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Abstract: Optimizing planting structure that balances both high yield and water resources shortage is
essential for developing efficient water-saving agriculture. To provide insights about the relationship
between planting structure optimization and water resource constraint, crop water requirement,
precipitation coupling degree, gross total water requirement and irrigation project metrics were
calculated and analyzed with the dataset collected from 16 locations in Xuchang City, China. The
strategy of reducing the planting proportion of high water-consumption crops and increasing low
consumption and high precipitation coupling degree crops was adopted to determine a suitable
water-saving planting scheme based on the IQR (interquartile range) method. Evapotranspiration had
a decreasing trend from northwest to southeast areas. There were positive correlations between gross
total water requirement (GTWR) and annual total yields (r = 0.825, p = 0.002), and between GTWR
and proportion of vegetable planting areas (PVPA) (r = 0.734, p = 0.0101). The GTWR was negatively
correlated with the ratio of water-saving irrigated areas to effective irrigated areas (RSEA), proportion
of wheat planting areas (PWPA) and proportion of bean planting areas (PBPA), with coefficients of
−0.787, −0.936 and −0.828, respectively. The planting proportion of winter wheat, summer maize,
vegetables and flowers decreased by 8.8%, 25.8%, 16.2%, and 28.7%, respectively, while oil-beans
and tubers increased by 62.4% and 95.6%, respectively. The irrigation water consumption was
reduced by 5.2%, saving 3.25 × 107 m3 irrigation water without sacrificing economic benefits after
adjusting for the whole region. Consequently, precipitation coupling degree, water-saving technology
and historical planting habits should be considered when optimizing cropping distributions. This
research provided a new theoretical basis and comprehensive approach for agriculture irrigation
water management and regional planting structure optimization from a realistic perspective.

Keywords: planting structure; water-saving irrigation; precipitation coupling degree; crop water
requirement; crops rotation

1. Introduction

Freshwater is spatially heterogeneous and often dominated by local dynamics, high-
lighting its critical role in global sustainability [1,2]. More severely, agriculture water
consumption accounts for about 70% of freshwater expenditure across the world [3,4]. In
this context, water-saving irrigation that aims to reduce inefficient water use and maximizes
beneficial crop water use is regarded as a basic solution to water scarcity, especially in the
arid and semi-arid regions [5,6].

Optimizing irrigation water implies maximizing agricultural production for a given
quantity of water, namely, maximizing the “crop per drop” [7]. There have been numer-
ous attempts to mitigate the agricultural water consumption, among which several agro-
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nomic practices are already being implemented in the traditional winter wheat–summer
maize relay cropping system, including increasing planting density or optimizing sowing
dates [8–10]. In addition, agrotechnical measures [11,12], water-saving irrigation project
types [13–15], and planting drought-resistant crop varieties [16,17] were also adopted to
decrease crop water use. Although the above measures can certainly reduce the rate of
groundwater withdrawal, their effects are currently insufficient to halt the water table
decline. Therefore, more promising strategies in water saving need to be introduced in
terms of diversified crop rotations [18,19].

Crop diversification is a prerequisite for formulating and implementing realistic agri-
cultural water-saving countermeasures. That means including more nutritious crops rather
than the conventional wheat or maize into rotation cropping systems to increase yield by
efficiently using soil water and nitrogen resources [20,21]. Numerous researchers [22–26]
have reported that water-use efficiency, grain yield and economic output can be improved
by diversifying crop rotations with reduced seasonal crop water requirements and can
mitigate groundwater decline potential, compared with monocropping. From this perspec-
tive, diversified crop rotations mean a change in current planting structure. How to adjust
cropping structure according to local conditions is a challenge worth considering. In the
past years, many studies focused on economic benefits, considering profitability as a major
concern for scholars and farmers, and national policies and market demand also played
an important role in crop selection [27–29]. In recent years, the environmental impact of
fertilizer application, climate change, water-use efficiency and ecological efficiency have
also been demonstrated as non-negligible factors that affect cropping adjustment [30,31].
As for the optimization method of planting structure, Niu et al. [32] developed an inter-
active two-stage fuzzy stochastic programming (ITFSP) method to aid the crop planning
and water resource allocation under uncertainty, and results revealed that decision makers
would be more positive to water allocation of crops of wheat and oil than maize. Luo
et al. [33] optimized the crop planting structure based on a multi-objective optimization
model and a fast elitist nondominated sorting genetic algorithm method, in which the
water-saving potential was estimated, and the trade-off between water resources and agri-
cultural production was quantified. Liu et al. [34] employed the Soil and Water Assessment
Tool (SWAT) and a cellular automata model to model the processes of cropping pattern
changes, aiming to reduce the irrigation water demand of cultivated land and improve
the water productivity. However, when studying the water resource constraint in the past
few decades, it is not well-known about the effect of irrigation and drainage construction
projects in high-standard farmland on crop structure adjustment, especially for water-
saving irrigation technology, with studies only relating to crop evapotranspiration in the
field, reckoning without pondering water loss from the intake to the field. Water demand
and precipitation spatial coupling degree under different hydrological years still needs to
be worked out. Meanwhile, in published literature, multiple objective optimization models
were mostly adopted by previous researchers and the optimizing result deviated too much
from the historical planting areas, which were greatly different from the actual demand,
contributing to great challenges for food security and farmers’ interests. Hence, it is of
great significance to reveal the response of cropping systems on water-saving technology,
crop water requirement, local planting habit and related irrigation indexes.

