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Yield stability is critical to farm income and food security. The impact of future climate change on crop yields and
yield stability was assessed for Swiss croplands, focusing on four key regions: Eastern Jura, Western Plateau,
Central Plateau, and Northeastern Plateau. Projections for eight different crops were performed using the
process-based model DayCent and downscaled climate scenarios for Switzerland (CH2018 framework), using
outputs of 12 climate models for the scenario without mitigation measures (RCP 8.5) and for the scenario with
stringent mitigation (RCP 2.6). Change in yield stability was gauged by means of relative change in the standard
deviation (SD) of inter-annual yield fluctuations between 1981-2010 (reference) and 2045-2074 (mid-century).
The average yields of most crops tend to increase as a result of warming and elevated CO» levels, particularly
under the RCP 8.5, although associated with a considerable divergence within the ensemble of climate models.
On the other hand, a substantial increase in yield variability, i.e. decline in yield stability, is consistently pro-
jected for all summer crops under the RCP 8.5, with changes that are higher in magnitude than for cereal winter
crops. The Central Plateau is projected to experience the greatest decline in yield stability for summer crops, with
SD under RCP 8.5 increasing by over 50 % for maize, 40 % for potatoes, 60 % for soybean and 25 % for sugar
beet. Elevated CO: levels tend to overall alleviate this negative impact, especially for maize, for which the
projected increase in SD in Central Plateau lessens from 50 % to 20 %. Overall, our results emphasize the contrast
between summer and cereal winter crops in terms of yield stability, which can guide future strategies for
adapting cropping systems to climate change.

1. Introduction Ghosh et al., 2024). Globally, the variability in staple crop yields is

increasing at a concerning pace (Ray et al., 2015; Vogel et al., 2019),

Yield stability will be of extreme importance for the economy of
farms and the consumer market in the coming decades. For the farmers,
the higher yield stability can ensure steady incomes (Mottaleb et al.,
2013; Reidsma et al., 2010). For the food supply, it can mitigate the
prices volatility (Lobell et al., 2011) that could favor future food security
efforts (Headey and Martin, 2016; Su et al., 2023; Thomasson, 2025),
particularly in a scenario with low global food stocks associated with
projected increasing demand due to population growth (Wright, 2011;

which has a significant impact on the food market (Chatzopoulos et al.,
2020), as indicated by increased frequency of food price spikes
(Gbegbelegbe et al., 2014; Porter et al., 2014). The temporal variability
in food commodities production can amplify the impact on price vari-
ability due to the inelastic nature of the market for agricultural products
(Barr et al., 2011; Orm, 2023; Rao, 1989), i.e. even relatively small
changes in the amount of supply or demand will have a strong effect on
product prices. In Europe, recent summer droughts have been identified

Abbreviations: BAS, Basel/Binningen weather station; BER, Bern/Zollikofen weather station; cCO,, current CO, level; CH2018, climate change scenarios for
Switzerland; DayCent, Daily Century model; DOK, German acronym for “Dynamisch, Organisch, Konventionell”; eCO, elevated CO, level; GHG, greenhouse gas;
KLO, Zurich/Kloten weather station; K, saturated conductivity; NCCS, National Centre for Climate Services; NPP, net primary productivity; PAY, Payerne weather
station; PTF, pedotransfer function; QM, quantile mapping; RCP 2.6, Representative Concentration Pathway with stringent mitigation measures of GHG emissions;
RCP 8.5, Representative Concentration Pathway with no abatement of GHG emissions; SD, standard deviation; SOC, soil organic carbon; TR, transpiration rates; /3,
parameter controlling CO- effect on plant productivity or transpiration; An,, maximum amount of the volumetric soil water content that can be lost below per-
manent wilting point..
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as a major driver of crop yield losses with impact on food market (Ciais
etal., 2005; Schmitt et al., 2022; Vogel et al., 2019; Webber et al., 2018),
at the example of the 2018 event, which drastically reduced the supply
of agricultural products (Deutsche Welle, 2018). To deal with these
problems, future projections of the impact of climate change on yield
and yield variability can provide strategic support for mid-century food
market trends in line with the policy planning for the future of food
sector in European countries, such as the Agriculture and Food Climate
Strategy 2050 for Switzerland (FOAG, 2025) and the Farm to Fork
Strategy for European Union countries (European Commission, 2024).

There is no doubt that climate variability and the occurrence of
extreme climatic events have had significant impacts on yield stability in
the recent past, explaining, on a global scale, between 18 % and 43 % of
yield variability, depending on the crop (Vogel et al., 2019). Similarly, a
study including maize, rice, wheat and soybean showed that climate
variability explains more than 60 % of the yield variability observed
over the period 1979-2008 in the major agricultural regions of the
world (Ray et al., 2015). In addition, the same study showed that, with
respect to maize, temperature variation accounted for more of the yield
variation in colder than in warmer regions. Along the same line, lizumi
and Ramankutty (2016) found that in 9 %-22 % of the harvested area of
maize in the world, yield variability significantly increased over the
1981-2010 period.

Looking ahead, other studies suggest that crop production will
remain sensitive to climate variability (e.g., White et al., 2021; Qiao
et al., 2022). However, they also indicate that climate change will
impact yield stability differently, depending on crop (its resistance and
resilience with respect to unfavorable growing conditions), and other
environmental factors affecting crop growth (e.g, soil quality). Tech-
niques to improve crop performance through breeding could help sta-
bilizing yields, though (Stella et al., 2023).

