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ARTICLE INFO ABSTRACT

Affic{e history: Climate change and its associated higher frequency and severity of adverse weather events require geno-
Received 4 July 2016 typic adaptation. Process-based ecophysiological modelling offers a powerful means to better target and
Received in revised form 20 October 2016 accelerate development of new crop cultivars. Barley (Hordeum vulgare L.) is an important crop through-
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Available online 6 November 2016 out the world, and a good model for study of the genetics of stress adaptation because many quantitative

trait loci and candidate genes for biotic and abiotic stress tolerance have been identified in it. Here, we
X 55 developed a new approach to design future crop ideotypes using an ensemble of eight barley simulation
eywores: models (i.e. APSIM, CropSyst, HERMES, MCWLA, MONICA, SIMPLACE, SiriusQuality, and WOFOST), and

g;j::;f;;on applied it to design climate-resilient barley ideotypes for Boreal and Mediterranean climatic zones in
Climate change Europe. The results showed that specific barley genotypes, represented by sets of cultivar parameters
Crop simulation models in the crop models, could be promising under future climate change conditions, resulting in increased
Impact yields and low inter-annual yield variability. In contrast, other genotypes could result in substantial
Genotype yield declines. The most favorable climate-zone-specific barley ideotypes were further proposed, having
Genetic traits combinations of several key genetic traits in terms of phenology, leaf growth, photosynthesis, drought

tolerance, and grain formation. For both Boreal and Mediterranean climatic zones, barley ideotypes under
future climatic conditions should have a longer reproductive growing period, lower leaf senescence rate,
larger radiation use efficiency or maximum assimilation rate, and higher drought tolerance. Such char-
acteristics can produce substantial positive impacts on yields under contrasting conditions. Moreover,
barley ideotypes should have a low photoperiod and high vernalization sensitivity for the Boreal cli-
matic zone; for the Mediterranean, in contrast, it should have a low photoperiod and low vernalization
sensitivity. The drought-tolerance trait is more beneficial for the Mediterranean than for the Boreal cli-
matic zone. Our study demonstrates a sound approach to design future barley ideotypes based on an
ensemble of well-tested, diverse crop models and on integration of knowledge from multiple disciplines.
The robustness of model-aided ideotypes design can be further enhanced by continuously improving
crop models and enhancing information exchange between modellers, agro-meteorologists, geneticists,
physiologists, and plant breeders.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The global demand for agricultural crop production is expected
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in population (Gerland et al., 2014), consumption, and changes
in diets (Godfray et al., 2010; Tilman et al., 2011). However, cli-
mate change and weather extremes will exacerbate the constraints
on increasing food supplies and food security (Ray et al., 2015).
Recently, the IPCC (Porter et al., 2014) reported that for the major
crops (wheat, rice, and maize) in tropical and temperate regions,
without adaptation, climate change will have negative impacts on
production when local temperature increases by 2 °C or more above
late-20th-century levels, although it also may have positive impacts
at some individual locations. Furthermore, some studies suggest
that climate change may progressively increase the inter-annual
variability of crop yields in some regions, resulting in an increased
risk of more severe impacts (Porter et al., 2014; Ray et al., 2015). In
recent years, yields for important crops have stagnated in several
important agricultural regions around the world due to changes in
climate and agronomic management (Peltonen-Sainio et al., 2008;
Brisson et al., 2010; Ray et al., 2012; Grassini et al., 2013; Tao et al.,
2015), although in some other parts of the world yields have kept
increasing despite ongoing climate change as a consequence of new
cultivars and improved crop management (Ray et al., 2012; Tao
etal,, 2012, 2015).

Crop cultivar development and improved agronomic practices
are pivotal to climate change adaptation for agriculture (Hatfield
et al,, 2011; Tao et al., 2012; Challinor et al., 2014; Ewert et al.,
2015; Rotter et al,, 2015). One of the most effective adaptation
options for future climates is the development of climate resilient
crop cultivars (Tao and Zhang, 2010; Challinor et al., 2014). In par-
allel, agronomists are trying to develop new agronomic practices
for a changing climate (FAO, 2010). Plant breeders are increasingly
using genomics and biotechnology to develop cultivars that have
greater yield stability (lower inter-annual yield variation) in our
current production systems (Mir et al., 2012). It is, however, dif-
ficult to develop crop ideotypic traits for a targeted environment
(Reynolds et al., 2016). It is also expensive in terms of labor, time,
and funding requirements to determine the values of the different
traits particularly under future climatic conditions (Li et al., 2012;
Gouache et al., 2016).

Process-based crop models developed for simulating inter-
actions between genotype, environment, and management are
widely applied to assess impacts of environmental change on crop
development, growth, and yield (Boote et al., 2001; Asseng et al.,
2015), as well as to design adaptation strategies to cope with cli-
mate risk (Bergez et al., 2010; Tao and Zhang, 2010; Rotter et al.,
2011a; Dumont et al., 2015). In recent decades, crop modelling has
become an important tool for evaluating new cultivars (Marcaida
et al., 2014; Gouache et al., 2016) and supporting plant breeding
(Boote et al., 2001; Li et al., 2012; Rotter et al., 2015), in particu-
lar in the design of ideotypes, i.e. ‘model plants’, for different crops
and cultivation environments (Dingkuhn et al., 1991, 2015; Martre
etal., 2015a; Rotter et al., 2015; Semenov and Stratonovitch, 2013).
So far, such studies are limited to individual models, which differ in
terms of the number of parameters and processes and their descrip-
tions, complexity, and functionality (Palosuo et al., 2011; Asseng
etal., 2013). Drawing conclusions based on a single crop model can
generate quite large biases (Asseng et al., 2013). Recently, ensemble
modelling has been proposed as a valuable approach for assessing
and reducing uncertainties in crop simulations (Rotter etal.,2011b;
Wallach et al., 2016). The strengths of inter-model comparison and
ensemble modelling have been demonstrated in many studies (e.g.,
Palosuo et al., 2011; Rotter et al., 2012; Asseng et al., 2013, 2015;
Bassu et al., 2014; Li et al., 2015; Martre et al., 2015b).

Food supply and food security in Europe as well as in many other
parts of the world especially depend on the Triticeae crops, which
include wheat, barley, rye, and fodder crops. Barley (Hordeum vul-
gareL.)is a good model for study of the genetics of stress adaptation
(Moshelion et al., 2015). In this study, we aim to: 1) develop a

new approach to design future crop ideotypes using a crop model
ensemble; 2) apply this approach to design climate-resilient barley
ideotypes for Boreal and Mediterranean climatic zones in Europe,
representing contrasting climatic conditions for barley production
in Europe.

2. Materials and methods
2.1. Study sites

Two study sites with contrasting climates were chosen to rep-
resent the North and South of current agro-climatic conditions
for barley cultivation areas in Europe. One is Jokioinen (60.81°N,
23.50°E, 104 m a.s.l.) in Finland in northern Europe, and the other
is Lleida (41.63°N, 0.60°E, 190 m a.s.l.) in Spain in southern Europe
(Fig. 1).Jokioinen has a Boreal climate, with an average annual mean
temperature and total precipitation of 4.6 °C and 628.2 mm, respec-
tively, over 1980-2010. Lleida has a Mediterranean climate, with
an annual mean temperature and total precipitation of 15.0°C and
340.6 mm, respectively, over 1980-2010. At Jokioinen, spring bar-
ley is generally sown in the middle of May and harvested at the
end of August. At Lleida, winter barley is generally sown in the
middle of November and harvested at the beginning of July. During
1980-2010, the mean temperature, precipitation, solar radiation,
and photoperiod for the barley growing season was respectively
13.6°C, 252.4mm, 17.5MJm~2day~!, and 17.6 h at Jokioinen and
11.5°C, 227.3mm, 13.6 MJm~2day~!, and 11.8 h at Lleida.

2.2. Data

Detailed experimental field data including soils, tillage, fertiliza-
tion, phenology, yield, and biomass were obtained for two growing
seasons at Jokioinen in 2002 and 2009 (Salo et al.,, 2016) and
for three growing seasons at Lleida from 1996 to 1999 (Cantero-
Martinez et al., 2003). The barley cultivars used are representative
of those currently grown at each location: Annabell at Jokioinen
and Hispanic at Lleida. Annabell is a modern (released after 1985)
and considered late-maturing. Hispanic is a member of the Spanish
barley core collection. Hispanic has a much larger thermal require-
ment than does Annabell. The soils were a Vertic Cambisol (IUSS,
2006)with a clay texture at Jokioinen, and Typic Xerofluvent (USDA,
1999) with a loam texture at Lleida. The experimental data used for
crop model calibration and validation are summarized in Table S1.

