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In cereal crops, environmental fluctuations affect different physiological
processes during various developmental phases associated with the
formation of yield components. Because these effects are coupled with
cultivar-specific phenology, studies investigating environmental responses
indifferent cultivars can give contradictory results regarding key phases
impacting yield performance. To dissect how genotype-by-environment
interactions affect grain yield in winter wheat, we estimated the sensitivities
of'yield components to variation in global radiation, temperature and
precipitationin 220 cultivars across 81 time-windows ranging from
doubleridge to seed desiccation. Environmental sensitivity responses

were prominent in the short-term physiological subphases of spike and
kernel development, causing phenologically dependent, stage-specific
genotype-by-environment interactions. Here we reconcile contradicting
findings from previous studies and show previously undetected effects; for
example, the positive impact of global radiation on kernel weight during
canopy senescence. This deep insight into the three-way interactions
between phenology, yield formation and environmental fluctuations
provides comprehensive new information for breeding and modelling

cereal crops.

Wheat grain yield is an integrated outcome of different physiologi-
cal processes during the vegetative and grain-filling phases'. Under
field conditions, unpredictable natural fluctuationsin environmental
variables can lead to yield losses and threaten food security* . For
example, enhanced climatic variability during European summers in
recent decades shows increasingly negative impacts onyields® . This

is partly due to unpredictable short-term (day-to-day) fluctuations
in environmental variables during specific physiological phases. For
example, heat during anthesis contributes to a gap between poten-
tial and actual yields in wheat and other grain crops”'°. Reductions
inyield potential caused by deficits in specific yield formation pro-
cesses—forexample, kernel setting—may be due to fluctuationsinakey
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environmental variable within a relatively narrow time-window>"""%. For
instance, high temperature stress at the pre- and post-anthesis phases
causes vegetative and reproductive growth cessationin wheat by reduc-
ing photosynthetic activities and increasing floret abortion™"*, whereas
areduced kernel number can be compensated for by high levels of
solarradiation during the grain-filling stage®. Therefore, understand-
ing the impacts of short-term environmental fluctuations in specific
phenological subphases on grain yield and discovering genetic varia-
tionin phase-specific sensitivities to relevant environmental variables
might provide new avenues for crop design'®. However, experimental
studies of short-term environmental impacts on the formation of yield
components under field conditions have, to date, been limited to just
afew levels of environmental variables investigated in low numbers
of genotypes at specific developmental phases. More comprehensive
studies have been restricted by the difficulty in obtaining detailed
phenological data for a large number of genotypes. To overcome this
deficit, alternative methods to examine the effects of fluctuating envi-
ronmental variables on yield components during multiple develop-
mental subphases are required.

Results
Sensitivity of yield components is cultivar-specific
Toidentify cultivar-and subphase-specific sensitivities of yield compo-
nentsin response to short-term fluctuations in different environmen-
tal variables, we decipher the impact of variations in global radiation
(GR), precipitation (PR) and temperature, across 81 developmental
time-windows, on the yield components of 220 winter wheat cultivars”
(Supplementary Table1) growninfield experiments that spanned con-
trasting cropping regimes in three consecutive growing seasons at six
locations across Germany (Supplementary Tables 2 and 3). Because the
management intensities strongly affected phenology'®, this experimen-
taldesign resulted in48 contrasting environmental conditions between
treatments, locations and years during the period before and after the
individually recorded heading date of each cultivar (Supplementary
Figs.1and 2 and Supplementary Table 4). A large degree of variation
in GR (maximal difference of 27.9 MJ m2d™), daily minimal, mean and
maximal temperature (T,in, Timean aNd T,y ranging between —2.6 and
22.6°C,0.7and 29.4 °C,and 2.81and 39.6 °C, respectively) and PR (rang-
ing between 0 and 25.6 mm d™) allowed us to determine the effects
of mean environmental variables within a time-window of 50 °Cd on
the kernel number per spike (KpS), spike number (Sno) and thousand
kernel weight (TKW) of each cultivar, by comparing the models with
and without the influence of an environmental variable (models M2
(equation (2)) and M1 (equation (1)), respectively; Methods). Analyses of
variance (ANOVA) -In(P,,,,.) of all the comparisons were used to quantify
the significance of an environmental effect on yield componentsin 81
time-windows ranging from the double-ridge stage to grain desicca-
tion. In total, 17,820 comparisons were conducted (220 cultivars x 81
time-windows) per combination of traits and environmental variables
(Fig.1a).Including environmental variablesin M2 increased the explana-
tory power of the model (P < 0.05, -In(P,,;,..) = 3.00), whichisindicative
of the effects of short-termenvironmental variations, or theinteractive
effects of environmental variable and treatment, on the formation of
yield components. For example, 99% of the studied cultivars showed
significant responses of TKW and KpS to GR (Table1), indicated by 1,049
and1,899 significant differences between M1and M2 (6% and 11% of total
comparison), respectively. This suggested that for most cultivarsin
the study TKW and KpS were sensitive to GR at multiple time-windows,
whereas for 99% of the cultivars the yield components were affected by
environmental variablesin at least one specific time-window (Table1).
We mapped the tested time-windows to corresponding periods
of physiological subphasesin spike and kernel development reported
in literature’*”*?° including seven pre-heading subphases ranging
from the double-ridge stage, terminal spikelet development, white
anther stage, green anther stage, yellow anther stage and tipping to

