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• A novel cluster analysis was used to characterise ideotypes and waterlogging stress
patterns.
• Wheat ideotypes have a medium-late maturity, larger grain size and higher RUE.
• We highlighted a roadmap to breed for
waterlogging stress tolerance in southern
China.
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A B S T R A C T

Climate change (CC) in central China will change seasonal patterns of agricultural production through increasingly frequent extreme climatic events (ECEs). Breeding climate-resilient wheat (Triticum aestivum L.) genotypes may mitigate
adverse effects of ECEs on crop productivity. To reveal crop traits conducive to long-term yield improvement in the
target population of environment, we created 8192 virtual genotypes with contrasting but realistic ranges of phenology, productivity and waterlogging tolerance. Using these virtual genotypes, we conducted a genotype (G) by environment (E) by management (M) factorial analysis (G × E × M) using locations distributed across the entire cereal
cropping zone in mid-China. The G × E × M invoked locally-speciﬁc sowing dates under future climates that were
premised on shared socioeconomic pathways SSP5–8.5, with a time horizon centred on 2080. Across the simulated adaptation landscape, productivity was primarily driven by yield components and phenology (average grain yield
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increase of 6–69% across sites with optimal combinations of these traits). When incident solar radiation was not limiting carbon assimilation, ideotypes with higher grain yields were characterised by earlier ﬂowering, higher radiationuse efﬁciency and larger maximum kernel size. At sites with limited solar radiation, crops required longer growing periods to realise genetic yield potential, although higher radiation-use efﬁciency and larger maximum kernel size were
again prospective traits enabling higher rates of yield grains. By 2080, extreme waterlogging stress in some regions of
mid-China will impact substantially on productivity, with yield penalties of up to 1010 kg ha−1. Ideotypes with optimal G × M could mitigate yield penalty caused by waterlogging by up to 15% under future climates. These results help
distil promising crop trait by best management practice combinations that enable higher yields and robust adaptation
to future climates and more extreme climatic events, such as ﬂash ﬂooding and soil waterlogging.

1. Introduction

Ibrahim et al., 2019). This reduces the power of the breeding process and
makes the selection of superior genotypes for speciﬁc stress environments
more difﬁcult (Rodriguez et al., 2008). Additionally, ﬁeld-based plant
breeding is usually expensive in terms of labour, time and money, particularly under the prospects of future climatic change (Gouache et al., 2017).
Process-based systems models are developed to explore complex interactions between genotype, management and environment (Ho et al.,
2014). They offer a powerful and rational approach to better target and accelerate development of new crop genotypes (Hammer et al., 2016;
Hammer et al., 2019; Harrison et al., 2014a; Liu et al., 2020a). For example,
Wang et al. (2019) identiﬁed the traits of rainfed wheat ideotypes to adapt
to future climate change in Australia; Xiao et al. (2020) conducted a similar
study with rainfed maize ideotypes in North Plain China (NPC). Likewise,
Xin and Tao (2019) identiﬁed the traits of wheat and maize ideotypes for
wheat-maize rotations in NPC. These studies provide good insights based
on model-aided crop ideotypes but ignore the importance of abiotic stress
tolerance in crops as a major driver of overall crop improvement (Lobell,
2014). Although genotypes with contrasting waterlogging stress tolerance
have recently been identiﬁed in our studies (Ding et al., 2020; Liu et al.,
2020b), empirical evaluation of genotype performance under various environmental and management conditions remains to be conducted.
In central China, waterlogging may occur at any stage of crop development. Understanding temporal and spatial variability in waterlogging risk
for wheat cropping zones would beneﬁt model-assisted design of climate
change adaptation strategies (Liu et al., 2021). Modelling tools have been
used to characterise both the water-deﬁcit and the waterlogging stress patterns experienced by a crop at a regional or national level in many cropping
zones (Chenu et al., 2013; Harrison et al., 2014b; Lobell et al., 2015). More
importantly, this approach has proven useful for breeding for improved abiotic stress tolerance in crops adapted to climate change (Hammer et al.,
2020).
In this study, we created a range of virtual genotypes with contrasting
phenology, growth rate and yield traits and waterlogging tolerance for different environments. We then conducted a genotype by environment by
management analysis (G × E × M) to identify the high performing genotypes in the response surface. The objectives of this study were to
(a) identify genotypes with optimal combination of traits adapting to future
climate change, and (b) examine how waterlogging frequencies and seasonal typologies inﬂuence yield under future climate change scenarios.

