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A B S T R A C T

Continuous long-term simulations of an ensemble of nine crop models covering the 1961–2080 period was 
employed to assess the expected impacts of climate change on the crop yield and water use for distinct crop 
rotations (CRs) in Europe. In this study, the likelihood of changes in two differently managed CRs (conventional 
and alternative) involving four important field crops (winter wheat, spring barley, silage maize, and winter 
oilseed rape) was assessed. The conventional agricultural practice (CR1) included only mineral fertilization with 
the removal of crop residues after harvest. The alternative agricultural practice (CR2) included cover crops and 
the application of mineral and organic fertilizers, with crop residues retained in the field. The simulations 
covered six sites in five European countries (Mühldorf and Müncheberg in Germany, Ukkel in Belgium, Ødum in 
Denmark, Milhostov in Slovakia and Lednice in Czechia) based on two distinct soil profiles (universal soil and 
site-specific soils). The universal soil was the same across all the sites, while the site-specific soils were typical of 
each region. Eight transient climate change scenarios (4 general circulation models (GCMs) under representative 
concentration pathways (RCPs) 2.6 and 8.5) were used to capture the possible evolution of future climatic 
conditions. Compared with those during the 1962–1990 period, the ensemble projections for the 2051–2080 
period indicated average increases in the annual yields of all crops of 0.7 t/ha (RCP 2.6) and 0.8 t/ha (PCP 8.5) 
under both CRs and soil types. Under most climate change scenarios, the crop model ensemble projections of the 
winter wheat and winter oilseed rape yield increases agreed for CR2 but not for CR1. For spring barley, the 
simulated increase was more sporadic, with no significant difference between CR1 and CR2. In regard to silage 
maize, the changes in the simulated yields depended on site-specific climatic conditions. If the same varieties 
were planted in the future, yield reductions would be expected, except at the Ødum site, where the silage maize 
growth conditions would remain satisfactory, regardless of the CR and soil type. The results indicated greater 
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cover crop biomass production, which could affect the long-term soil water balance and groundwater replen-
ishment. The crop model ensemble further indicated a greater spatial variability in the yield can be expected, 
which is likely caused by the expected increase in the air temperature and not by the expected increase, or even 
decrease, in the total precipitation and increases in the actual evapotranspiration under climate change at all 
sites. This trend was greater under CR2 and could affect the long-term soil water balance and soil regime in the 
case of rainfed agriculture.

1. Introduction

Over the last decade, evidence of the impacts of climate change, 
including increasing average temperatures and an increased frequency, 
intensity and duration of heat waves or extreme weather events, has 
been observed as part of the European climate (Ossó et al., 2011). For 
example, heat waves occurring in 2018 and 2019 led to record-breaking 
temperatures in France, Benelux and western Germany (Becker et al., 
2022). Future climate scenarios suggest that adverse climatic condi-
tions, such as drought, heat, and increased variability in precipitation 
and temperature, will occur more frequently (EEA, 2017; Spinoni et al., 
2018; Ceglar et al., 2019; Pullens et al., 2019). Climate change has 
already affected agriculture, both positively and negatively, with 
different responses across Europe (Zhao et al., 2022). Without the in-
clusion of suitable adaptation or mitigation measures, a critical decline 
in crop yields could occur in the future (Biesbroek et al., 2010; Olesen 
et al., 2011; Trnka et al., 2011; Toreti et al., 2019; Agnolucci and De 
Lipsis, 2020; Stella et al., 2021). One adaptation measure is the imple-
mentation of suitable agricultural practices, such as intensification of 
the cropping cycle with the inclusion of intercrops and cover crops, 
irrigation, timing of field operations, fertilization regime and 
drought-tolerant cultivars, which may maintain or improve the yield 
and product quality by affecting the actual evapotranspiration, the 
amount of soil nutrients, soil fertility and crop sensitivity to climate 
change (e.g., Eitzinger et al. 2013, Nendel et al. 2014, and Zhao et al. 
2022). In terms of the effects of climate change on cropping systems, 
adaptation measures can be assessed in several ways, e.g., via data ob-
tained from field experiments (in situ), growth chamber experiments (in 
vitro), crop models (in silico), or questionnaire surveys or via the use of 
integrated assessment and farming system analysis (Reidsma et al., 
2015; Rötter et al., 2015; Hlaváčová et al., 2018; Pohanková et al. 2022; 
Zhao et al., 2022). All the listed options exhibit advantages and disad-
vantages. Field and growth chamber experiments can provide valuable 
information, but they are expensive and time consuming, and the results 
may not be transferable to larger territorial units (Barklund et al., 2007; 
Lipavský et al., 2015). Therefore, crop models have increasingly been 
employed for evaluating adaptation measures, despite the simplified 
view of reality and the inability to consider all relevant impacts of 
climate change and adaptation options such as extreme weather events 
(floods, hailstorms) or diseases and pests (e.g., Challinor et al. 2014; 
Rodríguez et al. 2019, and Ruiz-Ramos et al. 2018). In most studies 
involving crop models, single-year simulations and single-crop assess-
ments are generally conducted (Eitzinger et al., 2013; Hlavinka et al., 
2015; Olesen et al., 2011; White et al., 2011; Webber et al., 2018), 
although long-term simulations via single-crop systems have been 
applied (e.g., Ozturk et al. 2017, 2018). However, to accurately simulate 
real-world conditions and correctly evaluate adaptation measures, crop 
rotations (CRs) should be simulated continuously to include carry-over 
effects related to changes in soil physical, chemical and biological con-
ditions. To achieve more reliable simulations, a crop model ensemble 
rather than a single crop model should be adopted (Martre et al., 2015; 
Wallach et al., 2018). Therefore, the assessment of the impacts of 
climate change and adaptation and mitigation options under current and 
future climatic conditions requires continuous long-term simulations of 
CRs (Basso et al., 2015; Kollas et al., 2015; Ewert et al., 2015; Pohanková 
et al., 2022; Grados et al., 2024). This research is a follow-up study to 
that of Pohanková et al. (2022), in which only sites in Czechia were 

simulated.
The aim of this study was to assess the impacts of projected climate 

change on the crop yield and water use for two CRs representing con-
ventional and alternative agricultural practices across Europe. In this 
study, continuous simulations of CRs from 1961–2080 at sites across 
Europe were conducted via an ensemble of crop models, and the 
agreement or uncertainty in the projected results was evaluated. Impacts 
were evaluated in terms of individual crops (winter wheat, silage maize, 
spring barley and winter oilseed rape) and the different CRs, with a focus 
on the yield and water balance for comparing soils and representative 
sites across Europe. The objective was thus to expand the study of 
Pohanková et al. (2022) to sites beyond Czechia to determine whether 
simulations under climate change projections depend on site conditions 
(climate factors and soils).

