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Abstract: The North China Plain (NCP) has the largest groundwater depletion in the world, and it
is also the major production area of winter wheat in China. For sustainable food production and
sustainable use of irrigated groundwater, it is necessary to optimize the irrigation amount for winter
wheat in the NCP. Previous studies on the optimal irrigation amount have less consideration of the
groundwater constraint, which may result in the theoretical amount of optimal-irrigation exceeding
the amount of regional irrigation availability. Based on the meteorological data, soil data, crop
variety data, and field management data from field experimental stations of Tangshan, Huanghua,
Luancheng, Huimin, Nangong, Ganyu, Shangqiu, Zhumadian and Shouxian, we simulated the
variation of yield and water use efficiency (WUE) under different irrigation levels by using the
CERES-Wheat model, and investigated the optimal irrigation amount for high yield (Oly), water
saving (Olwyg), and the trade-off between high yield and water saving (Ol;) of winter wheat in the
NCP. Based on the water balance theory, we then calculated the irrigation availability, which was
taken as the constraint to explore the optimal irrigation amount for winter wheat in the NCP. The
results indicated that the Ol ranged from 80 mm to 240 mm, and the Olywyg was 17% to 67% less
than Oly, ranging from 0 mm to 200 mm. The Ol; was between 80 mm and 240 mm, realizing the
co-benefits of high yield and water saving. Finally, we determined the optimal irrigation amount
(62-240 mm) by the constraint of irrigation availability. Our results can provide a realistic and
scientific reference for the security of both grain production and groundwater use in the NCP.

Keywords: optimal irrigation; sustainable irrigation; yield; water use efficiency; North China Plain

1. Introduction

As one of the major production areas, the North China Plain (NCP) produces 60-80% of
the winter wheat in China [1]. For precipitation only meets 30-45% of the water requirement
of winter wheat during the growing season, the increased yield has largely relied on
unsustainable overuse of water resources in the NCP, especially groundwater [2]. Local
farmers irrigate the winter wheat several times, resulting in the largest groundwater
depletion in the world. Consequently, a series of eco-environmental problems occurred,
such as land surface subsidence, seawater intrusion, streamflow depletion, wetlands, and
ecological damages, which seriously affected the material basis of food production in
the NCP [3]. Therefore, for sustainable food production and to relieve the pressure of
groundwater exploitation, it is necessary to optimize the irrigation amount for winter
wheat in the NCP.
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The main indicators of optimal irrigation amount are currently yield and water use
efficiency (WUE). High yield is the direct objective of agricultural production and the most
used indicator when evaluating the optimal irrigation amount. For example, Boumaza
et al. [4] studied the optimal irrigation according to the maximum biomass production.
Some studies applied the yield as the only indicator to assess the optimal irrigation amount,
without considering the water utilization during crop growth, which caused high water
consumption with high yield. Thus, some scholars combined yield and WUE to explore
the optimal irrigation amount of crops. For example, based on the yield and WUE changes
with irrigation, some researchers investigated the optimal irrigation amount for winter
wheat in the Guanzhong Plain and the NCP respectively [5]. Compared with yield, the
relationship between input water and output yield is considered in the WUE, which
emphasizes the productivity of water resources, so the WUE is recommended as a common
index to characterize water saving. However, most of the previous studies determined the
optimal irrigation amount based on the variation patterns of yield and WUE with different
irrigation levels, lacking a comparison with the water availability. Thus, the recommended
optimal irrigation amount may be unsustainable if it exceeds the irrigation availability.
In general, in addition to yield and WUE, the optimal irrigation amount should also focus
on the water balance and the natural carrying capacity of the available water to truly realize
water saving and sustainable food production.

Field experiments and model simulations are the main methods to investigate the
optimal irrigation amount for crops. For example, based on a 16-year field experiment
using seven irrigation schedules in the winter wheat-summer maize double cropping
system, the optimal irrigation was determined in the Luancheng station of the NCP [6].
Field experiments can accurately evaluate the optimal irrigation; However, it is difficult
to apply on a large spatial and temporal scale because of the differences in climate and
soil conditions among regions [7]. In recent years, an increasing number of models have
been employed in the evaluation of irrigation optimization [5,8]. The crop model can
simulate the growth process of crops by setting different environmental parameters, which
is a useful complement to the traditional field experiment and has good performance in
regional applications [9]. Nevertheless, most of the current studies still simulated the
relationship between indicators (yield, WUE) and irrigation level, lacking comparison with
available irrigation water. In fact, the determination of optimal irrigation amount needs to
account for both simulation results and constraints of water availability.

