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An inadequate understanding of the impacts of adaptation countermeasures tends

to exaggerate the adverse e�ects of climate change on agricultural systems.

Motivated by proposing reasonable climate change adaptation countermeasures,

the present study applied the EPIC model to quantify the impacts of climate

change and irrigation changes with future socioeconomic development on

agricultural production. Winter wheat yield losses using dynamic irrigation

parameters in the North China Plain (NCP) from 2010 to 2099 under a scenario

coupling climate change and future socioeconomic development (RCP8.5-SSP3),

and those under an extreme climate change scenario (RCP8.5), were simulated.

Results show that EPIC model demonstrates superior performance in simulating

winter wheat yields in NCP (RMSE= 12.79 kg/ha), with the distribution of simulated

and observed yields is relatively consistent. The winter wheat yield loss in the NCP

was high in the south and low in the north. The yield loss rate of winter wheat

was 0.21 under the RCP8.5-SSP3 scenario, compared with 0.35 under the RCP8.5

scenario, indicating a superior climatic adaptation of irrigation. However, under

the RCP8.5-SSP3 scenario, the yield loss rate increased from 0.17 in the near term

to 0.26 in the long term, implying the benefits of irrigation will be diminished

with long-term climate change. It is noteworthy that yield improvement was

facilitated by irrigation in part of the NCP (accounting for 14.6% area), suggesting

that irrigation may lead to an increase in winter wheat yields in some regions even

under extreme climate change conditions. This study highlights the significance of

quantitatively revealing the benefits and limitations of adaptive countermeasures

which could assist in enhancing climate change adaptation while preserving a

sustainable agricultural system.
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1 Introduction

Climate change poses a great threat to global food security (Howden et al., 2007;

Ault et al., 2014; Trenberth et al., 2014; Lesk et al., 2016; Hasegawa et al., 2018; Nelson

et al., 2018; Dasgupta and Robinson, 2022), and significant reductions in global wheat

production with increasing temperature were widely reported (Asseng et al., 2015; Chavez

et al., 2015; Sendhil et al., 2018; Ray et al., 2019; Verschuur et al., 2021). However, the adverse

Frontiers in Sustainable FoodSystems 01 frontiersin.org

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2023.1291866
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2023.1291866&domain=pdf&date_stamp=2024-01-05
mailto:yjyue@bnu.edu.cn
https://doi.org/10.3389/fsufs.2023.1291866
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1291866/full
https://orcid.org/0000-0001-5198-1281
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Gao et al. 10.3389/fsufs.2023.1291866

effects of climate change could be substantially offset by applying

adaptation activities (Piao et al., 2010; Chavez et al., 2015; Zhang

et al., 2015; Etwire et al., 2022). While previous studies have tended

to underestimate the contribution of adaptation activities, and

therefore may overestimate the adverse effects of climate change

on grain production (Howden et al., 2007; Liu et al., 2010; Ding

Y. et al., 2021). In sight of this, quantitatively integrating the effects

of adaptation activities in the evaluation of climate change impacts

on grain production has not yet been well explored (Tubiello et al.,

2007; Sloat et al., 2020).

Empirical statistics based on historical data and mechanistic

cropmodels have been widely acknowledged among various studies

evaluating the impact of climate change on grain production

(Asseng et al., 2015). The former assesses the impacts of climate

change on grain production using statistical analysis approaches

based on historical observations (You et al., 2009; Lobell et al.,

2011; Attiaoui and Boufateh, 2019; Mahmood et al., 2019; Ray et al.,

2019; Chandio et al., 2021). For example, using this approach, it was

reported that historical climate trends have led to global declines

in maize and wheat yields of 3.8% and 5.5%, respectively (Lobell

et al., 2011). However, this empirical statistical approach is limited

by the quality of historical observations, making it difficult to apply

to regions with insufficient and low-quality historical data. More

importantly, this approach lacks the ability to capture the effects of

adaptation activities on grain yield under climate change.

Crop models have also been widely applied to quantitatively

simulate the impact of future climate change on grain production

(White et al., 2011; Rosenzweig et al., 2014; Gammans et al., 2016;

Lobell and Asseng, 2017). However, previous studies have tended

to underestimate the positive effects of adaptation activities when

applying cropmodels to assess the effects of climate change on grain

production (Piao et al., 2010; Janssens et al., 2020; Hasegawa et al.,

2021). This problem arises from the neglect or simplification of field

management practices in the parameter settings of crop models

(Deryng et al., 2011; Balkovič et al., 2014; Asseng et al., 2015; Yin

et al., 2015; Yue et al., 2015; Liu et al., 2016; Wang et al., 2018;

Ahmad et al., 2020). Previous studies tended to directly employ the

default parameters of field management practices (Yin et al., 2015;

Yue et al., 2015), or directly disregard water stress (Deryng et al.,

2011; Balkovič et al., 2014; Liu et al., 2016), or utilize current field

management practices parameters and apply to future scenarios

(Asseng et al., 2015; Ahmad et al., 2020), or utilize model automatic

parameter settings (Ahmad et al., 2019), or set field practices

(irrigation volume) parameters using scenario assumptions (Zhu

et al., 2021). For example, Ahmad et al. (2019) use an automated

irrigation schedule generated by the Aquacrop irrigation module to

estimate the future net irrigation water requirement in the case of

no water stress. And Zhu et al. (2021) employed irrigation scenario

assumptions, which set up two scenarios, i.e., full irrigation and

rain-fed, and full irrigation means that irrigation was immediately

triggered once a water shortage occurred. The simplified processing

of the field management parameters can lead to an overestimation

of the impact of climate change on grain production (Piao et al.,

2010; Ding Y. et al., 2021), without properly addressing the role

of adaptation activities in coping with climate change (Yue et al.,

2018).

