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Breeding has altered wheat physiology substantially. While physiological improvements boosted
grain yields, there is still limited understanding of how this affected agricultural water use on a
continental scale. We employed a crop model, calibrated for a historical (released 1895) and a modern
(released 2002) German winter wheat cultivar, across Europe for a period of 30 years to compare
changes in transpiration. Throughout all locations and the simulation period, the modern cultivar
transpired significantly less water (—17%) than the historical cultivar. Cultivar differences in
transpiration were more pronounced in southern Europe. Over the whole 30-year period, an upward
trend in transpiration was observed for both cultivars. Transpiration between cultivars was closely
linked to higher leaf area index values. Root physiology was crucial, especially in dry regions. The
findings underscore the need to incorporate cultivar-specific water use characteristics into large-scale
assessments of land-atmosphere interactions and water use projections of agricultural lands.

Wheat (Triticum aestivum L.) is among the most dominant crops in Europe,
covering large shares of the EU land area'. Over the past decades, winter
wheat yields have increased substantially both in Europe and globally. In
western Europe (here defined as Austria, Belgium, Denmark, France, Ger-
many, Ireland, the Netherlands, Switzerland and the United Kingdom),
already one of the most efficient cereal production regions globally, wheat
yields significantly increased from an average of 4.6 tha™' during the period
of 1964-1990 to 7.2 t ha™* during the period of 1993-2017". These increases
in yields have been mainly attributed to a combination of improved man-
agement practices such as enhanced fertilizer usage, disease control, and
advances in breeding™. A recent multi-environment study over six con-
secutive years and nine crop management scenarios with 191 winter wheat
cultivars released between 1963 and 2016, showed that 48% of the grain yield
improvements can be explained by the breeding progress alone’.

The major breeding contribution to increasing grain yields have been
attributed to the optimization of the harvest index, defined as the ratio of
grain yield to aboveground biomass, which led to an increased partitioning
of biomass to the grain®’. Other major improvements have been related to
the phenology, with modern cultivars reaching physiological maturity
earlier than historic cultivars’, and to the canopy architecture to enhance

light interception’, resulting in smaller but erect flag leaves that allow for a
deeper light penetration into the canopy'’. Despite extensive research on
yield improvements due to advances in cultivars, relatively little attention
has been paid to the understanding of how cultivar-specific physiological
differences affect transpiration and agricultural water use.

Among the advances in breeding that increased grain yields during the
past decades, changes in canopy architecture and leaf area index (LAI) are
likely to have the closest link to transpiration. Similarly, a change in the
biomass partitioning between different organs, leading to a higher percen-
tage of vegetative tissues, likely also increases transpiration. Phenology, on
the other hand, is directly related to the length of the growth period and
therefore lengthens or shortens the transpiration duration. Besides the
impacts of breeding on grain yields, it is likely that modern varieties have
also undergone unintentional selection for root traits'', another key driver of
water uptake and transpiration. Recent studies have shown that root
architectural traits such as the root system size, the number of roots, the root
angle, the rooting depth and the biomass partitioned to roots have been
affected by breeding during the past decades'*™'. In a combined approach of
field phenotyping, root-pressure chamber measurements and functional
structural plant modeling, Baca Cabrera et al.”” showed for a set of six
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German winter wheat cultivars spanning a breeding history from 1896 to
2002, found a significantly lower root hydraulic conductance in modern
varieties”’. Those findings imply that breeding may have unintentionally
favored cultivars that follow a more conservative water uptake strategy,
which causes them to take up less water.

Studies that have directly compared transpiration rates also report a
significant difference among cultivars. Schoppach and Sadok'” investigated
transpiration rates as a response to vapor pressure deficit (VPD) and soil
drying of different elite wheat varieties in Australia and observed a sub-
stantial genetic variability. In a larger experiment under greenhouse con-
ditions, Moritz et al."® observed a significant effect of genotype on
cumulative transpiration and transpiration efficiency among 79 tested
modern elite western European genotypes. Comparable results were also
reported by Huang et al.”’, who compared two Chinese varieties. When
comparing modern and historic Australian winter wheat varieties, Siddique
etal.” also found a trend towards a lower water usage and a higher water use
efficiency in modern varieties. While studies that suggest differences
between genotypes in transpiration exist, studies that compare differences in
water use characteristics between genotypes on field scales are scares, likely
due to the challenges associated with the measurements of transpiration on a
canopy scale under field conditions. Given the importance of wheat as a
major land cover in Europe, such cultivar changes have potential to impact
continental water cycles. Similar effects of other agricultural management
interventions like the consideration of irrigation on water fluxes and
hydrological cycles have already been shown in previous studies™*. Sacks
et al.”, for example, showed that the consideration of irrigation in land
surface models can increase canopy transpiration over all land areas by
0.579%. While only ~2.5% of the global land area is equipped for irrigation™,
genetic changes due to breeding, like the implementation of dwarf wheat
varieties during the green revolution, have affected all agricultural areas. It is
therefore important to assess possible implications of genetic variations on a
continental scale, to capture feedbacks between agricultural management
and continental water fluxes in crop and land surface models.

