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Abstract Adaptation strategies can reduce the negative impacts of climate change on food security. As

an important part of food security, more attention should be paid to seed security, as it determines the crop
planting area and ultimately affects food production, especially in major seed production locations, such as

the Hexi Corridor in China. This region is an important production base of grain (including field maize and
wheat) and maize seed, but the shortage of water resources and low use efficiency of water and nitrogen (N)
seriously constrain the sustainable development of agriculture. Formulating an adaptation strategy to balance
the seed and food production and resource use efficiency is an important way to maintain regional as well as
national food production. We established an optimization-simulation framework, which consists of a novel crop
production function and a grid-based crop model, APSIM. This framework was used to optimize agricultural
management and evaluate its performance considering the spatio-temporal variability of climate and soil
properties, actual crop water consumption and N uptake during each growth stage, and interactive sensitivity
coefficients of water and N at different growth stages under climate change. We show that the proposed
adaptation strategy could save 0.31 km? of irrigation water and 22 thousand tonnes of N fertilizer, and increase
seed and food production by 33 thousand tonnes, compared with traditional practices. Significant increases

in irrigation water productivity and N use efficiency can be expected by using the adaptation supporting the
sustainable development of agriculture.

Plain Language Summary Food security is negatively affected by climate change, while adaptive
strategies can change this situation. Grain crop production is generally used to evaluate food security.

However, seed yield is often ignored and affects crop planting area and yield. To ensure food security,

the government and farmers should pay more attention to the high-yield, high-efficiency, and sustainable
development of agriculture. Hexi Corridor is a major seed- and grain-producing area in China. We established
an optimization-simulation framework in Hexi Corridor for seed crop (seed maize) and grain crops (field
maize), which consists of a novel crop production function and a grid-based crop model. Considering the
spatio-temporal variability of climate and soil properties, actual crop water consumption and N uptake during
each growth stage, and interactive sensitivity coefficients of water and N in growth stages under climate change,
we thereby formulate an adaptive management strategy to balance the seed and food production and resource
use efficiency. Our findings show that the adaptive distributed irrigation and nitrogen fertilization strategy in
Hexi Corridor can ensure seed production for China's 67% field maize cultivation and adequate food production
in 2021-2050, with a significant improvement in irrigation water productivity and nitrogen use efficiency.

1. Introduction

Securing food production is one of the important measures to ensure food security, and has become a critical
issue worldwide with the growth of population and increasing food demand, while global crop production could
be less stable and more uncertain under future climate change (Agnolucci et al., 2020; lizumi et al., 2017),
mainly due to changes in temperature and precipitation (Aihaiti et al., 2021; Stevanovié et al., 2016). Since the
Green Revolution in the 1960s, the increase in crop yield was mainly achieved by intensive land management
with increasing fertilizer and irrigation water inputs to meet the growing food demand (Tilman et al., 2001).
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However, increasing agricultural inputs led to low use efficiency and substantial environmental pressure due
to the imbalance between input and output (Liu, Yang, Ciais, et al., 2018), which is contrary to the Sustaina-
ble Development Goals (SDGs) of the United Nations. Hence, finding an adaptation strategy to balance food
production and resource use efficiency is a pressing target in the agricultural production system under climate
change.

Previous studies predominantly focused on grain production for evaluating regional food security (Du
et al., 2014; Jagermeyr et al., 2016; Najafi et al., 2018). Crop production, especially for cereals, would be
threatened by heatwaves, drought, and water availability on global, national, and subnational scales during the
historical period (Zampieri et al., 2017) and under different climate change scenarios (Jigermeyr et al., 2021)
by multi-model simulations. On the other hand, seed security, which determines the crop planting area and
production, receives less attention. The Hexi Corridor is a major seed- and grain-producing area in China
with favorable sun and temperature conditions. Seed maize production in the Hexi Corridor provides seed
for more than 56% of field maize cultivation in China. However, the shortage of water resources due to the
little precipitation and strong evaporation has largely restricted the development of agriculture in the region
(Chen et al., 2021; Li et al., 2015). Since climate change could reduce cereal yields in this region, adaptation
strategies need to be planned to ensure food production (Fu et al., 2019). Therefore, formulating adaptation
strategies to cope with climate change is essential to achieve a double-win for seed/food production and
resource utilization.

Adaptation strategies have been proven to be effective to increase both crop yield and resource use efficiency in
changing environments (Lee et al., 2014; Xu et al., 2021). Previous studies, based on statistics, field experiments,
and modelling, have shown that regulated deficit irrigation could achieve the win-win of crop yield and irrigation
water productivity (WP)) (Du et al., 2015; Kang et al., 2017; Mansouri-Far et al., 2010). In addition, precise
nitrogen (N) application according to crop N uptake could significantly improve N use efficiency (NUE) and crop
yield (Jiang et al., 2019; Srivastava et al., 2018). For cereals, the sensitivity of different crop growth stages to
water and N eventually affects crop yield. This provides an incentive for optimizing irrigation water and N fertili-
zation input by determining the time and amount of water and N input to achieve the optimal interplays of yield,
utilization efficiency, and environmental health. Establishing an optimization-simulation framework of distrib-
uted irrigation and N fertilization strategy (DINS) has been an effective method to optimize management and
evaluate performance. However, the spatio-temporal variability of climate and soil properties and their effects on
crop yield are difficult to quantify under climate change on the regional scale (Garcia-Vila & Fereres, 2012; Li
et al., 2018), which increases the difficulty of establishing the optimization-simulation framework.

In this study, we established an optimization-simulation framework, which includes a water-N production func-
tion and a grid-based crop model. Three major cereal crops (seed maize, field maize, and wheat) were considered
in the analysis. The new proposed water-N production function consists of the water-N Jensen (WN-Jensen) func-
tion and genetic algorithm for optimizing trade-off strategies, which integrated the spatio-temporal variability of
climate and soil properties, actual water and N uptake during each growth stage, and interactive sensitivity coef-
ficient of water and N in growth stages under climate change on the regional scale. The performance of trade-off
strategies was evaluated by using the Agricultural Production Systems sIMulator (APSIM), to explore the crop
yield, WP, and NUE under different management strategies under future climate scenarios. Ultimately, the best
DINS was determined to balance the seed and food production, WP, and NUE in Hexi Corridor under climate
change.

2. Materials and Methods
2.1. Study Area

The Hexi Corridor is located in the inland arid area of Northwest China (37°17'—42°48'N, 92°12'-104°20'E),
with a length of about 1,000 km from east to west, covering an area of 2.7 X 103 km? (Figure 1). From east to
west, the Hexi Corridor is composed of the Shiyang River basin, the Heihe River basin, and the Shule River basin.
In this area, annual average temperature is 5.8°C-9.3°C (standard deviation (SD) = 0.8°C), annual sunshine
hours around 2,550-3,500 hr (SD = 438 hr), annual average precipitation only 50-200 mm (SD = 32 mm), and
annual mean pan evaporation 1,500-2,000 mm (SD = 86 mm) calculated based on the daily climate data during
1979-2018.
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Figure 1. Elevation of the Hexi Corridor and the spatial distribution of meteorology stations and locations for experimental
field data.

2.2. Methods
2.2.1. Sowing Date and Crop Growth Stage Division

In this study, the sowing dates and growth stages of seed maize, field maize, and wheat were determined by
using a 5-day moving-average (Zhao et al., 2015) and accumulating growing degree days (GDD) (Qureshi &
Neibling, 2009). The sowing date of each crop was selected as the first day when the 5-day moving average
temperature exceeded the critical temperature. The growth stages of crops were divided based on the critical
GDDs. Taking seed maize as an example, GDDs of 520, 1,068, 1,454, 1,936, and 2,242 are the ends of seedling,
jointing, heading, filling, and maturity stages, respectively. Critical values of 5-day moving-average temperature,
lower and upper growing temperatures, and GDDs for seed maize, field maize, and wheat are shown in Table S1
in Supporting Information S1.

2.2.2. Regional Crop Evapotranspiration and Nitrogen Uptake Prediction Models

The regional crop evapotranspiration (ET,) prediction module under standard conditions consisted of the single
crop coefficient approach (Allen et al., 1998) and temperature effect function (TEF) (Huang et al., 2004; van
Delden et al., 2001) to simulate the standard ET, without any stress. TEF is a Gaussian function to calculate the
daily crop coefficient based on critical temperatures of crops and daily temperature. The regional maximum crop
N uptake (NU, ) prediction module consisted of the logistic function (Wu et al., 2002) and the N dilution curve
(Yin et al., 2017) to simulate the standard NU  without any stress. In the regional NU, prediction module, the
logistic function was one of the frequently-used methods that could characterize the universal laws in biology
based on GDDs of crops, while the N dilution curve could characterize the relationship between plant N content
and growth process on the temporal scale. Detailed information can be found in Supporting Information S1. The
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prediction values obtained from ET, and NU | prediction modules were taken as the maximum ET; and NU_; in
each growth stage for different crops in the WN-Jensen production function, which would be used in the follow-
ing section.

2.2.3. Optimization of Distributed Irrigation and Fertilization Strategy

Climate data, such as ET,, and precipitation, varied in spatial and temporal scales, which would influence the opti-
mization of irrigation and N fertilization strategy. Therefore, we developed a spatially- and temporally-distributed
irrigation and fertilization optimization framework.

2.2.3.1. Water-Nitrogen Production Function

The Jensen function is a static model that describes the macro relationship between yield and water (Jensen, 1968)
without considering the physiological processes of crop growth and development. In practice, not only water but
also N are important factors. In this study, a new WN-Jensen function was developed by considering water, N,
and the interaction of these two factors for seed maize, field maize, and wheat:

n AI
Y. _11(ETe . NUs )
Yo 1 \ETa NUy

where Y, and Y, are actual and maximum crop yield, respectively, kg/ha; i is the growth stage of crops; ET,; and
ET, are the actual and maximum water consumption in stage i, mm; NU,; and NU_; are the actual and maximum
N uptake of in stage 7, kgN/ha; /, is the interactive sensitivity coefficient of water and N in stage i. The least
squares method and sequential quadratic programming were used for calculating 4, of each crop in SPSS (version
20, IBM Corp, Armonk, NY) based on the experimental data from 17 peer-reviewed published papers in this
region (Table S2 in Supporting Information S1).

