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ABSTRACT
Sustainable soil management practices, including conservation tillage practices, such as reduced tillage and no-till, are consid-
ered beneficial for different soil functions. So far, additional benefits of applying conservation tillage to improve crop yields under 
climate change are not fully clear and have rarely been investigated, particularly how potential benefits vary over time and under 
different pedo-climatic conditions. Using a cross-site and multi-model setup with four agro-hydrological models, this study sheds 
light on the questions whether, when, and where adaptation benefits of conservation tillage can be expected under future climate 
scenarios (time period 2020–2090, shared socio-economic pathways ssp2-4.5 and ssp5-8.5). To evaluate these questions, we used 
observations from three long-term experimental field trials in Denmark, Switzerland, and Austria to assess the benefits of no-till 
compared to conventional tillage regarding winter wheat (Triticum aestivum L.) productivity and soil hydrology, including key 
water balance components, such as actual evapotranspiration, percolation, and surface runoff. Our results suggest that the influ-
ence of climate scenarios of the respective sites overcome the potential benefits of the tillage management. While the simulated 
yields and water balance components showed different trends at the three sites, the intensity of the change was mainly driven 
by the climate models, where the climate model projecting the most intense changes in terms of temperature and precipitation 
most often also resulted in shorter growing periods and, related to that, higher yield losses. Therefore, no robust estimates of the 
adaptation benefits of no-till practices on winter wheat productivity could be quantified based on model ensemble projections, 
indicating stability in grain yields regardless of the tillage management. In general, the study results suggest that tillage as only 
adaptation measure is not sufficient to minimize future climate change-derived yield gaps and, consequently, ensure food secu-
rity. Further work should explore the use of site-specific agricultural technologies, such as precision farming and variable rate 
application, as well as adaptation of (different) crops through targeted breeding for local conditions.

1   |   Introduction

Continuous increase in crop yields is required to feed the 
growing world population. In Europe, wheat production has 
a high priority, as 34% of the global wheat production and 28% 
of the global wheat production area were located in Europe in 

2023 (FAOSTAT 2023). This production will be affected by a 
future climate (Trnka et  al.  2014; Ewert et  al.  2005; Asseng 
et  al.  2015; Bracho-Mujica et  al.  2024), which is often pro-
jected to bring higher temperatures over longer periods, as 
well as changes in precipitation patterns, resulting in both 
longer droughts and extreme rainfall events. In addition, 
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intensive field management practices, including soil culti-
vation, fertilizer, and herbicide application, put great pres-
sure on agricultural soils and have a major impact on the 
surrounding environment (Holland  2004; Soane et  al.  2012; 
Kopittke et  al.  2019). Unsustainable management practices, 
for example (deep) tillage, usage of heavy machinery, and 
overgrazing, lead to gradual soil degradation, primarily evi-
denced by a reduction in soil functioning and various ecosys-
tem services, one of them being crop productivity (Diacono 
and Montemurro 2010). Directly visible consequences are, for 
example, the destruction of soil structure and the associated 
deterioration of the soil's water storage capacity, in turn in-
creasing soil erosion. The resulting reductions in crop growth 
and yield provide less organic matter to the soil, which in 
turn influences the structure and hydraulic functions of the 
soil negatively, driving the vicious circle of soil degradation 
(Meurer, Barron, et  al.  2020). Thus, maintaining high crop 
yields without further harming the soil will benefit soil car-
bon storage, soil structure, and soil water retention in the long 
term (Six et al. 2000).

More conservative soil management practices, including 
reduced tillage and no-till, have been shown to benefit soil 
structure, water retention (Pagliai et  al.  2004), and reduced 
nitrate leaching (Hansen et  al.  2015), and are generally as-
sumed to improve the climatic resilience of cropping systems 
to drought (Ogle et  al.  2019). The impacts of specific man-
agement practices on selected soil or plant parameters have 
been summarized and evaluated in numerous meta-analyses 
(Meurer et al. 2018; Peixoto et al. 2020), with different prac-
tices generally being considered beneficial, disadvantageous, 
or without any effect on the target variable(s). Recently, a syn-
thesis of these meta-analyses indicated conflicting results: 
Blanchy et al. (2023) synthesized 127 European meta-analyses 
that investigated synergies and trade-offs to help explain the 
effects of soil and crop management in terms of the under-
lying processes and mechanisms. Overall, soil conservation 
practices, such as the addition of organic soil amendments, 
as well as practices that maintain continuous living cover, 
provided significant benefits for soil water regulation due to 
improved soil aggregation and enhanced bio-porosity created 
by soil fauna. In a global meta-analysis, Pittelkow et al. (2015) 
showed that crop yields were generally 4%–12% lower under 
no-till compared to conventional management. However, 
these observations depended strongly on crop type and envi-
ronmental conditions. For example, no-tillage performed best 
under rainfed conditions in dry climates, matching conven-
tional tillage yields on average. Despite these advantages at the 
local scale, the benefits of reduced tillage as a climate change 

adaptation strategy are not completely clear, and trade-offs, 
such as nitrogen losses through leaching or greenhouse gas 
emissions, may occur (Blanchy et al. 2023).

