Agricultural and Forest Meteorology 288-289 (2020) 107995

Contents lists available at ScienceDirect

Agricultural and Forest Meteorology

journal homepage: www.elsevier.com/locate/agrformet

Check for
updates

Comparison of wheat simulation models for impacts of extreme temperature
stress on grain quality

Raheel Osman, Yan Zhu, Wei Ma, Dongzheng Zhang, Zhifeng Ding, Leilei Liu, Liang Tang,
Bing Liu*, Weixing Cao*
National Engineering and Technology Center for Information Agriculture, Engineering Research Center for Smart Agriculture, Ministry of Education, Key Laboratory for

Crop System Analysis and Decision Making, Ministry of Agricultureand Rural Affairs, Jiangsu Key Laboratory for Information Agriculture, Jiangsu Collaborative Innovation
Center for Modern Crop Production, Nanjing Agricultural University, Nanjing, Jiangsu 210095, China

ARTICLE INFO ABSTRACT

Shifting temperature patterns on global and regional scales accredited to climate change will bring more low-
temperature stress (LTS) and high-temperature stress (HTS) events to further deteriorate wheat yield and quality.
Crop models can serve as a beneficial platform for quantifying the impact of both high and low-temperature
events on grain yield (GY) and grain quality. Wheat grain protein concentration (GPC) and grain protein yield
(GPY), as two important measurements of wheat quality for nutrition value, is often ignored in crop modeling
efforts to improve grain yield under climate change. This study was undertaken for comprehensive comparison
of four broadly used wheat simulation models (DSSAT-CERES-Wheat, DSSAT-Nwheat, WheatGrow, and APSIM-
Wheat) in quantifying and simulating the responses of wheat grain quality (GPC and GPY) under LTS and HTS at
critical growth stages, and to identify gaps in simulating wheat grain protein concentration and protein yield for
crop model improvement. Four-year environment-controlled phytotron experiments were conducted with two
wheat varieties under LTS (at joining and booting stages) and HTS (at anthesis, grain filling, and combined stress
at anthesis and grain filling stages). For per unit increase in cold degree days (CDD, degree days below 2 °C) at
jointing and booting stages and heat degree days (HDD, degree days over 30 °C) at anthesis, grain filling and
combined stress at anthesis and grain filling stages, GPC was increased by 0.2% to 0.4% and 1.1% to 1.6%, while
GPY was decreased by 2.1% to 4.5% and 0.3% to 1.7%, respectively. Most of the crop models tended to re-
produce some HTS impacts better during grain filling than at anthesis, but all the tested models call for im-
provements in simulating LTS at different stages, especially for GPY. Our results indicated the need of in-
corporating response functions of extreme temperature stresses into grain quality models to adapt to future
climate scenarios.
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1. Introduction

Temperature anomalies as a consequence of global climate change
have already produced significant negative effects on agricultural pro-
duction and quality (Kawasaki and Uchida, 2016). Shifting temperature
patterns at global and regional scales will bring more low-temperature
stress (LTS) events due to advanced phenology and high-temperature
stress (HTS) events due to increasing temperature variability, to further
deteriorate crop production. Wheat is the most important staple food
crop in the world, and is sensitive to extreme temperature stress
(Porter and Gawith, 1999), which has negative impacts on wheat
growth and development, and deteriorates grain yield (GY) and quality
(Dias and Lidon, 2009; Kawasaki and Uchida, 2016; Liu et al., 2016a;
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Porter and Gawith, 1999). Due to climate change, high-temperature
events have been increased during the growing season of wheat crop
(Asseng et al., 2011), and increasing HTS events were also projected
under future climate scenarios (Teixeira et al., 2013). In addition, in-
creasing growing season temperatures for major wheat producing areas
(e.g. China and the Indo-Gangetic Plains of India) hastens wheat growth
and development. This leads to the significant progression of sensitive
growth stages to low-temperature, thus increases the probability of frost
or cold damage to wheat (Gu et al., 2008; Lobell et al., 2012;
Zheng et al., 2015). As a result, serious losses in wheat production due
to extreme temperature events have been observed in Australia
(Barlow et al., 2015; Crimp et al., 2016), Europe (Peings et al., 2013;
Trnka et al., 2014), the United States (Augspurger, 2013; Gu, 2008),
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and China (; Kodra et al., 2011; Liu et al., 2016a).

The composition and concentration of grain protein is an important
quality measure that quantifies the end use, nutritional and rheological
properties including loaf volume, extensibility, dough strength, and
gluten (Nuttall et al., 2017). Further, grain protein is influenced by
genotype, environmental conditions, and management practices
(Asseng and Milroy, 2006; Spiertz et al., 2006). The rate and duration of
protein deposition are determined mainly by supply factors external to
the grain, e.g., climate conditions (Asseng and Milroy, 2006). However,
extreme temperatures make it difficult to assure stable grain protein
concentration (GPC) and the quality standards demanded by grain
dealers (Kawasaki and Uchida, 2016). Therefore, to ensure quality
standards, it is critical to maintain grain quality under climatic ex-
tremes (Nuttall et al., 2017).

LTS affects wheat throughout its life cycle from germination to
maturity (Fuller et al., 2007; Porter and Gawith, 1999), and the re-
productive stage is the most sensitive for GY formation (Frederiks et al.,
2015). LTS is likely to damage the plant from double ridge stage and
onward (Whaley et al., 2004), and usually occurs in the early stages of
crop development (Frederiks et al., 2008; Fuller et al., 2007). Fur-
thermore, recent studies show that due to climate change, vegetative
stages (jointing and booting) become more prone to LTS particularly in
China (Ji et al., 2017; Li et al., 2015). Most frequent damage of LTS
occurring at booting was the loss of head in the top node of the stem
(Frederiks et al., 2008), along with lower stem damage which causes
lodging during grain filling period (Barlow et al., 2015), and finally
result in the drastically reduced GY. Currently, there is no systematic
study that focuses on the effects of LTS on GPC and grain protein yield
(GPY).

Most previous studies concentrate on the impact of HTS on wheat
GY and yield components, particularly at grain filling stage
(Farooq et al., 2011; Lobell et al., 2012; Liu et al., 2014 ). A few studies
focused on the impact of HTS on grain quality traits (DuPont and
Altenbach, 2003; Kawasaki and Uchida, 2016; Wardlaw, 2002), speci-
fically on GPC (Martre et al., 2003; Spiertz et al., 2006), at various
critical growth stages. Wheat is very susceptible to HTS after heading
(Porter and Gawith, 1999). Post-heading HTS, which is very common
across global wheat-growing areas (Pradhan et al., 2012), results in
accelerated crop development and limited grain growth during the
grain filling period (Liu et al., 2016a; Lobell et al., 2012), and nega-
tively affects grain quality (Liu et al., 2016a; Wardlaw, 2002). Gen-
erally, HTS increases wheat GPC, but reduces protein accumulation per
grain significantly (Asseng and Milroy, 2006).