The objectives of the present analysis are: (1) to explore the optimal irrigation amount
for high yield, water saving, and the trade-off between high yield and water saving of
winter wheat in the NCP. (2) To calculate the irrigation availability in the NCP based on
the water balance theory, and take it as the constraint to investigate the optimal irrigation
amount for winter wheat in the NCP.

2. Materials and Methods
2.1. Study Area

The NCP is located in the east of China (114°-121° E, 32°-40° N), with a total area of
30 x 106 ha. It covers the Beijing, Tianjin Municipalities, Shandong Province, most of Hebei
and Henan Province, and northern Anhui and Jiangsu Province (Figure 1). Prevailing
soils in NCP are formed of fluvial materials from the Yellow River, which is fertile and
favorable for cultivation. The climate of the NCP is temperate and monsoonal, with rainy
hot summers and dry cold winters. The average annual temperature varies from 14 °C to
15 °C, and the average annual precipitation decreases from the southwest to the northeast,
varying from 500 mm to 900 mm. In addition, 70% of the precipitation is concentered in
the growing season of maize, while only 30% of the precipitation is in the growing season
of winter wheat [10]. Water resources are merely 456 m> yr~! per capita in NCP, which is
below 1/7 of the national average and 1/24 of the world average [11]. As one of the most
important agricultural areas of China, grain production, especially winter wheat, heavily
relies on groundwater irrigation. With the continuous exploitation, the groundwater is
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experiencing rapid depletion, with a rate of 1.66-2.76 cm yr~! during 2003-2020 in the
NCP [12], a series of shallow groundwater depletion were formed in the pre-mountain
plains, and relatively independent deep groundwater depletion appeared in the central-
coastal plains. In this study, we chose nine representative experimental stations (Tangshan,
Huanghua, Luancheng, Huimin, Nangong, Ganyu, Shangqiu, Zhumadian and Shouxian)
from the NCP to explore the optimal irrigation.
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Figure 1. Location of the North China Plain.

2.2. Data

Meteorological data were obtained from the Chinese Meteorological Data Network
(http://data.cma.cn/ accessed on 1 May 2020), including daily maximum temperature,
daily minimum temperature, precipitation and sunlight hours from 1981 to 2017 (Figure 1).
Based on the empirical formula developed by Angstrom [13], daily solar radiation was
estimated by sunlight hours.

Soil data were obtained from the Chinese Soil Science Database (http:/ /vdb3.soil.csdb.
cn/ accessed on 1 May 2020), including soil type, color, soil depth, organic carbon content,
soil texture, total nitrogen content, bulk density, and pH (Table 1), where organic carbon
content was obtained by multiplying soil organic matter by a conversion factor of 0.58 [14].

Table 1. Soil parameters in the North China Plain.

Soil Parameters Range
Bulk density (g cm ) 0.04-1.83
Field capacity (cm® cm—3) 0.11-0.56
Wilting point (cm?® cm—3) 0.04-0.48
Soil organic carbon (%) 0.01-30.64
pH 4.0-10.1
Total nitrogen content (%) 0.00-1.10

Field management data mainly include observation of phenology and yield compo-
nents of winter wheat at each station, as well as the field management measures, such
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as varieties, irrigation, and fertilization. The field management data for 1982-2017 were
from experiments conducted at the national agrometeorological stations, which are main-
tained by the Chinese Meteorological Administration. For the phenology, the dates of
sowing (BBCH 00), emergence (BBCH 10), dormancy (start of dormancy), green up (end
of dormancy), anthesis (BBCH 61) and maturity (BBCH 89) were recorded [15]. For the
yield, the spikelet number, the infertile spikelet rate, the grain number, the thousand grain
weight, and the plot grain yield were recorded. For irrigation and fertilization, the dates
and quantities were recorded.

Groundwater data were obtained from the Atlas of Groundwater Resources and
Environment in China [16], surface water resource availability and precipitation data were
obtained from the Water Resources Reports of provinces and cities in the NCP, as well as
the Water Resources Reports of the Haihe River, the Yellow River, and the Huaihe River
from 2011 to 2014.

