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Abstract
The European Union is highly dependent on soybean imports from overseas to meet 
its protein demands. Individual Member States have been quick to declare self-
sufficiency targets for plant-based proteins, but detailed strategies are still lacking. 
Rising global temperatures have painted an image of a bright future for soybean pro-
duction in Europe, but emerging climatic risks such as drought have so far not been 
included in any of those outlooks. Here, we present simulations of future soybean 
production and the most prominent risk factors across Europe using an ensemble 
of climate and soybean growth models. Projections suggest a substantial increase in 
potential soybean production area and productivity in Central Europe, while southern 
European production would become increasingly dependent on supplementary irriga-
tion. Average productivity would rise by 8.3% (RCP 4.5) to 8.7% (RCP 8.5) as a result 
of improved growing conditions (plant physiology benefiting from rising temperature 
and CO2 levels) and farmers adapting to them by using cultivars with longer pheno-
logical cycles. Suitable production area would rise by 31.4% (RCP 4.5) to 37.7% (RCP 
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1  |  INTRODUC TION

The European Union (EU) estimated its annual demand for plant 
proteins at 27 million tonnes, of which 93% was required for 
animal production, with only 0.15% for human consumption 
(European_Commission,  2018). Each year, the EU imports around 
17 million tonnes of crude proteins, including 12 million tonnes of 
soybean proteins, most of which come from Brazil, Argentina and 
the United States (Eurostat,  2021). Environmental and social con-
cerns have led the European Commission to issue a plant protein 
strategy (European_Commission, 2018) to reduce Europe's depen-
dency on protein imported from overseas. One declared objective 
of this strategy is to make cultivation of soybean and other protein 
crops in Europe more profitable and competitive. This also reflects 
the European Commission's awareness of the need to reduce meat-
based diets as an important cornerstone in the battle against climate 
change, health problems among Europeans (Willett et al.,  2019) 
and deforestation in the Amazon Region (Karlsson et al., 2021). The 
Green Deal (European_Commission, 2019) should support this strat-
egy by highlighting soybean and other legumes as key constituents 
in the diversification strategy towards more sustainable farming. 
Promoting vegetable proteins in line with this goal requires greater 
production of legume crops. Among these, soybean exhibits the 
largest potential, on account of its high seed protein concentration 
of 39%–48% on a dry matter basis (e.g. Karges et al., 2022), the large 
temperature range in which it can be cultivated, and the wealth of 
existing agronomic knowledge from other continents. When tapping 
the still underused potential of soybean for human consumption 
(Siebert & Tränkner-Benslimane, 2020), European producers have a 
competitive advantage since soybean production on the continent 
avoids genetically modified varieties (Eriksson et al.,  2019), which 
the majority of European consumers see as a benefit.

In Europe, soybean still plays a minor role in agriculture. Only 2.7 
million tonnes of soybean were produced in the EU in 2020/2021, 
while non-EU European countries produced another 8.4 million 
tonnes (Eurostat, 2021; FAOSTAT, 2019). The few areas in Europe 
where soybean is grown are concentrated between 45°N and 50°N 
latitude, with the largest production in 2019 in eastern Europe 
(Ukraine, 3.7 million tonnes; Serbia, 0.7 million tonnes; Romania 0.4 

million tonnes) and in the northern Mediterranean (Italy, 1.0 million 
tonnes; France, 0.4 million tonnes) (FAOSTAT, 2019). Based on agro-
nomical knowledge, the general impression of climatic restrictions 
to soybean cultivation in Europe is as follows: to the east—towards 
a more continental climate—frequent drought and the risk of early-
season cold shocks limit production, while a lower temperature re-
gime and the risk of autumn rains that can hamper harvests both 
restrict soybean production further north. Insufficient soil water 
availability is the major constraint to production in the south, while 
heat stress has not yet led any to notable production risk. Climate 
change is expected to alter this picture through two different mech-
anisms: First, farmers' need to adapt production systems to the 
changing climate, which is likely to result in strong demand for di-
versifying their crop portfolio as a hedging strategy to mitigate the 
increasing risk of yield losses and in reviving long-known ecological 
principles of maintaining soil and crop health (Hufnagel et al., 2020). 
Profitable legume crops, such as soybean, are surely among the best 
options for this purpose (Reckling et al.,  2020). Second, the pro-
jected increase in temperature in Europe will move the area suitable 
for soybean cultivation northwards (Karges et al., 2022), potentially 
expanding this area, while allowing for higher-yielding varieties in 
current soybean production areas (Coleman et al., 2021; Toleikiene 
et al., 2021). At the same time, increases in temperature and atmo-
spheric CO2 levels have a positive impact on physiological processes 
in the plant, allowing for more efficient photosynthesis and water 
use, and consequently higher productivity (Ainsworth et al., 2002; 
Kothari et al., 2022; Tacarindua et al., 2013).

Economically viable soybean cultivation requires environmental 
conditions that suit the crop in terms of day length, temperature and 
rainfall or available irrigation water. Soybean requires a sufficient 
number of warm days to mature. Karges et al. (2022) reported that 
969–1036 Growing Degree Days above a base temperature of 10°C 
were sufficient for a site in Central Europe. The temperature below 
which soybean growth is significantly hampered varies considerably 
from variety to variety, and there is no detailed analysis on soybean 
base temperature for Europe. A base temperature of 10°C seems 
to be an accepted representative value among soybean agrono-
mists (Avila et al., 2013; Hatfield & Egli, 1974; compare also Sinclair 
et al.,  2005). A similar uncertainty exists for temperatures critical 
for flower abscission (‘blossom drop’; Kurosaki & Yumoto, 2003) and 

8.5) by the mid-century, contributing considerably more than productivity increase 
to the production potential for closing the protein gap in Europe. While wet condi-
tions at harvest and incidental cold spells are the current key challenges for extending 
soybean production, the models and climate data analysis anticipate that drought and 
heat will become the dominant limitations in the future. Breeding for heat-tolerant 
and water-efficient genotypes is needed to further improve soybean adaptation to 
changing climatic conditions.

K E Y W O R D S
genotypes, legumes, maturity groups, protein crops, protein transition, resilience
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seed cracking (Yamaguchi et al., 2014), a common soybean response 
to cold temperatures around flowering, with negative consequences 
for seed yields. Threshold values for blossom drop and seed crack-
ing were reported between 10 and 13°C (Kurosaki & Yumoto, 2003; 
Ohnishi et al.,  2010; Staniak et al.,  2021; Yamaguchi et al.,  2014). 
While cold snaps with temperatures below these thresholds some-
times occur in the early soybean growing season (Żarski et al., 2019), 
late frost is—to our knowledge—not a serious problem, as farmers 
sow relatively late in the season to minimise this risk.

