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Introduction: The study aims to evaluate the impact of climatological factors
on rice yield and methane emissions in Southern Shaanxi’s rice cultivation areas,
with the goal of informing effective Climate-Smart Agriculture (CSA) strategies.

Methods: A three-year longitudinal analysis (2017-2019) was conducted,
examining the correlation between rice productivity and weather conditions
within the agricultural ecosystem. Data on rice yields and methane emissions
were collected and analyzed to determine patterns and trends.

Results: Significant correlations were identified between rice yield and weather
conditions, with favorable weather for rice growth correlating with higher
methane emissions. Methane emissions were particularly high during the
vegetative and reproductive stages of rice growth, peaking 60 to 90 days after
transplanting. Average emissions for this period were 245.2+80.1 kg CH4 ha-1
in 2017, 274.2493.9 kg CH4 ha-1in 2018, and 339.64+50.3 kg CH4 ha-1in 2019.
Total cumulative methane emissions over the entire rice cultivation period
were 635.0+177.2 kg CH4 ha-1in 2017, 661.24239.2 kg CH4 ha-1in 2018, and
679442054 kg CH4 ha-1 in 2019, with no statistically significant interannual
differences.

Discussion: The findings highlight the need to balance the goals of reducing
greenhouse gas emissions for climate change mitigation with the enhancement
of rice yield within CSA practices. The organic link between rice productivity
and methane emissions under varying weather conditions suggests that an
integrated approach to CSA is essential, considering climate adaptability,
productivity, and greenhouse gas reduction. The study’s results contribute to a
deeper scientific understanding of local agricultural ecosystems and provide a
basis for developing management techniques for CSA.

Conclusion: An integrated approach to CSA that takes into account the
interplay between rice yield, methane emissions, and climatological factors is
crucial for achieving sustainable agricultural practices in Southern Shaanxi. The
study’s insights can guide the development of strategies that enhance both rice
productivity and environmental sustainability.
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1 Introduction

With the extensive application of sub-surface drip irrigation, Xinjiang
has become Chinas largest producer of high-quality cotton (Ren et al,,
20215 Ding et al., 2023). According to statistics, in 2021, the cotton
planting area in Xinjiang was 2.5061 million hectares, with a production
of 5.129 million tons, accounting for 82.76 and 89.50% of the national
total, respectively. The unique climatic environment of Xinjiang is
conducive to the growth and high-quality; high-yield production of cotton
(Feng et al., 2017; Zhou et al., 2024). However, water scarcity limits the
sustainable production of cotton. Moreover, climate change exacerbates
the pressure on the Earth's available water resources. The Fifth Assessment
Report by the Intergovernmental Panel on Climate Change (IPCC)
indicates that from 2003 to 2012, the global average surface temperature
rose by 0.78°C compared to the period from 1850 to 1900, and it is
projected to increase by 4.8°C by 2,100. Precipitation in arid regions may
decrease, while it may increase in humid areas. In the northwest region of
China, by the end of the 21st century (2081-2,100), under extreme
conditions, the average temperature may change by 1.5-2.0°C, and the
average precipitation may change by 10 to 20%. The warming may lead to
an increase in crop evapotranspiration, resulting in a 70-90% increase in
irrigation water demand (Tanasijevic et al., 2014; Saadi et al,, 2015; Li
et al, 2020). Climate change directly affects cotton yield by damaging
morphological development and plant growth, which is undoubtedly a
double blow to the sustainable production of cotton in Xinjiang (Chen
and Dong, 2016; Khalid et al., 2023). Therefore, measures should be taken
to mitigate the impact of climate change on agricultural production, such
as selecting the optimal planting time for crops (Bisbis et al., 2018) and
formulating irrigation strategies to ensure improved water productivity
(Kang et al., 2017).