Process-based crop models, which account for the interactions
among climate, crop, soil and management efforts, have become the
most common tools for assessing the impact of climate change on crop
productivity (Chenu et al., 2017). Recently, in the Agriculture Model
Inter-comparison and Improvement Project (AgMIP), performance of 30
wheat crop models for predicting GY was evaluated under a wide range
of temperature conditions (Asseng et al., 2015), and several wheat crop
models were appeared to be less accurate under high-temperature. In
addition, various other studies have elicited concerns regarding the
simulation of extreme temperature effects with contemporary crop
models to predict effects of global warming on future crop productivity
(Kawasaki and Uchida, 2016; Sanchez et al.,, 2014).
Craufurd et al. (2013) proposed the urgent need to design experiments
in crop science to evaluate and improve the model performance under
extreme temperatures. Liu et al. (2016a) have identified the short-
comings of four wheat models under heat stress at anthesis and grain
filling periods. In addition, the study conducted by Siebert et al. (2014)
indicated that canopy temperature should be considered to reduce
uncertainty in assessing heat stress impacts on crop yield. Recently,
model improvements for the impacts of HTS on crop growth and yield
have been conducted, especially for HTS impacts on biomass, phe-
nology, leaf senescence, and grain yield with air temperature (Liu et al.,
2017, 2016b; Maiorano et al., 2017; Wang et al., 2017) and canopy
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temperature in wheat (Webber et al., 2017). However, most of these
studies focused on wheat growth and yield parameters, not on the grain
quality indices. Moreover, several studies only considered HTS and did
not account for LTS (Kawasaki and Uchida, 2016). Furthermore, several
calibration and validation of models in simulating grain quality were
conducted only under various nitrogen and water conditions
(Jamieson and Semenov, 2000; Martre et al., 2003), but not under
extreme temperature conditions. Recently, some works with single
model focused on the algorithm improvement for GPC simulation of
durum wheat under normal temperature routine (Orlando et al., 2017)
and simulations with multi-model ensembles were done by
Yin et al. (2017) and Rotter et al. (2018). But these studies didn't
consider the effect of extreme temperatures on grain quality formation.
Therefore, the objectives of this study were: (1) to conduct com-
prehensive comparison of four extensively used wheat models (DSSAT-
CERES-Wheat, DSSAT-Nwheat, WheatGrow, and APSIM-Wheat) in si-
mulating the responses of wheat grain quality (GPC and GPY) under
LTS and HTS at critical growth stages; and (2) to identify gaps in si-
mulating wheat GPC and GPY for future crop model improvement.

2. Materials and methods
2.1. Data sources

Four-year environment-controlled phytotron experiments were
carried out at Rugao Experimental Station of Nanjing Agricultural
University (120.33°E, 32.23°N) in Jiangsu Province of China during
2013-2017 growing seasons. The phytotrons (FYS-10, Yuheng
Instrument Co. Ltd., Nanjing, China) with 3.4 m X 3.2 m X 2.8 m of
length, width and height, were used to conduct extreme temperature
experiments. The two of the most widely cultivated winter wheat
varieties (cv. Yangmail6 and cv. Xumai30) in this region were planted
in plastic pots. The height and diameter of plastic pot were approxi-
mately 0.3 X 0.28 m. All pots, with a plant density of 10 plants per pot,
were kept under normal optimum conditions before and after the
treatments of temperature stresses. Base fertilization at a rate of 183 kg
ha~! N, 102 kg ha™! P,05 and 183 kg ha~! K,O was applied to each
pot before sowing, and an extra 183 kg ha™* N per pot was top-dressed
at jointing stage. The fertilization rate was about 30% higher than in
the local fields to make sure no nutritional stress for wheat growth,
because root growth depth in fields usually wasdeeper than the depth of
pots used here. Irrigation and pesticide were applied according to local
standards to ensure that HTS and LTS were the only limiting factors in
the present study. Sowing dates of HTS experiments were November 2,
November 3 for cv. Yangmail6 and November 5, and November 12 for
cv. Xumai30 during growing season of 2014-2015 and 2015-2016,
respectively. For LTS experiments, sowing dates of cv. Yangmail6 and
cv. Xumai30 were November 4 and November 3 during growing season
of 2014-2015 and 2015-2016, respectively.

Table 1 summarizes the treatmentsof LTS and HTS. In LTS experi-
ments,there were four temperature levels (Tmin/Tmax: 6/16, —2/8,
—4/6, and —6/4 °C), three stress durations (2, 4, and 6 days) and two
treatment growth stages (jointing and booting). In HTS experiments,
there were four temperature levels (Tmin/Tmax: 17/27, 21/31, 25/35,
and 29/39), two stress durations (3 and 6 days), and three treatment
stages (anthesis, grain filling and combined stress at anthesis and grain
filling).

The pots were then divided into three blocks, each having 25
rows X 8 columns. These blocks were surrounded by additional pots to
prevent side effects. Once the wheat plants reached to the anticipated
growth stages, jointing (Zadok 31) and booting (Zadok 45) for LTS, and
anthesis (when the first anther were observed at middle of ear (Zadok
61) and grain filling (10 days after the first anther at middle of ear or 10
days after Zadok 61) for HTS, pots were randomly selected from three
blocks and shifted into phytotrons to expose them to various stress
conditions.



R. Osman, et al.

Table 1
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Summary of extreme temperature stress treatments in environment-controlled phytotron experiments.

Stress Cultivar Growing season Starting time of treatment Duration (days) Temperature regime (Tmin/Tmax) (°C)
LTS Yangmail6 2014-2015 Jointing;', D1(2), D2(4), D3(6) T1(6/16), T2 (-2/8),
Booting' T3 (-4/6), T4 (-6/4)
2015-2016 Jointing’, D1(2), D2(4), D3(6) T1(6/16), T2(—2/8),
Booting' T3(—-4/6), T4(—6/4)
Xumai30 2014-2015 Jointingt, D1(2), D2(4), D3(6) T1(6/16), T2(-2/8),
Booting' T3(-4/6), T4(-6/4)
2015-2016 Jointing”, D1(2), D2(4), D3(6) T1(6/16), T2(—2/8),
Booting' T3(—4/6), T4(—6/4)
HTS Yangmail6 2015-2016 Anthesis®, D1(3), D2(6) T1(17/27), T2 (21/31),
Grain filling**, T3 (25/35), T4 (29/39)
Combined stress at anthesis and grain filling
2016-2017 Anthesis®, D1(3), D2(6) T1(17/27), T2 (21/31),
Grain filling**, T3 (25/35), T4 (29/39)
Combined stress at anthesis and grain filling
Xumai30 2015-2016 Anthesis®, D1(3), D2(6) T1(17/27), T2 (21/31),
Grain filling*™*, T3 (25/35), T4 (29/39)
Combined stress at anthesis and grain filling
2016-2017 Anthesis*, D1(3), D2(6) T1(17/27),
Grain filling*™*, T2 (21/31),

Combined stress at anthesis and grain filling

T3 (25/35), T4 (29/39)

* Jointing stage means the first node emerges above the soil line.
 Booting stage means when the flag leaf sheath is swollen.

