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ARTICLE INFO ABSTRACT

Keywords: Barley is one of the most important cereals for animal and human consumption. Barley heading and grain filling
Heat and drought stress are especially vulnerable to heat and drought stress, which are projected to increase in the future. Therefore, site-
Heading

specific adaptation options, like cultivar choice or shifting sowing dates, will be necessary. Using a global climate
model ensemble and a phenology model we projected spring barley heading and maturity dates for 2031-50 for
climatically contrasting sites: Helsinki (Finland), Dundee (Scotland) and Zaragoza (Spain). We compared the
projected future heading and maturity dates with the baseline period (1981-2010) and described corresponding
heat and drought stress conditions and how they were affected by adaptation options, i.e. shifting the sowing
date by + /- 10-20 days, choosing early or late heading cultivars or combining both adaptation options, with
agroclimatic indicators. At all sites and sowing dates, heading and maturity in 2031-50 occurred earlier (up to
three weeks with earliest sowing) than in the baseline period. Along the European transect, the projected heading
and grain filling periods were hotter than under baseline conditions but advancing heading alleviated heat stress
notably. Different indicators signaled more severe drought conditions for 2031-50. At Helsinki, delayed heading
periods were exposed to less drought stress, likely because the typical early summer droughts were avoided. At
Zaragoza, fewer, yet more intense, rainfall events occurred during grain filling of the early cultivars. Only under
scenario RCP4.5, heading and grain filling periods at Dundee were slightly wetter for the early cultivars. Our
study provides a unique overview of agroclimatic conditions for heading and grain filling periods projected for
2031-50 along a climatic transect and quantifies the effects of different adaptations for spring barley. The
approach can be extended by coupling the agroclimatic indicators with crop modelling.

Grain filling

Phenology shifts

Climate change adaptation
Agroclimatic indicators

heat waves, droughts, and heavy rainfall (Pendergrass et al., 2017; van
der Wiel and Bintanja, 2021). In northern Europe, the sharpest surge in

1. Introduction

Barley is one of the most important cereals finding use in animal
feeding and human consumption, e.g. in malting (Yawson et al., 2020).
From 2010-2019, the European Union contributed an average of 41% to
its annual global production (FAO, 2020; USDA, 2020a). As it is an
internationally traded commodity, changing production conditions
could not only have regional but also global implications (Newton et al.,
2011; Yawson et al., 2020).

Projections show changes in climatic means and variability, which
are associated with an increased frequency of extreme events, such as
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temperature and extreme precipitation events is expected for winter
(Kovats et al., 2014; Lehtonen et al., 2014). In the Mediterranean, the
strongest increase in temperature, heat waves, and dry spells, along with
a notable decrease in precipitation, is projected for summer (Rotter
et al., 2012; Kovats et al., 2014; Cramer et al., 2018).

Changing climate conditions have already affected crop phenology.
Higher mean air temperatures have reportedly advanced the dates of
phenological stages, e.g. heading and yellow ripeness, and shortened the
overall growth period duration of various cereal crops (Siebert and
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Ewert, 2012; Chmielewski, 2013; Fatima et al., 2020). Reducing the
exposure to heat and drought stress during vulnerable crop phases re-
quires highly site-specific adaptation options, such as changes in sowing
date or cultivar choice or a combination of both (Olesen et al., 2011;
Ruiz-Ramos et al., 2018). Earlier sowing allows a crop to make use of as
much winter precipitation as possible, while at the same time reducing
the risk of entering heat and drought-stress prone summer periods
(Sacks et al., 2010; Olesen et al., 2011). In regions like Northern Europe,
where warming advances the start of the growing season and accelerates
crop development, growing late-ripening cultivars is a way to counteract
too-early harvests (Eitzinger et al., 2013; Fatima et al., 2020). In
southern Europe, growing early-flowering cultivars could reduce the
risk of exposure to terminal drought or heat stress (Yang et al., 2019).
Agroclimatic indicators, e.g. temperature sum from heading until yellow
ripeness (Kahiluoto et al., 2019) or number of days with water deficits in
a certain time period (Trnka et al., 2011b), are valuable tools to gain a
better understanding of the conditions that prevail at a specific site or
grid box and to examine potential future changes (Trnka et al., 2011b;
Rotter et al., 2013). Various studies have applied this approach to assess
the agroclimatic growth conditions for different cereals and growing
regions (Trnka et al., 2011a, 2011b; Eitzinger et al., 2013; Rivington
et al., 2013; Rotter et al., 2012, 2013; Troy et al., 2015; Liittger and
Feike, 2018; Zhu and Troy, 2018; Vogel et al., 2019; Harkness et al.,
2020).

However, to date, to the best of our knowledge, there is no study
examining baseline and future agroclimatic conditions covering very
contrasting barley production environments across Europe. Such a study
would be very useful in guiding barley breeding for future conditions (e.
g. Rotter et al., 2015). Here, we will examine projected changes of
agroclimatic growing conditions for spring barley along a transect from
Northern Europe to the Mediterranean and the impact of distinct tech-
nological adaptation options (sowing time; cultivar choice; a combina-
tion of both) with the following specific objectives:

i) to determine whether and to what extent heading and maturity
dates of early- and late-heading cultivars are projected to shift in
the study period 2031-50 with or without adjusting sowing dates;

ii) to examine how agroclimatic conditions during the heading and
grain filling periods projected for 2031-50 are different from the
baseline (1981-2010) with or without shifting sowing dates;

iii) to examine the best, sowing date and cultivar choice, or specific
combinations thereof, that ensure the most favorable (i.e. least
exposure to heat and drought stress) agroclimatic conditions
among the projections for 2031-50.

2. Materials and methods
2.1. Historical and climate change scenario data

Climate change scenario data was extracted from datasets generated
by ISIMIP2b (The Inter-Sectoral Impact Model Intercomparison Project,
Warszawski et al., 2014) based on CMIP5 (Taylor, 2012). This data was
bias-corrected to provide long-term statistical agreement with the
observation-based WATCH forcing dataset (Warszawski et al., 2014),
description of the bias-correction method in Hempel et al., 2013). Its
horizontal resolution was 0.5° x 0.5° and the baseline period was
1980-2010 (Frieler et al., 2017; Warszawski et al., 2014). We extracted
the bias-corrected output of an ensemble of four global climate models
(GCMs) (HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, and
GFDL-ESM2M; Frieler et al., 2017; Ito et al., 2019; Table 1) for daily
maximum, minimum and mean temperature as well as precipitation for
2011-30 centered around 2020, and for 2031-50 centered around 2040
for two distinct emission scenarios. The representative concentration
pathways (RCPs) 4.5 and 8.5 represented an intermediate and a very
high greenhouse gas emission scenario, respectively (Pachauri and
Mayer, 2015). We retrieved historical climate data from re-analysis for
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Table 1
Models of the multi-model ensemble used in this study (Frieler et al., 2017; Gao
et al., 2015; Warszawski et al., 2014).

Model Model Institution Spatial resolution (Lat. x
Lon, in °)
GDL-ESM2M NOAA Geophysical Laboratory, 2.5 x 2.0
USA
HadGEM2_ES Met Office Hadley Centre, UK 1.875 x 1.25
IPSL-CM5A-LR Institute Pierre-Simon-Laplace, 3.75 x 1.875
France
MIROC-ESM- Atmosphere and Ocean Research 2.81 x 1.77
CHEM Institute, Tokyo

1981-2010 from the AgERA5 database (C3S, 2019) providing hourly
data at a 0.1° x 0.1°grid to characterize the baseline climate conditions
at the study sites.

