The data fitted to a quadratic model, regardless of the crop 
system and agricultural year, with a significant angular parameter. The solid and dissolved 
urea sources resulted in similar mean grain yields, regardless of the crop system. In the 
soybean-oat system, in 2019, the maximum technical efficiency found was 72 kg ha-1 for a 
grain yield of 1836 kg ha-1. In 2020, the maximum technical efficiency found was 88 kg ha-1 
for a grain yield of 1660 kg ha-1. 

Higher N use efficiency was found in the maize-oat system, verified, mainly in 
2019. It is explained by the characteristics of this system, with a previous crop species that 
does not perform biological N fixation and has higher C/N ratio, making biological 
degradation difficult due to the high content of lignin in the tissues. Although it is a more 
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restrictive N-residual environment, the maximum N technical efficiency was approximately 
90 kg ha-1. 

 
 

Table 8. Regression analysis for estimating the maximum technical efficiency of N rates to simulate oat 
grain yields in different years and crop systems. 
 

Source N rates (kg ha-1) Equation R2 MTE GYMTE 0 20 40 60 80 100 120 
Soybean-oat system 
2019 
SU 1556 1682 1779 1839 1857 1810 1654 1523 + 8.67x -0.06*x2 96 72 1836 DU 1524 1631 1746 1773 1890 1768 1706 
2020 
SU 1031 1342 1445 1634 1702 1696 1637 1048+14.00x-0.08*x2 99 88 1660 DU 1062 1265 1501 1609 1691 1644 1647 
Maize-oat system 
2019 
SU 907 1224 1368 1600 1862 1638 1536 961+17.05x-0.09*x2 95 95 1769 DU 1053 1364 1412 1663 1808 1834 1733 
2020 
SU 906 1122 1348 1474 1563 1543 1340 883+14.81x-0.08*x2 97 93 1568 DU 888 1162 1303 1349 1558 1540 1429 
SU = solid urea; DU = dissolved urea; R² = coefficient of determination; * = significant at 5% probability by the t-test; MTE = maximum 
technical efficiency; GYMTE = estimated grain yields by rate by maximum technical efficiency. 

 
Foliar application of fertilizers has some benefits, it provides nutrients to plants at 

times the soil conditions limit the uptake by roots (Niu et al., 2021). It consists of 
application of nutrients by spraying the solution on plants to be absorbed by leaves and 
stems. The quicker improvement of nutritional deficiencies compared to soil application is 
among its advantages (Ferrari et al., 2021). Studies have reported the efficiency of N foliar 
application in different cultures. Bernis and Viana (2015) evaluated the effect of foliar N 
application at different phenological stages of soybean and found that its application on 
reproductive stages shows the best yield results. Bazzo et al. (2020) evaluated the quality of 
wheat seeds subjected to soil N fertilization combined with N supplementation by foliar 
application and found a positive effect of this supplementation on the physiological quality 
of the seeds. Nóbrega et al. (2023) evaluated basil crops under foliar N fertilization and 
found that it is an appropriate strategy to reduce saline stress in plants. Preliminary studies 
carried out by Henrichsen et al. (2023) for the use of liquid N source for foliar application in 
oat crops also showed similar results for the use of urea. 

CONCLUSIONS 
 
The water volume of 300 L ha-1 dissolves the rates of urea, resulting in the expected 

oat grain yield for the nitrogen rates. The urea dissolution time increases as the urea rates 
are increased and the air temperature facilitates its dissolution. 

 The use of the technology of urea dissolved in water for foliar application results in 
similar yields to the application of urea to the soil, making it an alternative for the supply of 
nitrogen in oat crop systems. 
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