2. Materials and methods

2.1. Simulation scheme

A crop model ensemble (nine models) was applied across six exper-
imental sites in five European countries (Mühldorf and Müncheberg in 
Germany, Ukkel in Belgium, Ødum in Denmark, Milhostov in Slovakia 
and Lednice in Czechia; Figs. 1 and 2). The models were run on the basis 
of eight climate change scenarios, two CRs (CR1 and CR2) including four 
important field crops (winter wheat - Triticum aestivum, spring barley - 
Hordeum vulgare, silage maize - Zea mays, and winter oilseed rape - 
Brassica napus) and two soil profiles (universal soil, namely, Cambisol/ 
Luvisol, and site-specific soils). The simulation scheme is shown in 
Fig. 1.

2.2. Crop model ensemble

This study, which is focused on future production and water use, 
presents continuous long-term simulation results of an ensemble 
comprising nine crop models (Agricultural Production Systems sIMu-
lator (APSIM), Cropping Systems simulation model (CROPSYST), Soil 
Plant Atmosphere System Model (DAISY) (2 versions), Decision Support 
System for Agrotechnology Transfer (DSSAT), Environmental Policy 
Integrated Climate (EPIC), HERMES, and Model of Nitrogen and Carbon 
dynamics in Agroecosystems (MONICA) (2 versions)). All nine crop 
models are multiyear, multicrop, cropping system simulation models 
with daily time steps developed to serve as analytical tools to study the 
effects of the interaction among climate, soil, and management on 
cropping system productivity. The most important soil and plant pro-
cesses are modeled mechanistically to simulate yields in response to 
management with the projection of the long-term consequences of 
farming practices on soil properties (e.g., soil organic matter dynamics) 
(Abrahamsen and Hansen, 2000; Keating et al., 2003; Nendel et al., 
2011; Stöckle et al., 2003). The models vary in complexity and the 
approach to simulating relevant processes. For example, the DAISY crop 
model is the only ensemble model in which the Richards equation is used 
to calculate the water balance (Richards, 1931; Pachepsky et al., 2003). 
However, when no measured retention curves are available, retention 
curves are calculated via HYdraulic Properties of European Soils 
(HYPRES) in this model (Wösten et al., 1999). The HERMES crop model 
was originally a simple tool for calculating the mineral nitrogen (N) 
content in soil (Kersebaum et al., 2007). However, it has been improved 
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to simulate multiyear sowing practices, calculate evapotranspiration, 
and integrate various approaches to assess the impacts of increased at-
mospheric CO2 concentrations on the growth, development, and pro-
duction of field crops (Kersebaum et al., 2009). The main characteristics 
of the ensemble of crop models employed in this study are summarized 
in Table 1.

In the case of the DAISY crop model, the simulations were conducted 
by two modeling teams involving two versions. The newer version of the 
DAISY crop model contains parameterization changes and aims to 
simulate 2D processes, thereby reorganizing the handling of pesticides. 
In the case of MONICA, the simulations were performed by one team but 
with different model versions. Compared with previous versions, 
MONICA 2.0.0 mainly encompasses extensive bug fixes and code reno-
vations, which ultimately required complete reparameterization of the 
crop parameters. Additional functionalities have not been added.

2.3. Experimental sites

The six experimental sites (with elevations ranging from 8 to 416 m 
above sea level (a.s.l.)) were chosen to represent different temperature 
and precipitation gradients of the European climate (Fig. 2, Table 2). 
The Mühldorf site in Bavaria, Germany, exhibits the highest annual 
precipitation of 855 mm and is located in the southernmost region at the 
highest altitude (416 m a. s. l) with an annual temperature of 8.6 ◦C. It 
represents the area with the largest amount of precipitation. The site 
with the second-highest precipitation is Ukkel in the Brussels region of 
Belgium. The northernmost and coldest site is Ødum in Denmark. Mil-
hostov is located in a fertile area in southeastern Slovakia. Müncheberg 
occurs in Brandenburg, Germany, and is representative of the Western 
European continental climate. The last site is Lednice in South Moravia, 
Czechia, which represents a warm and relatively dry region with an 
annual temperature 9.9 ◦C and annual precipitation 527 mm.

2.4. Climate scenarios

Gradual climate change from 1961–2080 was captured by a set of 
eight transient climate scenarios based on four general circulation 
models (GCMs), namely, the Geophysical Fluid Dynamics Laboratory 
(GFDL), HadGEM2, Institute Pierre Simon Laplace (IPSL), and NorESM1 
models, run under two representative concentration pathways (RCPs), 
namely, RCP 2.6 and RCP 8.5. These transient scenarios, which repre-
sent different development possibilities, were chosen to sample the 
uncertainty in the ensemble and are a prerequisite for capturing the 

gradual development in the simulation system, which is possible 
through uninterrupted CR simulations. Weather files were compiled as 
series for the 1961–2080 period and included daily solar radiation (MJ/ 
m2/day), maximum and minimum air temperatures (◦C), relative air 
humidity (%), 2-m wind speed (m/s), precipitation (mm) and annual 
CO2 concentration at the beginning of each year (ppm). For winter crops 
the CO2 concentration changes on January 1st. However, this will not 
induce a great break since CO2 steps are relatively small and growing at 
that time was usually stopped due to low temperatures. Weather series 
(used as inputs for the crop simulations) representing transient climate 
change comprised measured weather data (1961–2010) appended by 
synthetic weather series (2011–2080) produced by the M&Rfi weather 
generator (WG; Dubrovský et al., 2004). The synthetic series are tran-
sient time series that account for the gradually increasing climate 
change signal. This was achieved by modifying the WG parameters for 
each year separately via the pattern scaling approach (Dubrovsky et al., 
2005), in which the standardized change (= the change corresponding 
to a 1 K increase in the global mean temperature) was multiplied by the 
change in the global mean temperature modeled by the simple Model for 
the Assessment of Greenhouse gas-Induced Climate Change (MAGICC) 
(Harvey et al., 1997; Hulme et al., 2000; Hlavinka et al., 2015; 
Pohanková et al., 2022, 2024). Twenty simulations (labeled as 01–20) 
were conducted for each of the eight GCM × RCP combinations.