Among various stressors, water appears to be the primary

one affecting grain production (Lobell, 2014; Zipper et al., 2016;

Lehner et al., 2017). Irrigation parameters also usually be simplified,

although irrigation is usually a key involved in crop models to

simulate grain yield responses to climate change. For example,

default irrigation parameters are used (Leng et al., 2015), or

different irrigation levels are set directly, or determined irrigation

is based on scenarios assumption (Zhang et al., 2022), or predicted

irrigation is based on historical irrigation-crop yield relationships

(Leng et al., 2016). The aforementioned improper settings for future

irrigation in crop model simulation research will lead to significant

uncertainty in assessing the impact of climate change on grain

production. In practice, irrigation varies continuously. The above

parameters setting failed to capture the variation in irrigation under

climate change and socioeconomic development.

In summary, few studies have considered the role of

dynamically adapting irrigation under socioeconomic development

when using crop models to assess the impact of climate change on

crop production. Therefore, it is important to accurately assess the

capacity of adaptation activities to minimize uncertainty in grain

yield simulations under climate change. For this purpose, and to

provide important scientific support for the promotion of rational

climate change adaptation strategies, this study utilized the EPIC

model to quantitatively reveal the effects of irrigation on winter

wheat yields in the NCP through the coupling of extreme climatic

and socioeconomic scenarios.

The specific objectives are as follows: (1) to identify irrigation

evolution with future socioeconomic development scenarios. (2)

to reveal the ability of irrigation to potentially adapt to extreme

climate change for winter wheat in the NCP. (3) to find out the

benefits and limitations of irrigation as a potential strategy for

adaptation to climate change.

2 Methodology

2.1 Basic idea

The NCP is one of the most densely irrigated regions globally

(Zhang et al., 2022), with relatively low annual precipitation (Qu

et al., 2019; Yue et al., 2022). Water scarcity in irrigation (Sun H.

et al., 2019) and significant over-exploitation of groundwater (Yan

et al., 2021) have posed a great threat to agricultural production and

the ecological environment in NCP. To address these challenges,

the Chinese government has implemented a series of policies in the

NCP (Kumar Jha et al., 2019; Sun H. et al., 2019; Sun Z. et al., 2019;

Koch et al., 2020; Yan et al., 2021; Shi et al., 2022). For example,

groundwater extraction permits (Li et al., 2019; Si et al., 2020;

Feng et al., 2021), and water-saving irrigation technologies (e.g.,

drip irrigation, sprinkler irrigation, and underground irrigation

systems) were promoted.

Timely and appropriate irrigation often shows a positive

correlation with grain production (Mwaura and Muwanika, 2018;

Bjornlund et al., 2020; Foster et al., 2020; Gómez-Limón et al.,

2021; Kafle et al., 2022). To reflect the effect of irrigation on

crop yield as a response to climate change, dynamic irrigation

parameters should be used in crop growth simulations. However,

dynamic irrigation parameters are related to a number of factors.

Among these, agricultural production usually keeps pace with

socioeconomic development (Fischer et al., 2005; Ali et al., 2017;
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Li et al., 2021). The effectiveness of national policies and water-

saving irrigation technologies applied in the NCP are often

manifested through financial investments (Kassie and Alemu,

2021), which are closely intertwined with regional economic

conditions. Specifically, we argue that irrigation mainly depends on

the irrigation payment ability which is often closely related to Gross

Domestic Product (GDP), under the conditions of water resource

availability and national policies. In light of this, we regard GDP

as a proxy of socioeconomic development, and future irrigation

under various socioeconomic development scenarios could be

projected referring to the relationship of irrigation and GDP in the

historical period.

Based on the above, the research objectives of this study were

achieved through the following steps: (1) the NCP was selected

as study area (Section 2.2), (2) Irrigation was predicted by the

relationships between irrigation guarantee rate and GDP (Section

2.4.1), (3) Winter wheat yield was simulated by well-calibrated and

verified EPIC model (Section 2.4.2), (4) Impact of irrigation on

winter wheat to extreme climate change scenario was revealed by

comparing the yield losses of winter wheat under the RCP8.5-SSP3

scenario to RCP8.5 scenario (Section 2.4.3).

2.2 Study area

As the most important grain production area in China, the

North China Plain (32◦00’−40◦24’N, 112◦48’−122◦45’E) includes

southern Beijing, Tianjin, Shandong, eastern Henan, south-central

Hebei, northern Anhui, and northern Jiangsu, with a total area of

4.54× 105 km2 (Figure 1).

Most of the NCP is below an elevation of 50m (Li et al., 2015).

There is high thermal variability in the NCP; the sunlight duration

is approximately 2300–2500 h per year, with an average annual

temperature of 8–15◦C. Precipitation decreases continuously from

east to west, with an average annual precipitation of 600mm to

−800mm (Wang et al., 2018; Yue et al., 2022; Yu et al., 2022).

2.3 Data sources

Data applied in the present study are shown in Table 1.