2.3. Methods
2.3.1. DSSAT Model

DSSAT is one of the widely used crop models, and CERES-Wheat is the sub-model
developed specifically for wheat [17]. The model runs on DSSAT-CSM (cropping system
model) public platform as a module, and uses the meteorological and soil database and
soil moisture, nitrogen, and carbon balance module to simulate wheat growth and develop-
ment, yield formation, nitrogen-carbon-water balance process [17]. The simulation process
involves light interception and photosynthesis, nutrient absorption and root activity, dry
matter distribution, water absorption and transpiration, growth and respiration, leaf area
growth, development and organ formation, senescence, field management measures, etc.
There are four parts of data needed for the operation of the CERES-Wheat model, which are
meteorological data, soil data, crop variety data, and field management data. This model
has a complete consideration of soil water balance processes and physical mechanisms, it
has been validated for the assessment of wheat production [18].

After the data were prepared, we calibrated the model by using field experimental
data for the nine stations. After calibration, we validated the model by comparing the
observed data on phenology and yield during the other years (Table 2).

Table 2. Experimental dataset for CERES-Wheat calibration and validation at nine stations.

Station Calibration Dataset Validation Dataset
Tangshan 1997-2000 2004-2007
Huanghua 1995-1999 2004-2009
Luancheng 2001 2002, 2003
Huimin 2001-2004 2005-2009
Nangong 2002, 2003 2004-2005
Ganyu 2005, 2006 2007-2008
Shanggqiu 1997 1998
Zhumadian 1987, 1989, 1990 1993-1995
Shouxian 2006 2007

Then we employed the Normalized Root Mean Square Error (NRMSE) and Consis-
tency Index (D value) to check the agreement between observed and simulated values.
The formulas are as follows:

" (Si—R)*/n .
NRMSE — - » 100% 1)

D=1- [ (SR 1 @)
LI ([S+R] + Ry~ R])°
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where S; is the simulated value; R; is the observed value; R is the average of observed
values; n is the sample size. The simulation is excellent if the NRMSE is less than 10%;
the simulation is generally accurate if the NRMSE is between 20% and 30%; the simulation
is poor if the NRMSE is greater than 30% [19]. The D value ranges from 0 to 1, a value
closer to 1 indicates perfect agreement between the observed value and simulated value,
while a value closer to 0 indicates poor predictability [20].

After validation, we used the CERES-Wheat model to simulate the yield and WUE
under different irrigation levels (from 40 mm to 320 mm, with an interval gradient of
40 mm) for 36 years (1982-2017) at nine representative stations in the NCDP, to explore the
optimal amount of irrigation for high yield and water saving of the winter wheat. For each
station, the irrigation dates and frequency were set according to the observed irrigation
management from experiments conducted at the nine agrometeorological stations, mean-
while, based on the constraint of the total amount of given irrigation levels, the irrigation
amount was set according to the percentage of the observed irrigation management from
experiments on the nine agrometeorological stations.

2.3.2. Optimal Irrigation Amount for High Yield of the Winter Wheat (Oly)

The yield was directly simulated by the CERES-Wheat model, which was set to be
affected by irrigation only, the nutrients, pests, and other factors were not taken into account.
The optimal irrigation amount for high yield was the irrigation value corresponding to the
maximum yield of the winter wheat.

2.3.3. Optimal Irrigation Amount for Water Saving of the Winter Wheat (Olyyg)

WUE was derived from the ratio of yield to evapotranspiration. It was used to evaluate
optimum irrigation management to ensure the most efficient use of water resources. The

formula is as follows: Y
WUE = BT 3)

where WUE is the water use efficiency; Y is the yield of winter wheat; ET is the evapo-
transpiration. The yield and evapotranspiration were based on the simulation from the
CERES-Wheat model. The optimal irrigation amount for water saving was the irrigation
value corresponding to the maximum WUE of winter wheat.

2.3.4. Optimal Irrigation Amount for the Trade-Off between High Yield and Water Saving
of the Winter Wheat (Ol;)

The optimal amount of irrigation for high yield was not necessarily equal to that value
for water saving. The trade-off between high yield and water saving should be considered
if we want to complete the two objectives simultaneously. Using the method of Zheng
et al. [21], yield and WUE at different gradients of irrigation levels at each station were
standardized, and the irrigation amount that achieved the maximum value of normalized
yield and WUE was determined as the optimal irrigation amount for the trade-off between
the high yield and water saving. The formula is as follows:

Y WUE
I —2 4
I%‘It(Ymax + WUEmaX) @)

where Y and WUE are the yield and WUE simulated by CERES-Wheat model under
different irrigation gradients; Ymax and WUEpax are the maximum values of yield and
WUE over the growing season at each station, respectively; Ol is the optimal irrigation
amount for the trade-off between high yield and water saving of the winter wheat.