Until recently, most land surface models did not consider physiological
differences even between crops, simulating most crops using basic para-
meters of unmanaged C3 or C4 grasses™. In recent years, more effort has
been put into a detailed representation of croplands, for example, by
incorporating the crop model Integrated Biosphere Simulator (IBIS)*, to
the Community Land Model (CLM) Version 4, 4.5 and 5%, or by improving
the global representation of crops in the Joint UK Land Environment
Simulator (JULES)”.

Recent model improvements in CLM, i.e., inclusion of root system and
plant hydraulic conductance in the simulation of root water uptake®, or the
implementation of parameters for root crops such as potato and sugar beet™,
indicate that the work to improve the representation of processes in agri-
cultural lands is ongoing. Those inclusions of process details might allow
modern land surface models to also capture genetic differences between
cultivars, which until now have not been considered in land surface models.
In a first approach to assess spatial differences in agricultural management,
Rabin et al.”’ added observation-based diversified crop planting/sowing
dates for different locations and crops in a worldwide simulation, observing
a significant change in the simulated global irrigation demand by 15%.
Although spatial variability in sowing dates is an important parameter for
the simulation of crop growth, as discussed above, physiological differences
between cultivars go beyond phenology and include differences in canopy
structure and root hydraulic properties.

The aim of this work is therefore to evaluate how differences between
historic and modern winter wheat cultivars have affected transpiration rates
on a continental scale. To do this, we calibrated the crop model SIMPLA-
CE<LintulCC2> (LintulCC2) using experimental data of two winter wheat
cultivars. As part of the SIMPLACE modeling framework™", LintulCC2 has
been specifically developed to simulate soil-crop-atmosphere interactions. It
has already been applied under a wide range of soil and management
conditions™, and different climate and soil conditions across Europe®.
While it lacks the optional connection to an atmospheric model like most

land surface models, it contains less overhead in terms of processes that are
not required for the simulation of crop growth, and is easier to apply. The
two German winter wheat cultivars used for calibration were the historical
cultivar S. Dickkopf (released 1895) and the more modern cultivar Tommi
(released 2002). Both cultivars were among the most grown cultivars of their
times in Germany and previously investigated regarding their yield traits by
Ahrends et al’ and Hernandez-Ochoa et al.*’. Physiological traits of both
cultivars, among them the leaf area index development throughout their
growth period, transpiration and biomass partitioning, were previously
investigated in the experiments by Behrend et al.”. Root traits and root
hydraulic conductance was further investigated by Baca Cabrera et al."” and
Jones et al.'’. The model was upscaled to the European domain ona 3 x 3 km
grid for the period of 1990-2020 to answer the following questions: (1) Do
physiological differences between winter wheat cultivars affect crop tran-
spiration on a continental scale? (2) Were cultivar differences in tran-
spiration constant over time and are they affected by the climate zone? (3)
What are the main reasons for cultivar differences at EU scale and in
different climate zones?

Results

Model calibration and validation at field scale

Model calibration for above-ground biomass data of the growing season
2023/2024 resulted in rRMSE values of 0.25 and 0.22, along with d-index
values of 0.96 and 0.97 for the modern cultivar Tommi and the historic
cultivar S. Dickkopf, respectively (Fig. 1). In both cultivars, these values
were influenced by biomass overestimations in two out of six observa-
tions. When focusing only on values of above-ground biomass at har-
vest, rRMSE values of 0.09 for Tommi and 0.04 for S. Dickkopf were
observed. The best fit of all variables was achieved in the calibration
results of the LAT with rTRMSE values of 0.06 and 0.1 and d-index values
of 0.99 and 0.98 for Tommi and S. Dickkopf, capturing LAI dynamics
throughout the season almost perfectly for Tommi and slightly under-
estimating the LAI after anthesis in S. Dickkopf. Comparing the simu-
lation results of the canopy transpiration with the observations of the
sap-flow sensors, rRMSE values of Tommi showed a value of 0.39 and of
S. Dickkopf a value of 0.35, with good d-index values of 0.91 for Tommi
and 0.84 for S. Dickkopf. Compared to the observations, the model
captured transpiration well before the grain filling phase but tended to
slightly underestimate transpiration during grain filling, especially for
the historic cultivar. Validation of total above-ground biomass simula-
tions for the growing season 2022/2023 showed rRMSE and d-index
values similar to the calibration, reaching rRMSE values of 0.2 and
d-index values of 0.97 for both cultivars (Fig. 2). This was again affected
by an underestimation of observations in two sampling dates, while the
harvest aboveground biomass at the end of the season reached rRMSE
values of 0.16 for Tommi and 0.11 for S. Dickkopf, indicating a slight
underestimation of observed values. Validation results of the LAI, with
rRMSE values 0of 0.19 and 0.17 for Tommi and S. Dickkopf, were close to
the calibration. D-index values of 0.9 and 0.95 showed that the model
was still able to capture the LAI dynamics of both cultivars throughout
the growing season well.

Comparing simulations with observations across Europe
Comparisons of simulations of day of the year (DOY) of anthesis from the
simulation results of the modern cultivars with observations at the sites with
observed anthesis DOY in Germany and Italy showed an rRMSE value of 0.1
and a d-index of 0.77 (Fig. 3a). When looking at the two countries indivi-
dually, results fit best with observations from Italy, with an rRMSE of 0.02
and a MAE of 2.67. Comparisons of simulated DOY of anthesis with
observations from Germany showed an rRMSE of 0.14 and a MAE of 18.8,
overestimating the DOY of anthesis in Germany.