The impacts of conservational management practices, such 
as minimal soil disturbance, permanent plant cover, and crop 
rotations, on soil hydrological and biological functioning, 
as well as crop performance have been studied in numerous 
long-term field experiments (LTEs) around the world. These 
experiments are commonly used to test hypotheses related 
to agronomical research questions and to adapt and evaluate 
management strategies. With that, they can provide valuable 
information and provide insights into the combined effects of 
(i) weather and climatic change and (ii) management practices 
on target parameters, such as soil organic carbon, hydrol-
ogy, and crop yield. The number and distribution of existing 
LTEs across Europe (Blanchy et al. 2024) gives the possibility 
to evaluate the same or similar management practices under 
different pedo-climatic conditions, thus enabling the devel-
opment of site-specific adaptation measures. With climate 
change becoming more and more perceptible, it is of utmost 
importance to accurately understand and predict potential 
feedback mechanisms in the soil–plant-atmosphere contin-
uum in order to develop effective adaptation strategies. Here, 
mechanistic models can provide insights into soil and crop 
processes in future climates predicted and over a long period 
of time.

Multi-model comparisons and model ensembles have been rec-
ognized as effective methods in climate change research (Duan 
et  al.  2019), also related to agriculture and potential impacts 
of future climate. For example, in a global analysis of climate 
change impacts on crop yields, Jägermeyr et al. (2021) applied 
a suite of agro-ecosystem models at 0.5° grid resolution to sim-
ulate four major crops (maize (Zea mays L.), soybean (Glycine 
max (L.) Merr.), rice (Oryza sativa L.), and wheat (Triticum 
aestivum)). The study found productivity gains for wheat under 
the ssp5.85 emission scenario, linked to higher concentrations 
of CO2. Generally, highest gains under that emission scenario 
were found at higher latitudes beyond 50° N and under 30° S 
for all crops. Climate projections inherit a high degree of vari-
ability and uncertainty, especially with regard to precipitation 
distribution and climate extremes (Iles et  al.  2020; Lhotka 
and Kyselý 2022; Sillmann et al. 2017; Semenov 2023). This is 
why climate modelers emphasize using a multi-model ensem-
ble to include a wide range of possible projections (Tegegne 
et al. 2020; Wang et al. 2018; Hey et al. 2025). Given the struc-
tural differences of commonly used agro-hydrological models, 
it is also recommended to apply more than one model when 
evaluating agricultural management strategies (Gavasso-Rita 
et al. 2024; Turek et al. 2025). However, using an ensemble of 
climate and crop models, Rosenzweig et al. (2014) showed that 
the crop models might introduce a larger uncertainty than the 
climate models. A similar approach has been taken by Schewe 
et al. (2014) and Dams et al. (2015) where hydrological models 
were combined with global climate models and climate change 
scenarios in order to evaluate the impact of climate change on 
water scarcity and runoff, respectively. While the uncertainty of 
the climate model projections and, in particular, precipitation, 
is visible rather in terms of magnitude, the translation of pre-
cipitation to hydrological variables (soil moisture, runoff, etc.) 

Highlights

•	 Four agro-hydrological models were used to simulate 
winter wheat yields at three European sites.

•	 Yield trends differed by site but were mainly driven by 
the projected climate.

•	 Adaptation benefits of no-till are small across sites.

•	 Site-specific adaptation strategies, including crop 
breeding and precision technologies, are needed.
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depends on regional properties (vegetation and soil properties), 
as well as how this is handled within the hydrological models 
(Schewe et  al.  2014). However, besides the uncertainty added 
by a model ensemble, multi-model agreement indicated nega-
tive impacts on target parameters, such as the yield reduction 
of major crops in many agricultural regions at higher levels of 
warming (Rosenzweig et al. 2014).

