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Abstract: Efficient irrigation management is crucial for okra production in tropical climates, 

where irregular water availability, resulting in water deficit or excess, can affect agricultural 

yield. Thus, the objective was to evaluate, in two consecutive years, the agronomic 

characteristics and water use efficiency of the okra crop under irrigation depths as a function of 

crop evapotranspiration. The experiment was conducted in two consecutive years, from October 

to January 2022 and 2023, in Fortaleza, Ceará, Brazil. The experimental design was randomized 

blocks, with five treatments and five replications. The treatments consisted of 30, 60, 90, 120, 

and 150% of crop evapotranspiration. The water deficit severely affected the vegetative growth 

and fruit quality of the okra crop. However, this condition allowed high efficiency in water use 

in irrigated okra cultivation in both years of cultivation. Water stress, whether due to water 

deficit or excess, had a significant negative impact on okra productivity. 
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Introduction 

Okra (Abelmoschus esculentus L.) is a 

monocotyledonous herbaceous plant 

belonging to the Malvaceae family, playing 

a significant role in both human nutrition 

and medicine. Due to these characteristics, 

okra cultivation offers good economic 

returns (Patra et al., 2023). It is cultivated 

mainly by small producers, in tropical and 

subtropical regions, where climatic 

conditions are favorable, with a fast cycle 
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and, when well-managed, can produce all 

year round (Dantas et al., 2021). 

Technological advances in irrigation 

methods and systems can maximize crop 

productivity. However, the irrigation 

strategy needs to consider both the quality 

and quantity of water, which can influence 

the achievement of high yields in the field 

(Frizzone et al., 2021). 

Irrigated agriculture is considered one of 

the human activities with the highest water 

https://doi.org/10.19149/wrim.v15i1-3.5270
https://www3.ufrb.edu.br/seer/index.php/wrim/index
https://orcid.org/0000-0002-1342-4326
https://orcid.org/0000-0003-4970-719X
https://orcid.org/0000-0001-7391-1719
https://orcid.org/0000-0003-4171-3405
https://orcid.org/0000-0002-1466-6458
https://orcid.org/0000-0001-7709-6029
https://orcid.org/0000-0001-8964-0642
https://orcid.org/0009-0005-0996-0993
https://orcid.org/0000-0001-9460-1461
https://orcid.org/0000-0003-0722-6371


 
 

Water Resources and Irrigation Management, Cruz das Almas, v.15, n.1-3, p.1-12, 2026. 

 

Canjá et al. 2 

consumption worldwide (Barideh and 

Nasimi, 2022). This becomes a challenge 

for agricultural production due to 

competing demand in various sectors of the 

economy, such as fast industrialization and 

high population growth (Rosenzweig et al., 

2020; Leal Filho et al., 2022). In addition to 

the impacts of climate change, shifts in the 

frequency and intensity of rainfall have 

become more evident, with semi-arid and 

arid regions increasingly experiencing 

prolonged periods of drought. These 

changes directly affect water availability for 

agricultural crops, making irrigation an ever 

more essential practice (Bouabdelli et al., 

2022; Costa et al., 2025). 

Irrigated agriculture is one of the 

fundamental pillars of food production 

worldwide, playing a crucial role in 

ensuring food security. By enabling 

cultivation in regions with limited water 

availability, it not only expands the area of 

arable land, but also significantly increases 

crop productivity and improves quality of 

life (Qureshi, 2019). 

Irrigation, when properly managed, can 

mitigate the impacts of climate change on 

agricultural production and water use 

efficiency (Segovia-Cardozo et al., 2019; 

Segovia-Cardozo et al., 2022; Silva et al., 

2024). By providing water directly to plants 

when needed, assists  ensure an adequate 

supply regardless of weather conditions. 

This is essential during periods of drought 

or dry spells, when rainfall is insufficient to 

meet crop needs (Mesquita et al., 2023). 