Given this background, assessing how future climate could affect
yield stability is of paramount importance for developing measures of
adaptation at regional levels (Qiao et al., 2022). Although farmers are
aware of the potential for climate-induced crop yield losses, the future
impact of climate variability can be so high that it does not allow for
basic adaptation solutions. Insurance products against drought-induced
losses can buffer the economic negative impact of yield variability and
are generally well accepted by farmers in response to extreme events
(Mao et al., 2025; Wang et al., 2022). However, adaptive actions such as
those based on insurance products and other technologies (e.g.,
increased storage capacity) have limits in terms of effectiveness in
response to risk level (Berkhout and Dow, 2023; Dow et al., 2013). The
situation is made more challenging by climate change, because this is
causing a transition from systematic to non-systematic risks (Steen et al.,
2023).

In Switzerland, as in other European countries, both winter and
spring or summer crops are cultivated and included in crop rotations. A
basic question for future adaptation of cropping systems to climate
change is whether these two crop types will respond differently to
climate change in terms of yield stability. In terms of average yields, it
has been overall indicated that maize, a typical summer crop, can be
more negatively impacted by climate change than wheat (Cammarano
and Tian, 2018; Webber et al., 2018). However, the impact on yield
stability of summer crops in comparison to winter crops has, so far,
received little attention. An important factor that could potentially
affect yield stability is the response of different crop types to increasing
atmospheric CO, levels, although there are studies suggesting that
varying CO; levels would only explain a small fraction of the yield
variability (Ostberg et al., 2018, Schauberger et al., 2017). While C3
crops, such as wheat, potatoes, and sugar beet, have the capacity to
increase both water use efficiency and photosynthesis rates, C4 crops,
such as maize, benefit almost solely from improved water-use efficiency
(Ainsworth and Long, 2005, 2021; Darwin and Kennedy, 2000) because
current atmospheric CO; levels already exceed 400 ppm and the satu-
ration point of their photosynthetic response to increasing COy (cf. p.
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178 in Larcher, 2003).

For Switzerland, understanding and projecting yield stability under
future climate is critically important, as this could represent a challenge
for food supply, especially in view of the fact that the self-sufficiency
degree of Switzerland in plant-based food is far below 100 % (FOAG,
2024a, SWISSINFO, 2025), as for other European countries (Kaufmann
etal., 2022), and that the country has to import ca. 50 % of the needs for
calories supply (Ritzel and von Ow, 2023). As agricultural land per
capita is declining in Switzerland (Ritzel and von Ow, 2023), ensuring
yield stability is of paramount importance to maintain or even increase
the self-sufficiency in crop-based products.

The aim of this study was to assess future climate change impact on
crop yields and yield stability in the main cropland regions in
Switzerland. To frame future climate projections we used the official,
downscaled climate scenarios for Switzerland available at the time of
writing (CH2018, 2018), as provided by the Swiss National Centre for
Climate Services (NCCS), the federal network that mandated the study to
support informed decision-making on climate-related issues (NCCS,
2025). The CH2018 climate projections are based on the EURO-CORDEX
ensemble of regional climate simulations, which project climate change
for alternative scenarios ranging from no abatement of greenhouse gas
(GHG) emissions (Representative Concentration Pathway 8.5, or RCP
8.5 for short) to adoption of stringent mitigation measures (RCP 2.6) to
prevent warming from reaching 2°C above pre-industrial levels
(CH2018, 2018). For each of these RCPs, we used outputs of 12 climate
models considered in the CH2018 framework. To gauge the effects of
climate change, we compared two time windows, ie. 1981-2010
(reference) and 2045-2074 (mid-century), with corresponding atmo-
spheric CO; levels of 360 ppm on average over the 30 years considered
in the former and 443 ppm (RCP 2.6) or 602 ppm (RCP 8.5) in the latter
case. The following questions were addressed in the study: (i) How will
climate change affect average yields and yield stability of winter crops (i
e. crops growing in autumn-winter-spring) versus summer crops (i.e.
crops growing in spring-summer) at mid-century? (ii) How do changes
in average yields and yield stability depend on the choice of emission
scenarios (i.e. with and without mitigation measures)? And (iii) What
role will mid-century CO5 elevation play in crop responses to climate
change in terms of average yields and yield stability?

2. Material and methods

To conduct the analysis, we defined four regions accounting for most
of the arable crop area of Switzerland (Fig. 1). The definition of these for
regions was based on Schiiepp and Gensler (1980) and WSL (2023) and
reflects to the one adopted by NCCS for discussing the regional impli-
cations of climate change.

We simulated crop yields using the process-based model DayCent,
version DD17centEVI (Hartman et al., 2019). This model has efficiently
simulated biomass yields, especially in cases where there is no severe N
limitation for plant growth (Grant et al., 2016; Qian et al., 2019; San-
soulet et al., 2014). It accounts for carryover effects, related in particular
to soil water and nutrient availability, which makes the model useful for
modeling complex multiple-species crop rotations (Adler et al., 2018;
Igbal et al., 2018). In the present study, we used parameter values ob-
tained from an extensive calibration procedure using inverse modeling
based on observed data from long-term field experiments at various sites
in Western Europe, which was reported in details in a previous study (cf.
Martins et al., 2022). As in the present investigation we were not
interested in examining effects arising from site and crop-specific
characteristics, we used, for each crop type, only average parameter
values, which we considered as representing generic crop types.

In DayCent, the daily maximum plant productivity is controlled by
soil water content, temperature, solar radiation, and availability of nu-
trients (N, P, and S). The model considers that, without limitation
related to water, temperature and nutrients status, the plant produc-
tivity is primarily a function of the daily solar radiation, genetic
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Fig. 1. The four cropland regions in Switzerland considered in the present study. The yellow dots indicate representative locations with weather stations, for which
downscaled outputs from the climate models of the CH2018 framework were used. BAS, Basel-Binningen; BER, Bern-Zollikofen; KLO, Zurich-Kloten; PAY, Payerne

(cf. Details in Table 1).

Table 1

Weather stations selected in the present study for climate projections in the four most important cropland regions in Switzerland.