Here, the Xuchang high-efficiency water-saving irrigation experimental area (XCA, for
short) was selected as the study area to investigate potential relationships between regional
gross irrigation water consumption and cropping structure in the case of water constraints.
In XCA, wheat, corn, peanuts, cotton, tobacco, vegetables, flowers and herbs were planted
in fertile soil texture. After 10 years’ construction of high standard farmland, the advanced
water-saving irrigation technologies have been widely applied by many peasants, such as
drip irrigation, sprinkler irrigation and micro-sprinkling irrigation. The popularization and
application of high efficiency water-saving irrigation technology played an important role
in alleviating the regional water resources crisis and developing green agriculture. Based
on the above background, the objectives of the present study were (1) to determine crop
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evapotranspiration (ETc) and precipitation coupling degree of representative crops (i.e.,
winter wheat, summer maize, flowers, tobacco, Chinese herbs) under a normal rainfall
year; (2) to analyze planting structure variation of main crops based on 10 consecutive
years and evaluate the gross irrigation water requirement through diversified irrigation
methods across the whole study region, and (3) to further develop the correlation between
irrigation project metrics and gross total water requirement, moving forward to optimize
cropping structure from the perspective of food production, water utilization efficiency
and farmer profitability. This research is expected to provide theoretical guidance and
a scientific baseline for the distribution of agricultural water rights that aims to ensure
national food security and promote rural revitalization.

2. Materials and Methods
2.1. Region Description

Xuchang high-efficiency water-saving irrigation experimental area (33◦42′–34◦24′ N,
113◦03′–114◦19′ E) is located in South Central of Huang-Huai-Hai Plain, which belongs to
the alluvial plain of Shuang ji River and Yellow River, and has a total area of approximately
5 × 103 km2 and an average elevation of 79.6 m above sea level with a warm temperate
continental monsoon climate (Figure 1). The annual average temperature is 14.7 ◦C with
2183 h sunshine duration. Generally, the annual average precipitation in the last 30 years
was 697.0 mm, of which 55–65% occurred from June to September, with extremely uneven
spatial–temporal distribution. Distinctive planting types (i.e., winter wheat, summer maize,
peanuts, cotton, tobacco, vegetables, flowers, Chinese herbal medicine, etc.) are irrigated by
advanced water-saving facilities, such as intelligent sprinkler irrigation, self-driven capstan
sprinkler irrigation, drip irrigation and microspray irrigation in study region. Meteorological
stations are distributed in 16 typical representative sites (green dots in Figure 1).
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2.2. Data Collection and Analyses
2.2.1. Data Sources

The basic data include crops sown areas, yields, condition of irrigation and conser-
vancy project, meteorological factors and water resources. Particularly, statistics on yields
and crop areas planted (representative crops were selected in each administrative region,
which are wheat, maize, beans, oil, potato, cotton, tobacco, vegetables, flowers, melons and
fruits and traditional Chinese medicine, with a total of 11 categories.) were taken from the
Statistical Yearbook of Henan Province and the National Economic and Social Development
of Xuchang from 2010 to 2020. Data related to condition of irrigation and conservancy
project include water-saving irrigated area and effective irrigated area that are also derived
from the Statistical Yearbook of Henan Province. Water resources data (1990–2020) were
collected from water Resources Bulletin of Henan Province. Meteorological data from 1990
to 2020, including daily precipitation, maximum temperature, minimum temperature, wind
speed, relative humidity and sunshine duration, were collected from 16 meteorological
stations (5 national weather stations and 11 local agricultural weather stations) in the XCA.

2.2.2. Crop Water Requirement

The reference evapotranspiration ET0 was calculated with the Penman–Monteith
equation (Equation (1)), which was performed with the CropWat model 8.0 software
developed by the Land and Water Development Division of FAO (https://www.fao.org/
land-water/databases-and-software/cropwat/en/ (accessed on 5 June 2022)).

ET0 =
0.408∆(Rn− G) + γ 900

T+273 U2(es − ea)

∆ + γ(1 + 0.34U2)
(1)

where, Rn is the net radiation at the crop surface (MJ m−2 day−1), G is the soil heat flux
density (MJ m−2 day−1), T is the mean daily air temperature at 2 m height (◦C), es is the
saturation vapor pressure (k Pa), ea is the actual vapor pressure (k Pa), U2 is the wind speed
at 2 m height (m s−1), es − ea is the saturation vapor pressure deficit (k Pa), ∆ is the slope
vapor pressure curve (k Pa ◦C−1), γ is the psychrometric constant (k Pa◦ C−1).

Crop water requirement, i.e., actual crop evapotranspiration (ETc) was determined
with ET0 and crop coefficient (Kc) [35], Based on the Kc values under standard climate
conditions recommended by FAO, and climatic characteristics in the XCA, the Kc values
for different crops were further modified by using (Equation (3)) [36].

ETc = Kc ∗ ET0 (2)

Kc = Kc tab + [0.04(U2 − 2)− 0.04(RHmin − 45)](
h
3
)

0.3
] (3)

where, Kc tab is crop coefficients under standard conditions at different growth stages, RHmin
is the mean daily minimum relative humidity during the growth stage, %, h is the average
height of crops in this growth stage, m, other symbols have the same meanings as before.

