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Projections based on invariant genotypes and agronomic practices
indicate that climate change will largely decrease crop yields. The
comparatively few studies considering farmers’ adaptation result
in a diversity of impacts depending on their assumptions. We com-
bined experiments and process-based modeling for analyzing the
consequences of climate change on European maize yields if farm-
ers made the best use of the current genetic variability of cycle
duration, based on practices they currently use. We first showed
that the genetic variability of maize flowering time is sufficient for
identifying a cycle duration that maximizes yield in a range of
European climatic conditions. This was observed in six field exper-
iments with a panel of 121 accessions and extended to 59 Euro-
pean sites over 36 years with a crop model. The assumption that
farmers use optimal cycle duration and sowing date was sup-
ported by comparison with historical data. Simulations were then
carried out for 2050 with 3 million combinations of crop cycle
durations, climate scenarios, management practices, and modeling
hypotheses. Simulated grain production over Europe in 2050 was
stable (−1 to +1%) compared with the 1975–2010 baseline period
under the hypotheses of unchanged cycle duration, whereas it
was increased (+4–7%) when crop cycle duration and sowing
dates were optimized in each local environment. The combined
effects of climate change and farmer adaptation reduced the yield
gradient between south and north of Europe and increased Euro-
pean maize production if farmers continued to make the best use
of the genetic variability of crop cycle duration.

climate change | yield | flowering time | management practices | modeling

Most projections relying on process-based (1–5) or statistical
models (6) predict that climate change will reduce yields of

most crop species. Indeed, crops will experience more heat
events, dry weather, and an increase in evaporative demand
which may all decrease crop production (6–8). However, some
species still show yield progress in farmer’s fields despite ob-
served climate changes (9). This discrepancy may be due to the
fact that many impact studies assume unchanged farmer’s gen-
otypes and practices, whereas farmers continuously adapt crop
cycle duration and sowing dates to local environmental condi-
tions (10–12). The comparatively few studies of climate change
impact that consider adaptation of management practices (13)
predict a decrease in yield by 1–6%, smaller than without ad-
aptation (10–12). Furthermore, a study that considers adaptation
of sowing date and cycle duration for six crops predicts a yield
increase of 12–16% (14). This diversity of projections led us to
develop a more explicit approach based on experiments and
process-based modeling and to use a precise definition of ad-
aptation involving biological variables and management practices
currently used by farmers.
The duration of crop cycle (i) is largely affected by climate

change through increase in temperature; (ii) has a major effect
on crop yield via cumulated canopy photosynthesis; and (iii)
presents a large genetic variability in most species, in particular

via the genetic control of flowering time that involves networks
of genes that interact with environmental conditions (15–18).
This raises the possibility that farmers can counteract the effects
of climate change by making the best use of the genetic vari-
ability of flowering time (10, 19), thereby adapting phenology to
climate changes as it has been the case over centuries in natural
ecosystems (20). This raises the questions of whether (i) farmers
can access an organized genetic variability of cycle duration to adapt
crop cycle to a range of environmental conditions; (ii) one can
model the decision rules that farmers currently use for adapting
cycle duration over environmental gradients, together with sowing
dates; and (iii) adapting crop cycle duration can counteract the
effects of climate change. More specifically, we have questioned
whether the decision rules currently used by farmers to adapt crop
cycle duration over environmental gradients would reduce the im-
pact of climate change on European maize production.
Addressing these questions required an experimental ap-

proach for the first question, a model of farmer’s decision rules
together with a comparison of model outputs with European
statistics for the second question, and a crop simulation model
that explicitly accounts for the genetic variability of flowering
time and of crop responses to environmental conditions for the
third question. We combined multilocation field experiments
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The consequences of climate change on European maize yields
may become positive if farmers in 2050 use the decision rules they
currently follow for adapting plant cycle duration and sowing
dates to the diversity of environmental conditions. Experiments
and simulations show that the current genetic variability of
flowering time allows identifying a cycle duration that maximizes
yield at every maize field in Europe. The assumption that farmers
use this optimal cycle length in each site was supported by com-
parison with historical data. Simulated European production for
2050 was stable under the hypotheses of unchanged practices but
was increased if farmers continued adopting the decision rules
they currently use for adjusting sowing date and crop cycle du-
ration to local environment.
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that analyzed the consequences of the genetic variability of crop
duration, historical yields, crop management and phenology in-
formation, and projections of midterm climate change impacts.
These were performed for European maize, whose flowering
time is a constitutive trait, depending on temperature but in-
dependent of photoperiod sensitivity or cold requirement.

