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Abstract

Wheat grairprotein concentration is an important determinant of wheat quality for human
nutrition thatis oftenoverlooked in efforts tamprove crop productionVe tested and applieal
32-multi-model.ensembl® simulateglobal wheat yield anduality in a changing climate.
Potential benefits of elevated atmospheric,€oncentratiorby 2050 on global wheat grain and
proteinyieldare:likely tobe negated by impacts from rising temperature and changes in rainfall,
but with cansiderable disparities beten regions. Grain and proteiielgls are expected to be
lower and more variable in most la@mfall regions, with nitrogen availability limitingrowth
stimulus fream elevated COIntroducing genotypes adaptedaarmer temperature¢andalso
consideringchanges in C@and rainfall)could boost global wheatield by 7% and protein yield
by 2%, but grain proteiconcentration would be reduced by -1.1 percentage poamptgesenting
a relative ‘change 68.6%. Gimate change adaptatiotisat benefit grain yield are not always
positive forgrain quality, putting additional pressure on global wheat production.

Keywords foodrsecurity, climate change impact, climate change adaptation, grain prdteat,

| ntroduction

If currenttrends in human population growth and food consumption contBajéeljet al,

2014), cop productiommust be increasdaly 60% by mid-century tmeetfood demands and
reducehunger (Godfragt al, 2010), butlimate change will make thtaskmore difficult
(Oleseretialy=2011, Porteet al, 2014, Wahat al, 2013, Wheeler & Von Braun, 2013). Crop
models aresused gimulatecrop growth and developmeinbm local up to global scales to assist
in climate.change impact assessmé@tsenuet al, 2017)and to evaluatagriculturaladaptation
options(Ruiz-Ramoset al, 2017), for example, to investiggotential effect®f alteling crop
managementike sowing crops earlier or later in the sea@@arteret al, 2014) or growing
cultivarswith differentcroptraits(Semenov & Stratonovitch, 2015, Tabal, 2017b). A

growing number o$tudies describe climate change impactsrapyield, but theimpacts on the

This article is protected by copyright. All rights reserved
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nutritional value of therops havereceivedmuchless attentioreven thoughhis is acritical
aspect ofood security (Haddadt al, 2016). Grain protein concentration, the ratio of grain
protein amount to grain yield, is an important characteristic affettimgutritional quality but
alsotheend-use value and bakipgopertiesof wheat flour (Shewry & Halford, 2002).
Globally, wheat provides 20% of protein for huméh#émanet al, 2011). Grain protein
concentrationlike yield, depends on a combination of factsteh aghe crop genotype, soil,
crop managemenatmosphericCO, concentration andieatherconditions(Triboi et al, 2006,
Wieseret al,;"2008). Elevated COconcentration alonean increase thtal amount of protein
in grain(Broberget al, 2017) but reducegs concentratior{Broberget al, 2017, Myerst al,
2014). Gain preteinconcentrationncreass with droughtstress anthiighertemperatureas a

result of reduced starch accumulat{@miboi et al, 2006).

We aimed.to.systematically study the combined effects of @@ter, nitrogen (N) and
temperature on wheat grain protein concentration in a changing clim#te foorld’s main

wheat producing regions as part of the Agricultural Model Intercomparison and Im@otve

Project (AgMIP)(Rosenzweiget al, 2013). This is the most comprehensive study ever done of

the effect.of.climate change on yield and the nutritional quality of one of the threesmajoes

of human food:security and nutrition (the others being rice and maize). We prgviousl

demonstrated-that large ensembles of wheat models accurately simulate wheat yield under

different environmental conditions, and especially urnigh temperaturegAssenget al, 2015).
Here we used a crop model ensemble=giimate the impact of climate change and a potential
adaptatiorto such changesn global grain protein. To see if crop models can simulate the
impact of climate changadequately, wérst testedwhetheranensemble of 32 different wheat
models couldeproduce the effects ofcreased temperature, hehbcks elevated atmospheric
CO, coneentration, water deficit and the combination of these factors on yield andlg#ytic

ongrain proteinAs there have beanany climate change impact studies without adaptation and

studies testing the sensitivity of hypothetical traits, h@edncludedatrait adaptation option

based on realistic traits froawide range of field observatiotisatjustify the existence of

unigue heat stress tolerance traatsvheat.

Materialsand M ethods

This article is protected by copyright. All rights reserved
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Crop Models

Thirty-two wheat crop models (Supplementary Table S1) were compared within thalfgaic
Model Intercomparison and Improvement Project (AgMIP; www.agmip.oing two data sets

from qualityassessed field experimeiigentinel site dategnd then applied at representative
locations across the world8 of these models simulated grain protein. All model simulations

were executed by the individual modeling groups.

Field experiments for model testing

Two field/chambeexperiments (INRA, FACRustralig were used for model testing

INRA temperature experiment

The response of the winter wheat cultivar Récital to heat shocks (i.e., 2 to 4utivesdays

with maximum air temperature of 38°C) during the grain filling period was studied dbreey t
winter growingsseasons at INRA Clermont-Ferrand, France (45.8° N, 3.2° E, 329 m elevation)
(MajoulrHaddadet al, 2013, Triboi & Triboi-Blondel, 2002)-or details seBupplementary
Materials and Methods

FACE Australia experiment (GOx temperature x water)