Such differences between countries were also observed in the com-
parisons of the simulated LAI at anthesis and the remotely sensed LAI
(Fig. 3b). Results over all years and countries showed rRMSE of 0.26 and a
MAE of 0.63, showing a general overestimation of LAL. When looking at
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Fig. 1 | Crop model calibration on the field scale.
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Fig. 2 | Crop model validation on the field scale.
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specific countries, results show that simulations in Italy fit well with the
observations, showing rRMSE values of 0.04 and MAE of 0.11, while results
in Germany show rRMSE values of 0.39 and MAI of 1.04.

Cultivar effects on transpiration at a continental scale

Transpiration difference across Europe over 30 years showed a reduction by
—17% from the historic to the modern cultivar, with mean seasonal tran-
spiration values of 266.5 + 41.2 for the modern cultivar and mean seasonal
transpiration values of 319.9 +32.2 (mm m™ growing season ') for the
historic cultivar. Maps with mean transpiration values of each grid cell over
the whole timeframe from 1990 to 2020 for both cultivars and their dif-
ference show the highest transpiration values in central Spain and southern
France (Fig. 4). Differences between cultivars are largest for southern Spain,

Italy and Greece, according to the model, while smallest differences were
observed in southern Germany and central Spain (Fig. 4).

When comparing the transpiration values of the two cultivars in dif-
ferent Koppen-Geiger climate zones, largest mean yearly transpiration
values for both cultivars, with values of 318 + 63 and 373 + 62.8 mm for the
modern and historic cultivar, respectively, can be found in the climate zone
Csb, which is a Mediterranean climate zone characterized by a warm
summer (Fig. 5). The lowest average simulated transpiration values were
observed in the subarctic climate zone Dfc, with mean yearly transpiration
values of 244 + 26.4 mm for the modern and 300 + 26.3 mm for the historic
cultivar. Differences between the two cultivars were significant in all the
climatic regions (p <0.001). Largest simulated cultivar differences were
found in the climate zone Csa, with a difference of —34%. These differences
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Fig. 4 | Simulation of cultivar transpiration across Europe. Mean transpiration
during the growing season for the period of 1990-2020 (mm growing season ™',
sowing to harvest) from a crop model simulation of a historic winter wheat cultivar

(a), modern (b), and difference between the modern and historic cultivar relative to

the historic cultivar expressed in percentages (negative difference percentage mean
larger values for the historic cultivar), ¢ over major wheat grown areas in the
European Union.
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Fig. 5 | Simulated cultivar transpiration for different European climate zones.
Boxplots and violin plots of simulations of seasonal transpiration (mm growing
season” ', sowing to harvest) from a crop model simulation of a modern (blue) and a
historic winter wheat cultivar (red) for the years 1990-2020 in different climate
zones. X-axis shows climate zones according to the Képpen-Geiger classification by
Beck et al.”. Stars indicate level of significant differences (p < 0.001) between culti-
vars for each climate zone, calculated using a one-way ANOVA. Numbers (in %)
indicate relative differences between cultivars.

are mainly caused by contrasting results in the modern cultivar, where some
locations within Csa show very low transpiration sums (i.e. Southern Spain).
When comparing simulations within Csa by dividing the locations into
subzones based on the available soil water capacity (AWC), locations with
the low transpiration sums were associated with a low AWC and low
cumulative precipitation during the growing season (Fig. S1). Differences
between cultivars in southern Spain can also be observed in the potential
transpiration rates in that region (Fig. S2).

When comparing the simulation of the mean yearly transpiration rates
of both cultivars during the simulation period, simulations showed a sig-
nificant trend (p < 0.001) in both cultivars towards increasing transpiration
rates over time (Fig. 6). With yearly transpiration rates of 352 + 35 and
293 + 48 mm for the historic and modern cultivar, respectively. transpira-
tion rates were 15% and 17% larger in the growing season 2019/2020 than in
the growing season 1990/1991 with mean yearly transpiration values of
251 £ 44 mm for the modern cultivar and 305+ 41 mm for the historic
cultivar (Fig. 6). The growing season with the smallest difference between
the cultivars of —14.8% was the season 2012/2013, largest differences were
observed in the season 2001/2002 with —18.5%. Although differences
between cultivar slopes over time are small when comparing all locations
combined (slope of 0.88 for both), when comparing temporal trends for
each climatic zone, some zones showed differences in slopes between
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cultivars (Fig. S3), with largest differences between slopes shown in climate
zone Csa. Some zones also showed statistically significant trends only for
one of the two cultivars, for example with a slope of 0.49, the modern cultivar
showed no statistically significant trend of increasing transpiration over
time while the historic cultivar did with a slope of 0.55, suggesting a decrease
or increase in cultivar differences.