Securing global food supply in an increasingly volatile climate and rapidly growing population is and will remain to be one of the greatest challenges facing humanity in the 21st century (Fahad et al., 2021; Fujimori
et al., 2019; Harrison et al., 2021). Increased frequency and intensity of extreme temperature and increasingly unreliable rainfall events will have
consequences for most crops, including wheat, which is globally the second
most prevalent cereal crop (Asseng et al., 2015; Chen et al., 2020;
Mahmood et al., 2019). Sustainable intensiﬁcation of food supply is required as future demand for food and animal protein increases with increasing global afﬂuence (Cassman and Grassini, 2020; Harrison et al., 2012a,
2012b). This sustainable intensiﬁcation must occur without degrading waterways, destroying biodiversity or increasing greenhouse gas emissions
(Alcock et al., 2015; Chang-Fung-Martel et al., 2017; Harrison et al.,
2014a, 2014b, 2014c, 2016), highlighting the need to consider both cobeneﬁts and trade-offs associated with food production (Harrison et al.,
2011).
Productivity of wheat crops grown in central parts of China have been
declining due to increased frequencies of extreme climatic events driven
by current climate change, including ﬂash ﬂooding and seasonal
waterlogging stresses (Ding et al., 2020; Du et al., 2021). Indeed, extreme
events cause 10% yield loss in wheat every two years in central China
(Cheng et al., 2012). With climate change, other regions will likely similarly
face a greater risk of waterlogging due to higher frequencies and greater
magnitudes of extreme rainfall events (You et al., 2021). Thus, there is an urgent need to develop and implement adaptation strategies that mitigate the
adverse effects of climatic events (Phelan et al., 2015; Harrison et al., 2017).
Climate change adaptation in agricultural systems may entail changes
in agronomic practices and genotype selection (Ali Raza et al., 2021;
Sloat et al., 2020). In the middle of China, wheat is mainly produced
using an intensive crop rotation system composed of summer rice and winter wheat, with a relatively short sowing window. Thus, there is limited
scope to further increase wheat productivity by altering sowing date and
seeding rate in this region (Liu et al., 2021; Shah et al., 2021). There is,
however, evidence that better adapted genotypes could effectively combat
the negative impacts of climate change (Ravasi et al., 2020; Senapati et al.,
2019; Tao et al., 2017). An optimum genotype usually refers to breeding of
a crop ideotype that has speciﬁc plant properties (e.g. high photosynthetic
efﬁciency, shortened or prolonged growing period, abiotic stress-tolerance)
to perform optimally under adverse environmental conditions (Martre
et al., 2015; Peng et al., 2008; Rötter et al., 2015). As it is expected that climate change and weather extremes will exacerbate the present constraints
on wheat productivity, it is imperative to develop climate-smart technologies (e.g. breed climate-resilient wheat genotypes) that could play an important role to bolster food security in the 21st century.
Plant breeders are increasingly using genomics and biotechnology to
develop genotypes with greater yield stability (lower inter-annual yield variation) for current production systems (Purugganan and Jackson, 2021).
Field-based plant breeding experiments may be helpful under certain conditions, but are not necessarily representative of the long-term climate conditions. In regions where climate variability is high, conventional breeding
trials will bias the germplasm selection towards the conditions encountered
during that trial. These conditions are often not representative of the true
nature of climate variability at this location (Chapman et al., 2012;

2. Materials and method
2.1. Study regions
Four study sites with contrasting weather conditions were chosen to
represent prevalent wheat-growing areas across central China, as follows:
i) Xiangyang (32°03′N, 112°11′E) in Hubei Province; ii) Fuyang (32°87′N,
115°78′E) in Anhui Province; iii) Gaoyou (32°78′N, 119°45′E) in Jiangsu
Province; and iv) Mianyang (31°46′N, 104°68′E) in Sichuan Province. The
location of the study area and four study sites is shown in Fig. 1. The sites
have a characteristically hot summer with cool/cold winters but they differ
in the growing (i.e., from November to May) seasonal rainfall and solar radiation. Fuyang, Gaoyou and Xiangyang are wetter sites with an average
long-term (1981–2010) growing seasonal rainfall of 350 mm, while
Mianyang is a drier location, with a growing seasonal rainfall of 161 mm
2
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Fig. 1. Location of the four study sites in central China. Boxplot of mean maximum temperature (Tmax), minimum temperature (Tmin), total solar radiation (Rad) and rainfall
(D) during wheat growing season at four sites (Fuyang: FY; Gaoyou: GY; Mianyang: MY; Xiangyang: XY) in central China in the 1981–2010 (or “baseline”) and 2071–2100
periods (or “2080s” under SSP585).

radiative forcing of 8.5 W m−2 by the end of the century. For the SSP585
scenario, CO2 concentrations will continuously rise to 936 ppm by 2100
(Van Vuuren et al., 2011), which was ﬁtted with calendar year based on
Wang et al. (2019):

over the same period (Fig. 1). Temperatures during the wheat growing season are similar across sites, ranging from 5.4 °C (mean Tmin) to 15.6 °C
(mean Tmax). Long-term average growing seasonal solar radiation in
Mianyang is 1583 MJ m−2, compared to 1985 MJ m−2 in Fuyang,
2094 MJ m−2 in Xiangyang and 2425 MJ m−2 in Gaoyou. In central
China, winter wheat is typically grown under rainfed conditions and usually sown between early to mid-November.



267:78 − 1:618 ∗ y
y − 2010 3
þ
21:746
∗
100
4:0143 þ 53:342
y5:2822


y − 1911 3
þ 100:65 ∗
100

½CO2 year ¼ 1034:3 þ

2.2. Future climate data

where y was the calendar year from 1900 to 2100 (y = 1900, 1901,
…,2100) and [CO2] is the atmospheric carbon dioxide concentration for
the said year.
Future climate projections were based on eight global climate models
(GCM) from CMIP6 (https://esgf139node.llnl.gov/search/cmip6/). Climate projections were driven by an ensemble of integrated assessment
models (IAMs) based on Shared Socioeconomic Pathways (SSPs) and the

Historical daily climate data for maximum and minimum temperature,
rainfall and solar radiation for the period 1981–2010 at each location were
obtained from China's Meteorological Administration (https://data.cma.cn/
en). We developed future climate scenarios for the period 2071–2100 (hereafter referred to as future climate scenarios with a median time horizon of
2080) using societal development pathways (SSPs) 5–8.5 (hereafter referred to SSP585) (IPCC, 2014; Schwalm et al., 2020), representing a
3
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2.4. Genotype parameters and model setting