2.2. Climate conditions at the selected experimental sites

The observational data for this study was generated within the
framework of the collaborative European, FACCE-JPI funded, SusCrop
ERA-NET project “ClimBar” (“An integrated approach to evaluate and
utilize genetic diversity for breeding Climate-resilient Barley”, https://p
roject-wheel.faccejpi.net/climbar/). The five designated study sites
were located along a climatic transect from northern to southern Europe
(Fig. 1A and 1B). It was assumed that the southern locations prefigure
the future climate conditions at the sites further north. Two sites had to
be eventually excluded from this study due to notable data gaps. The
continental, cool and temperate boreal zone (BOR6) was represented by
the study site near Viikki (60°13°30.9"N 25°01°07.5"E), roughly 10 km
northeast of central Helsinki (HEL, Fig. 1A). Longforgan (56°26’00.6"N
3°07°08.7"W), about 14 km west of Dundee (DND), represented the
Atlantic North (ATN4) with its maritime and temperate climate. Zuera
(41°51°30.2"N 0°39°15.2"W), roughly 40 km northeast from Zaragoza
(ZGZ), lies in the environmental zone labelled ‘“Mediterranean South
(MDS1)”, which describes a hot Mediterranean climate (Metzger et al.,
2005, 2012). However, ZGZ is one of the cooler Mediterranean sites, as
the minimum temperatures during winter can drop below 0 °C (Fig. S1;
Cammarano et al., 2021).

Table 2 shows the baseline conditions (1981-2010; AgEra5, C3S,
2020), during the growing season of early and late spring barley culti-
vars (see Section 2.3) at each site in comparison to the projected (ISI-
MIP2b dataset, Warszawski et al., 2014), current (“ClimBar” trial years
in comparison to current period 2011-30 are presented in Fig. S1) and
future period. The projected increments of the seasonal mean temper-
ature (tmean s) of 3 °C (HEL), 1.5 °C (DND), and 0.9 °C (ZGZ) along with
seasonal precipitation declines of 37% (HEL), 33% (DND), and 20%
(ZGZ), from the baseline to 2011-30 show that the experimental years
were already subjected to climatic change.

From the baseline to 2031-50, tmean s increased by 3.7 °C, 2.0 °C, and
1.5 °C at HEL, DND,and ZGZ and precipitation decreased by 35%, 33%,
and 25%, respectively.

During 2011-30 and 2031-50, tmeans Was higher under RCP8.5.
During the growing season of the early cultivars at the northern sites and
at ZGZ, tmean s was 0.2 °C and 0.4 °C, respectively, lower in comparison
to the late cultivars. For all time slices, there was less precipitation
during the growing season of the early cultivars.

2.3. Observed and projected phenological dates

Two seasons (2015/16-2016/17) of field trials, managed according
to local farmers’ practices (Table S1), were conducted (weather condi-
tions and growth season durations in Fig. S2). At each study site, a panel
of more than 200 spring barley lines was sown in two replicates,
whereby the northern trials were spring-sown and the southern ones
winter-sown trials. The dates of heading (the day when 50% of the plot
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Fig. 1. A) Environmental zones and locations of the three experimental (ClimBar) sites included in this study (map from Metzger et al., 2005). B) Barley production

(in 1000 million tons) in Europe (2010-2014 average; USDA, 2020b).

Table 2

Mean temperature and sum of precipitation for the growing season (sowing to maturity) of early and late spring barley cultivars as projected for the baseline
(1981-2010), the current (2011-30, including ClimBar trial years), and the future (2031-50) period, for two emission scenarios (RCP4.5 and 8.5; multi-model me-
dian). Sowing = “ClimBar” sowing dates representing current farmers practice; DOY = day of year; HEL= Helsinki, DND= Dundee, ZGZ= Zaragoza.

Baseline period (1981-2010)

Current period (2011 —2030) Future period (2031-2050)

Site Sowing (DOY) Cultivar Group Tmean (°C) Precipitation (mm) RCP Tmean (°C) Precipitation (mm) Tmean (°C) Precipitation (mm)
HEL 136 Early 14.1 212.3 4.5 16.8 132.6 17.6 140.9
8.5 17.0 132.8 18.0 135.9
Late 14.2 234.3 4.5 16.9 149.4 17.7 152.1
8.5 17.1 146.2 18.2 148.4
DND 82 Early 10.5 383.9 4.5 11.9 263.5 12.4 262.3
8.5 12.1 253.5 12.5 254.5
Late 10.7 407.7 4.5 12.1 280.4 12.6 279.1
8.5 12.4 269.1 12.8 268.3
ZGZ 318 Early 9.1 237.5 4.5 10.0 188.6 10.5 178.3
8.5 10.0 189.3 10.6 174.1
Late 9.5 250.2 4.5 10.4 204.3 10.9 192.3
8.5 10.5 203.0 11.0 189.3

have reached GS 53, i.e. 1/4 of a spike emerged, Zadoks et al., 1974) and
maturity (i.e. ripeness, the day when 50% of the plot have reached GS
91, i.e. grain is difficult to divide with thumbnail, Zadoks et al., 1974)
were recorded manually and weather data was collected from the on-site
weather stations.

From a predefined subset of 22 cultivars, which were singled out for
additional measurements for modeling and physiological analysis, we
excluded those with missing data, resulting in a subset of 15 cultivars.
Based on observed heading and maturity dates (Table S2) and site-
specific weather data, we calculated cultivar specific thermal times for
heading and maturity with a phenology model (Olesen et al., 2012,
2002):

S:Z(Ti—Tb)+oa (1)
@ = min {1,%} (2)

S is the temperature sum demand (°Cd) for the phenological phase, T;
the daily mean temperature (°C), T, the base temperature (0 °C acc. to
Rotter et al., 2011), a the photoperiodic response (Eq. 2, Olesen et al.,
2002), Ais the daylength, and “+ ” indicates that only positive values are
considered. As photoperiod mainly affects the development rate (by

accelerating it) before heading a was not considered for the time post
heading (Olesen et al., 2002; Edwards, 2010).

We classified cultivars with a thermal time below the site-specific
average (mean of both trial years) as early and those above as late
heading cultivars (Table S2). Finally, we selected only cultivars that had
the same classification across all sites (i.e. early cultivars in HEL were
also early in ZGZ, etc.), resulting in nine varieties, all of which had been
released between 1955 and 1996, except for cv. Binder (released in
1916).

We applied the phenology model together with the calculated ther-
mal times and the climate data for the baseline (1981-2010), the current
(2011-30), and the future (2031-50) period to estimate heading and
maturity dates for each time slice. For the current and future time slices,
these phenological dates were projected for both cultivar groups for
each GCM x RCP combination and five sowing dates (acc. to Donatelli
et al., 2015): sowing as currently implemented in “ClimBar” according
to farmers’ practices; sowing 10 and 20 days earlier and later than
current sowing. For the baseline period, we used only one sowing date
(current farmers’ practice).
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2.4. Selection and calculation of agroclimatic indicators and analysis of
climate change adaptation options

The selection of agroclimatic indicators (Table 3) was limited to
those representing heat and drought stress during the phenological
phases of heading and grain filling, as these are the growth stages most
vulnerable to environmental stress (Kadam et al., 2014; Cammarano
et al., 2021). We defined the heading phase as the time from 10 days
before the day of heading (GS 53, Zadoks et al., 1974) to 10 days after
the day of heading, and the grain filling period as the time from the 11th
day after heading to the day of maturity (i.e. ripeness, GS 91, Zadoks
et al., 1974). We defined these phases based on Cossani et al. (2009),
Edwards (2010), Hakala et al. (2012), Alqudah and Schnurbusch (2014),
and Mirosavljevi¢ et al. (2018). Based on literature, we set different
temperature thresholds for the heat stress indicators (Porter and Gawith,
1999; Hakala et al., 2012; Kahiluoto et al., 2019; Reig-Gracia et al.,
2019; Jacott and Boden, 2020). Because increased temperatures accel-
erate crop development, hence shorten the grain filling period (Craufurd
and Wheeler, 2009; Jacott and Boden, 2020), we complemented our set
of indicators with “the duration of grain filling”.

The agroclimatic indicators were calculated for the baseline
(1981-2010) and projected future (2031-50) heading and grain filling
periods of each cultivar group. We only considered those projections in
the results where at least three models agreed on the same trend. To
show the overall uncertainty of the future climate projections generated
by the multi-model ensemble, we calculated the multi-model mean and
the standard deviation.