heading, and five post-heading subphases ranging from anthesis,
pre-grainfilling, grain filling and 50% of canopy senescence (referred
to as green canopy duration) to grain desiccation. By plotting the -
In(P,,e) of all cultivars with respect to time-windows, the responses
of eachyield component to the environmental variables from double
ridge to grain desiccation were visualized to identify sensitive periods
(Fig.1). For example, the effects of GR on KpS were significant in most
cultivars in three time-windows: -100 to =50 °Cd, 220 to 270 °Cd and
42010470 °Cd from heading (Fig. 1a). These three periods match the
physiological subphases between yellow anther and tipping, shortly
before pre-grain filling and beginning of grain filling'**"*, respec-
tively. Interestingly, two groups of cultivars showed differencesin their
phenology and their sensitive time-windows of KpS to GR (Fig. 1b). In
early-flowering cultivars (-23% of the test panel), the sensitive period
before anthesis was closer to the heading date in comparisonwith the
late-flowering cultivars, indicating shorter durations of pre-heading
subphasesin early-flowering cultivars thanin late-flowering cultivars?
(Fig.1b).For example, sensitivity of KpS to GRin early-flowering cultivar
‘Cajeme 71’ was greatest at time-window 0 to 50 °Cd, whereas the most
sensitive period of a late-flowering cultivar ‘Kometus’ was at -100 to
-50 °Cd (Supplementary Fig. 3). The responses of all cultivars to all
studied environmental variables are shown in Supplementary Fig. 4.

Sensitivity of yield components is stage-specific

Coefficients in M2 (equation (2)) characterize the absolute effects of
anenvironmental variable onyield components in a given time-window
(Fig.1c,d and Supplementary Fig. 4). A positive or negative value of §
indicates an increase or decrease in a yield component, respectively,
per unit change of the environmental variable in a time-window. For
example, the per unit increase in GR during yellow anther (=100 to
-50 °Cd) and around the end of anthesis to the beginning of pre-grain
filling (220 to 270 °Cd) improved by 0.50 and 0.60 KpS, respectively
(Fig.1c). By contrast, the per unitincrease in GR during the grain-filling
phase (420 to 470 °Cd) reduced by 0.59 KpS.