FACE data were obtained from selected treatments from a designed experiment from Horsham,
Australia (36.8' S, 142.2 E, 128 m elevation|Supplementary Table S3)etailspresenting the
experimental desigfMollah et al, 2009), theexperimental datéFitzgeraldet al, 2016), and
modelling analysefO'Learyet al, 2015a) have previously been publishedta were collated

from one eultivar (cv. Yitpi) under two water regimes (¥f8d and supplemental irrigation), two
nitrogen fertilization regnes (53 or 138 kg N i3, and two sowing dates to create two growing
season temperature environments for both daytime ambient (365 ppm) and elevated §550 ppm

atmospheric C@concentrationd-or details seSupplementary Materials and Methods

This article is protected by copyright. All rights reserved
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Field experiments for adaptation

Asseng et al. (2015) recently suggested a combination of delayed anthesis with an increased
grain filling.rate as possible adaptation for wheat to increased temperature. Such trait
combination has never been showntpegxistin the current available genetic material.
Therefore;"here we first explored a wide range of existing field experinwetselected field
experimentsvherea number otultivars wereggrown across different temperature environments
to searcHar theexistenceof such trait combination andstich cultivars are indeed better
adaptedo a warming climate, i.ethese cultivaryield higherthan other cultivarander warmer
conditions.sn these data sets, we looked for pairs of cultivars where one or marddiaged
anthesis in a warmer environment combined with an increased grain fillingmatgeéded
higher in the warmer environment than a control cultivar (without these t@itk) the cultivar
pairs which fulfilled these conditions are mentioned here. Four field experimergs
consideredrand included experimentsifiegypt, Italy, USA ancCIMMYT . In each experiment,
cultivars werescompared under growing environments with increasing tempe(titwagh
delayed sewing or growing at warmer locaipiihe Egypt experiment included three cultivars
grown overthree years under full irrigation (and sufficient N) across four tatope
environments along the River Nile with two sowing dates. The Italy experimehitgded two
cultivars grown over twoegars under full irrigation (and sufficient N) at one locatioth two
sowing datednthe Italy experiment, the same experiment was repeated with Mtlong.The
USA experiment included four cultivars (g cultivarsvereused as a control) growar one
year under full irrigation (and sufficient N) across 11 temperature environalentsa transect
in the southeast US with one sowing date. The CIMMYT experiment included data from the
International Heat Stress Genotype Experiment (IHS®Eynoldset al, 1994) with two
cultivars grown/over two years under full irrigation (and sufficient N) across six temperature
environments(experiments in different countries) with two sowing d&msdetails see

Supplementary Materials and Methods

Global impact assessment

This article is protected by copyright. All rights reserved
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The two main scaling methods most commonly used in climate change impact assessment
studies are sampling and aggregatiéwertet al, 2015, Eweret al, 2011). In sampling, the
simulated points are assumedéapresent an argaan Busseét al, 2016, van Busseit al,

2015), while in aggregation, an area is simulated with grid edlsvollik et al, 2017) or
polygons assuming a grid cell (or polygon) is equal to a point. Each method differs in
uncertaintiesvith respect to input information (high in gridded simulation (Andeetaa,

2015), lessiin'sampling as true point data are used) and representation of hetgrfggheén
gridded simulation, less in sampling which however depends on the sampling SZhtzogt

al., 2016). We have chosen stratified sampling, a guided sampling method which improves the
scaling quality=(van Bussel al, 2016) with several points per wheat mega region
(Gbegbelegbet al, 2017). During the upscaling, a simulation result of a location was weighted
by the production a location represeffisseng et al. 2015)Liu et al.(2016) recently showed

that stratified samplingnd weighted by the productianith 30 locations across wheat mega
regions resulted at country and global scale in similar temperature impgash@artainty as
aggregatiomofisimulated grid cells. The uncertainty due to sampling decredsegriasing
number of'sampling poin{Zhaoet al, 2016). We therefore doubled the 30 locations from
Asseng etal. (2015) to 60 locations (Fig. 1; Supplementary Table S4) covering contrasting
conditionsacross all wheat mega regioAdl models provided simulations for thirty high

rainfall or irrigated wheagrowing locationgLocations 1 to 30, simulated with no water or
nitrogen limitations), representing about 68% of current global wheat prodaciioB0 low

rainfall wheatgrowing locations with wheat yields below 4 t DM'h@.ocations 31 to 60),
representingsabout 32% of current global wheat production (Reynolds & Braun, 2013). Each
location represents an important whgetwing area worldwide (Fig. 1).

[figure 1Irhere]

Additional_cktails about the locations 1 to 30 can be foun@hssenget al, 2015). In contrast to
the high-rainfall locations 1 to 30, soil types and N management vary among theariéadl-

locations 31:t0 60 (Supplementary Fg§-4). For details see Supplementary Materials.

Climate scenarios
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There were two steps in global impact simulations. In step $ceixarios were simulated for the
60 global locations and 30 yearsatimate. The six climatecenarios had laaseline climate
(1981-2010)r baseline climatevith main daly temperature increased by 2 or 4t%Cossedvith
two atmospheric C@concentrations, 360 and 550 ppm (Table 1

The baseline (1982010) climate data are from the AQMERRA climate datéReaneet al,
2015a), which combines observations, data assimilation models, and satellite dates pooduc
provide daily maximum and minimum temperatures, solar radiation, precipitatrmhspeed,
vapor pressure; dew point temperatures, and relative humidity corresponding to themmaximu
temperaturestime of day for each location. These data coreespaarbon dioxide concentration
([CO,)) of 360 ppm.The Baseline+Z and Baseline+4°C scenarios were created by adjusting
each day’s.maximum and minimum temperatures upward by that amount and then adjusting
vapor pressure’and related parameters to niaitite original relative humidity at the maximum
temperature time of dafdbservations and projections of climate change indicate that relative
humidity is relatively stable even as this implies increases in specific humidity as temperatures

increase (comensurate with the Clausius-Clapeyron equation; (Allen & Ingram, 2002)).
[table 1 herg]