Representative Concentration Pathways (RCPs) (O'Neill et al., 2016). This
approach assumes a fossil-fueled development pathway with rapid technological progress and development of human capital (O'Neill et al., 2016) in
line with actual climatic trends (Schwalm et al., 2020). To produce future
climate data, observed climate data were required to correct biases of
monthly GCM outputs as part of the statistical downscaling procedure
(Liu et al., 2017). Here, we used a statistical downscaling method developed by the Department of Primary Industries of New South Wale,
Australia (Liu and Zuo, 2012). This method used bias-corrected monthly
GCM climate data (temperature, rainfall and radiation data) to generate realistic time series of daily climate data for each study site based on a modiﬁed weather generator.
Fig. S1 shows the changes in rainfall and temperature projected by eight
GCMs (Table S1). Compared with other GCMs, NESM predicted a greater
amount of temperature and rainfall increase across sites (Fig. S1). Therefore, this wetter-hotter model was selected in the following analyses to represent the most unfavourable conditions under climate change.
The NESM model predicted that increase in Tmax and Tmin during the
wheat growing season will exceed 1.5 °C across sites in the 2080s under
SSP585 (Fig. 1), with the largest increases occurring at Fuyang (i.e.
+3.1 °C in Tmax and + 2.3 °C in Tmin) and lowest increases in Mianyang
(+1.6 °C in both Tmax and Tmin). Total solar radiation during the wheat
growing season at the four locations, on the other hand, is expected to decrease in the 2080s when compared to the baseline scenario. It is likely
due to a result of the expected increase in the total rainfall under future scenario. The greatest reduction in radiation occurred in Mianyang
(−435.5 MJ m−2), and the least in Gaoyou (−268.8 MJ m−2). As mentioned before, total growing season rainfall is projected to increase in
three out of four modelled locations, with the largest expected increase occurring in Fuyang (79.9 mm per growing season), and an overall reduction
in the total growing seasonal rainfall expected to occur in Mianyang
(−20.2 mm) in the 2080s.

Four representative wheat genotypes with minimum vernalisation requirement were used as a reference for each location (Table 1) and the
values of genetic parameters for virtual cultivars (VCs) were created by modifying the parameters from these reference genotypes. The reference genotypes used in this study were selected for the following three reasons:
(1) they have been widely planted at each location in the past; (2) their phenology and yield are well parameterised and validated in our previous studies (Zhao et al., 2020; Liu et al., 2021; Wu et al., 2019). Default vernalisation
(1.5) and photoperiod (3.0) values are used as reference genotypes in
Xiangyang, Fuyang, Gaoyou and Mianyang.
Growing season temperature in the wheat cropping zones of central
China is relatively higher. Hence, most cultivated genotypes do not require
strong vernalisation. In addition, previous studies showed that many wheat
genotypes grown in middle China do not have photoperiod genes (Han
et al., 2016). Thus, photoperiod and vernalisation values were set as reference genotypes for VCs. Based on the study of Wang et al. (2019), six genetic coefﬁcients were selected to explore genotype adaptive traits under
future climate change (Table 2). Both phenology and yield parameter
have lower and upper bounds. Changing these parameters (i.e. increasing
by corresponding step from minimum value to maximum value) altered
wheat growth and development characteristics. These are prospective traits
in current genotypes can be selected. As mentioned before, wheat is rainfed
in mid-China and rainfall during the growing season is sufﬁcient, so we do
not consider traits for improving water use efﬁciency, such as stomatal conductance, early vigour and increased root depth.
In mid-China, delays in wheat sowing frequently occur due to higher autumn rainfall, and delayed wheat sowing is expected to become a common
management under future (Liu et al., 2021). Thus, sowing was delayed at
seven-day intervals from Nov 1 to Nov 22 for all VCs at each location in
this study. All crops were simulated to be sown at 180 plants m−2, at a
depth of 3 cm with a row spacing of 30 cm. Nitrogen (N) was applied as
urea with a fertilizer rule, with a ﬁrst doses of 180 kg N ha−1 applied at
sowing, and a second doses of 45 kg N ha−1 applied at ﬁrst node of stem
visible (ZS 31). To ensure fast emergence and crop establishment at each
sowing date, crop was irrigated with 15 mm of water at sowing. Initial
soil water proﬁle was assumed to be 100%, as the preceding rice crops
were ﬂood irrigated at sowing to stabilise the timing of emergence. Soil parameters for each of ten 20 cm thick soil layers were set at reference values
according to International Soil Reference and Information Centre (Batjes
et al., 2020).

2.3. APSIM-Wheat
Simulations were conducted using APSIM-Wheat v7.9 (Holzworth et al.,
2014). In APSIM-Wheat module, wheat phenological development is described in terms of thermal time accumulation using 11 crop stages and
10 phases (time between stages). The duration of each stage is determined
by the accumulation of thermal time, calculated as the sum of the average
daily temperature above a base temperature, deﬁned as the temperature
under which no signiﬁcant crop development is expected. The daily thermal time values are likely to be further inﬂuenced by photoperiod,
vernalisation and other environmental factors such as drought and heat
stress. Potential daily biomass production is calculated using radiation use
efﬁciency (RUE), deﬁned as the amount of dry matter produced per unit
of photosynthetically active radiation that is intercepted by the crop canopy. Grain yield, which is a function of crop growth and crop development,
is impacted by RUE, transpiration efﬁciency and leaf nitrogen concentrations; these parameters are accounted for in the model. In APSIM, grain
yield is determined by the kernel set number and the average kernel weight
at maturity, as these are the main grain yield determinants in most crops
(Battaglia et al., 2018).

