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Abstract 
Aerial images taken from a camera onboard a drone were used for corn water productivity (WP) assessments in 
Northeast Brazil, by using a Mapir camera together with weather, biomass and productivity (Pr) data, modelling actual 
evapotranspiration (ETa) and biomass production (BIO). The effects of different nitrogen (N) fertilization cover levels were 
analyzed showing that there were significant differences on WP components from the emergency (E) to physiological 
maturation (PM) crop stages (CS), however, stabilizing at N at 200 kg ha-1. Above this level, farmers should lose money 
increasing risks of negative environmental impacts with more N leaching to the water table. The evaporative fraction 
(ETf), i.e., the ratio of ETa to reference evapotranspiration (ET0), taken as a root-zone moisture indicator, presented the 
best correlation with BIO and Pr , but the fraction of the absorbed photosynthetically active radiation (fp), representing 
soil cover by the canopies, is also important through photosynthetic activity. Comparing Pr and the BIO, the highest 
determination coefficient at V6 (pant with six leaves), confirming that the potential of corn yield is already defined at this 
CS. The models applied showed potential for monitoring vegetation and water conditions in corn crops, allowing rational 
fertilization practices while maintained yield at sustainable water use, with the possibility for replication of the methods 
in other environmental conditions. 
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Introduction
Corn (Zea mays L.) is one of the most important agricultural crops worldwide, being essential for the Brazilian’s food 
security. In Northeast Brazil, the crop is for both grain and silage and, more recently, for biofuel. Besides weather 
conditions, fertilization management drive actual evapotranspiration (ETa) and biomass production (BIO), and then corn 
water productivity (WP), here considered as the ratio of BIO and productivity (Pr) to ETa, being both indicators affected 
by root-zone moisture levels and the fraction of absorbed photosynthetically radiation. Among the several factors which 
drop corn WP under rainfed conditions, water deficit is the most important, mainly during the dry seasons [1-12]. 
Accounting the effect of N cover fertilization levels is relevant for corn commercial cultivation with sustainability because 
one of the ways to increase yield while minimizing environmental problems is through crop and water management 
improvements [1,2].

For monitoring the WP components during each crop stage, high spatial resolution images taken from aerial cameras 
onboard drones are effective tools for this task [2,4,13-16]. Besides crop management, root-zone moisture conditions 
affect the nutrient dynamics, thus, optimizing N cover fertilizations is important to increase corn WP [17].  The joint use 
of remote sensing and agrometeorological data can guide N fertilization managements retrieving ETa  and BIO, according 
to the N levels cover applied [2-4,6,17-22].
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WP assessments in the current paper were done during the corn crop stages and for its growing season in the Atlantic 
Forest biome, Northeast Brazil, where for good corn yields, N cover fertilization is important for good yields, being 
urea is a common N source. However, urea applications in excess may promote environmental problems because 
part of this fertilizer may drain to the water table [2]. There are few remote sensing studies for modelling corn WP 
components in Brazil with high-resolution images with aerial cameras onboard drone involving distinct cultivars, biomes 
and crop managements [2,4]. Remote sensing algorithms have been elaborated and validated, inserting the Penman-
Monteith (PM) equation to estimate ETa  [4,10,21,23-25].The SUREAL model based on the PM equation can be applied 
estimating the surface resistance (rs), and the aerodynamic resistance (ra) retrieved from roughness parameters [26,27]. 
SUREAL was elaborated with simultaneous remote sensing and field energy balance measurements involving distinct 
agroecosystems of Northeast Brazil under contrasting thermohydrological conditions, when it was named PM1 in this 
previous study and later tested and validated in other Brazilian regions [26,21]. 

To estimate corn BIO from aerial camera onboard drone in the current study, Monteith’s radiation efficiency model 
(RUE) was applied [28]. The model is based on the interception of photosynthetically active radiation (PAR) by the 
canopies, which is variable throughout the crop stages [4,6,20,21,30]. To apply the RUE model, a specific value for corn 
maximum radiation use efficiency εmax was used considering the effect of root-zone moisture through the evaporative 
fraction (ETf)  and checking the estimations with BIO field measured values [3,6,20,21,31]. Even that, the SUREAL and 
RUE models have been successfully applied for WP assessments in agricultural crops and natural vegetation in Brazil the 
development of aerial cameras onboard drone still demand applications with high resolution images to subsidize crop 
and water managements, mainly under the actual scenarios of climate and land-use changes. [21]

With ETa estimated, BIO estimated and measured, together with field measurements of Pr, WP assessments were carried 
out by using the visible and infrared bands of aerial images from a Mapir camera onboard a drone. The reference 
studied crop was a rainfed corn within the Atlantic Forest biome of Northeast Brazil, analyzing the effects of different N 
cover fertilization levels with urea N source along crop stages and for the growing season. The remote sensing derived 
parameters crossed with agrometeorological data were the Normalized Different Vegetation Index (NDVI), surface albedo 
(α0) and surface temperature (T0). Without thermal bands with the Mapir camera, T0 was retrieved from the radiation 
balance equations applying the Stefan Boltzmann law, assuming the low atmosphere and the Earth surface emitting 
longwave radiation as back bodies  [3,21]. The authors believe that the results have potential for recommendation 
of N fertilization management when aiming at corn WP improvements under different N cover fertilizing levels and 
root-zone moisture conditions and that, from the success of the applications, the models should be replicated in other 
environmental and crop conditions with simple calibrations of the modelling equations.

Material and Methods
Study Area, Crop Stages And Fertilization Managements

Figure. 1 shows the experimental area with corn plots cover fertilized by different nitrogen (N) levels, in the São 
Cristóvão County, Sergipe State, Northeast Brazil. 

Figure 1: Location of the experimental area. (a) Sergipe in the Northeast Region of Brazil; (b) São 
Cristóvão County in Sergipe State, and (c) Corn Plots Cover Fertilized with Different Nitrogen (N) Levels 
from Urea Source, at 0 kg ha-1 (T0), 25 kg ha-1 (T1), 50 kg ha-1 (T2), 100 kg ha-1 (T3), 200 kg ha-1 (T4), 
and 400 kg ha-1 (T5)
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The corn experimental area is the São Cristóvão County, Northeast Brazil, latitude 11o 01′ S, longitude 37o 00′ W, 
and altitude of 30 m, in a region of tropical sub-humid climate within the Atlantic Forest biome, involving native and 
anthropized areas but natural species being replaced by rainfed and irrigated annual and perennial crops  [32,33]. 
The long-term annual mean air temperature (Ta) is 25.2 oC, with an annual precipitation (P) of 1331 mm, being rainfall 
concentrated from March to August. The soil is classified as Red Yellow Argisol, with wavy relief [34].

The general corn sowing time in Sergipe is from the second half of May to the first half of June, with harvest occurring 
from the second half of October to the first half of November, depending on the cultivar. Following Francelli and Dourado 
Neto (2000) the corn crop stages (CS) for the SHS 7939 PRO2 cultivar considered in the current research are described 
in Table 1.
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Table 1. Crop stages (CS) for the rainfed corn crop, in the São Cristóvão County, Sergipe state, 902 
Northeast Brazil. 903 

Duration of the Crop Stages – CS (Weeks - W) 
W/ 
CS1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

S                    
E                    

V4                    
V6                    

V10                    
PF                    
FF                    
GF                    
PM                    
H                    

CS: S – Sowing; E – Emergency; V4, V6, and V10 – Vegetative stages with four, six, and ten leaves, respectively; PF – 904 
Pre-flowering; FF – Full flowering; GF – Grain filling; PM– Physiological maturation; H – Harvest. 905 
 906 
 907 
Table 2. Specifications of the multispectral camera Mapir Survey 3W. 908 

Bands/Image Characteristics 
Centre 

Wavelength 
(nm) 

Band 
Width 
(nm) 

Focal 
Length 
(mm) 

Image Size 
(Mega Pixels) 

Field 
of View 

550 15.0 
19.0 4,000 x 3,000 Horizontal: 

87.0° 660 15.0 
850 30.0 

 909 
 910 
 911 
 912 

Table 1: Crop Stages (CS) for the Rainfed Corn Crop, in the São Cristóvão County, Sergipe State, Northeast 
Brazil

CS: S – Sowing; E – Emergency; V4, V6, and V10 – Vegetative stages with four, six, and ten leaves, respectively; PF – 
Pre-flowering; FF – Full flowering; GF – Grain filling; PM– Physiological maturation; H – Harvest.