For optimizing the irrigation and N fertilization strategy, ET,; and NU; could be expressed as irrigation (/;)
and N fertilization (N;;) amounts in stage i. Initial available soil water content (TAW, ) before planting was
taken as 18 mm in the tillage layer (0-30 cm) based on measurements from Li, Du, et al. (2019), which was
one of the main sources of crop water uptake at the seedling stage instead of the later stages after seedling.
Since the purpose of water-saving irrigation was to minimize runoff and percolation, we assumed that ET,
was equal to the sum of irrigation and precipitation during the growth stages after seedling in the optimization
algorithm. The sources of crop N included soil initial N and applied N fertilization. Soil N and fertilizer N
were used to represent crop N uptake by using N source proportion and utilization coefficients. Based on the
regional ET_ and NU_ prediction model (Section 2.2.2), the WN-Jensen used in this study can be expressed
as:

@

Yo (Li+P +TAW;y uNpi+@No R Ii+P. uNji+o(l—9) ' Ny 5
Yo ( ET.| " NUu > ' 1}( ET, NUp, )
where I; and P; are the irrigation water and precipitation in stage i, respectively, mm; N, is the N fertilization
amount in stage i, kgN/ha; N is the soil initial N, kgN/ha; u is the utilization rate of Ny; ¢ is the utilization rate
of N,,. Based on the results from Kalembasa et al. (2020), Mihalache et al. (2019), and Zhang, Liu, and Qi (2020),
u and ¢ were taken as 0.75 and 0.2, respectively. In this study, five growth stages were considered: seedling,
jointing, heading, filling, and maturity for seed maize, seedling, jointing, tasseling, filling, and maturity stages for
field maize, and seedling, tiller-jointing, heading, filling, and maturity stages for wheat. These five stages were
represented by S1 to S5 respectively. Estimated values of A, of three crops are shown in Table S3 in Supporting
Information S1.

2.2.3.2. Optimization Framework of Irrigation and Nitrogen Fertilization Strategy

In this study, a DINS was optimized based on two goals: high water and N use efficiency (HWNE) and high seed
and food production (HSFP). Three objectives were considered: maximum total crop production (TP), irrigation
water productivity (WP)), and partial factor productivity from applied N (PFPy) as follows:
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< . ETai NUai
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{ max WP, = TP,/ 2(21,-x10><A,,,> 3)

m=1 \i=1
s n

max PFPy = TP,/ Y (2 Nyi X A,,,)

m=1 \i=1

Al
) X A X 1077 > TPpin

L

where TP, and TP
PFP are kg/m3 and kg/kg, respectively; I, and N, are irrigation water and N fertilizer in stage i, units are mm

are actual and minimum total production, respectively, 10* tonnes; the units of WP, and

and kgN/ha, respectively; A is the crop planting in grid m, ha, from the SPAM2010 data set (cited from Yu
et al., 2020 and the detailed information is shown in Section 2.4). PFP, was used to evaluate NUE. A genetic
algorithm was chosen, while constraints and weights of objectives for HWNE and HSFP (Table S6) are shown
in Supporting Information S1.

The purpose of the optimizing strategy is to determine the trade-off point between the potential of improving
water and NUE and improving crop production on the premise of ensuring the lower limit of crop production.

Therefore, minimum total production constraints (TP_. ) for field maize, seed maize, and wheat in HWNE and

HSFP scenarios were set in the optimization algorithm. For the HWNE scenario, the crop production would be
kept at the level of the reference year 2010 (seed maize production supported 56% of national field maize planting
area, and production of field maize and wheat were 0.36% of national demand). For the HSFP scenario, seed
maize production supported above 60% of national the field maize planting area, and production of field maize
and wheat was above 0.40% of national demand. Values of TP, for different crops are calculated based on differ-
ent satisfaction levels of future food demand (Table S5 in Supporting Information S1) and detailed information of
the optimization framework (Figure S1 in Supporting Information S1) can be found in Supporting Information.
The traditional management scenario (TMS) was also considered, using historical irrigation water and N ferti-
lization application rates (data from Gansu Development Yearbook with 2010 as the reference year). Therefore,
there are three simulation scenarios in this study: TMS, HWNE, and HSFP.

DINS would be obtained by the optimization framework and could provide irrigation and N fertilization at
growth stages in each grid for crops, which could then be used as inputs for APSIM modeling. APSIM (Keating
et al., 2003) was used to simulate crop yield, WP,, and PFP of different scenarios, and was calibrated by using
the CroptimizR package (Buis et al., 2021) and run by gridded climate, soil, CO, concentration, and irriga-
tion and N fertilization strategies. Coefficient of variation (CV, obtained from statistical analysis) (Warrick &
Nielsen, 1980), z- and p-values (obtained from Mann-Kendall test) (Pohlert, 2020), and random variation (RV,
obtained from geostatistical analyses) (Tesfahunegn et al., 2011) were used for quantifying the characteristics of
spatio-temporal variation of yield for the different crops. We calculated the N surplus (V) is based on the N
inputs and outputs to evaluate the nitrogen budget:

Nsur = Nter + Nman + Nimin + Naep — Ny (@]
where Ny, Nyons Noins Nyep» @and Ny are N from fertilizer application, manure application, mineralization in the
soil, atmospheric deposition, and the any part of the crop yield to be removed from the field. Ny was calculated
by multiplying crop aboveground biomass by crop N concentration, where aboveground biomass was obtained by
dividing the simulated grain yields by the harvest index. Harvest index was obtained from Ran et al. (2017), Xiao
etal. (2021) and Li et al. (2018), and N concentration data was obtained from Chen et al. (2022). N, N_,.. N,
N> and were obtained from different data sets, shown in Supporting Information S1 with the detailed informa-
tion regarding APSIM, model performance, and the analysis methods.

2.3. Data Description
2.3.1. Crop Planting Distribution and Area

The harvested areas of wheat and maize (including seed maize and field maize) were obtained from spatial
production allocation model 2010 (SPAM2010) data (IFPRI, 2019; Yu et al., 2020) with a spatial resolution of
5 x 5'. For verifying the accuracy of SPAM2010, we used the crop planting area data derived from the Gansu
Development Yearbook (https://data.cnki.net/Yearbook/Single/N2022010251) and compared it with SPAM2010
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Figure 2. Sowing dates and days to harvest for field maize (FM), seed maize (SM), and wheat (W) from 2015 to 2050 under
future climate change. Mann-Kendall test (M-K test) was used to quantitatively evaluate changing trends on the temporal
scale. Z-value represents the change trend (for z > 0, z = 0, z < 0 means increase, no change, and decrease), and p-value
represents whether this trend is significant (p < 0.01 means the trend is significant). Shadows are the range between the
maximum and minimum values.

at the county-level. Results showed good consistency between the two data sets (Figure 2). The area of seed maize
as a proportion of the total planting area of maize was obtained based on the statistical data of five cities located in
the Hexi Corridor (Wuwei, Zhangye, Jinchang, Jiayuguan, and Jiuquan, data was reported by http://nync.gansu.
gov.cn/), which was applied to grids.

2.3.2. Climate, Soil, Crop Yield, and Agricultural Resource Input Data

Soil data were obtained from the China Data set of Soil Hydraulic Parameters Using Pedotransfer Functions
for Land Surface Modeling (Dai et al., 2013; Shangguan and Dai, 2013) and the Soil Database of China for
Land Surface Modeling (Shangguan et al., 2013) with 138.3-cm depth (0-4.5, 4.5-9.1, 9.1-16.6, 16.6-28.9,
28.9-49.3, 49.3-82.9, and 82.9-138.3 cm) on a 30 X 30" global grid, including bulk density, field capacity,
wilting point, saturated water content, saturated hydraulic conductivity, alkali-hydrolyzable N (N, in this study),
and soil organic matter.

The daily climate input data used in this study included precipitation, minimum and maximum air temperature,
surface pressure, specific humidity, wind speed, and downwelling shortwave radiation. The China Meteorolog-
ical Forcing Data set (He et al., 2020; Yang et al., 2010; Yang & He, 2019) on a 0.1° X 0.1° global grid was
used in this study as the historical climate data (1979-2018), which was retrieved from the National Tibetan
Plateau Data Center (TPDC, https://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49). Five
bias-adjusted global circulation model data sets (CanESM5, CNRM-CM6-1, CNRM-ESM2-1, EC-Earth3, and
GFDL-ESM4) and three SSP scenarios (SSP126, SSP370, and SSP585) with a spatial resolution of 0.5° x 0.5°
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and a research period of 2015-2050 (Lange & Biichner, 2022) were used in this study, accessed through the
Inter-Sectoral Impact Model Intercomparison Project (ISIMIP, https://data.isimip.org/search/query/CanESMS5/)
bias-adjusted and downscaled from the Coupled Model Intercomparison Project Phase 6 (CMIP6) climate model
outputs. CO, concentrations were collected from ISIMIP3a atmospheric composition input data (Matthias &
Christopher, 2022), which was 400 ppm during 1979-2015, and ranged from 400 to 469, 400 to 541, and 400 to
563 ppm in SSP126, SSP370, and SSP585, respectively, during 2015-2050.

The soil and climate input data were resampled to a resolution of 5’ using a first-order conservative remapping
procedure in Climate Data Operators (CDO: https://code.mpimet.mpg.de/projects/cdo). Measured data of crop
yield (wheat and maize), irrigation water and chemical fertilizer inputs were obtained from field investigation and
statistical data from the Gansu Development Yearbook (1984-2017).

2.3.3. Population and Food Demand

Annual population data in the Hexi Corridor and China were derived from the Gansu Development Yearbook
and the National Bureau of Statistics (http://www.stats.gov.cn/), respectively. Future annual population data until
2050 in China were collected from FAOSTAT (https://www.fao.org/aquastat/en/), and the data in Hexi Corri-
dor were obtained by multiplying China's population by a specific proportion (0.335% based on historical data
during 1984-2017). The evaluation of seed maize production was only for field maize cultivation that could be
supported by seed maize production, without considering the usage and storage in the next or several years due
to data limitations.