2.5. Accounting for waterlogging stress in APSIM-Wheat
We implemented our previous waterlogging stress function into APSIMWheat to account for waterlogging. Our recent study provided the evidence
that performance of APSIM Barley substantially improved when effects of
waterlogging on phenology and photosynthesis are accounted for (Liu
et al., 2021). Brieﬂy, effects of waterlogging on photosynthesis and phenology in the APSIM source code are represented by the functions oxdef_photo
and oxdef_pheno, respectively. The waterlogging functions are based on 0–1
multipliers (1 = no stress, 0 = full stress) in the form of “x/y pairs”, where
x is the independent variable (e.g. soil moisture) and y is the response

Table 1
Genotypic phenology and yield parameters for four reference genotypes (Xiangmai25 (XM25), Ningmai13 (NM13), Yangmai22 (YM22) and Mianmai37(MM37)) used in
APSIM-Wheat across sites (XY: Xiangyang, FY: Fuyang; GY: Gaoyou; MY: Mianyang).
Parameters

Deﬁnition

Unit

XY

FY

GY

MY

X1
X2
X3
X4
X5
X6

tta from sowing to end of juvenile
tt from start grain ﬁlling to maturity
Kernel number per stem weight at the beginning of grain ﬁlling
Potential daily grain ﬁlling rate
Maximum grain size
Radiation use efﬁciency

°C day−1
°C day−1
g
g grain−1 day−1
g
g MJ−1

500
655
25
0.003
0.041
1.24

500
655
40
0.003
0.041
1.44

500
655
40
0.004
0.041
1.44

400
655
25
0.003
0.041
1.24

a

tt refers to thermal time (°C day−1).
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performance computers. The overall framework, shown in Fig. 2, illustrates
the procedure used in this study to explore the wheat yield response to various genotypes, soil conditions and sowing date under the most adverse climate conditions. In order to test how different combinations of genotype
parameters and sowing dates would respond to climate change, we considered two sets of genotype parameters related to wheat phenology (Phe) and
yield formation (Yil). Therefore, there were three adaptation options:
(1) adjusting genotype thermal time requirements (Phe) (2) changing genotype parameters for yield formation (Yil) and (3) a combination of both Phe
and Yil (Phe + Yil).

Table 2
The virtual genotypes generated using a factorial combination of different steps selected between minimum and maximum value of each parameter.
Parameters

Group

Unit

Minimum
value

Maximum
value

Step

X1
X2
X3
X4

Phenology
Phenology
Yield
Yield

300
455
10
0.001

600
755
55
0.004

100
100
15
0.001

X5
X6

Yield
Yield

°C day
°C day
g
g
grain−1 day−1
g
g MJ−1

0.031
1.04

0.061
1.64

0.01
0.2

3. Results
variable (e.g. photosynthesis and phenology). Full details of waterlogging
algorithm are provided in Liu et al., 2021. In this study, all VCs were
assigned with two types of waterlogging tolerance (without waterlogging
tolerance and improved waterlogging tolerance, speciﬁc genetic coefﬁcients were derived from our previous study (Liu et al., 2020b, 2021)).

3.1. Identifying optimal genotypes with different combination of traits for
breeding under future climate change
For each site, 8192 virtual genotypes were sown with four sowing dates
under climate change to examine the extent to which yield potential was inﬂuenced by different combinations of genotypic traits (Fig. 3). We used
cluster analysis to identify the combination of these parameters that contributed a high simulated yield under future climates. We then grouped
those virtual genotypes into four clusters based on yield between
waterlogging tolerance and sensitive genotypes. Among those clusters,
3330 virtual genotypes were grouped into cluster 4, while cluster 1 comprised the least genotypes with only 15% (Table 3).
Genotypes in cluster 3 had the highest yield difference (595 kg ha−1),
followed by cluster 3 (471 kg ha−1), while grain yield gains in cluster 1
were the lowest (63 kg ha−1). An intercomparison of clusters revealed
the road map to choose the ideal target traits for increasing wheat yield. Genotypes in cluster 3 and 4 were characterised with late ﬂowering, larger
maximum grain size and larger radiation use efﬁciency. Genotypes in cluster 1 were featured with an early ﬂowering date, lower maximum grain size
and lower radiation use efﬁciency. Parameters such as tt_start_grain_ﬁll and
potential_grain_ﬁlling rate did not show large differences between cluster 1
and cluster 4, indicating selecting these parameters would not necessarily
result in a higher yield.

2.6. Long-term seasonal waterlogging-stress typologies and frequencies
To characterise common waterlogging stress typologies, we output seasonal time courses of waterlogged-photosynthetic stress (i.e. oxdef_photo)
relative to phenology and clustered these stresses across simulation years,
sites, genotypes and management following the approach outlined by Liu
et al. (2021) and Harrison et al. (2019). For each environment, oxdef_photo
was averaged over 100 °C from emergence to 450 °C after ﬂowering. We
then characterised predominant seasonal waterlogging trends by applying
k-means clustering to all seasonal trajectories of oxdef_photo against phenology. The three most prevalent waterlogging stress and accounted for 51%
variation. Clustering analysis was applied using R “stats” package (R
Development Core Team, 2013), with clusters being deﬁned such that
total within-cluster variation was minimised.
In total, 262,144 (8192 virtual genotypes × 4 sites × 4 sowing dates ×
2 waterlogging tolerances × 1 GCM) simulations were run and evaluated
using customised codes in the R software (R-Core-Team, 2013) on high-