* Anthesis means when the first anther was observed at the middle of ear.
** Grain filling means 10 days after the first anther observed.

The optimal temperature range for wheat growth during jointing
and booting stages was 9.3-11.9 °C (Porter and Gawith, 1999).
Therefore, T1 (6/16 °C) with an average temperature of 11 °C was se-
lected as a control treatment. Additionally, the average lowest
minimum and diurnal temperature from jointing and booting in the
main wheat-growing regions of China was around —6 °C and 10 °C
from 1981 to 2010 (Ji et al., 2017). Therefore, T4 (—6/4 °C) with an
average temperature of —1 °C was selected as the lowest temperature
level in this study. The average temperature during the growing season
of 2014 to 2016 was 11 °C, 7 °C, 3 °C, and -1 °C, respectively, for LTS
regimes of T1, T2, T3 and T4 (Table 1). In the case of HTS, 30 °C was
selected as a threshold for winter wheat cultivars (Farooq et al., 2011;
Liu et al., 2014). Hence, T1 (17/27 °C) with a maximum temperature of
27 °C considered as the optimal temperature for post-heading period in
wheat and designed as the control treatment. T2 (21/31 °C), T3 (25/
35 °C) and T4 (29/39 °C) with the maximum temperatures of 31 °C,
35 °C and 39 °C were designed as HTS treatments.

In order to simulate daily observed temperature fluctuations in the
field environment, the relative humidity and air temperature were
precisely controlled in the phytotrons by using a bubbling system and
air conditioners. The fluctuations in diurnal temperature of the phyto-
trons during temperature treatments followed a similar pattern of
temperature in the surrounding area (Fig. S1). The CO, concentration
was maintained at the level of surrounding environment by installing
two fans in each phytotron. The humidity inside the phytotrons was
maintained at 70% which was consistent with surrounding environ-
ment during treatment periods. Temperature and relative humidity
were recorded by using EM50 data loggers (Decagon Devices, Inc.,
Washington, USA) during the treatment period with an interval of
5 min. The light intensity inside phytotron was optimized by using a
halogen lamp, and maintaining at 1380 pmolm™~'s™' at noon with
sunshine, and at 240 pmolm ~'s ~ ! under cloud cover. The positional
effects of pots in phytotron were reduced by daily rotation of pots
randomly. Pots after extreme temperature treatments were placed
under ambient temperature until harvest. Meteorological data such as
daily radiation, temperature, and rainfall during wheat growing seasons
were collected using Dynamet-1 K (Dynamax Inc., Houston, TX, USA).
The distance between the experimental station and the weather station
was 20 m. Sampling (12 pots per treatment)of wheat grain was per-
formed at physiological maturity to determine GY and quality

parameters. The semi-micro-Kjeldahl method was used to determine the
total nitrogen (N) concentration of grains (Williams, 1984). GPC was
calculated by multiplying a conversion factor of 5.7 with the percentage
of grain N.

2.2. Wheat simulation models

Simulation of wheat grain quality traits (GPC and GPY) under the
treatments of extreme temperature stress was carried out by using four
extensively used wheat simulation models. Further, the model com-
parison was carried out to evaluate the response of GPC and GPY under
extreme temperature stresses. All of the models used in this study can
simulate wheat development, growth and grain dry matter and grain N
dynamics on a daily basis.

DSSAT-CERES-Wheat: The Decision Support System for
Agrotechnology  Transfer =~ DSSAT-CERES-Wheat model (v4.6)
(Ritchie, 1985) is one of the most broadly used crop models and its
origins can go back to the modeling efforts of Joe Ritchie and his col-
leges in the 1970s. DSSAT-CERES-Wheat has been tested at a number of
eco-sites in the USA, Europe, and Asia (Liu et al., 2016a; Palosuo et al.,
2011; Timsina and Humphreys, 2006). In CERES-Wheat the growth and
development are potentially influenced by temperature and daylight.
Radiation use efficiency approach was used to model growth and de-
velopment. The response to vernalization temperature makes it suitable
for phenology simulations of spring and winter wheat (Ritchie, 1985).
Several model evaluation studies that used the CERES-Wheat model
generally focus on the cultivars, planting densities, sowing dates, mean
temperatures, N application rates, and water conditions.

In CERES-Wheat, temperature thresholds for different growth pro-
cesses were shown in Table S1. Impacts of daily mean temperature were
considered in most of the growth processes (Asseng et al., 2015).
CERES-Wheat applies independent functions for grain dry matter and
grain N accumulation. The grain growth is divided into three phases: (i)
lag phase, (ii) linear phase, and (iii) maturity phase. In the CERES-
Wheat, the lag phase is delayed until 120 °C days, and dry grain matter
initialized at 3.5 mg while grain N initialized at zero. The source and
sink limitation approach were used to simulate the grain dry matter and
N dynamics. The demands for grain dry matter and N were a function of
the maximum daily kernel growth rate, the number of grain per unit
area and temperature. Genetic variation for grain N accumulation was
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not incorporated in this routine. GPC was calculated by multiplying
grain N concentration by a factor of 5.7. The dry grain matter and grain
N accumulation increase from daily mean temperature under 0-16 °C,
then remains constant till 35 °C, and ceases at 45 °C (Alderman et al.,
2013; Wang et al., 2017) (Fig.S2).

DSSAT-Nwheat: The DSSAT-Nwheat model employs the APSIM-
Nwheat model after integrating it into the DSSAT platform (v.4.7). This
model has also been tested worldwide under different agro-climatolo-
gical and agronomic management conditions (Asseng and Milroy, 2006;
Kassie et al., 2016; Liu et al., 2016a; O'Leary et al., 2015). It involves
the modules of crop growth and development, soil, water, N, crop re-
sidues as well as their interaction within a soil-plant system,which is
determined by daily weather dynamics (Keating et al., 2003). Light
interception and radiation use efficiency approaches were used to cal-
culate potential daily biomass production. Further to limit the potential
growth and development, reduction factors were applied under sub-
optimal water, N, and temperature (Asseng et al., 2011).

Table S1 and Fig. S2 represents the impacts of minimum, optimum
and maximum temperatures on different physiological processes in
DSSAT-Nwheat. When the maximum temperature is greater than 34 °C,
the increased leaf senescence takes place to simulate HTS effects on
wheat leaf senescence (Asseng et al., 2011). DSSAT-Nwheat followed
the same routine of CERES-Wheat with three main modifications to
simulate the grain dry matter and GPC. For example, firstly the grain N
accumulation in grains was initialized with up to 3% at beginning of
grain filling; secondly, the daily grain dry matter transfer was con-
strained so that accumulation was always at least at 1.23% N of the
daily dry matter transfer; and thirdly upper boundary of grain N was
constrained to 4% of daily dry matter transfer (Asseng et al., 2002;
Asseng and Milroy, 2006). Like CERES-Wheat, DSSAT N-wheat did not
consider the genotypic parameters for grain N accumulation
(Asseng et al., 2002; Asseng and Milroy, 2006). The accumulation rate
of grain dry matter and N increases from base temperature (0 °C) to
optimal temperature (26 °C and 25 °C for grain dry matter and N, re-
spectively), then keep at the constant values (Wang et al., 2017) (Fig.
S2).