Considering the complexity of the agricultural ecosystem and the
limitations of field experiments, using crop growth models to simulate
crop growth processes and yields is an important approach to addressing
the impacts of climate change and human activities and achieving water-
saving and increased agricultural production (Zou et al., 2020; Surendran
et al, 2021). Crop growth models are quantitative and dynamic
mechanistic models that integrate knowledge and research results from
disciplines such as crop physiology, ecology, agricultural meteorology, and
soil science to describe crop production. They have been widely used in
predicting crop production potential and guiding agricultural irrigation,
fertilization, and cultivation management practices (Zinkernagel et al.,
2020). The AquaCrop model, developed by the Food and Agriculture
Organization (FAO) of the United Nations, is a water-driven crop growth
model specifically designed for arid and semi-arid regions in developing
countries in Africa and Asia (Kim and Kaluarachchi, 2015; Foster et al.,
2017). It transforms water productivity into biomass and then into yield
through the harvest index, with advantages such as fewer input
parameters, a wide range of applications, and high accuracy (Kim and
Kaluarachchi, 2015; Foster et al, 2017; Zinkernagel et al, 2020).
Previously, scholars have applied the AquaCrop model to crops such as
wheat (Andarzian et al, 2011; Jin et al,, 2014), barley (Araya et al.,, 2010),
quinoa (Abrha et al,, 2012), soybeans (Khoshravesh et al., 2013), corn
(Abedinpour et al., 2012), cotton (Linker et al., 2016), and sugar beets
(Stricevic etal., 2011), conducting research on crop growth, development,
biomass, and yield under different irrigation systems (Greaves and Wang,
2016), irrigation methods (Geerts et al., 2010), and covering methods
(Sandhu and Irmak, 2019). However, there are few reports on how to
optimize irrigation strategies and adjust planting dates to improve the
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sustainability and profitability of cotton production under limited
available water resources. Although the AquaCrop model has been
localized in arid and semi-arid regions and has made certain progress in
verification and application, there is less research on the growth and yield
of cotton in arid regions, such as southern Xinjiang, and its response to
climate change. Therefore, this study takes the cotton under mulch drip
irrigation in the oasis area as the research object, localizes the parameters
of the AquaCrop model, verifies the applicability of the model in
simulating the growth and yield of cotton under mulch drip irrigation,
simulates the impact of different irrigation and planting dates on the
accumulation of cotton biomass and yield based on 30years of
meteorological data from 1988 to 2017, and analyzes the stability and
sustainability of cotton yield. The aim is to provide a basis for optimizing
irrigation strategies and adjusting planting dates to improve the
sustainability and profitability of cotton production under limited
water resources.

2 Materials and methods
2.1 Experimental area overview

The experimental area is located in Aksu City, near the confluence
of the three main sources of the Tarim River (Aksu River, Yarkand
River, and Hotan River) in the plain desert oasis, which belongs to a
typical inland extremely arid climate. The multi-year average
precipitation is 50mm, the annual evaporation is 2,218 mm, the
annual average sunshine duration is 2,950h, the frost-free period
averages 207 days, and the annual average temperature is 11.3°C,
making it a typical irrigated agricultural area.

2.2 Field experiments

Starting from the cotton bud stage, the irrigation frequency was
determined using meteorological information, and irrigation was
conducted when the difference between the evapotranspiration and
precipitation reached 30mm (Conaty et al., 2015). Currently, the irrigation

TABLE 1 Cotton irrigation scheduling in 2017 and 2018.

Irrigation date (mm-dd)

Irrigation quota (mm)

2017 2018 T, T, Ts
06-07 06-16 24 30 36
06-17 06-26 24 30 36
06-23 07-06 24 30 36
07-03 07-13 24 30 36
07-10 07-19 24 30 36
07-14 07-26 24 30 36
07-25 08-03 24 30 36
07-31 08-08 24 30 36
08-06 08-14 24 30 36
08-13 08-20 24 30 36
08-20 08-26 24 30 36
Total amount (mm) 264 330 396
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quota for cotton under mulch drip irrigation in southern Xinjiang is
around 30mm, with slight variations across different regions, but the
difference is not significant. Based on this, three irrigation quotas for
cotton under mulch drip irrigation were set, namely T1: 30X 0.8=24mm,
T2: 30x1.0=30mm, T3: 30x1.2=36mm, as shown in Table 1. Each
treatment was replicated three times, totaling nine plots.

