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Abstract: This study aimed to optimize wheat planting dates in the Dez irrigation network, Iran, using
the water footprint (WF) index to enhance yield and water use efficiency in an arid region. Conducted
during the 2023-2024 cropping season, the research utilized data from 51 wheat farms, covering 93,599
hectares, and 30 years of climatic data from Dezful. Planting dates were categorized into early, mid,
and late periods, and a multi-objective optimization model (NSGA-II) was applied to maximize yield
and green WF while minimizing blue and gray WFs. Results identified November 28, 2023, as the
optimal planting date, achieving a yield of 4451 kg/ha, WFblue of 690 m?/t, WFgreen of 544 m*/t, and
WFgray of 675 m®/t. Early planting proved efficient for water use but increased gray WF, highlighting
the need for sustainable practices to mitigate environmental impacts.
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Introduction: Water scarcity poses a critical challenge for sustainable agriculture in arid regions like Iran, where
agriculture consumes 93-94% of total water resources (Hoekstra, 2017). The Dez irrigation network, one of Iran’s
largest systems, faces significant water stress, necessitating efficient management strategies. Optimizing planting
dates can enhance crop yield while reducing water use, particularly through the water footprint (WF) index, which
quantifies green, blue, and gray water components (Hoekstra, 2003). Recent studies emphasize the role of WF in
assessing agricultural sustainability (Bazrafshan et al., 2019). This research aimed to optimize wheat planting dates
in the Dez irrigation network to maximize yield and green WF while minimizing blue and gray WFs, addressing
the urgent need for water-efficient practices in arid climates.

Methodology:This study was conducted in the 2023-2024 cropping season within the Dez irrigation network,
covering a net area of 93,599 hectares across 51 wheat farms. A descriptive-survey method was used, with the
sample size determined by Cochran’s formula. Climatic data (temperature, humidity, wind speed, sunshine hours,
and precipitation) were sourced from the Dezful meteorological station (1993-2023). WF components (WFblue,
WFgreen, WFgray) were calculated using standard equations, incorporating effective rainfall, crop
evapotranspiration (ETc), and nitrogen leaching. ETc was estimated via the FAO Penman-Monteith equation with
locally calibrated crop coefficients (Kc) for wheat. Planting dates were grouped into early (November 6-December
6,2023), mid (December 7, 2023—January 5, 2024), and late (January 6—February 5, 2024). The NSGA-II genetic
algorithm and XGBoost models were employed to optimize planting dates, maximizing yield and WFgreen while
minimizing WFblue and WFgray, constrained within November 1, 2023, to February 1, 2024, with penalty
functions ensuring Yield > 4500 kg/ha, WFblue < 1400 m3/t, WFgreen > 500 m*/t, and WFgray < 500 m?/t.
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Results and Discussion: The optimization identified November 28, 2023, as the optimal planting date, achieving
a yield of 4451 kg/ha, WFblue of 690 m3/t, WFgreen of 544 m?®/t, and WFgray of 675 m?/t. Sensitivity analysis
showed that earlier planting (November 9, 2023) reduced yield to 3787 kg/ha (-14.9%) and increased WFblue to
1059 m3/t (+53.5%), WFgreen to 936 m3/t (+71.9%), and WFgray to 739 m3/t (+9.6%), while later planting
(December 19, 2023) decreased yield to 3635 kg/ha (-18.3%) and increased WFblue to 950 m3t (+37.8%),
WFgreen to 547 m?t (+0.5%), and WFgray to 752 m3/t (+11.4%). ANOVA confirmed significant differences in
total WF and WFgray across planting groups (p <0.01), with early planting outperforming late planting. Compared
to Karandish and Siminek (2017), who reported higher WFblue in late planting, this study highlights the
innovation of integrating WFgray into planting date optimization, offering a sustainable approach for arid regions
where water scarcity and environmental impacts are critical (Bazrafshan et al., 2019). These findings underscore
the trade-offs between yield, water use, and environmental impacts, advocating for early planting to balance
productivity and sustainability

Conclusion: Optimizing wheat planting dates in the Dez irrigation network significantly enhances yield and water
use efficiency. Early planting within November 6 to December 6, 2023, particularly on November 28, is
recommended to achieve high yields (4451 kg/ha), balanced blue water use (690 m?/t), and green water use (544
m?/t), despite an increased gray WF (675 m?/t). Sustainable practices, such as high-efficiency fertilizers, are
essential to mitigate environmental impacts.