WheatGrow: The WheatGrow model comprises five sub-models in-
cluding apical and phenological development, photosynthesis and
biomass accumulation, biomass partitioning and organ growth, yield
and quality formation, and soil nitrogen dynamics and water balance.
Evaluation studies with WheatGrow model in different ecological re-
gions of China indicated that it executed well in simulating wheat
growth and development (Liu et al., 2016a; Lv et al., 2013).

In WheatGrow model, hourly temperature calculated from daily
maximum and minimum temperatures were used in quantifying tem-
perature effects in most of the growth processes. However, WheatGrow
(v.3.1) contains several new high-temperature functions to improve the
predictions of wheat phenology, photosynthesis and biomass accumu-
lation, biomass partitioning, and GY under heat stress (Liu et al., 2016a;
2017). In these functions, maximum temperature and heat degree days
calculated from hourly temperature were used to quantify heat stress
effects. More description of these functions can be found in the sup-
plementary methods.WheatGrow model applies a separate module for
the rate of grain N accumulation on a single grain basis and also ac-
counts for the genotypic parameter for the maximum rate of grain N
accumulation (mg N grain~! day~1). Curvilinear temperature response
from O to 1 affects the daily rate of grain N accumulation. The daily
mean temperature was used to quantify the effects of temperature on
the rate of grain N accumulation, and 24.2 °C was considered as optimal
temperature (Pan et al., 2006).

APSIM-Wheat: The Agricultural Production Systems Simulator
(APSIM) for wheat (v7.9) recognized as a widely-used crop model with
highly-recognized capabilities in simulating many processes in agri-
cultural systems. APSIM contains a suite of modules that enable the
simulation of systems for a diverse range of plant, soil, climate, man-
agement, and their interactions. Radiation interception and radiation
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use efficiency were used to calculate the potential biomass and growth
and were limited by soil water deficiency (Keating et al., 2003). APSIM
contains modules related to crop growth and development, soil, water,
N, and crop residues as well as their interaction (Keating et al., 2003). It
has been widely evaluated under diverse conditions such as CO, con-
centrations, N, water, temperature, and planting dates (Liu et al.,
2016a; Lobell et al., 2012; O'Leary et al., 2015).

In APSIM-Wheat, most of the physiological processes are affected by
daily mean air temperature except vernalization which is affected by
canopy, minimum, and maximum temperatures. When the maximum
temperature increases beyond 34 °C, the accelerated leaf senescence
occurs to quantify HTS effects (Wang et al., 2017). APSIM-Wheat ap-
plied different routines for accumulations of grain dry matter and grain
N which start just after anthesis and is the function of potential grain
filling rate (g grain~'°Cd 1), grain number, N limiting factor of grain
filling and daily mean temperature. The accumulation rates of grain dry
matter and N increase with temperature within the range of 0-26 °C
and of 0-25 °C, respectively, same with DSSAT-Nwheat. Further,
APSIM-Wheat considers the genotypic parameter for the potential rate
of grain N accumulation. The default accumulation rate of grain N is
0.000055 g grain~' day ™' (Zheng et al., 2014). Table S1 represents
different temperature responses used to simulate the physiological
processes in APSIM-Wheat.

2.3. Model calibration and validation

Four wheat simulation models were calibrated and evaluated using
independent experimental datasets. Model calibration was carried out
with the dataset of one growing season, for example, the dataset of
2014-2015 for LTS and dataset of 2015-2016 for HTS. While the rest of
the dataset was used to evaluate the model performance. Only cultivar
parameters were adjusted to fit the simulations to the experimental
dataset. Manual adjustment of cultivar parameters was made to fit the
observed and simulated values, including phenology (heading, anthesis,
and maturity), aboveground biomass at maturity, GY and GPC. As
suggested in previous studies Liu et al., 2016a; Palosuo et al., 2011;
Rotter et al., 2012), a better picture of model performance can be
achieved by the combined use of statistical indicators, especially when
comparing model performance. Therefore, three statistical indices were
employed for comparing and assessing model performance, including
normalized root mean square error (NRMSE), mean bias error (MBE),
and model efficiency coefficient (EF), which can be calculated as
Egs. (1) to ((3).

| Z?:l(xobs.i —Xsim,i)2

NRMSE = _
Xobs (1)

1 n
MBE = — Z (Xsim,i - Xobs,i)
n & @
Zzl:l (Xobs,i - )(sim,i)2

EF =1 - Z& _
Zi:l (Xobs,i - obs)z (3)

Where Xops i, Xsim; Were the observed and simulated values for the ith
dataset,X,,; was the mean values of observed datasets.

NRMSE evaluates the average relative deviation between observed
and simulated values in percentage. The NRMSE value >10% shows
excellent model performance, NRMSE between 10 and 30% presents
the satisfactory model predictions, and >30% depicts poor perfor-
mance. MBE is the average prediction error representing the systematic
error of a simulation model to under or over the forecast. EF is the
summation of absolute squared differences among the simulated and
observed values normalized by the variance of the observed values. The
range of EF lies between - and 1. The above mentioned statistical
indices were the same as Rotter et al. (2011) and Liu et al. (2017).

Observed and simulated responses of grain protein concentration
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Fig. 1. Relative response of observed and simulated grain protein concentration to low temperature stress at jointing (a—e) and booting (f-j) from four wheat models
for two winter wheat cultivars in environment-controlled phytotron experiments. Observed (a and f) and simulated with CERES-Wheat (b and g), Nwheat (¢ and h),
WheatGrow (d and i), and APSIM-Wheat (e and j). Black circle and straight line indicate cv. Yangmail6; red triangle and dash line indicate cv. Xumai30.

(GPC,%) and grain protein yield (GPY, kg/ha) were tested individually
under LTS at jointing and booting and under HTS at anthesis, grain
filling and combined stress at anthesis and grain filling. The present
study employed a simple linear regression to compare the observed and
simulated responses of GPC and GPY to extreme temperatures. The
regression slopes between observed or simulated wheat quality vari-
ables and extreme temperatures were considered as the observed or
simulated responses of GPC and GPY to extreme temperature stresses.
Relative values of GPC and GPY were used to calculate the relative
responses of quality variables (GPC and GPY) to extreme temperatures,
due to the variation in observed absolute values of GPC and GPY among
different years and cultivars. The relative values of GPC and GPY were
determined as the ratio between the absolute values under different
treatments and the corresponding values from the control treatment (T1
treatment) for the same treatment stage and cultivar. ANOVA was ap-
plied to each regression to analyze the significance. Furthermore, Fig.
$8-S13 provided a 1 to 1 comparison between observed and simulated
wheat grain yield and quality indices from four models under LTS and
HTS.