The cotton sowing date in 2017 was April 3, and all cotton was
harvested by October 1. In 2018, the sowing date was April 15, and
all cotton was harvested by October 12. The cotton variety was “Xin
Lu Zhong 46, and the experimental plot area was 154 square
meters. The planting pattern was 1 film, 2 rows, and 6 rows, with
row spacing of 10cm+66cm+10cm+66cm+ 10cm, and plant
spacing of 10 cm, as shown in Figure 1. The drip tape specification
was @16, with a drip head spacing of 20cm and a rated flow of
3.0L-h7", at a pressure of 0.1 MPa. Fertilization, pesticide spraying,
and other agronomic practices were implemented according to local
conventional practices.

2.3 AquaCrop model and scenario
simulation

2.3.1 Model principle

The AquaCrop model is composed of meteorological, soil, crop,
and management modules, which can simulate biomass and yield
based on the amount of water lost from the canopy through
transpiration under controlled environmental conditions (Stricevic
etal, 2011). Seed cotton yield (Y, thm™) is shown in Equation 1:

Y=BHI (1)

Where B is the biomass at harvest (t-hm™2), and HI is the harvest
index (%), which is the percentage of seed cotton yield to the
aboveground dry biomass.

The total biomass for the entire growth season is the water
productivity (WP*, g-m™~) multiplied by the ratio of daily average
transpiration (Tr, mm) to the reference crop evapotranspiration (ET,,
mm), as shown in Equations 2 and 3:

10.3389/fsufs.2024.1431339

T, = Ks CC* Ky o ETy 3)

Where Kj is the soil water stress coeflicient that integrates the
effects of waterlogging, stomatal closure, and early senescence; CC* is
the canopy cover percentage considering the effects of canopy shading
and air movement; Kcr,, is the crop coefficient for maximum plant
transpiration; ET) is the reference crop evapotranspiration, calculated
using the FAO Penman-Monteith method; WP* is the crop water
productivity adjusted for atmospheric CO, concentration and climate,
which is the crop water productivity divided by the crop
evapotranspiration under standard evapotranspiration conditions.

2.3.2 Model database

2.3.2.1 Meteorological data

Meteorological data were continuously measured by a standard
automatic weather station (Hobo, United States) located near the
experimental site, recording data every 10 min. The meteorological data
for the 2017 and 2018 experimental periods are shown in Figure 2.

2.3.2.2 Soil data

Table 2 shows the soil physical property data obtained from soil
samples taken before cotton sowing, as determined by the Key Laboratory
of Crop Water and Regulation, Ministry of Agriculture and Rural Affairs,
and input into the AquaCrop model to generate a soil data file.

2.3.2.3 Field management data

Management data include irrigation plans and field management.
Irrigation data are based on actual irrigation times and quotas
(Table 1) to establish an irrigation parameter database. Field
management data for weed control, pest management, fertilization,
and covering are created using local cotton field management practices
to create a field management database.

Bwpty Ir @) 2.3.3 Model evaluation
ETy The outputs of the AquaCrop model are evaluated using the root
mean square error (RMSE), normalized root mean square error
A e e
‘ Drip-line ‘ ‘ Plastic-film ‘ ‘
[ ) [ )
19 |10 66 |40, | 66 |20, 19
Gap e Narrow row Wide row 200 ,
) Center of film i’
FIGURE 1
Schematic diagram of cotton planting pattern (unit: cm).
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FIGURE 2
Daily change process of meteorological data in cotton growing season in 2017 (A) and 2018 (B).

TABLE 2 Daily change process of meteorological data in cotton growing season in 2017(a) and 2018(b).

Soil depth Soil bulk Field capacity Saturated Wilting
(cm) density (9:g7h water content coefficient
(g-cm™) (9-97) (9'g7
0-20 1.60 0.21 0.24 0.10 243 41.49 56.08
20-40 1.55 0.24 0.30 0.10 2.56 41.40 56.05
40-60 1.58 0.25 0.33 0.12 2.88 42.82 5429
60-80 1.59 0.25 0.32 0.13 2.60 41.40 56.00
. . . 3
(NRMSE), synergy index (d), and relative error (RE), as shown in 27—1( o Oi)
Equations 4-7: d=1- - — — (6)
1 Yi(|R-0l+loi-0])
2
"(B-0;) |2
RMSE = zu 4)
=" P_O
RE =—"1—1x100 (7)
i
1
n P 0 ) 2 100 _
NRMSE = Z X—= (5) Where P; is the predicted value, O; is the measured value, O