Future maize and wheat demand were extracted from Luo et al. (2014), which included the requirements of food,
feed, and industry. In this study, future demand was used as one of the optimization objectives, while the number
of people that can be satisfied by the grain production (expect industrial consumption) under each scenario was
calculated by human dietary needs. The recommended diet plan referred to the Scientific Research Report on
Dietary Guidelines for Chinese Residents 2021 (NNS, 2021) and the healthy reference diet (Willett et al., 2019),
which included the demand for grains (field maize and wheat) and consumption by feed (poultry, livestock, fish,
eggs, and dairy food). Field maize and wheat consumed by feed was calculated based on feed conversion ratio
(Luo et al., 2014). The proportion of industrial consumption of field maize and wheat referred to Liu et al. (2018).

3. Results
3.1. Impact of Climate Change on Sowing Date and Phenology

Sowing dates were significantly advanced and the days of the growth period were significantly shortened (z < 0
and p < 0.01 based on the M-K test) for field maize, seed maize, and wheat in the Hexi corridor under future
climate change (Figure 2, Figure S3 in Supporting Information S1). For field maize, average sowing dates were
day 100, 92, and 89 in 2020s, 2030s, and 2040s, respectively, while total days to harvest were 186, 176, and
172 days for the three periods. Average sowing dates of seed maize were day 95, 87, and 85 in 2020s, 2030s,
and 2040s, respectively, while 162, 155, and 151 days for the whole growing season in the three periods. As for
wheat, average sowing dates were day 78, 72, and 68 in 2020s, 2030s, and 2040s, respectively, with 128, 125, and
123 days of the growing growth season in the three periods.

3.2. Distributed Irrigation and N Fertilization Strategy for Climate Change Adaptation

DINSs were determined for HWNE and HSFP scenarios (Figure 3). The interactive sensitivity coefficient of
water and N for seed maize, field maize and wheat at seedling and maturity stages were 0.001-0.059 (Table S3
in Supporting Information S1), indicating that these two stages are not sensitive to water and N stress and do not
have to use additional irrigation and N fertilization inputs. HWNE could lead to 40.3%, 26.5%, and 37.8% less
irrigation than TMS for seed maize, field maize, and wheat, respectively, while HSFP could lead to 18.5%, 13.0%,
and 26.3% less irrigation than TMS for these three crops. In contrast, HWNE could reduce N fertilizer by 51.0%,
40.3%, and 26.7% relative to the TMS scenario for seed maize, field maize, and wheat, respectively, while HSFP
could lead to 44.5%, 37.5%, and 21.3% lower N fertilizer than TMS for these three crops.

Spatial distribution of DINS under HWNE and HSFP varied across the Hexi Corridor (Figure 4). Under the
HWNE scenario, 276420 mm irrigation water and 121-255 kgN/ha fertilization for field maize were applied,
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Figure 3. Future irrigation and N fertilization strategy for different crops under TMS (traditional management), HWNE (high water and N use efficiency), HSFP (high
seed and food production) scenarios during 2021-2050. I1 to IS and N1 to NS5 represent irrigation water and N fertilization application during stage 1 to stage 5 for seed
maize, field maize, and wheat, and are mean values for 2021-2050. Five growth stages were divided into seedling, jointing, heading, filling, and maturity stages for
seed maize, seedling, jointing, tasseling, filling, and maturity stages for field maize, seedling, tiller-jointing, heading, filling, and maturity stages for wheat.

259-376 mm and 122-250 kgN/ha for seed maize, and 204-278 mm and 124-222 kgN/ha for wheat. Under the
HSFP scenario, 389-564 mm irrigation water and 134-286 kgN/ha fertilization for field maize were applied,
317-457 mm and 128-266 kgN/ha for seed maize, and 244-333 mm and 132-236 kgN/ha for wheat. Irrigation
and N fertilization application of HWNE and HSFP increased from southeast to northwest.

3.3. Response of Crop Performance to Climate Change Under Different DINS Strategies

The calibrated APSIM model could accurately simulate LAIL grain yield and biomass (0.67 < R? < 0.98,
7.5% < nRMSE < 23.2%) based on the historical experimental data collected from 17 published papers (Figure
S4, Table S2 in Supporting Information S1). The calibrated APSIM model was then used to simulate future crop
yield under climate change at the regional scale.

Yield of seed maize, field maize, and wheat showed a decreasing trend at the temporal scale (based on signifi-
cance obtained from the M-K test) in some regions (like Wuwei, Yongchang, Jiuquan, etc) and a strong spatial
variability (based on RV values) across the Hexi Corridor, and the temporal stability of crop yield was poor under
TMS (Figure 5). Especially for wheat, yield reduction trend appeared in many regions (z < 0 and p < 0.01),
with high temporal variance (12.2% < CV < 65.2%) and strong spatial variability (4.2% < RV < 22.2%). Yields
of the three crops showed moderate to strong variability (12.1% < RV < 27.7%) and an increased temporal
stability (6.9% < CV < 28.6%) under HWNE and HSFP compared to TMS, while the weakest and most tempo-
rally stable variance appeared in HSFP (21.1% < RV < 31.4%, 5.0% < CV < 25.0%). The simulated yield of
seed maize, field maize, and wheat under SSP126, SSP370, and SSP585 are shown in Figures S5, S6, and S7,
respectively in Supporting Information S1. Yields of seed maize, field maize, and wheat simulated based on
CanESMS5, CNRM-CM6-1, CNRM-ESM2-1, EC-Earth3, and GFDL-ESM4, are shown in Figure S8 in Support-
ing Information S1.

The total production of the three crops decreased by 20.3 x 10* tonnes from 2035 to 2050 under TMS,
decreased by 6.8 x 10* tonnes under HWNE and increased by 3.3 x 10* tonnes under HSFP (Table 1). Field

CHEN ET AL.

8of 16

35UB017 SUOWILIOD dAERID 3|qedl|dde au Aq peueAoB e SaILe YO ‘88N JO S3|NJ 10} ARIg1T 8UIIUO AB]IAA UO (SUONIPUGI-PUR-SWLRIALIY A8 1M AReIq 1BU1IUO//SANY) SUONIPUOD PUe SWLB | 8U) 885 *[€20Z/70/ET] U0 Aeiqiauliuo A8|IM ‘S8oteids [eImnoLBY JO AISIBAIN USIPANS AQ 6/8200432202/620T 0T/10p/wod" A im Akeiqijpuljuo'sqndnBe//sdny woiy papeojumoq ‘z ‘€202 ‘LLev8ZEe



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future

10.1029/2022EF002879

HWNE

Irrigation water (mm)

N fertilization (kgN/ha)

Temporal variability

Seed maize

n amount (mm)

At AN A A NV
NN N

<
L

N 1100
77139  z,=0.64 —®— Irrigation amount

pr<0.01  p,=0.05 —®—N fertilization

2010

2015 2020 2025 2030 2035 2040 2045 2050 2055

Field maize

Irrigation amount (mm)

600

500

100

300

200

100

500

1400

—
=]
o
iy
S
;.
.
l/-
:
ilization (kgN/ha)

N ferti

7=0.98  z,=1.05 —m—Irrigation amount |’

p=0.32  py=0.27 —=— N fertilization

2010

2015 2020 2025 2030 2035 2040 2045 2050 2055

Wheat

600

500

HSFP

Seed maize

Field maize

Wheat

Trrigation amount (mm)

E 400

g

g

EES A "‘j A .V' A

1. el i
f:m .\.,'/."Jl v _'fv -‘:/\f.

Hoo
100r z=0.85 7,=0.75 —m— Irrigation amount
p=0.40 p,=0.45 —m—N fertilization
2010 2015 2020 2025 2030 2035 2040 2045 2050 2055
Temporal variability

500
600f
Z so0)
&
E 400 AR A A A
g A" \’\_{\‘.J'\_X*'\-- YAV
£ 300} O O,
% ..f"\'\./ '\_/\./\./-,(\_/'\_ U\ A
E 200
T 100
100l 27168 =117 —m— [rrigation amount
p<0.01  p,=0.24 —=—N fertilization
2010 2015 2020 2025 2030 2035 2040 2045 2050 2055
7 500
600f

500}

4001

100}

77244 7,=2.51 —=— Irrigation amount |’

pr<0.01  p,<0.01 —m— N fertilization

2010

2015 2020 2025 2030 2035 2040 2045 2050 2055

Trrigation amount (mm)

6001

H

3001

100f

Fipeflifitade

7139 =121 —l—Irrigalionamounlv
pr<0.01  p,=0.02 —=—N fertilization

2010

2015 2020 2025 2030 2035 2040 2045 2050 2055

Figure 4. Spatio-temporal variability of distributed irrigation and N fertilization strategy (DINS) for seed maize, field maize,
and wheat under high water and N use efficiency (HWNE) and high seed and food production (HSFP) scenarios in the Hexi
Corridor during 2021-2050. Data in the spatial distribution maps are mean values for 2021-2050. Irrigation water for seed
maize, field maize, and wheat were 460, 600, and 400 mm under TMS, respectively, while N fertilization for the three crops
were 320, 400, and 240 kgN/ha under TMS, respectively.
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Figure 5. Spatial distribution, temporal variance, and spatial variability of seed maize, field maize, and wheat yield in the Hexi Corridor under traditional management
(TMS), high water and N use efficiency (HWNE), and high seed and food production (HSFP) scenarios, which were obtained from the mean values based on simulated
yield during 2021-2050 under SSP126, SSP370, and SSP585. CV and RV represent the coefficient of variation and random variation, while the significance level is

determined by the M-K test.

maize and wheat production under HSFP could satisfy healthy reference diet the food requirements of 11.9
million and 11.6 million people, respectively, which is equivalent to 46% of the population of Gansu Province.
Seed maize production could be increased by —39 to 53 thousand tonnes and 56—173 thousand tonnes under
HWNE and HSFP, respectively, which could support 56%—61% and 64%-70% of China's field maize planting
area.