Due to the lack of measured data for flowers (represented by wintersweet, osmanthus
and Chinese rose), Chinese herbal medicine (represented by Yunanxing) and tobacco
(represented by flue-cured tobacco) in XCA, the following formula was adopted to estimate
ETc of these crops (Equation (4)).

ETc = Pe f f + Ii (4)

where Pe f f is the effective rainfall during the growth period of crop, and Ii is the seasonal
irrigation water amount, referring to The Agricultural and Rural Living Water Quota of
Henan Province (http://slt.henan.gov.cn/2021/04-19/2129230.html (accessed on 6 July

https://www.fao.org/land-water/databases-and-software/cropwat/en/
https://www.fao.org/land-water/databases-and-software/cropwat/en/
http://slt.henan.gov.cn/2021/04-19/2129230.html
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2022)). To account for the losses to runoff or percolation, Pi was determined according to
the method developed by USDA Soil Conservation Service [15]:

Pe f f = [Pi ∗ (125− 0.6 ∗ Pi)] / 125 f or Pi <= (250 / 3) mm
Pe f f = (125 / 3) + 0.1 ∗ Pi f or Pi > (250 / 3) mm

(5)

where, Pe f f is the effective rainfall and Pi is the natural rainfall for ten days.

2.2.3. Determination of Hydrological Year and Precipitation Coupling Degree

The Pearson-III curve was used to determine the hydrological years for the last
30 years with the frequency value of p = 50% based on the 30-year reference crop water
requirement. The total reference crops water requirement was proportionally distributed
to every decade and month based on multi-year average reference water requirement to
obtain the water requirement value of reference crops under the hydrological year type
(50%) [37].

The coupling index between crop water demand and precipitation reflects the uti-
lization of precipitation by crop absorption, and the value is between 0 and 1 [38]. The
coupling degree (λ) is calculated as following:

λ =

{ pe f f
ETc

pe f f ≤ ETc

1 pe f f > ETc
(6)

2.2.4. Macroscopic Basis for Planting Structure Adjustment

High-efficiency water-saving irrigation project improved water resource utilization
efficiency and determined the gross crops irrigation water requirement, thus affecting the
spatial arrangement of crops. The calculation methods and detailed descriptions of the
selected irrigation indices are shown in Table 1.
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Table 1. Selected irrigation project metrics for optimizing crop structure.

Indicators Abbreviation Annotation and Calculation Method Computational Formula

Water saving irrigated area (ha) WSIA The area of water-saving irrigation such as pipe irrigation, sprinkler irrigation
and micro-irrigation. WSIA = ∑m

i=1 ∑n
j=1 Sij

Effective irrigated area (ha) EIA

The land is relatively flat, with a certain water source and irrigation facilities
supporting. Normal irrigation can be implemented in the current year under

normal circumstances. It is the index that measures agricultural production unit
and area water utilization degree and agricultural production stability degree.

EIA = ∑m
i=1 Si

Ratio of water saving irrigated area to effective
irrigated area (%) RSEA The index indicate that popularity of the efficient irrigation techniques applications. RSEA = WSIA

EIA

Basic quota of irrigate water (m3/ha) BQIW

Irrigation water consumption per unit area for a specific crop over the course of a
growing season (one year for perennial crops), taking into account water loss for
field irrigation and an additional water consumption quota (water for pre-sowing

irrigation), all while adhering to the reference irrigation conditions.

BQIW = ∑m
i=1 Ii

Quota correction factor QCF The coefficient Fj and Fk reflect the influence of irrigation methods and water
transportation patterns on BQIW, respectively.

QCF1 = Fj
QCF2 = Fk

Quota of irrigate water (m3/ha) QIW Product of the basic quota of irrigate water and coefficient Fj, reflecting irrigation
water requirement for various irrigation techniques. QIW = ∑m

i=1 ∑n
j=1 Ii Fj

Gross quota of irrigated water (m3/ha) GQIW Quota of irrigate water divided by channel or pipework water utilization
coefficient (water transportation patterns) for one crop. GQIW =

∑m
i=1 ∑n

j=1 Ii Fj

∑r
k=1 Fk

Gross total water requirement (m3) GTWR The cumulative sum of planting area multiplied gross quota of irrigated water for
one crop. GTWR = GQIW × Si

Total water resources (m3) TWR

Sum of surface water resources and underground water resources while
deducting the repeated calculation of their mutual transformation. The index is
used to assess how much surface and subsurface water the research area’s local
precipitation has produced overall (excluding the inflow amounts from outside

the area).