Results
The Existing Genetic Variability of Cycle Duration Allows Optimizing
Yield in a Wide Range of Current Environmental Scenarios. We first
tested whether the current genetic variability of cycle duration
allowed identification of an optimum cycle duration that maxi-
mizes grain yield in each site. This was based on six experiments,
extended to the variability of climate over Europe via modeling.
A panel of 121 maize accessions with a large range of flowering
time, due to allelic variations in the VGT1 (18), VGT2 (15), and
other loci (16), was analyzed in six experiments with different
climatic scenarios and water regimes (Fig. 1A and SI Appendix,
Figs. S1–S3). Because the main source of variation of maize cycle
duration is the length of the vegetative phase via the allelic ef-
fects of genes involved in flowering time (17, 21), we focus
hereafter on the sowing-to-flowering period. For each accession,
the duration of this period was common to all sites if expressed
in time corrected for temperature (SI Appendix, Fig. S1) and
closely correlated to leaf number, which itself depends on the
time to floral transition (22) (SI Appendix, Fig. S2). Accessions
with sowing-to-flowering durations that optimize yield were
identified in each experiment (Fig. 1A and SI Appendix, Fig. S3).
Yield increased with vegetative duration below this optimum
(Fig. 1A), because of increased light interception (SI Appendix,
Fig. S4), and decreased beyond it, due to flowering and/or grain
filling occurring in adverse conditions such as low light or ter-
minal drought (23). As expected, different optimum durations
were observed among sites and water regimes, depending on
local environmental conditions (SI Appendix, Fig. S3).
We extended this analysis to 59 European sites representative

of the European maize growing area (SI Appendix, Table S1)
(24). Simulations were performed over 36 y (1975–2010) with a
modified version of the crop simulation model Agricultural
Production Systems Simulator (APSIM) maize (25), in which
vapor pressure deficit (VPD) and, indirectly, high temperature
have direct effects on leaf expansion rate and grain set, with
calculations run with a 3-h time step. This model also accounts
for the genetic variability of phenology by considering the max-
imum leaf number as a genotypic input for the simulations of
cycle duration, individual leaf expansion, and grain abortion (26,
27). Simulations were run for each individual year in either
rainfed or irrigated conditions. The mean value of yield over the
36-y period was related to the sowing-to-flowering duration with
bell shapes similar to those observed experimentally (Fig. 1B and
SI Appendix, Fig. S5 A, C, and E). In irrigated conditions, opti-
mum durations differed among sites and correlated with latitude
(SI Appendix, Figs. S2A and S6A). Simulated optimum crop cycle
durations were lower in rainfed than in irrigated conditions, es-
pecially in most southern locations in which short crop cycles
allowed escaping water deficit during flowering time (Fig. 2B and
SI Appendix, Fig. S6B).
Overall, both experiments and simulations showed that opti-

mum cycle durations that maximize yield can be identified based
on the genetic variation of flowering time in a wide diversity of
environmental scenarios throughout Europe.