2.3.5. Optimal Irrigation Amount Constrained by the Irrigation Availability (OI)
The calculation of irrigation availability was referred to Lei et al. [22], with the follow-
ing equations:
Wi= Ws+Wg x k— Wy ®)
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Wa=p x W, (6)

where W; is the available irrigation amount; Wy is the available surface water; Wy is
the amount of exploitable coefficient groundwater; k is the proportion of agricultural
water to groundwater; Wy is the duplication of surface water and groundwater; p is the
exploitable coefficient, which is the ratio of exploitable groundwater to the total amount
of groundwater; Wj is the infiltration. Since deep groundwater has few recharge sources,
a long recovery period, and a very slow renewal rate, it can be regarded as a non-renewable
resource. Therefore, the deep groundwater is not suitable for irrigation and not included in
the calculation.

For the purpose of water saving and sustainable agricultural production, irrigation
of winter wheat should use only the available irrigation without over-exploitation of
groundwater. Taking irrigation availability as a constraint, the final optimal irrigation
amount was determined by comparing the Ol; with the available irrigation amount at the
corresponding station. If the available irrigation amount is greater than or equal to the OI,
which indicates that the water resources can support the OI; to complete high yield and
water saving simultaneously, then take the Ol; as the final optimal irrigation amount. If the
available irrigation amount is less than the OI;, then the production of winter wheat is
irrigation constrained, the final optimal irrigation amount should be determined according
to the yield and WUE changes with irrigation levels, as well as the available irrigation
amount.

3. Results
3.1. Validation of CERES-Wheat Model

For the anthesis of winter wheat in the NCP, the simulated anthesis (from 172 days to
227 days after sowing) was very close to the observed values (from day 176 days to 223 days
after sowing), the simulated anthesis agreed well with the observed anthesis with NRMSE
of 1.51% and D value of 0.98 (Table 3). Similarly, simulated maturity (from 209 days
to 257 days after sowing) was well matched with the observations (from 210 days to
257 days after sowing), with NRMSE of 0.95% and D value of 0.99, respectively. Although
the NRMSE (14.89%) and D value (0.96) of the yield were not as high as the values of
anthesis and maturity, the observed yield ranged from 1650 kg ha~! to 7395 kg ha~!, and
the simulated yield ranged from 1030 kg ha~! to 7577 kg ha~! (Table 3), the model also
exhibited the agreement between the simulation and observation. Overall, the stability and
accuracy of the calibrated model were confirmed by the above evaluation, especially for
the anthesis and maturity. The calibrated model can be applied to simulate the yield and
WUE of winter wheat in response to irrigation management in the NCP.

Table 3. Validation of simulation on anthesis, maturity, and yield of winter wheat in the North China

Plain.

Item Observed Value Simulated Value NRMSE D Value
Anthesis (BBCH 61) 176-223 d after sowing 172-227 d after sowing 1.51% 0.98
Maturity (BBCH 89) 210-257 d after sowing 209-257 d after sowing 0.95% 0.99

Yield 1650-7395 kg ha~! 1030-7577 kg ha™! 14.89% 0.96

Notes: The NRMSE is the Normalized Root Mean Square Error between the observed values and simulated values;
D value is the Consistency Index between the observed values and simulated values; BBCH is the Biologische
Bundesanstalt, Bundessortenamt, Chemische Industrie. This code is recommended for phenological observations.

3.2. Optimal Irrigation Amount for High Yield of Winter Wheat (Ol,)

Low yield occurred in all stations with rainfed management, the range of no irrigation
yields was from 2411 kg ha~! to 7679 kg ha~! (Figure 2). For each station in the NCP,
yield exhibited an increasing trend with the increase in irrigation. However, when irri-
gation reached a certain level, the yield change leveled off, indicating that the high yield
of winter wheat greatly relied on irrigation in the NCP (Figure 2). Conversely, excessive
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water was not beneficial to yield increase due to the Law of Diminishing Returns. For the
maximum yield of winter wheat, Nangong and Tangshan stations required more irriga-
tion (240 mm) than other stations, the maximum yield could reach 10,917 kg ha~! and
9346 kg ha~!, respectively. Luancheng, Huimin and Huanghua stations required an equal
amount of irrigation (160 mm), the maximum yields at the three stations were 8669 kg ha~!,
8334 kg ha~! and 5856 kg ha~!, respectively. Whereas the amounts of irrigation required
at Ganyu and Zhumadian stations were relatively small (120 mm), and the highest yields
were 8851 kg ha~! and 7333 kg ha !, respectively. Shouxian and Shanggiu stations had the
lowest optimal irrigation (80 mm) among the nine stations, their maximum yields were
8260 kg ha~! and 6912 kg ha~!, respectively.
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Figure 2. Changes in winter wheat yield with irrigation levels in the North China Plain. (a) Tangshan,
(b) Huanghua, (c) Luancheng, (d) Huimin, (e) Nangong, (f) Ganyu, (g) Shanggiu, (h) Zhumadian,
(i) Shouxian.