The observed daily weather data for solar radiation, minimum
and maximum temperature, precipitation, wind speed, and air
humidity for 1980-2010 at the two sites were obtained from
the Finnish Meteorological Institute, the Spanish Agencia Estatal
de Meteorologia (AEMET), and from other sources, as detailed in
Pirttioja et al. (2015).

For future climate scenarios, three representative climate pro-
jections (relatively hot, medium, and relatively cold) for the period
of the 2050s, made by three global circulation models (GCMs),
were selected from the Coupled Model Inter-comparison Project
Phase 5 (CMIP5) ensemble, driven by the emission scenario of
Representative Concentration Pathway (RCP) 8.5. The atmospheric
CO, concentrations assumed were 360 ppm for 1980-2010 and
560 ppm for the 2050s. The three GCMs were the Hadley Centre
Global Environmental Model-Earth System, version 2 (HadGEM2-
ES; hereafter HadGEM) (Jones et al., 2011), the National Aeronautics
and Space Administration (NASA) Goddard Institute for Space Sci-
ences (GISS) coupled general circulation model (hereafter GISS)
(Nazarenko et al., 2015), and the Australian Community Climate
and Earth System Simulator (hereafter ACCESS) (Rashid et al.,,
2013). The climate projections were further down-scaled for local
impact assessments using the LARS-WG weather generator, as
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Fig. 1. Locations of experiment stations used in this study superimposed on environmental zones as defined by Metzger et al. (2005). Black squares are barley cultivation

areas from Monfreda et al. (2008), re-sampled to 0.5°.

described by Semenov and Stratonovitch (2015). In this method,
baseline climate statistical parameters as derived for, and incorpo-
rated into, LARS were adjusted to fit the projected climate under
different scenarios. These parameters were then used in LARS-WG
to generate local-scale daily climate scenario data for the future
period (Semenov and Stratonovitch, 2015). Finally, daily weather
data of 31 sample years representing 2050s conditions were used
for crop model simulations. The simulations were further com-
pared with simulations using the baseline climate conditions for
1980-2010.

2.3. Modelling protocol

In this study, an ensemble of eight crop models, respec-
tively APSIM 7.7 (Keating et al., 2003), CropSyst 4.15.04 (Stockle
et al., 2003), HERMES 4.26 (Kersebaum, 2007), MCWLA 2.0
(Tao and Zhang, 2013), MONICA 1.2.5 (Nendel et al, 2011),
SIMPLACE<Lintul2, Slim> (Addiscott and Whitmore, 1991), Sir-
iusQuality 2.0 (Martre et al., 2006),and WOFOST 7.1 (Boogaard et al.,
1998), representing different degrees of complexity and different
strengths, was used for identifying future barley ideotypes. The
information on the eight crop models is presented in Table S2. The
approaches applied in the various crop models were summarized in
Asseng et al. (2013, 2015) and Pirttioja et al. (2015). All models are
dynamic and work on a daily time step. Differences among models
in simulating major processes of crop development, growth, light
utilization, biomass accumulation, and grain formation are briefly
described below.

e Crop development: APSIM, CropSyst, HERMES, and MONICA
account for temperature, photoperiod, vernalization, and other
water or nutrient stress effects on phenology. MCWLA, SIMPLACE
and SiriusQuality account for temperature, photoperiod, and ver-
nalization. WOFOST accounts for temperature and photoperiod.
SiriusQuality uses daily canopy mean temperature; all other mod-
els use daily air mean temperature.

Leaf growth: APSIM, CropSyst, MCWLA, and SIMPLACE adopt a
simple approach, such as leaf area index (LAI). SiriusQuality, HER-
MES, MONICA, and WOFOST adopt a detailed approach, e.g., one
or more canopy layers, to simulate leaf growth.

Drought and heat stress: for simulating drought stress, APSIM,
CropSyst, MCWLA, and SIMPLACE adopt the actual to the
potential evapotranspiration ratio, whereas SiriusQuality adopts
soil-available water in the root zone. In applying the first
approach, APSIM, CropSyst, MCWLA, and SIMPLACE adopt
Priestley-Taylor, Penman-Monteith, Penman-Monteith, and a
modified Penman approach to potential evapotranspiration,
respectively. HERMES, MONICA, and WOFOST adopt a com-
bination of both drought stress approaches. APSIM, HERMES,
SIMPLACE, and WOFOST do not yet account for specific heat
stress during certain phenological phases. CropSyst and MON-
ICA account for heat stress on reproductive organs. APSIM and
SiriusQuality account for heat stress on leaf senescence. MCWLA
accounts for heat stress on both vegetative and reproductive
organs.

Light utilization and biomass accumulation: APSIM, CropSyst, Sir-
iusQuality, and SIMPLACE adopt radiation use efficiency (RUE) or
transpiration efficiency (TE) biomass growth approaches to simu-
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late light utilization, photosynthesis, and biomass accumulation.
HERMES, MCWLA, MONICA, and WOFOST adopt an approach of
gross photosynthesis minus respiration.

e Grain formation: CropSystand MCWLA adopt a harvestindex (HI)
approach to simulate grain formation. APSIM, HERMES, MONICA,
SiriusQuality, SIMPLACE, and WOFOST adopt assimilate partition-
ing patterns to different organs to simulate grain formation;
APSIM and SiriusQuality also account for grain number and grain
weight.

Each crop model was first calibrated and validated using the
detailed field experimental data for Jokioinen and Lleida (Table
S1). This was done by comparing the simulated flowering date,
maturity date, and yield from each crop modelling group with
the corresponding observed ones. Because the crop models are
process-based, we assumed that the models calibrated and vali-
dated under baseline climate conditions can be applied also under
future climate conditions. For each crop model, the most impor-
tant seven to eight cultivar parameters that are closely related to
crop growth, development, and grain formation were identified for
each crop modelling group (Table S2). Then, considering future bar-
ley cultivars, the potential value range conceivable in the future
for each of the important parameters was determined by consult-
ing experts, as well as the literature, information, knowledge and
experiences that each modelling group obtained (Table S3). Next,
an orthogonal sampling approach (Iman et al., 1981) was used to
conduct cultivar parameter perturbations to ensure good repre-
sentation of parameter variability. For each of the most important
seven or eight cultivar parameters in a crop model, three repre-
sentative values (Vq, V5, V3) across the range of the parameter
values (from Vi, to Vimax), i.e., the value at the one-sixth point
(V1= Viin * (Vmax — Viin) x 1/6), middle point (V2 = (Vipin + Vmax)/2),
and five-sixth point (V3 = Viin + (Vmax — Vimin) x 5/6), were selected.
The three representative values for each of the seven to eight culti-
var parameters were randomly combined, resulting in 3" (where n
is the number of the selected cultivar parameters for a crop model)
sets of cultivar parameters for each crop model. Finally, with each
crop model, simulations were conducted for 30 years under the
baseline climate (1981-2010) and the three different projected
climates for the 2050s, using the single set of calibrated param-
eters and 3" sets of perturbed parameters, for Jokioinen and Lleida
respectively. Current typical sowing dates were used for the sim-
ulations under both baseline and future climates. Different sowing
dates may affect simulated final yields to some extent, but if well
fitted to the environment, they were assumed not to affect the
relative advantages of cultivar traits that we focused on in this
study.

2.4. Analyses

For each crop model, the simulated yield changes between the
three different projected climates for the 2050s and the baseline
climate (1981-2010), using the single set of calibrated parameters
and the 3" sets of perturbed parameters, were first analyzed and
compared. Then, based on the simulated changes in mean yield
and yield variability across the three different climate scenarios
for 2050s for each crop model, the simulations with the 3" sets of
perturbed cultivar parameters under the three future climate sce-
narios were classified into three groups. For each crop model, the
high-yielding group included simulations by the 100 sets of per-
turbed cultivar parameters that produced the highest mean yield
and lowest yield variability for the 2050s across the three different
climate scenarios. The low-yielding group included the simulations
by the 100 sets of perturbed cultivar parameters that produced
the lowest mean yield and higher yield variability for the 2050s
across the three selected climate scenarios. The simulations using

the remaining (3"-100-100) sets of perturbed parameters were
classified into the middle-yielding group. Next, the correspond-
ing model parameter sets for the simulations in the high-yielding
group were further investigated to identify the desirable cultivar
traits. Finally, the design of the future barley ideotypes was further
refined by comparing the results from all the crop models and by
combining the desirable cultivar traits respectively for Jokioinen
and Lleida.

