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Abstract: Predicting the impact of future climate change on food security has important implications
for sustainable food production. The 26 meteorological stations’ future climate data in the study area
are assembled from four global climate models under two representative concentration pathways
(RCP4.5 and RCP8.5). The future maize yield, actual crop evapotranspiration (ET;), and water
use efficiency (WUE) were predicted by calibrated AquaCrop model under two deficit irrigation
(the regulated deficit irrigation (RDI) at jointing stage(W1), filling stage(W2)), and full irrigation
(W3) during the three periods (20212040, 2041-2060, and 2061-2080). The result showed that
the maize yields under W1, W2, and W3 of RCP4.5 were 2.8%, 2.9%, and 2.5% lower than those
in RCP8.5, respectively. In RCP8.5, the yield of W3 was 1.9% and 1.4% higher than W1 and W2,
respectively. Under the RCP4.5, the ET,; of W1, W2, and W3 was 481.32 mm, 484.94 mm, and 489.12
mm, respectively. Moreover, the ET, of W1 was significantly lower than W2 under the RCP4.5
and RCP8.5 (p > 0.05). In conclusion, regulated deficit irrigation at the maize jointing stage is
recommended in the study area when considering WUE.

Keywords: maize; AquaCrop; actual crop evapotranspiration (ET,); yield; water use efficiency
(WUE); irrigation schedule; climate change

1. Introduction

Climate change has a great impact on agricultural systems. [1]. Climate change,
characterized by temperature rise, the uncertain amount and patterns of precipitation (Pe),
and elevated atmospheric CO; concentration [2], is a widely concerned issue in global
development [3]. According to the Intergovernmental Panel on Climate Change (IPCC),
the future temperature will increase by 1.5 °C or higher, particularly significant in the
high latitudes and tropical regions [4]. In order to maintain the stable development of
the agricultural economy and food security; it is necessary to predict the impact of future
climate change on crop growth [5]. Due to sustaining the needs of the increasing population,
the modern era model would replace the traditional model. Crop models would be one of
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the tools of future agricultural research. A well-efficient and validated model can be used
to optimize resources and predict the yield [6].

With the temperature increasing, fluctuations in both amount and frequency of Pe and
changes in CO, concentration would all directly impact crop evapotranspiration, actual
evapotranspiration (ET;), and irrigation water requirements [7]. With the crop growing,
potential evapotranspiration and net irrigation water requirements would decrease if CO,
concentrations increased [8]. Furthermore, the high temperature can actively promote the
growth of most crops, advance crop phenology, shorten crop growth period, and reduce
the cumulative biomass of crops, thus affecting the final yield [9,10]. Crop yields may vary
due to climate change impacts in different regions, the region’s latitude, and irrigation
applications [11]. The maize’s yield under normal, critical, and minimum irrigation in
the North China Plain varied between 10,964-11,235 kg /ha [12]. In the Adana region, the
highest maize yield (10,075 kg/ha) was obtained when irrigation limits were set between
25% ready water available (RAW) depletion and field capacity (FC), while the lowest yield
(9837 kg/ha) was obtained when irrigation limits were set between 100% RAW depletion
and FC [13]. However, many scholars proposed water-saving irrigation schedules to cope
with the challenge of water shortage to ensure food security [14].

Water use efficiency (WUE) is an index for rational selection of irrigation schedule.
Regulated deficit irrigation (RDI) is beneficial to yield increase by studying the effects
of different water-deficit treatments on yield, ET,, and WUE [15]. Appropriate water
deficit treatment at the maize jointing stage can dramatically improve the utilization rate of
irrigation water, and maize will not reduce production but improve maize yield traits [16].
When water deficit was affected in transpiration by reducing the irrigation and wet surface
soil time, the ET,; would be decreased. RDI will generally have lower WUE than full
irrigation [17]. Due to the uncertainty of the future climate, the crops may suffer water stress,
and future yields would be unstable. Exploring the impact of different RDI schedules on
maize for seed production under future climate conditions is very important for optimizing
irrigation schedules and crop production selection. Volk et al. [18] forecasted the maize
yield in Tanzania under the future climate, and they concluded that the establishment of
different RDI schedules had no significant effect on maize yield. Jalil et al. [19] found that a
reasonable selection of RDI system was of benefit to increasing the WUE and yield of winter
wheat. However, there are relatively few studies on how to avoid yield loss by adjusting
the deficit irrigation at each growth stage of crops under future climate scenarios.