Spatially, taking the Yellow River as the dividing line, the optimal irrigation amounts
in the northern five stations (Tangshan, Huanghua, Luancheng, Huimin, and Nangong
stations) were all greater than 160 mm (Figure 2). Nevertheless, the range of optimal
irrigation amounts in the southern four stations (Ganyu, Shangqiu, Zhumadian, and
Shouxian stations) was from 80 mm to 120 mm, the difference between the southern and
northern stations probably due to the spatial variability of precipitation, which drove the
variation in water demand for irrigation.

3.3. Optimal Irrigation Amount for Water Saving of the Winter Wheat (Olwyg)

For each station in the NCP, similarly to the trend of yield change, the WUE increased
gradually with the irrigation level, and then leveled off, stopped rising, or even started to
decline after reaching a certain threshold (Figure 3). WUE decreased with more irrigation
because the increase in irrigation was greater as compared to the increase in yield. For the
maximum WUE of winter wheat, Nangong and Tangshan stations demanded the highest
irrigation amount in the region (200 mm), and their maximum WUEs were 2.4 kg m~3 and
2.2 kg m~3, respectively. When the winter wheat acquired 160 mm irrigation in Huanghua
station, its WUE reached the maximum (1.6 kg m~?). In addition, the irrigation amount was
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required for 120 mm in Luancheng, Huimin and Ganyu stations for the optimal WUE, the
maximum WUE of winter wheat was 2.3 kg m3,2.3 kg m3and 1.9 kg m3, respectively.
While the maximum WUE of winter wheat was 2.0 kg m 3 and 1.9 kg m~3 at Shanggqiu
and Zhumadian stations, which required relatively less irrigation, 80 mm and 40 mm,
respectively.
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Figure 3. Changes in water use efficiency of winter wheat with irrigation levels in the North China
Plain. (a) Tangshan, (b) Huanghua, (c) Luancheng, (d) Huimin, (e) Nangong, (f) Ganyu, (g) Shangqiu,
(h) Zhumadian, (i) Shouxian.

The optimal irrigation amount for water saving (Olwyg) had a similar spatial pattern
to the optimal irrigation amount for high yield (Oly), Olwyg in the northern stations varied
from 120 mm to 200 mm, while the Olyyg range in southern stations was between 0 mm
and 120 mm. For the southern station, the abundant precipitation can satisfy the water

demand of winter wheat, so the increase in irrigation amount significantly decreased
the WUE.

3.4. Optimal Irrigation Amount for the Trade-Off between High Yield and Water Saving (OI;)

In terms of the relationship among Oly, Olwyg, and Ol in each station, values of the
three types of optimal irrigation amount were coincidentally equal in Huanghua, Ganyu,
and Shangqiu stations, thus, the Ol; in Huanghua, Ganyu, and Shanggqiu stations were
160 mm, 120 mm and 80 mm, respectively. With this irrigation management, these stations
can complete the perfect combination of high yield and water saving (Figure 4). For
the remaining six stations, the Oly values were all greater than the Olwyg values. After
calculation, the OI; values of Tangshan station (240 mm), Luancheng station (160 mm),
Huimin station (160 mm), Nangong station (240 mm), and Shouxian station (80 mm) were
all equal to their own Oly. Thus, the trade-offs in these stations were at the expense of
falling WUE to some extent. Nevertheless, Zhumadian station was a special case, for the
Ol (80 mm) was between the Oly (120 mm) and the Olwyg (40 mm), its trade-off was the
optimal configuration with losses of the maximum yield and WUE (Figure 4).
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Figure 4. The completion percentage of the maximum yield and water use efficiency (WUE) based
on the Ol.