The presentation of hot and dry days (and later the change in the
amount of rainfall) as proportional values allowed for comparisons be-
tween the different sites, set hot and dry days in relation to the
considered time periods (i.e. the 21-day heading period, and grain filling
periods of varying lengths), and enabled the expression of fractions of

Table 3
Agroclimatic indicators for the heading and grain filling period selected for this
study. Tsum,. was only calculated for the heading period.

Category Indicator Definition Reference
Drought Sum of Total sum of Kahiluoto et al.
Stress precipitation precipitation (2019)
(mm)
Prop. of dry days Proportion of dry days Reig-Gracia et al.
(%) (days with < 1 mm rain) (2019)
Dry spell Maximum count of Reig-Gracia et al.
duration (d) consecutive dry days (2019)
Prop. of water Proportion of days with a Trnka et al. (2011b)
deficit days (%) water deficit (i.e. where
ET./ETef < 0.4)
Heat Tmean (°C) Average temperature Reig-Gracia et al.
stress (2019)
Prop. hot Proportion of days with Hakala et al. (2012)
days_25 (%) tmax > 25 °C
Prop. hot Proportion of days with Hakala et al. (2012)
days_28 (%) tmax > 28 °C
Prop. hot Proportion of days with Kahiluoto et al.
days_31 (%) tmax > 31 °C (2019)

Maximum count of
consecutive days with
tmax > 25 °C
Maximum count of
consecutive days with
tmax > 28 °C
Maximum count of
consecutive days with

Duration hot
spell 25 (d)

Reig-Gracia et al.
(2019),Kahiluoto
et al. (2019)
Reig-Gracia et al.
(2019),Kahiluoto
et al. (2019)
Reig-Gracia et al.
(2019),Kahiluoto

Duration hot
spell 28 (d)

Duration hot
spell 31 (d)

tmax > 31 °C et al. (2019)
Tsum,e. (°C) Sum of accumulated Hakala et al. (2012)
temperature
Grain filling Duration of the grain
duration (d) filling period

Field Crops Research 291 (2023) 108768

days, thereby increasing the overall accuracy of the results. To identify
the most beneficial (lowest heat or drought stress) sowing time x cultivar
combination(s) (S*C) for barley production in 2031-50, we filtered
those S*C that at least three GCMs agreed upon to produce the lowest
(and for comparison also the highest) indicator values.

Whether the plants actually sense drought stress under limited pre-
cipitation also depends on the soil (Ludwig and Asseng, 2010). To
illustrate this effect of soil, we created a representative soil water bal-
ance for each site. We used R’s “sirad” package (Bojanowski, 2016) to
calculate daily reference crop evapotranspiration (ETf) with the
Penman-Monteith approach (Allen et al., 1998).

We calculated the daily soil water balance considering rainfall as
water input and evapotranspiration as the main process removing water
from the soil. Information on soil texture and the storage capacity for
plant available water was gathered from the trial locations (Table 4).

For HEL and DND, we assumed soil profiles were filled to field ca-
pacity at spring sowing due to the high amounts of winter and spring
precipitation (Fig. S2) and for ZGZ we assumed the soil was filled to 50%
of field capacity in the potential root zone.

If the input via rainfall exceeded the maximum water storage ca-
pacity, this excess water was assumed to run off or enter the ground
water. If the amount of water stored in the soil was enough to meet ET ¢
needs then maximum evapotranspiration was possible, i.e. ET; = ET .
Otherwise ET; < ETyer. On days with ET,/ETyes < 0.4 (Trnka et al.,
2011b) crop growth was considered to be impaired due to water deficits.
We calculated the proportional amount of water deficit days for the
heading and grain filling periods, respectively, for the baseline as well as
for the future time slice.

3. Results
3.1. Projected shifts of heading and maturity dates

At all three sites, the projected future temperatures were higher than
the baseline level and heading and maturity advanced by a notable
number of days (Fig. 2).

For all sowing dates and cultivar groups, most GCMs (except for
GFDL-ESM2M) predicted earlier heading and maturity dates for
2031-50, as compared to the baseline period (Figs. 2 and 3). Overall, the
projected shifts of both growth stages were slightly (1-2 days) stronger
under RCP8.5. With the current sowing date, heading occurred about 2
weeks earlier in 2031-50, while maturity happened about 3 weeks
earlier at HEL and DND, and about 1.5 weeks earlier at ZGZ. The earlier
the sowing date, the greater the advancement of heading and maturity
dates. Accordingly, the greater the delay of sowing, the smaller the
advancement of heading and maturity.

Under baseline conditions, early cultivars at HEL, DND, and ZGZ
entered heading 7, 10, and 18 days earlier than the late ones, respec-
tively. Maturity of the early cultivars occurred 6 — 10 days ahead of the
late ones. All these time differences between early and late cultivars
changed by at most + 2 days in 2031-50 (Table S3). A summary of the
shifts in phenology for the different sowing dates and cultivar types
considered for the three study sites is given in Fig. 4.

Table 4

Texture and water storage capacity of the soil at the selected experimental sites.
For Helsinki and Dundee we assumed profiles were filled to field capacity and for
Zaragoza we assumed the soil was only filled up to 50% of field capacity.

Site Soil Texture Maximum water storage capacity (mm)
Helsinki Sandy loam 81
Dundee Clay loam 245
Zaragoza Loam 59

ETo/ET.s is the ratio of actual evapotranspiration to reference crop
evapotranspiration

Maximum water storage capacity (mm) at sowing within 90 cm soil depth which
was considered to be the potential rooting depth (see e.g. Brereton et al., 1986).
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Fig. 3. Projected shifts of spring barley heading and maturity dates at Helsinki (HEL), Dundee (DND), and Zaragoza (ZGZ) as projected by four models for 2031-50,
for two emission scenarios (RCPs 4.5 and 8.5), two cultivar groups, and current (sowing time = 0), advanced (—10, —20) and delayed sowing dates (+10, +20).
Red= delay, green= advancement. The color intensity highlights the magnitude of the shift.
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Fig. 4. Sowing, heading, and maturity dates of early and late spring barley cultivars at Helsinki, Dundee, and Zaragoza, as projected for the baseline period
(1981-2010) and for 2031-50 (multi-model median), for two emission scenarios (RCPs 4.5. and 8.5) and current (sowing time = 0), advanced (—10, —20) and
delayed sowing dates (410, +20). Green bar= heading period, i.e. 10 days pre- to post-heading. White bar= grain filling period, i.e. 11th day after heading to the

date of maturity. Dark bars = early cultivars, light bars= late cultivars.

3.2. Projected changes in agroclimatic conditions for early and late
cultivars without sowing date adaptation

The model projections based on the current sowing date revealed
notable climatic changes for heading in 2031-50, in comparison to the
baseline (Fig. 5). For the north of the European transect, most drought
indicators signaled a worsening of ambient conditions in 2031-50, while
for the south, only the amount of precipitation changed for the worse.
For all sites, the GCMs projected warmer temperatures (i.e. increases in
tmean, tSUMgc, hot days_25/28, and for HEL also increases in hot days_31
(RCP8.5) and hot spells_25).

According to the GCMs, the sum of precipitation during grain filling
in 2030-51 decreased at all sites (Fig. 6). At the northern sites (HEL,
DND-RCP8.5) dry days increased, while they decreased at the southern
site. Similarly, at HEL dry spells got longer, yet they got shorter at ZGZ.
The GCMs agreed on exacerbating heat stress (except for days with tpyax
>31°C) at the northern sites, especially at HEL. At ZGZ, despite the
slightly lower tmean (RCP8.5), the proportion of hot days increased
(especially for the late cultivars).