Thus, the objective was to evaluate, in 

two consecutive years, the agronomic 

characteristics and water use efficiency of 

the okra crop under irrigation depths as a 

function of crop evapotranspiration. 

 

Materials and Methods 

Location and characterization of the 

experimental area 

The experiment was conducted in two 

consecutive years, from October to January 

2022 and 2023, in the experimental area 

belonging to the Department of Agricultural 

Engineering of the Federal University of 

Ceará, in Fortaleza, Ceará, Brazil, with 

geographic coordinates 3° 44’ S, 38° 34’ W, 

and 19.5 m altitude in relation to the mean 

sea level (Figure 1). 

 

 
Figure 1. Location of the experimental area at the Federal University of Ceará, Fortaleza, Ceará, 

Brazil. 
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According to the Köppen classification 

(Köppen, 1923), the region’s climate is 

Aw’, characterized by being tropical rainy, 

with summer-autumn precipitation. 

Meteorological data on rainfall, 

temperature, and relative air humidity were 

monitored from the automatic station of the 

National Institute of Meteorology 

(INMET), as shown in the Figure 2. 

 

 
Figure 2. Mean values of temperature, relative air humidity, and rainfall during the experimental 

period for the 2022/2023 (A) and 2023/2024 (B) growing season. 

 

Treatments, experimental design, and 

growing conditions 

The experimental design was 

randomized blocks, with five treatments 

and five replicates. The treatments 

consisted of 30, 60, 90, 120, and 150% of 

the crop evapotranspiration (ETc). 

Spacing was set at 0.8 m between rows 

and 0.6 m between plants within rows. Each 

row contained seven plants, five of which 

were useful. The total cultivation area was 

101 m2. The soil in the experimental area 

was classified as Red Yellow Argisol, with 

a sandy loam texture (EMBRAPA, 2018). 

Tables 1 and 2 show the results of the 

physical-hydric and chemical analysis of 

the soil in the experimental area, before the 

application of the treatments, in the years 

2022 and 2023. 

The soil was manually plowed. The 

‘Santa Cruz 47’ okra was sown in late 

October across two cycles, with three seeds 

placed per furrow. Seedlings were thinned 

at 20 days after sowing (DAS). Before 

experimental treatments began, a uniform 

irrigation depth of 100% ETc was applied 

to all plants. 

Mineral fertilization was applied in split 

doses totaling 80 kg ha-1 of N, 100 kg ha-1 

of P2O5, and 60 kg ha-1 of K2O. A partial 

application was made at sowing 

(establishment stage), with the remainder 

applied as topdressing at 20 and 30 days 

after sowing (DAS), following the 

recommendation of Trani et al. (2008). The 

nutrient sources used were urea, single 

superphosphate, and potassium chloride, 

respectively. 

Treatment differentiation began at 21 

DAS. A surface drip irrigation system was 

used, comprising a motor-pump unit, a main 

line, submains, and lateral lines, with 

emitters operating at an average flow rate of 

2 L h-1. 

The irrigation depth was estimated based 

on ETc according to Equation 1. 

 

ETc = ETo × Kc (1) 

 

Where: ETc – crop evapotranspiration, in 

mm day-1; ETo – reference 

evapotranspiration, in mm day-1; Kc – crop 

cultivation coefficient, dimensionless. 

Based on the meteorological data 

previously described, we estimated the ETo 

using the parameterized Penman-Monteith 

method (Allen et al., 1998), according to 

Equation 2. 
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EToPM =
0.408Δ(Rn – G) + γ

900
Tm + 273

u2(es – ea)

Δ + γ(1 + 0.34u2)
  

 

Where: EToPM – reference 

evapotranspiration, in mm day-1; Rn – 

radiation balance, in MJ m-2 day-1; G – soil 

heat flux, in MJ m-2 day-1; Tm – mean air 

temperature, in ºC; u2 – mean wind speed at 

2 m height, in m s-1; (es – ea) – vapor 

pressure deficit, in kPa; ∆ – tangent of the 

vapor saturation pressure curve as a 

function of air temperature, in kPa ºC-1; γ – 

psychrometric constant, in kPa ºC-1. 