Soybean photosensitivity is genetically controlled by multiple 
loci, known as the E series (Jiang et al., 2014; Kurasch et al., 2017). 
Mutations result in photoperiod insensitivity, and different combina-
tions of photoperiod-insensitive alleles affect the rate of development 
towards physiological maturity (Jia et al., 2014; Tsubokura et al., 2014). 
Kurasch et al.  (2017) described how photoperiod influences the de-
velopment rate towards flowering and maturity of soybean, and 
demonstrated the interaction of photosensitivity and temperature for 
a range of varieties. Photoperiod-insensitive cultivars seem to be more 
strongly influenced by temperature, with higher temperatures result-
ing in earlier flowering (Kurasch et al., 2017; Sun et al., 2011). Breeding 
has resulted in a large range of varieties suitable for day length and 
temperature zones that range from southern Sweden into the tropics, 
and a widely accepted key initially classified them into nine maturity 
groups (MG) 0–VIII (US Regional Soybean Laboratory,  1946, 1953). 
Later breeding efforts for long-day suitability gradually added three 
more groups at the lower end (0000–00: Jia et al., 2014). Even though 
this day length × temperature range covered by the MGs already al-
lows a broad adaptation across Europe, the early MGs—especially 
0000—currently produce significantly lower yields (Ortel et al., 2020) 
and are, therefore, not very attractive. Season length, as a combination 
of both factors, is, therefore, still a major constraint for growing soy-
bean in northern latitudes (Yang et al., 2019).

Sufficient water supply is needed at the time of germination and 
flowering (Mandić et al., 2017). In regions where rainfall is not always 
available as this water supply, production of soybean is at risk of yield 
failures due to drought in critical periods (Zipper et al., 2016). Where 
sufficient water is available in water bodies, irrigation is used to mit-
igate this risk. Current breeding efforts have concentrated on devel-
oping more drought-tolerant varieties as well as on weed-suppressing 
traits (Klaiss et al., 2020), especially for organic production systems. 
Rainfall during the later phase of the season, however, can have neg-
ative effects on the production process. Since soybean will be in the 
field until autumn in the northern parts of Europe, the risk of higher 
rainfall rates increases towards the harvest period. Soybean pods are 
fragile, and repeated cycles of drying and wetting increase pod shat-
tering and loss of seeds (Đorđević et al., 2021). From the technological 
perspective, a wet canopy impedes the harvesting process because 
combine harvesters may clog, and subsequent drying of the seeds may 
be necessary, which is expensive. In addition, wet soils may prevent 
heavy combine harvesters from traversing fields.

High temperatures affect soybean growth and yield formation in 
various ways (Nahar et al.,  2016). Most importantly, high tempera-
tures increase the abscission of flowers and pods and reduce pollen 

viability and stigma receptivity (Boote et al., 2005; Koti et al., 2007; 
Puteh et al., 2013). Furthermore, the general exceedance of the op-
timum temperature range for photosynthesis—while respiration still 
responds positively due to its higher temperature optimum—leads to 
a reduced assimilate balance, and a negative overall growth response 
(Boote et al.,  2005). The critical temperatures above which physio-
logical processes in soybean are seriously affected are wide-ranging 
(Nahar et al., 2016). However, first heat-related yield penalties seem to 
manifest already at temperatures above 30°C (Egli & Wardlaw, 1980; 
Gibson & Mullen, 1996; Schlenker & Roberts, 2009). Irrigation does not 
only mitigate drought but also heat stress, because a transpiring soy-
bean crop cools down its canopy by up to 4.5 K (Ghafarian et al., 2022).

Estimates on future soybean cropping opportunities in Europe have 
so far concentrated on the projection of soybean phenology under 
future climate conditions in Europe, using simple eco-physiological 
models or photothermal algorithms (Lamichhane et al., 2020; Schoving 
et al.,  2020). Data-driven approaches suggest that the production 
potential in Europe will significantly increase in the future (Guilpart 
et al.,  2022). However, two questions remain: First, to what extent 
will the southern border of the current suitability range also move 
to the north, when the risk of heat and drought makes some exist-
ing soybean production areas unprofitable? Second, what increase in 
soybean-growing potential can be expected as a result of expanded 
area, increased productivity via temperature and CO2 changes, and 
the opportunity to grow higher-yielding varieties? To answer these 
questions, mechanistic agroecosystem models (AEMs) are required, 
which are constructed to predict plant growth and yield formation 
based on biophysical processes. In contrast to data-driven approaches, 
these models allow a profound analysis of yield-reducing factors that 
contribute to spatio-temporal patterns emerging from the simulations, 
and the consideration of different soybean maturity groups, given that 
their yield potential differs substantially.

The overall aim of this study was to assess Europe's future soy-
bean production potential. The objectives were to (i) project the 
future distribution of recommended soybean maturity groups for 
maximum yield and yield stability in response to their demand for 
specific soil-climate conditions, (ii) simulate the productivity and 
potential area expansion under future climate conditions and (iii) 
analyse the most important yield-limiting climatic factors, that is, 
drought, heat, cold temperatures, length of the growing season and 
wet conditions during harvest, to identify areas with low production 
risk. All objectives were investigated using an ensemble of four ro-
bust mechanistic simulation models for soybean growth in a gridded 
simulation across Europe.

2  |  MATERIAL S AND METHODS

2.1  |  Historical and future climate data

Observed and future projections of climate data were based on 
the data set developed by Webber et al. (2018). Daily gridded data 
(25 km2) for the hindcast period (1980–2010) was obtained from 
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the Joint Research Centre's (JRC) Agri4Cast database (version 2.0) 
for the variables daily minimum, average and maximum surface 
air temperature, precipitation, 10-m wind speed, global radiation, 
and actual vapour pressure at 25 km spatial resolution for Europe 
covering the EU-27 countries plus UK, Croatia, Serbia, Bosnia and 
Herzegovina, Montenegro, Albania, North Macedonia, Norway, 
Liechtenstein and Switzerland. Wind speed was converted to 
an estimate at 2  m height following Allen and Wright  (1997). 
Climate projections for the period 2040–2069 were constructed 
for five global climate models (GCMs: GFDL-CM3, GISS-E2-R, 
HadGEM2-ES, MIROC5 and MPI-ESM-MR) under the RCP4.5 and 
8.5 forcing scenario. The climate projections were calculated using 
an enhanced delta change method that applies changes simulated 
by GCMs for aspects of temperature and precipitation variabil-
ity in addition to changes in mean climate, as described in Ruane 
et al. (2015). Global radiation was increased by 10% when a wet day 
in the hindcast became dry in the scenario, and decreased by 10% 
when a dry day turned into a wet day. The five GCMs were selected 
out of a larger ensemble from CMIP5 (Taylor et al., 2012) to capture 
the likely range of regional climate changes projected in Europe fol-
lowing the approach described in Ruane and Mcdermid (2017). The 
climate data is available at https://doi.org/10.4228/zalf.vjcp-vep3. 
CO2 concentrations in the crop models were fixed at 360 ppm for 
the hindcast, 499 ppm for the RCP 4.5 and 571 ppm for the RCP 8.5 
scenario, respectively (Webber et al., 2018).