Because the mean values of yield components differ greatly
between the studied cultivars''®, B of the ith cultivar was normalized
by the mean values (u;) of the yield components across all environments
(location, year and treatment) to represent the relative effects of an
environmental variable on yield components (Fig. 2b). In any given
time-window, the normalized 8 (%)—referred to as genotypic sensitiv-
ity—is only meaningful if -In(P,,,,.) indicates significant differences
between model 1 and model 2 (Fig. 2a). For each yield component,
we showed the top 5% most-sensitive time-windows (Fig. 2c-e) and
grouped them into physiological subphases. For example, the effects
of T.,,,on KpS can be grouped into two subphases: (1) from the end of
anthesis (positive effects up to 4.76% per °C between 180 and 220 °Cd)
to pre-grain filling (increase by 4.45% and 4.99% per °C at 240 and
260 °Cd, respectively); and (2) white anther (increase up to 3.53% per °C
between —260 and -280 °Cd; Fig. 2¢). Variations in T, affected KpS
similarly to T,,;, around the end of anthesis, with positive effects up
t03.22% per °C (from 200 to 240 °Cd). However, they showed a nega-
tive effect up to -2.36% per °C at the beginning of grain filling (460
and 480 °Cd), probably because of the positive correlation between
Tmeanand T, (Supplementary Fig. 2i), which showed similar negative
effects (from-1.53%to -1.77% per °C) on KpS at grain filling (from 440
to 500 °Cd). Interestingly, positive effects (2.14% per °C) of T,,,, on
KpS were found at pre-grain filling (240 °Cd), similar to the effect of
GRonKpSin this period (1.59% per unit of GR). Furthermore, KpS was
also affected positively by GR (1.33% per unit of GR) at yellow anther
(-100 °Cd) and negatively by PR (from -1.45% to —1.98% per unit of PR)
atgrainfilling (520 and 540 °Cd). Based on these results, environmental
variables at four physiological subphases (yellow anther, anthesis,
pre-grainfilling and grain filling) were identified as the most sensitive
subphases for kernel development, both in early and late cultivars
(Supplementary Fig. 5).
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Fig. 1| Effects of GR in 81 time-windows before and after heading (thermal
time = 0 °Cd) onKpS. Cultivars were classified as ‘late’ or ‘early’ based on their
flowering time". a, Overview 0f 17,820 ANOVA -In(P, ,,..;) comparing model 1
and model 2, with 169 late (orange) and 51 early (purple) heading cultivars. The
solid red line represents the median -In(P,,.) of 220 cultivars at each time-
window. The dotted red and blue lines indicate -In(P,) = 3.00 (P < 0.05) and
6.91(P<0.001), respectively. b, Cultivar-specific -In(P,,,.) in 81 time-windows.
¢, Coefficients B (KpS (M) m2d™)) inmodel 2 showing the sensitivity of KpS to
GRin 220 cultivars. Solid red lines represent median coefficient of all cultivars
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and dotted red line indicates 8= 0. d, Cultivar-specific coefficients S in model

2 showing positive (green) and negative (yellow and red) effects of GR on KpS.
Different physiological subphases before flowering of photoperiod-sensitive
(late flowering) cultivars are shown by vertical black dotted lines*. AN, anthesis;
DR, double-ridge stage; DS, desiccation; GA, green anther stage; GCD, green
canopy duration characterized by 50% canopy senescence; GF, grain filling; HD,
heading stage; PGF, pre-grain filling; TS, terminal spikelet stage; WA, white anther

stage; YA, yellow anther stage.
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Table 1] Significant cases of ANOVA comparing model
1and model 2. These numbers represent cases of yield
components sensitive to environmental variables in 81
time-windows in 220 winter wheat cultivars, from a total of
17,820 comparisons per trait per environmental variable.
The numbers of cultivars sensitive to the environmental
variables in at least at one time-window are shown

Yield Environmental No. of significant  No. of

components variables ANOVA significant
comparisons cultivars

KpS GR 1,899 218

KpS T 2,062 217

KpS Trnean 2,303 215

KpS Tonin 1,854 218

KpS PR 1431 219

Sno GR 1102 217

Sno Tooe 1724 215

Sno Toreon 1,652 M

Sno Tenin 1,248 217

Sno PR 1,073 218

TKW GR 1,049 218

TKW T 424 157

TKW T oo 656 202

TKW T 1,235 219

TKW PR 1,339 220

In comparison with KpS and TKW, Sno showed lower environmen-
tal sensitivity (Fig. 2d). The most significant environmental effects
on Sno were the negative effects of 7., and T, after anthesis (up to
-2.44% per °C T ean OF T, between140 and 200 °Cd). Variationsin T,
and T,,,, also showed effects during pre-grain filling (positive effect up
to1.78% per °C from 320 to 380 °Cd) and during the white anther stage
(negative effect up to 1.23% per °C from -300 to —240 °Cd). Further-
more, Snowasalso affected positively by T, at the start of grainfilling
(2.04% per°Cat400 °Cd) and by PR (1.85% per unit of PR) at the end of
green canopy duration (680 °Cd). Thus, four physiological subphases
were identified as being most strongly influenced by environmental
variables for spike formation (Fig. 2d). Interestingly, environment
affected Sno after anthesis more strongly inlate thanin early cultivars
(Supplementary Fig. 5).

TKW was affected positively by GR (up to 1.74% per unit of GR),
particularly inthe period from 50% of canopy senescence to seed des-
iccation (from 640 to 780 °Cd). Also, the effects of T,,;, on TKW were
identified between double ridge and development of the terminal
spikelet (up to 4.65% per °C at -600 and —580 °Cd, similar to T,,,,,) as
well as the white anther stage (up to 2.71% per °C between -260 and
-240 °Cd). Contrasting effects of PR on TKW were detected before the
white anther stage (up to—2.73% per unit of PRat -300 and -320 °Cd), at
thegreenanther stage (up to4.77% per unit of PRat —200 and -180 °Cd)
and at the yellow anther stage (-2.64% per unit of PR at =120 °Cd). To
summarize, in the set of cultivars analysed, the strongest influence of
environmental variables on TKW was detected during four pre-heading
stages (after double ridge, before white anther, at green and yellow
anther) and the canopy senescence stage (Fig. 2e).