Maize has played a significant role in meeting global food requirements and its yield
accounts for nearly 30% of total global food production. According to the Food and
Agriculture Organization of the United Nations (FAO) report, 23% of the world’s maize
yield comes from China, and China’s maize harvested area accounts for more than one-fifth
of the worldwide. Heilongjiang Province is an essential commercial grain base in China.
Maize is the largest food crop in Heilongjiang Province, and its plant area and yield rank
first in China. In 2019, the plant area of maize in the province was 5.87 million ha, and
the yield was 39.4 billion kg [20]. Climate will seriously affect the growth of maize yield
due to the uneven distribution of climate in Heilongjiang Province in the future [21]. It is
necessary to combine rain-fed and RDI to ensure basic food security.

AquaCrop is an agricultural model that could reliably simulate maize yields under
different irrigation schedules [22]. The AquaCrop model is sensitive to the water stress
module. The simulation process has fewer steps and simple input parameters, which make
the AquaCrop model widely used [23]. The AquaCrop model accurately simulated maize
yield over some ranges. When assessing maize yield under different water stress irrigation
schedules in semi-arid regions, compared to 50% field capacity irrigation, the AquaCrop
model could more accurately simulate maize yield under 75% field capacity irrigation and
full irrigation [24]. AquaCrop simulations have high accuracy in maize yield under full
irrigation in the North China Plain. Under full irrigation, the error was 5% and 6% for
grain yield and biomass, respectively. The error of full irrigation is smaller than that of
rainfed. However, the model could be used to simulate maize yield and biomass under full
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irrigation [25]. Aquacrop was widely used in agricultural forecasting production around
the world [26-28].

Studying the optimal selection of maize yield, ET,, and WUE under different irrigation
schedules in Heilongjiang under future climate changes will effectively provide optimal
irrigation schedules for future maize planting systems. Our aims of this study were 1. to
localize AquaCrop model parameters using observational data from irrigation experiments
in the study region; and 2. to apply the calibrated model to evaluate the impacts of
three irrigation schedules on maize yield and WUE in Heilongjiang Province under future
climate scenarios.

2. Materials and Methods
2.1. Study Site and Field Data Sources

The research site is located in Heilongjiang Province in Northeast China, which is
between 43°26’ and 53°33’ in latitude and 121°11" and 135°05’ in longitude (Figure 1).
The average temperature was between 3.1~4.6 °C, and the average annual Pe mainly
was between 400 and 650 mm. Pe was concentrated primarily in June-August. The 6th
accumulated temperature zone in Heilongjiang Province was unsuitable for maize planting.
Thus, we didn’t study the 6th accumulated temperature zone.
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Figure 1. Locations of the Heilongjiang Province and 26 meteorological stations.

The field data of this study are from a four-year experiment established in the National
Irrigation Experimental Center (45°43/09” N, 126°36'35” E, and altitude 140 m) in Harbin,
Heilongjiang Province. The soil texture is loam, and the basic soil properties are as follows:
N, 154.4 mg/kg; P,0Os, 40.1 mg/kg; K,O, 376.8 mg/kg; and pH, 7.27 [29]. We choose the
maize growing four periods (emergence stage, jointing stage, tasseling stage, and filling
stage) to study the effect of water stress at different growth stages on maize yield and ET,
(Table 1). A rain shelter was used to control precipitation. The size of each test pit used was
25m x 2m x 1.7 m.
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Table 1. Irrigation treatments from 2014 to 2017.

Year

Treatments

Irrigation Upper and Lower Limit in Different Growth Stages of Maize (% of FC)