Meteorological data including historical observations (1960–

2011) and meteorological projections of RCP scenarios (2010–

2099). The historical observations download from the National

Weather Science Data Center (http://data.cma.cn/), which was

processed with careful quality control and error checks. The

projected meteorological data at a spatial resolution of 0.5 × 0.5o

from 1971 to 2099, was driven by the GFDL-ESM2M model. This

dataset was bias-corrected and there were no missing data has been

applied in our prior studies (Yue et al., 2018, 2019, 2022; Jiang et al.,

2019). Among the RCP scenarios, the RCP8.5 scenario was selected

in this study, representing an extreme climate scenario of a future

development path without significant emission reduction measures

(Schwalm et al., 2020).

Socioeconomic development data including historical statistics

data (2000–2009) and the Shared Socioeconomic Pathways (SSPs)

scenarios data (2005–2099). The socioeconomic historical statistics

data were obtained from the socioeconomic statistics from

prefecture-level statistical yearbooks (http://tongji.cnki.net/kns55/

Navi/NaviDefault.aspx). The Shared Socioeconomic Pathways

(SSPs) scenarios data quantified with Integrated Assessment

Models (IAMs) (https://tntcat.iiasa.ac.at/SspDb/dsd?Action=

htmlpage&page=about), were selected to represent socioeconomic

development (Riahi et al., 2017; Rogelj et al., 2018). These

scenarios provide qualitative and quantitative descriptions of

alternative socioeconomic developments from 2005 to 2099. The

quantitative elements provide data accompanying the scenarios

on national population, educational attainment, urbanization and

gross domestic product (GDP) per capita. Specifically, the GDP

of the SSP3 scenario was applied as one of the socioeconomic

development indicators.

The data of winter wheat yield (1999–2011) and field

management (including sowing date, harvest date, effective

irrigation area) (2000–2009) in the NCP was download from the

online database of the China Meteorological Data Service Center

of China Meteorological Administration (http://data.cma.cn/), and

China National Knowledge Infrastructure (CNKI) (https://data.

cnki.net/). These dataset were processed with careful quality control

and error checks.

The dataset of Global Harvested Area Fractional for Wheat

obtained from Sustainability and the Global Environment (SAGE)

provides the winter wheat harvested area ratio data in NCP of 2010,

with a resolution of 5′×5′ (http://nelson.wisc.edu/sage/data-and-

models/crop-calendar-dataset/index.php). And the Global Agro-

Ecological Zones dataset was adopted as a classification reference

for agricultural zones.

All data were preprocessed at a spatial resolution of 0.5 × 0.5o,

and the geographic coordinate system was WGS1984.

2.4 Methods

2.4.1 Irrigation prejection
In the present study, the irrigation guarantee rate (IGR) is

selected as the indicator to reflect the irrigation capacity. We

further assume that the future IGR can be predicted following the

relationship between historical IGR and GDP. The future IGR is

quantified by Equation 1.

IGRi =
GDPi

N
(1)

Where IGRi is the predicted IGR in the future year i, and GDPi
is the GDP in the future year i, N is a constant of the IGR and GDP

growth ratio during the historical time period.

N is expressed by Equation 2.

N =
GDPh

IGRh
(2)

Where GDPh is the growth rate of GDP and IGRh is the growth

rate of IGR in historical period, respectively.

GDPh and IGRh can be calculated by Equations 3 and 4.

GDPh =
GDPt2 − GDPt1

GDPt1
(3)

IGRh =
IGRt2 − IGRt1

IGRt1
(4)
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FIGURE 1

Geographic location of the North China Plain.

TABLE 1 Data sources.

Data name Contents Source

Meteorological observation data Daily recorded data, 1960–2011, 752 stations, includes

precipitation, temperature, radiation, wind speed, and

relative humidity, etc.

China Meteorological Data Service Center of China

Meteorological Administration (http://data.cma.cn/)

Meteorological projection data Daily data of RCPs scenarios driven by GFDL-ESM2M

model, 2010–2099, including precipitation, temperature,

radiation, wind speed, relative humidity, etc.

Coupled Model Intercomparison Project 5 (CMIP5) (https://

esgf-node.llnl.gov/projects/cmip5/)

Socioeconomic data Socioeconomic statistics data, 2000–2009, including effective

irrigated area, arid area, etc. Shared Socioeconomic

Pathways (SSPs) scenarios data, 2005–2099, including

population, GDP per capita, etc.

Socioeconomic statistics from prefecture-level statistical

yearbooks (http://tongji.cnki.net/kns55/Navi/NaviDefault.

aspx); Shared Socioeconomic Pathways (SSPs) data

quantifications build upon the IAM scenarios (https://tntcat.

iiasa.ac.at/SspDb/dsdAction=htmlpage&page=about)

Wheat yield data Annual wheat yield data recorded by agro-meteorological

experimental stations of the China Meteorological

Administration, 1999–2011.

China Meteorological Data Service Center of China

Meteorological Administration (http://data.cma.cn/)

Field management data Winter wheat sowing date, harvest date, effective irrigation

area, etc., 2000–2009.

China Meteorological Data Service Center of China

Meteorological Administration (http://data.cma.cn/);

Statistical Yearbook (https://data.oversea.cnki.net/chn/

YearData/Analysis?id=01)

Global harvested area fractional for wheat Winter wheat harvested area ratio data, 2010, 5′×5′ . Sustainability and the Global Environment, SAGE (http://

nelson.wisc.edu/sage/data-and-models/crop-calendar-

dataset/index.php)

Global agro-ecological zones dataset Digital elevation data, slope data, etc., 2012, 5′×5′ . Global Agro-Ecological Zones, GAEZ (IIASA/FAO, 2012)

Where GDPt1 and GDPt2 represent the GDP in the start year t1
and end year t2 during a historical time period, respectively. And,

IGRt1 and IGRt2 represent the IGR in the start year t1 and end year

t2, correspondingly.