Additive effects of environmental variables

Ourresults suggested that significant effects of an environmental vari-
able on ayield component could be due to the close relationship of
this environmental variable with another (for example, T,,,, and GR;

Supplementary Fig. 2). Therefore, a third model (M3 (equation (3)))
extending M2 (equation (2)) to two environmental variables at time
window ¢t (E;(t) and E,(t)) was used to test whether two environmental
variables could have additive effects, by comparing the explanatory
power of M3 with M2 of E,(¢). Interestingly, although no temperature
effect on KpS at heading was observed from M2 (Fig. 2a), combining
Tinand T,.,, better explained the variation in KpS (median of -In(P,,..)
up to 2.77; Fig. 3), especially in late-flowering cultivars (Supplemen-
tary Figs. 7aand 8a). Similarly, combining T, with T, or T, during
spikelet differentiation (around -600 °Cd with -In(P,,;,.) up to 2.52)
improved the prediction of KpS (Fig. 3), similar to the improvement
observed in Sno at green canopy duration (Supplementary Fig. 6a).
Aninteresting additive effect of T;,;, and GR on TKW was observed
around-600 °Cd (-In(P,,,.) up to 3.74; Supplementary Fig. 6b). These
time-windows overlapped with the time at which additive effects of T,.,;,
and T,,..,onKpS were observed, implying that T, Trcan and GR could
collectively mediate the potential pleiotropic effects between KpS and
TKW during spikelet differentiation. Also, although temperature effects
on TKW were not significant at anthesisin M2, combining T, with T,c.,
and T.,,in M3 showed significant effects of temperature (-In(P, ) up
to 3.65; Supplementary Fig. 6b).

Discussion

Merits of standardized large-scale field experiments

Impacts of environmental fluctuations onyield formationin crop plants
depend on the physiological subphases of the plant during which they
occur®. Here, we identified the sensitive subphases of winter wheat sub-
jectedtofive environmental variables and quantified cultivar-specific
sensitivities. In comparison with previous studies on the formation
ofyield components, we provide a far more comprehensive temporal
and physiological view of the processes involved, in a broad genetic
context spanning strongly contrasting plant responses. For example,
literatures suggest thatincreased (but lower than optimal) temperature
duringthe early booting stages (from white to yellow anther) improves
floret development and increases KpS** because low temperatures
(15/12 °C day/night temperature) can cause abnormal pollen develop-
ment>?®, areduced instantaneous photosynthetic rate”, smaller leaf
areaand less dry matter accumulation®. Our data show strong effects
of night temperature (T,,,), lesser effects of T,..,, and no effect of T,,,,,
on KpS during the early booting stage (Fig. 2a), therefore suggesting
that night temperature is more critical for pollen development (sink
development) than day temperature in these subphases. By contrast,
the positive effects of GR on KpS occur later (after yellow anther;
Fig.2c), probably because of theimpact of GR on photosynthetic sup-
plies and floret survival (source strength)'>***°, Positive effects of T,
and T,,,onKpS at anthesis (Fig. 2c) were not consistent with previous
findings®*, probably because T,,,,and T, at our experimental loca-
tions during anthesis were below the critical threshold for heat stress
(>22-25and 232-35°C, respectively; Supplementary Figs. 1d and 2e).
Our results show that 7., during grain filling reduced kernel number
(Fig. 2b) without significant effects on TKW, indicating that the effects
of warm temperature on grain abortion during grain filling are more
important than its effects on shortening the duration of grain-filling
phase®. Recent studies suggest that not only grain filling, but also spike
development limits TKW*~°,