In a secondsstep, wheat production in the 60 global locations were simulated unaate cli
change scenario corresponding to relatively high emissions for the middle of'tberiry
(RCP8.5 for2040-2069, using 571ppm [g@t 2055 from RCP8.5). Projections were taken
from five global climate models (GCMs) (HadGENES, MIROC5, MPIESM-MR, GFDL-

CM3, GISSEZ2-R), with historical conditions modified teflect projected changes in mean
temperatures and precipitation along with shifts in the standard deviation ofetagratures
and the number of rainy days (Supplementary $#&8). These scenarios were created using the
“Enhanced Delta Method’Ruaneet al, 2015b) and GCMs were selected to include models
with relatively large and relatively small global sensitivity to the greenhgases that drive
climate€hanges to account for the uncertainty of the fifth coupled model interésmnganoject
(CMIP5) GCMs'asemblgRuane & McDermid, 2017).

Each scenario was examined with current management as well as under one possible trait

adaptation, a cultivar combining delayed anthesis and an increased potential grgirafi.
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Therefore, there were 11 treatments and each was simulated for 30 years at each of the 60
locations.
To consider the diversity of model approaches of the 32 participatingtwnodels and allow all
modelers to incorporate their models, we proposed a simple but still physiologsesl-trait
combination«The proposed traits were simulated in full combination only, to quantify thet impa
of such a trait ecombination. The aim of this study was not to analyze the contributiosioava
individual traits; nor to explore the full range of traits that could possiblyt &ssia adaptation
strategy.
The propased simple trait combination to minimize the impact of future increaspersgures
on global yieldsproduction included (Supplementary Table S6):
1. Delay‘anthesis by about 2 weeks under the Basgti@eario via increased temperature
sum requirement, photoperiod sensitivity, or vernalization requirement. No change in the
temperature requirement for grain filling duration was considered.

2.Increase in ratgin amount per day) of potential grain filling by 2q@&scape strategy).

Testingpthesclimate change respon$enodels without N dynamics

Simulation.results from all 32 models were used in the grain yield impact an&iffen
analyzing the impacts on grain protein yield and protein concentration, only 18 crop models were
used that'had routines to simulate crop N dynamics leading to grain protein and had been
previously tested with field measurements. The yield distributions and yip&timsimulated
with the 32,models and the 18 models usedabgin analysis were similg&upplementary Fig.
S1011).

We also_applied the Kolmogorov—Smirnov teample test to test the differences of the
distributionssefisimulated yield impacts from the 18 models (used in the proteysiahahd the

32 modelsFhedistributions of climate change impacts on grain yields were different for the two
multi-model’ensembles for the climate change scenarios with genetic adaptation viathiowt

the genetic adaption and for the trait effect (Supplemeiii@nleS7).

Aggregation of local climate change to global wheat production impacts
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Before aggregating local impacts at 60 locations to global impacts (Fig. 1), evechetd the

actual production represented by each location. The total wheat production for each country
came from FAO country wheat production statistics for 20a#w.fao.org. For each country,
wheat production was classified into three categories (i.e., highlkaimfgated, and low

rainfall). The.ration for ezh category was quantified based on the Spatial Production Allocation
Model (SPAM).datasetftps://harvestchoice.org/products/dateor some countries where no

data was available through the SPAM dataset, we estimated the ratio for each category based on
the country-level yield from FAO country wheat production statistics. The highltainfa

production and irrigated production in each country were represented by the nearest latjh rainf
and irrigatedgeations (Location 1-30). Low rainfall production in each country was represented

by the nearestilow rainfall locations (Location 31-60).

The global.wheat grain and protein production impact was calculated using the folltapsg s

1) Calculate the relativeimulated mean yield (or protein yield) impact for climate change
scenarios for 30 year$481-2010)er single model at each location.

2) Calculate thenedian across 32 moddar 18 in case of protein simulatiores)d five
GCMs—per location (multinodel [QVis and GCMs] ensemble mediahpte that CMs
and GCMs simulation results were kept separate only for calculating the separate CM and
GCM Uncertainties (expressed as range betweBmad 78' percentiles).

3) Calculate the absolute regional production loss by multiplying the relaéice(or
protein yield) losgrom the multimodel ensemble median with theoduction
representedt each location (using FAO country wheat production statistics of 2014
fromwww.fao.org, thdatest reported yield statistics available at the time of the study
Calculate separately for high rainfall/irrigated and low input rainfed pramucthis
assumes that the selected simulated location is representative of the entirgroivaery
region surrounding this location.

4) Add all regional production losses to the total global loss.

5) Calculate the relative change in global production (i.e., global production lodedlivy
current global production).

6) Repeat the above steps for th& 2Bd 75’ percentile relative global yield (or protein
yield) impact from the 32 (or 18 in case of protein simulations) model ensemble.
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The 18model ensemble used for protein simulations simulated similar yield impacts compared

to the 32model ensembléSupplementary dble &), but small yield differences between the

two ensembles made it necessary to normalize the simulated impacts from the two ensembles for
the calculation of impacts on grain protein concentration. The reported impactsnoprgtain
concentrationJe@ therefore the normalized numbers. Thaer@®lel ensemble yield impacts and

the simulated 18r0del ensemble relative grain protein yield impacts are directly reported (i.e.,
without'this'nermalizing). The calculation of changes in grain protein condentiashown

with equationsbelow.