Total irrigation water and N fertilizer application in the Hexi Corridor under HSFP could be decreased by
0.31 km3and 2.2 x 10* tonnesN per year, respectively, and could be decreased by 0.53 km? and 3.5 x 10* tonnesN
under HWNE per year. Under HWNE and HSFP scenarios, WP, and PFP could be significantly improved by
0.35-1.12 kg/m?3 and 4.2-17.4 kg/kg (p < 0.001) (Figure S10 in Supporting Information S1), respectively, by
increasing crop production and saving water and N. WP, and PFP under HWNE were significantly higher than
those under HSFP, but with lower crop production. Compared with TMS, the overall WP, and PFP under HWNE
were increased by 50.8% and 53.8%, respectively, and under HSFP were increased by 42.3% and 46.7%, respec-
tively. More stable spatial variability appeared in HWNE and HSFP, with RV values reduced by 9.8%-16.5% and
12.1%-23.1%, respectively, compared with TMS.
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Table 1
Crop Production, Total Irrigation Water and N Fertilizer Application, Seed and Food Supply Amount in the Hexi Corridor
Under Three Management Scenarios (T, HWNE, HSFP) in 2021, 2035 and 2050

TMS HWNE HSFP
Variables 2021 2035 2050 2021 2035 2050 2021 2035 2050
Seed maize (10* tonnes) 70.4 71.1 67.0 66.7 67.2 72.2 75.6 76.7 84.3
Field maize (10* tonnes) 70.6 713 66.3 75.2 76.0 73.4 77.1 779 832
Wheat (10* tonnes) 908 918 806 783 792 700 955 968 872
Total irrigation water (km?) 1.51 149 149 092 096 097 119 1.17 120
Total N application (10* tonnes N) 9.62 9.68 968 6.06 612 620 734 739 755
WP,-overall (kg/m?) 1.54 157 144 239 231 221 209 214 212
PFP-overall (kg/kg) 24.10 24.19 22.10 36.34 3634 3477 3381 34.02 33.74
N surplus (10* tonnes N) 6.68 6.66 738 3,65 363 393 385 378 3.88

Support the field maize planting area (10°ha) 234 237 223 221 224 241 253 256 @ 28.1
Population satisfied with maize as food (10°) 10.4 10.5 9.8 11.1 11.2 10.8 11.4 11.5 12.2
Population satisfied with wheat as food (10°) 11.5 11.6 10.2 9.9 10.0 8.8 12.1 12.2 11.0

Note. TMS, HWNE, HSFP were traditional management, high water and N use efficiency, and high seed and food production
scenarios, respectively. WP-overall and PFP-overall were the overall mean values of irrigation water productivity and
partial factor productivity from applied N, respectively, based on the data from the sum of seed maize, field maize, and wheat.

4. Discussion
4.1. Influence of Climate Change and Strategy on Crop Yield

Warming is a universal trend in most of the major cereal cropping regions around the world, which generally
leads to crop production reduction (Asseng et al., 2015; Qiao et al., 2021). With the rising temperatures, the
challenge of securing adequate food production is enormous in Northwest China (Wu et al., 2019). Higher
temperature accelerates the phenological development of crops and decreases the required growing days, which
reduces photosynthesis and biomass accumulation, and thereby decreases the crop yield (Lizaso et al., 2018;
Zabel et al., 2021). The phenology and filling rate of the seed crops are sensitive to temperature changes,
which ultimately affect the seed yield (Singh et al., 2013). However, the effect of annual warming on crop yield
reduction is not certain, and the yield changes caused by warming in different stages are quite different (Asseng
et al., 2015). The maximum yield often appears near the optimum growing temperature (7)) obtained based on
TEF (Table S3, Figure S11 in Supporting Information S1) and a clear decreasing tendency for yields occurs for
temperatures warmer than the optimum growing temperature (Lobell & Gourdji, 2012). The optimum temper-
atures in phenological stages are distinct, while the sensitivity of temperature is also different among stages
based on our estimation. Research based on field experiment and modeling have indicated that the reproduc-
tive stage is highly temperature sensitive for maize (Sanchez et al., 2014), whereas flowering and grain-filling
stages are most sensitive for wheat (Zampieri et al., 2017). In this study, future temperature rising caused crop
yield reduction with a shortened growth period in the Hexi Corridor (Figure 2 and Figure S12 in Supporting
Information S1).

Precipitation during crop growth season in the Hexi Corridor increased by 5.4%—-30.5% under climate change
(Figure S12 in Supporting Information S1), which might not be the main reason for yield reduction due to the
arid climate, the low precipitation (84—-323 mm during 2021-2050), and widely distributed irrigated agriculture.
However, it does not mean that future precipitation events do not need too much attention. The probability of
extreme precipitation events is increasing under climate change (Aihaiti et al., 2021), resulting in increased
crop production damages (Li, Zhao, et al., 2019; Rosenzweig et al., 2002). Generally in cold regions, temper-
ature plays a more relevant role than precipitation in crop production, while crop reduction effects caused by
excessive precipitation events are more significant than that in warm regions due to the possibility of water-
logging (Li, Guan, et al., 2019; Shaw & Meyer, 2015). The increased probability of concentrated precipitation
(Figure S12 in Supporting Information S1) affected crop yield and optimization results of DINS (Figure 4) to an
extent in our study.
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The effects of CO, and its combination with other factors (e.g., climate factors and agricultural management)
on yields of different crops are complex and highly uncertain globally (Miiller et al., 2015). Increasing CO,
concentration promotes the increase of vegetation water use efficiency, which is constrained by N status (He
etal., 2017). Although there are differences in the CO, fertilization effect on the yield of different crop types, it is
positive for maize and wheat yields in Northwestern and Northern China (Qu et al., 2019; Saddique et al., 2020).
In this study, the interaction of CO, concentration, climate change, and management scenarios on crop production
in the Hexi Corridor was not explored, however, the guidance for future agricultural adaptation strategies were
provided (Figures 3 and 4).

4.2. Feasible Strategies to Ensure Regional Seed and Food Production

Results in this study showed that crop yield would be more stable on spatial and temporal scales under HSFP than
under TMS, reducing water and N inputs. The persistent yield gap between potential and actual yield is an impor-
tant issue to be solved for global food production, especially in low- and middle-inputs regions (Ray et al., 2012).
Adaptation strategies, like optimized irrigation and N fertilization strategies, determine the potential for closing
yield gaps, increasing yield and resource use efficiency, and reducing agricultural pollution (Horton et al., 2021;
Liu, Yang, Folberth, et al., 2018; Xu et al., 2021).

Adaptation strategies can reduce the yield reduction caused by climate change, and can also improve WP, and
NUE (Li et al., 2022; Liu, Ying, et al., 2021). Based on a large-scale survey, only the top 10% of crop yields in
each county showed a good balance between high yield and high resource use efficiency due to the limitations
of agricultural intensification, resource supply, and climate variability in most areas of China (Liu, Ying,
etal., 2021). Large N
in China (Zhang et al., 2015). N surplus in maize and wheat planting area of the Northwest China exceed 150
kgN/ha (Sapkota et al., 2022), which is similar to the results of TMS but much higher than HSFP and HWNE
in our study. Optimizing water and N input at sensitive growth stages, and allowing an appropriate deficit in

has negative impacts on the environment, which is a problem that deserves attention

non-sensitive periods can achieve the trade-off between water and N saving and high yield (Du et al., 2015;
Kang et al., 2017). Results from field experimental data suggest optimized irrigation and N fertilization rates
(irrigation + N) of 433 mm + 180 kgN/ha for field maize (Xiao et al., 2021), 298 mm + 175 kgN/ha for seed
maize (Ran et al., 2017), and 323 mm + 150 kgN/ha for wheat (Wen et al., 2019) in the Hexi Corridor. These
results consider crop yield, WP, and NUE, which provides good guidance for actual field management and
targets a trade-off between saving water and N input and maintaining yield. However, the popularization of
these recommended management strategies is limited due to the spatio-temporal variability of climate and
soil, and production of seed crops is usually not considered. Previous studies on high-efficient and high-yield
strategies for seed maize production have only been conducted on the field or farmland (Chen et al., 2020;
Ran et al., 2017), while emphasizing seed maize production in the Hexi Corridor on the regional scale
focused on economics rather than the adaptation management and resource utilization (Hong et al., 2019).
In this study, the WN-Jensen function was established for seed maize, field maize, and wheat, considering
the soil N concentration, interactive sensitivity coefficient of water and N in different growth stages, and
water consumption and N uptake during each stage, which was the basis of the formulating DINS for differ-
ent management scenarios. In our study, HSFP was the best strategy that could save 0.31 km?3 of irrigation
water and 22 thousand tonnes of N fertilizer and reduce 3.1 thousand tonnes of N every year under climate
change.

Facing rising population and food demand, finding synergies to ensure seed and food production rather than
focusing only on the grain crop production is a new strategy to ensure food security. Seed maize production
could be increased by optimizing irrigation and N fertilization and agricultural strategies (Ma et al., 2021; Shi
et al., 2020). However, these results were only proved in field experiments and did not evaluate seed production
under climate change. Our results showed that formulating DINS for the adjusted agricultural pattern is a power-
ful strategy for seed and food security and saving agricultural resources. To ensure the stable supply of water
and nitrogen under DINS in the future, agricultural infrastructure should be developed, especially by building
agricultural reservoirs and upgrading machinery (Wheeler & Lobley, 2021).
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5. Conclusions

With the growing population and food demand throughout the world, food security faces a huge challenge, and
sufficient seed supply is essential for crop planting. Seed maize production in the Hexi Corridor maintains more
than half of China's field maize cultivation and production, which plays an irreplaceable role in safeguarding
national food production in China. This study formulated the DINS for the Hexi Corridor under future climate
change based on a combination of a novel irrigation and N fertilization optimization and the APSIM simulation
framework. The approach considered spatio-temporal variability of climate and soil properties, actual crop water
consumption and N uptake in each growth stage, and interactive sensitivity coefficient of water and N in different
growth stages. Based on the optimization results, HSFP scenario is the best strategy, which could save 0.31 km?3
irrigation water and 22 thousand tonnes N fertilizer and increase 173 thousand tonnes seed and food production
compared with traditional practices per year with a 42.3% increase in WP, and a 46.7% increase in NUE. WP, and
NUE improving potential under HSFP comes from the phased input ratio during the growth period, that is, suffi-
cient supply in the sensitive stages and appropriate stress in the non-sensitive stages. The optimization-simulation
framework developed in this study can be further applied to other crops and other regions around the world facing
similar problems.

Data Availability Statement

The China meteorological forcing data set (1979-2018) is provided by National Tibetan Plateau Data Center
(https://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49).