Emergence Stage

Jointing Stage

Tasseling Stage

Filling Stage

2014

T1
T2
T3

80-100%
80-100%
80-100%

50-100%
80-100%
80-100%

80-100%
80-100%
80-100%

80-100%
50-100%
80-100%

2015

T4
T5
T6
17

80-100%

80-100%

80-100%
100%

45-100%

80-100%

80-100%
100%

80-100%

80-100%

80-100%
100%

80-100%

45-100%

80-100%
100%

2016

T8
T9
T10

60-70%
70-80%
70-80%

70-80%
50-60%
70-80%

70-80%
70-80%
70-80%

70-80%
70-80%
70-80%

2017

T11
T12

60-70%
50-60%
70-80%

70-80%
70-80%
70-80%

70-80%
70-80%
70-80%

70-80%
70-80%
70-80%

T13

Note: Number before “~” in the table represents the lower limit of irrigation, and number after “—” in the table
represents the upper limit of irrigation. “80-100%" in T1 treatment represents the irrigation starts when the soil
moisture content reached 80% FC (the lower limit of irrigation), and the irrigation stops until the soil moisture
content reached 100% FC (the upper limit of irrigation). Other explanations are the same as above. T8, T11, and
T12 represent RDI treatments during the emergence stage; T1, T4, and T9 represent RDI treatments during the
jointing stage; T2 and T5 represent RDI treatments during the filling stage; T3, T6, T7, T10, and T13 represent full
irrigation treatments of maize growth. FC is the field capacity.

2.2. Future Climate Data

The Global Climate Model (GCM) is a tool used to study the earth’s climate. In the
Coupled Model Intercomparison Project phase 5, more than 60 GCMs have been proposed
to contribute to future climate research [30]. In order to avoid the unreliability of a single
GCM, multiple models were used to collect the predicted data of GCMs [31]. However, the
future climate data were based on the ensemble datasets of four GCMs under the RCP4.5
and the RCP8.5, respectively. This study selected 26 meteorological stations distributed
in different places in the Heilongjiang Province (Figure 1). Meteorological data consist
of the daily maximum temperature (Tmax), daily minimum temperature (Tmin), Pe, and
Rad from 2021 to 2080. We used the LARS-WG random weather generator downscaling
method to generate future climate scenarios [32]. The calibration and verification data of
the LARS-WG was derived from the historical meteorological data of daily Tmax, Tmin,
Pe, and Rad of 26 meteorological stations from 1960 to 2015. The output meteorological
data were the daily Tmax, Tmin, Pe, and Rad of four GCMs (Table 2) under RCP4.5 and
RCP8.5, respectively, from 2021 to 2080. The period from 2021 to 2080 is divided into three
research stages 2030s (2021-2040), 2050s (2041-2060), and 2070s (2061-2080). For details
of the downscaling method, refer to [33]. The output meteorological data will be input
into the AquaCrop. RCPS8.5 represents radiation forcing values of more than 8.5 W/m? in
2100, and RCP4.5 means 4.5 W/m? when stable after 2100 [34]. We focus on the selection of
RCP4.5 and RCP8.5 based on the socioeconomic conditions of radiative forcing currently
faced by humans [35].

Table 2. 4 GCMs datasets in the LARS-WG model.

GCMs

Research Center Countries and Regions Grid Resolution

EC-EARTH

EC: Earth Consortium Europe 1.125° x 1.125°

HadGEM2-ES

United Kingdom(UK) Meteorological Office UK 1.25° x 1.88°

MIROC5

The University of Tokyo, National Institute

for Environmental Japan 1.39° x 1.41

MPI-ESM-MR

Max Planck Institute for Meteorology Germany 1.85° x 1.88°
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2.3. AquaCrop Model Introduction and Settings

The AquaCrop model input data includes four modules, which are the climate mod-
ule, crop module, management module, and soil module. Climate data includes daily
Tmax, Tmin, Pe, Rad, and reference evapotranspiration (ETy). The ET, is calculated by
ETy-calculator software [36]. The crop data input section has some default values for crops
growth parameters in this module. We need to adjust the corresponding plant parame-
ters (including plant each growth period, sowing date, etc.) based on different climate
and research sites. The crop growth was determined based on 14 agrometeorological
observation stations in Heilongjiang Province. For the meteorological station without
observation data, the data of the neighboring agrometeorological observation station in
the same accumulated temperature area is selected as the calculation basis [37]. In order
to improve the accuracy of output data during model simulation, parameters should be
adjusted appropriately according to specific conditions. Irrigation management is specified
by the irrigation method and the irrigation events. The irrigation schedule is formulated
according to the irrigation time and depth of each stage of the crop growth period [14].
Soil data that describe soil properties in each layer are from The Soil Science Database
(http:/ /vdb3.soil.csdb.cn/, accessed on 30 March 2021).