The experimental design was of random blocks with six repetitions. Sowing (S) time was on 05 Jun 2022, with plots of 
8.0 m length composed of 6 lines, plants from the SHS 7939 PRO2 cultivar spaced at 0.5 m between lines, representing 
a corn cropped area of 864 m2. The coordinates for all plot vertices were determined using the receptor GNSS Trimble 
RTK R6, resulting in a mean horizontal error (X and Y) of 0.01 m. Starting from the vertices, polygons were created 
in GIS QGIS. The average ETa and BIO values together with their standard deviations (SD) were obtained within the 
buffered area, at a 0.05 m spatial resolution for each N trial and considered for WP assessments during each CS and for 
the growing season (GS) (see Figure 1).

Foundation fertilization was at the proportion of 60 and 40 kg ha-1 for P2O5 and K2O for all plots, and 35% of the total 
N applied via urea to each trial. Regarding the experimental trials there were six N cover applications at 0 kg ha-1 (T0), 
25 kg ha-1 (T1), 50 kg ha-1 (T2), 100 kg ha-1 (T3), 200 kg ha-1 (T4) and 400 kg ha-1 (T5) at the V4 vegetative CS for the 
remaining 65% of the N. The harvest was done manually when the grains presented moisture content around 13% and 
the effects of these different N cover levels on WP in terms of the mo0delling remote sensing BIO were assessed for the 
drone flights at E, V4, V6, V10, PF, FF and GF crop stages while for the growing season, in terms of BIO and productivity 
(Pr) field measurements..  

Data Collection and Processing
Remote Sensing and Agrometeorological Data
The aerial images were taken during the year 2022 at around 14 UTC (GMT-3) in July 17 (crop stage E), July 28 (crop 
stage V4), August 04 (crop stage V6), August 18 (crop stage V10), September 01 (crop stage PF),  September 13 (crop 
stage FF), September 22 (crop stage GF), and October 06 (crop stage PM), with a multispectral camera Mapir Survey 3W 
(Peau Productions, Inc., San Diego, CA, EUA), onboard a drone, using an interface software “Drone Deploy”. The mosaic 
building software was the Agisoft Photoscan 1.3.5, with longitudinal and lateral overlap of 80% and 75%, respectively.
Table 2 presents the specifications of the multispectral camera Mapir Survey 3W.

Bands/Image Characteristics
CentreWavelength
(nm)

BandWidth
(nm)

FocalLength
(mm)

Image Size 
(Mega Pixels)

Field of View

550 15.0 19.0 4,000 x 3,000 Horizontal: 87.0°
660 15.0
850 30.0

Table 2: Specifications of the Multispectral Camera Mapir Survey 3W
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Specifications of the multispectral camera Mapir Survey 3W.

With flights at 60 m height, the images are at a 0.05 m spatial resolution. The total drone overflown area was 0.2 ha, 
covering the studied corn crop, natural vegetation, and bare soil from which the corn plots were cut for WP assessments. 
The band reflectance values were derived applying an empirical method which is based on a calibration panel by using 
the software Mapir Camera Control [35].

One agrometeorological station near the experimental area was used for modelling the WP components. The collected 
agrometeorological data were daily values of incident global solar radiation – RG; air temperature – Ta (maximum, mean, 
and minimum values), relative humidity – RH (maximum, mean, and minimum values) and wind speed at a height 
of 2 m – u2, which together with remote sensing parameters were inputted for the reference (ET0) and actual (ETa) 
evapotranspiration  calculations both considering the Penman-Monteith equation and for biomass production (BIO) by 
using the RUE Monteith’s model [28].  

Field Biomass and Grain Measurements 
Before harvest, the aerial parts of the corn plants were weighed to obtain fresh matter, and the dry matter was 
estimated by up scaling a dry sample. One line of each parcel was cut at 20 cm-high from the soil surface and the 
vegetative material weighed with a manual digital scale. The material was crushed and a representative sample of 400 
grams dried in stove with forced air circulation at 65° C until attain a constant weight.  The dry matter content was then 
calculated by the ratio of the dry to the fresh matter of the crushed sample and this ratio multiplied by the total matter, 
which was considered the field BIO measured to be compared with the BIO retrieved from remote sensing parameters. 
The grain moisture for each analyzed corn parcel was determined and the productivity (Pr) expressed in kg ha-1 after 
correcting moisture. 

Thus, it was also possible to quantify water productivity in terms of Pr – WPPr, at the crop growing season (GS) timescale. 
To apply the FAO Kc approach, for detecting water stress conditions, the mean crop height of twelve plants in each 
corn plot from the soil to the corn cartridges was measured weekly during the FAO mid-season CS, with a three-meter 
graduate ruler to be used together with wind speed and relative humidity data to estimate Kc value for this CS.    

Corn Water Productivity Modelling
Actual Evapotranspiration (Eta) Calculations
The Penman Monteith (PM) equation was applied to acquire ETa, using agrometeorological and remote sensing data and 
estimating net radiation (Rn); soil heat flux (G); surface resistance (rs) and aerodynamic resistance (ra). The SUREAL 
model was applied to retrieve rs and ra was estimated from roughness parameters [26,27].
According to ETa (mm d-1) was estimated as:
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where the regression coefficient aL was adjusted through its relationship with the mean air temperature; RG (W m-2) 
was measured at the agrometeorological station, τsw is the shortwave transmissivity taken as the ratio of RG to the solar 
radiation at the top of the atmosphere (RTOP), with RTOP being obtained by astronomic calculations  [3,36] 

Regarding the surface albedo (α0), for each MAPIR band 1 to 3 (Table 2), the solar radiation at the top of the atmosphere 
was calculated assuming the sun as a blackbody, applying the Planck’s law, with the radiation over the wavelength 
intervals integrated for each wavelength and considering their fractions over the solar spectrum. Then, the broadband 
α0 was obtained as the total sum of the narrow-band reflectance values (ρb) values according to their weights (wb) [2].    
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Boltzmann equation to estimate the long-wave radiation components 
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with aA and bA being the regression coefficients, aA = 0.94 and bA = 0.10, resulted from field radiation balance 
measurements in a range of environmental conditions over irrigated crops and natural vegetation in Northeast Brazil 
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where a0 and b0 being the regression coefficients, a0 = 0.06 and a0 = 1.00, resulted from field measurements of the 
emitted surface radiation and T0, together with remote sensing calculations of NDVI in Northeast Brazil  [26,37].

To estimate the drag force between corn surface and the lower atmosphere, ra was estimated through the following 
equation 
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where zm is the height of wind speed measurements (m), d is the zero plane displacement height (m), zh is the height 
of humidity measurements (m), z0h (m) is the roughness length governing transfer of heat and vapor (m), k of 0.41 (-) 
is the von Karman’s constant, and uz is the wind speed at height z (m s-1). It was assumed d as 4.67z0m and z0h being 
0.135z0m, being z0m estimated by:
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where az and bz 0.24 and -2.12 are the respective regression coefficients adjusted for Northeast Brazil [26,27]
Eq. 10 is for neutral stability conditions, i.e., where temperature, atmospheric pressure, and wind speed distributions 
follow nearly adiabatic conditions (no heat exchange). However, as the ra is in numerator and denominator of Eq. 1, 
stability corrections are self-canceled with the presence or absence not impacting the final ETa results under atmospheric 
instability conditions [26].
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where εmax (g MJ-1) is the maximum radiation efficiency use, considered as 3.46 g MJ-1 for corn crops the evapotranspiration 
fraction (ETf) is the ratio of ETa to ET0, PARabs (W m-2) is the absorbed photosynthetically active radiation, and 0.864 is 
the unit conversion factor
[6,27,31].

To analyze the effect of the corn root-zone moisture conditions on BIO, the ETf was included and compared with the 
potential conditions represented by the FAO Kc approach to detect water stress situations by using the values for the 
mid station (Kc_mid) and fitted a curve for the whole growing season according to 
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Where, for the mid station crop stage, Kc_TAB of 1.20 is the tabled crop coefficient for corn crops, u2 is the average wind 
speed at 2 m height, RHmin is the minimum value of relative humidity, and h is the average crop height [27].