Fig. 2. Process used to design ideotypes with adjusting sowing date under adverse climate conditions.
5

H. Yan et al.

Science of the Total Environment 808 (2022) 152170

Fig. 3. Cluster analysis of 8192 virtual genotypes (VCs) with contrasting phenology, yield components and waterlogging (WL) tolerance based on yields across four sites (FY:
Fuyang; GY:Gaoyou; XY: Xiangyang; MY: Mianyang). Heatmap of yield variation across sites with respect to genotypes, sowing dates and sites. Cluster 1 to 4 represent four
clusters of genotypes. Values shown are averaged across 30 years (2071–2100, referred to as “2080s”). Corresponding parameters of each VS are shown in the right panel. X1:
Thermal time (tt)_end_of_juvenile (°C day). X2: tt_start_grain_ﬁll (°C day). X3: Grains_per_gram_stem. X4: Potential_grain_ﬁlling_rate. X5: Max_grain_size. X6: RUE. Detailed
description on each parameter can be found in Table 1.

phenology traits was least effective. Yields increased by 6–69% under
Phe + Yil_AD and 10–29% under Phe_AD across sites. There seems to be
ample scope for further yield improvement, especially in Mianyang and
Xiangyang where simulated yields increased by 38–69%, but simulated
yields only increased between 6 and 35% in Fuyang and Gaoyou, respectively. When the ideotype genotypes were planted, yield gaps among the
four sites narrowed (averaged yield differences decreased from 35% to
6%, respectively).

3.2. Identifying optimal adaptation strategies for future breeding
Previous work (Liu et al., 2021) showed that there is limited scope to
maximise wheat productivity by only altering sowing date in mid-China.
This was partly conﬁrmed by our results (Fig. 4). Simulated yield variations
among sowing dates were minor across sites. Highest wheat yields were
achieved under optimal combinations of Yil or/and Phe at early or late sowing date for each site. Under future climates, grain yields of reference genotypes were projected to increase 1–17% across study sites except Mianyang
where grain yield would be reduced by 45%.
Adaptation strategies were effective in alleviating adverse climate
change effects on wheat yields, as shown by the marked increase in yield
across study sites (Fig. 4). We found that altering both yield components
and phenology traits contributed most to yields improvement. Only altering

3.3. Waterlogging stress typologies under historical and future climates
Simulations and cluster analysis revealed three dominant waterlogging
stress responses (Fig. 5a, d) and seasonal rainfall (Fig. 5b, e) patterns. The
critical yield formation periods (just prior to/after ﬂowering) coincided
6
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various iterations (Hammer et al., 2019). The current study exempliﬁed
how models can be used to design future climate-resilient wheat ideotypes.
Our results highlight the importance of including stress tolerance traits to
alleviate the negative effects of future climate change, especially in the regions where crops are expected to experience severe waterlogging stress.
We also characterised waterlogging-stress patterns of study sites in midChina in an effort to determine how such patterns may differ in future.
Our novel methodology of clustering analysis (combining and grouping
large simulations) revealed important differences between typologies and
frequencies of the major stress patterns occurring in the wheat cropping region of mid-China.
In many parts of the world, climate change will reduce rainfall, at least
in the crop growing season. In the current study, however, future climates
predicted by the NESM model showed that most study sites will face a
larger increase in temperature and rainfall coupled with a decrease in
solar radiation under the SSP585 in the 2080s (Fig. 1). This positive insight
for future climate change goes against most other studies, which heralds
negative implications of climate change. For example, grain yields of reference genotypes were projected to increase 1–17% across study sites except
Mianyang (Fig. 3). Such beneﬁcial effects are possibly resulted from CO2
fertilisation effect coupled with alleviated temperature stress on biomass
production during early growth stages due to increase in minimum temperature under future climates (Fig. S2). However, such positive effects are not
enough to counterbalance the yield reduction caused by the impact of
higher temperature during grain ﬁlling period and limited growing season
solar radiation in Mianyang (Figs. 1 & 3). Without adaptation strategies,
grain yield of current genotypes could be reduced by up to 45% in the future at Mianyang (Fig. 3) due to a mixed response of the shortened growing
period with increasing temperatures, and the decrease in the cumulative
intercepted solar radiation.
Several previous studies focused on designing future climate-resilient
crop ideotypes by altering phenology and yield formation traits with crop
models (Xiao et al., 2020; Wang et al., 2019; Tao et al., 2017). Our results
reveal that these adaptation strategies can be effective in mitigating adverse
climate change effects on wheat yields at sites (e.g. Xiangyang and
Mianyang) that are less prone to be impacted by waterlogging stress. However, adaptation strategies for areas with a severe waterlogging stress
caused by excessive rainfall, such as Fuyang and Gaoyou in our study,
may also need to consider crop waterlogging stress tolerance to mitigate
against climate risk. This is evidenced by the substantial yield difference
due to severe waterlogging stress (−15% average reduction across genotypes and sowing dates, Fig. 6). Our results suggest that equal attention
should be given to breeding for waterlogging stress tolerance and reducing
the risks of yield shortfall for waterlogging-prone environments. Similar results were reported by Rötter et al. (2011) who observed that in some
drought-prone regions in Europe, developing new genotypes with drought
tolerance and changing sowing date could lead to a yield increase. Trnka
et al. (2014) found that the frequencies of adverse conditions (e.g. frost,
heat, drought, waterlogging stress etc. or concurrent events) would be
likely to substantially increase across the main European wheat-growing
areas in the future. In this study, waterlogging stress is a major stress limiting wheat yield in mid-China given that we used a wet climate model, and
other stress such as frost and heat during ﬂowering stage had minor effects
(Fig. S3).
Apart from waterlogging stress tolerance, other ideotypic traits identiﬁed in this study can also increase wheat yield under future climate scenarios. Our cluster analysis showed that high yielding groups are characterised
with medium and medium-late maturity, larger maximum grain size and
higher RUE (Table 3). Such characteristics can produce substantial positive
impacts on yields in other regions such as North China Plain, south-eastern
Australia and Mediterranean climatic zones in Europe (Tao et al., 2017;
Wang et al., 2019; Xiao et al., 2020). The parameter that determines the
number of grains per unit weight of stem in the model also inﬂuences
grain numbers in the APSIM wheat module, but it is similar to the reference
cultivar in our study. This is probably due to an interaction between these
yield-formation parameters in APSIM.