References

Agnolucci, P., Rapti, C., Alexander, P., De Lipsis, V., Holland, R. A., Eigenbrod, F., & Ekins, P. (2020). Impacts of rising temperatures and farm
management practices on global yields of 18 crops. Nature Food, 1(9), 562-571. https://doi.org/10.1038/s43016-020-00148-x

Aihaiti, A., Jiang, Z., Zhu, L., Li, W., & You, Q. (2021). Risk changes of compound temperature and precipitation extremes in China under 1.5°C
and 2°C global warming. Atmospheric Research, 264, 105838. https://doi.org/10.1016/j.atmosres.2021.105838

Allen, R. G., Pereira, L. S., Raes, D., & Smith, M. (1998). FAO irrigation and drainage paper no. 56. Food and Agricultural Organization of the
United Nations.

Asseng, S., Ewert, F., Martre, P., Rétter, R. P., Lobell, D. B., Cammarano, D., et al. (2015). Rising temperatures reduce global wheat production.
Nature Climate Change, 5(2), 143—-147. https://doi.org/10.1038/nclimate2470

Buis, S., Lecharpentier, P., & Vezy, R. (2021). CroptimizR: A package for parameter estimation, uncertainty and sensitivity analysis for crop
models (version 0.4.0) [Computer software]. Zenodo. http://doi.org/10.5281/zenodo.4066451

Chen, S. C., Liu, W. F.,, & Du, T. S. (2022). Achieving high-yield and high-efficient management strategy based on optimized irrigation
and nitrogen fertilization management and planting structure. Transactions of the Chinese Society of Agricultural Engineering, 16, 144—
152. https://doi.org/10.11975/j.issn.1002-6819.2022.16.016 (in Chinese with English abstract).
Chen, S. C., Parsons, D., Du, T. S., Kumar, U., & Wang, S. F. (2021). Simulation of yield and water balance using WHCNS and APSIM combined
with geostatistics across a heterogeneous field. Agricultural Water Management, 258, 107174. https://doi.org/10.1016/j.agwat.2021.107174
Chen, S. C., Wang, S. F., Shukla, M. K., Wu, D., Guo, X. W., Li, D. H., & Du, T. S. (2020). Delineation of management zones and optimization
of irrigation scheduling to improve irrigation water productivity and revenue in a farmland of Northwest China. Precision Agriculture, 21(3),
655-677. https://doi.org/10.1007/s11119-019-09688-0

Dai, Y. J., Shangguan, W., Duan, Q., Liu, B., Fu, S., & Niu, G. (2013). Development of a China dataset of soil hydraulic Parameters using
pedotransfer functions for land surface modeling. Journal of Hydrometeorology, 14(3), 869-887. https://doi.org/10.1175/jhm-d-12-0149.1

Du, T. S., Kang, S. Z., Zhang, J. H., & Davies, W. J. (2015). Deficit irrigation and sustainable water-resource strategies in agriculture for China’s
food security. Journal of Experimental Botany, 66(8), 2253-2269. https://doi.org/10.1093/jxb/erv034

Du, T. S., Kang, S. Z., Zhang, X. Y., & Zhang, J. H. (2014). China's food security is threatened by the unsustainable use of water resources in
North and Northwest China. Food and Energy Security, 3(1), 7-18. https://doi.org/10.1002/fes3.40

Fu,J., Niu, J., Kang, S. Z., Adeloye, A.J., & Du, T. S. (2019). Crop production in the Hexi Corridor challenged by future climate change. Journal
of Hydrology, 579, 124197. https://doi.org/10.1016/j.jhydrol.2019.124197

Garcia-Vila, M., & Fereres, E. (2012). Combining the simulation crop model AquaCrop with an economic model for the optimization of irrigation
management at farm level. European Journal of Agronomy, 36(1), 21-31. https://doi.org/10.1016/j.eja.2011.08.003

He, J., Yang, K., Tang, W., Lu, H., Qin, J., Chen, Y. Y., & Li, X. (2020). The first high-resolution meteorological forcing dataset for land process
studies over China. Scientific Data, 7(1), 25. https://doi.org/10.1038/s41597-020-0369-y

He, L., Chen, J. M., Croft, H., Gonsamo, A., Luo, X, Liu, J., et al. (2017). Nitrogen availability dampens the positive impacts of CO, fertiliza-
tion on terrestrial ecosystem carbon and water cycles. Geophysical Research Letters, 22(11), 511-590. https://doi.org/10.1002/2017gl075981

Hong, Y., Berentsen, P., Heerink, N., Shi, M., & van der Werf, W. (2019). The future of intercropping under growing resource scarcity and declin-
ing grain prices—A model analysis based on a case study in Northwest China. Agricultural Systems, 176, 102661. https://doi.org/10.1016/j.
agsy.2019.102661

Horton, P., Long, S. P, Smith, P, Banwart, S. A., & Beerling, D. J. (2021). Technologies to deliver food and climate security through agriculture.
Nature Plants, 7(3), 250-255. https://doi.org/10.1038/s41477-021-00877-2

Huang, C. P, Wang, A. H., & Hu, B. M. (2004). Study on temperature driven nonlinear models of crop growth and their application. Journal of
Biomathematics, 19, 481-486. (in Chinese with English abstract).

IFPRI. (2019). Global spatially-disaggregated crop production statistics data for 2010 version 2.0. Harvard Dataverse, V4. https://doi.org/10.7
910/DVN/PRFF8V

CHEN ET AL.

13 0f 16

35UBD17 SUOWILIOD dAERID 3|qeal|dde au) Aq pauenob e SaILe YO '8sN JO S3|NJ 10} ARIg1T 8UIIUO AB]IA UO (SUONIPUGI-PUE-SWRIALIY A8 | IM ARIq 1BU1IUO//SANY) SUONIPUOD PUe SWLB | 8U) 885 *[€20Z/70/ET] U0 Aeiqiaunjuo A8|IM ‘Soueids eImnoLBY JO AISAIN USIPAVS AQ 6/8200432202/620T 0T/10p/wod" A Im Akeiqipuljuo'sgndnbe//sdiy ol papeoiumoq 'z ‘€202 ‘LL2v8Zee


https://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49
https://doi.org/10.1038/s43016-020-00148-x
https://doi.org/10.1016/j.atmosres.2021.105838
https://doi.org/10.1038/nclimate2470
http://doi.org/10.5281/zenodo.4066451
https://doi.org/10.11975/j.issn.1002-6819.2022.16.016
https://doi.org/10.1016/j.agwat.2021.107174
https://doi.org/10.1007/s11119-019-09688-0
https://doi.org/10.1175/jhm-d-12-0149.1
https://doi.org/10.1093/jxb/erv034
https://doi.org/10.1002/fes3.40
https://doi.org/10.1016/j.jhydrol.2019.124197
https://doi.org/10.1016/j.eja.2011.08.003
https://doi.org/10.1038/s41597-020-0369-y
https://doi.org/10.1002/2017gl075981
https://doi.org/10.1016/j.agsy.2019.102661
https://doi.org/10.1016/j.agsy.2019.102661
https://doi.org/10.1038/s41477-021-00877-2
https://doi.org/10.7910/DVN/PRFF8V
https://doi.org/10.7910/DVN/PRFF8V

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2022EF002879

lizumi, T., Furuya, J., Shen, Z., Kim, W., Okada, M., Fujimori, S., et al. (2017). Responses of crop yield growth to global temperature and socio-
economic changes. Scientific Reports, 7(1), 7800. https://doi.org/10.1038/s41598-017-08214-4

Jagermeyr, J., Gerten, D., Schaphoff, S., Heinke, J., Lucht, W., & Rockstrom, J. (2016). Integrated crop water management might sustainably
halve the global food gap. Environmental Research Letters, 11(2), 25002. https://doi.org/10.1088/1748-9326/11/2/025002

Jégermeyr, J., Miiller, C., Ruane, A. C., Elliott, J., Balkovic, J., Castillo, O., et al. (2021). Climate impacts on global agriculture emerge earlier in
new generation of climate and crop models. Nature Food, 1(11), 873-885. https://doi.org/10.1038/s43016-021-00400-y

Jensen, M. E. (1968). Water consumption by agricultural plants. Academic Press.

Jiang, R., He, W., Zhou, W., Hou, Y., Yang, J. Y., & He, P. (2019). Exploring management strategies to improve maize yield and nitrogen use
efficiency in northeast China using the DNDC and DSSAT models. Computers and Electronics in Agriculture, 166, 104988. https://doi.
org/10.1016/j.compag.2019.104988

Kalembasa, S., Szukata, J., Faligowska, A., Kalembasa, D., Symanowicz, B., Becher, M., & Gebus-Czupyt, B. (2020). Quantification of biolog-
ically fixed nitrogen by white Lupin (Lupins albus L.) and its subsequent uptake by winter wheat using the 15N isotope dilution method.
Agronomy, 10(9), 1392. https://doi.org/10.3390/agronomy 10091392

Kang, S. Z., Hao, X. M., Du, T. S., Tong, L., Su, X. L., Lu, H. N, et al. (2017). Improving agricultural water productivity to ensure food secu-
rity in China under changing environment: From research to practice. Agricultural Water Management, 179, 5-17. https://doi.org/10.1016/j.
agwat.2016.05.007

Keating, B. A., Carberry, P. S., Hammer, G. L., Probert, M. E., Robertson, M. J., Holzworth, D., et al. (2003). An overview of APSIM, a model
designed for farming systems simulation. European Journal of Agronomy, 18(3—4), 267-288. https://doi.org/10.1016/s1161-0301(02)00108-9

Lange, S., & Biichner, M. (2022). Secondary ISIMIP3b bias-adjusted atmospheric climate input data (v1.0). ISIMIP Repository. https://doi.
org/10.48364/ISIMIP.581124

Lee, D. R., Edmeades, S., De Nys, E., McDonald, A., & Janssen, W. (2014). Developing local adaptation strategies for climate change in agri-
culture: A priority-setting approach with application to Latin America. Global Environmental Change, 29, 78-91. https://doi.org/10.1016/j.
gloenvcha.2014.08.002

Li, D. H, Du, T. S, Sun, Q., & Cao, Y. (2019). The key driving factors of irrigation water productivity based on soil spatio-temporal character-
istics. Agricultural Water Management, 216, 351-360. https://doi.org/10.1016/j.agwat.2019.01.027