A Model of Cycle Duration and Sowing Date Closely Matched with the
Management Practices That Farmers Currently Use in the Diversity of
Environmental Scenarios. The above paragraphs suggest that, by
trial and error, farmers and extension services might identify a
cycle duration that maximizes yield in the most frequent climatic
scenario corresponding to each site (“autonomous adaptation,”

ref. 28). This has allowed us to model their decision rules about
cycle duration, but also sowing date, and to compare simulation
outputs to farmers’ practices reported in European databases
(29, 30). The simulation of cycle duration used by farmers at
each site was based on the calculated optimum sowing-to-
flowering duration presented above. Simulated sowing dates
occurred on the first day of early spring for which the risk of frost
for 10 d after sowing was lower than 5% over 36 y, thereby
combining a minimum risk of plant damage with highest po-
tentials of cumulated photosynthesis and yield. They ranged
from March 20 to April 30, with later dates at northern latitudes.
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Fig. 1. Observed and simulated optimum durations of the vegetative pe-
riod (sowing–flowering time), expressed in final plant leaf number. (A) Ex-
perimental relationships between final plant leaf number and yield in
irrigated (blue dots and lines) or rainfed conditions (red dots and line) in a
field with 121 maize accessions (two additional field experiments are presented
in SI Appendix, Fig. S3). For better intuition, the duration of the vegetative pe-
riod is expressed as final leaf number, closely related to it. Yield is normalized by
its maximum value in fully irrigated conditions. Dots are mean values for ac-
cessions presenting a common leaf number. Error bars, confidence intervals (P =
0.95). Plain lines, third-order polynomial regressions. Vertical dashed lines, opti-
mum leaf number. (B) Simulated relationship between plant leaf number and
yield at Achenheim, France (SI Appendix, Table S1, two additional sites are
presented in SI Appendix, Fig. S5). Each dot, mean of 36 y (1975–2010). Error bars,
confidence intervals (P = 0.95).
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The spatial distribution of sowing dates and flowering times
simulated in this way closely matched with those reported in the
European AgroPheno database (29) (SI Appendix, Fig. S7A).
Cycle duration decreased with latitude: later sowing dates in
northern sites such as Germany or Poland were compensated for
by shorter vegetative durations (Fig. 2A and SI Appendix, Fig.
S6A), resulting in simulated flowering dates that were nearly
independent of latitude in both simulations and historical data
(29) (SI Appendix, Fig. S7A).
Hence, the decision rules simulated as above allowed correct

prediction of farmer practices throughout Europe. In addition,
simulated yields at country level calculated by using local prac-
tices of irrigation, density, and fertilization closely correlated
with historical yields for the period 2000–2010 (30) (SI Appendix,
Fig. S7B). To compare environmental effects independently of
sowing density and fertilization, simulations were then run by
considering a common sowing density over Europe (eight
plants m−2) and no nitrogen limitation. In irrigated conditions,
simulated yields (9.2–13.6 t ha−1, Fig. 3A and SI Appendix, Fig.
S8) were negatively related to latitude with highest yield in
southern sites (Fig. 3A); this relationship disappeared in rainfed
conditions due to the higher risk of water deficit in southern
Europe, so maximum yields were observed at intermediate lati-
tudes 44–47° N (Fig. 3D and SI Appendix, Fig. S8).

Adapting Crop Cycle Duration Based on Current Farmer’s Decision Rules
Improved the Simulated Impacts of Climate Change Compared with
Invariant Practices. We projected yields for 2050 by considering
that the farmer’s decision rules presented above, based on the as-
sumption of optimal practices, will apply in the future. We then
compared the yields simulated with either adapted or invariant cycle
durations and sowing dates. Daily local-scale climate scenarios for
2050 were generated by the Long Ashton Research Station
Weather Generator (LARS-WG) (31) for the representative con-
centration pathways (RCPs) 4.5 and 8.5 (487 and 541 ppm CO2 in
2050, respectively). For each RCP, we used six global climate
models (GCMs) that cover the range and present similar mean
values for changes in temperature, VPD, and precipitations com-
pared with 18 GCMs from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) model ensemble for the studied area (32)