Two sets of meteorological files were produced, namely, a “no_snow” 
weather series, which is based on direct measurements and the results of 
a WG without considering the effect of snow cover on meteorological 
variables, and a “snow_assumed” weather series, which is based on the 
SnowMAUS model (Trnka et al., 2010) to obtain modified weather data 
so that the expected influence of snow cover can be accounted for. In the 
latter version of the weather series, when snow cover is expected, the 
temperature and precipitation (assuming snow cover formation and 
snow melting) are modified. If the crop model does not aim to simulate 
the effect of snow cover, the snow_assumed version of the input data is 
used. If the crop model can account for snow cover, the no_snow version 
is used.

The warmest and driest scenario entailed a combination of the 
HADGEM2-CC climate model and the RCP8.5 scenario. The coldest and 
wettest scenarios were obtained via the NorESM1 model under the RCP 
2.6 scenario (in the case of temperature) and RCP 8.5 scenario (in the 
case of precipitation) (Fig. 3).

The differences in the air temperature and total precipitation be-
tween the 1961–1990 and 1981–2010 periods and the shifts in condi-
tions under the individual GCM scenarios for each experimental site are 

Fig. 1. Simulation scheme: Selected crop models, experimental sites, soil types, crop rotations and climate scenarios covering the 1961–2080 period.
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shown in Fig. 4, A1 and A2.

2.5. Crop rotation and simulations

Model calibration and validation for the main crops were performed 
based on the data of acquired available data sets from rainfed variety 
trials conducted by the Central Institute for Supervising and Testing in 
Agriculture (CISTA). Data from the period 1991–2010 for the three 
selected experimental sites and for each crop were used. The observed 
experimental data that were available included the dates of sowing and 
harvest, amounts of seeds sown per m2, observed phenological phases 
(emergence, tillering, shooting, heading, flowering and maturity), the 
number of tillers per m2, the weight of 1000 seeds, fertilizer application 
data (timing and amount fully representing real field experiment man-
agement) and information on the previous crop. Winter-hardy cover 
crops correspond to the characteristics of the Brassica crop. More 
detailed information on model calibration and validation can be found 
in Kostková et al. (2021).

Simulations of the ensemble of crop models were obtained with 
assumed flat soil under two CRs (CR1 and CR2) with the same sequence 
of the main crops (winter wheat, spring barley, silage maize, winter 
wheat and winter oilseed rape) that differ in 1) the use of cover crops, 2) 
fertilizer type and 3) postharvest management of wheat and barley crop 
residues. CR1 represents the conventional agricultural practice that in-
cludes rotation of only the main crops, mineral fertilization and 80 % 
removal of crop residues (straw) after harvest. Postharvest tillage was 
applied up to the 20-cm soil depth (Fig. 5a). CR2 represents the alter-
native agricultural practice that focuses on the return of organic matter 
to the soil, in which the CR includes cover crops at two positions. Both 
mineral and organic fertilizers (cattle manure) are applied, and post-
harvest residues of wheat and barley straw are left in the field (Fig. 5b). 
Winter-hardy cover crops were included between winter wheat and 
spring barley and between spring barley and silage maize in the rotation. 
Organic fertilizer (cattle manure) was applied after the main crop 

(except for winter oilseed rape) at an amount of 40 t/ha (240 kg N/ha 
with 15 % ammonia and 85 % organic N). Residues and manure are 
accounted with their mineral and organic N compounds allocated to the 
mineral and organic pools at time of fertilization. Organic nitrogen is 
mineralized depending on soil water and temperature. We used an 
automatic mineral fertilization routine, which considers the available 
(simulated) soil mineral nitrogen at the plant specific fertilization dates 
(mainly driven by phenology). Uninterrupted simulation runs were 
conducted for the 1961–2080 period (1961–1990 as spin-up period; 
1991–2080 consequent period) (Fig. 5c). The simulation runs were 
repeated five times to allow each crop to be planted first in the rotation, 
thus ensuring that all the crops were represented in all the years. The 
expected change in management (i.e., the timing of sowing, harvesting, 
and fertilization) was defined on the basis of the HERMES crop model 
simulations (its partial outputs served as input data for the other 
models). This approach was used to maintain methodological consis-
tency in the case of future crop management. A spin-up period ranging 
from 1961 to 1990 and CR2 were used for all the models to initialize the 
short-term organic matter pools and the organic matter input rates. To 
generate realistic initial conditions for soil water one year spin-up period 
would be sufficient since the sites usually reached field capacity over 
winter during the past. Since models dońt account for changes in soil 
hydraulic properties due to SOM change the long spin-up period was not 
really relevant for soil water dynamics here. CR2 was a common practice 
in Czechia until the 1990s. After 1990, when cattle began to decline and 
organic manure was no longer readily available, CR1 was included in the 
simulations in addition to CR2 (Fig. 5). More information on the two CRs 
and the simulation principles have been provided by Pohanková et al. 
(2022), (2024).