We also found a negative effect of PR on TKW during the white
and yellow anther stages (Fig. 2e), which potentially contributes to
the negative effects of high PR events on yield®. Effects of PR on KpS
and Sno were insignificant (Figs. 2c,d), so its effect on TKW was not a
compensation effect betweengrainnumber and grainsize. Because the
effects of PRare difficult tointerpret, the soil water content of experi-
mental sites was simulated using the dynamic crop growth modelling
environment HUME model***'. By applying M2 (equation (2)) to the
simulated water content, negative effects water content in top soil
layers (0-40 cm) on TKW during the white and yellow anther stages
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Fig.2|Identification of time-windows of yield components (KpS, Sno and
TKW) sensitive to variations in environmental variables (GR, T,,.x, Tineans
T.inand PR). a, Significance (median -In(P,,..) of 220 cultivars solid red line in
Fig.1a and Supplementary Fig. 4a) of environment effects onyield components.
b, Sensitivity (median of normalized 8 in model 2 of 220 cultivars (%)) of yield
components to environmental variables. Positive and negative effects are
shownin greenand yellow, respectively. Three yield traits are separated by two

solid red lines (a,b). Different physiological subphases around the flowering
of photoperiod-sensitive (late flowering) cultivars are shown by vertical
black dotted lines?. c-e, Relationships between significance and genotypic
sensitivities to environmental variables in KpS (c), Sno (d) and TKW (e). The
top 5% of significant time-windows are marked with the thermal time (°Cd) at
the beginning of the time-windows (c-e). Results for early- and late-flowering
cultivars are presented separately in Supplementary Fig. 5.

were detected (Supplementary Figs. 8 and 9). Therefore, the observed
effect on TKW may be associated with the potential for short-term
waterlogging during this period (Supplementary Fig. 9), which can
affect the capacity of kernels to grow during the grain-filling period
by reducing the size of ovariesin developing florets*’ or increasing the
risk of Fusariuminfection.

Four particularly novel findings emerged from our study: (1) GR
has a positive effect on TKW before seed desiccation (Fig. 2e), a period
coinciding with maximum grain expansion (grain width, length, volume

and height) and flag leaf senescence*’; (2) T, has a positive effect on
TKW during spikelet development and between the white and green
anther stages (Fig. 2e), suggesting a potential link between T,;, and
grain development such as cell size; (3) PR and soil water have a posi-
tive effect on Sno between canopy senescence and seed desiccation
(Supplementary Fig. 6), probably caused by the delayed asynchro-
nized developmentof ears from tillers that have no direct contribution
toyield; and (4) PR has a negative effect on KpS during grain filling.
Towards further understanding the complex interactions between
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two environmental variables on its formation. The colour represents median
=In(P,,1.es) of ANOVA comparisons between M3 (two environmental variables)
and M2 (one environmental variable) of 220 cultivars. Figure labels are the

same as in Fig. 2a. The environmental variable in M2 was the first variable in the
labels. Results for TKW and Sno can be found in Supplementary Fig. 6. Results for
early- and late-flowering cultivars are presented in Supplementary Figs.7and 8,
separately.

short-term environmental fluctuations and the formation of yield
components, these findings may be used to formulate new hypotheses
to be tested experimentally.

Tripleinteractions determining yield components
We showed that combined effects of short-term environmental fluc-
tuations, phenology and genotype-specific sensitivities determine
yield components. Different studies deliver seemingly contradictory
findings about environmental effects on yield components®*°, Our
detailed analysis suggests that many findings in the literature are not
directly comparable because different genotypes are used, plants are
exposed to environmental treatments for extended periods (8-20 days)
across several subphases and detailed developmental subphases are
often not recorded. This also explains the reported differences in the
sensitivity of KpS to T, and T, at the beginning of grain filling** and
the different effects of temperature on Sno*. Furthermore, because
agricultural management (for example, application of growth regula-
tors) affects phenology ina genotype-specific manner'®, meta-analyses
for studying environmental effects on the formation of yield compo-
nentare notreliable.

Understanding complex genotype x environment x management
(G xEx M) interactionsinyield formation can help during selectionin
breeding programmes to mitigate the effects of climate variability***.
Here we quantify the magnitude of G x E interaction effects using the
regression coefficient §in M2 (equation (2)) or M3 (equation (3)), an
alternative to the environment-dependent allelic effects shown by the
quantitative genetics®*%. Also, we show that the formation of yield
componentsis determined by genotypic sensitivity (G) to short-term,
mostly unpredictable, environmental fluctuations (E) in concordance
with physiological processes associated with phenological subphases.
Phenology per se is the outcome of G x E x M and we highlight that its
concordance with G and E adds a feedback in the G x E x M interac-
tions. Phenology canbe considered as the duration of developmental
subphases associated with physiological events and the duration of
genotype-specific developmental subphases. For example, alleles
of the wheat Ppd-D1I locus on chromosome 2D affect photoperiod