 

 

 

Table 1. Physical-water analysis of the soil in the experimental area in the 0.0 to 0.2 m depth. 

Parameters Year 2022 Year 2023 

Soil density (g cm-3) 1.54 1.55 

Particle density (g cm-3) 2.66 2.59 

Moisture at field capacity (cm3 cm-3) 0.316 0.345 

Moisture at permanent wilting point (cm3 cm-3) 0.160 0.192 

Total porosity (cm3 cm-3) 0.412 0.415 

 

Table 2. Chemical analysis of the soil in the experimental area in the 0.0 to 0.2 m depth. 

Assortative complex (cmolc dm-3) % (mg dm-3) (g kg-1) 

2022 

pH (CaCl) K+ Ca2+ Mg2+ Na+ H+ + Al3+ Al3+ V P O.M. 

5.0 1.07 0.92 0.55 0.23 2.20 0.29 42 9.0 13.0 

2023 

pH (CaCl) K+ Ca2+ Mg2+ Na+ H+ + Al3+ Al3+ V P O.M. 

5.2 1.18 0.99 0.64 0.26 2.01 0.24 45 9.3 13.1 
pH – hydrogen potential; V – base saturation; O.M. – organic matter; K+, Na+, and P – potassium, sodium, and 

phosphorus extracted with Mehlich 1 solution; Ca2+, Mg2+, and Al3+ – calcium, magnesium, and aluminum were 

extracted with 1 M KCl solution; H+ + Al3+ – potential acidity, extracted using the 0.5 mol L-1 calcium acetate 

method buffered at pH 7.0. 

 

The Kc values used were as follows: 0.68 

until 40 DAS; 0.79 from 41 to 70 DAS; and 

0.54 from 71 DAS until the end of the 

experiment, according to Paes et al. (2012). 

Irrigation time was quantified according 

to Equation 3. 

 

IT = 
ID × SL + SD + CF

IE × DR

 

Where: IT – irrigation time, in h; ID – 

irrigation depth, in mm day-1; SL – spacing 

between irrigation lines, in m; SD: – spacing 

between drippers, in m; CF – land cover 

factor, dimensionless (the value 1 was 

used); IE – irrigation efficiency (the value 

92% was used); DR – dripper flow rate, in L 

h-1. 

 

According to Table 3, the total depth 

applied in the experiment during the crop 

cycle is observed according to each 

treatment. 

The irrigation schedule adopted was 

fixed, carried out daily, varying the applied 

depth according to the crop’s 

evapotranspiration, except for periods when 

there was rainfall. The control of the 

irrigation time and the applied depth was 

carried out manually, through individual 

records for each treatment. 

 

 

 

 

 

 

 

(3) 

(2) 
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Table 3. Evapotranspiration percentages (ETc) and irrigation depths (Id) applied for each crop 

cycle. 

Treatments ETc (%) 
Irrigation depth (mm) 

2022 2023 

Id30 30 104.0 83.0 

Id60 60 209.0 167.0 

Id90 90 313.0 250.0 

Id120 120 417.0 334.0 

Id150 150 522.0 417.0 

 

Variables analyzed 

In both years, growth variables were 

measured at 45 DAS. The variables 

assessed were leaf area (LA), plant height 

(PH), stem diameter (SD), and number of 

leaves (NL). 

LA was estimated from leaf length and 

width measurements as described by 

Oliveira et al. (2014) using Equation 4. The 

equation provides the area of an individual 

leaf. Total leaf area per plant was obtained 

by multiplying the mean leaf area by the 

total number of leaves per plant at the time 

of evaluation. 

 

LA = L × W × CF (4) 

 

Where: LA – leaf area, in cm2; L – leaf 

length, in cm; W – leaf width, in cm; CF – 

correction factor, dimensionless (the value 

0.63 was used). 