2.6. Soil profiles

All nine crop models were run involving two soil profiles at each site. 
The first soil profile was a universal soil (i.e., the same for each site), 

Fig. 2. Map of the six experimental sites in Europe. The experimental sites are ranked by the annual precipitation from highest (Mühldorf, 855 mm) to lowest 
(Lednice, 527 mm).
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corresponding to Cambisol/Luvisol with a maximum rooting depth of 
110 cm. The universal soil, with a soil water holding capacity of 
approximately 201 mm at the maximum root depth, represents the 
average soil conditions for crop cultivation. The second soil profile 
represents site-specific soil, which varies between the sites. At the 
Mühldorf site, Luvisol with a soil water holding capacity of approxi-
mately 270 mm at a rooting depth of 130 cm was used. At the Ukkel site, 
Podsoluvisol with a soil water holding capacity of approximately 
380 mm at a rooting depth of 170 cm was employed. At the Ødum site, 
Luvisol with a soil water holding capacity of approximately 280 mm at a 
rooting depth of 150 cm was considered. At the Milhostov site, Cher-
nozem with a soil water holding capacity of approximately 180 mm at a 
rooting depth of 120 cm was used. At the Müncheberg site, Albeluvisol 
with a soil water holding capacity of approximately 165 mm at a rooting 
depth of 100 cm was used. At the Lednice site, we used a Chernozem 
profile with a soil water holding capacity of approximately 260 mm at a 

rooting depth of 150 cm.
These two sets of soil profiles were selected to evaluate the possible 

influence of the soil type on the crop performance under changing cli-
matic conditions. The characteristics of the soil profiles employed are 
summarized in Table B1. While soil organic matter and nutrients were 
treated as variables, the soil hydraulic parameters were maintained 
constant in the simulations.

2.7. Output processing via the ensemble outcome agreement (EOA) index

In this study, 172800 simulations over a 120-year period were con-
ducted by combining nine crop models, six sites, four GCMs under two 
RCPs, 20 weather realizations (for greater representativeness and to 
limit the influence of any combination of weather and crop responses), 
two soil types at each site, and two CRs with five starting crops (with 
each crop serving as the starting crop in a given rotation). The ensemble 

Table 1 
List of crop models, parameters, modeling approaches, and references.

Model, version

Leaf area development and LIa Light utilizationb Yield formationc Water dynamicsd Potential evapotranspiratione Origin Ref.

APSIM (Agricultural Production Systems sIMulator), 7.7
S RUE HI, AGB, GN, PRS C PT Australia Holzworth et al. (2014)
CROPSYST (Cropping Systems simulation model), 3.04
S RUE HI, AGB C PT USA Stöckle et al. (2003)
DAISY (Soil Plant Atmosphere System Model), versions 5.24 and 4.01
D P-R PRS R PM Denmark Abrahamsen and Hansen (2000)
DSSAT (Decision Support System for Agrotechnology Transfer), 4.7.5.11
S RUE HI, GN, AGB C PT USA Jones et al. (2003)
EPIC (Environmental Policy Integrated Climate), 0801
S RUE HI, AGB C PM USA Williams et al. (1989)
HERMES, 4.26
D P-R PRS C PM Germany Kersebaum (2007)
MONICA (Model of Nitrogen and Carbon dynamics in Agroecosystems), versions 2.0.0 and 1.29
D P-R PRS C PM Germany Nendel et al. (2011)

a Leaf area development and light interception: S – simple approach or D – detailed approach.
b Light utilization/biomass growth: RUE (simple approach) – radiation use efficiency and P-R (detailed approach) – gross photosynthesis minus respiration.
c Yield formation depends on HI, harvest index; AGB, total (aboveground) biomass; GN, number of grains; and PRS, partitioning at the reproductive stages.
d Water dynamics approach (app.): C – capacity app.; and R – Richards app.
e Potential evapotranspiration estimation methods: PM – Penman–Monteith; and PT – Priestley–Taylor.

Fig. 3. Average annual air temperatures and precipitation totals ( ± standard deviation of the annual values) at the six experimental sites for the reference periods 
(1961–1990 and 1981–2010) and individual GCM projections for 2051–2080.
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outcome agreement (EOA) index was used to evaluate the confidence of 
the ensemble results (with the range and interpretation shown in 
Fig. 6d). The EOA method accounts for all possible ensembles of 
different combinations and sizes on the basis of the models adopted and 
offers statistical tests of key hypotheses (Rodríguez et al., 2019). First, 
the following hypothesis was defined: Will the value of a specific vari-
able (yield, actual evapotranspiration, or percolation) from 2051–2080 
be greater (or lower) than the average value over the spin-up period 
(1962–1990)? On the basis of this hypothesis, the mean and standard 
deviation of a given variable were calculated. The EOA index was sub-
sequently obtained by calculating the median value of a specific variable 
over a given period to assess the uncertainty in the crop model ensemble 
on the basis of the above defined hypothesis.

The EOA index was calculated for each climate scenario under each 
climate model and realization, crop, and initial crop of the rotation. An 
example of the processing outputs is shown in Fig. 6. The EOA index 
facilitates the interpretation of the simulation results across crop models 

(Fig. 6a). Fig. 6b shows the variation across all the crop models. The 
whiskers denote the EOA index variability for an individual realization 
and initial CR combination. The EOA index was visualized as a point 
chart (Fig. 6c) to focus on the information contained in the whisker plot. 
Notably, the minimum (min), 1st quartile (Q1), median (med), 3rd 
quartile (Q3) and maximum (max) of the EOA index were plotted as 
colored points for all climatic scenarios to facilitate visual interpreta-
tion. When higher EOA values occur under more climate scenarios and 
are reported at the lower whiskers, overall higher confidence in hy-
pothesis fulfillment is indicated by the crop model ensemble. The same 
output processing procedure was applied in the study of Pohanková 
et al. (2022).

Fig. 4. Average measured monthly precipitation totals and air temperatures for the normal periods of 1961–1990 and 1981–2010 and shifts in the synthetic 
conditions for individual GCM scenarios from 2051–2080.
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3. Results

3.1. Expected production and water balance

Precipitation varied across the sites, and a definite decreasing or 
increasing trend over time could not be observed (Fig. A2a). Compared 
with that from 1961–1990, the total precipitation will increase by 
5.8 mm (RCP 2.6) and 6.0 mm (RCP 8.5) on average from 2051–2080. 
The average air temperature (Fig. A2b) consistently increases over time. 
Compared with that from 1961–1990, the average temperature will 
increase by 2.7ºC (RCP 2.6) and 4.7◦C (RCP 8.5) on average from 
2051–2080.