2.2  |  Soil data

Soil data were obtained from the European Soil Database at 1 km2 
resolution (Hiederer, 2013). The data include organic carbon, bulk 
density, texture fractions and rooting depth for topsoil (0–30 cm) and 
subsoil layer (30 cm—lower boundary). The soil data can be accessed 
from the website of the Joint Research Centre at https://esdac.jrc.
ec.europa.eu/conte​nt/europ​ean-soil-datab​ase-deriv​ed-data.

2.3  |  Soybean data

Experimental data for model calibration and evaluation included 14 
sites in France, Germany, Poland and Serbia, 13 years of observa-
tions (2006–2018), 21 cultivars from six maturity groups (II, I, 0, 00, 
000, 0000), observations on crop management (irrigation, fertilisa-
tion, the dates of sowing) and phenological stages (crop emergence, 
the first flowers, the first pods, the first seeds, maturity and har-
vest), and productivity. All sites were controlled for weeds, pests 
and diseases. The grain yield ranged from 674 to 5402 kg ha−1. The 
large majority of sowing dates ranged between 15 March and 15 
May, with some exceptions for experimental reasons (to test early 
and late sowing dates); the harvest dates ranged from 17 August to 
17 October. The data is available in the supplementary information 
(Table S1). Soil and weather data for the individual sites are provided 
in an open repository (https://github.com/zalf-rpm/soybe​anEu-pub).

2.4  |  Agroecosystem models

Agroecosystem models simulate crop growth and yield formation 
in response to weather, site conditions and management. The term 
‘yield’ in the context of this study always refers to dry-matter soy-
bean seed yield. Any attempt to relate the simulated yields reported 
here to actual farmers' yields needs to consider the remaining seed 
moisture at harvest, as well as the fact that soybean yields are af-
fected not only by the interplay of weather and soil but also by 
micro-nutrient availability, weeds, pests, diseases and the manage-
ment of these factors, which most AEMs do not consider. Beyond 
the capabilities of crop models, AEMs stand out by simulating con-
tinuous nutrient and water dynamics in the plant–soil system and 
the corresponding performance of different crops in sequence and 
long-term rotations, mimicking real agricultural production systems. 
Four well-established AEMs were selected for this study for their 
general ability to simulate soybean and to run massively parallel on a 
multi-core computer cluster.

All models include rigorously tested routines that enable them to 
reproduce the response of photosynthesis to temperature and atmo-
spheric CO2 concentrations, and of respiration and ontogenesis to 
temperature; water supply to the plant is simulated via well-tested 
approaches to simulate water movement in differently textured soils, 
soil water uptake via a depth-distributed rooting system and weather-
related drivers controlling transpiration, including CO2. Deficient 
water supply is considered to reduce plant growth via the photosyn-
thesis and respiration pathway. All models also include a routine for 
representing biological nitrogen fixation in the soybean roots and ad-
ditional uptake of mineral nitrogen from the soil. However, the models 
do not always include algorithms that reproduce the effects of criti-
cal heat or cold on specific physiological responses, such as flower 
abscission, seed cracking, pollen viability or stigma receptivity. This 
limitation will be addressed later. For more details on model develop-
ment and testing for individual physiological processes, the reader is 
referred to the model documentation referred to in Table 1.

All models assume that the seed protein concentration will re-
main largely unaffected by elevated temperature and CO2 levels, 
meaning that soybean yields translate directly into protein yields. 
Experimental evidence, however, indicates that soybean seed pro-
tein may decrease slightly under elevated CO2 levels (Li et al., 2018; 
Soares et al., 2021).

2.5  |  Model calibration

The AEMs have been calibrated and tested for simulating soybeans 
in Europe. APSIM (Holzworth et al., 2014) has been parameterised 
before for soybean in Australia (Denner et al.,  1998; Robertson & 
Carberry, 1998) and the United States, covering MGs from 00 to VI 
(Archontoulis et al., 2014). MONICA (Nendel et al., 2011) has been 
previously parameterised to simulate soybean in Brazil, covering 
MGs ranging from VII to IX (Battisti, Parker, et al.,  2017; Carauta 
et al., 2018; Hampf et al., 2020). HERMES (Kersebaum, 2007) exhibits 
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a crop module similar to MONICA and has been parameterised once 
for maize–soybean crop rotation in Iowa, USA (Malone et al., 2017) 
for soybean varieties of MG II. However, it was first calibrated for 
different soybean MGs using the data provided for this calibration 
exercise. STICS (Brisson et al., 2003) has been calibrated and tested 
for soybean MGs 00 to II in Canada (Jégo et al., 2010) and a range of 
MGs in southern France (Schoving et al., 2022). APSIM, MONICA and 
STICS also underwent joint testing against further data sets within an 
AgMIP model intercomparison exercise (Kothari et al., 2022).

The following indices were used to evaluate model performance:
The root-mean-square error (RMSE) describes in absolute terms 

the deviation between predicted and observed values. It was cal-
culated as:

where n is the number of treatments, Pi represents the estimate of the 
ith treatment, and Oi represents the ith observed value. This error met-
ric is preferred for normally distributed data (Hodson, 2022).

The mean bias error (MBE) was used as an indicator of the direc-
tion and magnitude of bias, signifying a systematic under- or over-
prediction of the model. It was calculated as:

The refined version of Willmott's Index of Agreement (dr) (Willmott 
et al., 2012) uses error variances, not absolute errors, and is seen as a 
goodness-of-fit indicator. It was calculated as:

where Ō represents the average observed value for all treatments. 
Ranging in [0; 1], this indicator yields 1.0 in the case of perfect 
agreement.