3. Results
3.1. Future climate change scenarios at the two study sites

During the 2050s, under the ACCESS, GISS, and HADGEM climate
change scenarios for Jokioinen, annual mean Ty, and Tpax are pro-
jected toincrease by 2.55 and 2.55°C, 3.16 and 2.88 °C, and 3.60 and
3.45°C, respectively, relative to baseline (1981-2010) climate con-
ditions (Fig. 2). Annual total precipitation is projected to increase
by 12.6 %, 6.0%, and 8.0%, respectively (Fig. 2). Annual mean solar
radiation is projected to change by 4.3%, —3.5%, and 2.1%, respec-
tively (Fig. 2). During the barley growing season, seasonal mean
Timin and Tmax are projected to increase by 2.60 and 2.60°C, 2.53
and 2.44°C, and 3.42 and 3.41°C, respectively, relative to base-
line (1981-2010) climate conditions. Seasonal mean precipitation
is projected to increase by 12.5%, 5.5 %, and 2.0%, respectively. Sea-
sonal mean solar radiation is projected to change by 2.75%, —1.5%,
and 3.75%, respectively.

During the 2050s, under the ACCESS, GISS and HADGEM cli-
mate change scenarios for Lleida, annual mean T,y;, and Tmax are
projected to increase by 2.94 and 2.94°C, 1.43 and 1.39°C, and
2.51 and 3.28°C, respectively, relative to baseline climate condi-
tions (Fig. 2). Annual total precipitation is projected to change by
—10.0%, 5.0%, and —10.3%, respectively (Fig. 2). Annual mean solar
radiation is projected to change by 5.3%, —0.7%, and 5.5%, respec-
tively (Fig. 2). During the barley growing season, the seasonal mean
Tmin and Tmax are projected to increase by 2.64 and 2.64°C, 1.30
and 1.27°C, and 2.12 and 2.72°C, respectively, relative to baseline
(1981-2010) climate conditions. The seasonal mean precipitation
is projected to decrease by 18.3%, 0.6%, and 0.9%, respectively. Sea-
sonal mean solar radiation s projected to change by 6.0%, —1.0% and
5.3%, respectively. Summarizing, hotter and wetter climatic condi-
tions compared to baseline were projected by ACCESS, GISS and
HADGEM for Jokioinen; for Lleida, hotter and drier climatic con-
ditions were projected. Precipitation projections for Lleida show
higher uncertainty than for Jokioinen.

3.2. Calibration of crop model cultivar parameters and the
parameter value ranges

For each crop model, one set of optimal parameters was cal-
ibrated and validated with the experimental field data. At both
sites, the differences between simulated and observed flowering
and maturity dates were less than five days, and the discrepan-
cies between observed and simulated yield were less than 20%.
The key cultivar parameters in each of the eight crop models and
their calibrated values under the baseline climate for Jokioinen
and Lleida are listed in Table S3. There were some differences
between cultivar traits at Jokioinen and Lleida. For example, the
required thermal times (in degree-days) to flowering and matu-
rity were much larger and HI was smaller for the cultivar at Lleida
(Table S3). The parameter value range identified based on litera-
ture and experts’ knowledge is listed in Table S3. For each site, the
value range for each parameter covered its calibrated value under
baseline conditions, which suggested the parameter value could
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and 2050s under ACCESS, GISS and HADGEM climate change scenarios.



F. Tao et al. / Europ. ]. Agronomy 82 (2017) 144-162 149

potentially be larger or smaller than its calibrated value for the
2050s, yet still remain within a range of realistic (plausible) values.

3.3. Overall yield projections for the selected future climate
scenarios

The simulated yield changes with the single set of calibrated
cultivar parameters and with the 3" sets of perturbed cultivar
parameters under the three future climate scenarios are presented
in Fig. 3 for Jokioinen and in Fig. 4 for Lleida, relative to the simula-
tions under the baseline climate with the single set of calibrated
cultivar parameters. The simulated yield changes varied widely
among the crop models, as well as under different future climate
scenarios (Figs. 3 and 4). In general, the simulated yield changes
varied more among the crop models than among different future
climate scenarios. Among the three future climate scenarios, barley
production would be more vulnerable under the hotter HADGEM
climate scenarios for Jokioinen (Fig. 3) and under the hotter and
drier ACCESS climate scenarios for Lleida (Fig. 4). The results were
generally consistent among the simulations by different crop mod-
els. With the single set of calibrated cultivar parameters, yield was
projected to decrease under one or more future climate scenarios
by APSIM, CropSyst, HERMES, SIMPLACE, and WOFOST for Jokioinen
(Fig. 3) and APSIM, CropSyst, SIMPLACE, and WOFOST for Lleida
(Fig. 4). This suggests that barley yield could decrease in the 2050s
with current cultivars and crop management at both locations. By
contrast, in the simulations with the 3" sets of perturbed cultivar
parameters, for each crop model and under each future climate
scenario, some sets of cultivar parameters gave substantial yield
increases at both Jokioinen (Fig. 3) and Lleida (Fig. 4). The traits
of these yield-increasing cultivars (represented by their cultivar
parameters) potentially can be used by breeders to develop novel
climate-resilient cultivars for future climate scenarios (see, also
Section 4.1).

3.4. Yield changes for high and low yielding genotypes

There were quite large differences among the simulated yield
changes by different crop models, as well as under different future-
climate scenarios. Yet, for the individual crop models, the simulated
yield changes by the 100 sets of perturbed cultivar parameters in
the high yielding group were mostly positive under the three future
climate scenarios for the 2050s, relative to baseline climate condi-
tions (except for the majority of CropSyst simulation runs). This
applied at both Jokioinen (Fig. 5) and Lleida (Fig. 6). Under different
future-climate scenarios, based on the simulations for the high-
yielding group, barley yield was projected to change at Jokioinen
on average by 5.8-18.4% for APSIM, —26.7 to 4.3% for CropSyst,
48.6-59.3% for HERMES, 55.1-70.3% for MCWLA, 61.2-76.0% for
MONICA, 12.4-16.7% for SIMPLACE, 6.1-23.5% for SiriusQuality,
and 15.7-25.5% for WOFOST (Fig. 5). The corresponding values at
Lleida were 45.2-55.1% for APSIM, —40.3 to —19.0% for CropSyst,
130.4-148.9% for HERMES, 78.2-125.0% for MCWLA, 159.0-188.3%
for MONICA, 25.6-52.0% for SIMPLACE, 88.7-94.6% for SiriusQual-
ity, and —20.5 to 24.0% for WOFOST (Fig. 6). In contrast, simulated
yield changes for the low-yielding group were negative for most of
the cases at both Jokioinen (Fig. 5) and Lleida (Fig. 6). These results
suggest that the new genotypes in the high-yielding group (repre-
sented by sets of genotypic parameters in crop models) could make
a large difference in the effort to adapt barley production to future
climates.