Cold degree days (CDD,°C d) and heat degree days (HDD,C d) was
used to quantify LTS and HTS in the regressions, respectively. CDD and
HDD was the accumulated daily cold (CDi) and heat degree days (HDi)
on the ith day during the stress treatment period, respectively. CDD and
HDD reflect the intensity and duration of LTS and HTS across the
treatments with different temperature levels and stress durations. No
extreme temperature stress event was observed outside the extreme
temperature stress treatments. The CDD was calculated as the following
equations:

m
CDD = ) CD;
i=1 “4)
1 24
CDy=— ) CDy
24,0 )

0 T, > T,
CDh:{ T-T TH<T
Where CDy, indicates the hourly cold degree days on theith day. T, is the
LTS threshold, which was set to 2 °C(Crimp et al., 2015; 2016;
Potithep and Yasuoka, 2011); T, (°C) corresponds to hourly tempera-
ture, which was recorded by EM50 data loggers. m in Eq. (4) is the cold
stress duration.

HDD was calculated as follows:

©

m

HDD = ) HD;
i=1 7)
1 24

HD; = — Y} HD,
24 (€))

0 T,<T
HD, =
" {n -T T, 2T, ©)

HDj, represents the hourly high-temperature degree days on the ith
day. T, indicates the temperature threshold for HTS and was set to 30 °C
(Farooq et al., 2011; Liu et al., 2014). Ty, is the hourly temperature. m in
Eq. (7) is the heat stress duration.

3. Results
3.1. Model calibration and evaluation

Four crop simulation models (CERES-Wheat, Nwheat, WheatGrow,
and APSIM-Wheat) were calibrated to further evaluate the model per-
formances under extreme temperature stresses (Table S2). Generally, all
models perform with satisfactory under the control temperature with
NRMSE less than 20% (Table S2). However, for T2, T3, and T4 treat-
ments of both LTS and HTS, model performances were poor with
NRMSE higher than 20% (Table S3).
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Regression coefficients of observed and simulated grain protein concentration (GPC) and grain protein yield (GPY) with four wheat models under cold degree days
(CDD) and heat degree days (HDD) in environment-controlled phytotron experiments.

Stress Stage Cultivar Variable Observed
Slope
LTS Jointing Yangmail6é GPC 0.0023
GY —0.025
GPY —0.0234
Xumai30 GPC 0.0027
GY —0.023
GPY —0.0210
Booting Yangmail6é GPC 0.0032
GY —0.04
GPY —0.0394
Xumai30 GPC 0.0038
GY —0.046
GPY —0.0454
HTS Anthesis Yangmail6é GPC 0.0106
GY —0.011
GPY —0.0032
Xumai30 GPC 0.0161
GY —0.024
GPY —0.0173
Grain filling Yangmail6é GPC 0.0145
GY -0.013
GPY —0.0033
Xumai30 GPC 0.0157
GY -0.014
GPY —0.0038
Combined stress at anthesis and grain Yangmailé GPC 0.0121
filling GY —0.012
GPY —0.0064
Xumai30 GPC 0.0107
GY -0.013
GPY —0.0093

CERES-Wheat Nwheat WheatGrow APSIM-Wheat
Slope R? Slope R? Slope R? Slope R?
0.0000 0.00 —0.0005 0.05 0.0005 **  —0.0005 0.09
0.0000 0.00 —0.003 0.51** 0.00 -0.002 0.12
0.0000 0.00 —0.0035 0.67** —0.0000 0.02 —0.0021 0.11
X —0.0004 0.08 —0.0007 0.06 0.0002 0.01 —0.0008 022*

0.82** —0.002 0.60** —0.004 0.60** 0.00 0.66** —0.004 0.46**

0.81** —0.0027 0.5** —0.0043 0.68** —0.0003 0.03 —0.0043 0.45**

0.72** 0.0010 0.25* —0.0016 0.19* 0.001 0.91** 0.0000 0.01
0.00 0.05 —0.002 0.00 0.91** —0.002 0.30%
0.0003 0.01 —0.0037 0.0003 0.53 —0.0020 0.27*
0.0002 0.01 0.0007 0.0008 0.21* —0.0020 0.40**
—0.002 0.05 —0.003 0.00 0.78**  —0.004 0.54**
—0.0013 0.03 —0.0028 0.0000 —0.0061 0.50**
—0.0003 0.02 —0.0014 —0.009 0.0034 0.81%**
—0.003 0.26* —0.005 —0.015 —0.008 0.78%**
—0.0036 0.23 —0.0065 —0.021 —0.0055 0.59**
0.0000 0.00 —0.0038 —-0.010 0.0026 0.71**
—-0.005 0.39* —0.002 —0.021 —-0.012 0.86**
—0.0048 0.35* —0.0061 —0.026 —0.0106 0.83**
—0.0002 0.01 0.0115 —-0.010 0.0058 0.89**
0 1.00 —0.009 —-0.01 —0.008 0.76**
—0.0002 0.01 0.0005 —-0.018 —0.0037 0.27*
—0.0002 0.01 0.0103 —0.008 0.0015 0.44**
0.00 0.32 —0.009 -0.01 —0.011 0.86**
—0.0002 0.02 —0.0059 —-0.017 0.91** —0.0097 0.82*%*
0.0000 0.00 0.0053 —0.006 0.82** 0.0026 0.78**
—0.003 0.79** —0.007 —0.011 0.97** —0.013  0.93**
—0.0030 0.62** —0.0034 —-0.014 0.91** —0.0118 0.87**
—0.0003 0.05 0.0040 —0.007 0.82** 0.0014 0.73**
—0.002 0.78** —0.006 —0.013 0.90** —0.014 0.97**
—0.0021 0.73** —0.0056 —-0.016 0.88** —0.0136 0.96**

Slope and R? were the slopes of fitted lines and coefficients of determination between wheat yield and quality parameters and CDD or HDD.

**Indicates significance at P< 0.01; *indicates significance at P< 0.05.

3.2. Response of GPC to low temperature stress at jointing and booting
stages

Low-temperature stress (LTS) at jointing and booting stages resulted
in increased GPC (P> 0.001, Fig. 1). With per unit increase in CDD, GPC
was increased by 0.2% and 0.3% at jointing and by 0.3% and 0.4% at
booting for cv. Yangmail6 and cv. Xumai30, respectively. Slopes of the
regression line indicated that GPC increased more at the booting stage
as compared with the jointing stage under LTS (Table 2). Crop simu-
lation models tested here failed to simulate the effect of LTS on GPC at
jointing and booting stages except for WheatGrow. For example,-
WheatGrow showed a positive slope with the range of 0.0-0.1% that
varies with cultivar and growth stage under LTS at booting, while
CERES-Wheat, Nwheat, and APSIM-Wheat showed negative slopes for
GPC with increasing CDD.