(SI Appendix, Fig. S9). Thirty years of daily weather data were
generated for each site–RCP–GCM combination. The direct impact
of increase in atmospheric CO2 concentration in 2050 was taken
into account in the crop model by increasing transpiration efficiency
(TE) by 0.1% per additional parts per million CO2 in RCP4.5 and
RCP8.5, i.e., the mean TE increase reviewed in ref. 33. We have
also considered the possibility of unchanged TE with CO2 con-
centration in view of the debate on the long-term effect of CO2

on TE (34). Radiation use efficiency, a proxy for photosynthetic
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capacity, was kept constant despite higher atmospheric CO2 con-
centration because maize is a C4 species (34, 35). Simulations
were run over 30 y for each combination of site, RCP, GCM,
watering regime, crop cycle duration, and CO2 effect on TE
(2.6 million simulations). Climate change was represented in SI
Appendix, Fig. S10 as sensed by plants during the optimum flowering
time calculated individually for each combination of site, scenario,
GCM, watering regime, and option for TE.
This resulted in increased maximum temperature, VPD, and

incident light at flowering time between baseline and 2050 (SI
Appendix, Fig. S10 A, B, and E), with values that were similar for
RCP8.5 and RCP4.5 because flowering time was earlier in the
season for RCP8.5, thereby compensating for the limited difference
in temperature between RCPs at a common date. For the same
reason, water deficit during flowering time was similar in 2050
compared with the baseline period 1975–2010 if TE was considered
as unchanged because the earlier flowering time compensated for
the negative effect of VPD increase (SI Appendix, Fig. S10D). It
tended to become milder in 2050 if TE increased with atmospheric
CO2 concentration (33) because the increase in TE with CO2
concentration reduced water use (SI Appendix, Fig. S10C).
As in previous climate impact studies, a decrease in yield was

simulated in rainfed fields between the baseline period and 2050
under the hypothesis of unchanged varieties and sowing dates
(RCP4.5), with a negative effect in 70% of rainfed fields (Fig.
3D). This negative effect was maximum at latitudes 43–47° N
that represent the major growing area for maize. Conversely,
simulated yields tended to increase in well-watered fields at
latitudes higher than 47° N due to increased light intensity
around flowering time (SI Appendix, Fig. S10F). Overall,
upscaling these results for Europe as a whole across latitudes
resulted in a small effect on overall production in rainfed fields
(−2% and +0.6% for RCP4.5 and RCP8.5, respectively) (Fig. 4),
with high negative effects in two GCMs out of six (SI Appendix,
Fig. S11). Irrigated fields had a yield slightly increased or de-
creased depending on GCMs (mean, +1.8% and +1.0% for
RCP4.5 and RCP8.5, respectively). Yields, weighted for the
proportion of irrigated/rainfed maize in the Eurostat 25 × 25 km
grid cell (SI Appendix, Table S1), were nearly unaffected in 2050
compared with baseline (mean, −0.8% and +0.8% for RCP4.5
and RCP8.5, respectively) if TE was considered as changing with
CO2 concentration. They were more affected if TE was consid-
ered constant in our simulations, due to more frequent water
deficit, or if restrictions of water availability reduced the current
portion of land area under irrigation (36).
The projected impact of climate change became positive if one

assumed that farmers will adapt cycle duration and sowing date
by using the decision rules they currently follow (Fig. 4). Optimal
sowing dates were earlier by 10–39 d depending on sites in 2050
under RCP4.5 compared with the baseline period (SI Appendix,
Fig. S12A). The cycle duration of adapted varieties increased by
207 °Cd (degree days) for RCP4.5 in irrigated fields at high
latitudes (>49°), corresponding to an increase in leaf number by
3.4 (Fig. 2 and SI Appendix, Figs. S6 and S12). This increase
disappeared in irrigated southern fields and in rainfed conditions
because optimum durations were limited by the probability of
negative effects of drought or heat stresses with later flowering
time. If farmers followed these decision rules in 2050, the sim-
ulated impact of climate change would be positive in irrigated
fields in RCP4.5 and RCP8.5, (Fig. 4A), regardless of hypotheses
on TE and GCMs (SI Appendix, Figs. S11 and S13), with an
effect that increased with latitude (Fig. 3C) and was largely
accounted for by the increase in intercepted light during the crop
cycle (SI Appendix, Fig. S14). Adapting the crop cycle duration
also had a positive effect in rainfed fields (Figs. 4B and 3H and SI
Appendix, Fig. S11 and S13), but this effect was only observed if
TE was considered as increasing with CO2 concentration and was
GCM dependent. Overall, if the effect of climate change was