TWR = Wc + Wu −Wd

Annual precipitation (mm) AP Water amount formed by natural precipitation is expressed in height (mm) per
unit area for one year. AP = Py

Total yield (kg) TY Sum of the various crop yields. TY = ∑m
i=1 Yi

Crop structure CP
The proportion of crop plant area for one crop in a region. For example, planting
proportion of wheat, beans, maize, flowers and vegetable were abbreviated to

PWPA, PBPA, PMPA, PFPA and PVPA, respectively.
CP = Si

∑m
i=1 Si

Note: i, j, k and y represent the i-th crop (i from 1 to m), the j-th irrigation method (j from 1 to n), the k-th water delivery type (k from 1 to r) and the y-th year rainfall (y from 1 to s), respectively. Si , Yi , Ii and Py
represent the i-th crop planting areas, crop yields, irrigation water consumption per unit area during a growing season and the y-th rainfall, respectively. Accordingly, Wc, Wu and Wd represent the total surface
water, underground water and the repeated calculation amount of their mutual transformation produced by precipitation in the research area at one year. Fj and Fk represent correction coefficient of irrigation
methods, including the utilization coefficient of canal system water and pipeline water, the values refer to the national standard (https://slt.henan.gov.cn/2021/04-19/2129230.html (accessed on 15 March 2022)),
https://www.mohurd.gov.cn/gongkai/fdzdgknr/tzgg/201904/20190403_239996.html (accessed on 21 March 2022)).

https://slt.henan.gov.cn/2021/04-19/2129230.html
https://www.mohurd.gov.cn/gongkai/fdzdgknr/tzgg/201904/20190403_239996.html
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According to the water consumption of different crop species, the strategy of reducing
the planting proportion of high-water consumption crops, increasing low-water consump-
tion and high precipitation coupling degree crops were adopted. The modified planting
area was calculated using IQR (interquartile range) as the dependent variable (Figure 2).
The specifics were as follows: the formula Q3 + N3 × IQR is used while expanding the
planting area. Similar to this, Q1−N1× IQR are used while reducing the planting area. N1
and N3 range from 0 to 10, varying by 0.5 each time, and Q1 and Q3 stand for lower quartile
and upper quartile, respectively. When there has been little change from the historical
planting area, the value is Q1 or M, M refers to median. By doing this, the modified planting
area avoids making drastic changes that could damage the continuity of policy and diverge
too far from the historical planting area.
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Figure 2. Method for planting structure adjustment. S3 and S1 represented crop planting areas
after adjusting.

2.3. Statistical Analyses

Experimental data were processed by Excel 2010. Statistical methods including anal-
ysis of variance (ANOVA), linear regression analysis and correlation analysis were car-
ried out using IBM SPSS Statistics 26, and differences were considered significant at the
0.05 level. The graphics were drawn by Origin 2021. Kriging spherical interpolation method
was used ArcGISProV2.6 to perform spatial interpolation analysis of ETc [39,40].

3. Results
3.1. Spatial Distribution of Main Crops Water Requirement

The monthly ET0 from 1990–2020 in XCA is shown in Table 2. ET0 increased gradually
from January to June, then decreased from June to December, reaching the maximum in
June with a range of 5.08–5.83 mm day−1. The minimum ET0 appeared in January, ranging
from 1.03 to 1.22 mm day−1. The average ET0 in June was 4.82 times than that in January.
The annual average of ET0 was 3.20 mm day−1. Evapotranspiration in the whole region
was higher in the northwest and lower in the southeast areas. The maximum was obtained
at Yuzhou with 3.46 mm day−1, which was higher than the value at Xiangcheng by 14.3%.
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Table 2. Monthly reference evapotranspiration ET0/(mm day−1) under the hydrological year
type (p = 50%).

Month Xiangcheng Xuchang Yanling Yuzhou Change

January 1.11 1.15 1.03 1.22 1.21
February 1.27 1.21 1.22 1.37 1.37

March 3.11 3.23 3.17 3.46 3.55
April 3.39 3.35 3.48 3.71 3.63
May 4.76 4.98 4.80 5.61 5.65
June 5.08 5.59 5.35 5.72 5.83
July 4.89 4.97 5.08 5.52 5.34

August 4.06 4.03 3.99 4.74 4.19
September 3.34 3.55 3.41 3.82 3.59

October 2.25 2.32 2.16 2.6 2.56
November 1.81 1.86 1.72 2.1 2.01
December 1.23 1.21 1.07 1.62 1.49
Average 3.03 3.12 3.04 3.46 3.37

In terms of food crops (winter wheat, summer maize and beans), the spatial water
requirements from southeast to northwest gradually increased, showing a hierarchical
distribution (Figure 3). The seasonal water requirements of winter wheat, summer maize
and beans ranged from 496.1 to 630.5 mm, 361.0 to 478.8 mm and 328.0 to 434.7 mm,
respectively. According to the spatial distribution of crop water requirements, the planting
area of crops with high ETc mainly concentrated around the northwest Yuzhou, which had
a relatively higher altitude and less precipitation. ETc in the south Xiangcheng, Xuchang
and Yanling, which had a small temperature difference between day and night and a more
humid climate, was relatively low.
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Figure 3. Spatial distribution of main crops water requirement, (a–f) represent the ETc (mm) of wheat,
maize, soybean, flowers, tobacco and Chinese herbs, respectively.

As for spatial variation characteristics of cash crops (flowers, tobacco and Chinese herbs),
ETc in the southern Xiangcheng and most areas of Yanling was markedly higher than that in
the northwest central region. The annual average ETc for flowers, tobacco and Chinese herbs
fluctuated in the range of 600.0–770.0 mm, 386.0–636.0 mm, and 533.0–688.0 mm, respectively.
ETc of flowers was highest, followed by Chinese herbal medicine and tobacco.