Yield changey;), due to climate change or the introduction of a trait, was calculated as:

yC = g’ﬁtzu)re / 3;125)(-3Iim (1)

where 952 _and 962, are respectively future (with or without adaptation) and Baseline yield as

ture seline

simulated:by-the median of 32 models. Grain protein yield chagnyés (calculated as:
pC = p%?&re/ %lass)elim (2)
where pRY and g2, _are respectively future (with or without adaptation) and baseline protein

ture aseline

yield as simulated by the median of 18 models.

Impact on.grain: protein concentration uses global mean grain yield in 2014 as a baseline,
reported as 3.310M ha' (FAO, 2016) and a mean grain protein percentage of 13% (based on
dry matter grain weightwhich is a weighted average of the simulated resMtsle there are

no global ‘statistics on grain protein, the simulated global grain protein conicenéapears
reasonable, considering the protein content in the USDA World Wheat Collectidrebas
reported torrange from 7% to 22% of the dry weight (Vegell, 1976), but generally varies

from about20=15% of the dry weight for wheat cultivars grown under field conditions {Ehewr
& Hey, 2015). Observed grain protein content in temperate regions, likketherlang has

been reportedito range from 10 to 1686senget al, 2000)). An average of 13.2% (ranging

from 10.5 to 16.3%) grain protein concentration has been reported across 330 wheat varietie
from China grown during 2010-201Yanget al, 2014) and an average of 13.4% was reported
across wheat fields in Finland during 1988-2(R&ltonerSainioet al, 2015)
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In thesimulatedweighted average, the mean of the high rainfall/irrigated locations 1 to 30 has
a weightof about 2/3, and the mean of the low rainfall/low input locations 31 to 60 has a weight
of about 1/3, according to their contribution to global production. The impact on grain protein

concentrationAGP%) was calculated as follows:

AGPY% =&

3)

x3.31x 0.13 3.3%x0.13 . P,
Yo x3.31 331 Y%

This results‘infa change in grain protein concentration of -0.59 percentage painisiigethe
changes in grain yield from 32 crop models as used in the analysis. Alternativegythesin
changes inyyield from the 18 crop models would result in a change in grain protein cormentrati

of -0.36 percentage point (not used here).

Results
Model testing

Results of mp model simulationa/ere compared tobservationgrom outdoorchamberand
free-air CO, enrichment (FACE) experimenigth increasedemperature, heat shagkand
elevated C@ecombined with increased temperature and drosgbssA statistical analysis on
model ensemble performance for grain yield, grain protein yield and grain protein é¢entent
given in Table"S4, showing RMSE for yield from 0.4 to 1h@t, with reasonable ski(EF) to
simulate the variabilityor observed yield. RMSE for protein concentration ranged from 0.8 to
3.2% with poor skill due to thiew variability in the observed protein concentyatdata (Table
S4).Medianpredictions fronthis multi-modelensembleeproduced observed grain yieldsl!
includingthese-affected bizeat shock, high temperature or elevateg €ahcentration (Fig.
2A-C). Continugushigh temperatureonditions during the grain filling period (the period when
the grain growsjeduced observeahd simulated biomass growth and yield more than a 4-day
heat sheckapplied at different times during the same growth period, but elevatgth@®ased
biomass growth and yield in the observations and simulations. In addition, chagggs in
protein yield and protein concentratiomsre capturedvell (i.e. similar response in simulations
and observations) even under conditiereeffects of temperaturateracedwith effects of

CO;, concentratiorand wate(Fig. 2D-I). The multtmodel ensemble median aadleast0% of

This article is protected by copyright. All rights reserved



O 00 N O Ou»

10
11
12
13
14
15
16
17

18

19
20

21

22
23

24

25

the simulatiorresuls for growth dynamics, final grain anotein yield and protein
concentratiorweregenerallywithin theuncertaintyintervals of the measurements (Fig).

[figure 2 here]
Observed adaptation traits for climate change

Using dataetsfrom observedield experimentgnot simulationsat different locations in the
world (in USA, Mexico, Egypt, Sudan and Italyye found in these observatiotizatexisting
genotypeswithratrait of an extended growing period to delay anthesis (also called flowering),
combined with“a trait with a higher rate of grain filliige. potential grain filling rate which is
met when assimilageare available from photosynthesis and/or remobilizatayegffectivein
countering,some of thgeld declinesoccurring in non-adapted cultivars when grawmvarmer
locations or.during avarmer part oh seasor(Fig. 3A). Other cultivars which haddelayed
anthesis but not an increase grain filling rate (not shown here), did not yield higher than-the
adapted cultivard-or some locationsvhereobservedyrain protein data were available, the
combination of delayed anthesisdhigher rate ofjran filling traits also increased grain protein
yield in one.cultivar compared to another cultiflaut for several cultivar pairsyhen grown
underwarmergrowing conditions, althougtmesetraits were notfully expressedinder cooler
conditions«(Fig=3B).

[figure 3 here]

Observed grain and protein yield increasatth this trait combination in warmer climatdmsut

not when N_supplyvas limited(Fig. 4).
[figure4 here]

However, the relative changeabserved grain yield was positively correlated with the change

in grain protein concentration, even under limited nitrogen supply (Fig. 5).
[figure 5 herg]

Global climate change impact
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Availing of arobustpredictor with a multmodel ensemble (Fig. 2) and evidence from field
experiments for the existence for traits to counteract detrimental effects from tamjppeyature
on crops (Fig. 3-5), assessadith crop modelsvhatimpact climate changeould have on
overallwheatgrainand proteiryield and on proteiconcentratiorat other locations and globally
(Fig. 1). The32tested crop models were applied witre biascorrectedglobal climate models
(GCMs) for.therepresentativeoncentration pathway 8.5 (RCP8.5) for the 20506& multi-
model median(crop models plGECMs) impact of climate changend the varigon across crop
modek and GCMss shown for 60 locations around the gdalepresenting major wheat
producing regions and climate zor{égy. 6). In general, low and mid-latitude locations show
negative yieldiampacts from climate change, whilgh4atitude locations show some positive
yield impacts Negative impacten protein yields were predicted aany locations, including
highdatitudelocations(Fig. 6A).