The model inter-comparison presented by Jägermeyr 
et al. (2021) provided protocols for several setups (e.g., growing 
period and fertilizer inputs), yet did not consider homogenized 
soil tillage across models, which was identified as a weakness 
since the soil parameters affected by tillage influence soil hy-
drology and, consequently, crop growth (Müller et  al.  2017; 
Müller et al. 2019). Given the importance and extent of wheat 
production in Europe (34% of the global wheat production), 
we explicitly aimed to test whether no-till can offset negative 
climate-change impacts on wheat yields. To do this, we ex-
amined how downscaled CMIP6 climate projections affect 
long-term (2020–2090) wheat production and whether replac-
ing conventional tillage with no-till can serve as an effective 
adaptation strategy to counteract projected yield losses. To 
this end, we applied an ensemble of four agro-hydrological 
models driven by the above-mentioned future climates from 
six global climate models, focusing on the extent to which no-
till provides adaptation benefits under future conditions at 
three sites along a north–south European gradient. The agro-
hydrological models were calibrated and validated with data 
from long-term experiments in Denmark, Switzerland, and 
Austria that compare conventional tillage and no-till under 
crop residue removal. Using a suite of climate projection 
scenarios, we assessed whether no-till can mitigate adverse 
climate impacts by improving yield development and soil hy-
drological conditions.

2   |   Material and Methods

2.1   |   Model Descriptions

This study involved four agro-hydrological models, and each 
model was set up on and parameterized for all three LTEs 
(Section 2.2). The models' crop growth and hydrology modules 
are briefly presented below. All four models require information 
on weather, management, and soil as input data. Weather input 
includes daily measurements of temperature, precipitation, and 
global radiation. For the management simulated in this study, 
the input required includes the dates of sowing, fertilization, 
and tillage operations, the kind and quantity of fertilizer ap-
plied, as well as the tillage depth.

2.1.1   |   APEX

2.1.1.1   |   Crop Growth.  The APEX (Agricultural 
Policy/Environmental eXtender) model is a field-scale 
agro-hydrological model that simulates crop growth and water, 
nitrogen (N), and carbon (C) dynamics in the vadose zone 
given an area with homogeneous climate, soil, landscape, crop 
rotation, and management system parameters. APEX is a con-
tinuous, physically based, spatially explicit model that runs on 

a daily time step (Izaurralde et al. 2006). It can simulate several 
crops, each of which has unique values for model parameters 
(Williams et al. 2023). The model accounts for crop rotations 
and field management practices, including cover crops, till-
age, fertilizer types, mixed plant stands, and plant-weed com-
petition (Wang et al. 2012). The seeding date of each crop is 
user defined and is an input into the model. The harvest date 
is model determined when the plant accumulated heat units 
match the potential heat units required to achieve maturity 
(Williams et  al.  2023). The maximum potential daily plant 
growth and crop yields are limited by various environmen-
tal factors, including limitations caused by the availability 
of soil nitrogen, phosphorus, water, and aeration (Williams 
et al. 2023).

2.1.1.2   |   Hydrology.  The APEX model is physically based 
and simulates the hydrological components at the field scale 
of interception, infiltration, lateral flow, percolation, surface 
runoff, potential evapotranspiration (ETp), actual evapotrans-
piration (ETa), and snowmelt (Wang et al. 2012). The surface 
runoff volumes and peak runoff rates are empirically deter-
mined using a modification of the Soil Conservation Service 
(SCS) Curve Number (CN) method with a variable daily CN. 
In this study, the APEX model uses Richard's equation to 
simulate unsaturated water flow in the soil. The vertical flow 
component through the soil contributes to groundwater stor-
age and can lead to deep percolation or return flow (Williams 
et al. 2023).

2.1.1.3   |   Tillage.  The model has several different tillage 
operations to choose from (Williams et al. 2023). For each till-
age, the user specifies the depth of the tillage operation. The 
tillage function simulates changes in plant residue mixing into 
the soil (based on a mixing efficiency from 0 to 1). The tillage 
mixing equation is

where X is the amount of the material (kg ha−1) in a soil layer 
after mixing, EF is the mixing efficiency of the tillage operation 
(0–1), X0 is the amount of the material (kg ha−1) before mixing, 
SMX0 is the sum of the material in TLD before mixing (kg ha−1), 
Z is the depth (m) to the bottom of the plow layer, and TLD is the 
tillage depth (m). A fraction of the plant residuals (1.0 − EF) in 
the tillage depth is not mixed and the remaining material (EF) is 
mixed and distributed uniformly within the tillage depth.

The change in bulk density in the plough layer is simulated as 
follows:

where �p is the bulk density after tillage (g cm−3), �p0 is the bulk 
density in the soil layer before tillage (g cm−3), and �b is the bulk 
density of the soil when it has completely settled after tillage 
(g cm−3). Between tillage operations, the soil settles with each 
rainfall event according to the inflow rate of water into the soil 
layer and the percentage of sand in the layer. Tillage operations 
also mix nutrients into the soil, and convert standing residues 
to flat residues. Other functions include simulating ridge height 
and surface roughness of the soil (Williams et al. 2023).