synthesized by weighing irrigated and rainfed fields over Europe,
the total maize production increased by 4.5% and 7.0% for RCP
4.5 and 8.5, respectively, if the crop cycle was adapted, in the
likely hypothesis of a moderate increase in TE.
The combined effects of climate change and of adaptation of

crop cycle duration were much larger in northern than in southern
locations (Fig. 3 C–F). The gradient of yield, of 0.31 t ha−1 per
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degree of latitude for the baseline period (Fig. 3A) decreased to
0.09 t ha−1 per degree in 2050 (RCP4.5). The current north–south
difference in yield in the absence of stress was therefore largely
decreased by the combined effects of climate change and adapta-
tion practices (Fig. 3 C–F).

Discussion
The approach used here to predict the impact of climate change
on yield differs from those previously published, which led to
contrasting results ranging from steep decrease to appreciable
gains of yield (1–6, 10–12, 14). Here, we have considered ad-
aptation via one biological process, the use of the observed ge-
netic variability of flowering time, and explicit management
practices, sowing date, and irrigation, considered with rules that
mimic those currently used by farmers. This was in the line of
Lobell (8) who considered it essential to precisely identify the
actions (adaptation) that affect the impact of climate change and
of Rezaei et al. (37) who proposed that climate change impacts
should not rely on a single-cultivar concept. Furthermore, we
have based our approach on experimental evidences for evalu-
ating the effect on yield of the genetic variability of flowering
time and on comparisons with historical data for testing the
farmer’s decision rules used in crop simulations. This has also
required an improved crop simulation model that can predict the
effect of the genetic variability of phenology and of responses to
environmental conditions on leaf growth, grain set, and tran-
spiration (26, 27), together with advanced phenotyping tech-
niques for establishing the model (38). We believe that this
represents progress, compared with studies that use current
trends of temperature effect together with nonexplicit hypothe-
ses on adaptation possibilities (10–12, 39).
Are farmers likely to use the genetic variability of flowering time

and to adapt sowing dates by 2050?We can consider this hypothesis
as reasonable because (i) genetic resources and alleles for adapting
crop cycle duration have been identified and are increasingly
available (16); and (ii) farmers have already adapted maize varieties
in recent years, as they have done for wheat in the United States for
over a century (40). For example, varieties of the group midearliness
dent lines were mostly grown in France at latitudes of 44.8–45.9° in
1996 while they have shifted to 46.5–47.5° in 2009 (41). The same
tendency for farmers to increasingly use late-maturing cultivars has
also been observed in other species such as winter rapeseed and rye,
thereby partly or fully compensating for the decrease in cycle du-
ration linked to the increase in temperature (42).
Hence, the effect of climate change on yield might be more

positive than previously reported (3–6). This particularly concerns
northern areas where yield increases are maximum. However,
resulting increases presented here will not be sufficient to meet the
increasing demands for food and industrial usages (43). Further
improvements of plant performance based on increased photosyn-
thesis, adapted reproductive development, or resistance to pests and
diseases will be necessary. Southern fields will have less of a com-
petitive advantage in both irrigated and rain-fed conditions (Fig. 3
D–H), whereas farmers in northern areas will have the option of
growing maize with high yields. This may change the maize growing
area, in such a way that the positive impact of climate change on
European maize production might be higher than predicted here.