Effect of adaptation

The fieldidentified trait combination of delayeththesisand increased grain filling rateas
introducdinto'the crop models (Supplementdigble %). Simulated yield did not improve in
manyoftheslowsainfall/low-input locationsdue to a combination of terminal drought and N
limitation (Fig. 4). Protein yieldthatincreasd with theintroducedrait combinatiorwere
negatively“affected by climate chanige many locations, including those at higititudes(Fig.
6). But grain yields were improved in most locatianth thetrait combination of delayed

anthesis and.increased grain filling réffgy. 6B).
[figure 6 herel

The impact of elimate change on grain protein concentration, which varies with baotlyigtdi
and protein yieldwas more variableGrain protein concentratioraried betweergrowing
seasongnd locationgsdid the response to climate charagel thempactof the adaptedrait
combination (Fig. 7)While thecombined impact of increased temperature, elevated CO
concentration, and change in rainfalt RCP8.5ndicatesthatgrain yieldwould increaséor
many seasons and locations, protein yield increase would not keep pace. Thisegultid a
reduction in grain protein concentratifor many situations (Fig. 7However climate change
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and theadaptedrait combination could lead to an increase in grain protein concentfation
low-rainfall locations particularlyfor thoselocations where yield is projected to decl{f&g. 7).

[figure 7 here]

We scaled the simulated impacts up from fields to globe by weighting each loc#ktion w
reported country wheat production ddbdespite the stimulating effect of elevated £dh crop
growth,"glebal'wheat productionowld only increase by.8% (-7.4 to +14.0%, 350 75"

percetile range“combining crop model and GCM uncertainty) by 2050 under RCP8.5. Most of

the gains from elevated G@n crop growth will be lost due to increasing temperature.
Simultaneously. introducing the trait combination of delayed anthesis and increasddligg
ratecould increase global yietd 9.6% (-7.8 to 27.0%) by 205@vith the impact from traits
being 6.8%.

The growth stimulus frona 100-ppmincrease in atmospheric G@oncentratioris lost withan
increase 08BOUt 2 € (increase ofl.0 to 4.2 °C, 28to 75" percentile rangef crop model
uncertainty)according to the simulated muitiodel ensemble medigRig. 8).

[figure 8'here]

However,when: Nimited growth, ass commonfor low-rainfall environments witlow-
fertilizer inputs the growth stimulus was reduced. The muoitedel ensemble ndéan,averaged
over 30 years, shows a G@ffect of 8.4% global yield increa¢g.7 to 12.8% for 50% of crop
models, weighted by production) per 100 ppm increase in(€Q. 8. Protein yields were
estimated tehange by -1% (-9.6 to+5.5% change, Z5to 758" percentile range combining
crop model.and GCM uncertaintgtheglobal scale with climate changeith manyregions
expectedstde-affectedCrop models account for a dilution of crop N and grain protein
concentration at elevated GOoncentration (Fig. 9). When the trait combination of delayed
anthesisaand increasg grain filling was introducedsimulatedglobal proteinyield changedo -
0.2% (-22.1 to +12.0% changay 205Q with the impact from traits beirly7%.Similarly,
while extremely‘variable between locations and seaff€igs7), protein concentration is
estimated ta@hange by -0.6 percentage pojmepresentingrelativechange of -4.% (-0.3 to -
1.0 percentage points, representarglativechange of -2.4 to -7.5%) by 20&0the global

scale Greater losseis protein concentratiowould occur in many regions and seasons,
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amounting to -1.1 percentage pojmepresenting relativechange of -8.6% (-6 to-1.5
percentage pointsepresenting@relativechangeof -4.7 to -11.8%)with the impact from traits

being -0.5percentage points, representangelativechange of -4.1%.
[figure S here]
I mpact uncertainty

For thesimulated impact estimates, the share of uncertainty from crop models was often larger
than from the five biasorrected GCMs (Fig. S12). Uncertainties tended to increase with
adaptation‘and were larger for impact estimates for protein yield than for grain yieldrgést

crop model uncertainties were for low and mid-latitude areas (Fig. S12).

Discussion
Mode testing

Median_predictions from this multi-model ensemble reproduced observed grdmwll,

consistent withyother muithodel ensemble studies (Assaxial, 2013, Basset al, 2014, Liet

al., 2015, Martreet al, 2015), but here including those affected by heat shock, high temperature
andelevated CQ concentration, a critical prequest for simulating climate change impacts.

Heat shockand high temperature interaction with elevateddtf@entration hae never been

tested with any impact model befoMulti-model ensemble simulations were recentijnpared

with historical yielé and showed that simulated yield impacts from temperature increase were
similar to statisticatemperaturgield impacttrends based on historical sabuntry, country and
global yield-record$Liu et al, 2016).This result suggests that interactions between climate and
crop models can be insensitive to the methods chosen, thus further supporting the use of the

stateof-the-art multtmodel ensembles such as the one used for this study.