3.5. Identifying barley ideotypic traits under future climate
scenarios

For each crop model, the values of cultivar parameters for the
high-yielding group were further examined and compared to those
for the middle- and low-yielding groups at Jokioinen (Table 1) and
Lleida (Table 2) respectively. This was done in order to identify
key traits that can be combined for designing resilient barley ideo-
types under future climate conditions. With the APSIM model, at
Jokioinen, the genotypic traits of the high yielding group geno-
types were characterized by larger vernalization sensitivity, RUE
and number of grains per gram of stem (Table 1). At Lleida, the
genotypic traits of the high yielding group genotypes were charac-
terized by larger phyllochron, RUE, CO, fertilization effect, grain
size and number of grains per gram of stem, but smaller pho-
toperiod and vernalization sensitivity (Table 2). With the CropSyst
model, both at Jokioinen and Lleida, the genotypic traits of the
high-yielding group genotypes were characterized by larger ther-
mal time from sowing to maturity, RUE, transpiration efficiency,
maximum water uptake, and harvest index (HI), but smaller ther-
mal time from sowing to flowering, maximum LAI (LAlnax), and
threshold leaf water potential at which canopy expansion starts
to decrease (Tables 1 and 2). With the HERMES model, at both
Jokioinen and Lleida, the genotypic traits of the high-yielding group
were characterized by larger thermal time from flowering to matu-
rity and maximum CO, assimilation at light saturation (Amax), but
smaller thermal time from sowing to heading, day-length require-
ment until heading, and critical threshold value for ratio of actual
transpiration and potential transpiration to affect growth during
grain filling (Tables 1 and 2). With the MCWLA model, at both
Jokioinen and Lleida, the genotypic traits of the high yielding group
were characterized by a larger LAlhax (opposite to CropSyst), stay-
ing green after flowering, maximum transpiration rate, intrinsic
quantum efficiency of CO, uptake and HI, but a smaller devel-
opment rate from terminal spikelet initiation to flowering and
from flowering to maturity, and lower critical threshold value for
ratio of transpiration and potential transpiration to affect growth
(Tables 1 and 2). With the MONICA model, at both Jokioinen and
Lleida, the genotypic traits of the high-yielding group were char-
acterized by a larger thermal time during grain filling period, LAI
and Amax, but smaller thermal time before flowering, smaller crop-
specific coefficient for evapotranspiration (kc), and smaller critical
threshold value for ratio of transpiration and potential transpira-
tion to affect growth (Tables 1 and 2). With the SIMPLACE model, at
both Jokioinen and Lleida, the genotypic traits of the high yielding
group were characterized by a larger thermal time from sowing
to flowering (opposite to CropSyst, HERMES and MONICA) and
from flowering to maturity, relative growth rate of LAI during
exponential growth, specific leaf area (SLA), light use efficiency
(LUE), and longer average time between maturity and harvest
(Tables 1 and 2). With the SiriusQuality model, at both Jokioinen
and Lleida, the genotypic traits of the high yielding group were
characterized by a larger thermal time from anthesis to physiolog-
ical maturity, maximum potential surface area of the penultimate
leaf lamina, and LUE, but smaller number of leaves produced after
floral initiation. In addition, at Lleida, high yielding group were
also characterized by smaller maximum rate of acceleration of leaf
senescence in response to soil water deficit, and smaller fraction
of transpirable soil water threshold for which the stomatal con-
ductance starts to decrease (Tables 1, 2). With the WOFOST model,
at Jokioinen, the genotypic traits of the high yielding group were
characterized by a larger thermal time from anthesis to physiolog-
ical maturity, relative initial leaf growth rate, SLA, maximum leaf
assimilation rate, maximum daily increase in rooting depth, max-
imum rooting depth, and partitioning fraction for storage organs
at flowering stage (Table 1). At Lleida, the genotypic traits of the



150 F. Tao et al. / Europ. ]. Agronomy 82 (2017) 144-162

100 100 ~
Baseline
(@) ACCESS (e) ;
GISS | 3
50 - HADGEM 50 -
V] 0] ° —_— - =
= = —_—
c o
S O0f %E % E $ g O
< —_— ——— <
G G | |
k) ke) J
Q )
> >
-50 -50
-100 1 1 1 1 1 1 1 ] _100 1 1 1 1 1 1 1 ]
100 - 100
(b) )
50 50

R L

Yield change (%)
o
T

-100 1 1 1 I I 1 1 1 -100 I I I I I I I 1
100 - 100
(© (®
50 50 |- -
qg).’ o = 2 o qg)" —_— —_—
E 0 © 0r
G S
ko) k : kel !
Qo o} o
> >
50 | -50 - J{
_100 1 1 1 1 1 1 1 ] _100 1 1 1 1 1 1 1 ]
100 100 ~
(@ : f 7 (h)
50 - 3 50 |
S : [
o e = o
c
§ of : ot
= e
° o o
3 5
< ]
50 » - 50 |- l l J l
3 1 3 1 3 1 3" 3* 01 3 1 3 1 3"
_100 1 1 1 1 1 1 1 ] -100 1 1 1 1 1 1 1 ]

Fig. 3. Box-whisker plots (whisker: minimum and maximum; crosses: 0.01 and 0.99 percentiles; box: 0.25 quartile, median and 0.75 quartile; square: mean) of simulated
mean yield changes at Jokioinen, Finland, with 3"(n is the number of the selected genetic cultivar parameters for a crop model) sets of perturbed genetic cultivar parameters
under baseline climate conditions and future climate scenarios, and with one set of calibrated genetic cultivar parameters under future-climate scenarios, relative to the
simulations with one set of calibrated genetic cultivar parameters under baseline conditions, using APSIM (a), CropSyst (b), HERMES (c), MCWLA (d), MONICA (e), SIMPLACE
(f), SiriusQuality (g) and WOFOST (h) crop model.
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Fig. 5. Box-whisker plots (whisker: minimum and maximum; crosses: 0.01 and 0.99 percentiles; box: 0.25 quartile, median and 0.75 quartile; square: mean) of simulated
mean yield changes at Jokioinen, Finland, by the 100 sets of perturbed genetic cultivar parameters that produced the highest mean yield (high yielding group), by the
3"-100-100 sets (n is the number of the selected genetic cultivar parameters for a crop model) of perturbed genetic cultivar parameters that produced the middle mean yield
(middle yielding group), and by the 100 sets of perturbed genetic cultivar parameters that produced the lowest mean yield (low yielding group) under the three future climate
scenarios for 2050s, relative to the simulations with one set of calibrated genetic cultivar parameters under baseline conditions, using APSIM (a), CropSyst (b), HERMES (c),
MCWLA (d), MONICA (e), SIMPLACE (f), SiriusQuality (g) and WOFOST (h) crop model.
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Table 1

Mean values and standard deviations (Std) of key cultivar parameters in each crop model for the high-yielding, middle-yielding, and low-yielding groups at Jokioinen, Finland.
The calibrated set of cultivar parameters in each crop model is also listed. The value of parameter for high-yielding group is shaded in red (blue) if it is larger (smaller) than
those for the middle- and low-yielding groups. (For interpretation of the references to color in this table legend, the reader is referred to the web version of this article.)

High-yielding group Middle-yielding group Low-yielding group Baseline

Parameter Mean Std Mean Std Mean Std Calibrated

photop_sens 4.05 0.74 348 0.82 394 0.62 35

vern_sens 0.10 027 0.033 1

APSIM y_node_app_rate (2) 77.75 321 74.95 408 75.15 429 75
y_rue (3) 0.00 0.067 0.020 1.24
y_CO»_te_modifier (2) 133 0.063 1.37 0.075 1.35 0.068 1.37

transp_eff_cf (3) 0.006 0.0004 0.006 0.0004 0.006 0.0004 0.006

max_grain_size 0.10 0.10 001 0.10 0.0083 0.1
grains_per_gram_stem 2.17 / 1.99 32

GDD_Flw 0.00 750

GDD_Mty 27.02 1350

CropSyst LAlImax 055 5
LWP_red 87.69 -1200

RUE 0.16 2.8

C_TB 0.08 6.7

MWU 049 8.6

HI 0.00 0.53

HERMES Tsuml 2441 25.12 148
Tsum3 92.86 : / 0.00 575
Tsumé 13.62 154.83 1371 130
Tsum5 74.28 0.00 240
DL 1.08 0.53 20
Amax 1.36 1.37 48
Scr(5) 0.055 0.054 0.6
Rumaxvez 0.0056 0.038
Rimaxrg 0.0032 0.042
LAtmax 027 7
HICHEE Lanag 0.10 05
TTmax 0.38 574

o (Intrinsic quantum efficiency

of CO» uptake ) 0.0043 0.08
Ser 0.054 047
HI 0.013 0.54
Tsum3 0.00 280
Tsum5 48.94 290
MONICA LAI3 0.0007 0.0019
Amax TS5 30

ke3 0.00 1
ke5 022 0.8
Scr3 0.19 0.8
ScrS 0.084 0.6
SIMPLACE AirTemperatureSumAnthesis 80.89 135.84 0.00 861.5
AirTemperatureSumMaturity 5147 108.14 108.54 1440

RGRL 0.002 0.003 0.00 0.02

SLA 0.0026 0.004 0.002 0.026

LUE 0.079 0.11 0.11 32

M2H 0.074 0.082 0.082 0.1
StartWaterSensitiveDVS 0.84 0.19 0.85 0.19 0.85 0.19 0.85

P 9.58 10.89 132.53 11.16 135

o ) Dgf 26.80 54.28 42.14 450
SiriusQuality  peapp 539 541 389 30
NLL 039 0.54 035 5

LUEDiffuse 0.00 0.68 0.00 45

MaxDSF 3.88 0.67 375 0.68 371 0.66 4

UpperFTSWgs 0.50 0.048 0.50 0.055 0.49 0.050 05

BetaRWU 0.013 0014 0014 0.07

TSUMI1 650.0 25.12 72749 67.54 641.67 0.00 720

TSUM2 21.35 27.18 17.65 640

WOFOST — pGRLAI 00006 00027 000 0008
SLATB 0.0007 0.0009 0.0009 0.0035

Anmax 1.54 1.63 121 35

RRI 0.58 0.95 098 2

RDMCR 16.75 27.27 27.59 80

FOTB 0.031 0.052 0.020 0.85
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155

Mean values and standard deviations (Std) of key genetic cultivar parameters in each crop model for the high-yielding, middle-yielding, and low-yielding groups at Lleida,
Spain. The calibrated set of cultivar parameters in each crop model is also listed. The value of parameter for high yielding group is shaded in red (blue) if it is larger (smaller)
than those for the middle- and low-yielding groups. (For interpretation of the references to color in this table legend, the reader is referred to the web version of this article.)