To avoid the confounding effect of the non-productive consumptive water use (soil
evaporation), the AquaCrop model calculates crop transpiration (Tr), soil evaporation (E),
and ET, using the following equation:

T,= KKy, (KCTMCC*)ETO )
E =K, (1—CC*)K,ET, @)

where, CC* is the adjusted actual canopy coverage (%); Kc;, is the maximum standard crop
transpiration coefficient (dimensionless); Ks means the water stresses coefficient (dimen-
sionless); K, is the temperature stresses coefficient (dimensionless); ET is the reference
evapotranspiration (mm); K; is the evaporation reduction coefficient (dimensionless); Ky is
the maximum soil evaporation coefficient (dimensionless). ET, was separated into Tr and
E (mm).
In this study, the method recommended by FAO-66 was used to calculate the maize
yield and WUE. As:
Y = f; HIoB (4)

WUE = Y/ET, ®)

where Y is maize yield (kg/ha). fy is the harvest index adjustment factor (dimensionless).
HIj is a reference harvest index (dimensionless), which means the yield ratio to biomass, B
means the aboveground dry (kg/ha), WUE means water use efficiency (kg/ m3).

In this study, the inverse distance weighting (IDW) and Kriging methods of ArcGIS
were used to interpolate the numerical values of each station output by AquaCrop into
the study area, to analyze the spatial characteristics of the effects of different irrigation
schedules on maize yield, ET,;, and WUE in Heilongjiang Province under future climate.
The two-factor ANOVA of SPSS Statistics 17 was used to test the difference in yield, ET,
and WUE under different irrigation schedules.

In this study, we explored the effects of water stress at maize different growth stages
on maize development. The generation of irrigation schedules in the AquaCrop model
was used to evaluate or design a particular irrigation schedule. Irrigation practice was
generated according to the specified time and a depth criterion when the model was
running. In this study, RDI was set and generated at a specific time; the depth of irrigation
depends on whether the soil moisture content reaches the set irrigation lower limit. When
the soil moisture content falls to the set minimum limit, it will automatically irrigate to
the fixed upper limit. The growth stage of maize is divided into four stages: emergence,
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jointing, tasseling, and filling. The jointing and filling stages of maize are essential stages of
nutrient generation in crop growth [38]. Therefore, we set up three irrigation schedules, full
irrigation and deficit irrigation in two crucial growth periods of maize. The three irrigation
schedules sets are W1: water stress treatment in maize jointing stage. The lower and upper
limits are 50% FC and 80% FC, respectively; W2: water stress treatment in maize filling
stage. The lower and upper limits are 50% FC and 80% FC, respectively; W3: full irrigation
schedule, which made maize suffer no water stress in the entire growth cycle.

2.4. AquaCrop Calibration and Verification

We selected the experimental data to calibrate the yield and ET, in two years (2014-2015)
main RDI (T1, T2, T3, T4, T5, T6, T7). Validation data were established by the six main RDI
(T8, T9, T10, T11, T12, T13) experimental data from 2016 to 2017. The statistical parameters,
including normalized RMSE (CV(RMSE)), determination coefficient (R?), Willmott’s agree-
ment index (d), and model efficiency coefficient (EF) were determined for the performance
evaluation of AquaCrop.

R =1 VY }Afi)z 6)
X(yi—y)?
. N2
CV(RMSE) = % Z(Pl% @)
. N2
g1 Y (Pi— Oi) ®)

v (|Pi—O| + |[0i - O])*
Y, (0i — 0)* — ¥y (Si — Oi)?
i1 (Oi—O)2

EF = )

where yi is the actual value, ¥i is the simulated value, and ¥ is the mean value. And O is
the mean observations, pi is the simulated value, and Oi is the observed value. n means the
research count. A simulation can be considered perfect if CV(RMSE) is smaller than 10%,
good if between 10 and 20%. d range is 0-1, with 0 indicating a bad fit and 1 indicating
a good fit between the simulated and observed data. The EF value is smaller than 1; a
positive value indicates that the simulated value better describes the measured data trend
than the mean observations.

The flow chart showing the optimal selection of future irrigation schedules using the
AquaCrop model is provided in Figure 2.
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Preparation of historical meteorological data
(Observed daily, Tmax,Tmin, Pe, Rad)

v

’ LARS-WG calibration and validation ‘

v

’ Future meteorological data generation ‘

Y

’ Climate module ‘ ’ Crop module ‘

’ The Soil Science Database

Set different irrigation schedules

A 4 A 4

Management module Aquacrop calibration and validation Soil module

;

A 4

Aquacrop Model

Future three irrigation Future three irrigation
schedules Yield schedules ETa
Spatial and temporal of Spatial and temporal of
future Yield future ETa
A4

’ water use efficiency (WUE) ‘

WUE and ETa response

’ WUE and Yield response }4—

’ Optimizing irrigation schedules

Figure 2. Flow chart for the steps involved in the estimation of future irrigation schedules using the
AquaCrop model.