 

PH (in cm) was measured using a 

graduated ruler from the plant collar to the 

tip of the main stem. SD (in mm) was 

determined with the aid of a digital caliper, 

at a height of approximately 2 cm above the 

soil surface. NL was determined by manual 

counting from the base of the plant to the 

apex. 

The first harvest occurred at 55 DAS in 

the first cycle and 49 DAS in the second. 

Subsequently, fruits were harvested at four-

day intervals, with a total of seven harvests 

per cycle. The final harvests occurred at 83 

DAS in the first cycle and 77 DAS in the 

second cycle, concluding the season in 

January of both production years. At each 

harvest, the following variables were 

evaluated: fruit length (FL, in cm), fruit 

diameter (FD, in mm), and fruit mass (FM, 

g plant-1). 

Productivity per area (PROD) was 

calculated from FM per plant (useful area of 

each plot) and expressed in kg ha-1. Water 

use efficiency (WUE) was also calculated, 

with results expressed in kg m-3. WUE was 

obtained from fruit productivity and water 

consumption data according to the 

treatments applied. 

 

Statistical analysis 

The data obtained were subjected to the 

Kolmogorov-Smirnov test (p ≤ 0.05) to 

evaluate the normality. After verifying 

normality, analysis of variance by the F-test 

(p ≤ 0.05) was carried out. In cases of 

statistical significance, the data were 

subjected to regression analysis, selecting 

the equations that best fit the data based on 

the significance of the regression 

coefficients (p ≤ 0.05) by the F test and with 

the highest coefficient of determination 

(R2). The statistical analysis was performed 

using the software ASSISTAT 7.7 Beta 

(Silva and Azevedo, 2016). 

 

Results 

Results of the analysis of variance for the 

evaluated variables (plant height – PH, leaf 

area – LA, number of leaves – NL, stem 

diameter – SD, fruit length – FL, fruit 

diameter – FD, fruit productivity – PROD, 

and water use efficiency – WUE based on 

PROD) are summarized in Table 4. In both 

cultivation years, irrigation depth, which 
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was based on crop evapotranspiration 

(ETc), had a significant effect on all 

evaluated variables. 

 

Table 4. Summary of the analysis of variance for plant height (PH), leaf area (LA), number of 

leaves (NL), stem diameter (SD), fruit length (FL), fruit diameter (FD), fruit productivity 

(PROD), and water use efficiency (WUE) of okra grown at different irrigation depths, in two 

years of cultivation. 

Source of 

variation 

Mean squares 

 Treatment Block Residue 
CV (%) 

DF 5 4 16 

Variables 2022 

PH  1218.32** 45.11ns 35.15 3.46 

LA  91614.54* 12555.74ns 26548.95 11.92 

NL  3.07* 2.15ns 1.86 5.80 

SD  0.86* 0.22ns 0.19 10.58 

FL  68.32** 1.49ns 1.26 9.89 

FD  0.27** 0.004ns 0.007 5.62 

PROD  468681.67** 194796.76ns 394602.19 18.87 

WUE  10.56** 0.55ns 0.52 18.36 

Variables 2023 

PH  1020.75** 61.66ns 22.78 2.66 

LA  73341.71** 23434.28ns 76583.23 14.23 

NL  20.56* 16.16ns 13.26 8.14 

SD  0.46* 0.03ns 0.14 8.94 

FL  39.81** 1.46ns 1.68 10.47 

FD  0.28** 0.008ns 0.007 5.61 

PROD  394883.19** 197838.21ns 274196.87 14.58 

WUE  24.68** 1.12ns 0.62 14.43 

DF – degree of freedom; CV – coefficient of variation; ns, * and ** – not significant, significant at p < 0.05 and 

significant at p < 0.01, respectively, by F-test. 