High yielding group Middle yielding group  Low yielding group Baseline
Parameter Mean Std Mean Std Mean Std Calibrated
photop_sens 0.39 0.81 0.79 335
vern_sens 026 0.27 0.26 1
APSIM y_node_app_rate (2) 5.52 544 329 B
y_rue (3) 0.058 0.067 0018 124
y_CO»_te_modifier (2) 0.075 0.075 0.074 137
transp_eff_cf (3) 0.006 0.0004 0.0004 0.006 0.0004 0.006
max_grain_size 0.0048 0.0053 0.0028 0.065
grains_per_gram_stem 155 1.69 0.86 25
GDD_Flw 48.82 1600
GDD_Mty 5023 2270
CropSyst LAImax 0.55 6
LWP_red 157.90 -1200
RUE 0.00 2.56
C_TB 0.00 6.7
MwWU 0.54 8.5
HI 0.00 042
HERMES Tsuml 24.63 110
Tsum3 0.00 285
Tsum4 13.71 145
Tsum5 0.00 425
DL 0.53 17
Amax 1.36 48
Scr (5) 0.054 05
Rumaxvez 0.026 0.0051 0.0082 0.0095 0.022
Rumaxre 0.0027 0.0081 0.0049 0.038
LAtmax 0.28 0.27 0.27 7
MERLA Latg 0.099 0.11 0.10 05
Trmax 047 1.082 0.19 5.74
o (Intrinsic quantum efficiency
of COz uptake ) 0.003 0.0055 0.0023 0.086
Ser 0.053 0.055 0.055 047
HI 0.00 0.054 0.00 024
Tsum3 24.56 360
Tsum5 0.00 290
MONIEA LAI3 0.0002 00019
Amax 0.00 30
ke3 025 1
ke5 025 08
Scr3 0.19 08
Scr5 0.19 0.6
SIMPLACE AirTemperatureSumAnthesis 49.11 1221
AirTemperatureSumMaturity 9513 1677
RGRL 0.0000 0.004
SLA 0.0009 0.023
LUE 0.11 29
M2H 0.11 1.32
StartWaterSensitiveDVS 0.8 0.19 1
P 9.84 130.04 10.89 12747 11.16 135
SiriusQuality Dgf 0.00 54.13 2574 335
AreaPL 0.00 540 0.00 30
NLL 0.26 0.54 0.067 5
LUED:iffuse 0.00 0.68 0.00 38
MaxDSF 0.68 0.68 0.69 4
UpperFTSWgs 0.055 0.055 0.053 0.5
BetaRWU 0.075 0014 0.075 0014 0.075 0014 0.07
TSUMI1 137 2457 13.63 1480
TSUM2 2648 24.64 1741 750
WOFOST ~ RGRLAI 00043 00000 00055 00015 00047 00007 0.0038
SLATB 0.0005 0.0005 0.0006 0.0025
Amax 1.76 1.64 1.13 375
RRI 0.63 0.57 0.56 15
RDMCR 0.00 1633 0.61 125
FOTB 0.033 0.031 0.011 0.85
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high yielding group were characterized by larger thermal time
from anthesis to physiological maturity, maximum leaf assimi-
lation rate, maximum daily increase in rooting depth, maximum
rooting depth, and partitioning fraction for storage organs at DVS
1.01, but smaller thermal time before anthesis, and smaller SLA
(Table 2). The ideotypic traits identified by most of the crop models
were consistent for Jokioinen (Table 1) and Lleida (Table 2). Only
APSIM and WOFOST showed differences in favorable traits at these
two sites.

3.6. Proposed barley ideotypes for future climate based on crop
model ensemble

Climate-resilient and high-yielding barley ideotypes under
future climate scenarios are proposed separately for Boreal
(Table 3) and Mediterranean climate (Table 4), by combining the
ideotypic traits identified by the crop model ensemble. In terms
of phenology, seven models, CropSyst, HERMES, MCWLA, MON-
ICA, SIMPLACE, SiriusQuality, and WOFOST, suggest that successful
barley ideotypes should have a larger thermal time from anthesis
to physiological maturity. Three models, CropSyst, HERMES, and
MONICA, suggest that barley ideotypes should have a smaller ther-
mal time before anthesis (Tables 3 and 4). Furthermore, optimal
barley ideotypes should have a smaller photoperiod (according
to HERMES) and higher vernalization sensitivity (according to
APSIM) at Jokioinen (Table 3), but a smaller photoperiod (accord-
ing to APSIM and HERMES) and vernalization sensitivity (according
to APSIM) at Lleida (Table 4). Regarding leaf area, four models,
MCWLA, MONICA, SIMPLACE, and SiriusQuality, suggest that barley
ideotypes should have a larger SLA and LAIax with a lower senes-
cence rate at both Jokioinen and Lleida (Tables 3 and 4). However,
there was not full agreement among the crop models. For example,
CropSyst suggests a smaller maximum LAI at both Jokioinen and
Lleida (Tables 3 and 4); WOFOST suggests a larger leaf growth rate
and SLA at Jokioinen, but a smaller SLA at Lleida (Table 4). For pho-
tosynthesis, all eight models suggest that climate-resilient barley
ideotypes should have a larger Amax or RUE at both Jokioinen and
Lleida (Tables 3 and 4). In terms of drought tolerance, five mod-
els, CropSyst, HERMES, MCWLA, MONICA, and WOFOST, suggest
that climate-resilient barley ideotypes should have a higher water
use efficiency, drought tolerance, and maximum rooting depth
(Tables 3 and 4). In comparison with Jokioinen, drought-resistant
traits are even more beneficial at Lleida. Regarding grain formation,
four models, APSIM, CropSyst, MCWLA, and WOFOST, suggest that
barley ideotypes should have a larger grain number, grain size, and
HI at both Jokioinen and Lleida (Tables 3 and 4).

4. Discussion
4.1. Use of an ensemble of crop models in ideotypes design

Plant breeding focuses on developing superior genotypes with
available genetic and non-genetic resources and improved plant-
breeding methods to maximize genetic gain and cost-effectiveness.
Computer simulation of crop growth can lay out the breeding
process in silico and identify optimal candidate genotypes for var-
ious future scenarios; empirical validation can then follow and
be refined after various iterations (Li et al., 2012; Rotter et al.,,
2015). The current study demonstrates a key component of a sound
collaborative approach (Rotter et al., 2015) to design future climate-
resilient barley ideotypes aided by crop growth simulation and, for
the first time, an ensemble modelling approach. The strengths of the
latter for crop modelling have recently been discussed by Wallach
et al. (2016) and include, among others, better predictive skills of
the ensemble median or mean as compared to single models and

the possibility to provide measures of confidence regarding model
results.

Our approach has clear advantages over previous studies using
one single crop model and/or focusing on one single cultivar trait.
The crop models applied in this study are all well tested for Europe
but quite different in terms of the number of processes included
and their descriptions, complexity, and cultivar parameters (Asseng
et al., 2013). Nevertheless, the cultivar parameters in each crop
model are closely related to the processes that are common to all
models such as crop growth, root and leaf development, photo-
synthesis, evapotranspiration, abiotic stress, and grain formation.
Results from such an ensemble are more reliable than the results
from a single model, because possible artefacts due to the poor
structure of a single model are levelled or minimized by using
ensembles, which are generally based and validated on a larger
pool of data (Martre et al., 2015b; Wallach et al., 2016).

The crop models included in our ensemble consistently showed
that some traits would be promising under future climate change
scenarios, which led to more robust identification of crop ideotypes.
Furthermore, the different modelling approaches, complexity, and
cultivar parameters among the models have complementary roles
in identification of crop ideotypes, which increases the robustness
of the results. For example, CropSyst and MCWLA identify a larger
HI, WOFOST identifies a larger partitioning fraction for storage
organs, and APSIM identifies a larger grain number and grain weight
as the desirable ideotypic traits. There are obvious shortcomings
from relying on any single model compared to the ensemble. For
instance, CropSyst suggests a smaller LAlyax at Jokioinen, which is
contrary to the other five models (MCWLA, MONICA, SIMPLACE,
SiriusQuality and WOFOST). In such cases, the results shared by
multiple models were adopted in this study unless there was a
known problem (e.g., systematic bias regarding a certain process)
that made an ensemble of models inferior to a single (best) model
(Tebaldi and Knutti, 2007).