Fig. 7a, A3a, A3b, A4a, A4b, A5a and A6a show the differences in the 
average crop yields per CR (indicator of the overall productivity) be-
tween all six sites and between the two CRs (CR1 and CR2). The yields 
were generally greater for CR2 than for CR1. Fig. 7a, b, A5a and A6a
show greater yield variability among sites when site-specific soils were 
used. Regardless of the soil type (universal or site-specific soil), the 
highest average yields were obtained in the coldest areas with sufficient 
precipitation and longer days during the growing season, namely, at the 
Ødum and Mühldorf sites. The lowest yields were obtained in Lednice 
and Milhostov (the driest sites with the greatest temperature increase) 
(Fig. 7a, b, A2, A3a, A3b, A4a, A4b, A5a and A6a). At the Milhostov and 
Lednice sites, the average yield from 1962–1990 was higher than that 
from 2051–2080, namely, 0.1 t/ha at Lednice (RPC 2.6) and 0.2 t/ha at 
Lednice and Milhostov (RCP 8.5). At the other sites, the average yield 
from 2051–2080 was higher than that from 1962–1990. The yield 
increased the most at the Ødum site, by 2.0 t/ha (RCP 2.6) and 2.4 t/ha 
(RCP 8.5) on average.

The lowest average yield was obtained under the combination of CR1 
and site-specific soil at the Mühldorf, Milhostov, Müncheberg and Led-
nice sites, namely, 6.2, 4.6, 5.6 and 4.0 t/ha (RCP 2.6), respectively, and 
6.3, 4.4, 5.7 and 3.9 t/ha (RCP 8.5), respectively. At the remaining two 
sites (Ukkel and Ødum), the lowest average yield was obtained for CR1 
and universal soil, namely, 5.7 and 6.4 t/ha (RCP 2.6), respectively, and 
5.4 and 6.7 t/ha (RCP 8.5), respectively. The highest average yield was 

achieved at the Ødum site under the combination of CR2 and site- 
specific soil, namely, 7.4 t/ha (RCP 2.6) and 7.9 t/ha (RCP 8.5).

From 2051–2080, the annual mean actual evapotranspiration from 
October to September (ETaY) was greater than 490 mm per year (the 
lowest average ETaY value was obtained at the Ødum site (492 mm for 
RPC 2.5 and 498 for RPC 8.5), likely because of its location at higher 
latitudes and the occurrence of a cooler climate with a lower atmo-
spheric evaporative demand; the highest value was obtained at the 
Ukkel site (650 mm for RCP 2.6 and 647 mm for RCP 8.5)) (Fig. 7c, d, 
A3c, A3d, A4c, A4d, A5b and A6b). At all the sites, ETaY increased from 
2051–2080 compared with that from 1962–1990. The greatest increase 
in ETaY was determined at Mühldorf, whereas the lowest increase was 
recorded at Milhostov. The differences between the soils (site-specific 
soil–universal soil) reached up to 8 mm on average for both RCPs. The 
differences between the CRs (CR1–CR2) reached up to − 1 mm (RCP 2.6) 
and 2 mm (RCP 8.5) on average. With respect to the yield, a greater 
range of ETaY values was observed for the site-specific soil than for the 
universal soil.

The average simulated annual percolation from October to 
September below a depth of 150 cm (PerY) from 1962–1990 was 
213 mm. The highest average PerY value was obtained at Mühldorf, and 
the lowest value was obtained at Lednice. The average simulated value 
from 2051–2080 decreased to 152 mm (RCP 2.6) and 150 mm (RCP 
8.5). The greatest decrease occurred at Mühldorf, while the smallest 
decrease occurred at Ødum. The lowest PerY value was obtained for 
universal soil and CR1, whereas the highest PerY value was obtained for 
site-specific soil and CR2 (Fig. 7c, d, A3e, A3f, A4e, A4f, A5c and A6c).

Notably, percolation under CR2 was generally greater than that 
under CR1 (Fig. 7e and f, respectively). However, the models responded 
differently to the introduction of winter cover crops in CR2. Higher 
percolation under CR2 was simulated by the APSIM, CROPSYST, and 
DSSAT crop models and both versions of MONICA. Although no infor-
mation on slopes was provided for the sites, these crop models could 
simulate surface runoff. The yield, ETaY and PerY results of the crop 
models that did not account for surface runoff (crop model ensemble 1: 
both versions of DAISY, EPIC and HERMES) and those that did account 

Fig. 5. Scheme of a) CR1 and b) CR2 with an indication of the first harvested crop. Each first main crop is harvested in 1962, while the last crop is harvested in 2080. 
c) Time scheme of the crop rotation simulations.
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Fig. 6. Example of the simulated winter wheat yield (kg/ha) at Lednice for the 2051–2080 period (under the GFDL-CM3-RCP 2.6 climate scenario) obtained via the 9 
crop models for CR1 and site-specific soil. The horizontal line indicates the mean simulated yield for the 1962–1990 period (a). To reveal the variability in the EOA 
index (for testing the hypothesis of higher yields compared with the mean over the 1962–1990 period), the results are presented in the form of a whisker chart (b) and 
a point chart for all climate scenarios, with the minimum (min), 1st quartile (Q1), median (med), 3rd quartile (Q3) and maximum (max) of the EOA index shown as 
colored points (c). The EOA index classes, ranges of values and basic interpretations are shown in (d). The EOA index calculation process is described in Rodriguez 
et al. (2019).
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for surface runoff (crop model ensemble 2: APSIM, CROPSYST, DSSAT, 
and both versions of MONICA) are shown in Fig. A3 and A4, respec-
tively. The models of ensemble 1 generated different effects on perco-
lation under the two CRs than did those of ensemble 2. Notably, 
percolation was typically reduced under CR2 in ensemble 1 due to water 
consumption of the cover crop, while it was higher compared to CR1 in 
ensemble 2 because surface runoff reduced infiltration under CR1. While 
the main difference occurred during the reference period, the climate 
change projection differences between the two model groups were much 
smaller.