Weather station Abbreviation Latitude Longitude Elevation Cropland region
(m a.s.l.)

Basel / Binningen BAS 47°32°28.1"N 7°35°00.7"E 316 Eastern Jura

Payerne PAY 46°48°41.7"N 6°56°32.9"E 490 Western Plateau

Bern / Zollikofen BER 46°59°26.7"N 7°27°50.6"E 553 Central Plateau

Ziirich / Kloten KLO 47°28'46.6'N 8°32’09.5"E 426 Northeastern Plateau
maximum potential given by a crop specific radiation use efficiency, and co
scalars quantifying the effects of air temperature, soil water content, TR, = TR, x {1 —~033x1n {Coz% } 2

2le

shading by vegetation, phenological stage, and atmospheric CO level
on growth (Hartman et al., 2019).

Two key effects of the CO2 increase are represented in the model. The
first effect is the increase in plant productivity through stimulation of
photosynthesis and reduction in photorespiration. This effect is stronger
in C3 than C4 crops (Hocking and Meyer, 1991). The second key effect is
to reduce stomatal conductance and therefore decrease plant transpi-
ration (Katul et al., 2009; Walker et al., 2021). The combined effect of
increased photosynthesis and decreased transpiration improves the
water use efficiency (Katul et al., 2009; Walker et al., 2021). In DayCent,
the response to elevated atmospheric CO; level is modelled as a loga-
rithmic function (Gifford, 1979, 1980; Goudriaan, 1992; Goudriaan
et al., 1985), as presented in the Eq. (1) below:

_ [COz}e
NPP, = NPP, x {1+ﬁX1n[COZ} } (€8]

c

where NPP is net primary productivity, § is a parameter ranging from
0 and ~0.7, depending on crop, [CO3] is the atmospheric CO; level; the
subscripts “e” and “c” specify, respectively, elevated and control COy
environments. Eq. (1) was parameterized based on a meta-analysis of
observations of change in different plant parameters from classical FACE
experiments (Ainsworth and Long, 2005; Cure and Acock, 1986) (cf.
Fig. S1). The effect of elevated CO2 on transpiration rates (TR) is
modelled in the same way, as shown in Eq. (2) below, but in this case $
was set to —0.33 for all crops, based on observed results from the
above-mentioned studies (Fig. S1).

Soil characteristics required on input by DayCent (Table 2) were
specified using data provided by the Swiss Soil Competence Center
(Stumpf et al., 2021) or by applying pedotransfer functions according to
Saxton and Rawls (2006) and Wosten et al. (1999). Default values were
used for the fraction of roots and for the maximum amount of the
volumetric soil water content that can be lost below wilting point (Ap;n).

For model initialization (spinup), we specified management based on
historical information from the literature (Biirgi, 2016). We assumed
that agriculture began following the clearing of deciduous forests and

Table 2
Soil properties used as DayCent inputs for the simulations of crop production.
Soil property Data source for regional simulations Reference
Sand, clay, silt, pH, Soil maps produced by the Swiss Stumpf et al.
soc! Competence Center for Soil (2021)
Bulk density PTF? based on land use, SOC content Wosten et al.
and texture (1999)
Field capacity, PTFs based on bulk density, SOC Saxton and Rawls
wilting point, K content and texture (2006)
Fraction of roots®, Default values provided by DayCent Hartman et al.
ASin developers (2019)

1Soil organic G, it is used in DayCent simulations for prediction of soil temper-
ature; 2 Pedotransfer function; ® Saturated hydraulic conductivity; 4 Fraction of
roots in soil layer (sum of fractions from different layers = 1.0); 5 Maximum
amount of the volumetric soil water content that can be lost below the wilting
point — it is used to estimate the minimum achievable water content in the soil
(minimum soil water content = wilting point — Apyp).
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progressed through distinct stages aligned with advancements in
farming technology, with gradual increases in N inputs, crop diversity
and yields. The historical periods considered were: pre-agricultural
revolution (1500-1750), agricultural revolution (1751-1850), agricul-
tural intensification (1851-1950), and agricultural modernization
(1951-1980). Further details of this approach for model initialization
were described by Necpalova et al. (2018) and Martins et al. (2022).

For simulations during the modern period (1981-2099), a stan-
dardized management scheme was applied, adopting a 9-year crop
rotation scheme based on information from long-term field experiments
conducted in Switzerland and neighboring countries (Martins et al.,
2022). The most important source of management information
regarding crop sequence and management practices, including sowing
(date), soil preparation (type and date) and harvesting (type and date),
was the conventional treatment from the so-called DOK experiment
(German acronym for “Dynamisch, Organisch, Konventionell”). This
experiment, installed in 1977 and located in Therwil, Switzerland, was
designed to compare organic and conventional systems based on
different fertilization strategies (Mader et al., 2002; Mayer et al., 2015).
The basic crop rotation consisted of a crop sequence represented by
grass-clover ley (2 years), maize, sugar beet, winter wheat, rapeseed,
winter barley, soybean and potatoes. Although in Switzerland more than
70 % of the area cultivated with maize is used for silage (FOAG, 2024b),
in our simulations we considered only grain production for this crop,
assuming that in the future there will be a greater demand for grain
production for human consumption and less for animal feed (European
Commission, 2024; FOAG, 2025). In line with this, we included soybean
in the simulations. Soybean actually represents less than 1 % of the
cropland area (FAOSTAT, 2025; FOAG, 2024b), but we assumed its
share will increase in the future to cover the demand for oilseeds and as a
major source of plant protein for human nutrition (Keller et al., 2024).
For all crops, simulations were carried out considering only rainfed
conditions.