For this particular study, all four AEMs were provided with yield 
and phenology data from the experimental data across multiple sites 
and years (Table S1). The data set was split by MG to receive two 
independent data sets with a similar number of site × year combi-
nations for calibration and testing (Table 2). These MGs cover the 
soybean varieties currently grown across Europe. No yield and phe-
nology data is currently available from Europe for MG III, which is 
likely to be introduced to this continent within the period covered by 
this study. Modellers extrapolated MG III parameters based on their 
experience with soybean grown in the United States. Further details 
on the calibration and testing data set and on the calibration proce-
dure for the individual models are provided in the supplementary 
material. Calibration and testing results for the individual models are 
displayed in Figure 1; the respective performance indicators are dis-
played in Table 2. The performance indicators show an RSME rang-
ing from 467 to 1274 kg ha−1 (90% quantiles) for soybean dry matter 
seed yield across all models and MGs using the independent test 
data set, which is considered a good result for the range of soybean 
varieties considered (compare Kothari et al.,  2022). Applying four 
suitable models in ensemble mode further reduces the prediction 
error considerably (Martre et al., 2015; Wallach et al., 2018).

2.6  |  Agroecosystem model simulations

For each of the grid cells, we applied the models using all six soybean 
variety parameterisations (0000–II) and including a seventh (III) for 
future scenarios. The AEMs triggered soybean sowing each season 
between 15 March and 15 May when air temperature exceeded 9°C 
(7 days moving average) and soil temperature exceeded 7°C (5 days 
moving average). This is a one degree lower threshold, as known for 
later MGs (III–V; Alsajri et al., 2019), owing to the cold-temperature 
adaptation of the earlier MGs (Ritter & Bykova, 2021). Harvest was 
triggered at simulated maturity. The models were run in continuous 
mode for 30 years for a 1 km2 grid across Europe for each maturity 
group, without any fertiliser application for soybean, in rotation with 
medium-maturing maize (standard variety in each of the models) to 
mimic appropriate soil moisture conditions at the beginning of the 
season across the different climate zones of Europe. Two simulations 
were run; one starting with soybean in the first year followed by 
maize in the second year, and another covering the opposite combi-
nation, so that for each of the 30 years soybean yield was available 
for analysis. Each 30-year simulation was preceded by a one-season 
spin-up period to ensure soil moisture levels that are representative 
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TA B L E  1  Agroecosystem model versions and availability

Model Version Source

APSIM (Holzworth et al., 2014) 7.9 https://www.apsim.info/downl​oad-apsim/​downl​oads/

MONICA (Nendel et al., 2011) 3.2.6.195 https://github.com/zalf-rpm/monic​a/relea​ses/tag/3.2.6.195

HERMES (Kersebaum, 2007) Hermes2Go v0.1.0 https://github.com/zalf-rpm/Herme​s2Go/relea​ses/tag/v0.1.0

STICS (Brisson et al., 2003) Stics-9.0 https://www6.paca.inrae.fr/stics_eng/Download
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of the respective pixel. The maize crop is supplied with sufficient fer-
tiliser to grow, either by automatically calculated fertiliser applica-
tions or by inactivating the nitrogen response function, allowing for 
a plausible simulation of the water uptake by an optimally managed 
maize and the accumulation of soil moisture deficit between crops 
in the rotation when consecutive drought years occur. The first set 
of simulations was conducted for rainfed conditions, the second 
with additional rule-based irrigation (water being added whenever 
the simulated soil moisture falls below a defined model-specific 
threshold value) being activated to ensure optimal water supply for 
producing potential yields. Since not all models are equipped with 
suitable algorithms for simulating blossom drop or seed cracking, 
these responses were, therefore, analysed separately based on only 
weather data for the identification of production risk from low tem-
peratures around flowering. This also applies to the model's ability to 
simulate heat stress. Since not all models are equipped with suitable 
heat stress algorithms, heat stress was identified from high tempera-
tures during flowering and pod setting. Furthermore, not all models 
are equipped with algorithms that delay the harvest trigger on the 
basis of soil moisture being at or above field capacity to represent 
field trafficability. We again remain with only a meteorological rule, 
also to integrate other reasons why farmers would not harvest a wet 
crop: combine harvesters would clog, impeding a quick harvest, and 
wet seeds would require post-harvest drying, which is expensive. 

The rainfall-related rule is a compromise to represent all these issues 
with rain falling at harvest time.

2.7  |  Data analysis—Yields and maturity groups

For each individual AEM, we identified the MG that produced the 
highest yields in each grid cell pixel. According to previous agro-
nomic knowledge, MGs that (i) did not mature before 15 October, 
(ii) produced less than 900 kg ha−1 or (iii) produced less than 20% of 
the average yield across MGs in 3 out of 30 years were considered as 
yield failure and assigned ‘na’ in the particular grid cell. These quality 
criteria represent the assumption that farmers would not grow a ma-
turity group that does not mature in time or is at >10% risk of a se-
vere yield failure. The MG with the highest yield and lowest standard 
deviation was selected from the remaining MGs. This MG reflects 
the farmer's desire for higher yield stability. If none of the six MGs 
passed the quality criteria, the yield was reported as ‘na’. The me-
dian MG across the five GCMs was then selected. If two MGs were 
equally frequent, the one with the highest number of the same MG in 
the surrounding grid cells was selected (moving window). To display 
the yield per grid cell, the yield of the respective best-performing 
MG was averaged over the GCMs and the standard error indicating 
the uncertainty emanating from the GCM selection was calculated. 

F I G U R E  1  Calibration and testing of the four agroecosystem models APSIM, MONICA, HERMES and STICS against soybean data from 
various sites across Europe. Phenology results include dates for seed emergence, the beginning of flowering (R1), the appearance of the first 
pod (R3) and beginning of pod maturity (R7), and integrate over all maturity groups (STICS does not explicitly simulate R3). Yield results show 
dry matter seed yields for each maturity group separately. The solid line signifies equality between simulated and observed values.
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In a subsequent step, the yield per grid cell was averaged over the 
AEMs. In the end, each grid cell displays a yield value that emerged 
from a 5 GCM × 4 AEM ensemble for the future scenario, and a 4 
AEM ensemble for the hindcast. We further combined rainfed and 
irrigated soybean simulations into one map, using the MIRCA2000 
(Portmann et al.,  2010) data set for irrigated soybean as a mask 
(Figure  2) in such a way that grid cells in irrigated areas presume 
production under 100% irrigation. The mask was equally applied for 
the historic and future applications since no qualified assumption for 
future distribution of irrigation practices is at hand. This approach 
reflects the fact that, in high-yielding soybean production areas in 
Europe, supplementary irrigation is frequently applied. Pixels identi-
fied as being at risk of cold snaps or too wet conditions at harvest 
(see below) were reported with zero yield.