In this study, the Representative Concentration Pathway (RCP)

8.5 scenario represented an extreme climate change scenario,

and the Shared-Socioeconomic Pathway (SSP) 3 scenario was

selected as a socioeconomic development scenario corresponding

to RCP8.5. The historical period of 2000–2009 was defined as the

baseline, and the future period is 2010–2099.

It cannot be denied that future irrigation will not necessarily

follow the 1991–2009 rules, though we predicted future IGR

Frontiers in Sustainable FoodSystems 04 frontiersin.org

https://doi.org/10.3389/fsufs.2023.1291866
http://data.cma.cn/
https://esgf-node.llnl.gov/projects/cmip5/
https://esgf-node.llnl.gov/projects/cmip5/
http://tongji.cnki.net/kns55/Navi/NaviDefault.aspx
http://tongji.cnki.net/kns55/Navi/NaviDefault.aspx
https://tntcat.iiasa.ac.at/SspDb/dsdAction=htmlpage&page=about
https://tntcat.iiasa.ac.at/SspDb/dsdAction=htmlpage&page=about
http://data.cma.cn/
http://data.cma.cn/
https://data.oversea.cnki.net/chn/YearData/Analysis?id=01
https://data.oversea.cnki.net/chn/YearData/Analysis?id=01
http://nelson.wisc.edu/sage/data-and-models/crop-calendar-dataset/index.php
http://nelson.wisc.edu/sage/data-and-models/crop-calendar-dataset/index.php
http://nelson.wisc.edu/sage/data-and-models/crop-calendar-dataset/index.php
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Gao et al. 10.3389/fsufs.2023.1291866

according to the relationship between historical IGR and GDP.

Furthermore, Irrigation is not the only adaptation countermeasure

to climate change on winter wheat yield production, and its effects

should be comprehensively understood.

2.4.2 Winter wheat yield simulation
2.4.2.1 EPIC model

The EPIC model was adopted to simulate winter wheat yield

under climate change.

The EPIC model is capable of simulating crop growth at

different spatial scales, including station scale, field scale, and

regional scale. Besides, EPIC simulates approximately eighty crops

with one crop growth model using unique parameter values for

each crop (Williams et al., 1984, 1989; Steduto et al., 1995;Williams,

1997). Together with its multi-scale suitability, high regional

simulation accuracy can be obtained by the well-calibrated EPIC

model using the observed parameters on the station.

Furthermore, EPIC is capable of predicting the effects of field

management parameters, and their combined impact on crop yields

for areas (Ko et al., 2009; Chavez et al., 2018; Yang et al., 2019;

Feng et al., 2021). For example, simulating the variance of soil water

and its effects on crop production. Therefore, EPIC is one of the

predominant crop models in the world as an effective decision-

support tool in irrigation allocation and scheduling.

Based on the above merits, the EPIC model was adopted in

the present and our previous studies to reveal the effects of water

utilization on crop yield and disaster risk under different climate

change scenarios (Yue et al., 2015, 2018, 2022).

2.4.2.2 Model calibration and validation

Model calibration assists in validating the wheat varieties

identified by genetic parameters within the EPIC model. This study

used the Shuffled Complex Evolution method developed at the

University of Arizona (SCE-UA) (Duan et al., 1993; Zhang et al.,

2009) to calibrate the winter wheat sensitivity parameters, to obtain

the optimal parameter combinations for each agricultural region in

the NCP.

The calibration principle is to minimize the total error between

the simulated yield and the actual yield in the same year for a

typical site. The NCP was divided into four agricultural regions

for parameter calibration, and the calibrated parameters of each

agricultural region please refer to Table 2 in our prior study (Yue

et al., 2022).

In the present study, the relative root mean square error

(RMSE) of the model simulations was adopted to assess the EPIC

model performance. The specific evaluation variable is as follows:

RMSE =

√

∑n
i=1 (xi − yi)

2

n
(5)

Where Xi indicates the observed data, Yi indicates the

simulated data, and n denotes the number of samples.

2.4.2.3 Model application

Using the carefully calibrated and validated EPIC model, and

taking historical (baseline period: 2000–2009) meteorological data,

extreme climate scenario (RCP8.5) data, extreme climate scenario

(RCP8.5) and the irrigation data driven by future socio-economic

scenario (SSP3) as inputs, the yields of winter wheat under the

historical period, RCP8.5 scenario, and RCP8.5-SSP3 combination

scenario were obtained respectively. Furthermore, the yields of

winter wheat under the RCP8.5 scenario, i.e., yield under extreme

climate change, and that under the RCP8.5-SSP3 combined

scenario, i.e., yield considering irrigation adaptive measures with

economic development, were used to evaluate the benefits and

limitations of irrigation on adaptation to climate change of winter

wheat production in the NCP.

2.4.3 Winter wheat yield loss assessment
The impacts of irrigation on winter wheat production under

future climate change were quantitatively assessed by comparing

simulated winter wheat yield losses with/without considering

dynamic irrigation parameters. Two kinds of winter wheat yield

loss were defined, i.e., physical and comprehensive yield losses. The

former is defined as the winter wheat yield loss caused by climate

change (Uzielli et al., 2008; Papathoma-Köhle et al., 2011; Quan

Luna et al., 2011). The latter is defined as winter wheat yield loss

under an irrigation adaptive climate change scenario.