Table 3
Mean value of four groups in six traits of 8192 wheat virtual cultivars (VCs). X1:
Thermal time (tt)_end_of_juvenile (°C day); X2: tt_start_grain_ﬁll (°C day); X3:
Grains_per_gram_stem (g); X4: Potential_grain_ﬁlling_rate (g·grain−1·day−1); X5:
Max_grain_size (g); X6: RUE (g MJ−1). Averaged yield (kg ha−1) in waterlogging
tolerance genotypes (VT) and waterlogging sensitive genotypes (VS).
Group

No. of VCs

X1

X2

X3

X4

X5

X6

YieldVS

YieldVT

1
2
3
4

1272
2270
1320
3330

400
405
521
472

594
604
611
608

13
28
37
41

0.002
0.002
0.003
0.002

0.040
0.046
0.050
0.047

1.242
1.251
1.539
1.359

2780
6124
8595
7763

2843
6233
9190
8234

with the peak rainfall period. Under historical climate conditions, around
80% of simulations experienced low waterlogging stress, with a median
yield across simulations of 7411 kg ha−1 (Fig. 5a). The remaining 20%
were classed into two categories according to the timing of onset and intensity of waterlogging stress. Late-onset severe waterlogging stress initiated
after ﬂowering (10% of cases) was most detrimental for yield (median
yield approx. 6335 kg ha−1), followed by early onset relieved waterlogging
stress (median yield approx. 6609 kg ha−1).
Clustering analysis based on simulations with future climate data revealed that frequencies of waterlogging-stress patterns shifted from low
waterlogging stress (20% reduction) towards seasonal patterns of greater
water stress (early relieved, increased by 13%) under future climate change
(Fig. 5d). The typology of low waterlogging stress seasonal pattern remained similar to those occurring historically, except for early relieved
and late severe ones which were slightly more frequent in the 2080s. This
generally reduced yields of crops in late severe waterlogging stress seasonal
patterns under both historical and future climate (Fig. 5c,f), with median
yields decreasing by around 10%.
3.4. Adapting waterlogging stress through crop breeding and genetics
Breeding future wheat ideotypes focusing on high-yielding traits and
planting dates was not enough to offset the adverse effects of future climate
change, especially in the highly variable regions such as Fuyang and
Gaoyou, where crops might experience severe waterlogging stress
(Fig. 6). We found that waterlogging tolerant genotypes mitigated
waterlogging-induced yield declines by 2–1012 kg ha−1 across sites and
sowing dates. Beneﬁts derived from the use of waterlogging tolerant genotypes were greatest at Fuyang, followed by Gaoyou. Planting waterlogging
tolerant genotypes prevented 276–1012 kg ha−1 yield loss in Fuyang and
Gaoyou, while the yield difference due to waterlogging tolerance was relatively minor (2–78 kg ha−1) in Mianyang and Xiangyang. It was worth noting that improved waterlogging genetic combined with optimal phenology
and yield traits contributed most to stabilise yield potential across sites
under future climates.
3.5. Proposed wheat ideotypes for future climate
The values of optimum genetic parameters for each location are shown
in Table 4. Ideotypic traits identiﬁed across sites shared some common
characteristics (e.g. larger radiation use efﬁciency (RUE for all sites was
1.64 g MJ−1) and larger maximum grain size) across sites. However, phenology traits identiﬁed across locations were different. For example,
wheat ideotypes were characterised with early maturity at Fuyang and
Gaoyou, while ideotypes had medium-late maturity at Xiangyang and
Mianyang. Grains_per_gram_stem did not show large differences across sowing dates and sites.
4. Discussion
Process-based crop growth models can assist breeding programs by
identifying optimal hypothetical traits for various future scenarios
(Hammer et al., 2006); empirical validation can then be reﬁned after
7
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Fig. 4. Simulated averaged long term wheat yield for each local reference genotype under the 1981–2010 scenario (i.e., “baseline”) and four adaptation options (NO_AD:
climate change without adaptation (i.e., using reference genotypes); Phe_AD: climate change with adaptation of altering phenology parameters only (i.e. using virtual genotypes with the same yield parameters as reference genotypes but phenology parameters not identical); Yil_AD: climate change with adaptation of altering genotype yield formation parameters only (i.e. using virtual genotypes with the same phenology parameters as reference genotypes but yield formation parameters not identical);
Phe + Yil_AD: climate change with adaptation of altering phenology and yield formation parameters (i.e. neither phenology nor yield formation parameter in virtual genotypes are the same as reference genotypes) under SSP585 in the 2071–2100 scenario (i.e., “2080s”) with respect to sowing dates and sites. Values shown are the highest yield
achieved under each adaptation with respect to sowing dates and sites.