(1)X =
(1.0 − EF) ⋅ X0 + EF ⋅ SMX0 ⋅ (Z) − Z(l − 1)

TLD
,

(2)�p = �p0 −
(

�p0 − 0.667 ⋅ �b
)

⋅ EF

 13652389, 2026, 3, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.70363 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [30/06/2026]. 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



4 of 21 European Journal of Soil Science, 2026

2.1.2   |   CANDY

2.1.2.1   |   Crop Growth.  The original version of CANDY 
(CArbon and Nitrogen DYnamics) as presented first by Franko 
et al. (1995) focused primarily on simulating soil temperature, 
water content, and nitrogen dynamics. Since then, significant 
adaptations have been made, among others related to the crop 
growth module. Meanwhile, there are five plant modules avail-
able: CANDY_S (fixed N uptake for each crop type), CAN-
DY_T (N uptake driven by transpiration), ZALF_ZF (biomass 
prediction for catch crop only), CDYGRN (grassland, grazing 
included), AGRO1 (generic plant development model). Regard-
less of the module that is being chosen, the crop state is always 
represented by four crop variables (crop height, root depth, soil 
coverage, N uptake). In this study, we used the generic plant 
module AGRO1, which is mainly based on the description 
of the AGRO-C model presented by Huang et  al.  (2009). The 
module is described in Turek et  al.  (2025). The model itself 
and related documentation can be found at https://​www.​somod.​
info/​candy_​main.​php.

2.1.2.2   |   Hydrology.  CANDY describes water flux pro-
cesses in the unsaturated zone using calculation layers of 10 cm 
depth. Lateral flux is not considered by the model. Surface run-
off occurs if the amount of water in the upper layers is higher 
than the soil's pore volume, that is, when infiltration is no lon-
ger possible. Downward flow is described by the bucket model, 
that is, it is only possible if water storage exceeds the layer's 
field capacity. The velocity of the downward flow is driven by 
the saturated hydraulic conductivity (Ks) and through a drainage 
parameter (�p) (Glugla 1969; Koitzsch and Günther 1990). This 
parameter is calculated internally from Ks and the difference 
between pore volume (PV) and water content at field capacity. In 
cases where information about water content are not available, 
�p and Ks can be calculated based on information on the soil 
texture and the fraction of elutriable soil (see https://​www.​
somod.​info/​CANDY​22_​MODEL.​pdf for more information on 
the equations).

Different from the other models, the potential evapotranspira-
tion (ETP) in CANDY is calculated as follows: 

with h = crop height (cm) and Ep = pan evaporation (mm d−1), 
calculated as 0.0041 ⋅ (Tair + 22.7) ⋅ (G + 2.09) where Tair = air tem-
perature (°C) and G = daily global radiation (MJ m−2). Further, 
the PET of intercepted water by the crop (EIp) is calculated as 
1.3 ⋅ Ep.

2.1.2.3   |   Tillage.  Besides averaging of the state variables 
for water, temperature, nitrogen, and all organic compounds 
over the indicated tillage depth, tillage further influences 
the bulk density. In the model, this is described as follows:

where �new, �old, and �0are the new, the old and completely re-
compacted bulk densities (g cm−3), respectively, and l is the loos-
ening efficiency of the soil tillage tool [0–1]. l is user-specific and 
was kept at the default value of 0.7.

The bulk density after re-compaction (�0) is calculated following 
an approach of (Ruehlmann and Körschens 2009) depending on 
the actual SOC content (%) at each time step:

where b is determined site-specifically during model initializa-
tion using the initially provided values for �b and SOC. In case 
no initial value for �b is provided, b is calculated as

with cl representing the clay content (%).

2.1.3   |   DAISY

2.1.3.1   |   Crop Growth.  Daisy is a crop model that simu-
lates water, nitrogen, carbon, and pesticides in agricultural 
fields. The model does not only simulate processes in the soil, 
but ranges from the top of the canopy to the bottom of the root 
zone. The model simulates water flow in the soil, solute flow, 
soil organic matter turnover, soil vegetation atmosphere trans-
fer (SVAT), and is integrated with a crop model, where a wide 
variety of crops and management practices are integrated, 
as well as a simpler generic plant growth model. The origi-
nal version is described by Hansen et al. (1990) and Petersen 
et  al.  (1995) and generalized by Hansen and Abraham-
sen  (2009). The canopy structure is defined by a predefined 
leaf density distribution that varies with height, which 
depends on the development stage and leaf area index (LAI), 
where LAI depends on leaf mass and development stage. Par-
titioning, leaf and root death, senescence, and nitrogen stress 
(stress factors) are all influenced by development stage. Main-
tenance respiration depends on the dry mass of the plant com-
ponents and on temperature.