Li, J., Song, J., Li, M., Shang, S., Mao, X., Yang, J., & Adeloye, A. J. (2018). Optimization of irrigation scheduling for spring wheat based
on simulation-optimization model under uncertainty. Agricultural Water Management, 208, 245-260. https://doi.org/10.1016/j.agwat.2018.0
6.029

Li, M., Cao, X., Liu, D., Fu, Q., Li, T., & Shang, R. (2022). Sustainable management of agricultural water and land resources under changing
climate and socio-economic conditions: A multi-dimensional optimization approach. Agricultural Water Management, 259, 107235. https://
doi.org/10.1016/j.agwat.2021.107235

Li, S. E., Kang, S. Z., Zhang, L., Du, T. S, Tong, L., Ding, R. S., et al. (2015). Ecosystem water use efficiency for a sparse vineyard in arid
northwest China. Agricultural Water Management, 148, 24-33. https://doi.org/10.1016/j.agwat.2014.08.011

Li, X., Zhao, W., Li, J., & Li, Y. (2019). Maximizing water productivity of winter wheat by managing zones of variable rate irrigation at different
deficit levels. Agricultural Water Management, 216, 153—163. https://doi.org/10.1016/j.agwat.2019.02.002

Li, Y., Guan, K., Schnitkey, G. D., DeLucia, E., & Peng, B. (2019). Excessive rainfall leads to maize yield loss of a comparable magnitude to
extreme drought in the United States. Global Change Biology, 25(7), 2325-2337. https://doi.org/10.1111/gcb.14628

Liu, B., Lin, B., Li, X., Virk, A. L., N'Dri Yves, B., Zhao, X., et al. (2021). Appropriate farming practices of summer maize in the North China Plain:
Reducing nitrogen use to promote sustainable agricultural development. Resources, Conservation and Recycling, 175, 105889. https://doi.or
2/10.1016/j.resconrec.2021.105889

Liu, W. ., Yang, H., Ciais, P., Stamm, C., Zhao, X., Williams, J. R., et al. (2018). Integrative crop-soil-management modeling to assess global
phosphorus losses from major crop cultivations. Global Biogeochemical Cycles, 32(7), 1074—1086. https://doi.org/10.1029/2017gb005849

Liu, W. F., Yang, H., Folberth, C., Miiller, C., Ciais, P., Abbaspour, K. C., & Schulin, R. (2018). Achieving high crop yields with low nitrogen
emissions in global agricultural input intensification. Environmental Science & Technology, 52(23), 13782-13791. https://doi.org/10.1021/
acs.est.8b03610

Liu, Y., Luo, Q. Y., Zhou, Z. Y., Long, F., Gao, M. J., & Tang, Q. (2018). Analysis and prediction of the supply and demand of China’s major agri-
cultural products. Strategic Study of CAE, 20(05), 120-127. (in Chinese with English abstract). https://doi.org/10.15302/j-sscae-2018.05.018

Liu, Z. T, Ying, H., Chen, M. Y., Bai, J., Xue, Y. F,, Yin, Y. L., et al. (2021). Optimization of China’s maize and soy production can ensure feed
sufficiency at lower nitrogen and carbon footprints. Nature Food, 2(6), 426—433. https://doi.org/10.1038/s43016-021-00300-1

Lizaso, J. I., Ruiz-Ramos, M., Rodriguez, L., Gabaldon-Leal, C., Oliveira, J. A., Lorite, I. J., et al. (2018). Impact of high temperatures in maize:
Phenology and yield components. Field Crops Research, 216, 129-140. https://doi.org/10.1016/j.fcr.2017.11.013

Lobell, D. B., & Gourdji, S. M. (2012). The influence of climate change on global crop productivity. Plant Physiology, 160(4), 1686—1697.
https://doi.org/10.1104/pp.112.208298

Luo, Q. Y., Mi, J., & Gao, M. J. (2014). Research on forecasting for long-term grain consumption demands in China. Chinese Journal of Agricul-
tural Resources and Regional Planning, 35(5), 1-7. https://doi.org/10.7621/cjarrp.1005-9121 (in Chinese with English abstract).

Ma, S. M., Tong, L., Kang, S. Z., Wang, S. F., Wu, X. Y., Cheng, X. N., & Li, Q. Q. (2021). Optimal coupling combinations between dripper
discharge and irrigation interval of maize for seed production under plastic film-mulched drip irrigation in an arid region. Irrigation Science,
40(2), 177-189. https://doi.org/10.1007/s00271-021-00739-x

Mansouri-Far, C., Modarres Sanavy, S. A. M., & Saberali, S. F. (2010). Maize yield response to deficit irrigation during low-sensitive growth
stages and nitrogen rate under semi-arid climatic conditions. Agricultural Water Management, 97(1), 12-22. https://doi.org/10.1016/j.agwat.
2009.08.003

Matthias, B., & Christopher, R. (2022). ISIMIP3a atmospheric composition input data (v1.2). ISIMIP Repository. https://doi.org/10.48364/
ISIMIP.664235

Mihalache, D., Vrinceanu, N., Teodorescu, R. 1., Mihalache, M., & Bacau, C. (2019). Evaluation of the effect of 15N-labeled fertilizers on maize
plant. Romanian Biotechnological Letters, 24(1), 193-199. https://doi.org/10.25083/rbl/24.1/193.199

Miiller, C., Elliott, J., Chryssanthacopoulos, J., Deryng, D., Folberth, C., Pugh, T. A. M., & Schmid, E. (2015). Implications of climate mitigation
for future agricultural production. Environmental Research Letters, 12, 125004. https://doi.org/10.1088/1748-9326/10/12/125004

Najafi, E., Devineni, N., Khanbilvardi, R. M., & Kogan, F. (2018). Understanding the changes in global crop yields through changes in climate
and technology. Earth's Future, 6(3), 410-427. https://doi.org/10.1002/2017ef000690

NNS. (2021). Scientific research report on dietary guidelines for Chinese residents. National Nutrient Society. Retrieved from https://www.cn
soc.org/latesachie/422120204.html

CHEN ET AL.

14 of 16

85UB0|7 SUOLIIOD BAITERID 3ol jdde au Aq paue0B afe S9Po1Le YO ‘85N J0 S9N 104 Aeig1T8UIIUO ]I UO (SUO1IpUOD-pU.-SLLLBY 00" A8 | 1M ATeAq 1Bl U0/ SHY) SUORIPUOD Pue SWB | 84} 88s *[g202/70/ET] uo Areiqiauliuo Ajim 'ssoueis eiminouby JO AISBAIN UsIpPeMS Aq 6/8200432202/620T 0T/1I0p/wod" Ao |im A ipul|uo'sgndnbe//sdiy wou pspeojumoq ‘g ‘€202 ‘LZv8Zee


https://doi.org/10.1038/s41598-017-08214-4
https://doi.org/10.1088/1748-9326/11/2/025002
https://doi.org/10.1038/s43016-021-00400-y
https://doi.org/10.1016/j.compag.2019.104988
https://doi.org/10.1016/j.compag.2019.104988
https://doi.org/10.3390/agronomy10091392
https://doi.org/10.1016/j.agwat.2016.05.007
https://doi.org/10.1016/j.agwat.2016.05.007
https://doi.org/10.1016/s1161-0301(02)00108-9
https://doi.org/10.48364/ISIMIP.581124
https://doi.org/10.48364/ISIMIP.581124
https://doi.org/10.1016/j.gloenvcha.2014.08.002
https://doi.org/10.1016/j.gloenvcha.2014.08.002
https://doi.org/10.1016/j.agwat.2019.01.027
https://doi.org/10.1016/j.agwat.2018.06.029
https://doi.org/10.1016/j.agwat.2018.06.029
https://doi.org/10.1016/j.agwat.2021.107235
https://doi.org/10.1016/j.agwat.2021.107235
https://doi.org/10.1016/j.agwat.2014.08.011
https://doi.org/10.1016/j.agwat.2019.02.002
https://doi.org/10.1111/gcb.14628
https://doi.org/10.1016/j.resconrec.2021.105889
https://doi.org/10.1016/j.resconrec.2021.105889
https://doi.org/10.1029/2017gb005849
https://doi.org/10.1021/acs.est.8b03610
https://doi.org/10.1021/acs.est.8b03610
https://doi.org/10.15302/j-sscae-2018.05.018
https://doi.org/10.1038/s43016-021-00300-1
https://doi.org/10.1016/j.fcr.2017.11.013
https://doi.org/10.1104/pp.112.208298
https://doi.org/10.7621/cjarrp.1005-9121
https://doi.org/10.1007/s00271-021-00739-x
https://doi.org/10.1016/j.agwat.2009.08.003
https://doi.org/10.1016/j.agwat.2009.08.003
https://doi.org/10.48364/ISIMIP.664235
https://doi.org/10.48364/ISIMIP.664235
https://doi.org/10.25083/rbl/24.1/193.199
https://doi.org/10.1088/1748-9326/10/12/125004
https://doi.org/10.1002/2017ef000690
https://www.cnsoc.org/latesachie/422120204.html
https://www.cnsoc.org/latesachie/422120204.html

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2022EF002879

Pohlert, T. (2020). Trend: Non-parametric trend tests and change-point detection. R package version 1.1.4. Retrieved from https://CRAN.R-
project.org/package=trend

Qiao, S., Wang, H., Prentice, 1. C., & Harrison, S. P. (2021). Optimality-based modelling of climate impacts on global potential wheat yield.
Environmental Research Letters, 16(11), 114013. https://doi.org/10.1088/1748-9326/ac2e38

Qu, C., Li, X., Ju, H., & Liu, Q. (2019). The impacts of climate change on wheat yield in the Huang-Huai-Hai Plain of China using DSSAT-
CERES-Wheat model under different climate scenarios. Journal of Integrative Agriculture, 6, 1379-1391. https://doi.org/10.1016/s2095-
3119(19)62585-2

Qureshi, Z. A., & Neibling, H. (2009). Response of two-row malting spring barley to water cutoff under sprinkler irrigation. Agricultural Water
Management, 96(1), 141-148. https://doi.org/10.1016/j.agwat.2008.07.012

Ran, H., Kang, S. Z.,Li, F. S., Du, T. S., Ding, R. S., Li, S. E., & Tong, L. (2017). Responses of water productivity to irrigation and N supply for
hybrid maize seed production in an arid region of Northwest China. Journal of Arid Land, 9(4), 504-514. https://doi.org/10.1007/s40333-0
17-0017-3