Grain protein concentration is suggested by the simulation to decline globallyllpercentage
points, representing a relative change of -8.6% tdulee simulated yield increase (for most
locations) from elevated atmospheric £&hd the yieldmproving trait adaptatiarAttributing

changes in observed protein trends is often hindered by many confoundingifatiteréeld
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For example, a study across fields in Finland from 1988 to 2012 showed a decline in grain
protein concentration over this period of up to -0.7 grain protein % during the last thirsl of thi
period (Peltonersainioet al, 2015) Some of this declined has besdtributedto plant breeding
for higher yields and a declining response over tingrain protein concentration to N fertilizer
(PeltonenSainioet al, 2015) In contrast, despite yield increagey 51%)with variety releases
since 1968.in North Dakota, USA, grain protein concentration has not chdungegl this time
(Underdahletal, 2008)

Depending on the target market, required protein concentrations vary from 8% fesgastri
>14% for pasta and bread, farmers grow specific wheat categories for specific markets. In
addition, farmers might also attempt to manage N applications towards protmmest but
their effectiveness is often hamperedigeason variability in growing conditions (Asseng and
Milroy 2006)-Recent trends in N fertilizer application (total amount of N fertilizer applied in
agriculture) in the 20 major wheat producing countries, including China, India, RuS#eaand
several European countries have levefdr even declined like in France and Germany (FAO,

2018) and might further reduce wheat grain protein concentrations in the future.

Adaptationtraits for climate change

Rising temperatures are the main driver of projected negative climate change impacts on wheat

yields(Porteret,al, 2014). The shortening of the growing period (the time from sowing to
maturity) with.increasing temperatures has been identified as the makunedeicing factom
arother study, but not implementédlssenget al, 2015) In a warmer climate, the growing

period is shorter so there is less time to intercept light for photosyntessisng in less

biomass accumulation andater yields. To adapt crops to a warmer climate, the growing period
could be extended by delaying anthesis. However, grain filling generally occurs during the
relatively hotsperiod of the season in most wheat growing regissenget al, 2011), so yield
might be educed due to the negative effect of even higher temperatures on the sensitive
processes of grain set (time when the number of grains is set) and grain fhiemgfore,
combining traits for delayed anthesis and higher rate of grain filling, as shown in ounsardy,

effective adaptation stratedgr yield. While grain and protein yield increased witle trewly
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introducedtrait combination in warmer climates, grain protein concentration still declined in
some cases when other growth restricting factors such as limited N supply also suppressed
expression of these traits in a warmer climAggplying additional N fertilizeapplication might
not be a simple_solution for climate change adaptation as major wheat-producingspsuth
as France have been reducing N fertilizer application rates since the lat¢Ri@8Gmet al,
2010).

A key messagé&om our study is that, our results suggest that the combination of two simple
traits through breeding can be used to overcome the antagonism between grain yielcdhand grai
protein coneentration. That antagonism has continuously reduced the nutritional arsg end-
value of wheat since the ‘green revolution’ in the 1960ies with strongly increasing/glds
through the.ntroduction of semi-dwarf genotypes combined with irrigation and festi{izeboi
et al, 2006).Thefield-observed positive correlation field experimentdetween grain yield and
protein concentration could be due to an increase in crop N accumulation at anktesidoe
the extended duration of the vegetative phase and a more efficient translocatangalgring
grain filling. But, it could also bewk to a higher nitrogen remobilization rate and earlier leaf
senescencegHencégte is a need to improve the understanding of the physiological basis for
thefield-basediobserved positive correlation between grain yield and protein concentration

throughnew-targeted field experiments.

Global climate change impact

While field experiments are critical for developing and testing hypotheses, these are limited to
just a few sites and seasofke application o multrmodel ensemble, combined wighidence
from field experiments for the existence for traits to counteract detrimental effects from raising
temperature on cropenabled uso assess what impact climate change would have on overall
wheat grain.and protein yield and on protein concentration at other locations and/gipall
applying he:32 tested crop models with five basrected global climate models (GCMake
covered a wide range of available GCM outputs (McSweeney & Jones, 2016). The chosen
representative concentration pathway 8.5 (RCP8.5) for the 2050s is a high greenhouse gas

concentration scenario with emissions continue to increase at currentostesnd midhkatitude
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locations show mostlgegative yield impacts from climate change, while Hagliude locations
show somepositive yield impacts, consistent with other global studies and other crops
(Rosenzweiget al, 2014), but negative impacts on protein yields were predicted at many

locations, including highatitude locations.

Effect of*adaptation

The combinediimpact of increased temperature, elevatecc@@entration, and change in
rainfall for REP8.5 indicates that grain yield would increase for many seaswbiscations, but
protein yield/increase would not keep pace and would result in a reduction in grain protei
concentration.for many situations. However, climate change and the adapted toaitatiom
could lead.to.an increase in grain protein concentration foraiall locations, particularly for

those locations where yikls projected to decline.

Most of thesgains from elevated GOn crg growth will be lost due to increasing temperature
consistentwith‘other simulation and field experimental styéissenget al, 2015, Wheeleet

al., 1996)=.Simultaneously introducing the trait combination of delayed anthesis and increased
grain fillingsrate coud increase global yieldhbout a third of the impact on grain yields (2.1%)
from this trait combination could be achieved globally by introducing the adaptation in the
baseline climate, although yield would be reduced for many of the rainfed locailgest to

terminal drought.

A simulated growth stimulus from a 1@@m increase in atmospheric g€oncentration is
suggested\by our study to be lost with an increase of about 2 °C according to the simulated
multi-model-ensemble median aisdconsistent with field experimenf@/heeleret al, 1996).