2.1.3.2   |   Hydrology.  The hydrological component of Daisy 
is formulated as a one-dimensional, vertically resolved water 
balance model, driven by meteorological inputs and crop char-
acteristics. The soil profile is discretized into user-defined lay-
ers, within which unsaturated water flow is simulated using 
the Richards equation. Soil hydraulic properties are parameter-
ized using the van Genuchten–Mualem functions. The upper 
boundary conditions are defined by precipitation, irrigation, 
and potential evapotranspiration (calculated via the Hargreaves 
approach), with surface runoff estimated when infiltration 
capacity is exceeded. Root water uptake is modeled following 
a distributed extraction function dependent on root density 
and water stress, and is linked to plant transpiration demand. 
Numerical integration is performed using an implicit finite dif-
ference scheme to ensure stability under variable time steps. 
This hydrological module is fully coupled with Daisy's nitrogen 
transport and crop growth sub-models, allowing for simulta-
neous simulation of soil moisture dynamics, solute leaching, 
and plant–soil–atmosphere interactions over multiple seasons.

2.1.3.3   |   Tillage.  DAISY models tillage as a combination 
of mixing and translocation (Hansen et  al.  1990). In general, 
the different soil layers are swapped, meaning that the soil lay-
ers that are above the ploughing depth will become inverted. 

(3)ETp = (1 + 0.004 ⋅ h) ⋅ Ep,

(4)�new = �old − l ⋅
(

�old −
2

3
⋅ �0

)

,

(5)�0 = (2.631 + 15.811 ⋅ b) ⋅ e(b⋅SOC),

(6)b =
(1.78345 − 0.0081 ⋅ cl) − 2.684

140.943
,
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This swap action averages the temperature, water, nitrogen, 
SOM, pesticides, and other substances in these soil layers, but 
each soil layer maintains its bulk density. However, for rotava-
tion, harrowing, seed bed preparation, and stubble cultivation, 
the soil layers above the working depth are mixed and the soil 
contents, as well as the bulk densities, are averaged.

2.1.4   |   SWAP

2.1.4.1   |   Crop Growth.  For a dynamic representation 
of crop growth, SWAP (Soil Water Atmosphere Plant, Kroes 
et  al.  (2017)) implements the generic crop growth module 
WOFOST (WOrld FOod STudies) (de Wit et al. 2019), in which 
the absorbed radiation is a function of solar radiation and crop 
leaf area. The module allows describing plant physiological pro-
cesses that determine the oxygen demand of plant roots.

2.1.4.2   |   Hydrology.  SWAP is a 1-D vertically directed 
agro-hydrological model that simulates the transport 
of water, solutes, and heat in the zone between the groundwa-
ter and the top of the plant canopy in variably saturated soils. 
In interaction with the crop development, the model simulates 
the heat and solute transport dynamics of variably saturated 
soils by employing the Richards equation (Richards  1931) in 
the vertical direction, including a sink term for root water 
uptake. Evapotranspiration and its separation between evapo-
ration and transpiration were calculated based on the reference 
evapotranspiration in combination with crop factors. Surface 
runoff occurs when the rainfall rate exceeds the infiltration rate 
of the soil. The model does not consider hysteresis, preferential 
flow, drainage systems, solute transport, snow and frost, as well 
as neither salinity nor nutrient stress. The bottom boundary 
condition of the soil profile is defined according to field condi-
tions, being free drainage the option used for deep freely drain-
ing soils. Runoff was calculated based on a constant threshold 
of 0.2 cm of water pounding, after which runoff occurs.

2.1.4.3   |   Tillage.  In SWAP, tillage was represented by 
assigning different soil hydraulic and structural properties to 
each tillage treatment, following practices used in SWAP till-
age chronosequence and hydraulic-variability studies (e.g., 
Rodrigues Pinheiro and Nunes  2023). In contrast to the other 
three models, tillage is not represented as a single event but 
as long term effects reflected in the difference in soil hydrau-
lic properties.

2.2   |   Long-Term Field Experimental Data

This study used data from three European LTEs, namely CENTS 
(Denmark—DK), FAST I (Switzerland—CH), and Hollabrunn 
(Austria—AT). The sites represent different pedo-climatic con-
ditions found in typical European agricultural farmland. The 
selected LTEs and their management histories are briefly de-
scribed here—a more detailed description of the sites can be 
found in Holzkämper et  al.  (2024). Due to the complex field 
crop rotation management, it was decided that for the modelling 
setup, only the years in which winter wheat was grown without 
a cover crop should be used for model calibration and validation.