Physiological differences between cultivars

Besides comparing the cultivar differences in transpiration, we also com-
pared differences in maximum LAI, and maximum root hydraulic con-
ductance (d ') in space and time (Fig. 7). Averaged over the entire region
and time, the modern cultivar exhibited significantly lover maximum LAI
values of 3.8+0.5 compared to the historical cultivar with values of
5.93 +0.37, resulting in a reduction in LAI of —36.22 + 6.68%. Similarly, the
modern cultivar displayed considerably reduced root hydraulic con-
ductance values (0.00023 +0.00013 (d™")) relative to the historical one
(0.00127 + 0.00062 (d 7)), a decline of —82.5 +2.7%.

y =0.88x +-1450.8
p = 3e-05

y =0.88x +-1490.9
p = 3.8e-06

N
~
=)

Mean Transpiration Sum (mm season~")

1990 2000 2010 2020

Year

Cultivar = Historic Cultivar = Modern Cultivar

Fig. 6 | Simulated transpiration across Europe from 1990-2020. Mean annual
simulated transpiration sum (mm growing season ', from sowing to harvest) by a
crop model simulation of a modern (blue) and a historic (red) winter wheat cultivar
for the years 1990-2020 across Europe. Dashed lines show the regression line of a
linear mode, with slope and p values shown as text.

While differences between the cultivars in LAT and root hydraulic
conductivity showed only small variations across the continent, with
coefficient of variations of 18.4% for LAI and 3.2% for root hydraulic
conductance, differences in aboveground biomass were spatially more
variable, showing a coefficient of variation of 386% (Fig. 7). With the
modern cultivar accumulating an average of 17.7+3.04tha™' wvs.
18.13+2.02tha™! of the historical cultivar, differences were small
(—2.84% + 10.98%). Biomass differences showed both positive and
negative values across the domain, indicating that the modern cultivar
outperformed the historic cultivar in biomass accumulation at certain
locations. This resulted in higher water use efficiencies (WUE; defined as:
total aboveground biomass at harvest (kg m~?) divided by transpiration
(mm)) in the modern cultivar (Fig. S4). Throughout all locations and
years, the modern cultivar showed water use efficiencies that were 16.71%
higher than in the historical cultivar.

When plotting the percentage change in the annual cultivar
transpiration rate against the percentage change in the physiological
variables of maximum LAI, maximum hydraulic conductance (Krs)
and day of the year (DOY) of anthesis, all three physiological variables
exhibited a highly significant linear relationship (p <0.001; Fig. 8).
From the physiological variables compared here, the weakest rela-
tionship to differences in transpiration in the two cultivars was phe-
nology, with a coefficient of determination (R?) of 0.011. With a
positive slope, larger differences between cultivars in phenology, so
later date of anthesis in the historic cultivar, also result in larger dif-
ferences in transpiration. The second biggest impact of the compared
physiological variables on cultivar differences was related to Krs, with
an R* of 0.639. Of the compared physiological differences, the
biggest R* with transpiration rates of the cultivars were observed in LAI
with R* of 0.871.

When comparing the differences between physiological variables and
transpiration of the two cultivars for different climate zones, cultivar reac-
tions differed (Fig. S5). In the climate zone Csa, which is characterized by a
temperate climate with a dry and hot summer, root hydraulic conductivity
showed a higher R’ value of 0.844, than in the comparison of the whole
domain (Figs. 8 and S5), indicating a higher importance in that climate zone.
In the climate zone Dfc, characterized by a cold climate with not dry season
and a cold summer, root hydraulic conductivity showed an R* value of
only 0.215.
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Fig. 7 | Simulated difference in cultivar physiology across Europe. Differences in
simulated seasonal maximum LAI (a), root hydraulic conductance (b) and above
ground biomass at harvest (c) between a modern and a historic wheat cultivar
relative to the historic cultivar over the major wheat grown areas in the European
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Union for the period of 1990-2020. Positive differences indicate that the respective
variable has a greater value for the historic cultivar than for the modern cultivar.
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gical differences of maximum LAI (a), root hydraulic conductance (Krs; b) and
phenology (c) between a modern cultivar and historical cultivar. Colors of hexagons
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Discussion
The simulation results indicate that the modern winter wheat cultivar
consistently transpires less water over its growing season than the historic
cultivar. On average, the modern cultivar used 17% less water (266.5 + 41.2
vs. 320.2 £32.4 (mm m > growing season ")) than the historical cultivar
(Fig. 4). Previously other changes in agricultural management like the
consideration of irrigation in land surface models also resulted in significant
changes in canopy transpiration. As reported in Sacks et al.”, the mean daily
canopy transpiration increased by 0.579%, averaged over the whole year and
all land points. As we are only considering locations across Europe in which
winter wheat is commonly grown™, and winter wheat does not cover the
land for the whole year, those results cannot directly be compared. When
considering that wheat covers approximately 4% of the European land
surface', and that winter wheat growing durations throughout all years and
locations in our simulations averaged about 286 days, cultivar differences in
yearly canopy transpiration sums according to our simulations would result
in a difference of approximately 0.53% and would therefore be comparable
to the implementation of irrigation as observed by Sacks et al.””.
Differences between transpiration rates of wheat genotypes align
with the results of other studies that investigated differences between
transpiration rates and values of genotypes from different origins and
grown in different environments'***”. While transpiring less, the
modern cultivar produced similar amounts of above ground biomass
(Fig. 7), resulting in a higher water use efficiency (WUE) in our simu-
lations (Fig. S4). Similar results of a higher WUE in modern cultivars
was also reported by Siddique et al.”’, which they related to traits such as
faster development and a higher harvest index. Those findings suggest
that, at least in the case of our two German varieties, breeding-driven
gains in yield have not come at the cost of greater water consumption.
Differences in transpiration between cultivars were larger in southern
European regions and climate zones than in northern climates (Figs.
4 and 6). While differences between cultivars were significant in all
climate zones, the biggest differences between cultivars were observed in
the climate zone Csa, which is defined as a Mediterranean climate with a
dry and hot summer. In our simulation domain, the climate zone Csa
can be found in south-west Spain, southern France, south-west Italy and
Greece. According to the 30-year mean weather data, those are the
regions with the highest temperatures and radiation levels and the
lowest precipitation amounts (Fig. S6). Differences were especially
pronounced in locations with a low soil available water capacity (Fig.
S1). Such interactions between the impact of environmental conditions
on the transpiration of different wheat genotypes were previously also
reported in by other studies'”'*”, and seem to become especially pro-
nounced in water-limited environments. Cultivars can differ in their