 

Vegetative growth 

Figure 3A shows that okra PH increased 

linearly with irrigation depth. The highest 

depth (150% ETc) resulted in a 25.97 and 

20.17% increase in PH compared to the 

lowest depth (30% ETc) in 2022 and 2023, 

respectively. 
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Figure 3. Plant height (A) and leaf area (B) of okra plants grown at different irrigation depths, 

in two years of cultivation. 

 

A similar trend was observed for LA 

(Figure 3B), which also increased linearly 

with irrigation depth. In 2022 and 2023, the 

150% ETc treatment increased LA by 24.50 

and 57.29%, respectively, compared to the 

30% ETc treatment. Notably, despite 

receiving 20.1% less total irrigation water, 

the 150% ETc treatment in 2023 still 

achieved a higher LA than the same 

treatment in 2022. 

The response NL to irrigation depth 

differed between the two cultivation years 

(Figure 4A). In 2022, the relationship was 

best described by a quadratic polynomial 

model. This model indicated a maximum 

NL of 24.16 leaves at an optimal irrigation 

depth of 84.83% ETc, followed by a 

15.81% decrease under the highest 

irrigation depth (150% ETc). In 2023, NL 

increased linearly with irrigation depth, 

rising by 16.53% under the 150% ETc 

treatment compared to the 30% ETc 

treatment. 

 
Figure 4. Number of leaves (A) and stem diameter (B) of okra plants grown at different 

irrigation depths, in two years of cultivation. 

 

Despite the lower total irrigation volume 

applied in 2023 (Table 3), all irrigation 

treatments resulted in a higher NL than in 

2022. This suggests that the higher 

irrigation volumes (120 and 150% ETc) 

applied in 2022 may have induced water 

excess stress, thereby limiting leaf 

production. 

SD increased linearly with irrigation 

depth in both years (Figure 4B). Gains of 

27.64 in 2022 and 19.84% in 2023 were 

observed when comparing the 150% ETc 

treatment to the 30% ETc treatment. 

Physical quality of fruits 

Okra FL increased with higher irrigation 

depth (Figure 5A). Compared to the 30% 

ETc treatment, the 150% ETc treatment 

increased FL by 117.02% in 2022 and 

76.45% in 2023. A similar linear response 

was observed for FD (Figure 5B). The 

150% ETc treatment increased FD by 

46.67% in 2022 and 45.67% in 2023 

compared to the 30% ETc treatment. 
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Figure 5. Fruit length (A) and fruit diameter (B) of okra plants grown at different irrigation 

depths, in two years of cultivation. 

 

Despite lower total irrigation in 2023 

(Table 3), fruit length and diameter were 

greater than in 2022. This may be attributed 

to better crop adaptation to the prevailing 

temperature conditions during the 2023 

growing season. 

Fruit productivity followed a quadratic 

response with irrigation depth in both years 

(Figure 6A). The fitted models indicated 

maximum yields of 14,701.43 ha-1 at 

116.41% ETc in 2022 and 13,584.08 kg ha-

1 at 113.80% ETc in 2023. In both years, 

productivity decreased when irrigation 

exceeded the estimated optimum. 

Compared to the optimal depth, irrigation at 

150% ETc reduced yield by 7.32% in 2022 

and 9.08% in 2023. 

 

 
Figure 6. Fruit productivity (A) and water use efficiency (B) of okra plants grown at different 

irrigation depths, in two years of cultivation. 

 

WUE decreased linearly with increasing 

irrigation depth in both years (Figure 6B). 

Compared to the 30% ETc treatment, WUE 

was reduced by 62.41% in 2022 and 66.34% 

in 2023 compared to the 150% ETc 

treatment. 

 

Discussion 

As demonstrated by the results presented 

in this study, proper irrigation management 

is essential to maximize the productive 

potential of crops and ensure the 

sustainability of agricultural systems. 

Supplying the ideal quantity of water avoids 

two critical issues: (1) water deficit, which 

reduces plant growth, photosynthesis, and 

reproductive development; and (2) water 

excess, which can cause soil waterlogging. 