sensitivity and the duration of pre-anthesis subphases®**¢, This
explains the clear shifts in pre-anthesis-sensitive time-windows
between early- and late-flowering cultivars (Fig. 1). Although we did
not find Ppd-DI-specific durations of post-anthesis subphase and
could not map them differently for early- and late-flowering cultivars
(Supplementary Figs. 5, 7 and 8), a clear post-anthesis shift suggests
regulation of Ppd-D1 in post-anthesis phenology. Taken together,
subphase-specific responses of yield components to short-term fluc-
tuations in environmental variables may be a mechanistic explana-
tion for the pleiotropic effects of flowering genes on the formation of
reproductive structures.

Studying the formation of yield components in detail

In contrast to labour-intensive experimental manipulation of envi-
ronmental variables, we demonstrate that comprehensive field phe-
notyping with standardized protocols in multi-environmental field
experiments canreveal the patterns of hundreds of cultivars inresponse
to environmental fluctuations. The prerequisites of our approach are:
(1) phenotypic and meteorological data collected using standardized
protocols across experimental sites; (2) substantial variation in envi-
ronmental variables across experimental sites and years, as observed
inour data (Supplementary Fig.1); and (3) weak correlations between
environmental variables at different subphases to ensure that the
detected effect of one variable on a trait during a subphase is not a
result of spurious relationships between another environmental vari-
ableat other subphases. In our dataset, the strongest spurious relation-
ships of environmental variables at different subphases were observed
between: (1) GR at anthesis and GR at the white anther stage (with the
highest coefficient of determination R? of 0.67); and (2) T,,,,, before
terminal spikeletand T,,,,, after grain filling (with the highest R? 0f 0.67,
Supplementary Fig. 10). Because the significance (Fig. 2a) and coef-
ficient (Fig. 2b) of all yield components between these periods did
not show any similarity, it is unlikely that our main findings were sub-
jectedtothe potential spuriousrelationships. Furthermore, our results
should be interpreted within the values of environmental variables
(Supplementary Fig.1) and within the linear phase of dosage-response
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curves**°between environment and phenotypes. The detected effects
indicate statistical associations and not necessarily causal relation-
ships. These associations could be used to derive new hypotheses to be
proved by sophisticated experiments under controlled environments.
Inaddition, itwould be valuable to experimentally investigate whether
the environmental effects from multiple time-windows contribute to
yield formation in an additive or multiplicative manner.

Usingasliding time-window for regression analyses has the poten-
tial to identify the most critical time points showing the strongest
evidence of environmental effects on biological traits®*%. Assuming
that a physiological event in response to an environmental variable
is associated with a specific phenological subphase, further statisti-
cal analyses of the significance (peak detection in Supplementary
Fig.3) would provide anew way to define cultivar-specific phenological
duration, which normally requires labour-intensive measurements®.
If peaks are detected, 8 in M2 or M3 at the peak representing a physi-
ological event can be a quantitative trait for genome-wide association
studies, the first step towards marker-assisted selection in breeding.
Combining environmental variables in the environment-sensitive
subphases with markers of sensitivity in genomic prediction could
improve accuracy. For cereal breeders, it remains to be tested whether
selecting environment-insensitive genotypes could improve yield
stability or stress tolerance. Our results can be used to refine crop
models byintroducing subphase- and genotype-specific stress factors
of environmental variables during formation of the yield component.
This integration has the potential to improve prediction of cultivar
performanceunderaG x Einteractioninawide range of environmental
scenarios”*5,

Methods

Plant material and field experiments

Multiple environment field trials were conducted in three seasons
(2014-2015, 2015-2016 and 2016-2017) at six different locations
using 220 wheat cultivars'™® (Supplementary Table 1). The collection
consisted of 191 cultivars, registered in Europe between 1966 and
2013, and 29 international genotypes, obtained from the German
gene bank (https://gbis.ipk-gatersleben.de). The experimental sites
were Gross Gerau, Hannover, Klein Altendorf, Kiel, Quedlinburg and
Rauischholzhausen, which are situated throughout Germany and
have diverse environmental conditions (Supplementary Fig.1and
Supplementary Tables 2 and 3). Field trials were conducted in yield
plots (4.5-12.0 m?) depending on site-specific sowing and harvest-
ing machinery'™®, All 220 cultivars were sown in plots with 300-330
viable seeds per m? Following standard agrochemical applicationsin
Germany, full-intensity insecticides and growth regulators were
applied. Applications were conducted on all plots when most cultivars
reached the relevant stage for application and they were all treated
once. The experiment had arandomized block design with two replica-
tions and management intensities: HiN/HiF, HiN/NoF and LoN/NoF,
where HiN and LoNindicate optimal and reduced nitrogen supply (soil
mineral nitrogen plus nitrogen fertilization) of 220 and 110 kg N ha™,
respectively, and HiF and NoF represent full and no application of
fungicides. HiN/HiF represents standard conditions for high-intensity
wheat productionin Western Europe. Withina managementintensity,
cultivars were randomized within four subgroups according to the
flowering time and plant height (early and short; early and tall; late
and short; late and tall) based on previous knowledge. Full details are
showninSupplementary Table 3.