thresholds under which they close their stomata under drought stress or
high vapor pressure deficits”. Those differences were related by
Schoppach et al.”” with a smaller root metaxylem in winter wheat cul-
tivars with a higher sensitivity to vapor pressure deficits. This reduction
in the metaxylem number of modern cultivars was also observed in a
recent study by Jones et al.", where the root anatomy of the two cultivars
used for this simulation study was investigated. In our crop model, this
trait is indirectly represented by the difference in the root- and plant
hydraulic conductivity, which was the primary parameter used in the
calibration of the transpiration rate in this study (Tables S5 and S6). Due
to the higher root hydraulic conductivity and the higher number of roots
in the historic cultivar Baca Cabrera et al.”®, it can take up water under
lower soil water potentials than the modern cultivar, resulting in a
delayed transpiration restriction under low water availability. This
delayed reaction to low soil water potential increases transpiration over
the whole growing season, but it can also cause a faster depletion of water
resources, possibly limiting available water resources at later stages of
growth, for example during grain filling. A delayed transpiration
restriction under low water availability is supported by the linear models
used to compare how physiological differences between cultivars affect
differences between transpiration rates (Fig. 8). Means throughout all
environments and years, show a coefficient of determination (R? of the
difference in root hydraulic conductance to the difference in tran-
spiration of 0.639 (Fig. 8), looking only at the climate zone Csa, this R’ is
bigger with a value of 0.844 (Fig. S5). These results highlight that dif-
ferences between genotypes in their water use are dependent on their
environment and can become especially pronounced in water limited,
high demanding environments.

While transpiration differences between cultivars in the dry regions
seem to be mainly correlated to root traits, crop physiological properties
related to transpiration differences across the domain seem to involve
both canopy and root system traits (Fig. 8). All traits compared in this
study, namely phenology, maximum seasonal LAI and seasonal max-
imum root hydraulic conductance affected the difference between cul-
tivar transpiration rates significantly. While the effect of phenology on
transpiration was significant, phenological differences between cultivars
in our modeling experiment were mainly related to differences in
anthesis timings, which resulted from the fact that harvests in our
experiment were performed at the same time. Other studies however
also reported differences in the date of maturity between historic and
modern varieties”, which would likely impact the results and increase
differences further. The largest impacts on the differences in tran-
spiration between the cultivars was maximum LAI with an R* value of
0.871. Similarly to the results of the field experiments, LAI values were
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larger in the historical cultivar throughout most times and locations in
of our simulations (Fig. 7).

Besides the differences in space, our results show a significant increase
in yearly transpiration sum in both cultivars with the year of the simula-
tion. Percentual increases from the season of 1990/1991 to the season
2019/2020 were 15% for the historic cultivar and 17% for the modern
cultivar (Fig. 6). This trend can likely be attributed mainly to rising tem-
peratures and higher solar radiation within the simulated period (Fig. S7).
Warmer air can hold more moisture and drives up vapor pressure deficits,
together with greater net radiation this boosts evaporative demand and
plant potential transpiration®.

This trend of increasing transpiration sums in both cultivars is despite
increasing CO, concentrations. Elevated CO, can improve WUE in plants,
due to a reduction in the stomata conductance**'. While the stomatal
conductance model used in our simulations does consider the direct effect of
elevated CO, concentrations on stomatal conductance®, it does not con-
sider an acclimation effect that occurs with increasing CO, concentrations,
such as a reduced Rubisco content, and that is likely to have even a greater
water saving effect”’. Such an acclimation effect might only be properly
considered, when calibrating the model with data under elevated conditions
such as free-air CO, enrichment experiments.

When looking at temporal trends in transpiration rates in different
climate zones, transpiration rates seemed to increase faster in warm regions
than in colder regions, with slopes of the linear models being the lowest in
the regions, Csa, Csb and Cfa (Fig. S3). These differences in trends between
the climatic zones are likely caused by differences in changes of climatic
factors during the simulation duration. When comparing the trend in
changes of environmental variables over the period between the zone with
the biggest regression slope in transpiration over the simulated period Dfb,
with the zone that showed the lowest slope Cfa, both zones showed a
significant increase in temperature sums and VPD with the simulated year,
but only Dfc also showed a significant increase in radiation (Fig. S8). This
trend in rising plant transpiration with time is expected to continue with
climate change and emphasizes the importance of developing winter wheat
cultivars with better WUE to maintain yield resilience under a warming
climate.