For crop model parameters, their value ranges and how they
were sampled for the perturbation runs could affect the magnitude
of the simulated yield change, but the general conclusions on ideo-
types design would not be affected and remain sound. However,
the approach also has some limitations due to particular uncertain-
ties. For example, the representation of the complex interactions
between traits and between processes is not yet fully understood
and therefore not completely represented in current crop mod-
els (Boote et al., 2001). Moreover, the trade-offs and associations
between genotypic traits are insufficiently known (Martre et al.,
2007) and have not been fully taken into account in this study.
This implies that all the ideotypic traits we identified might not be
simultaneously and perfectly realized by breeders without com-
promise. Nevertheless, the proposed ideotypes based on results
from an ensemble of models serves as the first step towards figur-
ing out crop ideotypic traits for breeders to develop future climate
resilient crop cultivars. With the proposed ideotypic traits as breed-
ing target, the insights from the study are potentially meaningful
for genotype development programs. For instance, in order to real-
ize the ideotypic trait of drought tolerance, breeders may focus on
the model-identified plant traits such as maximum daily increase
in rooting depth, maximum rooting depth, critical threshold value
for ratio of actual transpiration and potential transpiration, crop
evapotranspiration coefficient, and transpiration efficiency.

4.2. Ecophysiological basis of the ideotypic traits

The ideotypic traits identified in this study have a sound eco-
physiological basis and an excellent track record in promoting crop
productivity in the past few decades. Barley ideotypes should have
a lower photoperiod sensitivity and larger vernalization sensitiv-
ity at Jokioinen, and lower photoperiod sensitivity and smaller



Table 3

Identify barley ideotypes for Jokioinen under future climate conditions based on the crop model ensemble.

Ideotypic traits

APSIM CropSyst

HERMES MCWLA

MONICA

SIMPLACE SiriusQuality

WOFOST

Phenology

Leaf area

Photosynthesis
Drought tolerance

Grain formation

@ Larger thermal time
from anthesis to
physiological maturity
@ Smaller thermal time
before anthesis

® Smaller photoperiod
and larger vernalization
sensitivity

@ Larger SLA and
maximum LAI

@ Lower senescence rate
® Larger Amaxor RUE

@® Higher water use
efficiency

@ Higher drought
tolerance

® Larger maximum
rooting depth

@ Larger grain number

@ Larger HI

Larger GDD_Mty

Smaller GDD_Flw

Larger vern_sens

Larger y_rue Larger RUE
Larger C.TB

Larger MWU

Larger
grains_per_gram._stem
Larger HI

Larger Tsum5 Smaller Rmaxrg

Smaller Tsum1 and
Tsum3

Smaller DL

Larger Laimax
Larger Lajqg

Larger Amax Larger o

Smaller Scr Smaller Scr

Larger HI

Larger Tsum5

Smaller Tsum3

Larger LAI3

Larger Amax
Smaller kc

Smaller Scr

Larger AirTempera- Larger Dgf
tureSumMaturity

Larger RGRL and Larger AreaPL
SLA

Larger RUE Larger LUEDiffuse

Larger TSUM2

Larger RGRLAI and
SLATB

Larger Amax

Larger RRI and
RDMCR

Larger FOTB

Z91-b¥1 (2102) Z8 Awouo.dy [ doing /v 32 o0 f
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Table 4

Identify barley ideotypes for Lleida under future climate conditions based on the crop model ensemble.

Ideotypic traits

APSIM

CropSyst

HERMES

MCWLA

MONICA

SIMPLACE

SiriusQuality

WOFOST

Phenology

Leaf area

Photosynthesis

Drought tolerance

Grain formation

@ Larger thermal
time from anthesis
to physiological
maturity

@ Smaller
thermal time
before anthesis

® Smaller
photoperiod and
vernalization
sensitivity

@ Larger SLA and
maximum LAI

@ Lower
senescence rate
® Larger AmaxOr
RUE

@® Higher water
use efficiency

@ Higher drought
tolerance

® Larger
maximum rooting
depth

@ Larger grain
number

@ Larger grain
size

® Larger HI

Smaller
photop_sens and
vern_sens

Larger y_rue

Larger

grains_per_gram._stem

Larger
max_.grain_size

Larger GDD_Mty

Smaller GDD_Flw

Larger RUE

Larger C_.TB

Larger HI

Larger Tsumb5

Smaller Tsum1,
Tsum?2 and Tsum3

Smaller DL

Larger Amax

Smaller Scr

Smaller Rmaxrg

Larger Laimax
Larger Lajag

Larger o

Smaller Scr

Larger HI

Larger Tsum5

Smaller Tsum3

Larger LAI3

Larger Amax

Smaller kc

Smaller Scr

Larger AirTempera-
tureSumMaturity

Larger RGRL and
SLA

Larger RUE

Larger Dgf

Larger AreaPL

Larger LUEDiffuse

Larger TSUM2

Smaller TSUM1

Larger Amax

Larger RRI and
RDMCR

Larger FOTB

8G1
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vernalization sensitivity at Lleida. At Jokioinen, lower photope-
riod sensitivity increases the duration of stem elongation phase,
larger vernalization sensitivity increases the duration from emer-
gence to terminal spikelet initiation, which stimulates flowering,
enhances seed production and reduces climate risk (Dennis and
Peacock, 2009). At Lleida, lower photoperiod sensitivity and smaller
vernalization sensitivity increases the duration of stem elongation
phase, which leads to a higher number of fertile florets at anthesis,
an increased grain number and thereby a higher yield (Gonzalez
et al., 2003; Miralles and Richards, 2000). Extending the phase of
stem elongation has been proposed as a tool to further improve
yield potential in small-grain cereals (Borras-Gelonch et al., 2010;
Miralles and Richards, 2000). Vernalization response is different
at each location because Jokioinen benefits from a large vegeta-
tive/reproductive ratio that assures flowering occurs only once mild
season has begun; at Lleida, where such a risk is much lower, a
smaller ratio implies a longer grain filling and therefore higher
yield.

Barley ideotypes should have alarger reproductive growth dura-
tion and shorter pre-anthesis duration. The duration of the grain
filling period is positively correlated with grain weight (Fernandez
et al., 1998) and has common genetic determinants in wheat
(Charmet et al., 2005). Cultivars with longer reproductive growth
duration have been increasingly adopted to take advantage of
increased temperatures in autumn due to climate change at high
latitudes. At lower latitudes, increases in the grain filling period
(actually the increase in the thermal requirement) allow the crop to
maintain (even in a warmer environment) the duration of grain fill-
ing. Also, selection of early-heading crop genotypes secures higher
yields because cultivars with earlier heading dates usually have
longer grain filling period and also escape more severe terminal
water stress, for example, in Southwest Texas (Fernandez et al.,
1998) and China (Tao et al., 2012). However, care should be taken
that shortening of the pre-anthesis period does not lead to reduc-
tion in the duration of ear formation, which may be challenging but
nevertheless possible (Foulkes et al., 2011).

Barley ideotypes should have a larger leaf area but a smaller leaf
senescence rate in response to heat and water stress. An increase
in leaf area increases light interception and the source strength
for heat, water and CO, exchange, and consequently increases
photosynthesis rate and biomass accumulation. However, in dry
environments with terminal drought, it could also have negative
effects on yield if water is depleted too early in the season: for
this reason models CropSyst and WOFOST suggested a smaller leaf
area at Lleida. Barley productivity can be limited by both water and
heat stress, which hasten premature senescence and consequently
lower yield. Lower leaf senescence rate or ‘staying green’ is a vital
characteristic associated with the capacity of the plant to maintain
CO, assimilation and photosynthesis, which mostly results from
other traits such as a higher proportion of roots in deep soil (Borrell
etal., 2001).