3. Results
3.1. Performance Evaluation of AquaCrop

Based on the AquaCrop model calibration and verification of the ET, and yield, the
model-simulated different irrigation schedules ET, and yield agree well with the field-
observed (Table 3). The R? of the simulated and observed maize yield reaches 0.72, and the
average difference between simulated and observed yield under different treatments did
not exceed 200 kg/ha (Figure 3). Each difference of the simulated and observed ET, was
less than 50 mm (Figures 4 and 5). When calibrating the AquaCrop model, the simulated
and measured values of maize in different RDI were well fitted (Figure 4). From the six
treatments in the validation, the model is reasonable in simulating the ET, of the maize
(Figure 5). Therefore, the AquaCrop model simulation results on maize ET, and yield under
different irrigation schedules during the whole growth stage were reliable and applicable
for this study area.

Table 3. Fit indexes of AquaCrop model-simulated and measured ET, and yield.

Parameter CV (RMSE) (%) d R? EF

ET, 8.21 0.99 0.97 0.97
Yield 4.44 091 0.72 0.68
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3.2. Projected Future Climate Change

Figure 6 presents the predicted future climate during the maize growing period. The
highest Pe, Tmax, and Tmin appeared in the 2070s under the RCP4.5, they are 470.31 mm,
26.06 °C, and 14.69 °C, respectively, while the highest value of the Rad is 19.04 MJ/m?
appeared at 2050s. In the RCP8.5, the average Pe, Tmax and Tmin, and Rad highest values
appeared in the 2070s, they were 490.57 mm, 27.48 °C, 16.15 °C, and 19.08 MJ/ m2. RCP8.5’s
highest value of average Pe, Tmax and Tmin, and Rad was 4.31%, 5.45%, 9.94%, and 0.21%
more than RCP4.5, respectively. Under the two RCPs, the maximum Pe appeared in the
central and southern part of the study area; the highest Rad value mainly appears in the
southwest. Moreover, the southern’s Tmin has the highest value, and the Trmax high value
was distributed in the southwestern and south.
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Figure 6. Spatial and temporal distribution of average precipitation (Pe) (al-a4,b1-b4), solar radiation
(Rad) (c1-c4,d1-d4), minimum temperature (Tmin) (el-e4,f1-f4), and maximum temperature (Tmax)
(g1-g4,h1-h4) for the multi-GCM ensemble during the maize growth stage under two RCPs from
2021-2080 in the study area.

3.3. ET, Changes under Different Future Scenarios

The ET, showed a declined trend from southwest to northeast in the study area
(Figure 7). The ET, had an upward trend under two RCPs with different magnitudes. The
value of RCP8.5 is generally greater than the ET, of RCP4.5. In the future, the maximum
value of ET, appears in the W3. Compared with the W3, W1, and W2 reduced by 1.5-1.6%

and 0.4-0.6%.
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Figure 7. Spatial and temporal distribution of maize ET, for the multi-GCM ensemble under different
irrigation schedules ((al-a4,b1-b4) W1, (c1-c4,d1-d4) W2,(e1-e4,f1-f4) W3) in the 2030s, 2050s, and
2070s with two RCPs.
3.4. Yield Changes under Different Future Scenarios
Maize yield under different irrigation schedules increased from the north part to the
south area in the spatial distribution. The maximum value appeared in the southeast and
southwest (Figure 8). Yield showed a growth trend from 2030s to 2070s. The maximum
value for the three irrigation schedules appears in W3, which were 14,044 kg/ha (RCP4.5)
and 14,402 kg/ha (RCP8.5).
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Figure 8. Spatial and temporal distribution of maize yield for the multi-GCM ensemble under
different irrigation schedules ((al-a4,b1-b4) W1,(c1-c4,d1-d4) W2,(el-e4,f1-f4) W3) in the 2030s,
2050s, and 2070s with two RCPs.
3.5. WUE Changes under Different Future Scenarios
The WUE showed a growth trend from the west area to the east part (Figure 9). While
the extent of increase in WUE under the two RCPs was different, and the RCP8.5's WUE
was larger than RCP4.5’s. Under both of two RCPs, the minimum value of WUE appears in
W2. Compared with W2, the WUE of the W1 and W3 increased by 0.5-0.6% and 0.9-1.2%.
2030s 2050s 2070s
125°E 130°E 125°E130°E 125°E 130°E i - @
fan N a2y h (@3) N 31 ~ 29
A A A E
S0°N 50°N  50°N 50°N  50°N S0°N 3 24
RCP4.5 - e £
. ' v - Z 28
45Nl w TSN NI e g 0 SN SN a T N7
©) ° o o 5o o 126 275
125°E 130°E 125°E 130°E 125°E  130°E FEN —
W1
125°E  130°E 125°E  130°E 125°E 130°E - o (L]
(vl N ®2) }’i\ 3 IN\ 11 £ 9.;
50°N S0°N 50°N 50°N  50°N ak 50° ;g 229
RCP8.5 - v & e B
AN o L0 SN SN o LT AN AN 4N 27 -
ror 1o T2 2,65
125°E 130°E 125°E 130°E 125°E 130°E 23 T