2.2.1   |   CENTS

The experiment was established in 2002 on a sandy loam soil at 
the Flakkebjerg campus of Aarhus University (55°19′ N, 11°23′ 
E, 32 masl), Denmark (Hansen et al. 2010). The soil is based on 
ground morainic deposits from the last glaciation and is classi-
fied as a Glossic Phaeozem (Krogh and Greve 1999). The average 
soil organic carbon (SOC) content at the start of the experiment 
(2002) was 12 mg g−1 (Hansen et al. 2015). The long-term average 
annual temperature and precipitation are 8.9°C and 581 mm, re-
spectively. CENTS has a full-factorial randomized block design 
with four blocks (each block was 3 m wide and 40 m long) and 
four treatments (measuring 12.5 by 2.5 m, with a net area of each 
sub-subplot of 10.0 by 1.5 m), namely conventional tillage with 
straw removal in a crop rotation, conventional tillage with straw 
retention in a crop rotation, no-tillage with straw removal in a 
crop rotation, and no-tillage with straw retention in a crop ro-
tation. In this study, the treatments with crop residue removal 
were used in the simulation experiment. The soil characteristics 
can be found in Table 1.

2.2.2   |   FAST I

The FAST I field trial is located in Rümlang, close to Zürich, 
Switzerland (47° 43′ N, 8° 52′ E) at 485 m above sea level. It was 
started in 2009 to evaluate the performance of organic com-
pared to conventional farming on production and ecosystem 
services (Wittwer et al. 2021). The climate is classified as humid 
continental with warm summers (Köppen classification: Dfb). 
The long-term average annual temperature and precipitation 
are 9.7°C and 1063 mm, respectively (climate period 1991–2020). 

TABLE 1    |    Mean (standard deviation; n = 4) soil texture at CENTS Flakkebjerg.

Soil depth (cm) Treatment Sand (%) Silt (%) Clay (%) SOC (mg C g soil−1) Bulk density (g cm−3)

10 CT 79.1 (3.1) 8.6 (1.4) 12.4 (2.0) 12.1 (0.6) 1.49 (0.03)

NT 79.0 (4.2) 8.0 (2.3) 13.0 (2.3) 13.7 (1.6) 1.48 (0.10)

30 CT 78.9 (3.7) 8.6 (2.0) 12.5 (2.4) 9.1 (1.6) 1.60 (0.04)

NT 75.7 (7.8) 9.2 (3.3) 15.1 (4.5) 8.1 (1.4) 1.59 (0.07)

50 CT 82.5 (8.2) 5.6 (2.0) 11.9 (6.2) 3.1 (1.0) 1.53 (0.03)

NT 79.0 (7.8) 6.6 (2.8) 14.5 (5.6) 3.9 (0.3) 1.52 (0.04)

Note: Clay < 2 μm; silt 2–63 μm; sand 63–2000 μm.
Abbreviations: CT = conventional tillage with straw removal; NT = no-tillage with straw removal.
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The soil has been classified as a calceric Cambisol with a loam 
texture (23% clay, 34% silt, 43% sand, USDA texture classifica-
tion) and an average gravimetric organic carbon content of 1.4% 
in the topsoil. The crop rotation includes 2 years of ley as well 
as grain maize, spring pea (Lathyrus vernus (L.) Bernh.), and 
winter wheat. FAST I has a full-factorial randomized block de-
sign with four blocks and four treatments, namely conventional 
tillage with mineral fertilizer, conventional tillage with organic 
fertilizer, no-till with mineral fertilizer, and no-till with organic 
fertilizer. Each block consists of four plots (6 × 30 m), which 
again are subdivided into four quarters, of which two include 
cover crops and two do not (split-plot design). In this study, only 
the treatments with conventional tillage (CIT) and no-till (CNT) 
that had mineral fertilization and no cover crops were consid-
ered (Table 2).

2.2.3   |   HOLL

The LTE Hollabrunn (HOLL) was started in 2006 and is located 
in Lower Austria, at the Agricultural School Hollabrunn, in north 
eastern Austria (48° 34′ N, 16° 5′ E; 248 m above sea level). The 
climate is temperate continental with a mean annual temperature 
of 10.2°C and a mean annual precipitation of 517 mm (GeoSphere 
Austria 2023). The soil is classified as chernozem (IUSS Working 
Group WRB 2015) with predominantly loamy silt texture (Table 3). 
The crop rotation at the LTE includes winter wheat, durum wheat, 
spring barley, and maize as cereals, as well as sugar beet, sun-
flower. A winter cover crop of a legume mix is applied. In 2021, 
soybeans were introduced into the rotation. The field experimental 

site is laid out in a complete randomized block design with three 
blocks (6 m × 50 m), each with four treatments. The two treatments 
examined in the study are inversion tillage (ITS) with incorpora-
tion of crop residues and no-till (NTS), that is, direct seeding with 
crop residues left on the field.