3.2. Coupling Analysis of Main Crops Water Requirement and Precipitation

In the whole region of XCA, the coupling degree (λ) gradually decreased from south-
east to northwest (Figure 4), and the maximum was present in southern Shantoudian and
Taocheng areas, while the minimum occurred in the northwest Yuzhou. Tobacco had the
highest λ (73.9%), followed by Chinese herbs (72.3%); the mean value of the 16 stations was
66.6% and 61.0%, respectively. The result indicated that the two crops had the potential
to take full advantage of natural precipitation. Tobacco with high coupling degree was
distributed in Xiangcheng, while Chinese herbs were distributed around the southern
Taocheng. There was insignificant difference in λ among flowers, corn and soybean, with
an average value of 56.2%. Yuzhou had the lowest coupling degree, lower than all other
regions. Significant spatial variation in the coupling degree was observed in soybean
planting regions, with the degree from 37.9% to 73.8%. Coupling degree of 24.6% for winter
wheat was the lowest among the surveyed crops, causing water deficit seriously. Poor time
synchronization was observed between precipitation and winter wheat growing period.
To ensure the normal growth of winter wheat, supplementary irrigation was required for
the wheat.
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3.3. Irrigation Methods and Water Consumption of Main Crops

Winter wheat, summer maize, soybeans, flowers and vegetables are important com-
ponents of crops in XCA, among which 77.4% were grain crops, and 11.3% are cash crops
(tobacco, flowers and Chinese herbs) in 2020 (Table 3). Irrigation methods of grain crops
were mainly sprinkler irrigation (90.3%) and economic crops were drip irrigation or micro-
sprinkling irrigation (93.2%). Water consumption of the winter wheat–summer maize
system accounted for 61.2% of the annual gross total water requirement (GTWR), followed
by flowers, vegetables and beans, with GTWR ranging from 0.414 × 108 to 0.878 × 108 m3.
Concisely, grain crops accounted for 69.2% of the total gross irrigation water requirement,
playing a vital role in consuming irrigation resources. In terms of water consumption capac-
ity of crops (GQIW), flowers had the largest value, followed by Chinese herbs, vegetables,
tobacco, winter wheat, and tuber had the minimum.

Table 3. Irrigation methods and water demand of main crops in XCA in 2020.

Staple Crops Irrigation Methods Areas/104 ha GTWR/108 m3 GQIW/(104 m3/ha)

Winter-wheat Sprinkler/pipe irrigation 23.0 2.62 0.114
Summer-maize Sprinkler irrigation 14.4 1.39 0.096

Beans Sprinkler irrigation 4.93 0.414 0.084
Tubers Sprinkler/pipe irrigation 2.30 0.110 0.048

Oil-bearing crops Sprinkler/pipe irrigation 1.98 0.206 0.104
Cotton Sprinkler/Pipe irrigation 0.069 0.008 0.118

Tobacco Drip irrigation 0.998 0.124 0.124
Vegetables Drip/Micro-sprinkling irrigation 4.17 0.561 0.134

Flowers Drip/Micro-sprinkling irrigation 4.21 0.878 0.209
Chinese herbs Drip/Micro-sprinkling irrigation 1.33 0.211 0.159

Melon and Fruit Drip/Micro-sprinkling irrigation 0.289 0.029 0.099
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3.4. Changes in Crop Planting Structure

The percent of winter wheat planting area increased from 35.4% in 2010 to 39.9% in
2020, and summer maize increased from 26.2% in 2010 to 30.1% in 2015 and then decreased
to 25.0% in 2020 (Figure 5). Over the past decade, the beans planting area has increased,
reaching 4.93 × 104 ha in 2020, which is 2.15 times of that in 2010. The percent of tubers, oil-
bearing, cotton, vegetables, melon and fruits decreased by 40.3%, 24.4%, 91.6%, 11.8% and
58.4% from 2010 to 2020, respectively. Compared to 2010, the flower planting proportion
decreased by 3.3% in 2015, while it increased by 5.0% in 2020. Furthermore, both tobacco
and Chinese herbs decreased by 24.8% and 27.9%, respectively, in the past decade.
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Figure 5. Planting structure variation of main crops from 2010 to 2020. Data in parentheses are
planting areas of corresponding crop, areas unit (103 ha).

3.5. Potential Influence of Irrigation Project Metrics on Gross Irrigation Water Requirements

The correlations between GTWR and irrigation project metrics are shown in Figure 6.
There were extremely positive correlations between GTWR and TY (r = 0.825, p = 0.002).
A significantly positive relationship between GTWR and PVPA (r = 0.734, p = 0.010) was
observed, and the correlations suggested that promotion in the vegetable area increased
water consumption of the whole region. Therefore, reducing the vegetable planting area is
one of the efficient methods for mitigating irrigation water demand risk. The GTWR was
negatively correlated with RSEA, PWPA, and PBPA, with coefficients of −0.787, −0.936
and −0.828, respectively. The increased RSEA implied that the perfect irrigation facilities
and management level were promoted in more cultivated land, and the water-saving effect
was fully reflected. From a planting structure point of view, increasing the proportion of
wheat and soybean can also meet the requirement of reducing regional irrigation water.
The remaining statistical indexes, such as TWR, AP, PMPA and PFPA had no significant
impact on the GTWR.
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Figure 6. Correlation analysis of metrics related to gross total irrigation water requirement. Gross
total water requirement (GTWR, m3), planting proportion of wheat, beans, maize, flowers and
vegetable (PWPA, PBPA, PMPA, PFPA and PVPA, %), total water resources (TWR, m3), annual
precipitation (AP, mm), ratio of water-saving irrigated area to effective irrigated area (RSEA, %), total
yields (TY, kg). * Significance at the 0.05 probability level, ** Significance at the 0.01 probability level.