For the summary, yields were weighed by the share of agricul-
tural land in each pixel as provided by the Earthstat (2000) data set 
(Ramankutty et al., 2008), and then summed up across pixels. For 
the future scenario, we remain with the same assumption for the 
distribution of agricultural land across Europe.

2.8  |  Data analysis—Production risk

We identified five major risk factors for soybean production in 
Europe from previous agronomic knowledge: drought, heat, season 
length, cold snaps around flowering, and rainfall during the harvest 
period. Drought and season length were derived from the AEM sim-
ulations, while heat stress, cold snaps and wet harvest conditions 
were extracted directly from the climate data. We display a pixel 
as being potentially under risk of drought if the rainfed yield falls 
below 2.0  t ha−1 and irrigated yield simultaneously exceeded the 
rainfed yield by 50%. An overly short season as a limiting factor is 
flagged if the soybean does not reach maturity before 15 October in 
six or more seasons out of 30. For this study, we assumed that heat 
stress causes significant damage when the photoperiod air tempera-
ture within 32 days after the first simulated day of flowering exceeds 
30°C for at least 3 days, and becomes relevant for farmers' decision-
making when this happens in 6 or more out of 30 years. The photo-
period air temperature (Tphoto) calculates as

where Tmax is the maximum and Tmin is the minimum daily air tem-
perature measured at 2  m height above the ground (Mirschel & 
Wenkel, 2007).

Cold snaps are defined as the minimum temperature in July and 
August falling below +5°C once in 6 or more out of 30 years. Finally, 
too wet harvest conditions are exhibited if rain falls within 10 days of 
soybean maturity in 10 years or more out of 30 years. A dry period of 
two or more consecutive days overrules this criterion. There is little 
quantifiable evidence in the literature for many of the crop failure 
conditions used here for this study, and yet these effects exist. We 

see our approach as a first attempt to visualise these effects and 
hope to be challenged by other research groups that come up later 
with better-suited algorithms.

2.9  |  Data analysis—Uncertainty

As a measure of uncertainty, the standard deviation of the yields 
simulated using the AEMs was apportioned into a contribution of the 
AEMs and the underlying GCMs. Uncertainty caused by the AEMs 
was calculated as the standard deviation of the AEMs separate for 
each individual GCM, and then averaged across the GCMs. The un-
certainty caused by the GCMs was calculated from individual AEMs 
simulating all GCMs and then averaged across the AEMs.

2.10  |  Data analysis—Deconstructing 
physiological and adaptation effects

In a bid to identify the share of the MG adaptation in the overall pro-
ductivity gain, we compared the simulated future scenarios against a 
simulation in which the MGs remained constant in each pixel, that is, 
for those pixels identified as soybean growing area in the hindcast, we 
applied future climate scenarios without changing the MG. A positive 
difference between the respective climate scenario and the hindcast 
was then interpreted as the yield gain that emerges from plant physio-
logical processes directly responding to the elevated temperature and 
CO2 levels. Subtracting this from the difference between hindcast and 

(4)Tphoto = Tmax −
Tmax − Tmin

4
,

F I G U R E  2  MIRCA2000 mask for the irrigated soybean area 
(Portmann et al., 2010).

 13652486, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16562 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [05/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  1349NENDEL et al.

future climate scenarios for the simulations in which farmers chose an 
MG with higher heat requirement and yield potential gives the yield 
gain caused by the adaptation only. Division by the total yield gain 
(physiological plus adaptation effect) results in the share of the adap-
tation effect in the total yield gain (Equation 5). Negative yield differ-
ences also occurred, despite the choice of a longer-growing MG. In this 
case, the decision to use a better-suited MG prevented an even higher 
yield loss. In some cases, the algorithm also chose a different MG for 
a more stable yield over time. These cases were not further analysed.

where AE is the share of the adaptation effect in the total yield gain, Yb 
is the soybean yield in the hindcast, Yf is the yield in the future climate 
scenarios with adaptation, and Ybf is the yield in the future climate sce-
narios with constant MG.

3  |  RESULTS

3.1  |  Projected maturity group distributions, yields 
and production risks

We found that the simulated current distribution of soybean matu-
rity groups across the European continent was plausible, with MG 
0000 being grown in the coastal areas bordering the Baltic Sea and 
the North Sea to the south (Figure 3a), albeit with unprofitable yield 
expectations (<0.9 t ha−1, Figure 4a), with the later MGs appearing 
gradually towards the south, and with MG II appearing in distinct 
areas scattered around the Mediterranean and the Balkan area 
(Figure 3a). The highest average yields of >4.5 t ha−1 were simulated 
in irrigated areas in central and western France, northern Italy and 
Romania, which closely reflect current soybean production areas 

(Figure 4a). Production limits were imposed by drought in large areas 
south of 42°N latitude (south of 48°N latitude in eastern Europe, 
apart from the Dinaric Alps), and an overly short season in south-
ern England, the coastal areas around the Baltic Sea, and higher-
elevation areas in Central Europe (where cold snaps would also pose 
a risk; Figure 5a). Rain at harvest was mainly a risk on the British Isles 
and in Brittany, and cold temperatures also limited production in 
Scandinavia (Figure 5a). Heat was identified as a risk only in smaller 
areas in the Po Valley and the great Hungarian plain.

Under climate scenarios for the period 2040–2069 for radia-
tive forcing of 4.5 Wm−2 (RCP 4.5, Figure  3b), the simulated MG 
distribution shifted northwards, allowing for MGs 000 and 00 in 
coastal areas of southern Sweden and Finland, while MG 0000 de-
creased in importance. MG III appeared in the southern parts of the 
Mediterranean countries. The projections revealed economically 
viable yields (2–3 t ha−1) in England, Denmark and the Baltic states 
(Figure 4b), where the risk to production was also projected to be-
come negligible (Figure 5b). In Central Europe, production risks due 
to cold temperatures remained only in highland areas and mountain 
ranges. In France and eastern Europe, the projected drought risk in-
creased, while the risk of heat stress emerged mainly in France, the 
Po Valley and the Pannonian Basin (Figure 5b).