In terms of the spatial pattern, the Ol values in the four southern stations (Ganyu,
Shanggiu, Zhumadian and Shouxian stations) were all no greater than 120 mm, while the
Ol values of the five northern stations (Tangshan, Huanghua, Luancheng, Huimin and
Nangong stations) were all greater than these in the southern stations, varied from 160 mm
to 240 mm (Figure 5). The Ol; showed a similar spatial pattern to the Oly and Olyyg.

S e
p i

,

/

f
J

}N\
i
(
R Sl
J Huang\hua
\
-

Luancheng

(T

angong
7‘/ Il

};Efk
~ Irrigation amount (mm)

\ = 150

oy
p (W Bl o/,
L B o1yye
b Janad —
o oI,
Z/humadian Sho ian(\/r\J :| Al
[ 1T . o
0 100 200 km
-

Figure 5. The optimal irrigation amount and the available irrigation amount of winter wheat in the
North China Plain. Notes: Oly is the optimal irrigation amount for a high yield of winter wheat;
Olwuyg is the optimal irrigation amount for water saving of winter wheat; Ol is the optimal irrigation
amount for the trade-off between high yield and water saving; Al is the available irrigation amount;
Ol is the final optimal irrigation amount constrained by the available irrigation amount.

Under the irrigation management of Ol;, eight stations can maintain 100% of the
maximum yield except for Zhumadian station, the loss percentage of yield in Zhumadian
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station was only 1.04%. In addition to the 100% of the maximum yield, Huanghua, Ganyu,
and Shanggiu stations can simultaneously complete 100% of the maximum WUE. Besides,
the completion percentages of the maximum WUE in the Nangong and Zhumadian stations
were greater than 99%, and the values in Tangshan, Luancheng, and Huimin stations were
all higher than 98%. Although Shouxian station had the highest loss percentage of the
maximum WUE, it was still less than 2.5%. In conclusion, the OI; contributed to the best
yield and WUE of winter wheat for all the nine stations in the NCP, the Ol; can maximize
the co-benefits of high yield and water saving to the greatest extent possible, it is a suitable
choice for considering both yield and efficiency.

3.5. Optimal Irrigation Amount Constrained by the Irrigation Availability (OI)

Spatially, the irrigation availability in the NCP was generally high in the south and
low in the north. Among these stations, Nangong and Huanghua stations had the least
available irrigation amount (62 mm and 91 mm), because they are in the Heilonggang area,
which has the largest groundwater depletion in the world. Tangshan station (267 mm) in
the coastal plain of eastern Hebei Province, Ganyu station (273 mm) in the low plain of
Xu-Huai of Jiangsu Province, and Shouxian station (300 mm) in the plain of northern Anhui
Province had enough available water resources, they were all greater than 200 mm. The
available irrigation amounts at the remaining stations (Zhumadian, Shangqiu, Luancheng,
and Huimin stations) varied from 100 mm to 121 mm (Figure 6).

Available irrigation (mm)

B o-s
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[ 100-150
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L |:| Boundary of the NCP

Figure 6. The irrigation availability of winter wheat in the North China Plain.
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Compared with the OL, the irrigation availability was abundant for the southern
stations (Ganyu, Shangqiu, Zhumadian, and Shouxian stations) and Tangshan station,
so the final optimal irrigation amount (Ol) was equal to the Ol in the five stations (Figure 5),
that is, the OI of the Tangshan and Ganyu stations was 240 mm and 120 mm, respectively,
Shanggqiu, Zhumadian, and Shouxian stations had the consistent value of OI (80 mm).
Nevertheless, four stations in the northern region (Huanghua, Luancheng, Huimin, and
Nangong stations) are now in the area of serious groundwater over-exploitation, the
available irrigation amount was less than their own O, that is, the water resources cannot
supply sufficient irrigation for winter wheat to complete the trade-off between high yield
and water saving, so the final optimal irrigation should have binding constraints on water
availability. After calculation, the Nangong and Huanghua stations had the lowest O],
62 mm and 91 mm, respectively; Luancheng (120 mm) and Huimin (121 mm) stations had
close values in final optimal irrigation. Due to the differences in groundwater constraints,
there was no obvious spatial pattern of optimal irrigation amount.