3.6. Optimization of Crop Planting Structure

In order to reduce more irrigation water consumption, the planting area of crops with
high water consumption should be decreased, such as flowers and vegetables. Accord-
ing to the coupling degree of precipitation and irrigation water requirement, the crops
with low coupling degree should also be reduced to make full use of rainfall, such as
wheat. Similarly, tubers with low water consumption but high coupling degree were recom-
mended. Expanding the soybean planting area was beneficial for improving the utilization
efficiency of irrigation water, when taking related indexes affecting crop gross irrigation
water demand into account. From the aspect of planting technology, partially replacing the
maize planting area with maize–soybean relay strip intercropping was recommended for
balancing both high yield and sustainability. Given all the above factors, the adjusted crop
planting structure is presented in Table 4.

Table 4. Analysis of water-saving and economic benefits before and after planting structure adjustment.

Staple Crops Adjusted
Area/107 ha

Unadjusted
Planting

Structure/%

Adjusted
Planting

Structure/%

Growth Rates
for Planting
Structure/%

Growth Rates
for Yields/%

Growth Rates for
Water-Saving/%

Growth Rates
for Earning/%

Winter-wheat 210.0 39.89 36.40 −8.75 −12.3 −8.75 −12.3
Summer-maize 107.0 25.00 18.54 −25.8 −11.6 −23.7 −11.6

Beans 80.0 8.54 13.86 62.4 71.3 62.4 71.31
Tubers 45.0 3.99 7.80 95.6 41.6 95.6 41.6

Oil-bearing crops 40.0 3.43 6.93 102.0 94.3 102.0 94.3
Cotton 1.00 0.12 0.17 44.2 22.9 44.2 22.9

Tobacco 10.0 1.73 1.73 0.20 2.81 0.20 2.81
Vegetables 35.0 7.23 6.07 −16.2 −30.7 −16.2 −30.7

Flowers 30.0 7.29 5.20 −28.6 - −28.7 -
Chinese herbs 13.0 2.30 2.25 −1.96 −21.3 −24.6 21.3

Melon and Fruit 6.00 0.50 1.04 107.6 95.0 107.6 95.0

Note: (-): indicated a lack of statistical data.

Consequently, a suitable water-saving planting scheme was determined based on
the IQR (interquartile range) (Figure 7). At the grain crops level, winter wheat and sum-
mer maize planting proportion should be decreased by 8.8% (Q1 − 0.5IQR) and 25.9%
(Q1 − 3.5IQR), respectively, while oil-beans and tubers should be increased by 62.4%
(Q3 + 2.5IQR) and 95.6% (Q3 + 6IQR), respectively. At the cash crops level, vegetables and
flowers should be decreased by 16.6% (Q1 − IQR) and 28.7% (Q1 − 7IQR), respectively.
Oil-bearing should be increased by 102.0% (Q3 + 1.5IQR). After adjustment, the yield of
beans, tubers, oil-bearing and melon and fruits would increase by 71.3%, 41.6%, 94.3% and
95.0%, respectively. As a result, the irrigation water consumption in the region would be
reduced by 5.2% while save 3.25× 107 m3 irrigation water use without sacrificing economic
benefits for the whole region.
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Figure 7. Adjustment scheme of water-saving planting structure based on IQR method. Black and
red dots indicate before and after planting areas adjustment over investigated years.

4. Discussion
4.1. Spatiotemporal Variability of ETc and λ

Variation in ETc presents a spatiotemporal uncertainty due to multifarious factors
including climate change, landscape pattern evolution, human activities and planting
structure variation [41–44]. The higher ETc value represented more irrigation consumption
and lower WUE. Crop water requirement was basically calculated through two major
methods, i.e., one using the Penman–Monteith equation and another based on the water
balance model. In our research, the crop water requirement was estimated by summing
irrigation and precipitation amounts during crop growing seasons when lacking relevant
measured data, such as crops of flowers, tobacco and Chinese herbal medicine. For the
spatial distribution of water requirements for surveyed crops, as shown in Figure 3, the
seasonal water requirement of winter wheat was 496.1–630.5 mm and summer maize was
361.0–478.8 mm. These values were corroborated by previous authors, i.e., winter wheat
was about 450.0–520.0 mm [31,45] and summer maize was about 298.0–430.0 mm [46,47].
Vegetables with water consumption of 501.5–704.2 mm were the highest water consumption
crops. We also computed the local characteristic crops’ water requirements such as flowers
(600.2–770.2 mm), Chinese herbs (532.8–688.0 mm) and Flue-cured tobacco (385.7–636.0 mm).
Crop evapotranspiration varies both over time and space, showing both decadal variability
and changes of spatial patterns [48]. Liu et al. [36] reported that winter wheat water
requirement increased gradually from south to north during the whole growth period, but
no significant differences occurred between summer maize due to a short growing season
and small heat condition differences between districts. Unlike those of summer maize
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water demand regulation, in our research, the summer maize crop water requirements
decreased from southeast to northwest caused by the small survey region.