Material and Methods
Field Experiments. We tested a panel of 121 maize accessions representative of
main components of themaize genetic diversity (36) in three experimental fields
with two watering regimes each. Sites included aMediterranean field, Mauguio
[43°36′37′′N; 3°58′39′′E; 23 m above sea level (asl)], and oceanic sites in Sainte
Pexine (46°33′43′′N; 1°08′17′′W; 45 m asl) and Le Magneraud (46°24′16′′N;
00°04′45′′E; 26 m asl). In each site, two water regimes were imposed, with either
irrigation over the crop cycle or restricted irrigation with soil water deficit at
flowering time. A rainout shelter was used in Le Magneraud to ensure water
deficit so the number of accessions was 57 because of the limited available
space. Irrigation was withdrawn at the eight-visible-leaf stage, until flowering

time plus 10 d but was still applied when plants showed leaf rolling in early
morning for 2 consecutive days. The experimental design was an alpha lattice
with two replicates in the irrigated treatments and three replicates in rain-fed
treatments. Plots were 6 m long, with 0.8 m between rows and a plant density
of 8 m−2. Light, air temperature, relative humidity, and wind speed were
measured every hour in each experiment at 2-m height over a reference grass
canopy. Soil water potential was measured every day at 30-, 60-, and 90-cm
depths in watered and rain-fed plots with three and two replicates, respectively.
Mean soil water potential was −0.3 MPa on average during water deficit in
Sainte Pexine and Le Magneraud, and was −0.6 MPa in Mauguio. Thermal time
was calculated from sowing time as in APSIM maize (25) at a 3-h time step.

Emergence, flowering time, yield, and yield componentswere assessed at plot
level. The length andwidth of every second leaf and leaf numberweremeasured
in 10 plants per plot. The leaf appearance rate of each accession was calculated
by dividing the mean thermal time at flowering time by the final number of
leaves of the studied accession. The duration of the vegetative period was
expressed as final leaf number in Fig. 1 and SI Appendix, Figs. S2 and S3. We
then averaged data for accessions with common final leaf number. Leaf area
and light interception were calculated every day from sowing to harvest for all
accessions. For that, profiles of final leaf length and width for each variety with
final leaf number from 11 to 25 were obtained from measured data. The time
of appearance of each leaf was calculated from the phyllochron. Leaf expansion
was considered linear during 10 d from leaf appearance (27). Light interception
was then calculated by using measured incident light and the proportion of
intercepted light calculated from leaf area as in APSIM maize (25).

Model Parameterization and Evaluation.
Crop parameters and varieties.Weused themodel APSIMmaize (25)modified for
expansion of individual leaves (26) and calibrated (in particular for responses to
water deficit and VPD) with data of the reference hybrid B73xUH007 in repli-
cated field experiments in Mauguio, France (24) and in the phenotyping plat-
forms PhenoArch and Phenodyn (https://www6.montpellier.inra.fr/lepse/M3P).
Temperature at 3-h time step was calculated from daily minimum and maxi-
mum temperatures with the third order polynomial function used in APSIM
maize (25). VPD was calculated for each 3-h time step based on current tem-
perature and daily minimum temperature, an estimate for dew-point tem-
perature. Leaf expansion rate was calculated every third hour, based on values
VPD and soil water status with parameters as in ref. 27. The parameter rep-
resenting TE before correction by the effect of VPD (parameter transp_eff_cf in
APSIM maize) was set at 0.0075 g kPa g−1 for the baseline period and increased
by 0.1% per additional μmol CO2 mol−1 resulting in +11% and 17% in 2050 for
RCP4.5 and RCP8.5, respectively (33).

A set of virtual hybrids with contrasted crop cycle durations was derived
from the reference hybrid, in which crop cycle duration depended on the
duration of the vegetative stage. The duration of the vegetative period was
driven by the final leaf number (ref. 22 and SI Appendix, Fig. S2). We pa-
rameterized hybrids with contrasted cycle duration by (i) changing leaf
number from 11 to 30, with a constant leaf appearance of 0.0193 °Cd leaf−1