Because of the year-to-year variability in weather conditions, nine
different rotations were included in the simulations to allow for varying
interactions between crops and weather in different years. These nine
rotations were defined based on the above-mentioned scheme by
introducing a sequential one-year shift, i.e.:

e Rotation 1: ...-A-B-C-D-E-F-G-H-I-...
e Rotation 2: ...-B-C-D-E-F-G-H-I-A-...
e Rotation 3: ...-C-D-E-F-G-H-I-A-B-...
e Rotation i: ...

e Rotation 9: ...-I-A-B-C-D-E-F-G-H-...

where, for the sake of simplicity, we use letters A to H to represent
the different crops.

All the different management schedules were run for each region, for
each RCP and for each climate model. For the fertilization, we used the
automatic fertilization mode encoded in DayCent, considering no limi-
tation of nutrients (N, P and S) for the crop growth over the simulation
period. As for the weather, we used the “extra drivers” mode of the
model, which requires the following variables: precipitation, minimum
and maximum air temperatures, relative humidity, solar radiation, wind
speed. Data for the latter were taken from the official climate scenarios
for Switzerland (the so-called CH2018 scenarios), considering the
DAILY-LOCAL datasets, which provide transient daily data for the
period 1981-2099 for localities with representative meteorological
stations in Switzerland (CH2018 Project Team, 2018). For each of the
four study areas, a weather station was chosen to represent the climatic
characteristics driving crop growth (Fig. 1, Table 1).

The CH2018 climate scenarios were originally derived from the
EURO-CORDEX projections, which were performed using a combination
of global and regional climate models (EURO-CORDEX, 2024; Giorgi
etal., 2009), and the local data were produced using a 30-year reference
period (1981-2010) for bias correction and a downscaling procedure
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based on quantile mapping (QM) (CH2018 Project Team, 2018). Further
details can be found in CH2018 (2018) and Feigenwinter et al. (2018).
The projections of change in mean monthly precipitation and mean
monthly air temperature based on the CH2018 framework for each of
the selected stations are presented in the Fig. 2.

To cover the lower and upper end of possible future climate de-
velopments, in our study we selected climate change scenarios repre-
senting the RCP 2.6 and RCP 8.5 emission pathways, but neglected the
intermediate scenarios representing the RCP 4.5. In this respect, we note
that in the context of climate change impact assessments, it is not un-
common to find studies in which the modeling efforts are concentrated
on more critical scenarios (e.g., Chou et al., 2014; San José et al., 2016).
For each RCP, we included 12 model chains, as listed in Table S1 in the
Supplementary Material. As for the temporal variation of atmospheric
CO4, levels, we considered the projections as indicated by Meinshausen
et al. (2011) for each RCP. These are shown in Fig. S2, also in Supple-
mental Material.

Two time slices were selected to study changes in average crop yields
and interannual yield variability: (i) 1981-2010 as the reference period
and (ii) 2045-2074 as the mid-century period. We used the inter-annual
standard deviation (SD) as a measure of yield variability (and hence
indicator of yield stability), considering the relative change in SD from
the reference to the mid-century period to quantify the impacts of
climate change.

3. Results

The absolute values of average yield for the reference period
(1981-2010) show that among the four regions, the Central Plateau is
the one with the highest modeled values for grass-clover ley and summer
crops (grain maize, potatoes, soybean, sugar beet) (Table 3), which
clearly reflects the higher precipitation values in this region (Fig. 2). On
the other hand, the Eastern Jura region had the highest modeled yields
of winter crops in the reference period (Table 3), which is associated
with average monthly temperatures ca. 1.5°C above those observed in
the other three regions (Fig. 2). As seen in Table 3, overall, we simulated
higher crop yields for the reference period than recorded in the national
yield statistics available from the Food and Agriculture Organization
(FAOSTAT, 2025). This result can be understood referring to the
assumption of no nutrient limitation for crop growth as a basis for our
simulations.

Regarding the SD of crop yields in the reference period, it is seen that,
with exception of grass-clover ley, the Central Plateau also stands out for
having lower values than in other regions (Table 3), i.e. presenting the
highest crop yield stability, in spite being one of the two regions with
highest year-to-year variability in monthly precipitation (cf. precipita-
tion SD in Fig. S4). This result indicates a dampening effect related to
higher precipitation levels in this region (Fig. 2), i.e. higher mean pre-
cipitation levels reducing the effects of variability in precipitation on
yields.

The projected changes in average yields and yield SD for the different
crops (Figs. 3 and 4) illustrate both the overall shift (i.e. displacement
from zero, upwards or downwards of the ensemble median), as well as
the associated uncertainties (i.e. vertical extent of the underlaying box,
representing the range between the 5th- and 95th-quantile of the
ensemble). For spatial visualization, the median projections of the
changes for both average yields and SD of yields are also displayed as
maps (Figs. 5 and S3). These latter figures indicate that, overall, the
differences between crops, as well as differences across the considered
production regions, depended on the choice of emission pathway.

Considering in more detail the results, we note that for RCP 2.6 there
is a tendency toward increased yields, particularly in soybean and all the
winter crops (rapeseed, winter barley and winter wheat), if compared to
maize, potatoes, and sugar beet (Figs. 3, 5 and S3). As the difference in
CO,, levels between reference and future timeframe is small for RCP 2.6,
as seen in Fig. S2, the same is true for the effects of elevated CO4



M. dos Reis Martins and P. Calanca

European Journal of Agronomy 172 (2026) 127855

E Jura W Plateau Cent. Plateau NE Plateau
20 20 20 20
O 15 15 15 15
<
©
2 10 10 10 10
©
8 5 5 5 5
S
0
0 0 0 0
J FMAMUJ J ASOND J FMAMUJ J ASOND J FMAMUJ J A S OND J FMAMUJ J ASOND
50 50 50 50
4.0 4.0 4.0 4.0