The coupling degree of crop water demand and precipitation refers to the satisfaction
degree of effective precipitation to crop water demand per unit time. Zhang et al. [38]
reported that the coupling degree of water demand and precipitation of spring maize and
soybean was 0.821 and 0.814, respectively, suggesting the expansion of the planting areas
of spring maize and soybean in the region where water resources were scarce. Our analysis
indicated that the average coupling degree of summer maize and soybean was almost the
same. Considering maize area has been planted on a large scale, we advocated that the
reduced maize planting areas be used to grow soybeans to make the best of rainfall.

4.2. Water-Saving Irrigation Technology and Crop Gross Irrigation Water Requirements

Zhang et al. [49] reported that to cope with water scarcity, over half of the farmers
adopted engineering water-saving technologies. Water was saved as the return flow
percolated to fresh aquifers was seen as beneficial rather than a loss at regional scale via
water-saving irrigation techniques [5]. Through investigation and analysis, cash crops such
as tobacco, flowers and vegetables were irrigated by drip irrigation, while large areas of
grain crops were irrigated using sprinkler irrigation in the southern regions of Huang-Huai-
Hai Plain. Because cash crops consumed more irrigation water compared to grain crops,
adopting drip irrigation would save more water than sprinkler irrigation. Throughout
the world, water-saving technology increased grain yield, water use efficiency, biomass
and nitrogen use efficiency, co-locating the roots and N-fertilizer distribution for winter
wheat and summer maize, realizing green and efficient agricultural production [50–53].
For the optimization of planting structures, most studies have focused on the economic
benefits of water use and evapotranspiration itself [54,55], reckoning without the effect
of water-saving technology on planting adjustment and transportation water loss. In our
research, we calculated gross total water requirements (GTWR), which involved irrigation
styles and pipeline irrigation by the quota method. Moreover, the correlation between
irrigation project metrics and GTWR was analyzed (Figure 7).

Extremely positive correlations between GTWR and TY (r = 0.825, p = 0.002) indicated
that the current planting structure is a high water-consuming system with inadequate
irrigation. That is, generally, if GTWR were provided adequately, the total yield would
be also increased, which is consistent with Yang et al. [56], who reported that the total
grain yield of winter wheat–summer maize generally increased with increasing crop water
use, and moderate deficit irrigation improved yield and water productivity. Similarly, a
significantly positive relationship between GTWR and the proportion of vegetable planting
areas (PVPA) (r = 0.734, p = 0.010) was observed, and the result implied decreasing PVPA
is a vital approach for reducing agricultural water consumption, as reported by Luo
et al. [33], who found that decreasing the sown scale of vegetables and fruit by 82.0% and
73.0%, respectively, is the maximum potential for water savings when the self-sufficiency
of grain is taken into consideration. Furthermore, the effect of the proportion of wheat
planting areas (PWPA) and proportion of bean planting areas (PBPA) on GTWR were
explored separately, and our findings suggested that increasing the planting proportion
of wheat and beans reduced GTWR. All of this provided significant theoretical guidance
for cropping structure adjustment under the circumstance of balancing food and water
resources. Characteristically, we concluded that the ratio of water-saving irrigated area to
effective irrigated area (RSEA) drastically affect GTWR, owing to the efficient water-saving
irrigation projects relating to irrigation and drainage network construction that reduced
evaporation and deep leakage, thus avoiding the waste of irrigation water [57,58]. In a
word, compared to traditional irrigation, water-saving irrigation technology affected crop
gross total water requirements and spatial planting arrangement, enhancing the nutrition
of agricultural products and ensuring food safety by improving the environment [59].
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4.3. Optimization of Crop Planting Structure

Optimizing the regional cropping distribution plays an important role in developing
efficient water-saving agriculture. Methods of Interactive two-stage fuzzy stochastic pro-
gramming (ITFSP), linear programming model, the elitist nondominated sorting genetic
algorithm and cellular automata model with the soil and water assessment tool (SWAT)
were used to optimize the processes of cropping pattern changes [32–34,60]. For instance,
Yin et al. [60] proposed a novel framework to optimize cropping systems and minimize
total irrigation water consumption without compromising crop production security and
economic benefit. According to their research, optimizing the 17 cropping systems can
reduce the total irrigation water consumption by more than 10.0% in 23.9% of the prefec-
tures, especially in the north china plain and southwest China. Unlike previous results,
we proposed a new method called the IQR (interquartile range) methods from a statistical
perspective, and the adjusted planting areas were chosen among lower quartile (Q1), me-
dian (M), upper quartile (Q3), Q1−N1 * IQR and Q3 + N3 * IQR to ensure that the adjusted
planting area does not deviate too much from the historical planting area. This method
provided scientific evidence to understand and determine optimal cropping structure.