Specifically, physical winter wheat yield loss represents the

impact of the unmitigated/extreme climate change scenario, i.e.,

the RCP8.5 scenario without considering irrigation. While, the

comprehensive yield loss of winter wheat under the RCP8.5-

SSP3 scenario, which was simulated using dynamic irrigation

parameters, i.e., predicted IGR under the SSP3 scenario according

to Equations 1-4, represent the impact of adaptive irrigation under

socioeconomic development.

Taking the 95%maximum annual wheat yield (Sloat et al., 2020)

from 2000 to 2009 as the baseline, the physical winter wheat yield

loss (Ylossp) caused by climate change is calculated as:

Ylossp =
Ybase − YRCP8.5

Ybase
(6)

Where Ybase is the annual baseline yield and YRCP8.5 is the

annual winter wheat yield under RCP8.5.

Accordingly, the comprehensive winter wheat yield loss (Ylossc)

is calculated as:

Ylossc =
Ybase − YRCP8.5−SSP3

Ybase
(7)

where YRCP8.5−SSP3 is annual winter wheat yield under the

RCP8.5-SSP3 scenario considering irrigation.

The winter wheat yield losses were grouped into four classes,

i.e., very slight (Yloss < 0.3), slight (0.3 ≤ Yloss < 0.5), moderate

TABLE 2 Simulation errors in each agricultural sub-region of the NCP.

Agricultural sub-region Region-1 Region-2 Region-3 Region-4

RMSE (kg/ha) 14.16 13.76 12.02 11.22
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(0.5 ≤ Yloss < 0.7), and severe (Yloss ≥ 0.7), according to the

principle of minimum differences within groups and maximum

differences between groups. Besides, the projection period was

divided into three periods, i.e., near-term (2010–2039), medium-

term (2040–2069), and long-term (2070–2099) term (Carew et al.,

2018; Xiao et al., 2018), which will help us to specifically understand

the trends over time.

3 Results

3.1 EPIC model calibration and validation

The simulation validation results of winter wheat yield shown

in Figure 2 and Table 2. The validation results indicate that our

model has good applicability in NCP, with the average RMSE

is 12.79 kg/ha (Table 2). Comparing the observed and simulated

winter wheat yield in NCP (Figure 2A), the results indicate that

the distribution of simulated and observed yields is relatively

concentrated, uniformly distributed around the 1:1 line. Further

exploration of the data distribution and variability of observed and

simulated yields was conducted (Figure 2B). The results indicate

that the data distribution ranges of the two yields exhibit a similar

normal distribution, with low variability in simulated yields. The

above results imply that the EPIC model demonstrates superior

performance in simulating winter wheat yields in NCP.

3.2 Physical winter wheat yield loss

Compared to baseline, the Y lossp of winter wheat in the

NCP under the RCP8.5 scenario averaged 0.35 (calculated by

Equation 6) during 2010–2099. Among which, winter wheat yield

loss reaches moderate and severe levels (Y lossp ≥ 0.5) account for

21.1% (Figure 3). This implies that the winter wheat production

in the NCP is expected to suffer a significant reduction under the

RCP8.5 scenario.

The Ylossp of winter wheat in the NCP varied significantly in the

near-, medium-, and long-periods (Figure 3). The average values of

Ylossp were 0.32, 0.32, and 0.42 in the corresponding time periods. In

particular, the areas with a Ylossp reaching severe level (Ylossp ≥ 0.7)

are 11.4%, 11.3%, and 19.2%, respectively. This finding increased by

68.4% in the long-term than that in the near-term. The proportions

of Ylossp below the very slight level (Ylossp ≤ 0.3) are 59.9%, 58.3%,

and 29.6% in the near-, medium-, and long-term, respectively, and

decreased by 50.6% in the long-term compared to the near-term.

These results indicate that winter wheat yield loss in the NCP

tend to increase severely over time under the RCP8.5. Specifically,

yield loss increased significantly over the long-term, with 27.0%

of the areas experiencing a yield loss of over moderate degree

(Ylossp ≥ 0.5). This finding implies that climate change may cause

a catastrophic strike in food security in China, without taking

reasonable adaptation countermeasures.

Spatially, the Ylossp of winter wheat in the NCP is higher in

the south and lower in the north, and its spatial distribution

is significantly diverse. Areas with Ylossp exceeding severe degree

(Ylossp ≥ 0.7) account for 13.1% of the winter wheat-planting areas

and are primarily distributed in southern of the NCP, i.e., northern

Anhui and Jiangsu, and southeastern Henan. In contrast, the areas

with Ylossp below very slight level (Ylossp ≤ 0.3) account for 51.9%

and are primarily distributed in the center and northern regions,

specifically eastern Shandong and central Hebei (Figure 4A). The

Ylossp increased over time from the south to north (Figures 4B–D),

with the majority of areas with Ylossp exceeding severe degree

(Ylossp≥ 0.7) concentrated in the south.

The above results indicate that under the RCP8.5 scenario,

regions that are initially less susceptible to winter wheat are prone

to yield loss. In particular, winter wheat south of the NCP may

suffer significant yield loss by the end of this century.