PARabs (W m-2) is the fraction of the incident photosynthetically active radiation – PARinc (W m-2), which in turn was 
considered a percentage of the incident global radiation – RG (W m-2):
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where ap and bp are regression coefficients which in previous study for mixed agroecosystems were 306 

estimated respectively as 1.26 and 0.16 (Bastiaanssen and Ali, 2003). 307 

Having remote sensing estimations and field measurements of BIO and field measurements 308 
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Pr (kg ha-1): 310 
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2.2.2. Statistical analysis 314 
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Besides average pixel values and standard deviations,  analyses of variance (ANOVA) were 316 

performed using 2-way ANOVA in R (ver. 3.5.1) with a pairwise comparison by applying the Tuckey 317 

honestly significant difference (HSD) post-hoc test, to assess differences on water productivity 318 

components at 5% significance level, regarding the six N cover fertilizing levels (0 kg ha-1, 25 kg ha-319 
1, 50 kg ha-1, 100 kg ha-1, 200 kg ha-1and 400 kg ha-1), and for the drone flights at eight crop stages – 320 
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where ap is a regression coefficient found to be 0.44 for the Northeast Brazil [37].
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where ap and bp are regression coefficients which in previous study for mixed agroecosystems were estimated respectively 
as 1.26 and 0.16 [40].
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Having remote sensing estimations and field measurements of BIO and field measurements of productivity (Pr), water 
productivity – WP (kg m-3) was assessed based on both, BIO (kg ha-1) and Pr (kg ha-1):
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Statistical Analysis
Besides average pixel values and standard deviations,  analyses of variance (ANOVA) were performed using 2-way 
ANOVA in R (ver. 3.5.1) with a pairwise comparison by applying the Tuckey honestly significant difference (HSD) post-
hoc test, to assess differences on water productivity components at 5% significance level, regarding the six N cover 
fertilizing levels (0 kg ha-1, 25 kg ha-1, 50 kg ha-1, 100 kg ha-1, 200 kg ha-1and 400 kg ha-1), and for the drone flights at 
eight crop stages – CS: Emergency (E), plants with four leaves (V4), plants with six leaves (V6), plants with ten leaves 
(V10), pre flowering (PF), full flowering (FF), grain filling (GF) and physiological maturation (PM) [2].

Results and Discussion
Weather Water Productivity Drivers 
Figure. 2 presents the daily values for daily totals of precipitation – P and reference evapotranspiration – ET0 (a); and 
for the daily means of global solar radiation – RG and air temperature – Ta (b), in terms of Day of the Year – DOY, during 
the corn growing season in 2022.

Figure 2: Weather Data During the Corn Growing Season of 2022 in the County of São Cristóvão, Sergipe 
(SE) State, Northeast Brazil, According to the Day of the Year (DOY). (a) Daily Values for Totals of 
Precipitation (P) and Reference Evapotranspiration (ET0); and (b) Daily Mean Values for Global Solar 
Radiation (RG) and Air Temperature (Ta)

From Figure. 2a, rainfall was concentrated between the end of July (DOY 186) and the start of September (DOY 246), 
when there was the highest P daily value, above 20 mm d-1 with a total for the growing season (GS) of 351.4 mm GS-1. 
ET0 maximum daily rates were from the beginning of October (DOY 275) to the end of the year, with peaks above 5.5 
mm d-1 in October (DOY 291-294). Considering the ET0 for the growing season of 551.6 mm, rainfalls attended only 64% 
of the atmospheric demand, meaning some water deficit degree in the climatic water balance for the crop, mainly from 
September (DOY 253) to October (DOY 286). 

According to Figure. 2b, RG and Ta tendencies followed those for ET0, with respective maximum mean daily values above 
20.0 MJ m-2 d-1 and 26.0 oC from September (DOY 258) to the end of the year; while the corresponding minimum 
ones, below 15.0 MJ m-2 d-1 and 20.0 oC were concentrated from the beginning of July (DOY 187) to the end of August 
(DOY 235). Thus, the best corn root-zone moisture conditions happened from July to September, but under the lowest 
atmospheric demands, which limited somewhat both ETa and BIO rates, even under good rainfall-water availability. 
	
Spatial And Temporal Variations In Actual Evapotranspiration – Eta
Figure. 3 presents the spatial distribution of corn daily ETa, together with its average pixel values and standard deviations 
(SD), regarding the whole experimental area and the eight analyzed crop stages – CS in the County São Cristóvão, 
Sergipe State, Northeast Brazil, during the year 2022.
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Figure 3: Spatial Distribution of Corn Daily Actual Evapotranspiration (ETa), Together with its Average 
Pixel Values and Standard Deviations (SD), Regarding the whole experimental area and the eight analyzed 
corn crop stages – CS, During the year 2022: E – Emergency; V4, V6, and V10 – Vegetative Stages with 
Four, Six, and Ten Leaves, respectively; PF – Pre-Flowering; FF – Full Flowering; GF – Grain Filling; PM – 
Physiological Maturation

According to Figure. 3, there was a strong increase on ETa rates in the whole experimental corn area, along the eight 
analyzed CS for all N cover fertilizing levels, starting with averages in the range between 0.8 and 1.3 mm d-1 from  E 
(July 17) to V6 (August 04), followed by a sharp increase till a mean pixel value of 3.3 mm d-1 in PF (September 01), 
when started to drop to an average of 2.4 mm d-1 in PM (October 06). Regarding spatial variations, SD represented 36% 
(GF – September 22) to 50% (V4 – July 28 and PM – October 06) of the average pixel values.  

To assess both ETa and BIO for each of the six N cover trials (Urea at 0 to 400 kg ha-1 N levels, with six repetitions) in 
each analyzed CS, the average pixel values and SD for the buffered area were used, resulting in around 180,000 pixels 
for each N cover fertilizing level (see the lower right side of Figure 1).  

Table 3 shows ETa average and SD values from remote sensing measurements, together with the results of the pairwise 
comparison by group, using the Tuckey HSD post-hoc test performed for the N cover fertilization levels according to 
each CS. 

N levels CS2 T0: 0 
(kg ha-1)

T1: 25
(kg ha-1)

T2: 50
(kg ha-1)

T3: 100
(kg ha-1)

T4: 200
(kg ha-1)

T5: 400
(kg ha-1)

Average
1DOY
198 E 1.12±0.40cd 1.15±0.39d 1.15±0.40c 1.13±0.39d 1.10±0.46de 1.21±0.46de 1.14±0.42
209 V4 0.78±0.34d 0.79±0.34d 0.79±0.34c 0.79±0.37d 0.82±0.44e 0.87±0.46e 0.80±0.38
216 V6 0.95±0.36d 1.08±0.48d 1.19±0.59c 1.31±0.69d 1.50±0.88d 1.54±0.88d 1.26±0.64
230 V10 1.95±0.98ab 2.30±1.12ab 2.73±1.26ab 2.89±1.38ab 3.34±1.42b 3.45±1.33b 2.77±1.24
244 PF 2.17±1.04ab 2.76±1.15a 3.17±1.24a 3.48±1.31a 4.10±1.24a 4.39±1.11a 3.34±1.18
256 FF 1.71±0.88bc 1.90±0.96bc 2.19±1.05b 2.49±1.15bc 3.23±1.23b 3.45±1.11b 2.49±1.06
265 GF 2.19±0.72ab 2.16±0.84ab 2.28±0.83b 2.53±0.88bc 2.96±0.98bc 2.90±0.87bc 2.50±0.85
279 PM 2.47±1.05a 2.18±1.18ab 2.26±1.20b 2.25±1.24c 2.41±1.23c 2.33±1.27c 2.37±1.19
Average - 1.67±0.72 1.79±0.81 1.97±0.86 2.11±0.93 2.43±0.99 2.52±094 2.08±0.87

Table 3: Average Pixel Values and Standard Deviations (SD) of Actual Evapotranspiration (ETa) from 
Remote Sensing Measurements, Considering the N Cover Fertilization Levels for each Analyzed Corn Crop 
Stages (CS), Together with the Tuckey HSD Post-hoc Test Performed by Group
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1DOY – Day of the Year; 2CS – Crop stages: E – Emergence; V4 – Vegetative stage with four leaves per plant; V6 
– Vegetative stage with six leaves per plant, V10 – Vegetative stage with ten leaves per plant, PF – Reproductive 
pre flowering, FF – Reproductive full flowering, GF – Reproductive grain filling, and PM – Reproductive physiological 
maturation. ETa rates with the same letter in each column indicate no significant differences from each other at 5%.