Temperature, PR and GR were recorded at hourly resolution by
weather stations close to each study site. Soil water potential and
soil water content were simulated using the dynamic crop growth
modelling environment HUME", where the actual water status is the
result of PR and evapotranspiration in the context of a layer-based
soil model*. Variable inputs for environments were weather and soil
type at the experimental sites. Sno (spikes m™2), TKW (g) and KpS were

determined®, Full details of all field trials, phenotypic measurements,
weather data processing and related scientific papers are provided in
Supplementary Table 4. Heading date was recorded for all cultivars for
three treatments in one replication per year (Supplementary Table 1
and Supplementary Data). Thermal time (¢, °Cd) was calculated as
the accumulated daily mean temperature for each location, starting
from sowing date with a base temperature of O °C (ref. 49). For early-
and later-flowering cultivars, subphase durations from double ridge
to anthesis were defined according to their photoperiod sensitivity
(insensitive and sensitive alleles at the Ppd-DI locus on chromosome
2D, respectively) reported in the literature® with the following ther-
mal time onset for each subphase: double ridge, -576 and -771 °Cd;
terminal spikelet, -393 and -493 °Cd; white anther, 226 and —291 °Cd;
greenanther,-151and 200 °Cd; yellow anther, —94 and -129 °Cd; tip-
ping, —46 and —62 °Cd; heading, 0 °Cd; and anthesis, 88 and 117 °Cd.
Post-anthesis subphases were not mapped differently between cul-
tivars because of the data availability. Subphases of pre-grain filling
and grain filling began at 237 °Cd (ref. 43) and 400 °Cd (refs. 19,43),
respectively. The thermal time for green canopy duration (657 °Cd),
characterizing 50% of canopy senescence, was inferred from the 220
investigated cultivars'”'®, whereas seed desiccation was assumed to
startat 750 °Cd (ref. 43). Given that all cultivars were presumably ver-
nalized at the beginning of the vegetation period and thereis alack of
literature specifically addressing the effects of vernalization require-
ments on subphase duration, we did not group the cultivars based on
their vernalization requirements.

Statistical analyses and models

The effects of an environmental variable within a time-window ¢ (E(t))
on the yield components was identified by comparing model 1 (M1,
equation (1)) and model 2 (M2, equation (2)):

Yim = i + o5 T + & ()]

Ykt = 1y + T + BOE@yq + VOGEO 0 X T+ i ®

where Yy, is the phenotypic observation of a yield component of the
ith cultivarinjth treatment, kth year and /th location, i;is mean of the
ithcultivar, a;is the effect of treatment on cultivar ith, Tis the factorial
level of treatment and S(t); is the regression coefficient considered
as the sensitivity of the ith cultivar in response to an environmental
variable (E(¢) ;) during the time-window t. Genotype-specificinterac-
tions between treatment and E(t),,, are represented by y(¢);, whereas
£y is theresidual error. Our data show that location and year are con-
founding effects with £(¢) ,in 99% of the regressions. This means that
the variations in E(t);, were largely contributed by year, location and
their interactions (Supplementary Fig. 11). Therefore, year, location
and their interactions were intentionally not included in M1 and M2
to avoid artifactitious partition of variances between year, location
and E(t) ;4. A sliding time-window (¢ in M2) with a window duration of
50 °Cd (2-4 days) and an overlap of 20 °Cd was used to extract data
for six environmental variables: GR (M) m™d™), daily mean tempera-
ture (Trean, °C), maximal temperature (7,,,,, °C), minimal temperature
(Toins °C), (mm d ), water potential (hPa) and soil water content (vol%)
during a period ranging across 800 °Cd (-40 days) before and after
the observed heading date (¢ =0 °Cd) of individual cultivars in each
treatment, year and location (E(t);,). M2 was then fitted repeatedly
with all time-windows within this time range, which covers the main
developmental phases of yield components, from the double-ridge
stage (-771°Cd) to seed desiccation (750 °Cd)'*'"**, To identify the
explanatory power of both models, M1and M2 were further compared
by ANOVA and the -In(P, ) of all comparisons was used to quantify the
significance of an environmental effect, at time ¢, on yield components.