Ray, D. K., Ramankutty, N., Mueller, N. D., West, P. C., & Foley, J. A. (2012). Recent patterns of crop yield growth and stagnation. Nature
Communications, 3(1), 1293. https://doi.org/10.1038/ncomms2296

Rosenzweig, C., Tubiello, F. N., Goldberg, R., Mills, E., & Bloomfield, J. (2002). Increased crop damage in the US from excess precipitation
under climate change. Global Environmental Change, 12(3), 197-202. https://doi.org/10.1016/30959-3780(02)00008-0

Saddique, Q., Khan, M. 1., Habib Ur Rahman, M., Jiatun, X., Waseem, M., Gaiser, T., et al. (2020). Effects of elevated air temperature and CO,
on maize production and water use efficiency under future climate change scenarios in Shaanxi Province, China. Atmosphere, 8, 843. http
s://doi.org/10.3390/atmos 11080843

Sanchez, B., Rasmussen, A., & Porter, J. R. (2014). Temperatures and the growth and development of maize and rice: A review. Global Change
Biology, 20(2), 408-417. https://doi.org/10.1111/gcb.12389

Sapkota, T. B., Singh, B., & Takele, R. (2022). Improving nitrogen use efficiency and reducing nitrogen surplus through best fertilizer nitrogen
management in cereal production: The case of India and China. Advances in Agronomy. https://doi.org/10.1016/bs.agron.2022.11.006

Shangguan, W., & Dai, Y. (2013). A China dataset of soil hydraulic parameters pedotransfer functions for land surface modeling (1980). National
Tibetan Plateau Data Center. CSTR: 18406.11.Soil.tpdc.270606. https://doi.org/10.11888/Soil.tpdc.270606

Shangguan, W., Dai, Y. J., Liu, B. Y., Zhu, A. X, Duan, Q. Y., Wu, L. Z., et al. (2013). A China dataset of soil properties for land surface mode-
ling. Journal of Advances in Modeling Earth Systems, 5(2), 212-224. https://doi.org/10.1002/jame.20026

Shaw, R. E., & Meyer, W. S. (2015). Improved empirical representation of plant responses to waterlogging for simulating crop yield. Agronomy
Journal, 107(5), 1711-1723. https://doi.org/10.2134/agronj14.0625

Shi, R. C., Tong, L., Du, T. S., & Shukla, M. K. (2020). Response and modeling of hybrid maize seed vigor to water deficit at different growth
stages. Water, 12(11), 3289. https://doi.org/10.3390/w12113289

Singh, R. P., Prasad, P. V., & Reddy, K. R. (2013). Impacts of changing climate and climate variability on seed production and seed industry.
Advances in Agronomy, 118, 49-110. https://doi.org/10.1016/B978-0-12-405942-9.00002-5

Srivastava, R. K., Panda, R. K., Chakraborty, A., & Halder, D. (2018). Enhancing grain yield, biomass and nitrogen use efficiency of maize by
varying sowing dates and nitrogen rate under rainfed and irrigated conditions. Field Crops Research, 221, 339-349. https://doi.org/10.101
6/j.fcr.2017.06.019

Stevanovié, M., Popp, A., Lotze-Campen, H., Dietrich, J. P., Miiller, C., Bonsch, M., et al. (2016). The impact of high-end climate change on
agricultural welfare. Science Advances, 2(8), e150145. https://doi.org/10.1126/sciadv.1501452

Tesfahunegn, G. B., Tamene, L., & Vlek, P. L. G. (2011). Catchment-scale spatial variability of soil properties and implications on site-
specific soil management in northern Ethiopia. Soil and Tillage Research, 117, 124—139. https://doi.org/10.1016/j.still.2011.09.005

Tilman, D., Fargione, J., Wolff, B., D'Antonio, C., Dobson, A., Howarth, R., et al. (2001). Forecasting agriculturally driven global environmental
change. Science, 292(5515), 281-284. https://doi.org/10.1126/science.1057544

van Delden, A., Kropff, M. J., & Haverkort, A. J. (2001). Modeling temperature- and radiation-driven leaf area expansion in the contrasting crops
potato and wheat. Field Crops Research, 72(2), 119-141. https://doi.org/10.1016/s0378-4290(01)00169-1

Warrick, A. W., & Nielsen, D. R. (1980). Spatial variability of soil physical properties in the field (pp. 319-344). Academic Press.

Wen, L., Zhang, F. C., Zou, H. Y., Lu, J. S., Guo, J. J., & Xue, Z. Q. (2019). Effect of water deficit and nitrogen rate on the growth, water and
nitrogen use of spring wheat. Journal of Triticeae Crops, 39, 478-486. https://doi.org/10.3724/SP.J.1006.2022.14010 (in Chinese with English
abstract).

Wheeler, R., & Lobley, M. (2021). Managing extreme weather and climate change in UK agriculture: Impacts, attitudes and action among farmers
and stakeholders. Climate Risk Management, 100313, 100313. https://doi.org/10.1016/j.crm.2021.100313

Willett, W., Rockstrom, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., et al. (2019). Food in the Anthropocene: The EAT-lancet
commission on healthy diets from sustainable food systems. Lancet, 393(10170), 447-492. https://doi.org/10.1016/s0140-6736(18)31788-4

Wu, R. L., Chang, X. M., Chang, M. R, Littell, R. C., Wu, S. S., Yin, T. M., et al. (2002). A logistic mixture model for characterizing genetic
determinants causing differentiation in growth trajectories. Genetical Research, 79(3), 235-245. https://doi.org/10.1017/s0016672302005633

Wu, S., Liu, L., Gao, J., & Wang, W. (2019). Integrate risk from climate change in China under global warming of 1.5 and 2.0°C. Earth's Future,
7(12), 1307-1322. https://doi.org/10.1029/2019ef001194

Xiao, C., Zou, H., Fan, J., Zhang, F., Li, Y., Sun, S., & Pulatov, A. (2021). Optimizing irrigation amount and fertilization rate of drip-fertigated
spring maize in northwest China based on multi-level fuzzy comprehensive evaluation model. Agricultural Water Management, 257, 107157.
https://doi.org/10.1016/j.agwat.2021.107157

Xu, X., Ouyang, X., Gu, Y., Cheng, K., Smith, P., Sun, J., et al. (2021). Climate change may interact with nitrogen fertilizer management leading
to different ammonia loss in China's croplands. Global Change Biology, 27(24), 6525-6535. https://doi.org/10.1111/gcb.15874

Yang, K., & He, J. (2019). China meteorological forcing dataset (1979-2018). National Tibetan Plateau Data Center. https://doi.org/10.11888/
AtmosphericPhysics.tpe.249369.file

Yang, K., He, J., Tang, W. J., Qin, J., & Cheng, C. (2010). On downward shortwave and longwave radiations over high altitude regions: Observa-
tion and modeling in the Tibetan Plateau. Agricultural and Forest Meteorology, 150(1), 38—46. https://doi.org/10.1016/j.agrformet.2009.08.004

Yin, X. G., Kersebaum, K. C., Kollas, C., Manevski, K., Baby, S., Beaudoin, N., et al. (2017). Performance of process-based models for simula-
tion of grain N in crop rotations across Europe. Agricultural Systems, 154, 63—77. https://doi.org/10.1016/j.agsy.2017.03.005

Yu, Q., You, L., Wood-Sichra, U., Ru, Y., Joglekar, A. K. B., Fritz, S., et al. (2020). A cultivated planet in 2010—Part 2: The global gridded
agricultural-production maps. Earth System Science Data, 12(4), 3545-3572. https://doi.org/10.5194/essd-12-3545-2020

Zabel, F., Miiller, C., Elliott, J., Minoli, S., Jdgermeyr, J., Schneider, J. M., et al. (2021). Large potential for crop production adaptation depends
on available future varieties. Global Change Biology, 27(16), 3870-3882. https://doi.org/10.1111/gcb.15649

CHEN ET AL.

15 of 16

85UB0|7 SUOLIIOD BAITERID 3ol jdde au Aq paue0B afe S9Po1Le YO ‘85N J0 S9N 104 Aeig1T8UIIUO ]I UO (SUO1IpUOD-pU.-SLLLBY 00" A8 | 1M ATeAq 1Bl U0/ SHY) SUORIPUOD Pue SWB | 84} 88s *[g202/70/ET] uo Areiqiauliuo Ajim 'ssoueis eiminouby JO AISBAIN UsIpPeMS Aq 6/8200432202/620T 0T/1I0p/wod" Ao |im A ipul|uo'sgndnbe//sdiy wou pspeojumoq ‘g ‘€202 ‘LZv8Zee


https://CRAN.R-project.org/package=trend
https://CRAN.R-project.org/package=trend
https://doi.org/10.1088/1748-9326/ac2e38
https://doi.org/10.1016/s2095-3119(19)62585-2
https://doi.org/10.1016/s2095-3119(19)62585-2
https://doi.org/10.1016/j.agwat.2008.07.012
https://doi.org/10.1007/s40333-017-0017-3
https://doi.org/10.1007/s40333-017-0017-3
https://doi.org/10.1038/ncomms2296
https://doi.org/10.1016/s0959-3780(02)00008-0
https://doi.org/10.3390/atmos11080843
https://doi.org/10.3390/atmos11080843
https://doi.org/10.1111/gcb.12389
https://doi.org/10.1016/bs.agron.2022.11.006
https://doi.org/10.11888/Soil.tpdc.270606
https://doi.org/10.1002/jame.20026
https://doi.org/10.2134/agronj14.0625
https://doi.org/10.3390/w12113289
https://doi.org/10.1016/B978-0-12-405942-9.00002-5
https://doi.org/10.1016/j.fcr.2017.06.019
https://doi.org/10.1016/j.fcr.2017.06.019
https://doi.org/10.1126/sciadv.1501452
https://doi.org/10.1016/j.still.2011.09.005
https://doi.org/10.1126/science.1057544
https://doi.org/10.1016/s0378-4290(01)00169-1
https://doi.org/10.3724/SP.J.1006.2022.14010
https://doi.org/10.1016/j.crm.2021.100313
https://doi.org/10.1016/s0140-6736(18)31788-4
https://doi.org/10.1017/s0016672302005633
https://doi.org/10.1029/2019ef001194
https://doi.org/10.1016/j.agwat.2021.107157
https://doi.org/10.1111/gcb.15874
https://doi.org/10.11888/AtmosphericPhysics.tpe.249369.file
https://doi.org/10.11888/AtmosphericPhysics.tpe.249369.file
https://doi.org/10.1016/j.agrformet.2009.08.004
https://doi.org/10.1016/j.agsy.2017.03.005
https://doi.org/10.5194/essd-12-3545-2020
https://doi.org/10.1111/gcb.15649

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2022EF002879

Zampieri, M., Ceglar, A., Dentener, F., & Toreti, A. (2017). Wheat yield loss attributable to heat waves, drought and water excess at the global,
national and subnational scales. Environmental Research Letters, 12(6), 64008. https://doi.org/10.1088/1748-9326/aa723b

Zhang, X., Davidson, E. A., Mauzerall, D. L., Searchinger, T. D., Dumas, P., & Shen, Y. (2015). Managing nitrogen for sustainable development.
Nature, 528(7580), 51-59. https://doi.org/10.1038/nature 15743

Zhang, Z. X., Liu, M., & Qi, Z. J. (2020). Effects of different water and nitrogen managements on soil nitrogen and fertilizer nitrogen in maize
field. In Transactions of the Chinese society for agricultural machinery (Vol. 51, pp. 284-291). (in Chinese with English abstract).