Table 3 shows strong variations on ETa from E to PM for each N cover fertilization levels (T0 to T5), evidenced by the 
Tuckey HSD post-hoc test. The mean daily ETa rates ranged from a minimum of 0.8 mm d-1 from E to V4 in July (DOY 
198 to 209 – July 17 to July 28), without significative differences among N cover trials from T0 to T3, increasing to a 
peak of 4.4 mm d-1 for PF (DOY 244, September 01) with T5. Average values for the corn growing season (GS) ranged 
from 1.7 mm d-1 (T0) to 2.5 mm d-1 (T5). The high SD values indicated large spatial variations in the root-zone moisture 
and soil cover conditions, which affected ETa partitions into transpiration and soil evaporation from canopies and soil, 
respectively [21,40].
 
As the ETa pixel values for each CS and N cover fertilization trial also depended on the climatic water balance, the 
following analyses considered the accumulated values for precipitation (Pac) and reference evapotranspiration (ET0_ac) 
between the crop stages, since the seeding time (S), considering the weather data showed in Fig. 2a. From E (July 
17, DOY 198) to V4 (July 28, DOY 209), as the soil cover was scarce, there were the lowest ETa rates, with mean pixel 
values below 1.3 mm d-1 for all N cover fertilizing levels (T0 to T5). During this period, although Pac attended ET0_ac, with a 
positive climatic water balance (Pac – ET0_ac = 44.6 mm) from S (DOY 186, July 05) to V4, there was a higher ETa partition 
into soil evaporation.  Between V4 and PF (September 01, DOY 244), ETa rates increased, with averages ranging from 
1.0 mm d-1 for T0 in V6 (August 04, DOY 216) to 4.4 mm d-1 for T5 in PF. During this last period rainfalls still attended 
the atmospheric demand in the climatic water balance (Pac – ET0_ac = 8.2 mm), but the soil cover increased contributing 
to a higher partition of ETa into transpiration. After PF, ETa rates dropped till PM (October 06, DOY 279), with general 
declines in transpiration rates as the harvest stage approached under a negative climatic water balance (Pac – ET0_ac = 
-133.0 mm).

The water fluxes were affected by crop development, but according to Tukey’s HSD post-hoc test, different for each CS, 
varying according to the N cover fertilization levels, but not statistically different for the highest ETa rates between T4 
and T5. This is an important issue as for T5, N level 400 kg ha-1, the production cost rises while more N is percolated to 
the water table increasing environmental negative impacts, comparing with that of 200 kg ha-1 (T4). The ETa rates were 
most affected by variations on root-zone moisture levels and soil cover, which in turn depend on the weather conditions 
and CS, affecting the ETa partitions into transpiration and soil evaporation [42,43]. Considering the evaporative fraction 
(ETf = ETa/ET0) as a corn root-zone moisture indicator crossing ET0 values (Figure 2a) with the mean ETa rates (Table 
3), it ranged from 0.21 in July (E to V4 CS) from T0 to T3 to above 1.00 in September (PF to FF CS) with T4 and T5 
[2]. These ETf values indicate that, in general, there was no strong water deficit for crop growth along crop stages for 
N cover fertilizing levels above 200 kg ha-1 (T4) and 400 kg ha-1 (T5), even with negative water balance (P – ETa) in 
some circumstances, what could be attributed to a good corn root development promoted by these N cover applications 
allowing the use of soil moisture at high depths.

reported average corn ETa rates ranging from 2.0 to 2.8 mm d-1 and from 3.1 to 3.8 mm d-1 for respectively for rainfed 
and irrigated conditions in Colorado (USA) [44]. Our average value of 2.1 mm d-1 for the corn crop growing season 
(GS) is inside of their rainfed range. In Northwestern China, modelling and field measurements in irrigated corn crop 
with mulching retrieved mean ETa of 3.5 mm d-1 close to our averaged value for PF when the plants were at good 
root-zone rainfall water availability [45]. from drone remote sensing measurements in corn crop growing within the 
Caatinga Brazilian biome, reported an average ETa of 2.2 mm d-1 under different N cover fertilizin levels with urea [2]. 
The similarities between our results and those from literature bring confidence in the suitability of estimating ETa by 
modelling rs and ra in the Penman-Monteith equation from the reflectance values of the Mapir camera onboard a drone 
together with agrometeorological data [21,26]. 

Spatial and Temporal Variations In Biomass Production - Bio
Figgure. 4 presents the spatial distribution of daily corn BIO, together with its average pixel values and standard 
deviations (SD), regarding the whole experimental area and the eight analyzed crop stages – CS in the County São 
Cristóvão, Sergipe State, Northeast Brazil, during the year 2022.
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Figure: 4 Spatial Distribution of Daily Biomass Production (BIO), Together With its Average Pixel Values 
and Standard Deviations (SD), Regarding The Whole Experimental Area and The Eight Analyzed Corn 
Crop Stages – CS, During The Year 2022: E – Emergency; V4, V6, and V10 – Vegetative Stages With 
Four, Six, and Ten Leaves, Respectively; PF – Pre-Flowering; FF – Full Flowering; GF – Grain Filling; PM – 
Physiological Maturation

As for ETa, there were spatial and temporal BIO variations as shown Fig. 4, for each N cover fertilization level along the 
corn crop stages (CS),  with lower rates from E (July 17) to V6 (August 04), when the mean pixel values ranged from 3 to 
10 kg ha-1 d-1, followed by an increase till PF (September 01), when the BIO average was 56 kg ha-1 d-1, raising 5.6 folds 
from V6 to PF. After that, BIO dropped to a mean of 18 kg ha-1 d-1 in PM (October 06). Considering the spatial variations, 
the highest SD values were in V4 (July 28), representing 100% of the average, and the lowest one, accounting for 40% 
of the average, happened during GF (September 22). 

Table 4 shows BIO averages and SD values from remote sensing measurements, together with the results of the pairwise 
comparison by group, using the Tuckey HSD post-hoc test performed for the N cover fertilization levels according to 
each analyzed CS. 
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Table 3. Average pixel values and standard deviations (SD) of actual evapotranspiration (ETa) from 917 
remote sensing measurements, considering the N cover fertilization levels for each analyzed corn 918 
crop stages (CS), together with the Tuckey HSD post-hoc test performed by group. 919 

 Actual evapotranspiration – ETa (mm d-1) 

N levels 
1DOY CS2 T0: 0 

(kg ha-1) 
T1: 25 

(kg ha-1) 
T2: 50 

(kg ha-1) 
T3: 100 
(kg ha-1) 

T4: 200 
(kg ha-1) 

T5: 400 
(kg ha-1) Average 

198 E 1.12±0.40cd 1.15±0.39d 1.15±0.40c 1.13±0.39d 1.10±0.46de 1.21±0.46de 1.14±0.42 

209 V4 0.78±0.34d 0.79±0.34d 0.79±0.34c 0.79±0.37d 0.82±0.44e 0.87±0.46e 0.80±0.38 

216 V6 0.95±0.36d 1.08±0.48d 1.19±0.59c 1.31±0.69d 1.50±0.88d 1.54±0.88d 1.26±0.64 

230 V10 1.95±0.98ab 2.30±1.12ab 2.73±1.26ab 2.89±1.38ab 3.34±1.42b 3.45±1.33b 2.77±1.24 

244 PF 2.17±1.04ab 2.76±1.15a 3.17±1.24a 3.48±1.31a 4.10±1.24a 4.39±1.11a 3.34±1.18 

256 FF 1.71±0.88bc 1.90±0.96bc 2.19±1.05b 2.49±1.15bc 3.23±1.23b 3.45±1.11b 2.49±1.06 

265 GF 2.19±0.72ab 2.16±0.84ab 2.28±0.83b 2.53±0.88bc 2.96±0.98bc 2.90±0.87bc 2.50±0.85 

279 PM 2.47±1.05a 2.18±1.18ab 2.26±1.20b 2.25±1.24c 2.41±1.23c 2.33±1.27c 2.37±1.19 
Average - 1.67±0.72 1.79±0.81 1.97±0.86 2.11±0.93 2.43±0.99 2.52±094 2.08±0.87 