For the same future period, but based on radiative forcing of 
8.5  Wm−2 (RCP 8.5, Figure  3c), the MG 0000 has almost vanished, 
while MG 0 comes out as the better choice more prominently in Poland, 
Sweden and Finland. South of the Po Valley in Italy, MG 00 outper-
forms MG 0, which was the better-performing MG under the RCP 4.5 
scenario, demonstrating a reverse development under increasing tem-
perature, despite being irrigated. In addition, MG III is no longer the 
preferred selection in Apulia under RCP 8.5, in contrast to the RCP 4.5 
scenario, and does not gain further importance in other regions either 
(Figure 3c). The yield levels and the production risk remained virtually 
unchanged from RCP 4.5 to RCP 8.5 (Figures 4c and 5c). Only the risk 
due to heat stress is projected to further increase under RCP 8.5.

(5)AE =

(
Yf − Yb

)
−
(
Ybf − Yb

)
Yf − Yb

× 100% ,

F I G U R E  3  The soybean maturity group (0000—Extremely early; III—Middle) that produced the highest yield in individual pixels in a 
simulation of an ensemble of four crop models. 1981–2010 hindcast (a), 2040–2069 RCP 4.5 scenario ensemble mean of five global climate 
models (b), 2040–2069 RCP 8.5 scenario ensemble mean of five global climate models (c). Note that MG III was only introduced for the 
future scenarios.
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1350  |    NENDEL et al.

The simulations suggest that the suitability for certain soybean 
maturity groups will move northward along the latitudinal gra-
dient of Europe (Figure  6). While soybean yields were simulated 
to increase under future climate scenarios above 45°N latitude 
compared with historic climate conditions, they tend to decrease 
further south (Figure 7). The risk of cold snaps is projected to de-
crease constantly under future climate scenarios across Europe. At 
the same time, drought risk is expected to increase significantly in 
northern areas above 50° latitude, while southern areas are already 
at high risk of drought (Figure 8). The risk of rain during harvest-
ing increased significantly in the simulations under future climate 
scenarios in central and northern areas, and the risk of an overly 
short season decreased for areas between 45° and 60° latitude 
(Figure 8). The risk of heat stress impairing production is projected 
to increase drastically between 40° and 53° latitude in both future 
scenarios, but to a more pronounced extent in the RCP 8.5 projec-
tion (Figure 8).

Across Europe, productivity under rainfed conditions increased 
from 1.4 to 1.7–1.9 t ha−1 from historic to future climate scenarios, 
and under irrigation from 3.9 to 4.2  t ha−1, respectively (Table  3). 
The suitable production area increased by 54%–65% and 5%–6% for 
rainfed and irrigated systems, respectively. However, the area under 
drought risk increased by 28%–29% in large parts of Europe; rain 
during harvest increased in certain areas such as Ireland. Short sea-
sons and cold snaps during flowering decreased by 29%–33% and 
46%–54%, respectively. Heat stress, which plays no significant role 
in the historic simulations, emerges on 590,000–925,000 km2 in the 
future climate scenarios (Table 3).

3.2  |  Uncertainty of simulations

The standard deviation across Europe of the AEM ensemble is 
1080 kg ha−1 for the historical time slice, and for the full GCM × AEM 

F I G U R E  4  Soybean dry matter seed yields in Europe as simulated by an ensemble of four crop models. 1981–2010 hindcast (a), 2040–
2069 RCP 4.5 scenario ensemble mean of five global climate models (b), 2040–2069 RCP 8.5 scenario ensemble mean of five global climate 
models (c).

F I G U R E  5  Soybean yield failure risk due to drought (D), heat above 30°C during flowering (H), overly short season (S), overly wet 
conditions during harvest (R) and cold snaps below 5°C during July and august (c), and their compound effects. 1981–2010 hindcast (a), 
2040–2069 RCP 4.5 scenario ensemble mean of five global climate models (b), 2040–2069 RCP 8.5 scenario ensemble mean of five global 
climate models (c).
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    |  1351NENDEL et al.

ensemble 1060 kg ha−1 and 1090 kg ha−1 under the RCP 4.5 (Figure 9a) 
and RCP 8.5 future scenario, respectively. Across the GCMs only, 
the standard deviation amounts to 460 kg ha−1 (RCP 4.5, Figure 9b) 
and 500 kg ha−1 (RCP 8.5) for the future period, with slightly higher 
deviations in southern Poland and Moravia; across the AEMs, the 
standard deviation amounts to 1040 kg ha−1 (RCP 4.5, Figure 9c) and 
1060 kg ha−1 (RCP 8.5) for the future period, with higher deviations 
in Estonia, Wales, southeast France and southeast Spain. The spatial 

pattern of uncertainty does not change significantly from RCP 4.5 
to RCP 8.5. In areas where soybean was irrigated (Figure 2), uncer-
tainty across the AEMs was significantly reduced (Figure 9c).

3.3  |  Deconstructing physiological and 
adaptation effects

Comparing the simulated future scenarios against a simulation in which 
the MGs remained constant in each pixel showed that cultivation of a 
long-maturing variety was most effective in areas where today's climate 
would already allow for growing 0 or 00 varieties (Figure 3a). Here, the 
share of the adaptation effect in the total yield gain often exceeded 50% 
(Figure 10). In areas where the season length was previously a limiting 
factor for growing soybeans in the historical period (Figure 5a), or where 
the yield level already exceeded 4  t ha−1 (Figure 4a), higher yields are 
often predominantly explained by physiological effects, despite the use 
of cultivars in higher MGs (Figure 10). In historically very high-yielding 
areas (Figure 4a), no further yield gain was achieved.

4  |  DISCUSSION

For the current climatic situation, the model ensemble simulated a 
suitable production area for soybean of 86 Mha (860,000 km2), with 
an average yield of 2.52 t ha−1 and a minimum yield of 0.9 t ha−1. Using 
a data-driven approach, Guilpart et al. (2022) flagged >200 Mha suit-
able for soybean production, with yields higher than 1.5 t ha−1, albeit 
including Ukraine, Turkey, the Caucasus region and parts of Russia, 
which were not considered in our study. If an area of 86 Mha were 

F I G U R E  6  Frequency distribution for soybean maturity groups along the latitudinal gradient of Europe created from the hindcast (a), the 
RCP 4.5 (b) and the RCP8.5 (c) scenario simulations.