Figure 9. Cont.




Agronomy 2022, 12, 810 13 of 17
33 295 ”
125°E  130°E 125°E  130°E 125°E  130°E 39 (c4)
«@ ﬁ\ (©3) }1 11 = 29
S0°N 50°N SO°N 50°N seNO 22
RCP4.5 noEw
45N s 45°N Py 45N 45Nl o 45N 27 27
o o o o o = o, 27
125°E  130°E 125°E  130°E 125°E  130°E - 030 0506 —
Sin
125°E 130°E 125°E130°E 125°E130°E i s0s T @
@ ﬁ @) ;‘ . =, 31
S0°N 50°N S0ON 50°N S0°N 30 2291
RCP8.5 29 @ 285
- . 2.8 2 28
= 12!
A5 NY s 45°N P 45N 45Nl oo Y laseN 27 5
i, 7 VO ) iy
125°E 130°E 125°E  130°E 125°E 130°E 2 T
3 2955 .
125°E 130°E 125°E130°E 125°E130°E i 9
) }'{1 ) ’"‘ 3.0 o 29T
50°N S0°N 50°N  50°N 50°N [0 2,
RCP4.5 O
) = 28
45°N|__m m 45°N w_m 45N 45N, 0w 45°N 27
i, 2 VO n e -
125°E 130°E 125°E  130°E 125°E 130°E 2 T
3 315 "
125°E_ 130°E 125°E130°E 125°E 130°E i T )
3 N ) Iy 11 = 3t
A A N E
3 £ 295+
50°N 50°N 50N 50°N 50°N 2‘; 25,1
RCP8.5 . I
FEEN 45°N et SN 4N ¥ fason 27 a5 ]
L 2 = by A
125°E 130°E 125°E 130°E 125°E 130°E I T

Figure 9. Spatial and temporal distribution of maize WUE for the multi-GCM ensemble under
different irrigation schedules ((al-a4,b1-b4) W1, (c1-c4,d1-d4) W2, (e1-e4,f1-f4) W3) in the 2030s,
2050s, and 2070s with two RCPs.

3.6. Assessment of Irrigation Optimization Scenarios and Corresponding Measures

Under the RCP4.5, the ET, of W1, W2, and W3 were 481 mm, 486 mm, and 489 mm,
respectively. The highest value of ET; was in W3, and the lowest value was in W1. The
difference between the three irrigation schedules is significant (p < 0.05) (Figure 10a). Yield
under W3 was the highest. Although the W1’s yield was less than W2’s, the difference was
not significant (p > 0.05) (Figure 11c). For WUE, W3’s WUE was the highest among the
three, and W1 and W2 were significantly lower than W3. Under the RCP8.5, the lowest
value of ET, appears in W1 (p > 0.05) (Figure 10b). Yields of maize under W1, W2, and
W3 were 14,127kg/ha, 14,199 kg /ha, and 14,402 kg/ha, respectively. The results showed
that the yield difference between W1 and W3 was significant (p < 0.05), and the yield
difference between W2 and the other was not significant (p > 0.05) (Figure 11d). For WUE,
W3 has the highest value. However, the difference between the three irrigation schedules
is insignificant (p > 0.05). Overall, under the two RCPs, optimization selection W1 is
recommended for farmers’ reference as an optimal option under RDI, as W1 had a higher
WUE without significantly decreasing yield.
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Figure 10. Relationship of WUE and ET, under different irrigation optimization schedules. Different
lowercase letters represent different levels of each column at p < 0.05.
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4. Discussion