1DOY – Day of the Year; 2CS – Crop stages: E – Emergence; V4 – Vegetative stage with four leaves per plant; V6 – Vegetative stage 920 
with six leaves per plant, V10 – Vegetative stage with ten leaves per plant, PF – Reproductive pre flowering, FF – Reproductive full 921 
flowering, GF – Reproductive grain filling, and PM – Reproductive physiological maturation. ETa rates with the same letter in each 922 
column indicate no significant differences from each other at 5%. 923 

 924 

Table 4. Average pixel values and standard deviations (SD) of biomass production (BIO) from remote 925 
sensing measurements, considering the N cover fertilization levels for each analyzed corn crop stages, 926 
together with the Tuckey HSD post-hoc test performed by group. 927 

 Biomass production – BIO (kg ha-1 d-1) 
N levels 

1DOY CS2 T0: 0 
(kg ha-1) 

T1: 25 
(kg ha-1) 

T2: 50 
(kg ha-1) 

T3: 100 
(kg ha-1) 

T4: 200 
(kg ha-1) 

T5: 400 
(kg ha-1) Average 

198 E 5.14±2.90bc 5.83±3.29d 6.77±3.64d 7.35±3.94c 8.42±4.91cd 8.58±4.89de 7.20± 3.93 

209 V4 1.52±1.63c 2.14±2.05d 3.24±2.96d 4.22±3.93c 5.97±5.61d 6.10±5.53e 3.87± 3.62 

216 V6 5.73±4.27bc 9.55±7.02cd 12.75±9.00d 16.26±12.16c 21.43±16.98cd 22.32±17.39de 14.67± 11.14 

230 V10 35.26±25.35a 50.50±30.70a 65.86±36.27a 75.43±41.78a 92.74±46.50ab 98.06±43.11b 69.64± 37.29 

244 PF 40.22± 25.54a 54.79±31.86a 67.35±34.07a 81.68±40.24a 108.88±43.17a 123.08±40.70a 79.33±35.93 

256 FF 25.18±17.17ab 29.01±18.18bc 35.76±21.83bc 47.88±27.88b 79.51±38.10b 90.99±35.26bc 51.39±26.40 

265 GF 41.92±17.01a 42.81±20.4ab 45.83±19.84ab 54.50± 22.88b 76.49±30.59b 75.80±26.21c 56.23±22.82 

279 PM 24.91±13.65ab 22.02±14.29bcd 22.80±14.67cd 23.34±15.89c 29.47±17.79c 28.52±18.21d 25.18±15.75 
Average - 22.49±13.44 27.08±15.97 32.55±17.785 38.83±21.09 52.86±25.46 56.68±23.91 38.41±19.61 

1DOY – Day of the year; 2CS – Crop stages: E_ Emergence; V4 – Vegetative stage with four leaves per plant; V6 – Vegetative stage 928 
with six leaves per plant, V10 – Vegetative stage with ten leaves per plant, PF – Reproductive pre flowering, FF – Reproductive full 929 
flowering, GF - Reproductive grain filling, and PM- Reproductive physiological maturation. BIO rates with the same letter in each 930 
column indicate no significant differences from each other at 5%. 931 
 932 
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Table 4: Average Pixel Values and Standard Deviations (SD) of Biomass Production (BIO) From Remote 
Sensing Measurements, Considering The N Cover Fertilization Levels for Each Analyzed Corn Crop Stages, 
Together With The Tuckey HSD Post-Hoc Test Performed by Group

1DOY – Day of the year; 2CS – Crop stages: E_ Emergence; V4 – Vegetative stage with four leaves per plant; V6 
– Vegetative stage with six leaves per plant, V10 – Vegetative stage with ten leaves per plant, PF – Reproductive 
pre flowering, FF – Reproductive full flowering, GF - Reproductive grain filling, and PM- Reproductive physiological 
maturation. BIO rates with the same letter in each column indicate no significant differences from each other at 5%.

According to Table 4, the mean BIO values ranged from a minimum of 1.5 kg ha-1 d-1 during V4 with T0 (DOY 209, July 
28) to a peak of 123.1 kg ha-1 d-1 in PF (DOY 244, September 01) with T5. However, from the N cover fertilization of 200 
kg ha-1 d-1 (T4) to 400 kg ha-1 d-1 (T5), there were no significative differences in BIO rates for all CS, with the average 
for T4 being 93% of that for T5. Regarding the spatial variations, SD values represented between 40% and 106% of 
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the BIO averages in GF (DOY 265, September 22) with T4 and V4 (DOY 209, July 28) under T0, respectively.  The high 
SD values for corn BIO indicated variabilities in the root-zone moisture and soil cover conditions, as both affect PARabs 
[2,21].

From E (July 17, DOY 198) to V4 (July 28, DOY 209), as the soil cover was low, occured the lowest BIO rates, with the 
lowest mean of 1.5 kg ha-1 d-1 (V4 in T0), at the respective minimums of 0.03 for fP and 2 W m-2 for PARabs.  From V6 
(August 04, DOY 216) to PF (September 01, DOY 244), BIO rates increased, with averages surpassing 100 kg ha-1 d-1 in 
PF for both T4 and T5. Under these conditions fP was above 0.35 and PARabs higher than 30 W m-2. From FF (September 
13, DOY 256) to PM (October 06, DOY 259), BIO rates dropped, reaching a mean below 25 kg ha-1 d-1 for T0 to T3 in 
PM, promoted by declines on fp lower than 0.20 for T0 to T2 as the harvest time approached, even with mean PARabs 
values still above 20 W m-2 during this CS. 

The reproductive crop stages presenting the maximum BIO rates, agree with who reported highest values of remote 
sensing vegetation indices when the corn canopies fully covered the soil [11,46]. In addition, the RG increases in 
September favored the photosynthetic activity, which together crop development raising PARabs, brought the BIO peaks 
in the current paper, corroborating with [47]. According to transpiration rates favoring photosynthetic activities, increase 
BIO, under good root-zone moisture levels. [48, 49] In the current research, BIO followed the development of leaf areas 
with increases of ETa partition into transpiration which in turn is related to soil cover and corn crop stages [2,21,43, 
50]. Using remote sensing measurements, showed relationships between BIO and transpiration in corn crops under 
both irrigation and rainfed conditions, confirming that energy partition into soil evaporation does not contribute to BIO. 
through remote sensing measurements with a Sequoia camera onboard drone in corn crop N cover fertilized with urea 
within the Caatinga Brazilian biome, reported larger BIO rates ranging from 40 kg ha-1 d-1 in V6 for N level of 0 kg ha-1 
to 228 kg ha-1 d-1 for FF with N applications at 200 kg ha-1 [2,51,52]. One of the reasons for these last larger BIO rates 
compared to our results is that, besides being a different cultivar growing in a distinct biome, there were higher both 
P and RG levels during these crop stages in their study, promoting deeper root systems to explore larger soil moisture 
volumes. 
	