Drought Heat
Sum of Prop. of drydays | |Dryspellduration | [Tmean (‘C) Tsum ace. (°C) Prop. of hot Prop. of hot Prop. of hot Duration hot Duration hot Duration hot
precipitation (%) | (%) @ days_25 (%) days_28 (%) days_31 (%) spell_25 spell 28 spell 31
£ £ £ £ E £ £ £ £ £ £
e 2 2 2 2 2 2 2 2 2 2 2
o PR PR PR g . % PR g . B PR PR g .« B g . B g . B
E S8 & 5 el |82 % |82 5|8 2 % |83 % cel|88 5|88z ce||88 %883 |83 3 ¢||838 3¢
) s EE o4 g E T a4 g E T a4 g E E 4 8 EE 4 g EE 4 ¢ EE o4 g EE 4 g EE 4 ¢ EE o8 8 EE 8 g
E g s 5 g % s 5 g % s 5 g % s § £ % g 5 g § s 5 g ¢ s 5 g ¢ s 5 g ¢ s 5 g % s 5 g & s 5 g &
s 3 a = 2 » % S| e 3 oS|(2 a3 oS|l[2 2 2 S||2p 2 og||2 e oSl el oSl oSl e oS e 2o 20
2 2 & 3 2R ioE||ERBaEl|BE 2z E||® % oz of||ERBail|ERozi||8BRosE||T RoaE|l|EEo:£E|]|2ERozoE||z OB ost
5 8 8 3 % 2 2 e||8 2 8 E||8 E B E S £ & E £ & E £ & E £ & E £ & E £ & E £ & E 2 2%
vs Bv] [14 0 23730] [ 7 10| [2 1 1 2 16 23| [22 4 s8] [15 25 4 9 3 13| [o 2 o 3] [3 a 0 0 0 2|][0 0o 0 o
W o late 6 0o 23| [3 8 9 7| |1 273 2 16 20 22| |13 44 53 s6| |9 26 2 11 2 15[ [o 3 o 2| |2 5 5 00 0 2|0 0 0 o0
s Earlv| | 23Wl2s| |7 11 3 [12| |2 1 1 2 |os 24 2 61 10 619 5 138[[2 6 o 1| |3 s o2 0 2|0 0 0 0
° Late 415 83 27| [4 alaa| 1 2 2 3] [04a 23 20 59 10 5 18 7 16| [1 6 o 1| [3's o 2 0o 2f|lo 0 0 0
ETIRES 4 3 1 6| [t 2 1 2] [o7 12 16 12| [21 33 a1 33| [3 3 3 4] [o 1 o 1| [0 o o o] [o o o o] o o0 o o] [0 o0 0o o
DND 0 ~ late =27 - = 0 5 9 10 1 1 2 0 06 14 18 16 21 38 47 42 2 6 4 6 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
g5 Erlv| |16 -1 31 22| |4 s w| [0 2 3| |05 129 18 16| |19 47 46 41| [3 4 3 9| [0 0o o 2| |0 o o oo o o of |0 0o o of [0 0o 0 0
° late | |22 24 27 24f [ 9 | 1 2 3| (04 23 20 15| 1756 50 40| |1 8 5 6] [0 1 o 2] [0 o o o] o o o of o o o of [0 0 0 0
a5 Early -37 37 -27 -30 -2 5 4 -8 0 1 1 -2 05 11 04 05 11 24 9 11 | 5 1 6 4 1 0 4 1 0 0 2 2 0 0 0 0 0 0 0 0 0 0 0
262 0 ~ late -17 20 -13 -7 2 4 -8 2 1 1 02 07 0.0 05 3 14 1 10 6 5 - 10 2 3.1 5 1 0 0 3 0 0 - 1 0 0 0 0 0 0 0 0
85 Early -40 -17 - -40 -1 0 13 4 1 -1 0 05 07 09 09 12 15 21 20 10 6 1 12 5 0 1 6 1 0 0 2 2 0 0 2 0 0 0 0 0 0 0 0
" late -27 3.3 -30 -33 6 7 6 -5 2 2 1 -1 01 03 0.1 08 2 7 217 6 2 2 12 4 0 -2 7 2 1 0 4 0 0 - 1 0 0 0 0 0 0 0 0

Fig. 5. Changes in agroclimatic conditions during the future spring barley heading period (10 days pre- to 10 days post-heading) at Helsinki (HEL), Dundee (DND),
and Zaragoza (ZGZ), as projected by four models for 2031-50, for two emission scenarios (RCPs 4.5 and 8.5) and two cultivar groups for the current sowing date
(sowing time = 0) Green = positive changes (less stress), red = negative changes (more stress). The color intensity highlights the magnitude of the change. Color-
coding was done for each indicator individually except for the proportions of hot days (25/28/31) which were colored as a group and so were the durations of hot

spells. Prop. = proportion.
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Fig. 6. Changes in agroclimatic conditions during the future spring barley grain filling period (11th day after heading to maturity) at Helsinki (HEL), Dundee (DND),
and Zaragoza (ZGZ), as projected by four models for 2031-50, for two emission scenarios (RCPs 4.5 and 8.5) and two cultivar groups for the current sowing date
(sowing time = 0) Green = positive changes (less stress), red = negative changes (more stress). The color intensity highlights the magnitude of the change. Color-
coding was done for each indicator individually except for the proportions of hot days (25/28/31) which were colored as a group and so were the durations of hot

spells. Prop. = proportion.
3.3. Projected agroclimatic conditions for early versus late cultivars

Fig. 7 depicts the contrast between agroclimatic conditions projected
for the early versus the late cultivars during heading in 2031-50 only
considering the current sowing date. For each site, different indicators
described a drier climatic environment for the early than for the late
cultivars, i.e. less rain (at DND only under RCP8.5), longer dry spells
(ZGZ-RCP8.5), and more dry days (HEL, ZGZ). Only for RCP4.5 at DND,
the models projected fewer dry days for the early than for the late cul-
tivars. According to most indicators, cooler conditions prevailed for the
early cultivars, at all sites, i.e. lower tpean, and tsumge., fewer hot
days_25 (in HEL only under RCP8.5 and in DND only under RCP4.5) and
at ZGZ fewer hot days_28/31.

While the GCMs projected more rain for grain filling of the early
cultivars (HEL - RCP8.5, DND RCP4.5, ZGZ), they also indicated more
dry days (DND, ZGZ both under RCP8.5) and longer dry spells (DND
-RCP8.5, ZGZ) for the early as compared to the late cultivars (Fig. 8).
Most indicators suggested cooler growth conditions for the early culti-
vars, whereby a difference for hot spells and hot days_31 only occurred
at ZGZ.

3.4. Climate change adaptation by shifting the sowing date

Here, the effects of changing the sowing date are presented inde-
pendently of the cultivar type. Shifting the sowing date changed the
projected growing conditions during heading (Fig. 9 and Fig. S3). At HEL

and ZGZ, advancing sowing resulted in a drier (lower precipitation,
more dry days) and, at all three sites, a cooler climatic environment
(lower tpean and tsumge. and, at ZGZ, less hot days_25/28) than when
sowing as currently. For each case, the opposite was true for delayed
sowing.

The trend for projected grain filling in 2031-50 was towards lower
tmean With advanced sowing (at all sites), but higher tnean with delayed
sowing (DND, ZGZ; Fig. 10; Fig. S4). In some cases, the number of hot
days (with tmax >25 °C at HEL, ZGZ; tmax >28 °C at HEL, ZGZ; tmax
>31 °C at ZGZ) and the duration of hot spells (with ty,x >25 °C at ZGZ,
sowing —20) decreased with earlier sowing. A delay of sowing changed
the projections for hot days at ZGZ in the opposite direction. At HEL
(RCPA4.5), conditions got drier with earlier sowing (less rainfall, more
dry days at sowing —20) and wetter with delayed sowing. At ZGZ,
sowing 10 days earlier resulted in higher rainfall, while the opposite was
true for sowing 20 days later. The dry spell duration increased when
sowing was advanced by 20 days.