2.3   |   Climate Projection Data

Future climate scenarios are downscaled CMIP6 scenarios 
for all three LTEs, using six global climate models (GCMs), 
namely CMCC-ESM2, CNRM-CM6-1, GISS-E2-1-G, HadGEM3-
GC31-LL, MRI-ESM2-0, and UKESM1-0-LL. The downscaling 
was undertaken using the stochastic LARS-Weather Generator 
(LARS-WG v8, Semenov (2023)), which was “trained” on the ob-
served period 1985–2015. Therefore, the LARS-WG baseline rep-
resents the year 2000 (1985–2015). The temporal resolution of the 
projected climate data was daily. The future simulation period 
was 2020–2090 with the first harvest taking place in 2021. For 
each GCM, the two emission scenarios (Shared Socioeconomic 
Pathways—ssps) ssp2-4.5 and ssp5-8.5 were selected with 50 
realizations each. The ssp scenarios are a set of five narratives 
that describe the possible future development of human society 
to 2100 and describe different demographics, technologies, and 
economics and how these affect greenhouse gas (GHG) emis-
sions and climate change mitigation (Shukla et al. 2022). The two 
contrasting ssps used is this study were chosen to span a large 
range of potential climate change impacts. While ssp2 represents 
a narrative reflecting more or less current global conditions, 
ssp5 is the narrative that represents the highest level of GHG 

TABLE 2    |    Mean (standard deviation; n = 3) soil texture and soil organic carbon (SOC) at FAST I.

Soil depth (cm) Treatment Sand (%) Silt (%) Clay (%) SOC (mg C g soil−1) Bulk Density (g cm−3)

10 CIT 43.9 (2.9) 35.6 (4) 20.5 (2.3) 13.6 (1) 1.31 (0.07)

CNT 42.7 (3.4) 34.7 (4.5) 22.5 (2.5) 12.8 (2.6) 1.40 (0.03)

30 CIT 42.9 (6.3) 33.9 (4.4) 23.1 (2) 7.6 (2.5) 1.49 (0.05)

CNT 43.9 (9.1) 32.7 (6.3) 23.5 (3.5) 6.8 (0.3) 1.48 (0.07)

50 CIT 45.7 (13) 34.1 (8) 20.2 (8.3) 5.1 (0.8) 1.51 (0.11)

CNT 43.7 (14.7) 32.3 (8.1) 23.9 (8.1) 4.1 (0.2) 1.58 (0.04)

Note: Clay < 2 μm; silt 2–63 μm; sand 63–2000 μm.
Abbreviations: CIT = conventionally tilled with mineral fertilization and no cover crops; CNT = no-till with mineral fertilization and no cover crops.

TABLE 3    |    Mean (standard deviation; n = 4) soil texture and soil organic carbon (SOC) at Hollabrunn, Austria.

Soil depth (cm) Treatment Sand (%) Silt (%) Clay (%) SOC (mg C g soil−1) Bulk density (g cm−3)

10 ITS 20.7 (0.67) 57.7 (1.60) 21.6 (1.50) 13.5 (0.83) 1.42 (0.09)

NTS 20.8 (0.46) 57.3 (2.73) 21.9 (3.18) 13.9 (1.10) 1.59 (0.05)

30 ITS 19.5 (0.23) 58.3 (1.55) 22.2 (1.51) 11.3 (0.16) 1.51 (0.15)

NTS 20.9 (1.78) 59.7 (4.82) 19.5 (4.65) 9.97 (0.76) 1.52 (0.14)

50 ITS 20.3 (2.50) 58.7 (3.46) 21.0 (3.19) 8.75 (1.74) 1.34 (0.08)

NTS 16.3 (0.53) 63.6 (1.21) 20.1 (1.54) 7.37 (0.85) 1.32 (0.10)

Note: Clay < 2 μm; silt 2–63 μm; sand 63–2000 μm.
Abbreviations: ITS = inversion tillage with crop residue incorporation. NTS = no-till with direct seeding and residues left in the field.
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emissions. The ssp2-4.5 is widely considered to be the “business-
as-usual” scenario with an additional effective radiative forcing 
of 4.5 W m−2 reaching the Earth's surface by the year 2100. In 
contrast, ssp5-8.5 is the “Fossil-fueled development” scenario 
with an additional effective radiative forcing of 8.5 W m−2, which 
would lead to a median global warming of 4.2 C relative to the 
period 1850–1900 (Riahi et  al.  2017; Chen et  al.  2021). Thus, 
future climate simulations for each site consisted of 2 (ssps) × 6 
(GCMs) × 50 (realizations) = 600 simulations of 71 years.

We used the Standardized Precipitation Index (SPI) (McKee 
et al. 1993; Keyantash and Dracup 2002) to identify drought con-
ditions at the temporal scale for both the observed and projected 
climate using

with P = precipitation, P* = mean precipitation, and σP = stan-
dard deviation of precipitation.

2.4   |   Simulation Experiments

All four models were set up on the three LTEs (CENTS, FAST I, 
and HOLL) using a homogenized methodology. The workflow of 
the simulation experiments is shown in Figure S1.