To explore the additive effects of two environmental variables
and their interactions on a yield component, model 3 (M3 (equation
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(3))), including two environmental variables (E;(t) and E,(¢)) and their
fullinteractions with treatments, was tested:

Yiu = pi + T + ﬁl(t)iEl(t)yk[ + ﬁz(t)ifz(f),-jk[ + Vl(t),_','El(t)ijk1

xT + VZ(t)yEZ(t)ykl x T+ Sl'jkl

during the time-window ¢, the sensitivities of genotype ito the two
environmentalvariablestested (E,(¢), E,(t)) were represented by their coef-
ficients B,(f);and B,(¢);and their interactions (y,(¢);, ¥:();). The explanatory
power of M3 was compared with M2 of E;(t), similar to the comparison
between M2 and ML1. In cases in which heading dates were not recorded
inalltreatments in an experiment (-4.7% of the complete dataset, thatis
GGE), heading dates of the cultivars wereimputed from the mean heading
datesof'the cultivarinother treatmentsin the same experiment. Overall,
36-45datapoints (onaverage, 44.7 points) were available for fitting the
linear models. Alllinear models were fitted with Im() function,and ANOVA
was conducted with anova() function in the R environment®.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The complete set of climate data and simulated soil data, yield com-
ponents of all environments, and sensitivity and significance of yield
components to all environmental variables of all genotypes and all
time-windows are available in the Zenodo data repository**.

Code availability

No custom algorithm was used in this study. All code used to analyse
the dataisavailable fromthe authors. Please contact the first author or
corresponding author (sabir@gem.uni-hannover.de or tsu-wei.chen@
hu-berlin.de) in case of interest.
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Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The complete set of 1) climate data and simulated soil data; 2) yield components of all environment and 3) sensitivity and significance of yield component to all
environmental variables of all genotypes and all time-windows are available in an online ZENODO data repository (https://doi.org/10.5281/zenodo.718098)




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.
Study description Field trials were conducted in three seasons (2014-2015, 2015-2016, and 2016—2017) at six different locations with 220 wheat
cultivars. Field trials were conducted in yield plots (4.5-12 m2) depending on site-specific sowing and harvesting machinery.

Experimental design was a randomized block design with two replications and management intensities. Full details are shown in
Table S3.

In the statistics section above, items about Bayesian analysis, hierarchical complex design and effect sizes are not relevant in this
study

Research sample All yield components of winter wheat were sampled at maturity. Sample size per location, treatment and genotype =2,
corresponding the maximal capacity of the field experiments.

Sampling strategy Yield components were determined by standarized agronomic approach. Shortly before harvesting the plots, a sample of one row (50
cm in length) was cut to determine numbers of spikes, thousand kernal weight and spikes per m? and grains per spike and m2.

Data collection Field assistant + PhD students + Postdoc of all locations collected the data.

Timing and spatial scale ' There was only one harvest time (maturity) per year per field trails

Data exclusions Unrealistic data points were excluded (e.g. thousand kernal weight = 100g, less than 0.1% of the whole dataset)
Reproducibility Not applicable for field study. The analyses were reproducible by R-script

Randomization Randomized block design

Blinding not applicable

Did the study involve field work? Yes |:| No

Field work, collection and transport

Field conditions Experimental fields included agronomic reseasrch stations in Gross Gerau, Hannover, Klein Altendorf, Kiel, Quedlinburg,
Rauischholzhausen throughout Germany with diverse environmental conditions. Temperature, precipitation and global radiation
were recorded with hourly resolution by weather stations close to each study site.




Location Gross Gerau, Hannover, Klein Altendorf, Kiel, Quedlinburg, Rauischholzhausen in Germany
Access & import/export | not applicable

Disturbance not applicable

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
X|[] Antibodies [] chip-seq

X |:| Eukaryotic cell lines |:| Flow cytometry

g |:| Palaeontology and archaeology g |:| MRI-based neuroimaging
|:| Animals and other organisms

XI|[] clinical data

|:| Dual use research of concern

|:| |Z Plants

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:
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Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area

XXX X X

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective
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Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents
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