© 2023 University of Zabol, Zabol, Iran.
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Table 1 weather station specifications

period Station

Latitude Longitude

1993-2023 Dezfool

320257 48°43’
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Table 2 Average 30-year meteorological data of Dezful Meteorological Stationtation

Tmin Tmax Wind Sun Rain
Year ©) ©) Km/day) (hours) )
1993-2023 16.5 326 329 34 327
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Table 3 Summary of cultivation information of some selected farms in the present study

Stages
Farm Planting date Planting date Planting  Germ. Veg. Flovsg/er. Ripen Total
(dd.mm.yy) (dd.mm.yy) Type .
Duration(day)

1 18.1.24 17.5.24 Late 12 24 54 30 120
2 14.12.23 17.5.24 Mid 16 30 70 39 155
3 15.12.23 20.5.24 Mid 16 31 71 39 157
4 14.1.24 20.5.24 Late 13 25 57 32 127
5 19.11.23 17.5.24 Early 18 36 81 45 180
6 14.12.23 8.5.24 Mid 15 29 66 36 146
7 22.12.23 19.5.24 Mid 15 30 67 37 149
8 19.1.24 24.5.24 Late 12 25 57 32 126
9 14.12.23 8.5.24 Mid 15 29 66 37 146
10 13.1.24 19.5.24 Late 13 25 57 32 127
11 14.12.23 7.5.24 Mid 15 29 65 36 145
12 19.11.23 9.5.24 Early 17 35 77 43 172
13 14.12.23 7.5.24 Mid 15 29 65 36 145
14 27.1.24 12.5.24 Late 11 20 48 27 106
15 14.12.23 13.5.24 Mid 15 30 68 38 151
16 19.11.23 12.5.24 Early 17 35 79 44 175
17 14.1.24 19.5.24 Late 12 25 57 32 126
18 14.12.23 13.5.24 Mid 15 30 68 38 151
19 16.1.24 18.5.24 Late 12 25 55 31 123
20 22.12.23 19.5.24 Mid 15 30 67 37 149
21 19.11.23 10.5.24 Early 17 35 78 43 173
22 14.12.23 14.5.24 Mid 15 30 68 39 152
23 14.12.23 14.5.24 Mid 15 30 68 38 152
24 27.1.24 21.5.24 Late 12 23 51 29 115
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Table 4 Analysis of variance of green, blue, gray and total water footprints in wheat

Variable Source df Sum of Squares Mean Squares F-value Pr (>F)
(§S) (MS)
WFgreen Between Groups 2 197080.9 98540.5 7.22 0.0018*
WFgreen  Within Groups 48 654922.6 13644.2 - -
WFgreen Total 50 852003.5 - - -
WFblue Between Groups 2 2282982 1141491 21.03 2.76e-07**
WFblue Within Groups 48 2605343 54278.0 - -
WFblue Total 50 4888325 - - -
WFgray Between Groups 2 162996.8 81498.4 6.26 0.003*
WFgray  Within Groups 48 625372.6 13028.6 - -
WFgray Total 50 788369.4 - - -
WFTotal Between Groups 2 3675397 1837698 8.88 0.0005**
WFTotal  Within Groups 48 9932386 206924.7 - -
WFTotal Total 50 13607783 - - -

**Signification in 0.01, * Signification in 0.05
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Table 5 Tukey mean comparison for green water footprint

Comparison. diff Iwr upr padj
Early-Late 118 15 220 0.02%
Mid-Late -162  -120 83 0.92
Early-Mid -134 228 -40  0.00