4
o

3.0
’o \_\/’\\/

3.0 3.0
5 \\/V//\\/ ”o

A Temperature (°C
o = N

o o
g 3

0.0 0.0 0.0 0.0
_140JFMAMJJASOND1'0JFMAMJJASOND1'0JFMAMJJASOND1'0JFMAMJJASOND
120 120 120 120

£

£ 100 100 100 100

[ =

S 80 80 80 80

=

8

S 60 60 60 60

[5]

[}

<

a 40 40 40 40
20 20 20 20

J FMAMUJ J AS OND J FMAMUJJ ASOND J FMAMUJ J A S OND J FMAMUJJ ASOND
60 60 60 60

E 40 40 40 40

E

= 20 20 20 20

o

2 |l foal e =« > | LK) X Lo X

2 \%x% b il e

B 20 -20 -20 -20

o

a

< -40 -40 -40 -40
-60 -60 -60 -60

J FMAMUJ J ASOND J FMAMUJJ ASOND J FMAMUJ J A S OND J FMAMUJ J ASOND

—— Reference (1981-2010)

—— RCP 2.6 (2045-2074) —— RCP 8.5 (2045-2074)

Fig. 2. Monthly values of precipitation, temperature in the reference period (1981-2010) and corresponding changes (A) in the mid-century (2045-2074) under
different climate scenarios in four cropland regions in Switzerland. The scenarios are derived from an ensemble of 12 climate models of the CH2018 framework. The
shaded areas represent the 90 % quantile range of the uncertainty from the ensemble of climate models.

Table 3

Mean =+ standard deviation (SD) of the modeled crop yields (Mg DM ha™1) in the reference period (1981-2010) in different cropland regions in Switzerland. Each value

represents the median of the ensemble based on the outputs of 12 climate models.

Region Grass-clover ley Grain Potatoes Rapeseed Soybean Sugar Winter barley Winter wheat
maize beet

Modeled

Eastern Jura 13.00 + 1.41 9.84 + 1.40 9.04 +1.09 4.37 +0.48 2.86 + 0.46 18.10 + 2.02 8.74 + 0.66 7.94 +1.09
Western Plateau 12.95 + 1.46 9.79 £ 1.49 9.01 £1.18 4.07 £ 0.55 2.79 £+ 0.47 18.08 + 2.41 8.52 +£0.80 7.22 +£1.15
Central Plateau 13.55 +1.47 10.37 £ 1.04 9.40 £ 0.83 4.25 + 0.46 3.02+0.35 18.84 +£1.69 8.70 £ 0.60 7.40 £+ 0.96
Northeastern Plateau 13.33 +1.42 9.97 +1.27 9.17 £ 0.97 4.13 +0.48 2.88 + 0.42 17.95 + 2.06 8.54 + 0.75 7.17 +£1.11
Observed (FAOSTAT, 2025)

Switzerland n.a.x 8.56 +£1.20 7.84 £ 0.87 2.95+0.29 2.73 £0.37 14.64 £ 1.95 5.73 £ 0.67 5.70 £ 0.50

*n.a.: not available.

concentrations on crop yields (cf. light blue bars and dark blue bars in
Fig. 3). On the other hand, considering the yield projections for the RCP
8.5 emission scenario, it is seen that winter crops differ from summer
crops in two ways (Fig. 3). The first is a clear tendency of winter crops to
benefit from rising atmospheric CO5 in future (Figs. 3, 5 and S3). Among
winter crops, the highest increments under elevated CO; levels are
observed for winter wheat, ranging from 24 % to 30 %, and for rape-
seed, ranging from 29 % to 32 % (Figs. 3, 5 and S3). In contrast, typical

summer crops cultivated in Switzerland (maize, sugar beet and potatoes)
usually presented little increase in mean yields under elevated CO,
levels, or even a decrease in drier regions (viz. Western Plateau and
Eastern Jura) when CO5 are kept at current levels (Figs. 2, 3, 5 and S3).
The exception among summer crops was soybean, for which there is a
projection reaching 29 % increase when CO3 elevation is considered
under the RCP 8.5 (Figs. 3 and S3).

The second aspect distinguishing summer and winter crops is the
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Fig. 3. Relative change in crop yield (2045-2074 versus 1981-2010) in different cropland regions in Switzerland for scenarios with stringent mitigation (RCP 2.6)
and without mitigation (RCP 8.5), and with and without elevation of atmospheric CO, level. Individual simulations of the CH2018 model ensemble are represented
by small open circles. The vertical extent of the colored bars indicates the 90 % quantile range of the uncertainty in the multi-model median value represented by
horizontal bold line.
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difference between projections of individual model chains for the same
scenario and region (cf. length of the red bars in Fig. 3). For summer
crops in Western and Central Plateau, there is normally a clear greater
discrepancy between different climate models for RCP 8.5 compared to
the scenario with RCP 2.6 (Fig. 3). The wider range of projections ob-
tained for summer crops should be taken into account for a more robust
interpretation of the RCP 8.5 scenario projections. For example, it can be
observed that there is only a slight increase or slight decrease in the
median value (median across the model chains) of the average yield
levels in the projections obtained assuming current CO; levels (cf. light
red bars in Fig. 3). However, for summer crops, a significant fraction of
the individual model chains (48 % for maize, 46 % for sugar beet, 6 %
for soybean, and 65 % for potatoes) indicate yield losses of up to —17 %
for maize, —7 % for sugar beet, —12 % for soybean, and —11 % for
potatoes (Fig. 3).