is the average of the measured values, and n is the number of
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samples. The smaller the NRMSE, the higher the simulation
accuracy; NRMSE <10% indicates excellent simulation effect;
10% <NRMSE <20% indicates good simulation effect;
20% < NRMSE <30% indicates reasonable simulation effect;
NRMSE >30% indicates poor simulation effect. The smaller the
RE, the higher the simulation accuracy. The closer d is to 1, the
higher the model’s accuracy.

2.3.4 Scenario simulation

Based on the cotton irrigation quota of 30 mm and the sowing
date at the beginning of April in the southern Xinjiang oasis, with
slight variations across different regions, six irrigation levels were
set: 18 mm (TS1), 24mm (TS2), 30mm (TS3), 36 mm (TS4),
45mm (TS5), and 54 mm (TS6) for a total of six irrigation quotas.
Five planting date treatments were set as March 23 (D1), April 3
(D2), April 13 (D3), April 23 (D4), and May 3 (D5), as detailed in
Table 3.

TABLE 3 Simulation scenarios set in AquaCrop model.

Irrigation treatment (mm) Planting date

D1

D2

TS1 D3

D4

D5

D1

D2

TS2 D3

D4

D5

D1

D2

TS3 D3

D4

D5

D1

D2

TS4 D3

D4

D5

D1

D2

TS5 D3

D4

D5

D1

D2

TS6 D3

D4

D5
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2.4 Evaluation of yield sustainability

Using the meteorological data from 1988 to 2017 (sourced from
the China Meteorological Administration), the AquaCrop model was
used to simulate the yield of cotton under different irrigation and
sowing scenarios. The sustainability of cotton production was
evaluated using the Sustainability Index (SYI), with higher values
indicating better sustainability; the stability of yield was represented
by the coefficient of variation (CV), with higher CV values indicating
lower stability. Equations 8 and 9 are as follows:

SYI = (Ymean _S)/Ymax (8)

CV =5/ Y yoan x100 9)

Where Y., is the average yield (thm™), S is the standard
deviation of yield, and Y,,,, is the maximum yield (t-hm™).

3 Results

3.1 AquaCrop model cotton parameter
tuning results

Based on the calibration procedure by Vanuytrecht et al. (2014),
the AquaCrop crop growth model outputs for canopy cover,
aboveground biomass, soil moisture, cotton yield, and
evapotranspiration (ET) were calibrated using the 2018 field trial data.
The 2017 field trial data were used for validation. The statistical error
indicators (Table 4) were used to select the parameter corresponding
to the smallest error as the crop parameter for this variety. The results
are shown in Table 5. It can be seen from the table that, compared with
the recommended parameter values in the model, all parameter values
for the Xin Lu Zhong 46 cotton variety were adjusted to some extent,
except for the “upper limit temperature” As shown in Table 4, the
simulation accuracy for canopy cover, aboveground biomass, and soil
moisture in 2018 was relatively high, with the NRMSE for each
treatment being less than 15%, and both d and R* approaching 1. For
the simulation of cotton yield and ET, the NRMSE was less than 10%,
R* approached 1, and the d value was relatively low. The table also
shows that, compared with the 2017 field trial data, the AquaCrop
model overestimated the canopy cover rate, aboveground biomass,
and soil moisture, with an average RE of 10.15, 8.80, and 0.45%,
respectively, while it underestimated the actual transpiration and yield
of cotton for each treatment, with an average RE of —7.46% and
—1.18%. The comprehensive analysis indicates that the AquaCrop
model can accurately simulate the canopy cover, aboveground
biomass, and seed cotton yield of cotton.

3.2 Simulation results of cotton biomass
and yield under different irrigation and
planting scenarios

Using the meteorological data from 1988 to 2017 and based on the

AquaCrop model, the effects of irrigation and planting dates on the
aboveground biomass and yield of cotton in the oasis area were simulated

frontiersin.org
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TABLE 4 Calibration and validation of AquaCrop model.