3.3. Response of GPY to low temperature stress at jointing and booting
stages

As shown in Fig. 2, observed wheat grain yield (GY) decreases under
LTS at jointing and booting (P>0.001). The per unit increase in CDD
results in decrease of GY at jointing and booting by 2.5% and 4% for cv.
Yangmail6 and 2.3% and 4.6% for cv. Xumai30, respectively. Slopes of
the regression line showed more decrease in GY at booting than jointing
(Table 2). Four simulation models fail to reproduce the impact of LTS
on GY at both stages of LTS. For example, CERES-Wheat simulates no
response for GY with cv. Yangmai30, but simulates the decline in GY by
-0.02% at jointing and booting for cv. Xumai30. Nwheat simulates the
decrease in GY at jointing and booting by 0.3% and 0.2% for cv.
Yangmail6 and 0.4% and 0.3% for cv. Xumai30, respectively. Wheat-
Grow simulates no response for GY under LTS. The range of slope for
APSIM-Wheat was 0.2% to 0.4% depending on the cultivar and stage of

LTS.

Grain protein yield (GPY) was more sensitive to LTS at booting than
at jointing for two cultivars (Fig. 3). For example, observed GPY de-
creased by 2.3% and 2.1% at jointing and by 3.9% and 4.5% at booting
for cv. Yangmail6 and cv. Xumai30, respectively, with per unit increase
in CDD (P>0.001). The four crop simulation models appeared in-
sensitive to LTS at jointing and booting stages for GPY. The simulated
decrease in slope was 0.0 to 0.3% for CERES-Wheat, 0.3% to 0.4% for
Nwheat under LTS at both stages. Whereas, WheatGrow simulated
different responses at different stages, with a decreased slope of 0.0% to
—0.03% at jointing and showed no response at booting. APSIM-Wheat
showed a decrease in the slope of 0.2% to 0.6% under LTS, and a better
response was simulated for cv. Xumai30.

3.4. Response of GPC to high temperature stress at anthesis and grain filling
stages

Fig. 4 shows the observed and simulated responses of GPC under
HTS. Observed GPC increased significantly with high-temperature
stress (HTS) at anthesis, grain filling and combined stress at anthesis
and grain filling (P<0.001) in both wheat cultivars. With per unit in-
crease in HDD,the observed GPC increased by 1.1-1.6%, 1.5-1.6% and
1.1-1.2% at anthesis, grain filling and combined stress at anthesis and
grain filling, depending on wheat cultivar and stage of HTS. Generally,
a little higher increase in GPC occurred for cv. Xumai30 (1.1 to 1.6%)
than cv. Yangmail6 (1.1 to 1.5%), especially for HTS at anthesis.
Among crop simulation models, APSIM-Wheat tended to simulate some
responses for GPC under HTS with a slope of 0.3% at anthesis stage,
while other models either underestimated or showed no response. At
grain filling stage, Nwheat simulated the best response of GPC under
HTS with a slope of 1.1%, while the estimated slope for APSIM-Wheat
showed a slight increase (0.4%) in GPC. In the case of HTS at combined
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Fig. 2. Relative response of observed and simulated grain yield to low temperature stress at jointing (a—e) and booting (f-j) from four wheat models for two winter
wheat cultivars in environment-controlled phytotron experiments. Observed (a and f) and simulated values with CERES-Wheat (b and g), Nwheat (¢ and h),
WheatGrow (d and i), and APSIM-Wheat (e and j). Black circle and straight line indicate cv. Yangmail6; red triangle and dash line indicate cv. Xumai30.

stress at anthesis and grain filling, a predicted increase in GPC with
Nwheat was approximately 0.4-0.5%, while the estimated slope was
0.1-0.3% with APSIM-Wheat. Nwheat showed better simulation results
under thecombined stress at anthesis and grain filling than other
models.

3.5. Response of GPY to high temperature stress at anthesis and grain filling
stages

GY decreased more at anthesis as compared with grain filling and
combined stress at anthesis and grain filling (Table 2). With every unit

increase in HDD, the decrease in GY at anthesis, grain filling, and
combined stress at anthesis and grain filling was 1.1%, 1.3% and 1.2%
for cv. Yangmail6, and 2.4%, 1.4% and 1.3% for cv. Xumai30, re-
spectively (P<0.001). Fig. 5 shows the responses of four models
(CERES-Wheat, Nwheat, WheatGrow, and APSIM-Wheat) under dif-
ferent levels and durations of HTS. CERES-Wheat does not simulate any
responses to HTS at any stage of treatment. While Nwheat, WheatGrow,
and APSIM-Wheat reproduce some effects of HTS on GY. For example,
with each unit increase in HDD, Nwheat shows a decrease in GY by
0.2% to 0.9%, depending on the stages of HTS and cultivars. Among the
crop models, the WheatGrow model simulates the best results for the
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Fig. 3. Relative response of observed and simulated grain protein yield to low temperature stress at jointing (a—e) and booting (f-j) from four wheat models for two
winter wheat cultivars in environment-controlled phytotron experiments. Observed (a and f) and simulated values with CERES-Wheat (b and g), Nwheat (¢ and h),
WheatGrow (d and i), and APSIM-Wheat (e and j). Black circle and straight line indicate cv. Yangmail6; red triangle and dash line indicate cv. Xumai30.
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Fig. 4. Relative response of observed and simulated grain protein concentration to heat stress at anthesis (a-e), grain filling (f-j) and combined stress at anthesis and
grain filling (k-o) from four wheat models for two winter wheat cultivars in environment-controlled phytotron experiments. Observed (a, f and k) and simulated
values with CERES-Wheat (b, g, and 1), Nwheat (c, h, and m), WheatGrow (d, i, and n), and APSIM-Wheat (e, j, and o). Black circle and straight line indicate cv.

Yangmail6; red triangle and dash line indicate cv. Xumai30.

impact of HTS on GY and shows a decrease in GY from 1% to 2.1%, also
varies with cultivars and the stage of treatment. APSIM-Wheat re-
produces the reduction in GY under HTS by 0.8% to 1.4%, depending
on the cultivars and the stage of HTS.

Observed GPY was negatively related to HTS for cv. Yangmail6 and
cv. Xumai30. With every unit increment in HDD, GPY decreased ap-
proximately by 0.3% to 1.7% at anthesis, 0.3 to 0.4% at grain filling
and 0.6% to 0.9% under combined stress at anthesis and grain filling for
cv. Yangmail6 and cv. Xumai30, respectively. The decrease in GPY
under heat stress at anthesis, grain filling and combined stress at an-
thesis and grain filling were more obvious than the increase in GPC.
Among stages, GPY appeared to be more sensitive to HTS at anthesis, as
more decrease of GPY was observed at anthesis as compared with grain
filling. The observed and simulated responses of GPY to four different
temperature levels (Tmin/Tmax: 17/27, 21/31, 25/35, 29/39 °C) are
presented in Fig. 6. Nwheat, WheatGrow, and APSIM-Wheat showed
the decreasing trend of GPY with increasing HDD, while no response
was shown in CERES-Wheat. In Nwheat, WheatGrow, and APSIM-
Wheat, the simulated GPY decreased 0.3% to 0.7%, 1.4% to 2.6%, and
0.4% to 1.4% with every unit increase in HDD, depending on cultivars
and stages at which stress occurred. WheatGrow overestimated the
decrease in GPY under HTS at all stages. While APSIM-Wheat under-
estimated responses of GPY at anthesis and overestimated the

reductions of GPY at grain filling and combined stress at anthesis and
grain filling (Table 2). Nwheat produced satisfactory results under HTS
at anthesis and grain filling stages but underestimated GPY was ob-
served under combined stress at anthesis and grain filling.