Water productivity dynamics
Table 5 presents the WPBIO averages and SD values from remote sensing measurements, together with the results of 
the pairwise comparison by group, using the Tuckey HSD post-hoc test performed for the N cover fertilization levels 
according to each analyzed CS. 
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Table 5. Average pixel values and standard deviations (SD) of water productivity based on biomass 943 
production (WPBIO) from remote sensing measurements, considering the N cover fertilization levels 944 
for each analyzed corn crop stages, together with the Tuckey HSD post-hoc test performed by group. 945 

 Water productivity based on biomass production – WPBIO (kg m-3) 
N levels 

1DOY CS2 T0: 0 
(kg ha-1) 

T1: 25 
(kg ha-1) 

T2: 50 
(kg ha-1) 

T3: 100 
(kg ha-1) 

T4: 200 
(kg ha-1) 

T5: 400 
(kg ha-1) Average 

198 E 0.48±0.25de 0.53±0.27de 0.60±0.25de 0.66±0.27d 0.76±0.28c 0.71±0.28c 0.62±0.27 
209 V4 0.20±0.19e 0.27±0.22e 0.38±0.24e 0.48±0.29d 0.63±0.33c 0.61±0.31c 0.43±0.26 
216 V6 0.59±0.31d 0.83±0.34cd 1.01±0.35c 1.14±0.42c 1.27±0.49b 1.29±0.46b 1.02±0.40 
230 V10 1.70± 0.57ab 2.10±0.53a 2.33±0.55e 2.52±0.55a 2.68±0.55a 2.79± 0.47a 2.35±0.54 
244 PF 1.82±0.67ab 1.98±0.70ab 2.12±0.67a 2.31±0.69ab 2.62±0.61a 2.79±0.60a 2.27±0.66 
256 FF 1.58±0.87b 1.71±0.94b 1.76±0.86b 2.02±0.89b 2.48±0.80a 2.68±0.76a 2.04±0.85 
265 GF 1.93±0.48a 2.02±0.60ab 2.04±0.56ab 2.18±0.56ab 2.58±0.55a 2.63±0.52a 2.23±0.55 
279 PM 1.09±0.50c 1.14± 0.60c 1.14±0.59c 1.18±0.63c 1.33±0.60b 1.36±0.66b 1.21± 0.60 

Average - 1.17 ± 0.48 1.32 ± 0.53 1.42 ± 0.51 1.56 ± 0.54 1.79 ± 0.53 1.86 ± 0.51 1.52 ± 0.51 
1DOY – Day of the year; 2CS – Crop stages: Emergence; V4 – Vegetative stage with four leaves per plant; V6 – Vegetative 946 
stage with six leaves per plant, V10 – Vegetative stage with ten leaves per plant, PF – Reproductive pre flowering, FF – 947 
Reproductive full flowering, GF - Reproductive grain filling, and PM- Reproductive physiological maturation. WPBIO 948 
values with the same letter in each column indicate no significant differences from each other at 5%. 949 
 950 

Table 6. Corn growing season (GS) values for water productivity (WP) components  951 
WP component1/ 

N treatment2 
ETa 

(mm) 
BIORS 

(kg ha-1) 
BIOFM 

(kg ha-1) 
PrFM 

(kg ha-1) 
WPBIO_RS 
(kg m-3) 

WPBIO_FM 
(kg m-3) 

WPPr 
(kg m-3) 

T0 228.0 3,080.4 3,697.1 455.9 1.35 1.62 0.20 
T1 245.2 3,710.1 3,040.8 1,271.2 1.51 1.24 0.52 
T2 269.9 4,458.7 3,713.7 2,029.5 1.65 1.38 0.75 
T3 289.0 5,320.0 5,800.0 3,175.4 1.84 2.01 1.10 
T4 333.3 7,242.3 7,830.7 4,085.1 2.17 2.35 1.23 
T5 344.9 7,765.3 7,499.0 4,178.0 2.25 2.17 1.21 

Mean 285.1 5,262.8 5,105.4 2,532.5 1.85 1.85 0.89 
1ETa – Actual Evapotranspiration; BIORS – Biomass Production from remote sensing parameters; BIOFM – Biomass 952 
Production from field measurements; PrFM – Corn productivity from field measurements; WPBIO_RS – Water Productivity 953 
based on BIORS; WPBIO_FM – Water Productivity based on BIOFM, and WPPr – Water Productivity based on PrFM. 954 
2T0 – 0 N cover; T1: N cover at 25 kg ha-1; T2: N cover at 50 kg ha-1; T3: N cover at 100 kg ha-1; T4: N cover at 200 kg 955 
ha-1; T5: N cover at 400 kg ha-1 956 
 957 
 958 
List of Figures 959 
 960 
Figure 1. Location of the experimental area. (a) Sergipe in the Northeast region of Brazil; (b) São 961 
Cristóvão County in Sergipe State, and (c) corn plots cover fertilized with different nitrogen (N) levels 962 
from urea source, at 0 kg ha-1 (T0), 25 kg ha-1 (T1), 50 kg ha-1 (T2), 100 kg ha-1 (T3), 200 kg ha-1 963 
(T4), and 400 kg ha-1 (T5).  964 
 965 
Figure 2. Weather data during the corn growing season of 2022 in the County of São Cristóvão, 966 
Sergipe (SE) state, Northeast Brazil, according to the Day of the Year (DOY. (a) Daily values for 967 
totals of precipitation (P) and reference evapotranspiration (ET0); and (b) daily mean values for global 968 
solar radiation (RG) and air temperature (Ta). 969 
 970 

Table 5: Average Pixel Values and Standard Deviations (SD) of Water Productivity Based on Biomass 
Production (WPBIO) From Remote Sensing Measurements, Considering The N Cover Fertilization Levels 
For Each Analyzed Corn Crop Stages, Together With The Tuckey HSD Post-Hoc Test Performed by Group
1DOY – Day of the year; 2CS – Crop stages: Emergence; V4 – Vegetative stage with four leaves per plant; V6 – Vegetative 
stage with six leaves per plant, V10 – Vegetative stage with ten leaves per plant, PF – Reproductive pre flowering, FF – 
Reproductive full flowering, GF - Reproductive grain filling, and PM- Reproductive physiological maturation. WPBIO values 
with the same letter in each column indicate no significant differences from each other at 5%.

From Table 5, the mean WPBIO values ranged from an average of 0.2 kg m-3 during V4 for T0 (July 28, DOY 209) to a 
peak of 2.8 kg m-3 from V10 (August 18, DOY 230) to PF (September 01, DOY 244) with T5. However, as for BIO, from 
the N cover fertilizing of 200 kg ha-1 d-1 (T4) to 400 kg ha-1 d-1 (T5), there were no significative differences considering 
all crop stages, with the average for T4 being 94% of that for T5. Regarding the spatial variations, SD represented 
between 21% and 100% of the average WPBIO in GF (September 22, DOY 265) with T4 and in V4 with T0, respectively. 

During the period from E (July 17, DOY 198) to V4, the BIO low rates (Table 4), even with low ETa (Table 3) generated 
the minimum WPBIO values, with a mean ranging from 0.2 kg m-3 (T0) to 0.6 kg m-3 (T4 and T5) during this CS. WPBIO 
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increased from V6 (August 04, DOY 216) attaining an average of 2.8 kg m-3 between V10 (August 19, DOY 230) and PF 
(September 01, DOY 256) with both T4 and T5. Under these last conditions the high mean BIO rates ranged from 93 
to 123 kg ha-1 d-1, while the corresponding ones for ETa were from 3.3 to 4.4 mm d-1. WPBIO values dropped to a mean 
value of 1.1 kg m-3 from T0 to T3 in PM, when ETa and BIO reached mean pixel values below 2.3 mm d-1 and 23 kg ha-1 
d-1, respectively. 

According to the WPBIO values, there were variations among N cover fertilization trials due to root-zone moisture, crop 
development, and solar radiation levels. However, considering the six repetitions for each N cover fertilization trials, it 
is clearly noticed from the statistical analyses, that with N at 200 kg ha-1 (T4), should be a best option when aiming 
good corn yields while saving water and money, besides avoiding environmental problems with much N leaching to the 
ground water under higher applications rates. reported higher WPBIO values, above 4.0 kg m-3, during the V10 and PF 
corn crop stages for N cover fertilization at 200 kg ha-1 with urea, due to larger BIO rates when compared with those 
for the current study. [2] However, the authors mentioned the same effects for both nitrate and urea N sources in corn 
crops cultivated in the Caatinga Brazilian biome, but in this case, the WPBIO stabilization occurred at N cover fertilization 
with 150 kg ha-1. 

Remote sensing estimations versus field measurements	
Figure. 5 was built to analyze the effect of soil moisture conditions on water productivity components for each of the 
N cover fertilization levels and to give more confidence for ETa and BIO modelling results, by comparing the ETf values 
which represent the true root-zone moisture status with the FAO crop coefficient (Kc) ones which picture the potential 
conditions of water fluxes [10,53].