Waterlogging reduces oxygen availability 

to roots, impairing nutrient uptake and 

consequently lowering both productivity 

and quality (Kaur et al., 2021). 

In general, okra exhibited lower growth 

potential under the lowest irrigation depths 

(Figures 3 and 4), a response correlated with 

water deficit conditions. Under water stress, 

plants close their stomata to minimize water 

loss by transpiration. This reduces stomatal 
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conductance and internal CO2 

concentration, thereby compromising the 

photosynthetic rate and directly limiting 

crop development (Canjá et al., 2021; 

Custodio et al., 2022). 

The behavior of plants subjected to water 

stress conditions tends to reduce factors 

such as leaf area, number of leaves, water 

potential, and chlorophyll content (Ahmad 

et al., 2022), resulting in lower production 

and biomass accumulation, directly 

affecting the growth of okra plants. 

Liang et al. (2022) emphasize that water 

deficit in agricultural plants affects 

vegetative growth and differentiation of 

flower buds, which limits the quantity and 

quality of fruits, as also found in the study. 

However, increasing the water supply led to 

significant improvements in both plant 

growth (Figures 3 and 4) and fruit 

dimensions (length and diameter) (Figure 

5). 

The reduction in okra plant growth under 

conditions of low water availability is 

associated with the limitation of essential 

morphological processes, such as cell 

division, differentiation, and expansion 

(Kaur et al., 2021). Water deficit also 

compromises fruit quality, affecting 

parameters such as length and diameter, 

possibly due to the negative effects on the 

synthesis, accumulation, and translocation 

of photoassimilates (Taiz et al., 2021). 

Water stress, both due to deficit and 

excess, negatively affected okra crop 

productivity in both growing years (Figure 

6A). Low water availability limits the 

production of photoassimilates and nutrient 

transport, reducing crop productivity 

(Cavalcante et al., 2021). Therefore, with 

the increase in irrigation depths, there was 

an increase in the productivity of the okra 

crop. However, the excessive increase in 

water in the soil promoted excess water 

stress, which culminated in reductions in 

crop production. 

Ferreira et al. (2021) report that excess 

moisture below the soil surface, resulting in 

water stress, decreases the productive 

potential of agricultural crops. According to 

Taiz et al. (2021), stomatal closing and 

reduced photosynthesis are typical 

responses to lack of oxygen in the soil due 

to waterlogging, negatively affecting 

productivity in agriculture. 

The high WUE observed under deficit 

irrigation (Figure 6B) can be attributed to a 

plant’s adaptive response to water stress. To 

conserve water, plants close their stomata, 

reducing transpirational loss at the cost of 

lower photosynthetic rates. This 

prioritization of water conservation over 

carbon fixation results in a more efficient 

use of each unit of water transpired 

(Rascón-Castillo et al., 2024). 

Plants under adequate irrigation have 

less need to conserve water. They maintain 

open stomata to sustain high photosynthetic 

activity, which leads to greater 

transpirational water loss, resulting in lower 

WUE (Bielsa et al., 2019), as observed in 

the present study. 

In this context, Kukal and Irmak (2020) 

and Li et al. (2020) highlight the importance 

of efficient management of agricultural 

irrigation water, especially for developing 

countries such as Brazil. However, 

Brazilian agricultural production is often 

associated with inadequate irrigation 

management, a factor that leads to reduced 

productivity and fruit quality. 

Therefore, efficient irrigation, based on 

monitoring the plant’s water needs, based 

on the climatological management of crop 

evapotranspiration, is essential to optimize 

water use and avoid productivity losses, 

thus optimizing the efficiency of water use 

in irrigated agriculture, especially in 

tropical climates. 

 

Conclusions 

Water deficit consistently enhanced 

water use efficiency in both years, despite 

its negative impact on vegetative growth 

and fruit quality, which was more 

pronounced in the 2022 crop. 

Okra productivity is reduced by both 

water deficit and excess. Thus, proper 

irrigation management is critical for 
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sustaining high yields under tropical 

conditions. 
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