4. Discussion

Increased magnitude and frequency of extreme climatic events are
major threats to global food security (Nuttall et al., 2017; Rotter et al.,
2018; Trnka et al., 2014). The upper and lower temperature thresholds
for wheat are >30 °C for the reproductive stages (Farooq et al., 2011;
Liu et al., 2014) and <2 °C (Crimp et al., 2016; Ji et al., 2017) for the
vegetative stages. Unusual responses in both GY and grain quality are
expected under climatic extremes.

Low temperature appears to be one of the main environmental ex-
tremes that reduce wheat yield (Ji et al., 2017). The effects of LTS on
wheat are determined by duration, level and growth stage at which
stress occurs (Craufurd et al., 2013; Porter and Gawith, 1999). The
significant differences of GY and GPC between cultivars, temperatures
levels and durations under LTS in this study were observed by
Ji et al. (2017) and Liu et al. (2019). The present study showed the
increasing GPC, and decreasing GY and GPY with decreasing tem-
perature levels under LTS. GPC, GY, and GPY seem to be more sensitive
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Fig. 5. Relative response of observed and simulated grain yield to heat stress at anthesis (a—e), grain filling (f—j) and combined stress at anthesis and grain filling (k-0)
from four wheat models for two winter wheat cultivars in environment-controlled phytotron experiments. Observed (a, f, and k) and simulated values with CERES-
Wheat (b, g, and 1), Nwheat (c, h, and m), WheatGrow (d, i, and n), and APSIM-Wheat (e, j, and o). Black circle and straight line indicate cv. Yangmail6; and red

triangle and dash line indicate cv. Xumai30.

to LTS at booting than at jointing stage. As young spikes at booting
stage had less resistance to LTS, and further prolonged duration of LTS
(>0 °C) during pollen growth and development can result in aborted
florets, pollen sterility and incomplete ear structure (Frederiks et al.,
2015; Ji et al., 2017). However, LTS at jointing and booting can cause a
decrease in the maximum quantum efficiency of PSII and gas exchange
rates, which reduce the photosynthetic carbon assimilation in leaves
and further cause reduced biomass accumulation (Li et al., 2015). Thus,
the reduced biomass before anthesis may have a negative effect on the
differentiation of spikelet. As suggested by Ji et al. (2017), among spike
number per plant, number of grain per spike, and thousand grain
weight, spike number per plant and number of grains per spike can be
affected by LTS at jointing and booting stages. In addition, LTS at dif-
ferent critical stages may also have different effects on plant N dy-
namics, which also could affect final GPC and GPY. However, less study
is available currently and should be conducted in the future.

The observed increasing GPC and decreasing GY and GPY under
HTS (Fig. 4-6) was consistent with previous results from both en-
vironmentally controlled phytotron and field environments (Asseng and
Milroy, 2006). According to Asseng and Milroy (2006), the occurrence
of HTS at anthesis and grain filling stages resulted in higher GPC than in
controlled treatments, due to the different temperature responses of dry
matter and N accumulation rate in the grain. Grain starch deposition
decreases or ceases if temperature exceeds beyond the threshold level
(>30 °C) due to reduced activity of starch synthesis enzymes
(Nuttall et al., 2017). On the contrary, most of grain protein deposition

is unaffected by HTS (Nuttall et al., 2017), and an increase in GPC may
result (Asseng and Milroy, 2006; Liu et al., 2016a; Nuttall et al., 2017;
Panozzo and Eagles, 2000). This indicated that the increased GPC was
due to that the reduction in grain mass was higher than that of protein
under HTS (Farooq et al., 2011; Liu et al., 2016a; Nuttall et al., 2017).
Because GPY was determined by GY and GPC, a decrease in GPY was a
result of a higher decrease in GY than increase in GPC, as shown in our
data here (Table 2).

Crop simulation models appear to be a useful tool to measure the
climate impact on crop productivity (Asseng et al., 2015), but un-
fortunately, most of the contemporary crop models were found to be
insensitive under extreme temperature events (LTS and HTS) to some
extent (Liu et al., 2016a; Rotter et al., 2011). Most of recent model
improvements conducted in wheat mostly focused on HTS impacts on
wheat growth and yield (Maiorano et al., 2017; Wang et al., 2017;
Webber et al., 2018), while less on the impacts of LTS, and also less on
the impacts of extreme temperature on grain quality. Generally, current
wheat models could correctly simulate GPY and GPC without any stress
treatment, but the model performance is still needed to improve under
extreme temperature conditions. Our results of model comparison for
simulating GPC and GPY corroborate with previous investigations
(Barlow et al.,, 2015; Liu et al., 2016a; Lobell et al.,, 2012;
Moriondo et al., 2011), as these models usually were developed and
evaluated under normal climate conditions (Angulo et al., 2013). For
example, Nwheat and APSIM-Wheat showed a response to HTS for GPC,
but under LTS all models failed to simulate GPC. For GY, all models fail
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Fig. 6. Relative response of observed and simulated grain protein yield to heat stress at anthesis (a—€), grain filling (f-j) and combined stress at anthesis and grain
filling (k-0) from four wheat models for two winter wheat cultivars in environment-controlled phytotron experiments. Observed (a, f, and k) and simulated values
with CERES-Wheat (b, g, and 1), Nwheat (c, h, and m), WheatGrow (d, i, and n), and APSIM-Wheat (e, j, and o). Black circle and straight line indicate cv. Yangmail6;

red triangle and dash line indicate cv. Xumai30.

to simulate the impact of LTS. However, except for CERES-Wheat, other
models like Nwheat, WheatGrow, and APSIM-Wheat, simulates some
impacts of HTS on GY. In the case of GPY, Nwheat, WheatGrow, and
APSIM-Wheat produced a reduction under HTS, but CERES-Wheat
showed no response. Similarly, Nwheat and APSIM-Wheat predicted
some reductions in GPY under LTS, but WheatGrow and CERES-Wheat
failed to produce a reduction in GPY. Nwheat and APSIM-Wheat show a
limited response in increasing GPC under HTS, because they simulate
the impact of HTS on grain yield but did not consider the effects of HTS
on grain N accumulation. According to Asseng et al. (2011), Nwheat
accelerates leaf senescence with temperature above 34 °C which de-
creases the duration of starch accumulation in grains and results in the
increased GPC and decreased GPY. WheatGrow reproduces the impact
of HTS on GY but did not simulate the increase in GPC. This is due to
the fact that WheatGrow uses separate modules for GY and grain N
accumulation. Several improvements have been made for incorporating
HTS impacts on wheat growth, biomass accumulation, and yield for-
mation in WheatGrow, but in the original simulations of grain N, the
rate of grain N accumulation will be reduced after 24.2 °C (Pan et al.,
2006), which may result in a decrease in grain N under HTS. Therefore,
the improvement of WheatGrow is needed in the near future for N
dynamics and GPC. APSIM-Wheat simulates less increase in GPC and
more reduction in GPY under HTS treatments with respect to Nwheat.
This may be due to an under estimation of GPC under HTS in APSIM-
Wheat (Liu et al., 2016a).