**Signification in 0.01, *Signification in 0.05
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Table 6 Average comparison (Tukeys HSD test) for
Wiblue
Comparison  diff  lwr upr p adj
Early-Late -503  -708  -298.3  «%:#9.8E-07

Mid-Late -462  -670 -255 #:4:6.44E-06

Mid-Early 41 -146 228 0.856454

**Signification in 0.01
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Table 7 Average comparison (Tukeys HSD test) for
Wigray

Comparison diff Iwr upr p adj

Early-Late -197  -320 -74.2 0.0%**
Mid-Late -217  -341 9279 0.0**
Mid-Early -20 -132 92.15 0.90

**Signification in 0.01
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Table 8 Tukey test means comparison for total water

footprint
Comparison diff Iwr upr padj
Early-Late -583 -958  -208  0.00**
Mid-Late -695  -1074 -316  0.00**
Mid-Early -112.4  -455  230. 0.708

**Signification in 0.01
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Table 9 Average of each water footprint based on
planting date in wheat
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Fig. 2 Trends in changes in green, blue, and gray
water footprints over the history of different crops
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Fig. 3 Rainfall distribution during the wheat growing
season in the year 2023-2024
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Table 10 Sensitivity analysis of optimal wheat planting date in the Dez network

Yield (kg/ha) ‘WFblue (m?/t) WFgreen (m?/t) WFgray (m?'t)

Renge Date Yield Change WFblue Change  WFgree Change WFgra Change
(%) (%) n (%) y (%)
-20 Nov 9, 2023 3787 -14.9 1059 53.5 936 71.9 739 9.6
-15 Nov 14,2023 4449 0.0 564 -18.2 522 -4.1 627 -7.1
-10 Nov 19,2023 4180 -6.1 564 -18.2 535 -1.7 627 -7.1
-5 Nov 24,2023 4355 2.2 690 0.0 544 0.0 675 0.0
gzii Nov 28,2023 4451 0.0 690 0.0 544 0.0 675 0.0
+5 Dec 4, 2023 3778 -15.1 1059 53.5 944 733 778 153
+10 Dec 9, 2023 3778 -15.1 1059 53.5 944 73.3 778 153
+15 Dec 14,2023 4440 -0.2 645 -6.5 530 2.7 676 0.1
+20 Dec 19,2023 3635 -18.3 950 37.8 547 0.5 752 114
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6- List of symbols

Cmax (kgm'S)

Char (kgm-3)
D

ETO

ETc

es (kPa)

ea (kPa)

G (MJm?day™)

N
N
NAR (kg ha'!)

P

pe
0

Rn (MJm?day™)

T (°C)

Tinax (°C)

Tmin (°C)

Tbase (OC)

U: (ms™)

Y (tonha™!)

Ger.

Flowe.

Ripen.

Veg.

WFgpye (m’ton™)
WFGrqy (m’ton™)
WFGreen (m3t0n'1)
Z

a (%)

y (kPa°C)
A(kPa°C™)

Maximum concentration of
nitrogen in water, typically
used in water quality studies.
Natural concentration of
nitrogen in water, representing
baseline levels without human
influence.

Permissible error amount

Reference evapotranspiration
for a reference crop, calculated
using standard methods (e.g.,
Penman-Monteith).

Crop evapotranspiration,
adjusted for specific crop
characteristics.

Saturation vapor pressure of
air, used in evapotranspiration
models.

Actual vapor pressure of air,
reflecting current humidity
conditions.

Soil heat flux, a component in

surface energy balance
calculations.

Population size

Sample size

Nitrogen application rate
Proportion of a trait in the
population

Effective precipitation
Proportion of individuals
without the trait

Net radiation

Mean air temperature.
Maximum daily air
temperature.

Minimum daily air
temperature.

Base or threshold temperature
Wind speed

Yield

Germination

Flowering

Ripening

Vegetative growth

Blue water footprint
Gray water footprint
Green water footprint
Standard normal variable
Nitrogen fertilizer loss
percentage
Psychrometric constant
Slope of the vapor pressure
curve
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