Figure 5: Evaporative Fraction (ETf) and FAO Crop Coefficient (Kc) Along The Corn Crop Stages (CS) For 
Each of N Cover Fertilization Level. 
N levels – T0: N Cover at 0 kg ha-1; T1: N Cover at 25 kg ha-1; T2: N Cover at 50 kg ha-1; T3: N Cover at 100 
kg ha-1; T4: N Cover at 200 kg ha-1; and T5: N Cover at 400 kg ha-1

CS – E: Emergency; V4, V6 and V10: Corn Plants With Four, Six and Ten Leaves, Respectively; PF: Pre 
Flowering; FF: Full Flowering; GF: Grain Filling; PM: Physiological Maturation; and H: Harvest

The ETf values are the ratios of actual (ETa) to reference (ET0) evapotranspiration, while Kc is the ratio of potential 
evapotranspiration (ETp) to ET0 [21]. For the FAO Kc approach the lengths of crop development stages were adjusted to 
a growing season of 140 days growing in California (USA) [27]. With this adjustment the length of the mid-season (mid) 
coincided with the period from pre flowering (PF) to grain filling (GF) for the current study. The Kc_mid was estimated by 
Eq. 13 and the curves in Fig. 5 were constructed considering the Kc_ini (initial stage) and Kc_end (end stage) values being 
the same as those for ETf estimated from remote sensing measurements together with agrometeorological data for 
the E and H crop stages, respectively, considering each N cover fertilization level. As for the H stage it wasn´t carried 
out drone flights, a relation ETf with accumulated degree-days was used for Kc_end  [2]. Field measured of corn heights 
(h) varied from 1.20 m (T0) to 1.90 m (T5) but this h range didn’t alter the Kc_mid from the mean value of 1.18 for all N 
cover levels, a little lower than the FAO tabled value of 1.20 for non-stressed, well-managed corn crops under subhumid 
climates. 

The ETf values bellow Kc after the corn FF stage, even with N cover above 200  kg ha-1, indicated some degrees of water 
stress during each CS, which should have affected somewhat the WP components, mainly for N cover fertilization at 0 
kg ha-1 (T0) and 50 kg ha-1 (T1) [4,10,53,56]. However, for T4 and T5, the Kc curve followed well the ETf values till PF 
(September 01, DOY 244), what means that the cover fertilizations above 200 kg ha-1 favor the corn root systems to use 
water at deeper soil depths under lower water availability (see also Fig. 2a), bringing more confidence for the sensitivity 
of the  SUREAL algorithm for estimating ETa. The assumption of equal values for ETf and Kc during the E and H crop 
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stages for all N cover fertilization trials is plausible, as in the E stage there was a very high soil exposed and in the H 
stage plants were under senescence conditions. In both situations plants were with transpiration rates close to zero [2].

Field measurements of biomass production (BIOFM) and corn grain productivity (PrFM) allowed to check the relations 
of field measured (FM) and remote sensing estimated (RS) parameters, considering all the analyzed CS and N cover 
fertilization levels for the GS (Figure 6). 

Figure 6: Relations Between Field Measurements (FM) and Remote Sensing Modelling (RS) For the Corn 
Growing Season (GS): (a) Biomass Production From Field Measurements (BIOFM) and From Remote Sensing 
Modelling (BIORS); (b) Field Measured Productivity (PrFM) and BIORS, (c) PrFM and Evapotranspiration 
Fraction (ETf); and (d) PrFM and Fraction of The Absorbed Photosynthetically Active Radiation (fP)

From Figure. 6a, it can be noticed, by the high determination coefficient (R2 = 0.91), comparing field measurements 
(BIOFM) with remote sensing results (BIORS), the robustness of the joining the SUREAL the RUE models to estimate BIO. 
Even higher correlation (R2 = 0.95) was obtained with field measured productivity (PrFM) and BIORS (Figure 6b). Among 
the remote sensing parameters, the highest correlation for PrFM was with ETf (R2 =0.97), presented in Fig. 6c, but with a 
still high R2 of 0.80 for fP (Figure 6d). These results show that ETf has the strongest effect on corn plants growth, but fp 
also influences their vigor through photosynthetic activity. Yet, the importance of the relation depicted on Fig. 6c is that 
BIO can be estimated from measurements of crop ETa and ET0 from an agrometeorological station and on Fig. [10,21] 
6d is that BIO can also be retrieved with field measurements with reasonably accuracy placing solar radiation sensors 
above and below the corn canopies along the growing seasons [30].

To analyze the suitability of productivity (Pr) estimations through vegetation vigor before harvest (H), Figure. 7 shows 
the relations of PrFM and BIORS from crop stages V6 (plants with six leaves) to PM (Physiological Maturation).

Figure 7: Relation Between Field Measured Productivity (PrFM) and The Remote Sensing Modelled Biomass 
Production (BIORS) For Different Corn Crop Stages. The Vegetative Stages, V6 and V10, Plants With Six 
and Ten Leaves, Respectively; and The Reproductive Stages, PF - Flowering; FF - full Flowering; GF - 
Grain Filling, PM – Physiological Maturation
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According to Figure. 7 correlations between growing season field Pr and daily remote sensing BIO measurements 
declined when the crop stages went from V6 to PM.  The importance of the highest determination coefficient during V6 
(R2 = 0.99) is that corn yield can be accurately predicted allowing guiding farmers about post-harvest processes. The 
low determination coefficient on PM stage (R2 = 0.49) evidence that yield had been already defined in V6, what agrees 
with Fancelli and Dourado Neto (2000), who pointed out that the crop on this CS defines the potential productivity for 
corn crop. The similarity of the remote sensing BIO, and field measured Pr brings additional confidence for the modelling, 
compensating somewhat for the need of advanced expensive energy and carbon balance towers for validations, allowing 
reliable remote sensing comparisons among different N cover fertilization levels for the rainfed corn crop. 

Growing Season Water Productivity Components 
Having productivity data available (Pr) (weight of grains per ha) for each N cover fertilization trial, besides WPBIO, it was 
also possible to carry out WPPr assessments for the growing season (GS). The averaged ETf for each N cover fertilization 
levels were multiplied by ET0 resulting in GS ETa values, while the mean fp values were used to estimate GS BIO with RG 
data and remote sensing parameters. Thus, with the GS values of BIORS, BIOFM, and PrFM, the values for WPBIO_RS, WPBIO_FM 
and WPPr_FM were assessed applying Eq. 17 (Table 6).

30 
 

 941 
 942 
Table 5. Average pixel values and standard deviations (SD) of water productivity based on biomass 943 
production (WPBIO) from remote sensing measurements, considering the N cover fertilization levels 944 
for each analyzed corn crop stages, together with the Tuckey HSD post-hoc test performed by group. 945 

 Water productivity based on biomass production – WPBIO (kg m-3) 
N levels 

1DOY CS2 T0: 0 
(kg ha-1) 

T1: 25 
(kg ha-1) 

T2: 50 
(kg ha-1) 

T3: 100 
(kg ha-1) 

T4: 200 
(kg ha-1) 

T5: 400 
(kg ha-1) Average 

198 E 0.48±0.25de 0.53±0.27de 0.60±0.25de 0.66±0.27d 0.76±0.28c 0.71±0.28c 0.62±0.27 
209 V4 0.20±0.19e 0.27±0.22e 0.38±0.24e 0.48±0.29d 0.63±0.33c 0.61±0.31c 0.43±0.26 
216 V6 0.59±0.31d 0.83±0.34cd 1.01±0.35c 1.14±0.42c 1.27±0.49b 1.29±0.46b 1.02±0.40 
230 V10 1.70± 0.57ab 2.10±0.53a 2.33±0.55e 2.52±0.55a 2.68±0.55a 2.79± 0.47a 2.35±0.54 
244 PF 1.82±0.67ab 1.98±0.70ab 2.12±0.67a 2.31±0.69ab 2.62±0.61a 2.79±0.60a 2.27±0.66 
256 FF 1.58±0.87b 1.71±0.94b 1.76±0.86b 2.02±0.89b 2.48±0.80a 2.68±0.76a 2.04±0.85 
265 GF 1.93±0.48a 2.02±0.60ab 2.04±0.56ab 2.18±0.56ab 2.58±0.55a 2.63±0.52a 2.23±0.55 
279 PM 1.09±0.50c 1.14± 0.60c 1.14±0.59c 1.18±0.63c 1.33±0.60b 1.36±0.66b 1.21± 0.60 