The crop yields were linearly related to the water balance, which was 
calculated as the difference between the precipitation and reference 
evapotranspiration (ETo) (Fig. 8). According to the water balance, the 
sites could be ranked in the descending order of Mühldorf, Ødum, Ukkel, 
Müncheberg, Milhostov and Lednice. A comparison of the water balance 
with the average yield (Fig. 8a, c) from 1991–2020 and 2051–2080 

confirmed that a lower yield could be expected in the future at the 
warmer and drier sites (Lednice and Milhostov), where water re-
strictions are likely to increase, whereas at the sites with sufficient 
precipitation and a lower average air temperature, the yield will in-
crease owing to the lower ET0 value. Percolation will decrease at all sites 
under the climate change projections (Fig. 8b, d). Figs. 8a and c show a 
greater dependence between the yield and the water balance in the 
future (compared with the current level), and for percolation, the future 
dependence on the water balance will be lower (Fig. 8b and d, 
respectively).

3.2. Confidence in the ensemble results

To evaluate the yield simulation results, the EOA index was used 
(Figs. 9, 10, and A7-A9). The results indicated similar agreement for the 
yield increases in the future (expectations for 2051–2080 against 

Fig. 7. Mean crop yield (a, b), annual actual evapotranspiration from October to September (ETaY) (c, d) and mean annual water percolation from October to 
September below a depth of 150 cm (PerY) (e, f) for the two crop rotations (CR1 and CR2) and the two soil types (universal and site-specific soils). The horizontal 
black line indicates the mean yield from 1962–1990. The horizontal red line denotes the mean yield from 2051–2080. The columns show the average yields from 
2051–2080 for the two CRs (CR1 and CR2) and the two soil types (universal and site-specific soils). The sites are ranked from highest to lowest precipitation. Data are 
missing for the CROPSYST model over the spin-up period and for the DSSAT model in combination with site-specific soil in Ukkel (since 2010) and Müncheberg 
(since 2006) due to technical reasons.
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1962–1990) between the two soil types (universal soil and site-specific 
soil; Figs. 9, 10, and A7). For CR2, under most climate change sce-
narios, the crop model ensemble projected higher winter wheat and 
winter oilseed rape yields in the future (2051–2080) than for CR1.

At Mühldorf, Ukkel and Ødum, the obtained Q1 values of the EOA 
index reached at least the very high level of agreement for the yield 
increase of winter wheat under the projected climate changes in the case 
of universal soil. The maximum confidence for winter wheat and both 
soil types was observed at Mühldorf, which exhibits the highest total 
precipitation and altitude. The simulated yield of winter wheat depends 
on the previous crop, i.e., if it follows winter oilseed rape (WW-WRA) or 
silage maize (WW-SM). The confidence in the increase in the future yield 
was slightly greater when wheat followed maize in CR2. This represents 
the benefit of fertilization with manure. There was low confidence in the 
increase in the future yields of spring barley and silage maize for both 
soil types (regardless of the site and CR). The yield of spring barley under 
CR2 was slightly greater than that under CR1. The increase in the yield 
of spring barley exhibited high to maximum confidence only at the 
Mühldorf site for site-specific soil, with the maximum EOA index value 
(Fig. A7). In the case of crop C4 only, i.e., silage maize, the confidence in 
the simulated yield increase was relatively low. The only exception was 
Ødum, where the temperature, precipitation and irradiation conditions 
are optimal for silage maize, and the greatest confidence in the increase 
in the future yield was obtained, regardless of the soil type or CR. For the 
two CRs and all scenarios, a very high to maximum confidence was 
calculated. If the same hybrid were used in the future (i.e., no adaptation 
of varieties), a decrease or constant yield would be expected at all other 
sites. For the cover crops, there was a maximum EOA index value for the 

increase in future biomass production at all sites across all climate 
change scenarios, but the value was slightly greater for the site-specific 
soil simulations. A comparison of the GCM scenarios revealed the most 
pessimistic results for crop C3 with the HADGEM2 model, which is the 
warmest and driest scenario, especially during the second half of spring 
and early summer (Fig. 4).

On the basis of the crop model ensemble results, a higher annual 
actual evapotranspiration is expected in the future, with high confidence 
for most climate change scenarios and sites (Fig. 11a). This finding was 
obtained despite the shortening of the growing season due to the warmer 
conditions and the reduced water consumption due to the increasing 
CO2 concentrations. The exceptions were the Ukkel, Milhostov and 
Lednice sites for CR1, where medium to high confidence was observed. 
Slightly higher values of the EOA index for the increase in ETaY were 
observed for universal soil (versus site-specific soil) and CR2 (versus 
CR1) (Fig. 11a and A10a). There was a low EOA index value for the 
decrease in ETaY for all combinations (Figs. A11a and A12a). At the 
warmer sites (Ukkel, Milhostov, and Lednice) under CR1, there was 
relatively low to high confidence in the increase in ETaY in the future. 
The lowest confidence was observed at Milhostov under the HADGEM2- 
CC-RCP 8.5 scenario.

Higher crop evapotranspiration is expected under standard condi-
tions from October to September (ETcY, in mm) in the future, with the 
maximum confidence (Fig. 11b and A10b). There were only a few ex-
ceptions when the EOA index indicated medium to high confidence (e. 
g., Ødum and Ukkel).

The effect of changes in the water balance component of soil water 
percolation from October–September below a depth of 150 cm (PerY, in 

Fig. 8. Average simulated yield (a, c) and average simulated percolation (b, d) versus the water balance. The circles denote the average values for both soil types 
from 1991–2020. The triangles denote the average from 2051–2080. The dotted lines indicate linear trend lines. The experimental sites (Mühldorf, Ukkel, Ødum, 
Milhostov, Müncheberg, and Lednice) are distinguished by color. The water balance was calculated as the difference between the average total precipitation and the 
average reference evapotranspiration (ETo). Data are missing for the CROPSYST model over the spin-up period and the DSSAT model in combination with site- 
specific soil in Ukkel (since 2010) and Müncheberg (since 2006) due to technical reasons.
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mm) decreased under all scenarios and at almost all the sites (Fig. 11c). 
The exception was the Ødum site, where an increase in deep percolation 
was obtained under the IPSL-CM5A-LR (RCP 2.6 and RCP 8.5) and 
GFDL-CM3 (RCP 8.5) scenarios for CR2 (Fig. A10c).