With the final optimal irrigation amount, for the yield, Tangshan, Ganyu, Shangqiu,
and Shouxian stations can complete 100% of the maximum yield; the completion percent-
ages of Luancheng, Huimin, and Zhumadian stations were all greater than 96%; while the
Nangong and Huanghua stations had the highest loss of yield, they can only complete
69.72% and 81.87% of the maximum yield, respectively (Figure 7). For the WUE, Luancheng,
Huimin, Ganyu, and Shanggqiu stations can obtain 100% of the maximum WUE, Nangong
and Huanghua stations still had the lowest completion percentage (90.46% and 91.58%),
completion percentages of the rest of stations were all greater than 97.5%. In general, with
this irrigation management, Ganyu and Shanggqiu stations can simultaneously complete
100% of yield and WUE optimization; Tangshan, Luancheng, Huimin, Shouxian, and
Zhumadian stations had a slight loss in the yield or WUE. The above seven stations did
not lose much yield or efficiency within the irrigation constraints. Nevertheless, the yield
and WUE at Nangong and Huanghua stations were greatly limited by water availability.
Consequently, appropriate fallowing or adjustment of cropping systems is recommended
to protect the local water ecosystem.
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Figure 7. The completion percentage of the maximum yield and water use efficiency (WUE) based
on the OL

4. Discussion

In the NCP, irrigation is of paramount importance to increasing productivity for winter
wheat, investigation of the optimal irrigation amount should consider the natural carrying
capacity of water resources. In this study, we simulated the variation of yield and WUE
with different irrigation levels by using the CERES-Wheat model at nine representative
stations in the NCP. Then we determined the optimal irrigation amount for high yield,
water saving, and the trade-off between high yield and water saving of winter wheat.
Subsequently, based on the equilibrium relationship between irrigation demand and the
natural carrying capacity of water resources, we investigated the optimal irrigation amount
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under the constraint of irrigation availability. The optimization of irrigation strategies is
beneficial for wheat production and water conservation in the NCP.

Water is a dominant driver affecting yield, and it has been demonstrated that winter
wheat yield had a non-linear relationship with irrigation amount, excessive irrigation
did not contribute to a continuous increase in yield [23], and our results also supported
that. The yield growth may be inhibited by the decrease in soil permeability due to excess
water and the lack of oxygen in the root system of winter wheat. Aiming at a high yield,
the optimal irrigation amount for winter wheat at nine stations in the NCP ranged from
80 mm to 240 mm. This was consistent with the field experimental results in Xinxiang
station, which revealed the 175-180 mm optimal irrigation for a high yield of winter wheat
in the NCP [24].

In addition to yield, we chose WUE to investigate the optimal irrigation amount for
winter wheat. The WUE showed an increasing trend and then decreased with the irrigation
increase. When the winter wheat is stressed by the water, WUE increases with irrigation
increase, while irrigation exceeds a certain threshold, winter wheat evapotranspiration no
longer changes significantly, and excessive irrigation will leach into the ground or form
surface runoff. Taking WUE as the criterion, Zhang et al. [25] concluded that the optimal
irrigation amount of winter wheat in the NCP ranged from 60 mm to 140 mm. Wang
et al. [26] suggested that the optimal irrigation amount at Beijing station was between
192 mm and 245 mm. In the study of Ma et al. [27], the optimal irrigation amount for winter
wheat in the NCP was between 60 mm and 300 mm, being 70-210 mm at the Luancheng
station. Our finding also suggested that the optimal irrigation amount for winter wheat
varied from 0 mm to 200 mm, with 120 mm at the Luancheng station.

The Ol aimed at the unification and optimization of maximum yield and WUE. It has
been shown that the maximum reached by yield and WUE with irrigation level did not
overlap [28]. In this study, we also concluded that WUE was maximized before yield.
Compared to the Oly, the Olyyg was reduced by 17% to 67%, indicating the water-saving
trend. After the trade-off, the OI; contributed to the best yield and WUE for winter wheat
for all nine stations in the NCP, varying from 80 mm to 240 mm. Similar conclusions can
be found in previous studies. Based on the APSIM model, Zheng et al. [21] investigated
that the Ol ranged from 3 mm to 286 mm. Moreover, the Ol of the Luancheng station in
another study (202 mm) also had a close value to our study (160 mm) [29].