Barley ideotypes should have a larger Amax and RUE. The amount
of radiation captured will determine the rate of photosynthesis
possible and the rate of growth (the rate of the accumulation
of dry matter). Past increases in yield potential of wheat have
largely resulted from improvements in HI rather than increased
biomass. Further increases in HI are relatively difficult than before,
but an opportunity exists for increasing productive biomass and
harvestable grain. Photosynthetic capacity and efficiency are bot-
tlenecks to raising productivity and there is strong evidence that
increasing photosynthesis will increase crop yields provided that
other constraints do not become limiting (Parry et al., 2010).
Moreover, barley ideotypes should have a higher water use effi-
ciency, drought tolerance, and maximum rooting depth, which are
essential to meet the challenge of maintaining yields while facing
increasing drought risk due to climate change. Improved water use

efficiency for grain in modern cultivars was associated with faster
development, earlier flowering, improved canopy structure, and
higher HI (Siddique et al., 1990). Finally, barley ideotypes should
have a larger grain number, grain size, and HI. It is therefore crucial
to optimize partitioning of extra assimilates to grain to maximize
grain number and HI, and to improve potential grain size and grain
filling while maintaining lodging resistance (Foulkes et al., 2011).

In the past several decades in Finland, drought, excess of water
from rain and snow-melt, as well as high temperature sum accu-
mulation rate before heading, severely reduced barley yields, while
high temperature sum accumulation rate from heading to yellow
ripeness increased the yields significantly (Hakala et al., 2012). In
addition, increased grain number, grain size, and consequently HI
have contributed to genetic yield improvements in spring barley
(Hordeum vulgare L.), oat (Avena sativa L.), and wheat (Triticum
aestivum L.) cultivars (Peltonen-Sainio et al., 2007). In the Mediter-
ranean basin, modern cultivars used slightly less water than old
cultivars. Water use efficiency for grain has increased substantially
from old to modern cultivars for wheat and barley (Siddique et al.,
1990; Shearman et al., 2005; Acreche and Slafer, 2009; Bustos et al.,
2013). The proposed barley ideotypes with high water use effi-
ciency (larger C_TB and smaller kc), high drought tolerance (smaller
Scr) and large maximum rooting depth (larger RRI and RDMCR)
would help to combat the abiotic stress and increase genetic gains
under future climate conditions.

4.3. Implications of this study to climate impact and adaptation
studies, as well as to agronomists and breeders

This study showed that barley yield could increase substantially
under future climate scenarios if new ideotypes are developed and
implemented, which is in contrast with many previous climate
change impact studies that did not consider genotypic adapta-
tions (see, e.g., Challinor et al., 2014 for an overview). The potential
effect of unleashing crop breeding and biotechnology to combat cli-
mate change impacts such as food supply reductions is overlooked
in many climate impacts studies, including IPCC AR5 (Zilberman,
2015). Rotter et al. (2011a) concluded that positive effects of
climate warming and elevated CO, concentrations on cereal pro-
duction at high latitudes are likely to be reversed for temperature
increases exceeding 4 °C, with a high risk of marked yield loss. The
same authors also suggested that only plant breeding efforts aimed
at increasing both yield potential and drought tolerance, com-
bined with adjusted agronomic practices, such as changed sowing
time, adequate nitrogen fertilizer management and plant protec-
tion, hold a prospect of maintaining yield levels and reducing the
risks of yield shortfall. Responding to climate change will therefore
require the use of new breeding methods to create suitable geno-
types (Dawson et al., 2015). In Spain, a shift in adapted cereal-based
crop rotations is expected where a summer crop becomes a winter-
sown crop (Garrido et al., 2011). In order to better predict future
climate impacts on food production and food security, the devel-
opment of agronomic management and new genotypes should be
elaborated and incorporated into future climate change impact and
adaptation studies.

Furthermore, our study demonstrates a sound approach to
accelerate collaboration among crop modellers, agronomists, phys-
iologists, geneticists, and breeders, which is extremely important
but surprisingly rare so far (Rotter et al., 2015). The traits iden-
tified in our study have important implications for these experts’
efforts to develop climate-resilient crop cultivars. In more com-
prehensive studies and programmes aimed at accelerating plant
breeding for future conditions through collaborative modelling and
experiments and by using high-throughput phenotyping technol-
ogy, the identified value ranges for various crop model parameters
can be further refined. The genetic basis of the ideotypic traits
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requires further investigation to accelerate climate-resilient barley
cultivars breeding. Moreover, combining conventional crop simu-
lation with genetic modelling, such as based on quantitative trait
loci (QTLs) (Yin et al., 2005; Li et al., 2012), promises to accelerate
delivery of future cereal cultivars for different environments. The
robustness of model-aided ideotypes design can be enhanced fur-
ther by continuously improving crop models to better account for
key physiological processes, cultivar traits, and their interactions,
such as three-dimensional canopy structure, heat, frost, and water-
logging resistance, as well as for the interactions between genotype
(G), management (M) and environment (E).

5. Conclusions

We developed a new approach to design future crop ideotypes
using crop model ensembles and applied it to design climate-
resilient barley ideotypes for Boreal and Mediterranean climatic
zones in Europe. The study demonstrates a key component of a
sound collaborative approach to design future climate-resilient
barley ideotypes aided by crop simulation and, for the first time,
based on a crop model ensemble. The approach has advantages
over previous studies using one single crop model and/or focus-
ing on one single cultivar trait. The results show that barley
ideotypes under future climate conditions should have a longer
reproductive growing period, lower leaf senescence rate, larger
radiation use efficiency or maximum assimilation rate, and higher
drought-tolerance for both Boreal and Mediterranean climatic
zones. Moreover, barley ideotypes should have a high photoperiod
and vernalization sensitivity for the Boreal climatic zone; in con-
trast they should have a low photoperiod and low vernalization
sensitivity for Mediterranean climatic zone. The drought tolerance
trait is more beneficial for the Mediterranean climatic zone than for
the Boreal climatic zone. The proposed ideotypes for the Boreal and
Mediterranean climatic zones have solid ecophysiological bases
and an excellent prognosis in promoting crop productivity under
ongoing climate change. The insights from the study are poten-
tially meaningful for genotype development programs, which can
serve as the first step towards identifying crop ideotypic traits for
breeders developing crop cultivars having resilience to projected
future climates. The robustness of model-aided ideotype design can
be further enhanced through continuously improving crop models
and enhancing information exchange between modellers, agrom-
eteorologists, geneticists, physiologists, and plant breeders.
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Table S1. Field experiments, crop management and climate characteristics for

baseline and 2050s used in partially calibrating and validating crop models, and

simulation experiments

Location Jokioinen, Finland Lleida, Spain
Latitude 60.81°N 41.63°N
Longitude 23.50°E 0.60°E
Environment Boreal climate Mediterranean climate
Average growing  Middle of May to end of Middle of November to
season August beginning of July
Soils

Soil type Vertic Cambisol Xerofluvent typic
Soil depth 225¢cm 130cm
Permanent wilting  22% 16.7%

point (m*/m?)

Field capacity 40% 33.9%

(m’/m’)

Bulk density 1.5 1.4

(g/em’)

Sand (%) 7.0% 39.0%

Clay (%) 11.8% 28.8%

Silt (%) 81.2% 32.3%

Crop

management

Cultivar Annabelle Hispanic




Sowing date 13/05/2002 08/11/1996

(DOY) 14/05/2009 18/11/1997
16/11/1998

Total applied N 90.0 Two N fertilization treatments:

fertilizer (kgN/ha) 0.0 and 120.0

Total irrigation 0.0 0.0

(mm)

Phenology

Heading (DOY) 01/07/2002 18/04/1997

10/07/2009 22/04/1998

10/05/1999

Maturity (DOY) 19/08/2002 30/05/1997

21/08/2009 05/06/1998

08/06/1999

Experimental

year

Mean growing 2002 (15.6) 1997 (12.6)

season 2009 ( 14.0) 1998 (11.9)

temperature 1999 (11.7)

Mean growing 2002 (206.6) 1997 (371.0)

season 2009 (200.7 ) 1998 (191.9)

precipitation 1999 (255.7)

Baseline

Mean growing 13.6 11.5

s€ason




temperature (°C)

Mean growing 252.4 2273
season

precipitation (mm)

Climate change

scenario

GCM scenario ACCESS, GISS and HadGEM  ACCESS, GISS and HadGEM
examined

Mean growing ACCESS (16.2), GISS (16.1)  ACCESS (14.1), GISS (12.8)
season temperature and HadGEM (17.0) and HadGEM (13.9)

°C)

Mean growing ACCESS (284.0), GISS ACCESS (185.8), GISS
season (266.3) and HadGEM (257.4)  (225.9) and HadGEM (225.3)

precipitation (mm)




Table S2. Crop models used in this study

Model (version)

Reference

Documentation

APSIM (V.7.7)

Keating et al., 2003

http://www.apsim.info/Wiki/

CropSyst (V 3.02)

Stockle et al., 2003

http://www.bsyse.wsu.edu/CS_Suite/CropSyst/index.html

HERMES (V4.26)

Kersebaum, 2007, 2011

http://www.zalf.de/en/forschung/institute/Isa/forschung/oekomod/her

mes

MCWLA (V2.0)

Tao et al., 2009, 2013

Request from fulu.tao@luke.fi

MONICA (V1.2.5)

Nendel et al., 2011

http://monica.agrosystem-models.com

SIMPLACE<Lintul2, Slim>

Addiscott and Whitmore, 1991;

Angulo et al., 2013

www.simplace.net/, http://models.pps.wur.nl/models

SiriusQuality (V2.0)

Martre et al., 2006; Ferrise et al., 2010

Request from pierre.martre@clermont.inra.fr

WOFOST (V7.1)

Boogaard et al., 1998

http://www.wofost.wur.nl




Table S3. Key genetic cultivar parameters in each crop model, the calibrated parameters values for baseline conditions, and the estimated

parameters values ranges, for Jokioinen and Lleida, respectively.