3.3 Comprehensive winter wheat yield loss

Integrated climate change (RCP8.5) and socioeconomic

development (SSP3) (i.e., the RCP8.5-SSP3 scenario), the Ylossc of

winter wheat average approached 0.21 (calculated by Equation 7)

from 2010 to 2099 compared to baseline. Among them, the Ylossc

of exceeding moderate degree (Ylossc ≥ 0.5) occupied 11.4%, which

decreased by 46% to that of Ylossp (Figure 5). This implies that

irrigation adjusts to socioeconomic can significantly mitigate the

negative impacts of climate change on the yield loss of winter wheat

in the NCP.

The Ylossc of winter wheat under irrigation increased

incrementally over time (Figure 5). The Ylossc of winter wheat in

the NCP in the near-, medium-, and long-term were 0.17, 0.19,

and 0.26, respectively. Specifically, proportions of Ylossc exceeding

moderate level (Ylossc ≥ 0.5) increase from 1.9 in the near-term to

11.4% in the long-term, indicating that irrigation cannot entirely

offset winter wheat yield loss, despite the fact that irrigation

effectively mitigates the negative effects of climate change in the

majority of winter wheat-planting areas.

Compared to Ylossp, the average Ylossc under irrigation

significantly decreased by 40% from to 2010–2099. Of these,

Ylossc in the near-term, medium-term, and long-term decreased

by 15%, 13%, and 16%, respectively. Moreover, the areas with

a winter wheat yield loss above moderate degree (Ylossc ≥ 0.5)

decreased from 21.1% under RCP8.5 to 6.1% under RCP8.5-SSP3,

i.e., decreased by 85.3%. Our findings indicate that irrigation, as an

adaptive activity to climate change, can significantly mitigate the

yield loss of winter wheat even under extremely climate change

scenarios, that is, adaptive activities play a key role in ensuring

agricultural production.

Under the RCP8.5-SSP3 scenario, the Ylossc of winter wheat in

the NCP under irrigation were also higher in the south and lower in

the north. The proportions of Ylossc exceeding severe degree tended

to decrease from 90.8 to 84.6 and 79.0% in the near-, medium-, and

long-term, respectively.

The proportions that encountered Ylossc in the NCP account for

85.4% on average. However, the proportions with Ylossc exceeding

severe degree only account for 1.5%, which tends to increase

from 1.4%, 1.6%, to 6.0% in the near-, medium-, and long-term,

respectively. In contrast, the proportions with Ylossc below very

slight level account for 78.3%, which tended to decrease from

85.6%, 80.5% to 64.7% in the near-, medium-, and long-term,

respectively. Compared with that of the near-term, the proportions
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FIGURE 2

Comparison between observed yield and simulated yield of winter wheat in NCP.

FIGURE 3

Proportion of four categories of yield loss under the RCP8.5 scenario.

with Ylossc below very slight degree decreased by 24.4%, and the

proportions with Ylossc exceeding severe degree increased triples in

the long-term.

At the same time, winter wheat yields increase were observed

in 14.6% of the NCP areas from 2010 to 2099 on average. It

is mainly distributed in the north-central and eastern regions of

NCP, i.e., the areas with Ylossc are negative (Figure 6). Compared

with baseline, the proportions with increased winter wheat yields

accounted for 9.2%, 15.4% to 21.0% in the near-, medium- and

long-term, respectively. These findings imply that irrigation may

potentially be capable of offset the negative impacts of climate

change. However, the proportions that encountered winter wheat

yield loss in the NCP was still significantly higher than those of the

yield increased. In addition, yield loss tends to be exacerbated over

time, specifically, the decrease in the low and the increase in the

high yield loss areas.

Compared to the Ylossp , the Ylossc of winter wheat areas

significantly shrunk after irrigation. Under the RCP8.5-SSP3

scenario, winter wheat yields growth in the NCP increased by 4.9%

from 2010 to 2099. However, the areas with a Ylossc below very slight

degree under irrigation increased by 25.6% and Ylossc exceeding

severe level under irrigation decreased by 11.6% compared to

the Ylossp. The proportions with a Ylossc below very slight degree

are primarily distributed in the center and northern of NCP.
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FIGURE 4

Spatial distribution of wheat physical yield loss rate for 2010–2099 under RCP8.5 scenario [(A) average, (B) near-term, (C) medium-term and (D)

long-term].
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FIGURE 5

Proportion of four categories of yield loss under RCP8.5-SSP3 scenario.

In contrast, the areas with a Ylossc exceeding severe degree are

primarily distributed in the east-central region of NCP.

In summary, our results strongly support these conclusions.

First, the continuous strengthening of irrigation with

improvements in socioeconomic development can effectively

offset the negative impact of extreme climate change on winter

wheat production in the NCP. Additionally, it must be recognized

that as an effective adaptation activity to climate change, the

benefits of irrigation on winter wheat production are limited.

Undoubtedly, extreme climate change will have a severe and

catastrophic impact on winter wheat production in the NCP in the

long run. Based on the above results, we argue that comprehensive

adaptation activities, including irrigation, must be considered,

rather than relying solely on irrigation for better climate change

mitigation. Specifically, in the context of water scarcity in the NCP,

adaptation activities other than irrigation, such as crop variety

improvement, must be highly valued. We discuss these issues in

Section 4.