4. Discussion

4.1. Effects of climate change and management

The increase in yield under climate change at four of the six exper-
imental sites confirms the findings of Biesbroek et al. (2010) and Zhao 
et al. (2022), who noted that the impacts of climate change on crop 
yields are unevenly distributed across Europe, with differential effects 
on crop production systems depending on their climate sensitivity. The 
increase or decrease in crop yields under climate change using the crop 
model ensemble could be influenced by several factors. The first aspect 
could be the effect of increasing temperature, i.e., if the temperature at 
the site is presently below or above the optimum temperature range of 
the crops. The second aspect is the amount and temporal distribution of 
precipitation. Compared with the sites where the average yield is ex-
pected to decrease, the sites where the average yield is expected to in-
crease are largely cooler, with higher total precipitation in the past 
(Fig. 7).

The model results suggest that climate change may affect crops and 
the water balance in Europe to varying degrees and that site conditions 
determine whether yield, evapotranspiration or water percolation will 
increase or decrease (Gobin et al., 2018; Kersebaum and Nendel, 2014; 
Taylor et al., 2013; Webber et al., 2020). Other model-based studies 
indicate that by the middle of the 21st century, the average heat stress 
may not increase for either maize or winter wheat in Europe, whereas 
drought stress may increase for maize only (Webber et al., 2018), which 
suggests an increase in the risk of crop failure for maize but not for 
winter wheat. In low-yield years, drought stress is the main driver of 
losses for both crops, and elevated CO2 levels offer only limited yield 
benefits in these years (Stella et al., 2021). In current study, the model 
ensemble indicated that climate change and its associated factors, for 
example, caused an increase in the temperature and evapotranspiration, 
a shift in sowing or a shortening of the phenology, thereby affecting the 
yields of all the crops with more negative effects on spring barley, winter 
oilseed rape and silage maize than on winter wheat. Compared with the 
study of Pohanková et al. (2022), where only sites in Czechia (and other 
climate scenarios) were included, this negative impact was greater in the 
cases of spring barley and winter oilseed rape.

The results revealed a significant increase in the cover crop biomass 
at all sites, which could be caused by a longer growing season and 
warmer winter months. The simulations also indicated that despite the 
increase in cover crop biomass, the main crops following in the rotation 
are not subjected to drought stress. This likely occurs because, according 
to the simulation scenarios, mainly winter precipitation increases. de 
Frutos Cachorro et al. (2018) reported that winter crop yields will be, on 
average, greater than summer crop yields under climate change because 
extreme events such as drought and heat stress are more likely to occur 
during later summer periods. Notably, crop models do not account for all 
the effects of cover crops on soil conditions. Instead, only the water and 
nitrogen balance is simulated, whereas cover crops also affect the soil 
structure and fertility. From this perspective, yields and actual evapo-
transpiration levels were overestimated. A Brassica crop was used as the 
cover crop in current study, but cover crops are often grown as mixtures 
under real-world conditions, which could affect soil nitrogen and water 

differently over time.
The higher yield, higher actual evapotranspiration and lower 

percolation projected in current study were compared with those re-
ported by Pohanková et al. (2022) for Lednice, which is the only site 
included in both studies. The EOA index indicates whether the value of a 
specific variable over the 2051–2080 period would be higher (or lower) 
than the ensemble mean over the 1962–1990 period. In the case of 
conventional agricultural practices (CR1), the EOA index values for the 
projected increase in the yield indicated higher confidence for winter 
wheat and spring barley, lower confidence for winter oilseed rape and 
low confidence for silage maize. In the case of alternative agricultural 
practices (CR2), the agreement, as indicated by the EOA index, obtained 
in current study for all crops except for the cover crops was lower than 
that obtained by Pohanková et al. (2022). These differences were due to 
the use of different climate scenarios, different crop models in the model 
ensemble and different soil types. The projection results for the actual 
evapotranspiration and percolation also differed. The EOA index in 
current study revealed lower agreement under CR1 and higher agree-
ment under CR2 for higher actual evapotranspiration and higher 
agreement under both CRs for lower percolation.

The simulated percolation under CR2 was generally greater than that 
under CR1, even though cover crops (CR2) consume more water. A 
possible explanation is that the models simulating higher percolation 
under CR2 accounted for surface runoff when no crop was grown, and 
vice versa. Notably, the USDA–Soil Conservation Service procedure is 
employed in most of these models (Cichota et al., 2021; Mishra and 
Singh, 2003). This procedure is referred to as the curve number (CN) 
technique and accounts for the total daily precipitation, not the duration 
or intensity. Runoff is also triggered by heavy rainfall, where the soil 
becomes saturated and can no longer absorb water. The assumption 
behind this process is that there are slight microslopes even under 
approximately flat conditions, which is retained in the model settings. 
However, if runoff is simulated, a surface runoff input must be consid-
ered as well. Since the amount of simulated runoff is much greater than 
the simulated difference in evapotranspiration attributed to the cover 
crops, the ensemble means yield a decrease in percolation under CR1. 
The different ways of resolving surface runoff also explains the lower 
EOA index value for the actual evapotranspiration under CR1 than 
under CR2.

A meta-analysis of more than 1700 published simulations worldwide 
revealed that crop-level adaptive measures increase simulated yields by 
an average of 7–15 %; such adaptations include changes in cultivars, 
planting times, irrigation techniques, and crop residue management 
measures (Challinor et al., 2014). In the Netherlands, the impact of 
farm-level adaptations, including changing crops, is similar to that of 
crop-level adaptations (Reidsma et al., 2015). In Europe, average farm 
profits were calculated to increase modestly (1.5 %) with adaptation but 
could decline by 2.3 % without adaptation to climate change; these 
projections were based on both process-based models and statistical 
techniques (Moore and Lobell, 2014). Liu et al. (2019) evaluated the 
impacts of the expected range of global warming on wheat production 
without adaptation at 60 sites worldwide. At sites in Europe, the in-
crease in revenue reached up to 5 %. The authors further revealed that 
cooler regions could benefit more from moderate warming. A study of 
Belgium (de Frutos Cachorro et al., 2018) also focused on addressing 
climate change and its effects on winter wheat without adaptation to 
climate change. For winter crops (winter wheat), higher yields with 
greater variability were simulated on average under climate change. 
However, because of climate change, the water demand of crops has 

Fig. 9. EOA index values for higher yields in the future under CR1 and universal soil, where the hypothesis is based on higher simulated yields over the 2051–2080 
period than those over the 1962–1990 period. The minimum (min), 1st quartile (Q1), 2nd quartile (med), 3rd quartile (Q3) and maximum (max) of the EOA index 
derived from separate simulations are shown in the summary plot (x axis). The yield for silage maize and cover crops is the AGB; for all other crops, it is the grain 
yield. The rows show winter wheat (WW), spring barley (SB), winter oilseed rape (WRA), silage maize (SM), cover crop (WRC), winter wheat after winter oilseed rape 
(WW-WRA) and winter wheat after silage maize (WW-SM). Data are missing for the CROPSYST model over the spin-up period due to technical reasons.
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increased.