3.5. Climate change adaptation by combining cultivar choice and shifts in
sowing date

Fig. 11 and Fig. S5 highlight the sowing by cultivar combinations
(S*Cs) for which at least three GCMs projected the lowest or highest
indicator values for heading in 2031-50 (also see Section 2.4). These
values indicated those S*Cs that caused the least or most drought/heat
stress exposure. At HEL and ZGZ, sowing early cultivars 20 days earlier
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Fig. 7. Agroclimatic conditions during the future spring barley heading period (10 days pre- to 10 days post- heading) at Helsinki (HEL), Dundee (DND) and
Zaragoza (ZGZ) as projected by four models for 2031-50, for two emission scenarios (RCPs 4.5 and 8.5) and the current sowing date (0), for the late (absolute values
in the given units) and early cultivars (values presented as difference to late cultivars). Green= positive change (less stress), red = negative change (more stress). The
intensity of the color highlights the magnitude of the change. Color-coding was done for each indicator individually except for the proportions of hot days (25/28/31)
which were colored as a group and so were the durations of hot spells. Prop.= proportion.
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Fig. 8. Agroclimatic conditions during the future spring barley grain filling period (11th day after heading to

maturity) at Helsinki (HEL), Dundee (DND) and

Zaragoza (ZGZ) as projected by four models for 2031-50, for two emission scenarios (RCPs 4.5 and 8.5) and the current sowing date (0), for the late (absolute values
in the given units) and early cultivars (values presented as difference to late cultivars). Green= positive change (less stress), red = negative change (more stress). The
intensity of the color highlights the magnitude of the change. Color-coding was done for each indicator individually except for the proportions of hot days (25/28/31)
which were colored as a group and so were the durations of hot spells. Prop.= proportion.
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Fig. 9. Agroclimatic conditions during the future spring barley heading period (10 days pre- to 10 days post- heading) at Zaragoza as projected by four models for
2031-50, for two emission scenarios (RCPs 4.5 and 8.5) and two cultivar groups. The values for the advanced (—10, —20) and delayed (+10, +20) sowing dates
indicate the projected change from the current sowing date (absolute values in given the units). Green = positive changes, red = negative changes. The intensity of
the color highlights the magnitude of the change. Color-coding was done for each indicator individually except for the proportions of hot days (25/28/31) which

were colored as a group and so were the durations of hot spells.

created the driest ambient conditions. For this particular S*C combi-
nation, the GCMs projected more dry days, less precipitation, and longer
dry spells (ZGZ — RCP4.5: early-10) than for all other S*Cs.

The projections for the wettest conditions (i.e. least drought stress)
depended on the RCP, e.g. for HEL, the GCMs projected the most rainfall
under RCP4.5, for late cultivars sown 20 days later, but under RCP 8.5
for early cultivars sown 20 days later. At ZGZ, dry spells were shortest
for late cultivars sown 10 days earlier under RCP4.5, yet, under RCP8.5
they were shortest for late cultivars sown 20 days later.

For all sites, the coolest climatic conditions were projected for early
cultivars sown 20 days earlier, i.e. tpmean and tsum_,c., and at DND and
ZGZ also the number of hot days and the hot spell duration, were lowest.
The GCMs agreed on the hottest conditions for late cultivars sown 20
days later.

Regarding drought stress during grain filling, again the results
differed between the RCPs. For example, at ZGZ (Fig. 12), the most
rainfall was projected for early cultivars sown 10 days earlier (RCP4.5)
and the least for late cultivars sown 20 days later (RCP4.5). At DND, for
each drought indicator, a different S*C created the most favorable

conditions (Fig. S5).

For HEL, the heat indicators show the lowest values (coolest condi-
tions) for early cultivars sown 20 days earlier, except for hot days_25 and
hot spells_25 which both reached their minima for late cultivars sown 20
days later. Under RCP4.5, the highest tpean, highest proportion of hot
days_25, and longest hot spell_25 were projected for late cultivars sown
10 days in advance.

For DND and ZGZ, the heat indicators agreed on the coolest condi-
tions for early cultivars sown 20 days in advance and the warmest for
late cultivars sown 20 days later.

3.6. Exemplary calculation of water deficit days

We calculated the proportion of water deficit days using the soils
representative for the study sites. In the baseline period, only up to 6% of
the days during heading and grain filling were classified as water deficit
days at HEL and ZGZ (Table S6). For 2031-50, the models projected a
decline to almost 0% water deficit days during heading and grain filling
of early and late cultivars at ZGZ (Fig. S10, Fig. S11 - sowing 0). Neither
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Fig. 10. Agroclimatic conditions during the future spring barley grain filling period (11th day after heading to maturity) at Zaragoza as projected by four models for
2031-50, for two emission scenarios (RCPs 4.5 and 8.5) and two cultivar groups. The values for the advanced (—10, —20) and delayed (410, +20) sowing dates
indicate the projected change from the current sowing date (absolute values in given the units). Green = positive changes, red = negative changes. The intensity of
the color highlights the magnitude of the change. Color-coding was done for each indicator individually except for the proportions of hot days (25/28/31) which
were colored as a group and so were the durations of hot spells.

during the baseline nor during the future periods water deficit days

occurred at DND.

For HEL, the projections showed an increase in water deficit days of,
on average, 5%. For this site, fewer water deficit days were projected for
the early cultivars and early sowing dates as compared to their late
counter parts (Fig. S11). However, in absolute terms all these differences
amounted to about one day at most. There was no single best S*C

combination.

3.7. Climate model uncertainty

all sites along the European transect, the models projected higher

ambient temperatures for 2031-50 under RCP4.5, and even more so

under RCP8.5, than in the baseline period. Previously, projections for
Finland have shown a temperature increase of about 1.7 °C (RCP4.5;
1.6 °C RCP8.5) for the summer months (March-August) in 2040-60
(Ruosteenoja et al., 2016). For mid-century, models have projected an
increase of 1.3 °C (RCP4.5; 1.4 °C RCP8.5) of Scotland’s annual mean

temperature (Harkness et al., 2020 and supplement thereof) and sea-
sonal mean temperature increments of approximately 1 °C (RCP4.5,
1.1 °C RCP8.5) for the Mediterranean (Barredo et al., 2018; Yang et al.,
2019).
At all three study sites, the higher future temperatures advanced

In general, the projections of the models from the GCM ensemble

showed some deviations. The projections of GFDL-ESM2M were always
more conservative (less change) than those of the other GCMs. For
example, the projected shifts of heading and maturity dates were smaller
as compared to the other models, but the direction of the change was
mostly the same (Fig. 3). The temperature change projections from the
baseline to the future by GFDL-ESM2M were also smaller than those of

the other climate models (see Fig. 5).
Regarding drought, IPSL-CM5A-LR sometimes projected worse con-

ditions than the other models (e.g Figs. 5 and 6). Overall, the models
deviated by at most 10 mm regarding rainfall (Fig. S12 and 13) and up to
10% regarding the proportions of dry days. . The projections for dry spell
durations diverged by up to 3 days while the projections for water deficit
days only deviated slightly between the models. Regarding the pro-
jections for tpean the models deviated by up to 1.5 °C. The projections for
the different hot days showed the largest discrepancies reaching values
of up to 20% (at HEL). Even though these deviations were numerically

the largest, the directions of the projected changes were mostly the

same. Regarding drought the exact opposite was the case, i.e. the de-

viations were smaller yet the direction of change sometimes was

different (see e.g. Figs. 5, 6 or Fig. 7- DND).

4. Discussion

4.1. Projected shifts of heading and maturity dates

We first examined how air temperature, the main driver for crop
phenology (Craufurd and Wheeler, 2009), was projected to change in
the future spring barley growing season, then analyzed resultant effects
on the phenological development of early and late heading cultivars. For

heading and maturity dates by one to three weeks (with sowing date as
currently). Other studies report similar respective advancements for
Northern, Central (e.g. Olesen et al., 2012), and Southern Europe
(Moriondo and Bindi, 2007; Trnka et al., 2014). Warmer temperatures
accelerate plant growth and development by facilitating a faster accu-
mulation of the thermal time necessary for completing each growth
stage (Craufurd and Wheeler, 2009; Harkness et al., 2020).

We confirmed the known impact of sowing date shifts on crop

development (e.g. Siebert and Ewert, 2012): The more sowing was
advanced the earlier heading and maturity occurred in 2031-50,
because earlier sowing leads to a gain in available thermal time (Gou-
ache et al., 2012). When sowing is delayed, the growth period is moved
to warmer days (Fig. 2; Trnka et al., 2004), where now crop develop-
ment benefits from the higher temperatures (Craufurd and Wheeler,
2009). This explains why even with delayed sowing, heading and
maturity were still projected to occur earlier in 2031-50.