4 Discussion

Under RCP8.5, an average winter wheat Y lossp of 0.35 was

observed during 2010–2099 compared to the baseline period

(Figure 4A). This is much higher than that of 0.17 (Liu et al.,

2021), and close to but a little bit higher than those of 0.1–0.3

(Yin et al., 2015) reported in prior studies. Among which, areas

with Y lossp exceeding moderate and severe degrees will account

for 21.1% and 19.2%, respectively (Figure 3). We further found

that the Ylossp under the RCP8.5 scenario increases by 13.5% and

50% compared to those of RCP2.6 and RCP4.5 scenarios in the

long-term (Figure 7), respectively. Our results highlight that winter

wheat losses in the NCP under the RCP8.5 scenario is much higher

than those of the global average, i.e., 5.5% (Lobell et al., 2011)

and 13.4% (Ray et al., 2019) decline with climate change, and 6%

decrease for every 1◦C increase (Asseng et al., 2015). These findings

suggest that climate change will significantly reduce winter wheat

yields in the NCP without any adaptation countermeasures. And,

the adverse effects of climate change on winter wheat production

may vary significantly among different regions of the world.

In light of this, irrigation plays a critical role in coping with

the negative impacts of climate change in the NCP. Irrigation

was widely acknowledged as an effective adaptation measure

to ensure global food security under climate change, especially

with aggravating drought trend (Tari, 2016; Zhou et al., 2018;

Francaviglia and Di Bene, 2019; Kumar Jha et al., 2019; Jia et al.,

2021; Wei et al., 2022). It reported that with every 1% increase

in irrigated areas, winter wheat areas have increased by 1.24% in

China (Fan et al., 2020). Nevertheless, irrigation is constrained

by various factors such as socioeconomic development, irrigation

techniques, irrigation equipment, water resource availability (Chen

et al., 2015; Bai et al., 2020), and crop varieties (Belaqziz et al., 2021).

Based on this, we argue that water-saving irrigation techniques and

efficient irrigation schemes are crucial for sustainable agricultural

development in the NCP, where precipitation is scarce and

irrigation water resources are limited during the winter wheat

growing period.

Moreover, inappropriate irrigation causes many negative

impacts such as a decrease in runoff and underground water

resources (Dalin et al., 2017), accelerated desertification (Fiebig and

Dodd, 2016), and secondary soil salinization (Pulido-Velazquez

et al., 2018). Notably, the NCP is one of the four regions worldwide

with severe underground water overdrafts (Wada et al., 2010). This

feature seriously threatens regional environmental safety (Zhao
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FIGURE 6

Spatial distribution of wheat physical yield loss rate for 2010–2099 under RCP8.5-SSP3 scenario [(A) average, (B) near-, (C) medium- and (D)

long-term].
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A B

FIGURE 7

Spatial distribution of wheat physical yield loss rate for 2010–2099 under RCP2.6 (A) and RCP4.5 (B) scenarios.

et al., 2020) and food security. Accordingly, over-reliance on

irrigation to cope with climate change may entail significant water

resources, and environmental and economic costs. Therefore, there

is an urgent need to update technologies for regional irrigation

to increase grain production (Tari, 2016) and further secure the

sustainable development of regional agriculture.

The findings indicates that irrigation can substantially reduce

winter wheat yield loss caused by climate change (Figure 6).

However, even with the irrigation changes with socioeconomic

development, climate change is projected to decrease wheat

production potential (Figure 6D). Similarly, model projections

indicate that even under the most optimistic assumptions about

freshwater distribution and transportation, the beneficial effects of

irrigation will be exhausted by the detrimental effects of climate

change on crop yields by 2070 at the latest (Elliott et al., 2014).

Moreover, adaptation activities include irrigation (Zang et al.,

2022), co-application of fertilization (Yu et al., 2022), modification

of sowing dates (Chen et al., 2020), alteration of crop distribution

(Yue et al., 2019), and crop variety improvement (Zhao et al., 2022).

Among these, earlier sowing dates were found to be beneficial for

wheat yield, but early sowing opportunities under the dry scenario

were extremely limited (Chen et al., 2020). Conversely, delayed

sowing date negatively affects the wheat yield (Newport et al., 2020;

Sayed et al., 2021). This finding was also found in the NCP, i.e., the

yield losses were more severe in areas with late planting dates for

winter wheat (Figures 5, 6, 8B).

Meanwhile, many studies claim that the integrated application

of multi-adaptation activities can compensate for the limitations

of an individual countermeasure. For example, enhancing fertilizer

application, such as manure (Ding Z. et al., 2021), and water-

use efficiency can significantly increase regional grain yields

(Bai and Gao, 2021) while saving irrigation water (Belaqziz

et al., 2021). However, we argue that the application of

multi-adaptive activities (especially climate-smart agricultural

techniques) presupposes a clear understanding of the functions,

benefits, and limitations of individual activities. Among the

various stressors of agricultural production, water is one of

the basic elements of plant growth and a constraint on grain

production (Zeng et al., 2021). Therefore, irrigation is a basic

and indispensable adaptation activity significantly affected by

climate change and influences the effectiveness of the application

of other activities (e.g., fertilizer application, cropping system,

and sowing dates). Though the other adaptation countermeasures

may also be affected by climate change, they seldom should be

directly constrained by climate change as irrigation. Therefore,

we argue that a comprehensive understanding of the role,

benefits, and limitations of irrigation on agricultural production

is essential and imperative first and foremost. Our study provides

an interesting perspective by quantifying the impacts of climate

change and irrigation on winter wheat yield in the NCP.

Though this study considers only one climate smart variable, i.e.,

irrigation, our results could be interesting to people interested in
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A B

FIGURE 8

Winter wheat sowing date and harvest date in the NCP.

understanding the impact of irrigation as a climate mitigation and

adaptation tool.