4.2. Model limitations and uncertainties

The crop model simulations in current study indicated an average 
yield increase of approximately 11 % without the use of adaptation 
measures (CR1) and a yield increase of approximately 19 % if adapta-
tion measures such as cover crops, organic manure fertilization and crop 
residue management were applied (CR2). With a possible change in 
cultivars, which is not considered in current study due to the lack of 
necessary data and the complexity of implementation, the increase in 
yields under the implementation of adaptation measures could be 
greater (Foulkes et al., 2007; Montesino-San Martín et al., 2014).

Other uncertainties not included in the crop model ensemble simu-
lations that may significantly affect the outcomes and the required 
adaptation measures are the occurrence of extreme events (Rötter et al., 
2018) and the interaction of field crops in terms of the effects of pests 
and diseases and the greater pressure due to the more favorable growth 
conditions under future climate conditions (Gobin, 2018; Reidsma et al., 
2015; Nendel et al., 2013; Schaap et al., 2013; Chakraborty and Newton, 
2011; Trnka et al., 2007). Each of the crop models could be affected by 
parameterization, specific uncertainty due to the model structure or 
limited available data for calibration (Palosuo et al., 2011). The results 
may also have been influenced by the fact that changes in the main crops 
in rotation (e.g., rye, oat, potatoes, sunflower, and sugar beet) in the 
future were not accounted for because of the number of crop models 
involved (not all models may be able to simulate other crops). Moreover, 
GCM projections exhibit uncertainties due to the model structure, 
considered scenarios and initial conditions (Woldemeskel et al., 2014). 
In current study, this issue was overcome through the implementation of 
four GCMs under contrasting scenarios, namely, RCP 2.6 and RCP 8.5. 
To obtain a corresponding statistical sample of outputs for robust eval-
uation, 20 individual implementations of meteorological elements in 
daily steps were employed for each possible scenario combination.

Since we used an algorithm to generate automatic mineral fertil-
ization based on the available soil mineral nitrogen at the plant specific 
fertilization dates, the total amount of plant available nitrogen supply 
may not differ much during the growing period in both rotations. 
However, the temporal dynamic of N release from residues and manure 
is different from mineral fertilizer applications leading to differences, e. 
g., in nitrate leaching. On the long term application of organic material 
has an impact on soil organic matter and the mineralization potential of 
soils, which results in lower mineral fertilizer doses under CR2 after long 
term simulation. Soil organic carbon and nitrogen dynamics will be 
separately analyzed in an upcoming paper, similar to the study of 
Pohanková et al. (2024). Since the soil properties remained constant and 
the simulations were performed under no nitrogen limitations, the ef-
fects of climate change and CR on the crop yield and water balance could 
be analyzed independently in current study.

With regard to the crop models included in current study, certain 
outputs were missing due to technical reasons under continuous rota-
tions (for example, CROPSYST model data for the spin-up period and 
DSSAT model outputs for CR2, Ukkel, Müncheberg and site-specific soil, 
etc.). However, the interpretation of the results remains valid. The EOA 
index is a measure of the confidence level according to the available 
information. In some cases, the availability of 8 or even 7 members 
instead of 9 is sufficient (Pohanková et al., 2022).

Similar to the study of Reidsma et al. (2015), the crop models also 
projected relatively positive impacts of climate change on crop yields. As 

mentioned above, certain hazards that may occur more frequently in the 
future were not considered in the projections. Therefore, it would be 
appropriate to consider and incorporate available adaptation and miti-
gation measures within field crop cultivation that could help mitigate 
the effects of climate change (e.g., new cultivars, technology changes, 
the return of organic matter to the soil, the reduction in soil erosion, 
measures against drought, the proper use of water resources for irriga-
tion or the reduction in the impact of heat waves, for example, by 
establishing wider ridges for planting).

5. Conclusions

The expected effects of climate change on production and water use 
were evaluated under future climate conditions in Europe. The strength 
of this study is that continuous CR simulations (1961–2080) were used 
via an ensemble of nine crop models. The results indicated that, in the 
future, a greater spatial variability in the yield can be expected, which is 
likely caused by the expected increase in the air temperature and not by 
the expected increase, or even decrease, in the total precipitation. As a 
result, there will be a greater difference between currently drier and 
warmer sites where crops are already limited by water and where the 
yield will decrease and cooler and wetter sites with relatively sufficient 
precipitation and a lower average air temperature in the future, where 
the yield will increase.

The results indicated the smallest increase or even a decrease in the 
yield of spring barley (-11–20 %) and silage maize (-24–23 %, except at 
Ødum, where the increase reached 80 %) at almost all the sites, which 
was caused by changes in both the temperature and precipitation. The 
variability in precipitation, which increases in winter according to the 
scenarios considered, may have contributed to the positive yield trend in 
winter wheat and the higher biomass production of cover crops. The 
crop model ensemble projected increases in the actual evapotranspira-
tion under climate change at all sites. This trend was greater under CR2 
and could affect the long-term soil water balance and soil regime in the 
case of rainfed agriculture.

The availability of data for crop model calibration is limited, and 
varieties of crops are likely locally adapted, which was not considered in 
crop model calibration herein. Therefore, this study should be regarded 
as a first attempt to investigate the transient effects of climate change on 
differently managed CRs via a crop model ensemble.
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