for all accessions (SI Appendix, Fig. S2) and (ii) a constant thermal time from
flowering to maturity corresponding to the reference hybrid. The durations
of each phenological stage of the vegetative period were affected propor-
tionally to changes in time from emergence to flowering. All other param-
eters were those of the reference hybrid (24). Hence, the 16-leaf hybrid was
the reference hybrid and hybrids with leaf number ranging from 11 to 30
were similar to the reference hybrid but with different final leaf number.
Sites. We used 59 locations representative of the European maize growing
area and of typical soil types of these regions. Fifty-five sites were those
described previously (24), representing the 10 European countries with the
highest maize growing areas in the 2004–2009 period (30) and the main
maize growing regions within these countries (24). Four sites were added to
improve the spatial distribution of locations. Soil data were obtained from
the Joint Research Centre (JRC) European Soil Commission database and
from the Crop Growth Monitoring System (24). Because soil depth can highly
vary within each region and because the aim of this study was a sensitivity
analysis on other variables, we considered a soil depth of 1.5 m in all sites.
Meteorological data used for the baseline period were 36 y of daily weather
(1975–2010) obtained from (i) the AGRI4CAST database of the JRC for the 55
sites (24) and (ii) the INRA CLIMATIK database for the four added sites. The
atmospheric CO2 concentration was 380 ppm. For comparing predicted and
observed current European yields, plant density and nitrogen supply were
adjusted for each site based on the JRC database* and local knowledge.
Because there is no reason to hypothesize that these values will stay the

*JRC (2013) JRC database crop knowledge. ed JRC (Joint Research Centre, Ispra, Italy).
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same in 2050, common sowing density of eight plants m−2 and no nitrogen
limitation were used in the final set of simulations to compare the baseline
period and future climate scenarios.
Modeling sowing and harvesting dates. Sowing dates were simulated in each
field as the first day from January to May in which the frequency of frost
was <5% in the following 10 d (calculated over 36 y in each site). The same
rule was used for the 2050 climate scenarios. Harvest date was simulated as
occurring after physiological maturity, on the first day when soil water
content of the 0- to 30-cm top layer was below 90% saturation. The latter
rule simulated the impossibility for harvester machines to enter into the
considered field because of an insufficient load-bearing capacity. The model
simulated a total yield loss if harvest could not happen before November 1,
due to the high risk of ear fall and diseases, combined with the necessity for
farmers to sow the next winter crop at that time.

Two watering regimes were simulated in each site, either rainfed or with
systematic watering until field capacity over the entire soil profile every 3rd
day. The optimums for each of these cultivation practices were calculated for
each combination of site, year, scenario, GCM, watering regime, and option
for TE. In simulations, we considered one single optimum for all studied years,
simulating the fact that farmers can estimate frequencies at each site but
cannot forecast climatic conditions for adjusting decisions to individual years.
Simulations and upscaling. The climate scenarios in 2050 were simulated at each
site by using the stochastic weather generator LARS-WG (32) and were based
on climate projections from the CMIP5 ensemble with RCPs 4.5 and 8.5 (487
and 541 ppm CO2 in 2050, respectively) and six GCMs, namely GFDL-CM3,

HadGEM2-ES, MIROC5, MPI-ESM-MR, CMCC-CM, and MIROC-ESM. The re-
spective positions of these GCMs are compared in SI Appendix, Fig. S9 to 18
GCMs from the CMIP5 ensemble in terms of changes in precipitation, VPD,
relative humidity, and in mean temperature calculated over land in North-
ern and Southern Europe. In Southern Europe, GFDL-CM3 is the hottest and
nearly the driest GCM from the CMIP5 ensemble. One-hundred years of daily
weather data were generated for each combination of site, RCP, and GCM.

A total of 2,897,136 crop simulations were run (for the baseline period: 2
managements × 2 irrigations scenarios × 31 accessions × 59 sites × 36 y; for
climate scenarios: 2 scenarios × 6 GCMs × 2 irrigations scenarios × 31 accessions ×
59 sites × 30 y × 2 options for TE). To upscale results from sites to each country,
simulated data under full-irrigation and rainfed scenarios were weighted for
each site by the proportion of irrigated maize fields in the area from the JRC
database, data originally from Siebert et al. (36) (SI Appendix, Table S1). Results
were then averaged at country level. To upscale to European level, results at
country levels were multiplied by the area of maize cultivation in each site,
based on the 25 × 25 km grid cell of the Eurostat database on year 2010.
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