It should be noted that our upscaling approach includes necessary
assumptions, that might significantly affect outcomes of transpiration rates,
for example do other management changes also affect feedbacks between
atmosphere and croplands and likely interact with the cultivar grown, like
the fertilizers applied, irrigation and sowing and harvesting dates
chosen™*****, We further had to make cultivar specific assumptions in both
space and time. While the two cultivars represent common winter wheat
cultivars in their time of release in German, we want to highlight that those
two cultivars alone are not enough to represent general breeding trends,
which requires experiments with large cultivar panels. The only spatial
difference between the cultivar physiology we could implement was in
phenology. While we managed to adapt the database by Ceglar et al.* with
regards to phenology, other physiological traits, like the LAI or root water
uptake might also differ in space (for example cultivars grown in the
Mediterranean might have even a better WUE than the modern cultivar
investigated here). This highlights the need of a database with functional
crop traits for simulations.

Our simulations show that breeding related physiological differ-
ences between winter wheat cultivars can significantly affect transpira-
tion across Europe. On average, the modern cultivar transpired 17% less
water than the historic cultivar in our simulations. These differences
between cultivars were spatially heterogeneous showing larger differ-
ences in Mediterranean regions, and temporally variable, with both
cultivars showing an overall increase in seasonal transpiration between
1990 to 2020. The magnitude of these cultivar effects is comparable to
other management impacts on transpiration, like the use of irrigation.
Considering the importance of wheat as a land cover in Europe, our
findings suggests that genetic improvements in crops might alter con-
tinental water cycles and should not be neglected in land surface models.

While this study provides a first large-scale assessment of cultivar
impacts on transpiration, limitations remain. Only two cultivars were
compared, and shifts in other management practices were not explicitly
addressed. Future studies should expand to multiple cultivars and trait
databases and should evaluate how cultivar-driven transpiration dif-
ferences evolve under future climate scenarios. Overall, our findings
emphasize the need to integrate cultivar specific model parameters into
land surface models, as breeding-induced changes in physiology not
only affect yield but also shape water fluxes between croplands and the
atmosphere.

Materials and methods

Crop model description

Simulations were performed using the process-based crop growth
model SIMPLACE < HILLFLOW -1D-Couvreur RWU - SlimRoot -
LintulCC2> (LintulCC2), implemented as a model solution within the
modeling framework SIMPLACE’. The model uses the physically-
based soil water balance model HILLFLOW, that calculates water fluxes
by numerically solving the Richards equation. Root water uptake is
described using the one-dimensional model® that simulates root water
uptake using a water potential gradient-based approach, in which the
root system hydraulic conductance is calculates as a function of the root
length density:

K KrsAnormulized * TRLDdoy (1)

rs,doy =
Where K, 4, (d7) is the root hydraulic conductance, K omaized
(d'cm™' ' m?) is the root system conductance per unit root length per
surfaceareaand TRLD,,, is the total root length density below a unit surface
area (m m 7). Root growth is simulated using the SIMPLACE component
SlimRoots*. Crop growth is simulated using the crop model LintulCC2**"".
Lintul CC2 simulates photosynthesis using the model proposed by Farquhar
etal.” and Farquhar and von Caemmerer”, using the stomatal conductance
model by Leuning®. A schematic overview of the crop model can be found
in Fig. S9. A more detailed description of the model and its processes can be
found in Nguyen et al.”.

To upscale the model to the continental scale, a dataset that contains
information about phenological temperature sum requirements was used".
This required an adaptation of the phenology component of the original
model used by Nguyen et al.”* to consider the effects of vernalization and
photoperiod, as used in Ceglar et al.”, which was based on Porter” and
Ewert etal’":

s el (T L) oy by for DVS <1

’ )

5o reomn((E ) Tee)) for 1 < DS <2
i

DVS =

Where DVS represents the developmental stage of the crop as an index from
0 (emergence) to 2 (physiological maturity), T, the daily average tempera-
ture (°C), T, the base temperature (here always considered to be 0°C),
T .x . the maximum effective temperature above which the developmental
rate remains constant (here considered to be 30 °C), TSUM, the tempera-
ture sum required until anthesis, V ; the vernalization factor and Py ; the

photoperiod factor on day i. The photoperiod factor is calculated as:

Pi—P,
Pnpr*thor Py<P <P,

Ppi= 1forP;>P,, 3)
0for P, <P,

where P; (h d™") is the daily photoperiod, P, (h d") is the base photoperiod
below for which no development is observed (here always considered to be
8)and P, (h d™) is the optimum photoperiod, assumed to take a value of
the local maximum day length occurring on the 21st of June according to™.
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The vernalization factor was calculated as:

0for Vpp <V,
V))7V1
VR for Vi < Vpp < Vi, @)

1for Vpp> Ve, vV DVS>0.3

S

sat

where V, is the accumulated effective vernalized days from emergence
onwards, V., represents the saturated vernalization requirements and V, is
the base accumulated vernalized days. All parameter values were chosen to
be equal to the ones suggested by Ceglar et al.”.

Additional to the changes in the phenology model, the biomass par-
titioning routine was adapted as a preparation for the upscaling. Previously,
biomass partitioning between plant organs was simulated using interpola-
tion tables consisting of partitioning fractions for each organ depending on
the accumulated temperature sum. Those interpolation tables were kept,
and partitioning fractions were made dependent on the developmental stage
of the crop instead of the accumulated temperature sum.