The yield loss of winter wheat in the NCP was found higher

in the south and lower in the north, either under the RCP8.5

scenario or the RCP8.5-SSP3 scenario (Figures 4, 6). This implied

that the adverse effects of climate change on winter wheat have

gradually intensified from higher to lower latitudes. Many previous

studies have observed that grain production in regions with lower

latitudes is more vulnerable to climate change (Leng et al., 2015; Liu

et al., 2016; Yue et al., 2019). For example, in China, a significant

migration of rice planting in Heilongjiang Province has shifted

northward by 4◦ (Piao et al., 2010); climate change may increase

land suitability for wheat cultivation in high-latitude regions (Yue

et al., 2019; Ahmad et al., 2020). Globally, the future land suitability

of wheat cultivation varies significantly, but will benefit wheat

production in Europe, Russia, the United States, Canada, China,

and Pakistan with changing climate (Yue et al., 2019). Therefore,

in the foreseeable long-term, we argue that adequately regarding

the planting suitability of regional cultivation (Tahmasebi et al.,

2020) and adjusting land use patterns (Lei et al., 2014; Yegbemey,

2021) will have a positive effect on agricultural production under

climate change.

Agricultural development stages, field practices, and land-use

patterns differed by region around the world (Tahmasebi et al.,

2020; Tian and Zhang, 2020; Belaqziz et al., 2021). Increased grain

production may incur enormous economic and environmental

costs in order to ensure food security in the face of population

growth and climate change (Lange et al., 2020; Hong et al., 2022;

Yang et al., 2022). Our findings show considerable potential from

irrigation to avoid some of the damages from climate change.

The remaining losses, however, indicate that irrigation is not a

panacea and that more adaptation practices are needed to help

farmers and meet future food demands. This study sheds light on

the significance of reasonable adaptive countermeasures that can

precisely respond to climate change to ensure food security while

maintaining a sustainable agricultural system without additional

costs to resources, the environment, and the economy.

This study may be limited in the sense it considers only

one climate smart variable, i.e., irrigation. Limited to the goals

of exploring the benefits and limitations of irrigation on crop

yield. The other important variables such as fertilization, crop

variety improvement, sowing date, or other adaptation activities

that perform a critical role in increasing and stabilizing agricultural

production (Cordell et al., 2009; Xiong et al., 2021), were not

considered. However, of all variables, irrigation is the most

important countermeasure in maintaining/ promoting agricultural

production under climate change, especially when facing climate

change-related natural hazards, such as drought. In addition,

different climate-smart variables have different impact mechanisms

on the adaptation of agricultural systems to climate change. If many

variables are considered at the same time, it may be impossible to

distinguish the benefits and limitations of different variables. We

argue that it may be an effective way to evaluate its role in coping

with climate change from a single variable.
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Besides, the marginal benefits of GDP growth on irrigation

were not considered, which theoretically must exist and need

to be explored further. Moreover, we only evaluated irrigation

from the perspective of adaptive capacity without considering

future regional water supply and availability. Furthermore, the

discrepancies in climate change on crop yield at different growing

stages are ignored. Climatic change-related hazards, such as

drought and heat waves, affect crop yield and vary at different

growth stages (Zhang et al., 2018; Jiang et al., 2019). Therefore,

those limitations could be considered more comprehensively in

future evaluation research.

5 Conclusion

Although it is well known that irrigation can promote

agricultural yields, the extent to which irrigation as an adaptation

measure can withstand the effects of climate change is still not clear.

On the contrary, in the assessment of the impact of climate change

on grain production, neglect of adaptation countermeasures tends

to exaggerate the adverse effects of climate change, thus restricting

the proposal of reasonable adaptation strategies to climate change.

From this perspective, this study evaluated winter wheat yield gains

and losses in the NCP under an extremely unmitigated climate

change scenario (RCP8.5) and those considering both climate

change and irrigation driven by future socioeconomic development

scenarios (RCP8.5-SSP3) from 2010 to 2099.

Our findings confirmed that irrigation can largely mitigate

climate-induced reductions in winter wheat yields in the NCP.

Under the RCP8.5 scenario, an average yield loss rate of 0.35 was

observed. Areas of high-yield loss of winter wheat are primarily

distributed in the southern NCP, that is southern Henan, northern

Anhui, and Jiangsu. In comparison, the average yield loss rate

was 0.21 under the RCP8.5-SSP3 scenario, implying that irrigation

significantly eliminates the impact of climate change on the yield

loss of winter wheat. However, winter wheat yield loss tends to

intensify with changing climate over time even irrigation cannot

offset the adverse effects of climate change. Therefore, we argue that

irrigation can hardly compensate for losses in winter wheat yield in

the long term; that is, irrigation has limited mitigation benefits in

adapting to climate change.

Although this study merely explored the effects of irrigation

on winter wheat yields under extremely unmitigated climate

conditions, the long-term sustainability of irrigation expansion is

clearly revealed considering the existing stress on water supplies.

The significance lies not only in the capacity to offer a thorough

insight into how climate change affects agricultural production

but also in similar studies at different scales, such as considering

fertilization, adjustment of sowing dates, and variety improvement,

which can potentially identify optimal global and regional

climate change adaptation countermeasures. We emphasize that to

formulate scientifically viable adaptation countermeasures in the

context of global climate change, it is vital to consistently focus on

the process of adaptive activities on agricultural production and to

strengthen the evaluation of the benefits and limitations of various

adaptation countermeasures.
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