10.3389/fsufs.2024.1431339

Indicator Treatment RMSE NRMSE (%) R? RE (%)
2017 2018 2017 2018 2017 2018 2017 PAONRS 2017 2018

T, 5.90 2.95 10.00 4.86 0.98 1.00 0.98 0.99 13.66 5.61

Canopy cover

%) T, 233 3.71 371 6.07 1.00 0.99 1.00 0.98 4.14 4.82
T, 5.85 2.80 9.50 4.48 0.99 1.00 0.98 0.99 12.66 3.68
T, 0.62 0.073. 10.36 1.23 0.99 1.00 0.99 1.00 4.17 —0.41

Biomass (t-ha™) T, 0.90 0.37 14.98 6.24 0.98 1.00 0.99 0.99 7.97 3.68
T, 1.07 0.80 17.36 12.57 0.98 0.98 0.96 0.94 14.27 3.34
T, 1.09 0.90 5.63 493 0.91 0.91 0.85 0.72 —1.46 —0.28

Soil moisture

%) T, 0.98 1.15 4.63 5.82 0.95 0.89 0.88 0.74 1.14 1.26
T, 1.37 1.56 5.89 7.28 0.90 0.87 0.72 0.66 1.66 3.29
T, 0.56 0.42 9.42 7.82 0.38 0.35 0.81 0.82 —8.60 7.39

Yield (t-ha™") T, 0.48 0.54 7.27 9.33 0.30 0.25 0.81 0.82 —7.00 9.18
T 0.56 0.36 7.90 5.85 0.42 0.30 0.81 0.82 —6.79 5.66
T, 13.34 34.82 3.14 9.23 0.12 0.28 0.87 0.87 —0.26 9.02

ET (mm) T, 11.99 29.98 2.58 7.09 0.41 0.15 0.87 0.87 1.24 6.87
T, 27.33 17.35 5.20 3.59 0.41 0.44 0.87 0.87 —4.51 —2.85

TABLE 5 Crop parameters of AquaCrop model.

Description and unit

Default value Calibrated value

Canopy decline coefficient at senescence (%-d™") 2.9 5.2
Maximum crop coefficient 1.10 1.15
Maximum effective rooting depth (m) 2.0 0.8
Water productivity normalized for ET, and CO? (g:m~?) 15 18
Reference harvest index (%) 35 34
Leaf growth threshold p-upper 0.20 0.35
Leaf growth threshold p-lower 0.70 0.65
Stomatal conductance threshold p-upper 0.65 0.35
Soil water depletion threshold for senescence acceleration 0.75 0.60
Base temperature Tbase (°C) 12 15
Upper temperature Tupper (°C) 35 35

(Figure 3). Figure 3A shows that when the planting date is the same,
cotton yield increases with the increase in the irrigation quota. The
cotton yield for treatments TS2-TS6 increased by 18.7, 34.6, 45.9, 51.9,
and 52.3%, respectively, compared to treatment TS1. For planting dates
D1-D3, treatments TS5 and TS6 significantly outperformed TS1-TS4,
while for dates D4 and D5, treatments TS4-TS6 significantly
outperformed TS1-TS3, but there was no significant difference between
treatments TS4-TS6. Figure 3A also shows that under the same
irrigation quota, cotton yield changes regularly with the delay in planting
dates. The vyield for treatments TS1 and TS2 increased with delayed
planting dates, with D4 and D5 significantly outperforming D1 and D2.
For treatments TS3-TS6, cotton yield first increased and then decreased
with delayed planting dates, with TS5-TS6 treatments reaching peak
yields at D2, significantly outperforming D5, while TS3-TS4 treatments
reached peak yields at D4 and D3, respectively.