Experimental data and model calibration

Crop model calibration was performed using data of a field experiment
with two consecutive growing seasons (2022/2023 and 2023/2024) at
Campus Klein-Altendorf, near Bonn, Germany (50°37° N, 6°59" E).
Information about the experimental management and the measurements
taken relevant to the model calibration can be found in Supplementary
Materials Section 1—“Experimental overview” and Table S1. A detailed
description of the experimental setup and the conducted measurements
can be found in Behrend et al.”. Out of the 6 cultivars investigated in
Behrend et al.”, the two varieties with the largest gaps between their year of
release were chosen for the simulations presented here, Tommi (released
2002) and S. Dickkopf (released 1895). For the model calibration, data of
the experimental season 2023-2024 was used, for validation, data of the
experimental season 2022-2023 was used. Data used for model calibration
previously discussed in Behrend et al.* includes data about cultivar phe-
nology, LAI biomass partitioning between leaf, stem, root and grain, and
data about the total biomass. Besides the data discussed in Behrend et al.”*,
transpiration measurements were conducted using sap flow sensors, only
during the experimental season 2023-2024 and model calibration. For
each cultivar, 5 sap flow sensors (SAG3; Dynamax Inc., Houston USA)
were installed on 27.05.2024, when the stem diameters where large enough.
Data collection was done using a CR1000 data logger and two AM 16/32
multiplexers (Campbell Scientific, Logan, Utah USA). Vertical and tem-
perature gradients within each sensor were recorded at 10-min intervals
and later aggregated to hourly intervals. Temperature gradients were then
used to calculate sap flow according to Langensiepen et al.”’. Upscaling of
the measurements from the transpiration rates of each tiller (gh™) to the
canopy transpiration rates (mm h™') was performed using the mean tiller
number of the respective cultivar measured at installation of the sensors
and before harvest’”. For the calibration of the model, measured daily
transpiration sums were used (mmd™").

Both cultivars were represented by the same model structure. Model
calibration was performed for both cultivars individually, according to the
crop model calibration protocol by Wallach et al.**. Tables suggested by
Wallach et al.™*, including information about the parameters, their values
before and after the calibration and a description of the algorithms used for
the calibration can be found in the Supplementary Materials Section
S2—“Crop model calibration”. The experiment was performed under the
maximum possible nitrogen fertilization rates in its region, with the help of
chemical weed and pest and disease control and under rainfed conditions.
For both the model calibration at the field scale and the upscaling, optimal
management conditions with regards to nutrients, weeds and pest and
diseases pressure, as present in the field experiment, as well as rainfed
conditions were assumed.

Model validation was performed using the root mean squared error
(RMSE):

> 0 —5) (5)

n

RMSE =

where y; is the ith measurement and ¥, the corresponding simulated variable
value. Besides the RMSE, evaluation of model fit was performed using the
relative RMSE (rRMSE):

RMSE
rRMSE = —— (6)
y
where y is the mean of the observed values, the Mean Absolute Error (MAE):

@)

MAE:%Z})’{ _j}i

And the Willmott’s Index of Agreement (d-index), which is a measure
of model fit with optimal values close to 1 is calculated as follows:

2(5’1 _)’i)z

d—index=1— —= —
S (15, =71+ 1y, — 7))

®)

Upscaling to the continental scale

The upscaling to the European continental scale was done within the
domain of the Coordinated Regional Down-scaling Experiment
(CORDEX)™, on a 3 by 3km resolution. To reduce the number of
simulations, while still covering the main wheat growing areas across the
European Union, locations used for the simulations were filtered from the
CORDEX domain, based on a recent probabilistic crop type map for the
European Union™. The crop type map contains yearly probabilities for
several crop types from 1990 to 2018 on a 1 km grid. The map was first
adjusted to the coordinate reference system and resolution of the domain
using bilinear interpolation from the function “project” of the R package
“terra””’, and then averaged over the whole period. All grid cells for which
the average probability of soft and durum wheat being cultivated exceeds 5%
were chosen for the simulation. This resulted in a total number of 180,934
grid cells or 19.5%, from a total of 928.655 cells over land.

Weather and soil input data

As weather input data, the hourly ERA5-reanalysis dataset was used for the
years 1990-2020"°, which corresponds to the simulation period. Similarly to
the crop type map, the ERA5-reanalysis data was bilinearly remapped to the
3 km grid.

To reduce the amount of input data, CO, concentrations in the air were
input separately from the other weather variables to the model using globally
averaged marine surface annual mean data™. Information about the average
altitude of the grid cells was obtained from the Copernicus digital elevation
model®.

Soil texture variables, as well as bulk density and soil organic matter
fractions used were obtained from the SoilGrids 2.0 database and also
remapped*". Soil hydraulic properties of the respective soils were further
calculated using the Hydraulic Properties of European Soils (HYPRES)
pedotransfer functions”. Soil moisture levels at the beginning of the
simulated period were set to field capacity.