F I G U R E  7  Frequency distribution for soybean yields along the 
latitudinal gradient of Europe created from the hindcast (━), the 
RCP 4.5 (┅) and the RCP8.5 (…) scenario simulations.
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1352  |    NENDEL et al.

cropped with soybean in only one out of 5 years, 43 million tonnes of 
soybean could be produced, which represents 74% of the 58 million 
tonnes of soybean grain imported in 2009–2013 (FAOSTAT, 2019). 
One out of 5 years, however, is what we would consider the maxi-
mum of what could practically be implemented, with large varia-
tion across Europe. We assume that (i) southern European cropping 
systems could include a higher share of, for example one out of 
2–4 years of soybean in rotations, while northern cropping systems 
would tolerate only one out of 4–5 years (Notz et al., under revision), 
and that (ii) the required market opportunities and processing capac-
ities are available. The reason for the low share of soybean in north-
ern cropping systems is that winter cereals are more competitive and 
produce the highest and most stable yields (Reckling et al., 2018). 
Soybean overlaps with winter crops, which must be sown in early 

autumn when soybean is still in the field. These winter crops are still 
important constituents in northern rotations not only for meeting 
market demands but also for controlling disease and nitrate leach-
ing. In the south, the higher yield potential makes soybean an eco-
nomically stronger candidate, which could be grown in alternation 
with grain maize. Under future climate scenarios, the ensemble es-
timated that the suitable area would increase significantly by 31%–
38%, adding another 12–15 million tonnes of soybean according to 
the above-used scheme. In addition, productivity would rise slightly 
by 3%–5% (1.6–2.9 million tonnes), resulting in a further increase in 
potential production in the range of 56–61 million tonnes. This po-
tential production is approximately the amount currently imported 
to the EU. Guilpart et al.  (2022) suggested that a self-sufficiency 
level of 50%–100% could be achieved in Europe under historical and 

F I G U R E  8  Frequency distribution for risk factors to soybean production along the latitudinal gradient of Europe created from the 
hindcast (━), the RCP 4.5 (┅) and the RCP8.5 (…) scenario simulations.

1981–
2010

2040–2069
RCP 4.5

Percentage 
change

2040–2069
RCP 8.5

Percentage 
change

Average productivity (t ha−1)

Rainfed 1.40 1.86 32.9 ↗↗ 1.69 20.7 ↗↗

Irrigated 3.86 4.21 9.1 →→ 4.24 10.0 →→

Total 2.52 2.73 8.3 →→ 2.74 8.7 →→

Suitable production area (1000 km2)

Rainfed 466 716 53.5 ↑↑ 768 64.7 ↑↑

Irrigated 394 414 5.3 →→ 416 5.7 →→

Total 860 1130 31.4 ↗↗ 1184 37.7 ↗↗

Area under production risk (1000 km2)

Drought 1857 2393 28.9 ↗↗ 2378 28.1 ↗↗

Heat 16 590 3687.5 ↑↑ 925 5781.3 ↑↑

Short season 2316 1640 −29.2 ↘↘ 1559 −32.7 ↘↘

Harvest rain 48 159 231.3 ↑↑ 278 479.2 ↑↑

Cold snap 1990 1073 −46.1 ↘↘ 912 −54.2 ↓↓

TA B L E  3  Potential soybean productivity 
(dry matter seed yield per hectare) and 
production area. Note that the areas 
reported here were calculated using the 
share of agricultural land per pixel as 
reported by Ramankutty et al. (2008)
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    |  1353NENDEL et al.

future climate scenarios if 4%–12% of the current European crop-
land was dedicated to soybean cultivation. Since we did not con-
sider production in Ukraine, Turkey, the Caucasus region and Russia 
in our study, almost all of the remaining area suitable for soybean 
production would have to be used to meet the EU's self-sufficiency 
goals. Assuming that future heat stress will substantially reduce pro-
ductivity in large parts of today's high-yielding areas (an effect that 
we have not yet quantified in our simulations), it may not be pos-
sible to meet EU demands using EU territory alone. In summary, we 
were able to show that the increase in productivity due to more area 
becoming suitable for growing soybean because of improved cli-
matic conditions by 2040–2069 in the central and northern parts of 

Europe is higher than the yield-declining effect of the expected in-
creasing drought risk (Gray et al., 2016) in the southern and eastern 
parts of Europe, if summarised for the whole of Europe. However, 
for southern parts of Europe, the regional consequences of climate 
change may result in severely reduced production potentials.

Individual studies have indicated the potential to cultivate soy-
bean in areas where the crop is currently rarely grown. Towards 
the north, such studies found suitable varieties and management 
combinations for successful growth in southwest Poland (Serafin-
Andrzejewska et al., 2021), northern Germany (Karges et al., 2022; 
Kühling et al., 2018), Belgium (Pannecoucque et al., 2022), the UK 
(Coleman et al.,  2021) and southern Sweden (ongoing). The study 

F I G U R E  9  Standard deviation of soybean dry matter seed yields in (kg ha−1) of the complete ensemble of climate and soybean models 
(a) as a measure of uncertainty of the ensemble prediction, and breakdown into the contribution of the global climate models (b) and the 
agroecosystem models (c) for RCP 4.5. Grey areas indicate no soybean production.

F I G U R E  1 0  Share of the yield gain (future versus historic) resulting from the use of a better adapted maturity group in the total future 
yield gain, which also includes the physiological response of the soybean to elevated temperature and CO2 levels (adaptation effect), for RCP 
4.5 (a) and RCP 8.5 (b).
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1354  |    NENDEL et al.

by Coleman et al.  (2021) revealed that under current climate con-
ditions, early-maturing varieties will mature in the south of the UK, 
while the probability of failure will increase with latitude, supporting 
our simulations (Figure 4a). Towards the south, studies show a high 
soybean productivity, for example in northern Spain (Simon-Miquel 
et al., 2021), where the crop has not yet been cultivated due to the 
prevailing specialisation in highly productive maize. Our assessment 
is the first one at the European scale that simulates soil–crop–
climate processes using detailed agronomic constraints, identifying 
the major factors that drive risks in production (Figure 5).

Our simulations suggest a clear geographical shift of soybean 
maturity groups along the latitudinal gradient of Europe, from the 
historic simulation to both future scenarios (Figure  6). This shift 
would allow farmers to grow higher-yielding MGs in areas where ex-
tremely early and, therefore, low-yielding genotypes are used today. 
The areas with the highest yield potential will remain the same, but 
the projected yield level will increase by almost 1 tonne per hectare 
in large parts of France, northern Italy and areas north of the Alps 
(Figure 4). Irrigated areas in particular were projected to increasingly 
contrast with non-irrigated areas in the future climate scenarios 
with regard to both yield level and yield stability, giving rise to the 
assumption that further yield increases could be achieved by ex-
panding irrigation, particularly in the Balkan states. This projection, 
however, would require authoritative scenarios of future irrigation 
water availability at the regional scale, which is beyond the scope 
of this study.