4.2. Projected agroclimatic conditions without sowing date adaptation

At the northern sites, heading and grain filling in 2031-50 were
hotter and drier than in the baseline period, which is consistent with the
literature. Projections for early summer in Finland have shown an in-
crease of hot days (tmax> 28 °C) (Trnka et al., 2011b; Rotter et al., 2013)
and further reductions of spring precipitation leading to more dry days
(Trnka et al., 2011b; Rotter et al., 2013; Ruosteenoja et al., 2018). In

Scotland, the annual number of hot days with ty,x > 25 °Cis expected to
increase and, in general, summers in the northern UK are projected to
get drier, yet the projections for some regions differ (Gosling, 2014;
Harkness et al., 2020; Hanlon et al., 2021). According to the normalized
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Fig. 11. Maximum (dark blue) and minimum (light blue) indicator values as projected by at least three models for the spring barley heading period (10th day pre- to
10 days post- heading) in 2031-50 for two emission scenarios (RCPs 4.5 and 8.5) at Helsinki and Zaragoza when sowing time shift and cultivar choice are combined.
The values are the means of all models projecting the maximum (or minimum) value for this particular sowing x cultivar choice combination. The standard deviation

(+/-) is shown.

precipitation index (calculated for three-month periods) summer (June -
August) precipitation in East Scotland is projected to decline by about
10%, and dry days in the ATN zone (Atlantic North, Metzger et al.,
2012), where DND is located, are projected to increase (Trnka et al.,
2011b; also see Fig. S7). In contrast, Harkness et al. (2020) found that
especially on the East coast of Scotland, conditions during the repro-
ductive period of cereals (June/July) will likely remain rather favorable.

Higher mean temperatures and more hot days characterized heading
in 2031-50 at ZGZ. Despite an increase of hot days during grain filling
(of especially the late cultivars), the GCMs did not agree on a trend for
changing tmean under RCP 4.5, while for RCP8.5 they projected a slight
decrease of tiean (0.3 °C, mean of all models projecting the same change,
i.e. HadGEM2_ES, IPSL-CM5A-LR, MIROC-ESM-CHEM).

On the one hand, for the South of Europe, hot days with ty,ax > 30 °C
and > 34 °C are expected to occur more frequently during the cereal
growing season, especially in spring and early summer (Cammarano
etal., 2019a; Yang et al., 2019), and the probability of encountering heat
stress during grain filling is expected to increase in the future (Trnka
et al.,, 2014). However, the temperature-induced acceleration of
phenology can prevent a crop from encountering heat stress. Warmer
temperatures advance phenological stages and thereby shift them into a

new climatic window with different ambient conditions (Moriondo and
Bindi, 2007; Rezaei et al., 2015). For instance, Rezaei et al. (2015) found
that, by growing under cooler conditions during future heading periods,
which commence earlier, wheat can avoid heat stress that would
otherwise occur during the reproductive phase. Possibly, this mecha-
nism took effect for grain filling at ZGZ, which was projected to start and
end about two weeks earlier than in the baseline (Fig. 4). However, with
an increasing number of hot days, as projected by the models, one would
naturally expect an overall increase in tmean. Presumably, much cooler
days (ZGZ is one of the cooler Mediterranean sites) very early in the
advanced future grain filling period compensated for the higher number
of warmer days that occurred later (also see Section 4.4).

The model ensemble projected less precipitation for heading in
2031-50 at ZGZ. In general, southern Europe faces a high risk of
increasing drought (Cramer et al., 2018) entailing unusually dry con-
ditions before and after anthesis (Trnka et al., 2014). Projections of
educed amounts of rainfall (Cammarano et al., 2019a; Yang et al., 2019),
more dry days, and longer dry spells are reported (Lehtonen et al.,
2014). For grain filling at ZGZ, the GCMs projected decreasing amounts
of rainfall, while the proportion of dry days and the duration of dry
spells also decreased. Naturally, one would expect a decrease in rainfall

10
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Fig. 12. Maximum (dark blue) and minimum (light blue) indicator values as projected by at least three models for the spring barley grain filling period (11th day
after heading to maturity) in 2031-50 for two emission scenarios (RCPs 4.5 and 8.5) at Helsinki and Zaragoza when sowing time shift and cultivar choice are
combined. The values are the means of all models projecting the maximum (or minimum) value for this particular sowing x cultivar choice combination. The
standard deviation (+/-) is shown.

to be accompanied by an increase in dry days and dry spells (Polade
et al., 2014). It is important to note that the projected changes of the
drought indicators at ZGZ were of a very small magnitude (Table 5) and,
as mentioned above, the grain filling period was shifted to a new cli-
matic window. The absolute values (Table 5) show that the overall
amount of rainfall decreased only slightly and, due to a strong
advancement, the grain filling period escaped two dry days (also see
Section 4.4).

Table 5

4.3. Effects of different adaptation options on projected agroclimatic
conditions

4.3.1. Heat stress adaptation

At all sites, the projected temperature conditions during heading and
grain filling were cooler for the early cultivars. As faster-developing
cultivars with low thermal time requirements reach the heading and
maturity stages earlier, they grow under cooler conditions and escape
terminal heat stress (Yang et al., 2019, Cammarano et al., 2021).
Climate projections for the UK have shown that early wheat flowering
cultivars had a two times lower risk of running into heat stress around

Rainfall conditions during the spring barley grain filling period in 2031-50 as projected for Zaragoza by four models (multi-model mean, ISI-MIP2b dataset for two
emission scenarios (RCPs 4.5 and 8.5). For comparison the baseline values are shown as well (1981-2010).

Time slice Cultivar Duration grain filling period Precipitation Proportion of dry days No. of dry Duration of longest dry spell
group (days) (mm) (%) days (days)
1981-2010 early 34 53 74 25 12
late 27 41 76 20 10
2031-50, RCP early 33 43 70 23 11
4.5 late 27 36 67 18 9
2031-50, RCP early 33 42 69 23 11
8.5 late 27 38 67 18 9
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anthesis than late flowering ones (Semenov, 2009). A similar effect can
be achieved with earlier sowing. Advancing sowing reduces the risk of
entering heat stress in summer and allows the plant to take advantage of
cooler temperatures early in the season (Sacks et al., 2010; Olesen et al.,
2011). For example, Cammarano et al. (2019a) found that GCMs pro-
jected fewer hot days with tmax > 34 °C for the mid-century reproduc-
tive period of early-sown as compared to late-sown barley. This effect
became evident at each study site along our transect: temperature
conditions during heading and grain filling were coolest for the earliest
sowing date and hottest for the latest one. Consequently, the coolest
conditions prevailed for early cultivars sown 20 days earlier and the
hottest for late cultivars sown later (for most sites 20 days later).

One exception occurred for the grain filling period at HEL under
RCP4.5, where the greatest number of hot days with ty,x > 25 °C (and
the longest corresponding hot spell) were projected for late cultivars
sown as currently (L 0) and the fewest for late cultivars sown 20 days
later (L+20). That was due to overlapping heading and grain filling
periods. The projected heading period of L+ 20 ended when L+ 0 were
already 15 days into grain filling. Logically, part of the hot days that
occurred at the end of heading of L+ 20, was already part of grain filling
of L+ 0. Therefore, we counted maximum hot days for L+ O (see illus-
tration in Fig. S6).