Phenology, sowing and harvesting dates

To account for spatial differences in the phenology of winter wheat cultivars
across Europe, phenological model parameters obtained from the dataset of
Ceglar et al.”’ were used for simulations of the modern cultivar Tommi. The
dataset contains information about sowing dates, temperature sums from
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sowing to anthesis and temperature sums from anthesis to harvest, obtained
with the help of an agro-phenological database as described in Ceglar et al.”.

Phenology of the historic cultivar was adapted according to the mean
observations from the two-year field experiment, where differences between
the phenological development of the historic and modern cultivars were
observed, with temperature sums from sowing to anthesis being 12% higher
and temperature sums from anthesis to maturity being 11% lower in the
historic cultivar. The temperature sums from sowing to anthesis obtained by
Ceglar et al.” for the simulations of the historic cultivar where therefore
adapted by multiplying it with a factor of 1.12, while temperature sums from
anthesis to maturity were multiplied by 0.89 across the whole domain.
Thermal time requirements from sowing to anthesis of modern and historic
cultivars are visualized in Fig. S10. Harvest dates of both cultivars were
chosen based on their physiological maturity. Sowing dates of both cultivars
were the ones suggested by Ceglar et al.”.

Leaf area index observations for validation

Validation of the continental simulations was done using remotely sensed
green leaf area index (GLAI) data obtained from Sentinel-2 witha 10 x 10 m
spatial resolution at a 5-15 days interval, for several locations in countries
across Europe (Germany, Italy, Romania, Spain and the UK) during the
growing seasons from 2017-2020, previously used and described by Nguyen
et al.**. Locations were chosen, based on known exact locations of wheat
fields and consisted of 30 fields per year, and Sentinel-2 tile. GLAI was
computed using the Sentinel Application Platform (SNAP v 8.0) using an
approach by Weiss et al.”’, as described in Nguyen et al.”. Observations were
compared with simulations of the LAI at the date of anthesis of the modern
cultivar. Only observations within a time window of 14 days before or after
the simulated date of anthesis were chosen for comparisons. Dates were
further filtered by the number of observations per date and tile. Due to cloud
cover, valid observations per date and tile varied, only dates with infor-
mation for more than 50% of the fields were chosen for the comparison. As
no information about the actual cultivar grown on these fields was available,
comparisons were performed with simulation results of the model cali-
brated with data of the modern cultivar Tommi.

Data analysis
Cultivar transpiration was calculated for each growing season, from sowing
to harvest. Mean cultivar differences in transpiration over the 30-year
timespan were evaluated using one-way analysis of variance (ANOVA). To
capture spatial interactions between grown cultivars and the environment,
the simulation domain was divided into different climate classes according
to the Kdppen-Geiger classification™, using a dataset by Beck et al.”’. The
climate zones present in the domain are: BSk (Arid, steppe, cold), Csa
(Temperate, dry summer, hot summer), Csb (Temperate, dry summer,
warm summer), Cfa (Temperate, no dry season, hot summer), Cfb (Tem-
perate, no dry season, warm summer), Dfa (Cold, no dry season, hot
summer), Dfb (Cold, no dry season, warm summer), Dfc (Cold, no dry
season, cold summer). The number of grid cell locations within each climate
zone, are depicted in Fig. S11. To further investigate spatial variability in
modeled transpiration sums within the Csa climate zone, an additional
stratified analysis was conducted. Within the Csa climate zone, grid cell
locations were stratified into three available water capacity (AWC) classes
based on the distribution of soil available water capacity. AWC was calcu-
lated as the depth-weighted mean difference between soil water content at
field capacity and at permanent wilting point across the soil profile. For each
soil layer, the difference between field capacity and wilting point was mul-
tiplied by layer thickness, summed over all layers, and normalized by the
total soil profile depth. The lowest and highest quartiles of AWC were
classified as low and high AWC, respectively, while the interquartile range
represented medium AWC. The resulting AWC classes covered ranges of
0.083-0.106, 0.106-0.116, and 0.116-0.208 (%), respectively.

Temporal trends in cultivar transpiration due to temporal changes in
weather variables were calculated using a linear regression model with
transpiration rate as response variable and the year of simulation as

predictor. Linear regression models were also used to assess the impact of
differences between cultivars in simulated physiological variables like LAI,
root hydraulic conductance and phenology on the simulated difference in
transpiration across Europe. The impact of climate and soil variables on the
cultivar transpiration was estimated using linear mixed-effects models using
the R package ‘lme4™. Before fitting the model, climate variables used as
predictors were normalized to zero mean and unit variance:

X-X
Xnarmalized = W (9)

where X is the sample mean and o(x) the standard deviation across all
observations. To quantify how cultivar-driven differences in physiological
variables explain differences in season transpiration patterns, a linear mixed
effects model was applied, adding the Koppen-Geiger climate zone as a
random intercept. All predictors of the mixed effects model were
normalized to allow an easier comparison.

Data availability

The data of the simulation outputs used in this manuscript are uploaded and
are freely accessible on the bonndata repository (https://doi.org/10.60507/
FK2/QCZ9KA).

Code availability

Source code of the model used for the simulation and detailed doc-
umentation are freely accessible on the SIMPLACE homepage: https://
www.simplace.net/. Code to post-process the model outputs, generate fig-
ures, and process the weather and soil input data is published together with
the model output data on the bonndata repository (https://doi.org/10.
60507/FK2/QCZ9IKA).
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