Zhao, J., Yang, X., Dai, S., Lv, S., & Wang, J. (2015). Increased utilization of lengthening growing season and warming temperatures by adjusting
sowing dates and cultivar selection for spring maize in Northeast China. European Journal of Agronomy, 67, 12—19. https://doi.org/10.101
6/j.€ja.2015.03.006

References From the Supporting Information

Bosi, C., Sentelhas, P. C., Pezzopane, J. R. M., & Santos, P. M. (2020). CROPGRO-perennial forage model parameterization for simulating Piata
palisade grass growth in monoculture and in a silvopastoral system. Agricultural Systems, 177, 102724.

Min, D., Wang, Z. H., Li, Y. N., & Zhang, D. (2020). Effects of different irrigation and nitrogen application levels on the yield and water and
nitrogen use efficiency of spring maize. In Agricultural research in the arid areas (Vol. 38, pp. 153-160). (in Chinese with English abstract).

Mu, X. H., Chen, Q. X., Wu, X. Y., Chen, F. J,, Yuan, L. X., & Mi, G. H. (2018). Gibberellins synthesis is involved in the reduction of cell
flux and elemental growth rate in maize leaf under low nitrogen supply. Environmental and Experimental Botany, 150, 198-208. https://doi.
org/10.1016/j.envexpbot.2018.03.012

Peng, Q., Wang, P., Ye, S. C., Tao, J. M., & Luo, X. F. (2016). Research on metastable zone width of urea crystallization. In Chemical equipment
technology (Vol. 37, pp. 18-21). (in Chinese with English abstract).

Ran, H.,Kang, S. Z.,Li, F. S., Du, T. S., Ding, R. S, Li, S. E., & Zhang, X. T. (2018). Parameterization of the AquaCrop model for full and deficit
irrigated maize for seed production in arid Northwest China. Agricultural Water Management, 203, 438-450. https://doi.org/10.1016/j.agwa
t.2018.01.030

Sanderman, J., Hengl, T., & Fiske, G. J. (2017). Soil carbon debt of 12000 years of human land use. Proceedings of the National Academy of
Sciences, 114(36), 9575-9580. https://doi.org/10.1073/pnas.1706103114

Tian, H., Yang, J., Lu, C., Xu, R., Canadell, J. G., Jackson, R. B., et al. (2018). The global N,0 model intercomparison project. Bulletin of the
American Meteorological Society, 99(6), 1231-1252. https://doi.org/10.1175/bams-d-17-0212.1

Wang, Y. F., Kang, S. Z., Li, F. S., & Zhang, X. T. (2021). Modified water-nitrogen productivity function based on response of water sensitive
index to nitrogen for hybrid maize under drip fertigation. Agricultural Water Management, 245, 106566.

West, G. B., Brown, J. H., & Enquist, B. J. (2001). A general model for ontogenetic growth. Nature (London), 413(6856), 628—631. https://doi.
org/10.1038/35098076

Wu, L. F,, Zhang, F. C., Zhang, P., Li, Z.J., & Zhou, H. M. (2011). Effect of irrigation and nitrogen fertilizer on growth and yield of spring wheat
in Hexi oasis of Gansu. Journal of Northwest A&F University, 39, 55-63. https://doi.org/10.1155/2014/250874 (in Chinese with English
abstract).

Yang, J., Mao, X., Wang, K., & Yang, W. (2018). The coupled impact of plastic film mulching and deficit irrigation on soil water/heat trans-
fer and water use efficiency of spring wheat in Northwest China. Agricultural Water Management, 201, 232-245. https://doi.org/10.1016/j.
agwat.2017.12.030

Yang, J. M., Yang, J. Y., Liu, S., & Hoogenboom, G. (2014). An evaluation of the statistical methods for testing the performance of crop models
with observed data. Agricultural Systems, 127, 81-89. https://doi.org/10.1016/j.agsy.2014.01.008

Zhang, D., Li, Y. N., Wang, Z. H., Min, D., & Yang, J. Y. (2020). Effects of irrigation amount in late growth stage on yield and water use effi-
ciency of spring wheat in Hexi corridor. In Water saving irrigation (Vol. 6, pp. 68-72). (in Chinese with English abstract).

Zhang, F., Guo, P., Engel, B. A., Guo, S. S., Zhang, C. L., & Tang, Y. K. (2019). Planning seasonal irrigation water allocation based on an inter-
val multiobjective multi-stage stochastic programming approach. Agricultural Water Management, 223, 105692. https://doi.org/10.1016/j.
agwat.2019.105692

Zhang, P., Zhang, F. C., Wu, L. F.,, Li, Z. J., & Zhou, H. M. (2011). Effect of different irrigation and nitrogen fertilizer on spring maize growth,-
yield and water use. In Agricultural research in the arid areas (Vol. 29, pp. 137-143). (in Chinese with English abstract).

Zhang, B., Tian, H., Lu, C., Dangal, S. R. S., Yang, J., & Pan, S. (2017). Global manure nitrogen production and application in cropland during
1860-2014: A 5 arcmin gridded global dataset for Earth system modeling. Earth System Science Data, 9(2), 667-678. https://doi.org/10.5
194/essd-9-667-2017

Zhao, J. H., Fan, T. L., Wang, S. Y., Wang, J. H., Sun, J. H., Li, W. Q., & Wang, H. M. (2016). Effect of nitrogen and irrigation on yield, water
and nitrogen use efficiency of corn seed production in Hexi area in China. Journal of Nuclear Agricultural Sciences, 30, 997-1004. (in Chinese
with English abstract).

Zhou, Q., Wang, F. X., Zhao, Y., Yang, K. J., & Zhang, Y. L. (2016). Influence of water and nitrogen management and planting density on seed
maize growth under drip irrigation with mulch in arid region of Northwest China. Chinese Agricultural Science Bulletin, 21, 166-173. (in
Chinese with English abstract).

CHEN ET AL.

16 of 16

85UB0|7 SUOLIIOD BAITERID 3ol jdde au Aq paue0B afe S9Po1Le YO ‘85N J0 S9N 104 Aeig1T8UIIUO ]I UO (SUO1IpUOD-pU.-SLLLBY 00" A8 | 1M ATeAq 1Bl U0/ SHY) SUORIPUOD Pue SWB | 84} 88s *[g202/70/ET] uo Areiqiauliuo Ajim 'ssoueis eiminouby JO AISBAIN UsIpPeMS Aq 6/8200432202/620T 0T/1I0p/wod" Ao |im A ipul|uo'sgndnbe//sdiy wou pspeojumoq ‘g ‘€202 ‘LZv8Zee


https://doi.org/10.1088/1748-9326/aa723b
https://doi.org/10.1038/nature15743
https://doi.org/10.1016/j.eja.2015.03.006
https://doi.org/10.1016/j.eja.2015.03.006
https://doi.org/10.1016/j.envexpbot.2018.03.012
https://doi.org/10.1016/j.envexpbot.2018.03.012
https://doi.org/10.1016/j.agwat.2018.01.030
https://doi.org/10.1016/j.agwat.2018.01.030
https://doi.org/10.1073/pnas.1706103114
https://doi.org/10.1175/bams-d-17-0212.1
https://doi.org/10.1038/35098076
https://doi.org/10.1038/35098076
https://doi.org/10.1155/2014/250874
https://doi.org/10.1016/j.agwat.2017.12.030
https://doi.org/10.1016/j.agwat.2017.12.030
https://doi.org/10.1016/j.agsy.2014.01.008
https://doi.org/10.1016/j.agwat.2019.105692
https://doi.org/10.1016/j.agwat.2019.105692
https://doi.org/10.5194/essd-9-667-2017
https://doi.org/10.5194/essd-9-667-2017

	Adaptation Strategy Can Ensure Seed and Food Production With Improving Water and Nitrogen Use Efficiency Under Climate Change
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Study Area
	2.2. Methods
	2.2.1. Sowing Date and Crop Growth Stage Division
	2.2.2. Regional Crop Evapotranspiration and Nitrogen Uptake Prediction Models
	2.2.3. Optimization of Distributed Irrigation and Fertilization Strategy
	2.2.3.1. 
              
                Water-Nitrogen Production Function
	2.2.3.2. Optimization Framework of Irrigation and Nitrogen Fertilization Strategy


	2.3. Data Description
	2.3.1. Crop Planting Distribution and Area
	2.3.2. Climate, Soil, Crop Yield, and Agricultural Resource Input Data
	2.3.3. Population and Food Demand


	3. Results
	3.1. Impact of Climate Change on Sowing Date and Phenology
	3.2. Distributed Irrigation and N Fertilization Strategy for Climate Change Adaptation
	3.3. Response of Crop Performance to Climate Change Under Different DINS Strategies

	4. Discussion
	4.1. Influence of Climate Change and Strategy on Crop Yield
	4.2. Feasible Strategies to Ensure Regional Seed and Food Production

	5. Conclusions
	Data Availability Statement
	References
	References From the Supporting Information