It is difficult to predict the economic success of soybean in 
Europe and the extent to which self-sufficiency goals can be met for 
two major reasons: First, our simulations show that many regions in 
northern Europe are likely to become suitable for soybean produc-
tion. However, whether or not farmers would actually start growing 
soybean depends on (i) the competitiveness of soybean with current 
dominant cereals, which are likely to remain high-yielding until the 
mid-century at least (Hristov et al., 2020), (ii) the agronomic options 
of including soybean in crop rotations (Reckling et al., 2016) and (iii) 
the development of the demand for soybean for human consump-
tion, which could generate attractive prices for non-genetically 
modified soybeans (Klaiss et al., 2020). The second reason for the 
difficulty in predicting economic success is that soybean is not the 
only crop that can meet protein demands. Other protein-rich le-
gumes, such as broad beans and peas, may turn out to be a better 
alternative in the diversified cropping systems of some (northern) 
countries. Nevertheless, there are two main incentives for grow-
ing soybean in Europe, which will facilitate the larger-scale intro-
duction of this crop. First, soybean could be produced to achieve 
protein self-sufficiency (European_Commission, 2018). According to 
our simulations, this appears to be within reach in some European 
regions. However, several further factors require attention beyond 
those we investigated: (i) irrigation water needs to be available to 
boost yields to the edge of potential, (ii) inoculation of soybean 
roots with nitrogen-fixing bacteria (e.g. Bradyrhizobium) needs to 
be improved, especially under cool weather conditions (Halwani 
et al., 2021; Kühling et al., 2018; Zimmer et al., 2016), (iii) farmers 

need to have the knowledge and markets to sell crops within their 
region at attractive prices and (iv) human diets need to change to 
reduce the demand for soybean-based feed for ruminants. Second, 
climate change adaptation and low-pesticide strategies promote 
diversification of the cropping system (Reckling et al., 2022) as an 
important pillar, and soybean—as a nitrogen-fixing legume—offers 
a range of environmental benefits that have already increased the 
crop's appeal.

Simulation of soybean grain yields remains a challenge and re-
quires good field data for calibration (Corrales et al., 2022). In our 
study, we, therefore, collated data sets from various biophysical 
conditions and maturity groups to achieve a high accuracy of pre-
dictions (Table 2). Kothari et al. (2022) found considerable variability 
among models in simulating soybean yield responses to increasing 
temperature and CO2. Heat stress, however, was not investigated in 
their study, and it seems that suitable data sets for calibrating heat 
stress algorithms are lacking, especially for European soybean vari-
eties. The high uncertainty in model responses indicated the limited 
applicability of individual models for climate change food projec-
tions, suggesting the use of an ensemble mean of simulations across 
models. The ensemble is a useful approach to reduce the high uncer-
tainty in soybean yield simulations associated with individual models 
and their parametrisation (Kothari et al., 2022; Martre et al., 2015). 
This approach was, therefore, also applied in our study, with four 
simulation models that are known for their ability to closely repro-
duce the effects of water supply, temperature and atmospheric 
CO2 concentration of crop growth and yield formation (Table 1). As 
already indicated by Tao et al.  (2018), the AEMs in this study also 
produced a significantly higher uncertainty when predicting yields 
compared with the GCMs used for driving AEMs, although all AEMs 
were calibrated to the same experimental data. In some regions of 
Europe, the standard deviation of the simulated yields even exceeds 
the average (e.g. Estonia). One effect of this common calibration can 
be observed in the simulated yield under irrigation. In this case, all 
models assume almost optimum growth and, therefore, arrive at a 
very similar potential yield value, which is due to the same maximum 
yields to which the models were calibrated. Here, the mean standard 
deviation of the AEMs is often at its minimum, taking values of less 
than 1 t ha−1. At the same time, average yields are highest in the ir-
rigated areas, which is why high values of standard deviations also 
occur here (e.g. Apulia, Andalusia). It remains to note that, despite 
adopting a rigorous calibration process using a wide range of ma-
turity groups and sites for this study, the different structure of the 
individual AEMs (Tao et al., 2018) still makes the choice of one AEM 
out of many a considerable source of uncertainty, supporting the use 
of the ensemble (Battisti, Sentelhas, et al., 2017; Martre et al., 2015) 
as a suitable approach for such analysis and projection.

Compared with data-driven approaches, the use of AEMs to pro-
duce future projections of crop growth and yield formation under 
hypothetical conditions, including future climate, facilitates more 
detailed process analyses. In this study, we were able to disentangle 
the climatic effect on the soybean physiology, boosting yields under 
more favourable temperature and CO2 regimes, and the effect of 
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    |  1355NENDEL et al.

farmers' adaptation to climate change by using better-suited MGs. 
Our analysis suggests that this adaptation measure is an essential 
component for achieving higher yields in many regions of Europe, 
necessary to exploit the full potential that warmer temperatures and 
higher CO2 levels are expected to provide in the future.

5  |  CONCLUSIONS

We conclude that climate change appears to create a lot more po-
tential for growing soybeans at low risk, rendering possible both 
larger protein self-sufficiency and the diversification of production 
systems. Here, the expansion of suitable production area increases 
this potential much more than the average productivity gain. The 
models suggest that yield reductions due to drought are overcom-
pensated by the positive CO2 and temperature effects on photo-
synthesis in many regions across Europe. It must be noted, however, 
that the effects of heat on soybean yield potential are yet to be 
quantified. Taking our estimates for future production as a biophysi-
cal potential, the actual extent of any future increase in soybean 
production will then depend on EU and national priorities and their 
promotion. Cold spells and wet conditions at harvest will remain 
major challenges for soybean production in Europe for some time, 
while drought and heat will become increasingly important. Autumn 
precipitation is a technical challenge for the harvesting process in 
northern parts of Europe with short growing periods, but drought 
and cold tolerance of soybean are already being addressed by plant 
breeders, especially for regionally adapted cultivars. However, heat 
tolerance needs to be added to the list of breeding targets, and ex-
perimental data to improve the models in this direction is urgently 
needed. Our simulations demonstrate that the use of currently avail-
able later-maturing cultivars promises efficient adaptation to the 
potential brought about by climate change in many areas of Europe. 
Irrigation remains the most effective way to increase yields, miti-
gating both heat and drought stress, but given the water scarcity 
challenges in Europe (Trnka et al., 2019), this option is not feasible 
everywhere. Nevertheless, several management options remain un-
derexplored, such as optimised sowing dates (as a drought escape 
strategy), and double cropping and relay intercropping with cereals 
in Mediterranean systems. Improving these options will help to fur-
ther increase the stability and profitability of soybean productivity 
in Europe.
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