Crop simulation models provide a good insight into physiological
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processes that occur within plants. Four extensively used wheat simu-
lation models were evaluated against detailed observed responses of
grain quality indices from a range of extreme temperature stress
treatments. The response of the four crop models to extreme tempera-
ture stress varied significantly in the simulations of GPC and GPY. Even
some models in this study gave some responses to some extent under
extreme temperatures, improvement is still needed of temperature re-
sponse functions for extreme temperature stress to adapt to future cli-
mate scenarios (Barlow et al., 2015; Nuttall et al., 2017). Therefore,
Liu et al. (2016b) and Liu et al. (2017) have improved the simulations
for phenology and biomass accumulation under HTS by incorporating
high-temperature responses in WheatGrow model, but the model im-
provements of grain quality are still needed under extreme temperature
stresses.

Hence, Orlando et al. (2017) emphasized the need to review the
current algorithms for GPC modeling, especially under extreme tem-
perature stresses. Several simulation models have included the effect of
N on wheat growth, development and yield formation (Jamieson and
Semenov, 2000), and plant N demand and soil N availability normally
can be used to simulate GPC in some models, such as APSIM-Nwheat
(Asseng and Milroy, 2006), CERES-wheat (Ritchie, 1985), AFRCWH-
EAT2 (Porter, 1993) and SWHEAT and SIRIUS (Van Keulen and
Seligman, 1987). However, few of them simulated the effect of tem-
perature on N uptake from soil and N translocation within plant,
especially N translocation to grain. In addition, less impact of extreme
temperature on grain N accumulation were considered currently (Table
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S1). Incorporating the extreme temperature effects along with the
genotypic parameters into the simulations of plant N dynamics for
correctly predicting grain N concentration (e.g. N uptake and translo-
cation to grains) will be critical for improving model performance on
GPC modeling under extreme temperatures. Due to the differences in
extreme temperature sensitivity at different growth stages, stage-de-
pendent temperature threshold are required for N uptake and translo-
cation.

Generally, simulations of GPC and GPY are dependent on the si-
mulations of grain yield in most of the crop models. Biased estimation
of GY will also lead to biased simulations of grain quality. Therefore,
improving simulations of both grain N accumulation and GY under
extreme temperature stresses will be necessary for current wheat
models, especially under LTS, because current models were unable to
reproduce the effects of LTS on GY and yield components (Fig. 2 and S4-
S5). For HTS, except CERES-Wheat, other models e.g., Nwheat,
WheatGrow and APSIM-Wheat, show some responses for GY under
HTS. However, these models show large variations in simulating GY
and yield components under HTS (Fig. 5 and S6-S7). For example,
Nwheat shows the decrease in simulated grain number at anthesis,
grain filling, and combined stress at anthesis and grain filling, but still
underestimates the impact of HTS on grain size and grain yield.
WheatGrow simulates the reduction in grain number at anthesis and
combined stress at anthesis and grain filling, but shows no response at
the grain filling. APSIM-Wheat was unable to produce satisfactory re-
sults for the impact of HTS on grain number for all stages, because grain
number in APSIM-Wheat is determined by stem weight at anthesis
(Zadoks 65),and was less affected by HTS. However, in the case of grain
size, APSIM-Wheat simulates well the reduction in grain size for all
stages under HTS. Here, some models (e.g. Nwheat, WheatGrow, and
APSIM-Wheat) tended to reproduce some impacts of HTS on GPC and
GPY, but these models didn't incorporate any specific algorithms for
extreme temperatures on grain N to improve the simulations of grain
quality. This could be due to the improvements in the impacts of HTS
on the formation of GY in these models. Therefore, better simulations of
GY could result in better simulations of GPC and GY in existing crop
models.

According to Siebert et al. (2014), the mean decline of wheat yield
due to HTS during the anthesis was 0.7% when the temperatures were
calculated at a height of 2 m, however, the yield decline was 22% for
temperatures measured at ground. These uncertainties among air and
canopy temperature results in biased simulations of GPC and GPY. The
differences between canopy temperature and air temperature are
mainly associated with plant water status and environmental factors
(Siebert et al., 2014; Webber et al., 2017). Generally, water deficit can
increase canopy temperature and may exacerbate HTS impacts on
crops, due to reduced transpiration rates (Siebert et al., 2014). In
contrast, crop canopy temperature are almost lower than air tempera-
ture under irrigated conditions, especially when vapor pressure deficit
(VPD) is high (Kimball et al., 2012; Siebert et al., 2017), and high
temperature responses developed under current climate conditions
using air temperature are not expected to be the same under higher
temperature with climate change (Siebert et al., 2017). As higher
temperature usually has exponentially higher VPD and therefore eva-
porative cooling effect. In our experiments, full irrigation was applied
to avoid any water logging or drought condition, and air temperature
was used to quantify the impacts of LTS and HTS for this study. Thus,
the estimated responses of grain yield and quality parameters to ex-
treme temperature stress may need to be reconsidered for applications
in other environment conditions. Several recent studies concluded that
irrigation may help to reduce the adverse effects of extreme tempera-
tures on crop yield (Carter et al., 2016; Troy et al., 2015), and em-
phasized the use of canopy temperature for estimating temperature
impacts across different environments and production conditions to
improve the predictability of crop models (Webber et al., 2018;
Yoshimoto et al., 2011). Therefore, future studies should consider the
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interactions between extreme temperature stress (both LTS and HTS)
and water conditions in model improvements, especially for model
applications under warming scenarios, to reduce the uncertainties in
assessing extreme temperature impacts on crop yield and quality due to
without considering the dynamics of canopy temperature (Siebert et al.,
2017).

Further, high tolerance to extreme temperature was suggested as
one of crop adaptation strategies to future climate change
(Gouache et al., 2012; Zheng et al., 2012), thus model improvements
will also need to account for cultivar-specific tolerance to extreme
temperatures, which has been demonstrated in the two tested cultivars
of this study. As an example, Stratonovitch and Semenov (2015) also
have taken genotypic differences in an account under HTS when
adapting wheat production to future climate impacts in Europe. In
addition, most of the previous adaptation studies only focused on the
strategies for GY improvement. However, quantification of the effects of
adaptation strategies on grain quality will be critical in the near future,
because some of the adaptation strategies to future climate scenarios
may have adverse effects on grain protein formation (Asseng et al.,
2019).
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