In relation to projection of changes in SD of crop yields, it is seen that
for the RCP 2.6, the median values are generally close to zero, except for
maize with median increase of 15 % in Central Plateau when the
elevation in CO; is accounted for (Figs. 4, 5 and S3). In contrast, the
median values for the scenario of RCP 8.5 show a likely substantial in-
crease in the SD of yields especially for summer crops (Fig. 4). This is
clearly shown in examples of maps for maize and potatoes vs. winter
barley and winter wheat (Fig. 5). The Central Plateau is the region with
the largest increase in the median projection of the SD of summer crop
yields, amounting to 52 % for maize, 46 % for potatoes, 65 % for soy-
bean, and 25 % for sugar beet, if the increase in CO; is not taken into
account (Figs. 4, 5 and S3). This largest projected decrease in stability of
summer crop yields in the Central Plateau assuming CO3 fixed at present
levels (no improvements of the water use efficiency) reflects the largest
sensitivity of crop yield variability with respect to interannual precipi-
tation variability under decreasing average precipitation amounts, i.e.
more situations in which crop yield are limited by precipitation deficit
(Fig. 2). Overall, it can be seen that elevation in CO; levels tends to
alleviate the yield variability of summer crops, resulting in projected
increases of 22 % for maize, 34 % for potatoes, 62 % for soybean, and
22 % for sugar beet in the Central Plateau (Figs. 4, 5 and S3). Although
the dispersion of projections based on individual climate model chains
under RCP 8.5 also presents discrepancy for summer crops, most indi-
vidual chains consistently indicate an increase in SD of yields (cf. red
bars in Fig. 4). When model chains are considered individually for the
scenario without CO; elevation, the changes in SD for summer crops in
the Central Plateau reach 146 % for maize, 123 % for potatoes, 125 %
for soybean and 112 % for sugar beet (cf. dots in the red bars in Fig. 4).

With respect to winter crops, we noticed a trend toward improved
yield stability in the future. Nevertheless, an important exception is
rapeseed. Despite being a typical winter crop dependent on vernaliza-
tion, rapeseed has a longer growing season than wheat and barley, and is
usually harvested in mid-summer. As a result, it shows a projected in-
crease in yield SD similar to that of summer crops under RCP 8.5 (Figs. 4
and S3). Therefore, rapeseed and soybean are the only crops departing
from the overall tendency of the corresponding crop type, i.e. lower
increase in SD for winter crops and lower increase in average yields for
summer crops under the RCP 8.5 (Figs. 3-5 and S3).

4. Discussion

Understanding the response of different crops to future climate is the
first step towards determining vulnerabilities and, consequently, the
future risks associated with cropping systems. Our study contributes to
filling a gap in knowledge about the response of various summer and
winter crops to climate change in terms of yield stability based on a
robust ensemble of climate models for Switzerland from the CH2018
framework. Our results of yield stability response to climate change,
which was measured by the shift in SD of yields, emphasize the overall
contrast between typical summer crops, ie. growing throughout the
summer (maize, potatoes and sugar beet), and cereal winter crops,
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which do not normally prolong their growth until the late summer
(wheat and barley) (Figs. 4 and 5). Typical summer crops, including
maize, potatoes and sugar beet, are the most likely to be negatively
affected by climate change. A first critical example is maize, which is a
crop that likely benefits the least from warming (Figs. 3 and 5), and the
one with one of the largest risks of higher instability in yields (Figs. 4
and 5). Even the other summer crops (potatoes, soybean and sugar beet),
which are C3 and therefore can benefit from elevation in CO5 levels
(Fig. S1), are likely to suffer significant reduction in yield stability
(Figs. 4, 5 and S3). It is worth noting that soybean, despite having a low
share of Swiss croplands, with less than 1 % of the area (FAOSTAT,
2025), is a legume crop that has great potential to increase the cultivated
areas (Keller et al., 2024) and presented a clear projection of increase in
the yields (Figs. 3 and S3). Due to the ability for biological Ny fixation,
reducing the use of nitrogen fertilizers, and the high protein and oil
content in the grains, legume crops like soybean are considered strategic
for the future, meeting the demand for a more sustainable diet (Keller
et al., 2024). However, our results show that soybean can be a good
option only if the increasing risk of yield instability is properly managed.
Development of early maturing genotypes of this crop, as well of the
other summer crops, avoiding drier conditions of late summer (Fig. 2),
can be an adaptation option to be adopted in future (Holzkamper, 2020).

The importance of precipitation and temperature in summer period
for the yield variability in the present study is shown by correlation
values considering an example of extreme climate change scenario based
on the climate model SMHI-RCA_MPIESM_EUR44 for the RCP 8.5
(Fig. S5). In this example, the strongest correlations with yields of
summer crops were obtained for precipitation, with r values ranging
from 0.78 to 0.81 (P < 0.001, Fig. S5), and for maximum temperature,
with r values ranging from —0.81 to —0.89 (P < 0.001, Fig. S5). These
results are in line with results of a global study including maize, rice,
wheat and soybean indicating that climate variability causes more than
60 % of the yield variability in the major agricultural regions in the
world (Ray et al., 2015). They are also consistent with a study conducted
for Sweden, which reported that temperature and precipitation
accounted for 75-85 % of the variability in cereal yields in the period of
1965-2020 (Tootoonchi et al., 2025).

The substantial decrease in yield stability of summer crops, as indi-
cated in the present study (Figs. 4, 5, and S3), is a very critical economic
aspect for adapting cropping systems to climate change. It directly af-
fects the reliability by a farmer for definition of crop rotations (Brown
and Kshirsagar, 2015; Tadesse et al., 2014). Yield stability is also critical
for defining the insurability of crops. Our results shows that crops that
grow during the summer should be the target of drought-related insur-
ance strategies, which has proven to be of paramount importance as an
adaptation solution to cope with the threat of yield losses due to climate
change (Mao et al., 2025; Wang et al., 2022). The increased risk of
shortage of products from summer crops can increase the dependency on
imports, further reducing critically low food self-sufficiency of
Switzerland in drier years, leading to more vulnerability to price shocks.
The market for agricultural products is, by its nature, substantially in-
elastic (Barr et al., 2011; Orm, 2023; Rao, 1989), i.e. the impact of
change in the production on the prices of the product is usually largely
disproportionate. For example, a global study for maize showed that,
from the 2010-2011 growing season, every 1 % reduction in maize
production meant approximately a 5 % increase in the prices (Adjemian
and Smith, 2012).