4.3.2. Drought stress adaptation

Against our expectations, for HEL the GCMs projected the driest
heading and grain filling conditions for the early sowing dates/cultivars
(except for grain filling under RCP8.5 where more precipitation was
projected for the early cultivars). Heading was also driest for the earliest
cultivar combined with the early sowing dates. The dry conditions for
early heading in 2031-50 were possibly due to the early summer (June)
droughts characteristic of Finland (Peltonen-Sainio et al., 2021; Fig. S7
and Fig. 4). Climate warming advances the snowmelt, which usually
contributes notably to the soil moisture content in spring. Low soil
moisture, coinciding with a strong temperature and solar radiation in-
crease after the winter, creates dry conditions in early summer (Ruos-
teenoja et al., 2018). Depending on the models utilized, these early
summer droughts could not only be maintained (Ylhaisi et al., 2010), but
also even aggravated in the future by further reductions in precipitation
(Ruosteenoja et al., 2018), and dry days could become more frequent
(Trnka et al., 2011b; Rotter et al., 2013). Contrarily, other models
project slight increases in precipitation (Ylhaisi et al., 2010;
Peltonen-Sainio et al., 2021).

At DND, only cultivar choice had an effect on ambient growth con-
ditions. For RCP4.5, the models projected less drought stress during
heading and grain filling of the early cultivars making them a viable
option for drought avoidance (Trnka et al., 2014). However, under
RCP8.5, both key growth periods were drier for the early cultivars. The
drier conditions (—10.5%, i.e 4 mm rainfall; mean of the three models
that predict the same direction of change) during the 10-day earlier
heading period could have been due to unfavorable rainfall distribution
or uncertainties related to rainfall predictions (also see Section 4.6). The
duration of the grain filling periods in 2031-50 varied between the
cultivar groups. The reason for the “drier conditions” (+3 dry days (=
2%), longer dry spell (+2 days)) projected for the early cultivars, likely,
was not aggravated climatic conditions, but rather the longer grain
filling duration (43 days) caused by cooler temperatures (Craufurd and
Wheeler, 2009). Overall, the advantage that early cultivars had over the
late ones under RCP4.5 was rather small, possibly because drought
conditions at this particular site as projected for 2031-50 were not as
severe as suggested by other projections for larger areas of the UK
(Gosling, 2014; Hanlon, 2021). Harkness et al. (2020) found that the
severity of drought during future reproductive growth, occurring in
June/July, is projected to decrease at various locations in the UK.
Especially, on the East coast of Scotland, conditions could remain rather
favorable in terms of drought; instead, heavy rainfall could become
more relevant.
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For ZGZ, we had expected more favorable conditions for the early
cultivars (Rotter et al., 2013; Donatelli et al., 2015; Yang et al., 2019)
and early sowing dates (Garrido et al., 2011; Yang et al., 2019). How-
ever, the heading period in 2031-50 was drier for early sowing
dates/cultivars and most severe for early cultivars sown 20 days earlier.
Grain filling also took place during a drier period when sowing was
advanced. There was a tendency for less drought stress for late cultivars
sown on different dates, but no clear picture emerged. Our results could
be due to the difficulties that GCMs have in capturing the rainfall pat-
terns of the Mediterranean, which are characterized by a high unreli-
ability and a high variability (Dubrovsky et al., 2014; Cammarano et al.,
2019a, 2021).

During grain filling of the early cultivars, the sum of rainfall was
higher, but more dry days and a longer dry spell occurred as compared to
the late cultivars (especially under RCP. 8.5). This probably resembles a
few high rainfall events that were followed by multiple dry days. Pro-
jections show a decreasing number of cyclones for the future, while the
associated rainfall intensity of individual cyclones increases (van der
Wiel and Bintanja, 2021). It has to be noted though that the changes in
dry days and dry spells were within the order of a few days only (Fig. 8,
Fig. S9). The possibility of these results being due to model error cannot
be ruled out (see also the model uncertainty presented in Fig. S12 and
13).

4.4. Limits to adaptation

At northern European sites, the earliest sowing date is restricted by
late spring frosts, the sufficiency of solar radiation, and the interval
needed for soil thawing and drying, i.e. the time until the field is
accessible to heavy machinery (Kaukoranta and Hakala, 2008; Olesen
et al.,, 2011). Increments in winter precipitation induced by climate
change have been shown to delay the first day of soil workability
(Cooper et al., 1997). If sowing is postponed for too long, one might miss
the optimal combination of temperature and soil moisture for germi-
nation (Peltonen-Sainio, 2012) and the vegetative growth period would
get too short (Kaukoranta and Hakala, 2008).

In the Mediterranean, plant growth mainly relies on water stored in
the soil. Early plant growth benefits from delayed sowing because larger
quantities of stored soil water are available, however, at later growth
stages the risk of entering periods of terminal stress increases. Conse-
quently, finding the perfect sowing window is complex: One has to sow
late enough to benefit from a well-filled soil water depot, yet not too
late, as that entails the risk of terminal stress. Logically, sowing should
be done early enough to avoid terminal stress, but not too early as one
would risk damaging late frosts around heading (Cammarano et al.,
2019a, 2021).

Choosing the right cultivar calls for the consideration of more factors
than just stress avoidance. With higher temperatures the growing season
gets shorter, limiting the amount of radiation the plant can intercept and
the amount of biomass it can produce. In that case, early-flowering
cultivars, which anyhow reduce their vegetative growth early to
initiate reproductive growth, would produce even less biomass (Ludwig
and Asseng, 2010; Shavrukov et al., 2017). This can be counteracted by
growing late-flowering cultivars, which accumulate more biomass due
to slower growth and have a longer grain filling period as they mature
later. In case of terminal drought, however, the faster development of
the early cultivars is advantageous as their earlier grain filling period
occurs during cooler and wetter days before detrimental drought con-
ditions occur. The predicament of early cultivars being beneficial under
drying climates, but late ones being preferable under warming climates
can only be solved by breeding new cultivars that have higher thermal
requirements and heat and drought stress tolerance traits (Ludwig and
Asseng, 2010; Fatima et al., 2020).
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4.5. Linking and interpreting the indicators

As the projected conditions were only presented as direction
changes, i.e. hotter or drier, and respective magnitudes were displayed
as proportional values (in the figures), further quantifying those changes
increases the understanding of the projected stress severity.

From the absolute indicator values (Fig. S8 and 9) one can see, for
example, that projected climate change itself plus the two adaptation
options modified the amount of precipitation during heading across all
sites, on average by at most 15mm (mean of the 3-4 GCMs agreeing on
the same direction of the change calculated per cultivar group). Pre-
cipitation during the future grain filling period deviated from the
baseline by at most 50 mm, while the different adaptation options
altered rainfall by a maximum of about 10 mm. The absolute number of
dry days and the dry spell duration varied by a maximum of about 3
(heading) and 5 (grain filling) days.

Stress severity obviously depends on the baseline conditions: At
DND, 138 mm and at ZGZ, 41 mm of rainfall were projected for grain
filling of the late cultivars in the baseline period. At both sites future
rainfall under RCP4.5 was reduced (—29%, i.e. 40 mm, at DND and
—13%, i.e. 5 mm, at ZGZ; values are model means) but actual drought
stress was worse at ZGZ. Previous research for the Mediterranean has
already shown a projected worsening of the currently existing water
scarcity for the future, through further precipitation decrements and
temperature increments (Cramer et al.,, 2018; Harmanny and Malek,
2019).

Understanding the risk of these altered conditions for plants and
identifying useful adaptation options requires the additional consider-
ation of ecophysiological aspects, for example, the distribution of dry
days (and warm days) over the growing season. An in-depth analysis
thereof was beyond the scope of this paper. Such interactions need
quantitative assessments e.g. with dynamic crop simulation models
(Rotter et al., 2011; White et al., 2011). Our study only allows for as-
sumptions regarding warm- or dry-day distribution (Table S5). Rainfall
distribution matters, as possible benefits from increasing rainfall
amounts can be offset by a simultaneously increasing variability in
distribution (Fishman, 2016; Lesk et al., 2020) and because the
pre-exposure to any stress can affect the plant’s response to subsequent
drought stress (Jacques et al., 2021) or heat stress (Baurle, 2016). High
intensity rainfall events and/or high daily totals have been shown to
affect barley growth and yield e.g. through waterlogging, soil erosion or
root anoxia (e.g. Rotter et al., 2018).