A viable option for restructuring the planting structure should involve the regional
self-sufficient production of wheat and a moderate surplus of vegetables and fruits to boost
farmers’ income, while ensuring regional water resources and appropriate water transfers
from external regions [33]. Accordingly, the premise of this experimental research is to
ensure national food security and sustain reduction of irrigation water without sacrificing
too much yield. From the investigation, the yield per unit area of winter wheat increased
4.79% from 2010 (7049 kg/ha) to 2020 (7386 kg/ha), and summer maize increased from
6449 kg/ha to 7206 kg/ha, with a growth rate of 11.7%. The yield per unit area of winter
wheat and summer maize did not increase significantly over the past decade. In addition,
field experiments showed that the maximum per unit grain yield of winter wheat and
summer maize was 8960 kg/ha and 12,003 kg/ha in study areas, respectively [61,62].
Promotion space was relatively large for crop productivity. Therefore, a small, slight
reduction in the planting area of winter wheat and summer maize would not have a
significant impact on regional food supply.

Moreover, in high quality grain-producing areas, adequate water and fertilizer man-
agement can compensate for the yield decline caused by a reduced planting area. We
propose the optimization of regional cropping distribution based on crop evapotranspi-
ration, coupling degree of precipitation, water-saving technology, irrigation engineering,
hydrological cycle and local planting habit. It is important to reduce the planting proportion
of high water consumption crops (vegetables, flowers) and increase low consumption crops
(tubers, soybeans) for conserving water and allocating water resources efficiently, which
has also been reported by [33,56]. Planting structure optimization focuses on balancing
food production and water conservation [63]. Although the areas of winter wheat and
summer maize decreased (Figure 7), we can ensure that grain output does not decline by
raising the per unit yield to ensure food security. The areas of soybean and tubers were
increased because they have lower water consumption and a higher precipitation coupling
degree. Maize–soybean relay strip intercropping increased grain production and resource
use efficiency because high land equivalent, light and fertilizer (nitrogen and P) [64,65],
which is widely practiced in China, achieved a balance between high productivity and
sustainability [66]. Hence, we translated the reduced maize acreage planting into maize–
soybean relay strip intercropping, which is consistent with national policy. Oil-bearing
crop areas were expanded in our research, considering mainly the improvement of people’s
living standards and transformation, and upgrading of consumption.

4.4. Prospects for a More Sustainable Cropping System

Diversified crop rotations play a critically important role in mitigating the over-
exploitation of the groundwater, while ensuring food security and boosting the income
of farmers [67]. Gao et al. [68] suggested clearly that changing the intensity of cropping
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systems may help mitigate the water shortage. It is essential to adopt a combined approach
of reducing irrigated land reduction, controlling crop scale and using water-saving irri-
gation methods to develop green and efficient water-saving practices in the agricultural
planting structure adjustment [69]. In this paper, based on making full use of rainfall and
water saving by crop rotation, we recommend increasing the planting area of tubers in
Yuzhou and expanding the planting area of soybeans in Jian’an district and Changge, where
maize–soybean relay strip intercropping technology was adopted. Reducing wheat areas
by planting rape and increasing the area of melon and fruit in Yanling is also suggested.

Furthermore, diversification of crop rotations should be considered in national poli-
cymaking for food, agriculture, water and health [70]. Incorporation of high-value crops
into the wheat–maize cycles, such as cotton, peanut and tubers achieved simultaneous
benefits for economic output, grain production and groundwater decline [23]. This en-
lightens that the cropping systems can be designed with the optimized crops as follows,
namely (i) spring tubers → winter wheat–summer soybean → winter wheat–summer
maize rotation with five harvests in 3 years; (ii) winter rape–summer maize → spring
tubers→ tobacco→ wheat–summer maize rotation with six harvests in 4 years; (iii) spring
peanut→ wheat–soybeans rotation and spring cotton→ wheat–maize rotation with three
harvests in 2 years. As is well-known, crop planting provides food, generates income, and
consumes water resources to different extents under different spatiotemporal agroclimatic
conditions [71]. Exploring the optimal cropping system is a complicated project that involv-
ing ecology, resources, society and the economy. For agricultural planting management
and water resources optimization and allocation, researchers and policy makers should
integrate regional ecosystems and agricultural production systems, and this will be of great
significance to regional sustainable development.

However, in this study, the same duration of the crop development stages was con-
sidered to calculate crop water requirement in a multiyear study, lack of growth stage
durations adjustment and seasonal comparisons. The impacts of high and low flow years
on crop cropping structure were not investigated; the next study should focus on enriching
the hydrological chronology, adding quantitative indexes, and exploring a model or method
for optimizing crop planting structure combining subjective and objective in conjunction
with field positioning tests.

5. Conclusions

Our study suggests that the current planting structure is a high water-consuming
system. Reducing the planting proportion of high water-consumption crops (vegetables,
flowers) and increasing low consumption and high precipitation coupling degree crops
(tubers, soybeans) are vital strategies for water-saving agriculture. In addition, water-
saving irrigation technology reduced crop gross total water requirements and affected
spatial planting arrangement, and efficient water-saving irrigation projects should be
strengthened to save more agriculture irrigation water. The Penman–Monteith model and
Quota method were combined well to estimate crop water requirement. The IQR method
(interquartile range) was reasonable and realistic, and precipitation coupling degree, water-
saving technology and historical planting habits should be considered when optimizing
cropping distributions. This research provided a new theoretical basis and comprehensive
approach for agriculture irrigation water management and regional planting structure
optimization from a realistic perspective.
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