Regarding the regional variation in crop responses, it should be
noted that for typical summer crops (maize, potatoes and sugar beet),
there is trend of reduction in average yields in historically drier regions
under the RCP 8.5 and with no CO; elevation (cf. Western Plateau and
Eastern Jura in Fig. 2 and yellowish grades in the second column of maps
in Figs. 5 and S3). In these two regions, maize is the crop with the
highest risk of average yield loss in the mid-century under the RCP 8.5
(Fig. 3). On the other hand, the Central Plateau region is likely the region
that will be most impacted in terms of decrease in yield stability for
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summer crops (Figs. 4, 5 and S3). In the reference period (1981-2010),
the Central Plateau is the region with the highest precipitation levels
throughout the year and, therefore, with the least water limitation for
crop growth (Fig. 2). This is quite consistent with the lower yield vari-
ability for most crops in the Central Plateau in the reference period
(Table 3), even with higher SD values for precipitation in comparison to
drier regions (Fig. S4). Our results suggest that yield variability can
critically increase in regions that have historically been less susceptible
to drought-induced losses due to reduction of the dampening effect. The
increase of temperature, reaching an upward trend of more than 2.5°C in
mean temperatures in August (Fig. 2), will likely aggravate this reduc-
tion in the dampening effect due to increase in vapor pressure deficit, i.e.
increasing evaporative demand of atmosphere (Poorter et al., 2012),
resulting in higher evapotranspiration rates and, consequently, the
decline in water use efficiency.

Under non-limiting water conditions, the positive response of C3
crops to elevated CO, levels is well documented (Durand et al., 2018;
Elliott et al., 2014; Qian et al., 2019). However, there is great variability
in responses for different crops and for different regions when crops are
under water stress (Gray et al., 2016; Kimball, 2016; Manderscheid
et al., 2014). This is consistent with our results showing that that the
increase in CO- levels tends to reduce yield variability, but the intensity
of this effect varied with the crop type (Figs. 4, 5 and S3). As maize
barely profits directly from NPP stimulation, as shown in Fig. S1
(Supplementary Material), the higher reduction in yield variability for
maize than for other crops suggests that the benefits of higher COy
concentrations are mostly associated with improved water use efficiency
through reduced transpiration rates. This result is quite consistent with
studies showing that positive impacts of elevation of CO; levels on yields
of maize and other C4 crops (e.g., millet and sorghum) occurs particu-
larly under drought conditions (Ainsworth and Long, 2021; Mandersc-
heid et al., 2014; Rezaei et al., 2023).

Regarding winter crops, the warming of the spring period (Fig. 2),
providing thermal units for growth and an earlier start to the growing
season (Calanca et al., 2023), coupled with greater water availability
during this phase (Fig. 2) explains part of the tendency of having positive
impact on yields, particularly under the RCP 8.5 (>20 %), based on the
whole ensemble of climate models (Figs. 3, 5 and S3). Our results are
well in line with a study for Sweden for the period of 1965-2020
showing that the cereal yields can benefit from warming when it is
associated to increased precipitation levels (Tootoonchi et al., 2025). On
the other hand, the levels of yield increase for winter crops in the present
study are above model projections made for European conditions in
other studies. For winter wheat, for example, a broad study for Europe
indicated a yield increase of about 4 % (Webber et al., 2018). In
contrast, considering other regions of the world that are suitable for
winter crops, there are two studies for Canada projecting future yield
increases of around 70 % for wheat (Smith et al., 2013; Wang et al.,
2012). In another large-scale study for that country, based on three
process-based crop models and downscaled data from 20 climate
models, Qian et al. (2019) found increases up to 20 % for wheat and
10 % for rapeseed.

To avoid an overly optimistic interpretation of the projected in-
creases in winter crop yields in the present study (Figs. 3 and 5), the
absence of nutritional stress cannot be disregarded as a factor affecting
the response of the crops to climate and CO; elevation (Rosenzweig
et al., 2014). Nutrient limitation might probably counteract yield in-
creases induced by warming and COs, fertilization. This is in agreement
with the results of a modeling study for EU countries with a 2050-time
horizon, which demonstrates that N limitation exacerbates the nega-
tive impact of climate change on winter crop yields (Webber et al.,
2015). For example, in that study, the relative yield changes of winter
wheat, aggregated at European level, ranged from +7 % to +14 %
without N limitation and decreased to a range of —4 to +4 % when N
limitation was considered. It should be noted that in the mid-century
there may be a reduction in fertilization in European cropping systems
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in order to increase sustainability (e.g., European Commission, 2024).
Switzerland also has strategies to increase sustainability that are in line
with those of the European Commission (cf. “Agriculture and Food
Climate Strategy 2050”, FOAG, 2025). Therefore, the role of nutrient
level should be further explored in future studies addressing climate
change impacts on Swiss cropping systems, including the role of bio-
logical N fixation in legume crops. For instance, there are long-term
field studies indicating that diversifying crop rotations with legumes is
an effective strategy for preserving average yields (Knapp et al., 2023)
and for improving yield stability (Gaudin et al., 2015).