The four GCMs and two RCPs scenario models used in the study predicted an increase
in temperature (IT'min and Tmax), Pe, and Rad in future study phases. Xiao et al. found that
the crop growth stage would be shortened as the temperature increases. This condition
usually reduces the transpiration of the crop during the growth stage [39]. The ET, of
most planting systems would somewhat decline with future climate change. Different ET,
would vary according to different cropping schedules under future climate scenarios [30].
Tao et al. [40] proposed that future temperature warming would significantly increase soil
evaporation. Our results showed that ET, increases as the temperature increases. The
rising temperature may promote the photosynthesis and leaf expansion of crops, then
accelerate the dry matter accumulation and crop growth, enhancing the transpiration,
which is consistent with [41]. In this study area, the climate affected the southwestern
Heilongjiang Province as a low-yield area. The relatively lower Pe and the higher ET,,
which may be due to the high temperature and Rad, leads to the lower WUE in this area.
This study established analysis and comparison of irrigation schedules based on maize’s
different growth stages water stress. The results showed that maize’s ET, under treatments
in which water stress appeared in the jointing stage was the least among all irrigation
schedules. The reason may be that maize is more sensitive in the jointing stage with water
stress. Jin et al. [42] indicated that maize’s early growth stages were more vulnerable to
water stress. The ET, would reduce when water stress arises at filling stages. However, the
results of this study were different from the result reported by Yu et al. [43]. They found
that ET,; was the maximum when maize was exposed to water stress in the jointing stage.
The results showed that photosynthesis in the early stage of maize growth was not only
controlled by water stress, but the crop was still inhibited after rewatering, and it was
difficult to recover. This result may be due to different research results obtained from other
experimental locations. The degree of inhibition of crop growth is related to the duration
of drought and the degree of stress. Future climate changes are complex, and the ET, and
yield of maize crops should be studied based on different future climate scenarios.

However, future climate changes would also affect maize yields. This climate change
would impact crop yield and water supply and requirements. The increase in CO, con-
centration in the whole study area increases the possibility of photosynthesis and further
promotes biomass accumulation in crops, thereby increasing yield [44,45]. This study
showed that the RCP8.5’s yield was higher than RCP4.5’s, and the yield increased 386, 403,
and 358 kg/ha under W1, W2, and W3, respectively. The results were similar to the results
found by Qaisar et al. [46]. This study also showed that the yield under the RDI was lower
than the yield under the full irrigation schedule, and the yield of W1 was lower than that
of W2. This may be because the lack of development during the maize vegetative growth
stage ultimately affects the reproductive development stage, and the high-quality output
of ears and kernels reduces the yield of maize. Li et al. [47]’s research found that water
decline leads to reduced leaf area, accelerated leaf senescence, and reduced photosynthesis,
reducing leaf source activity and negatively affecting the seed setting rate, reducing maize
yield. NeSmith et al. [48] proposed that the grain filling rate is not significantly affected by
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water deficit during grain filling. Therefore, our research results are consistent with theirs;
the yield gap between W2 and W3 was not significant. Maize growth is a complicated
process influenced by climatic, soil, and geographical factors, respectively [49]. Different
irrigation schedules have less effect on the yield of maize, and the difference between them
was not significant. Other researchers found that moderate water stress at the maize’s
jointing stage could increase crop WUE and control the growth redundancy of plants during
the vegetative growth process, reduce the length of maize ears, and promote reproductive
growth [50]. Cai et al. [51] and Wei et al. [52] found that appropriate water deficit treatments
in the early stage of maize growth can improve crop WUE to varying degrees.

5. Conclusions

AquaCrop can simulate the maize ET, and yield well, and the R? of the relationship
between the model simulation and the observed were 0.99 and 0.71, respectively. Due to
the increasing trend of future climate, the ET,, yield, and WUE of maize in the two RCPs
showed an increased trend during 2021-2080. The ET, and yield showed an increasing
trend from the north area to the south part in the study area, and WUE showed a downward
trend from the east part to the west area. The ET,, yield, and WUE of RCP8.5 were larger
than these under RCP4.5. From the perspective of saving irrigation water without affecting
the stability of maize yield, we recommend W1 for future maize planting. This study will
supply useful knowledge with the impact of different irrigation schedules on crop growth
under future climate, and help to optimize the selection of feasible irrigation schedules to
balance the relationship between water scarcity and food security.
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