Frontiers in Sustainable Food Systems

Figure 3B shows that when the planting date is the same, the
trend of change in cotton biomass with the increase in irrigation
quota is consistent with that of yield. That is, under the same
planting date, as the irrigation quota increases, cotton biomass
tends to increase. The biomass for treatments TS2-TS6 increased
by 15.4, 29.5, 39.6, 45.8, and 16.7%, respectively, compared to TS1,
with TS5-TS6 treatments significantly outperforming TS1-TS3.
Figure 3B also shows that the biomass for TS1 increased with
delayed planting dates, with D4 and D5 significantly outperforming
D1; for TS2-TS4, as the planting date was delayed, the biomass first
increased and then decreased, with D4 significantly outperforming
D1 under TS2-TS3 irrigation, while under TS4 irrigation, D5 was
significantly lower than D1; for TS5-TS6, the biomass decreased
with D1-D3
outperforming D4. Overall, a higher irrigation quota is beneficial

with delayed planting dates, significantly
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Comparison of simulation results of cotton yield and aboveground biomass at different sowing dates using different irrigation systems simulated by the
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Comparison on variation coefficient and sustainable index of annual cotton yield in different scenarios from 1988 to 2017.

TABLE 6 Comparison of actual and model-predicted cotton yield, biomass, and evapotranspiration.

Year Actual yield = Model predicted Actual biomass Model predicted Actual ET Model predicted
(t/ha) yield (t/ha) (t/ha) biomass (t/ha) (mm) ET (mm)

2017 25 245 15.0 14.8 450 460 ‘

2018 2.7 2.65 16.5 16.3 480 475 ‘

for the formation of cotton biomass and yield, while the response
to different irrigation quotas varies with planting dates.

3.3 Evaluation of sustainability and stability
of simulated cotton yield under different
scenarios

The interannual variability, stability, and sustainability of cotton
yield from 1988 to 2017 are shown in Figures 4, 5. It can be seen
from the figures that the amplitude of interannual variability in
cotton yield (Figures 4A-E) decreases with the increase in irrigation
quota. Treatments TS5 and TS6 had higher stability, with an average
variation coefficient (CV) of 4.6 and 4.8%, respectively, which is a
reduction of 55.0 and 56.6% compared to treatment TS1. The
sustainability of cotton production also increased with the increase
in irrigation quota, with the average Sustainability Index (SYI) for
treatments TS4-TS6 being greater than 0.8, indicating good
sustainability. It can also be seen that the interannual stability of
cotton yield increases with delayed planting dates, with an average
CV of 5.94% for treatment D5, which is a reduction of 7.1%
compared to D1. The impact of different planting dates on the
sustainability of cotton production is relatively small, with the
average SYI for treatments TS1-TS6 being greater than 0.8. The
comprehensive analysis shows that the planting date has a smaller
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impact on the stability and sustainability of cotton production,
while the impact of irrigation is greater.

3.4 Model performance evaluation

Table 6 presents the results of our AquaCrop model simulations
against field measurements obtained from the 2017 and 2018 growing
seasons. Each entry in the table reflects the average values derived
from three replicate plots for each irrigation treatment and planting
date combination.

4 Discussion

Predicting yield is increasingly important for optimizing irrigation
and improving the sustainability and profitability of production under
limited available water resources (Angella et al., 2016). To understand
the impact of climate change on the yield of oasis cotton under
different irrigation and planting dates, this study calibrated and
validated the crop and irrigation parameters in the AquaCrop model
using 2 years of data from 2017 to 2018. The simulation results were
statistically analyzed using RE, NRMSE, d, and R’ to test the accuracy
and precision of the model (Wang et al., 2020). The results show that
the AquaCrop model can effectively simulate the biomass and yield of
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cotton under different irrigation and planting dates, with NRMSE for
each treatment being less than 20%, and both d and R* approaching 1.
The RE for ET and seed cotton yield prediction were —4.5 to 1.2% and
—8.6% to —6.8%, respectively. The comprehensive analysis indicates
that although the AquaCrop model underestimated ET and cotton
yield, and overestimated canopy cover, aboveground biomass, and soil
moisture, it proved the accuracy of the model for scenario analysis
calibration and validation, consistent with the findings of Voloudalkis
etal. (2015) and Li et al. (2019).