Higher yield responses to elevated {d@ave been reported in field experiments for wheat
subject to drought stress compared to weltered controlg¢Kimball, 2016, O'Leart al,
2015b)gThis did not hold true, however, when N limited growth (Kimball, 2016), as is common
for low-rainfall @nvironments with lovfertilizer inputs. The mulkmodel ensemble median here,
averaged over 30 years, shows a,@fect of 8.4% global yield increase per 100mpipcrease

in CO,. By comparison, observations from open top chamber and FACE field studies have
shown 10-20% increases in wheat yield per 100 ppm elevatedAd@worth & Long, 2005,
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Kimball, 2016, O'Learyet al, 2015b), but less or even nil yield charggen N is limiting

(Kimball, 2016). Additional N supply for crop uptake could therefore become more impiorta
the future. However, acceleration of soil organic matter turnover by higher taomeedepletes

soil carbon and N stocks, a process captured by some models. Crop models also adbeunt for
dilution of crep.N and grain protein concentration at elevateg €@centration, giving results
similar to experimental wheat dgfleijel & Uddling, 2012), but do not consider that nitrate
assimilation‘in“crops could be inhibited (Blo@mal, 2010), so likely underestimate the

reduction in‘grain protein with climate change.

Other processes, like a possible effects of elevategv@Ostomata closure on canopy
temperaturéKimball et al, 1999), not considered in the current models might also add to under-
or overestimation of simulated impacts. The same applies to the poor understageingtype
and CQ interaetions that are hence not included in the mddigtsrset al, 2014). Other

factors not included might also become important for future crop performance, sisthgas r
ground-level 0zone exposures, e.g. in southern and easterfTAskt al, 2017a) and diming

of light for photosynthesis in areas with high aerosol pollution.

Our analysis of the multocation field trials suggests that crops with traits of delayed anthesis
time and.inereased grain filling rate could be combined in wheat genotypes to toenbat
negative effects of increasing temperature on yield. The genetics of wheat anthesis time is
determined by known genes so adaptations can be made through breeding or cultivar choice
(Griffiths etraln2009, Le Gouigt al, 2012) Although grain filling results from interactions
between multiple physiological processes, some relevant major quantitative tfaévedeen
identified,’and grain filling rate can be increased efficiently through breéGimymetet al,

2005, Wanget al, 2009) Some studies also showed that the rates of dry mass and N
accumulation have common genetic determini@@isarmetet al, 2005), so breeding for a

higher rate of grain filling could improve both grain yield and protein concentration. Imppyta
anthesis time"and grain filling rate are mostly controlled by differen{\@anget al, 2009)
suggesting'that these two traits can be improved concomitantly. The impact on yield aeimd prot
from this potential adaptation depends on the availability of nitrogen during tharmbesis
period(Bogardetal., 2011)and might require additional nitrogen remobilization ithie grains
(Avni et al, 2014, Uauyet al, 2006).
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| mpact uncertainty

The share of uncertainty from crop models was often larger than from theasaohiected

GCMs, suggesting a need for more research investments into impact models to reduce climate
change impactuncertainty estimates, although the chosen GCMs onBergppart of the

overall available GCM uncertaintié8lcSweeney & Jones, 2016). The crop model uncertainty
varied acroess‘locations, while the GCM uncertainty showed less spatial variation. Uncertainties
tended tolincrease with adaptation arete larger for impact estimates for protein yield than for
grain yieldgpartly because fewer crop models were available for the former. The largest crop

model uncertainties were for low and riéditude areas.

Conclusions

Our simulation results demondeéhat climate change adaptations that benefit grain yield are
not necessarily positive for all aspects of grain quality for human nuttfgarset al, 2014),
particularly in“rainfed and low-input cropping regions. Many of the regions likely to be
negatively-affected are low and matitude regions that are less resilient to climate change,
where populBons are growingRoser & OrtizOspina, 2017) and food demand is increasing
rapidly (Godfrayet al, 2010)
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Fig. 1. The thirty locations representing high rainfall and irrigated wtegibns (blue) and thirty locations
representing low rainfall/low input regions (red)tloe world used in this study. Wheat area fridftonfredaet al,
2008)

Fig. 2. Measurements and muhiodel simulations of total above ground wheat biomass, grain giglih proten
yield and grain protein concentration for wheat treated withdteatks, higher temperature, elevated atmospheric
CO, concentration, and different sowing times or irrigati@yb(andc) Total aboveground biomass (circles,
continuous lines) and grayields (triangles, dashed lines) for wheat for three diffeexperiments grown in control
conditions or with &) heat shocks of 38°C for 4 h on 4 consecutive days during giaig;f(b) continuous
+10°C/+5°C (day/night) temperature increase duringpsperm cell division/early grain filling; and)(elevated

CO, (550 ppm). Multimodel ensemble medians (lines) anf #575" percentile intervals (shaded areas) based on
32 simulation models are shown. Symbols indicate medians andarsathe 25 to 75" percentile intervals of
measurementsd to i) Percent changes in grain yieliigndg) and protein yieldsg(andh) and absolute changes in
grain protein.concentratiori &ndi) in response to chronic high temperature or heat shocks atdiffer
dewlopmental stagesl(e andf) and different combinations of atmospheric £&ncentration, drought and sowing
dates(g, h andi). Data are medians of measured or simulated changes and esrehda 25 to 75" percentile
intervals. In‘all panels, simulations are the median of thg2n yield) or 18 (grain protein) wheat model

ensembles.