Explainations of the

Parameter value for

Parameter value for

Model Model parameters parameters Jokioinen Lleida
Calibrated Calibrated
value for value for
Value range baseline Value range baseline
photop _sens Photoperiod response 2.0-5.0 3.5 2.0-5.0 3.5
vern_sens Vernalization response 0.5-1.5 1 0.5-1.5 1
y_node app_rate(2) node phyllochron 67.5-82.5 75 90-110 100
APSIM Radiation use efficiency for
y_rue(3) each phenological stage 1.116-1.364 1.24 1.116-1.364 1.24
Factor of CO; effects in C3
y_CO,_te modifier(2) crops 1.233-1.507 1.37 1.233-1.507 1.37
Transpiration efficiency
transp_eff cf(3) coefficient 0.00525-0.00675  0.006 0.00525-0.00675  0.006
max_grain_size Maximum grain size 0.085-0.115 0.1 0.05525-0.07475  0.065
grains_per_gram_stem Grains per gram of stem 28-36 32 21.875-28.125 25




CropSyst

Thermal time sowing to

begin flowering (GDD, Tb=

GDD_Flw 0°C) 700-800 750 1500-1700 1600
Thermal time sowing to

GDD_ Mty maturity (GDD, Tb= 0°C) 1300-1400 1350 2100-2350 2270

LAImax Maximum LAI 4.0-6.0 5 5.0-7.0 6
Leaf water potential that
begins reduction of canopy

LWP red expansion (J/kg) -1000 to -1500 -1200 -1100 to -1700 -1200
Radiation Use Efficiency

RUE (g/MJ) 2.3-3.0 2.8 2.3-3.0 2.56
Conversion coefficient
transpiration / biomass

C TB (kPa-kg/m’) 5.5-6.9 6.7 5.5-6.9 6.7
Maximum water uptake

MWU (mm) 8.0-10 8.6 8.0-10 8.5

HI Harvest Index 0.40-0.60 0.53 0.3-0.5 0.42




HERMES

Tsuml

Temperature sum sowing to

emergence

90-180

148

90-180

110

Tsum3

Temperature sum double

ridge to heading

250-600

575

250-600

285

Tsum4

Temperature sum heading

to flowering

130-180

130

130-180

145

Tsum5

Temperature sum flowering

to ripening

220-500

240

220-500

425

DL

Daylength requirement until

heading

16-20

20

16-20

17

Amax

maximum CQO, assimilation
at light saturation (kg
COy/ha leaf/h)

48-53

48

48-53

48

Scr(5)

Critical threshold value for
ratio of actual transpiration
and potential transpiration to
affect growth during grain

filling

0.4-0.6

0.6

0.4-0.6

0.5




MCWLA

The maximum development
rate (per day) from terminal

spikelet initiation to

Rinaxve2 flowering 0.018-0.058 0.038 0.007-0.037 0.022
The maximum development
rate (per day) in the

Rmaxrg reproductive phases 0.022-0.062 0.042 0.023-0.053 0.038

L Atmax Maximum LAI (m’m™) 6.5-7.5 7 6.5-7.5 7
A parameter for LAI
decreasing rate after

Laidg flowering to maturity 0.3-0.7 0.5 0.3-0.7 0.5
Maximum transpiration rate

Trmax (mm m~day™) 3.7387-7.7387 5.7387 3.7387-7.7387 5.7387
Effective ecosystem-level
quantum efficiency or

o (Intrinsic quantum Intrinsic quantum efficiency

efficiency of CO, uptake ) of CO, uptake in C3 plant ~ 0.07-0.09 0.08 0.0757-0.0957 0.0857
Critical threshold value for

Ser ratio of transpiration and 0.4-0.6 0.4667 0.4-0.6 0.4667




potential transpiration to

affect growth

HI Harvest index 0.44-0.64 0.54 0.14-0.34 0.24
Temperature sum from
double ridge to begin

Tsum3 flowering 200-400 280 200-400 360
Temperature sum during

Tsum5 grain filling period 200-500 290 200-500 290
Specific leaf area (m’kg dm
leaf") from double ridge to

MONICA LAI3 flowering 0.0010-0.0035 0.0019 0.0010-0.0035 0.0019

Amax Maximum assimilation rate ~ 25-55 30 25-55 30
ke factor from double ridge

kc3 to flowering 0.5-1.4 1 0.5-1.4 1
ke factor during grain filling

ke5 period 0.5-1.4 0.8 0.5-1.4 0.8
Critical threshold value for

Scr3 ratio of transpiration and 0.3-1.0 0.8 0.3-1.0 0.8




potential transpiration to
affect growth, from double

ridge to flowering

Critical threshold value for
ratio of transpiration and
potential transpiration to

affect growth, during grain

Scr5 filling period 0.3-1.0 0.6 0.3-1.0 0.6

AirTemperatureSumAnthesis Pre-anthesis degree days 600-1100 861.5 1000-1400 1221

AirTemperatureSumMaturity Maturity degree days 1200-1600 1440 1500-1850 1677
Relative growth rate of LAI

SIMPLACE during exponential growth

RGRL (RGRL) 0.015-0.025 0.02 0.002-0.006 0.004

SLA Specific leaf area [cm™/g] 0.02-0.035 0.026 0.02-0.035 0.023
Light use efficiency of PAR

LUE [g/MJ] 3.0-34 3.2 2.7-3.1 2.9
Factor accounting for

M2H average time between 0-0.3 0.1 1.1-1.5 1.3195




maturity and harvest

Development stage when

sensitive phase to drought

StartWaterSensitiveDVS stress starts 0.5-1.2 0.85 0.5-1.2 1

P Phyllochron (°Cday/leaf) 110 - 150 135 110 - 150 135
Grain filling duration (from
anthesis to physiological

Dgf maturity (°Cday) 350 - 550 450 300 - 500 335
Maximum potential surface
area of the penultimate leaf

SiriusQuality AreaPL lamina (cm*lamina) 20 -40 30 20 -40 30

Number of leaves produced

NLL after floral initiation (leaf) 4 -6 5 4 -6 5
Potential radiation use
efficiency under overcast
conditions (g(DM)/MJ

LUEDiffuse (PAR)) 23-48 4.5 23-48 3.8

MaxDSF Maximum rate of 2.5-5 4 2.5-5 4




acceleration of leaf
senescence in response to
soil water deficit

(dimensionless)

Fraction of transpirable soil
water threshold for which
the stomatal conductance

starts to decrease

UpperFTSWgs (dimensionless) 0.4-0.6 0.5 0.4-0.6 0.5
Efficiency of the root system
to extract water through the
vertical soil profile
BetaRWU (dimensionless) 0.05-0.10 0.07 0.05-0.10 0.07
TSUMI1 Pre-anthesis degree days 600-850 720 1350-1500 1480
TSUM2 Post-anthesis degree days 600-700 640 650-800 750
Relative initial leaf growth
RGRLAI rate 0.003-0.0055 0.008 0.003-0.012 0.00375
SLATB Specific leaf area (SLA) as  0.0022-0.0055 0.0035 0.0022-0.0055 0.0025




WOFOST

function of DVS

Maximum leaf assimilation

rate [ kg ha-1 hr-1]at DVS 0

Amax to 1.2 32-38 35 32-42 37.5
maximum daily increase in

RRI rooting depth [cm d'] 0.5-4.0 2 0.5-4.0 1.5
maximum rooting depth

RDMCR [cm] 50-150 80 50-150 125
Partitioning fraction for

FOTB storage organs at DVS 1.01  0.8-0.99 0.85 0.8-0.99 0.85
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