active radiation and, thus, would produce more biomass and yield compared with crops grown in Xiangyang and Mianyang, although these
crops have identical RUE and other yield traits across sites. In this case,
to further increase yield potential of crops grown in Xiangyang and
Mianyang, crops need a longer growing season so that they can intercept
more PAR to increase biomass accumulation (Liu et al., 2020c). Since the
rice–wheat rotation is commonly practised in mid-China, developing
high-yielding, short-duration genotypes might be more appropriate to increase overall crop production under increasingly unfavourable future
weather scenarios, although these wheat ideotypes' maturity date does
not affect sowing of next crop (Fig. S4). These results provide breeders
and plant scientists with a road map to (1) close the wheat yield gap across

Site-speciﬁc ideotypes identiﬁed in this study showed ample differences (Table 4). For example, waterlogging-tolerance traits were more
beneﬁcial for crops cultivated in Fuyang and Gaoyou than in Mianyang
and Xiangyang, where crop growth might suffer less severe waterlogging
stress under future climates. In addition, wheat ideotypes were
characterised with early maturity at Fuyang and Gaoyou, while ideotypes
had medium-late maturity at Xiangyang and Mianyang (Tables 3 and 4).
Such differences in phenology traits relate with local environments, especially the cumulative solar radiation during wheat growing season. Solar
radiation during growing season in Mianyang and Xiangyang was much
lower than in Fuyang and Gaoyou (Fig. 1). As a result, crops grown in
Fuyang and Gaoyou would receive more intercepted photosynthetically
8
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Fig. 5. Example of crop waterlogging trajectories (1 = no stress) and trend over crop development stage expressed as thermal time (tt) before or after anthesis at Gaoyou
under historical and future climate (See other sites in supplementary Figs. 5–7). Three waterlogging- stress seasonal patterns: low stress, early relieved and low stress
identiﬁed by k-means clustering (a to f). Three seasonal rainfall patterns during different wheat growth stages under historical (b) and future climate (e). Cumulative
simulated yield frequency across all sowing dates in each waterlogging stress patterns for current (c, 1981–2010) and future (f, 2071–2100) climate. Points on curves
indicate median yield for each waterlogging stress pattern.

under late sowing in ﬁeld experiments with contemporary wheat genotypes. For example, Zhang (2018) conducted a two-year experiment with
a range of wheat genotypes at Yangzhou (Jiangsu province in mid-China)
and found that high-yielding genotypes under late sowing often are those
that have early maturity, higher RUE and higher grain ﬁlling rates. Similar
results were reported by Li et al. (2013) in ﬁeld experiments at Huainan
with six wheat genotypes varying in their growth rates and phenology. Future climate changes are likely to alter the length of the growing season
(Bell et al. 2013) as well as the timing and magnitude of waterlogging
stresses experienced by crops. Thus, it is necessary to characterise the typology and frequency of waterlogging-stress patterns experienced by crops
both under historical and future climates. Our results showed that
waterlogging-stress patterns expected under future conditions will be similar to those occurring under present conditions (Fig. 5). This result has
many important implications for breeding waterlogging-tolerant genotypes. If the major waterlogging-stress patterns expected under future conditions were unlike those experienced currently, then crop breeding for
future conditions would be difﬁcult, as seasonal patterns in future climates
may not occur under ﬁeld conditions with frequencies high enough to inﬂuence the direction of germplasm development in breeding trials. In such
cases, crop adaptation to speciﬁc waterlogging-stress seasonal patterns
would need to be performed under controlled-stress environments, as suggested by Banziger et al. (2006). However, as the typologies of the key
waterlogging-stress seasonal patterns occurring under present conditions
are likely to be similar to those expected in future climates, selection of
elite wheat germplasm for superior yield under present conditions using
ﬁeld trials should be an appropriate method for the 2080s.
Broad-scale analyses have identiﬁed many candidate traits enabling
crop adaptation to abiotic or biotic pressures in the target population of environments (Martre et al., 2015; Casadebaig et al., 2016; Chenu et al., 2017;

mid-China and (2) choose the ideal target traits for increasing wheat production to adapt future climate.
In this study, our cluster analysis showed that the waterlogging stress
varied across sites (Fig. 5 and Figs. S5-S7). For example, Fuyang and
Gaoyou were projected to have severe waterlogging stress risk under future
climates but Xiangyang and Mianyang would suffer less waterlogging risk.
This is mainly due to the differences in rainfall patters (Fig. 5 and Figs. S5S7). Critical yield formation periods (just prior to and after ﬂowering) that
are the most susceptible period to waterlogging stress (Liu et al., 2020b) coincided with the peak rainfall period in Fuyang and Gaoyou (Fig. 5). However, this is not the case in Xiangyang and Mianyang where either growing
season rainfall is not enough to cause severe waterlogging stress or peak
rainfall coincided with mid to late grain ﬁlling stage (e.g. grain ripening).
Rains during grain ripening will cause preharvest sprouting in Mianyang,
which drastically affects the baking quality of ﬂour (Liton et al., 2021), although this is not accounted in current model. These results have many important implications for breeding waterlogging-tolerant genotypes in midChina. For regions such as Fuyang and Gaoyou with high waterlogging
risk, breeders should identify wheat genotypes with quantitative trait loci
for aerenchyma formation that has been proved as an effective breeding target for improving waterlogging tolerance in our previous studies (Zhang
et al., 2016, 2017). For Xiangyang, crop breeder should focus on breeding
pre-harvesting sprouting tolerance in wheat genotypes to alleviate damage
caused by excessive rainfall (Liton et al., 2021).
Due to progressively higher autumnal rains driven by climate change,
late sowing of wheat in mid-China has become commonplace in double
cropping systems. Detrimental implications associated with delayed sowing
would be further exacerbated under future hotter and wetter climates that
are projected in mid-China in future. Traits underpinning climate-resilience
in the present study have been shown to be effective in alleviating yield loss
9