Fig. 3. Comparison of the relative performance of measured wheat gesuotith or without both delayed anthesis
and acelerated grain filling traits grown under field abtions at different temperaturéShanges in measured grain
yield (a andb),.grain protein yieldd andd), and grain protein concentratiomgndf) versus changes in traits.
Symbol colors'indicate mean temperatures during the growing sgasursowing to maturity) at each location in
increasing order from deep blue, light blue, to red. The advamcedt linesVA12W-72 and GA064933LE6

were compeeditosthe standard cultivars AGS2000, Jamestown, and US@B&Rperiments at 10 locations in the
U.S.A..Mean'values foAGS2000, Jamestown and USG3120 were used as the control to eattaages in yield
and protein.“Thenodern cultivar Bacanora 88 and the standard cultivar Deben@grown at one location in
Mexico overitwo'consecutive seasons, and at one location in &gymne in Sudan both for one season. The
cultivars Cresosand Claudio were grown at one location infidafwwo consecutivergwing seasons. The modern
elite cultivarssMisrl and Misr2 and the standard cultivar S8&eere grown at four locations Egypt Grain

protein data'wereravailable for Italy and Egypt experiments Solyd lines are standardized major axis regressions
(all P < 0.004):

Fig. 4. Comparison of cultivars with delayed anthesis amgtlacated grain filling rate to standard cultiviars
different temperature environments in Italy wititied nitrogen (60 kg N H. Relationship of observed &ndb)
grainyield and ¢ andd) protein yield to & andc) anthesis andbx(andd) to grain filling rate.

Green (< 1), dark red (13 to £&) and red (> 1T).
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Fig. 5. Comparison of wheat genotypeith delayed anthesis and accelerated grain filling rate compastdridard
genotypes grown in the field in different temperature environmBelative changa measured grain protein yield
(a) and absolute change in grain protein concentratipadanst the relative change in grain yield. Symbol colors
refer to mean temperature during growing season (plantingttaitypin increasing order from deep blue, light
blue, to red for average temperatures at each location. Theesa @nd the cv. Claudio were grown at one location
in Italy for twerconsecutive growing seasons, and the moderrcalifears Misrl and Misr2 and the standard
cultivar Sakha93 were grown at four locations in Egypt. Dasheddil:1 and solid lines are standardized major

axis regressions:

Fig. 6. Simulatedmmultimodel ensemblprojection under climate change of global wheat grain yieldl{#fj and
protein yield (right half)(a) without genotypic adaptation afio) with genotypic adaptation. Relative climate
changampacts for;203&065 under RCP8.5 compared with the 22810 baseline. Impacts were calculated using
the medians‘across 32 models (or 18 for protein yield estinatdgjve GCMs (circle color) and the average over

30 years of yields using regiapecifc soils, cultivars and crop management.

Fig. 7. Multi-model.impact of climate change with and without cultivar adaptatigheorelationship between grain
yield and protein concentratioRrojections of annual wheat grain yield and grain protein concemtrate shown
for baseline periods1982010 (black) for RCP8.5 climate change impact in 2B865 with current cultivars
(orange) or \with genetic adaptation, i.e. combined delayed anthéisimeveased rate of grain filling (cyan) for 30
individual yeas across 60 locations using regigpecific soils, cultivars and crop manageméijtGrain yield
versus grain protein concentration fodividual years and locations. Medians across GCMs and p&uandels are
plotted. Theellipses capture 95% confidelavels of data in each treatment. Distributionsalfies for grain
protein concentratiofb) and grain yieldc) for 30 lowrainfall locations (dashed lines) and 30 high rairdr
irrigated locations (solid linesjd) Absolute changes in crop modelsemble medianf®r grain yield versus grain

protein concentration.

Fig. 8. Simulated impacts of increasing temperature on global wheatgnaduction with 100 ppm increase in
atmospheric, C@concentration. Relative grain yield impacts were calculxtad simulated impacts of 550 ppm
versus 360 ppm C{Ylinearly interpolated) and weighted by production. Centerdim@vs crop model ensemble
median of 32 crop)models and mean of 30 years using rspixific soils, cultivars, and crop management. The
shaded area indicates the™Bercentile and 75percentile across crop models. Dashed lines are linear extsrisi
+5°C beyond simulated temperature range impacts. Equations showr¢igezssion for before and after crqssint
at 2°C.

Fig. 9. Simulated response to elevated £ (a) relative crop N response versus relative crop biomass respmns

elevated CQ. In (b) relative protein yield response versus relatirgrgyield response to elevated £@n (c)
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N =

relative grain proteigoncentration response versus relative grain yield responstdesl CQ. Data are multi
model (18 models) ensemble median for 30 individual years dursedita period (1982010) across 60 global
locations with 360 ppm (baseline) and 550 ppm (elea@&,.

Table 1. Outline of the baseline and climate change scenarios simulatad study.

Period Scenario/ GCM Cco, Adaptation
(Ppm)

19812010 Baseline 360 None

19812010 Baseline 360 2-traits combination
19812010 Baseline +2°C 360 None

19812010 Baseline +4°C 360 None

19812010 Baseline 550 None

1981-2010 Baseline +2°C 550 None

19812010 Baseline +4°C 550 None

20402069 HadGEM2ES 571 None

20402069 MIROC5 571 None

20402069 MPI-ESM-MR 571 None

20402069 GFDL-CM3 571 None

20402069 GISSE2-R 571 None

20402069 HadGEM2ES 571 2-traits combination
20402069 MIROC5 571 2-traits combination
20462069 MPI-ESM-MR 571 2-traits combination
20402069 GFDL-CM3 571 2-traits combination
20402069 GISSE2-R 571 2-traits combination
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