To create a general picture of a potentially changing agroclimate our
indicator set mainly represented atmospheric conditions. Heat as an
indicator does not include soil or canopy temperature conditions, and
drought indicators only refer to meteorological drought which is strictly
defined as the water deficit due to an imbalance between precipitation
and evaporation. Lack of rainfall can translate into a soil moisture deficit
and a shortage of water available to the plant entailing negative con-
sequences for crop growth and yield (Liu et al., 2016). While it is still
valid to focus on meteorological drought as it is the prerequisite for
agricultural drought (Dai et al., 2018), ultimately, soil conditions are the
crucial factor. Favorable loam or clay soils can serve as a buffer if suf-
ficient water has been stored earlier in the season, while unfavorable
coarse and shallow soils cannot (e.g. Ludwig and Asseng, 2010, Rotter
et al., 2013). Whether sandy or clay soils are beneficial for drought
survival also depends on the cultivar used (early vs late flowering), the
expected type of drought (e.g. early or terminal), and on ambient tem-
peratures. Especially in Mediterranean areas, where crop production
relies on stored soil moisture, the soil type is crucial (Ludwig and
Asseng, 2010).

To illustrate this effect of soil we calculated the number of water
deficit days for the heading and grain filling periods for the three study
sites. In absolute terms, for 2031-50 for HEL, the models projected at
most 5 water deficit days, and even less to none for DND and ZGZ. Only
in HEL, early sowing and using early cultivars reduced the exposure to
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water deficit days by 1 day. These small numbers were due to the fact
that we only examined the comparatively small time windows of
heading and grain filling. From the baseline to the future, the other
drought indicators signaled an increase in dry conditions at DND, but no
actual water deficit days occurred, probably due to the high water
storage capacity of the soil at DND (Ludwig and Asseng, 2010).

The water balances for HEL and ZGZ did not reflect the observations
made earlier with the indicators, e.g. the early summer droughts at HEL
or the reduction in rainfall during heading at ZGZ. Even though the
water storage capacities of both soils were lower, possibly the projected
rainfall deficits were not severe enough to deplete the soil water storage
to such an extent that actual agricultural drought would occur.

However, we draw all of these conclusions with some caution due to
various uncertainties arising from different sources. Obviously, the
water balance calculation builds on the projection of rainfall amounts
and patterns which have their own amount of uncertainty (see 4.6).
Adding to this, the calculation of evapotranspiration itself was subjected
to uncertainty. The transmissivity of solar radiation (i.e. cloudiness), a
crucial factor in the evapotranspiration process (Allen et al., 1998), was
estimated internally by the software package, which could have over- or
under-estimated the real values. Analyzing physiological concepts like
evapotranspiration in greater depths requires the use of crop simulation
models.

Another important factor, yet beyond the scope of this paper, is the
coupled occurrence of heat and drought stress. It causes the plant’s in-
dividual stress responses to occur simultaneously exacerbating potential
damage (Suzuki et al., 2014). For example, in HEL about 60% of the
23-day grain filling period were dry days and about 40% warm days
with tpmay >25 °C; therefore, coinciding heat and drought stress could
have been possible.

4.6. Strengths and limitations of the study

We characterized projected climate change conditions for spring
barley cultivation along a European transect in great detail. Agro-
climatic indicators have been used to describe projected production
conditions in general and for specific crops in time slices of the past and
the future at locations in Finland (Rotter et al., 2012, 2013 - spring
barley), Scotland (Rivington et al., 2013 — general; Harkness et al., 2020
— winter wheat; Arnell and Freeman, 2021 - general), Spain (Cammar-
ano et al., 2019a - barley), Central and Eastern Europe (Trnka et al.,
2011a, 2011b; — general; Eitzinger et al., 2013 — application of calcu-
lated indicators to barley in case studies; Liittger and Feike, 2018 —
winter wheat), the US (Troy et al., 2015 — corn, soy, spring and winter
wheat, rice), and locations all across Europe (Trnka et al., 2014 — winter
wheat) or the world (Zhu and Troy, 2018; Vogel et al., 2019 — corn,
spring wheat, rice, soybean). Most of these studies were based on a
larger temporal and spatial scale than ours. None of them simulta-
neously examined the agroclimatic conditions during the two most
important growth stages of contrasting spring barley cultivars and
describe how two of the most detrimental stress conditions could
potentially change in the future with and without the implementation of
adaptation options. The results of the few wheat agroclimatology studies
cannot be readily transferred to barley even though these cereals are
quite similar. Barley has a greater early growth vigor (Lopez-Castaneda
et al., 1995) than wheat and another study showed greater photoperiod
sensitivity for spring barley as compared to winter wheat (Volk and
Bugbee, 1991). Most importantly, barley is more drought hardy than
wheat and is therefore suitable for harsher environments, like the dry
areas of the Mediterranean (Lopez-Castaneda et al., 1995; Zarei et al.,
2021). Our study provides a unique overview of projected agroclimatic
conditions for spring barley production in 2031-50 and possible effects
of different adaptation options; nonetheless, it has its limitations.

Projections for precipitation are subject to much larger inter — model
(GCM) variability than temperature projections (Dubrovsky et al., 2014;
van der Wiel and Bintanja, 2021) and precipitation itself is a highly
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variable parameter as shown for Finland (Ylhaisi et al., 2010), Scotland
(Harkness et al., 2020), and the Mediterranean (Dono et al., 2016;
Cammarano et al., 2019a, 2021). In some cases, the GCMs in our study
not only diverged numerically but also, especially for drought, in the
direction of the change. This gave rise to the sometimes unclear results
regarding drought stress.

The use of bias-corrected output of GCMs instead of regional climate
models possibly influenced the results (Dieng et al., 2018). However,
since the main focus was the difference between cultivars in combina-
tion with shifting sowing dates and not the accuracy of climate change
projections, the choice of climate models was not decisive here.

Describing heat stress conditions worked sufficiently well with the
simplistic approach of calculating agroclimatic indicators, as these re-
sults were generally consistent with the literature. For the character-
ization of drought, this approach might have been a bit too simplistic. To
better capture drought related processes including soil factors in greater
detail than possible with simple soil water balances and to better link
heat and drought effects, agroclimatic indicators should be coupled with
crop models (e.g. see Rotter et al., 2012; Rotter et al., 2013; Gouache
et al., 2012; Donatelli et al., 2015; Harkness et al., 2020).

Complementing the set of indicators with heavy rainfall (Harkness
et al., 2020) and frost (Hakala et al., 2012) or considering increasing
atmospheric CO5 concentrations (Swann et al., 2016) would have been
worthwhile, but was beyond the scope of this study.

5. Conclusion

At three contrasting sites along a climatic transect, from northern
(Helsinki, Dundee) to southern (Zaragoza) Europe, heading and matu-
rity dates projected for 2031-50 occurred up to three weeks earlier than
in the baseline period 1981-2010. According to selected agroclimatic
indicators, at the northern sites the conditions during these projected
heading and grain filling periods were drier and hotter than in the
baseline period. At all three sites, heat stress during future heading and
grain filling was avoided by advancing both stages as much as possible, i.
e. by sowing early cultivars as early as possible. At Helsinki, delaying the
heading period allowed spring barley to escape the early summer
droughts that would usually occur during heading. At Dundee, under
RCP4.5, early cultivars were exposed to slightly wetter growing condi-
tions than the late cultivars. At Zaragoza, fewer yet more intense rainfall
events occurred during grain filling of the early cultivars. Despite the
simplicity of the agroclimatic indicator approach, our study provides a
unique overview of agroclimatic conditions for heading and grain filling
as projected for 2031-50 and shows the possible effects of different
adaptation options. To the best of our knowledge, this is the first study
describing projected changes for 2031-50 for two of the most detri-
mental stress conditions during the two most important growth stages of
contrasting spring barley cultivars, as well as the effects of possible
adaption options. To find the most suitable combination of adaptation
options for different target environments based on quantitative esti-
mates of associated yield changes, the analysis with agroclimatic in-
dicators should be extended with crop simulation models. A major effort
to build, evaluate, and apply advanced genotype-specific barley simu-
lation models for all important cultivation environments in Europe is
currently underway by the BARISTA project (https://www.barleyhub.
org/barista/).
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