Although CO; elevation tends to increase crop yields in our pro-
jections, particularly for winter crops under the RCP 8.5 (Figs. 3 and 5),
which is coherent with the literature (Ainsworth and Long, 2005, 2021;
Kimball, 2016; Kimball et al., 1995), the uncertainty associated with the
CO4, effect in some crop types is not negligible and should be taken into
account for a careful interpretation (e.g., Gray et al., 2016; Schauberger
et al.,, 2017; Webber et al., 2018). For example, in the meta-analysis of
FACE field observations used as a reference for the present study
(Ainsworth and Long, 2005), the factor of 1.144 considered for the effect
of CO; elevation on wheat productivity (Fig. S1), is associated with a
95 % confidence interval ranging from 0.984, i.e. slight suppression ef-
fect of CO5 elevation on wheat yields, to 1.331, i.e. a significant stimu-
lation of growth. Furthermore, even if the CO2 elevation increases
yields, there is also a well-documented critical side effect, which is the
reduction in the quality of harvestable crop products due to an increase
in C-to-nutrient ratio (Ebi and Loladze, 2019; Loladze, 2002). For
instance, the protein content of harvested products generally decreases
under elevated CO; levels, representing a decrease in the nutritional
value of food (Beach et al., 2019; Hogy et al., 2009; Myers et al., 2014).
Harvested products may also become depleted in essential trace ele-
ments for human nutrition, such as iron and zinc (Dong et al., 2018;
Hogy et al., 2009) which can lead to a serious health problem known as
“hidden hunger” (Loladze, 2002; Schmitt, 2024). This likely reduction in
quality needs to be considered in conjunction to the projected increases
in crop yields (Figs. 3 and 5).

Regarding the results of the climate models used in this study, we
believe that if we had used results from CMIP6 instead of CMIP5, which
was the basis for the downscaling procedure in the CH2018 framework,
we would likely have obtained slightly different projections, although
with the same trends. In CMIP6, the highest emission scenario
(SSP5-8.5) has slightly higher atmospheric CO2 concentrations and
slightly stronger climate change signals than under RCP 8.5 in CMIP5
(Hausfather, 2019; Jagermeyr et al., 2021; Meehl et al., 2020). There-
fore, it is likely that projections based on CMIP6 would result in some
exacerbation of the impact of climate change on crops, including even
lower yield stability for summer crops and a greater tendency for
average yield of winter crops to increase (Hausfather, 2019). Such
trends would be in keeping with a previous global study showing more
pessimistic projections for the end of the century for maize and more
optimistic projections for wheat when modeling is based on CMIP6
instead of CMIP5 (Jagermeyr et al., 2021).

Other factors that can alter crop yield and yield stability due to the
changing climatic conditions should be explored in more detail in
further research. One critical point is the increased occurrence of heat
stress (Bernacchi et al., 2025; Briggs and Anderson, 2024; Janni et al.,
2024). We consider this factor should be explored in the future, espe-
cially in terms of finer time granularities. Modeling based on daily time
steps, typically used in crop modeling studies, may not be sufficient to
capture stresses related to temperature peaks at critical phenological
stages of crops, such as flowering (Djalovic et al., 2024; Poudel et al.,
2024). Other factors, such as flooding and water-stagnation in soil sur-
face are also well recognized as potential problems for crop growth
under future climatic conditions (Olesen et al., 2011) and should be
further addressed in future studies. On the other hand, we do not
overlook the fact that potential technological improvements that were
not incorporated in our projections, such as those based on plant
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breeding efforts (e.g., development of drought-tolerant cultivars), can
affect the response of crops to climate change (Stella et al., 2023) and
should be further explored by modeling the impact of mitigation and
adaptation measures in future cropping systems.

Overall, even considering the above-mentioned limitations of this
study, we believe that our results are useful in guiding future strategies
aimed at farmers and policymakers to cope with negative impacts of
climate change on crops. We consider that two key advantages of our
study are the use outputs of a robust set of climate models (12 for each
RCP) and a fairly comprehensive number of crops (8 in total) repre-
sentative of Switzerland and Western Europe in general in our simula-
tions. Furthermore, combining estimates of the impact on yield with
measures of year-to-year variability, expressed as SD, also provides
projections of great practical interest, for example for the insurance
industry and the food market. For instance, the risk weighing for
development of tailored insurance products and the use of selected
tolerant crop types in crop rotations to buffer some of the deleterious
impacts of climate change, especially in terms of yield instability, can
help to maintaining food supply with manageable price volatility under
future conditions.

5. Conclusions

Our projections suggest that the average yields of most crops tend to
increase in the mid-century as a result of warming and elevated COy
levels, especially for winter crops and soybean under RCP 8.5, although
associated with a considerable divergence within the ensemble of
climate models. Maize is the crop most vulnerable to average yield
losses, particularly in typically drier regions, viz. Western Plateau and
Eastern Jura. Under RCP 8.5, a substantial decline in yield stability is
consistently projected for all summer crops, generally higher than for
winter crops. The Central Plateau is likely the region where summer
crops will suffer the greatest decrease in yield stability, with SD values
increasing by more than 50 % for maize, 40 % for potatoes, 60 % for
soybean and 25 % for sugar beet. Elevated CO: levels is likely to overall
alleviate this negative impact, especially for maize for which the pro-
jected increase in SD in Central Plateau is reduced to ca. 20 %. Our re-
sults suggest that, for the summer crops in Central Plateau, the large
projected decrease in yield stability is due to the weakening of the
dampening effect of the precipitation amount in this region, which tends
to decrease in summer in mid-century, which is compounded by
increased evapotranspirative demand due to higher temperature. In
contrast, for cereal winter crops such as wheat and barley, there are
likely to be milder reductions in yield stability, regardless of the sce-
narios and the CO, levels considered in the present study. The contrast
between typical summer crops and cereal winter crops indicated in this
study should be taken into account when determining the economic
viability of cropping systems, developing the best insurance strategies,
and ensuring food security under future climate conditions.
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