We considered the sustainable use of groundwater as an upper bound for winter
wheat irrigation in this study. Results showed that the available water resources for
irrigation exhibited a distribution trend of high in the south and low in the north, revealing
a consistent spatial pattern to Lei et al. [22]. With the rapid depletion of groundwater in the
NCP, agricultural production has entered a dilemma of food security and water security.
This study showed that the irrigation-constrained areas were mainly concentrated in the
groundwater over-exploitation area (especially the Heilonggang area). For the regions
suffering from water limitations, we should reduce the agricultural intensification, and carry
out appropriate fallowing or adjustment of cropping systems to alleviate the groundwater
crisis. Meanwhile, for the regions with abundant water resources for irrigation, which were
mainly located in the northern Anhui Plain and the low Xu-Huai Plain in the southern part
of the NCP, the potential production needs to be maximized to ameliorate the yield losses
from the water-scarce regions [30].

Adjustment of the cropping systems is an effective measure to save valuable ground-
water for sustainability in over-exploited aquifers. A study conducted by Davis et al. [31]
showed that the optimization of cropping structure would save 12-14% of irrigation water
at a global scale. Thus, the Chinese government launched the Seasonal Land Fallowing
Policy in the NCP in 2014, designed to mitigate serious groundwater over-exploitation.
Analysis showed that the policy reduced groundwater consumption and contributed to
real water saving [32]. Besides, similar irrigation strategies had been adopted to mitigate
groundwater depletion, for example, deficit irrigation [8], drip irrigation systems under the
plastic mulch [33], micro-sprinkling [34], and adjustment of planting density [35]. A study
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concluded that combining all agricultural management could reduce groundwater exploita-
tion intensity by around 74.58% to 96.95%, resulting that groundwater could recover to the
original health level nearly in the NCP [11].

In addition to promoting water conservation technologies and implementing the
relevant water use policies from the demand side, on the supply side, it encourages water
users to replace groundwater with surface water delivered by the central South-to-North
Water Diversion, to alleviate the water stress and groundwater storage deficit in the NCP.
A study conducted by Long et al. [36] found, within the context of climate variability and
policy implications, water diverted to Beijing reduces cumulative groundwater depletion by
3.6 km3, accounting for 40% of total groundwater storage restoration between 2006 and 2018,
meanwhile, increased precipitation and policy-induced contributed about 2.7 km? (~30%)
and 2.8 km? (~30%) to the groundwater storage recovery [36]. It proves the important role
of South-to-North Water Diversion in groundwater restoration. Overall, more efforts need
to be explored to save valuable groundwater for the sustainability of irrigated agriculture
in the NCP.

Our analysis was subject to considerable uncertainties. Except for the irrigation man-
agement, the rest of the cultivation conditions were assumed as optimal in our study.
In general, climate, soil, cultivation practices, pests, and diseases all have influences on
the optimal irrigation amount of winter wheat. Thus, the optimal irrigation of winter
wheat can be further analyzed based on specific considerations of regional differences in
cultivation. Furthermore, the results of the optimal irrigation should be applied to the field
for supporting evidence, in order to better guide practice for local farmers. In addition,
the optimal irrigation amount can be determined by considering the greenhouse gas emis-
sions [37], soil moisture, and carbon footprint [38], in combination with the precipitation
pattern, to make more targeted recommendations in the future.

5. Conclusions

For the NCP, the Ol ranged from 80 mm to 240 mm, and the Olyyg varied from 0 mm
to 200 mm. After the trade-off between yield and WUE, the Ol; was between 80 mm and
240 mm, which maximized the co-benefit of high yield and water saving.

The available irrigation amount varied from 62 mm to 300 mm in the NCP. Generally,
southern stations had higher water availability than northern stations, and stations located
in the Heilonggang area (Nangong and Huanghua stations) had the lowest irrigation
availability. As the region has the most severe groundwater depletion in the world, the
optimal irrigation amount needs to be constrained by water availability. Based on the
equilibrium relationship between irrigation and the natural carrying capacity of water
resources, we determined the final optimal irrigation amount (62-240 mm) by the irrigation
availability constraint. Yield and WUE were greatly affected in Huanghua and Nangong
stations with the final optimal irrigation amount; however, the rest stations can maintain
more than 96% of the maximum yield and 97.5% of the maximum WUE and complete the
optimization of both high productivity and water saving.

For the water-scarce regions, the irrigation availability cannot support the optimization
of yield and WUE, and it is recommended to moderately fallow, deficit irrigation, or
implement appropriate cropping system adjustments, as well as use alternative water
resources to ensure water security. Meanwhile, we should strengthen the production
potential of the southern part of the NCP and appropriately consider the global wheat
trade market for capacity substitution to maintain the sustainable use of regional water
resources and grain production.
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