Average - 1.17 ± 0.48 1.32 ± 0.53 1.42 ± 0.51 1.56 ± 0.54 1.79 ± 0.53 1.86 ± 0.51 1.52 ± 0.51 
1DOY – Day of the year; 2CS – Crop stages: Emergence; V4 – Vegetative stage with four leaves per plant; V6 – Vegetative 946 
stage with six leaves per plant, V10 – Vegetative stage with ten leaves per plant, PF – Reproductive pre flowering, FF – 947 
Reproductive full flowering, GF - Reproductive grain filling, and PM- Reproductive physiological maturation. WPBIO 948 
values with the same letter in each column indicate no significant differences from each other at 5%. 949 
 950 

Table 6. Corn growing season (GS) values for water productivity (WP) components  951 
WP component1/ 

N treatment2 
ETa 

(mm) 
BIORS 

(kg ha-1) 
BIOFM 

(kg ha-1) 
PrFM 

(kg ha-1) 
WPBIO_RS 
(kg m-3) 

WPBIO_FM 
(kg m-3) 

WPPr 
(kg m-3) 

T0 228.0 3,080.4 3,697.1 455.9 1.35 1.62 0.20 
T1 245.2 3,710.1 3,040.8 1,271.2 1.51 1.24 0.52 
T2 269.9 4,458.7 3,713.7 2,029.5 1.65 1.38 0.75 
T3 289.0 5,320.0 5,800.0 3,175.4 1.84 2.01 1.10 
T4 333.3 7,242.3 7,830.7 4,085.1 2.17 2.35 1.23 
T5 344.9 7,765.3 7,499.0 4,178.0 2.25 2.17 1.21 

Mean 285.1 5,262.8 5,105.4 2,532.5 1.85 1.85 0.89 
1ETa – Actual Evapotranspiration; BIORS – Biomass Production from remote sensing parameters; BIOFM – Biomass 952 
Production from field measurements; PrFM – Corn productivity from field measurements; WPBIO_RS – Water Productivity 953 
based on BIORS; WPBIO_FM – Water Productivity based on BIOFM, and WPPr – Water Productivity based on PrFM. 954 
2T0 – 0 N cover; T1: N cover at 25 kg ha-1; T2: N cover at 50 kg ha-1; T3: N cover at 100 kg ha-1; T4: N cover at 200 kg 955 
ha-1; T5: N cover at 400 kg ha-1 956 
 957 
 958 
List of Figures 959 
 960 
Figure 1. Location of the experimental area. (a) Sergipe in the Northeast region of Brazil; (b) São 961 
Cristóvão County in Sergipe State, and (c) corn plots cover fertilized with different nitrogen (N) levels 962 
from urea source, at 0 kg ha-1 (T0), 25 kg ha-1 (T1), 50 kg ha-1 (T2), 100 kg ha-1 (T3), 200 kg ha-1 963 
(T4), and 400 kg ha-1 (T5).  964 
 965 
Figure 2. Weather data during the corn growing season of 2022 in the County of São Cristóvão, 966 
Sergipe (SE) state, Northeast Brazil, according to the Day of the Year (DOY. (a) Daily values for 967 
totals of precipitation (P) and reference evapotranspiration (ET0); and (b) daily mean values for global 968 
solar radiation (RG) and air temperature (Ta). 969 
 970 

Table 6: Corn Growing Season (GS) Values For Water Productivity (WP) Components

1ETa – Actual Evapotranspiration; BIORS – Biomass Production from remote sensing parameters; BIOFM – Biomass 
Production from field measurements; PrFM – Corn productivity from field measurements; WPBIO_RS – Water Productivity 
based on BIORS; WPBIO_FM – Water Productivity based on BIOFM, and WPPr – Water Productivity based on PrFM. 2T0 – 0 N 
cover; T1: N cover at 25 kg ha-1; T2: N cover at 50 kg ha-1; T3: N cover at 100 kg ha-1; T4: N cover at 200 kg ha-1; T5: 
N cover at 400 kg ha-1. The highest GS ETa was for the N cover fertilization level of 400 kg ha-1 (T5), 51% above that 
for T0 (no N cover fertilizing). The largest GS values for BIORS and Pr were also for T5, but these differences were not 
significantly from those for T4 (7% for BIORS and only 2% for PrFM), while for BIOFM the value for T4 was 4% higher than 
that for T5 but probably also influenced by the sampling processes. The similarity between BIORS and BIOFM generated 
the same average values of 1.85 kg m-3 for WPBIO_RS and WPBIO_FM two times of the mean WPPr. 

As for BIO, WP values stabilized after the N cover fertilizing level of 200 kg ha-1 (T4). The average WPBIO_RS values from 
Table 6 are higher than that found by of 0.97 kg m-3 in Tanzania, but these last authors attributed this low value to 
poor corn yields under rainfed conditions in their study region [9]. However from satellite measurements, reported 
an average WPBIO_RS of 2.10 kg m-3 for rainfed corn crop growing under the conditions of the Brazilian Cerrado biome 
within Central West region, while for pivot irrigated corn, found average WPPr of 2.00 kg m-3 within this same biome, 
but in Southeast Brazil [1,57]. Lower WPBIO and WPPr in the Brazilian Atlantic Forest biome for the current study can be 
explained by less water availability in the corn root zones under rainfall water deficit conditions during the study period.

The harvest index (HI), i.e. the ratio of Pr to BIO, ranged from 0.12 for BIOFM with T0 to 0.60 with T3 and T4 for BIORS. 
This HI range agrees with who reported HI values from 0.20 to 0.56 for corn under different growing conditions in South 
Romania, and those from 0.37 to 0.55 for rainfed corn cover fertilized with nitrate and urea in the Caatinga Brazilian 
Biome found average corn ETa, Pr and BIO respective values of 331 mm, 3,200 kg ha-1, and 6,800 kg ha-1 for a rainfed 
corn growing season, yielding an average HI of 0.47, using Sentinel and Landsat 8 images in the north-eastern part of 
Tanzania. However, this last study involved different CS at the same time and pixel contaminations with other crops. 
[2,9,58].

Considering the corn grain prices in 2022, the WPPr monetary vales were around US$0.20 m-3 with the recommended 
N cover fertilization level of 200 kg ha-1 (T4), which is lower than those for irrigated corn within the Brazilian Cerrado 
biome (0.34 to 0.68 US$ m-3) reported by  corn crop under rainfed conditions in the Brazilian Caatinga biome, around 
0.50 US$ m-3  but like those for other arable crops around the world (0.10 to 0.20 US$ m-3) However, reasons for these 
differences can be attributed, besides methods, to distinct cultivars and environmental conditions. [1,2,59]
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Conclusions
Reflectance measurements from a camera onboard a drone in the ranges of visible and near infra-red bands together 
with weather data, dry matter and yield field data, allowed the rainfed corn water productivity assessments at high 
spatial resolution, with detections of the effect of N cover fertilizations. Distinct actual evapotranspiration (ETa) and 
biomass production (BIO) rates promoted different water productivity (WP) values for each crop stage (CS), with peaks 
during the reproductive stages from pre flowering (PF) to grain filling (GF) but stabilizing for all CS at N levels of 200 kg 
ha-1. This means that with N cover fertilizations above this level will promote money losses and increase risks of negative 
environmental impacts with more N leaching to the water table. 

Relations of measured productivity (Pr) with remote sensing parameters showed that its best correlation was with the 
evaporative fraction (ETf), but the fraction of the absorbed photosynthetically active radiation (fp) had its influence 
through photosynthetic activity. Comparing Pr with remote sensing modeled BIO (BIORS), the highest determination 
coefficient at V6 (plant with six leaves) indicated that corn yield can be predicted during this specific CS, guiding farmers 
about post-harvest processes. Applications of the remote sensing models showed that they are useful for monitoring 
vegetation and water conditions in corn crops with aerial camera onboard drone, allowing rational fertilization practices 
while maintained yield at low water use. Although the methods were tested in a specific crop growing region of the 
Atlantic Forest Brazilian biome, they success of the methods showed strong potential to support sustainable agriculture. 
Limitations for applications in other environments could be the probable need of local calibrations for the modelling 
equations by simultaneous field and remote sensing measurements. 
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