H. Yan et al.

Science of the Total Environment 808 (2022) 152170

Fig. 6. Simulated yield differences between waterlogging tolerant (VT) genotypes and susceptible (VS) genotypes as a function of sowing date under future climates across
sites. Simulated yields are averaged across the 30 years (2071–2100 abbreviation as 2080s) for each sowing date under SSP585.

relative to baseline or historical conditions. Ideally, simulation analyses
should be complemented with and veriﬁed by appropriate agronomic, physiological and genetic knowledge that best direct resources towards the most
promising recombination of traits (Cooper et al. 2014).
Similar limitations may be perceived in the conceptualization of
radiation-use efﬁciency in some crop models. For example, daily biomass
accumulation in APSIM Classic v7.9 is calculated as potential biomass resulting from radiation interception that is limited by soil water deﬁciency
(https://www.apsim.info/wp-content/uploads/2019/09/
WheatDocumentation.pdf). Accumulation of biomass is calculated as the
product of intercepted radiation, a stage-dependent RUE constant, radiation diffusivity, abiotic stresses (N and water) and atmospheric CO2 concentration. In the default version of APSIM, there are 11 stage-dependent RUE
constants, allowing for variation in radiation conversion efﬁciencies as a
function of crop phenology, while the diffusivity factor is set to 1.0. Future
APSIM releases or future investigations could account for the relationship
between RUE and radiation diffusivity using relationships similar to those
measured in experimental studies (Vanuytrecht and Thorburn, 2017;
Hammer et al., 2014; Emmel et al., 2020; Peng et al., 2021).

Kusmec et al., 2021). Such studies help elicit relative trait importance as a
function of G × E × M interactions, and are particularly helpful when
there are multiple levels of each factor and large numbers of interactions
to consider. As for any scientiﬁc study however, contemporary modelling
studies have limitations. Algorithms used to represent crop physiology
and stress as a function of environmental drivers tend to be built considering
optimal conditions; when extrapolated outside their zone of calibration (e.g.
very high atmospheric CO2 and pressure deﬁcit together with occasional
ﬂooding stress), response surfaces may be unrealistic. It is clear that physiological data derived from additional glasshouse and/or ﬁeld experiments
would be highly valuable in ensuring the scientiﬁc rigor of biophysical
model simulations through initialisation, calibration and validation (viz.
Christie et al. 2018, 2020). Until such time, however, projections from dynamic, deterministic systems models are considered appropriate tools for
simulating and dissecting many thousand genotypes by E × M interactions
(Cooper and Messina 2021; Harrison et al., 2014a, b, c; Hajjarpoor et al.
2021). Ideotype design using in silico approaches may thus be conceptual
in guiding breeding rather than representing ‘absolute’ benchmarking of
targets (Hamblin, 1993) but can help uncover the direction of change
10
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Table 4
Optimal genetic parameters resulting in the highest long term average yield with respect to sowing dates and sites under SSP585 in 2071–2100. X1: tt _end_of_juvenile;
X2: tt_start_grain_ﬁll; X3: Grains_per_gram_stem; X4: Potential_grain_ﬁlling_rate; X5:
Max_grain_size.
Site

Sowing date

X1

X2

X3

X4

X5

Fuyang

1-Nov
8-Nov
15-Nov
22-Nov
1-Nov
8-Nov
15-Nov
22-Nov
1-Nov
8-Nov
15-Nov
22-Nov
1-Nov
8-Nov
15-Nov
22-Nov

400
400
400
300
400
400
500
500
600
600
600
600
500
400
500
500

555
555
655
755
555
655
555
655
755
655
655
755
755
655
755
655

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

0.004
0.004
0.004
0.004
0.004
0.004
0.003
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004

0.051
0.051
0.051
0.051
0.061
0.061
0.061
0.061
0.061
0.061
0.061
0.061
0.061
0.061
0.061
0.061

Gaoyou

Mianyang

Xiangyang
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APSIM encapsulates numerous parameters that can result in unforeseen
emergent outcomes depending on the complexity of the response surface
(Harrison et al. 2012a, 2012b). We selected six APSIM parameters that
have previously been shown to be sensitive variables with respect to phenology, biomass and yield (He et al. 2015; Zhao et al. 2014; Harrison
et al. 2019) and conducted a sensitivity analysis (Fig. S8). We found that parameters governing the thermal time to the end of the juvenile phase, the
maximum grain size and the RUE were relatively sensitive in contributing
to yield, while simulated yields were least sensitive to the thermal time to
the start of grain ﬁlling, the number of grains per gram of stem and potential grain ﬁlling rate. Also, Deng et al. (2020) found that the effects of different plant traits on yield under climate change is subject to soil types at
different locations. Among different soil types, crop yield is likely to vary
as a consequence of differences in plant available water and nutrients.
Therefore, future work should provide a more detailed and comprehensive
regional analysis at a high resolution to gain an even richer understanding
of adaptive potential of cultivars to future climates.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.152170.
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