Crop production is directly dependent on climate conditions,
which determine the sources and productivity of agricultural activities
(Ahmadi etal,, 2021). This study used climate data from 1988 to 2017
to simulate 30years of cotton production under 30 scenarios. The
results show that the planting date has a smaller impact on the stability
and sustainability of cotton production, but the stability and
sustainability increase with the increase in irrigation quota, indicating
that increasing the irrigation quota can effectively mitigate the impact
of climate change on crop yield (Niu et al., 2016). The simulation
shows that cotton biomass and seed cotton yield increase with the
increase in irrigation quota. There was no significant difference in the
biomass and seed cotton yield between treatments TS5 and TS6,
which is close to the results obtained by Tan et al. (2018), who
concluded that the suitable irrigation quota for cotton under mulch
drip irrigation in southern Xinjiang is 406-462 mm. The difference
may be due to different climates, soil textures, and irrigation water
quality, suggesting that too much or too little irrigation is not
conducive to high cotton yield, while an appropriate amount of
irrigation is more beneficial for increasing cotton yield. This is because
appropriate moisture is beneficial for the accumulation of
aboveground biomass, while excessive irrigation causes leaching of
fertilizers, leading to low fertilizer absorption and utilization efficiency,
affecting the nutritional and reproductive growth of cotton, and thus
reducing cotton yield (Read et al., 2006; Dong et al., 2010).

Choosing the appropriate planting date can improve water use
and is an economically feasible, simple, and effective strategy to reduce
the impact of climate change (Srivastava et al., 2022). The simulation
shows that planting at the end of March and the beginning of April
under conditions TS5-TS6 is beneficial for the formation of cotton
biomass and yield. This is because late planting delays the cotton
growth cycle, and the lower temperatures in the later stages are not
conducive to boll development. At the same time, a larger irrigation
quota leads to cotton being green and late-maturing, making it
difficult to form effective yield. In water-scarce areas, it is possible to
irrigate appropriately during the critical water demand period of
cotton to avoid affecting the later yield formation of cotton. Under
conditions TS1-TS2, planting at the end of April and the beginning
of May is more conducive to the formation of cotton biomass and
yield. Although late planting delays the cotton growth cycle, the higher
soil temperature can meet the good emergence and rapid growth of
cotton in the early stage, while the lower irrigation quota advances the
cotton growth period, promotes early maturity of cotton, increases the
proportion of flowers before frost, and is beneficial for ensuring yield.

Upon reviewing the Table 6, it is evident that the model
predictions closely mirror the actual field measurements, with
discrepancies generally within acceptable margins. For instance, the
model-predicted yields slightly underestimated the actual yields,
which may be attributed to the model’s conservative approach to
simulating crop response to water stress. The slight overestimation of
evapotranspiration by the model could be indicative of its sensitivity
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to microclimatic variations that are not fully captured by standard
meteorological data. Nonetheless, the overall trend and magnitude of
the model predictions are consistent with observed values, validating
the model’s utility for strategic planning in cotton production under
similar environmental conditions. The minor discrepancies between
actual and predicted data also highlight areas for further refinement
of the model, such as incorporating more localized microclimate data
or considering the impact of other abiotic and biotic factors on crop
growth and water use.

At present, the common planting dates in the southern Xinjiang
region are from mid-March to mid-April, with slight differences
across various regions due to climate influences. Planting at the end
of April and the beginning of May is a strategy to cope with future
climate change and water scarcity (Braunack et al., 2012), but later
planting dates may not conform to actual production. Further research
should be conducted in the future to explore the mitigation effects of
delayed planting under early-maturing varieties and cultivation
models on water scarcity and production stability and sustainability
under climate change.

5 Conclusion

The AquaCrop model can accurately simulate cotton canopy
cover, aboveground biomass, and seed cotton yield. The stability and
sustainability of cotton production are less affected by planting dates
and increase with the increase in irrigation quotas. When planting
dates are the same, cotton aboveground biomass and yield increase
with the increase in irrigation quotas. An irrigation quota of 495 mm
can achieve higher irrigation water efficiency and ensure that cotton
yield is not significantly reduced. For regions with abundant water
resources, planting can be considered at the end of March and the
beginning of April, while for water-scarce regions, planting at the end
of April to the beginning of May can achieve higher yields, but the use
of early-maturing varieties and corresponding cultivation models
should be considered.
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