2.4.1   |   Soil Parametrization

In order to determine the effect of soil and crop management 
on soil physical, hydraulic, and mechanical properties, we used 
data on disturbed and undisturbed soil samples taken at 10, 
30, and 50 cm soil depth at each LTE. For a detailed descrip-
tion of the determined parameters, see Heller et al. (2025) and 
Holzkämper et al.  (2024). The field data used in this study in-
cludes soil organic carbon, the water retention, hydraulic con-
ductivity, texture, and bulk density. This data was used during 
both the model calibration and the future projections. The es-
timated water retention and conductivity curves for CENTS, 
FAST I, and HOLL are shown in Figure 1.

2.4.2   |   Model Calibration

Given that the focus of the study was on winter wheat, only 
the years in which winter wheat was grown in the crop rota-
tion were used for the calibration and validation of the models. 
Subsequently, only the plant-related parameters were consid-
ered in the calibration process (Table S1).

Calibration was carried out on conventional treatments, that is, 
on the conventional and inversion tillage, respectively. In all sim-
ulations, straw or crop residues were removed after harvest. The 
validation of the models was carried out on the no-till (NT) treat-
ments on each LTE. The number of years used for the calibration 
were 18 years for CENTS (8 years with winter wheat), 12 years for 
FAST I (5 years with winter wheat), and 15 years for HOLL (5 years 
with winter wheat). Also, as none of the LTEs included a winter 
wheat monoculture in their cropping systems, we assumed in the 

calibration that winter wheat was cultivated every year, but cali-
brated only on the years in which winter wheat was actually pres-
ent in the rotation. For APEX, the calibration at HOLL using this 
method did not provide satisfactory results, hence the model was 
calibrated on Block B and validated on Blocks A and C.

To include the spatial heterogeneity of the individual sites, yields 
were calibrated across blocks. This means that the result of the 
calibration was one set of calibrated plant-related parameters 
per LTE, which best described the yield across the blocks. For 
CENTS, all four Blocks (A–D) were included. For FAST I, Block 
A was excluded due to the systematic significant difference in 
the observed crop yields, leaving three Blocks (B–D) for cali-
bration, validation, and future scenarios. For HOLL, all three 
Blocks (A–C) were included.

The description of the soil profile in the models was based 
on Heller et  al.  (2025) and Holzkämper et  al.  (2024) (see 
Section 2.4.1). Given the sampling depths of 10, 30, and 50 cm, 
the models were set up with layers covering depths of 0–20, 
20–40, and 40–120 cm. The maximum soil profile and root-
ing depths were set to 120 cm at each LTE. Management strat-
egies, that is, sowing and harvesting, tillage operations and 
fertilizer applications were set in the models according to the 
information provided by the respective LTE. To calculate the 
potential evapotranspiration (ETp), APEX, DAISY and SWAP 
used the Hargreaves equation. The equation used by CANDY 
to calculate ETp are described in Equation 3.

2.4.3   |   Model Evaluation

The root mean square error (RMSE) was used to assess the 
goodness-of-fit for the simulation results compared to the field 
data during calibration and validation:

with N is the number of observations, Oi are the individual grain 
yield observations, and Si are the simulated grain yields.

2.4.4   |   Future Projections

For future scenarios (2020–2090), that is, using the climate 
projection data (see Section 2.3), a monocrop setup with win-
ter wheat was simulated and the sowing date was fixed to 3rd 
October for CENTS (DK), 22nd October for FAST I (CH) and 
27th October for HOLL (AT) (Table 4). The harvest dates were 
not considered fixed, but simulated by each model according 
to when the simulated maturity of the crop was reached. An 
average fertilizer application (date, amount, and type), as well 
as tillage (type, depth and times) were provided for each LTE 
and per treatment (Table 4).

In the case of SWAP, no fertilization was prescribed, meaning 
that the model was run with no nutrient stress. Further, the 
models did not consider increasing CO2 concentrations in the 
atmosphere for the future periods, that is, the CO2 fertilization 
sub-module, if existing in models, was turned off.

(7)SPI =
P − P∗

�P

(8)RMSE =

√

√

√

√
1

N

N
∑

i= 1

(

Oi−Si
)2
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3   |   Results

3.1   |   Climate Projections

The projected annual precipitation and average annual tem-
perature are shown in Figure  S2. For all three sites, average 
air temperatures were projected to increase compared to the 
baseline (1985–2015) (Figure  2). Over all climate models, 

MRI-ESM2-0 under ssp2-4.5 projected the lowest increase in 
annual temperature for all three sites, while projections were 
highest under UKESM1-0-LL ssp5-8.5. For the Danish site, 
CENTS, temperature increases were between 1.1°C and 3.0°C 
for the ssp2-4.5 scenarios and between 1.7°C and 4.2°C for the 
ssp5-8.5 scenarios. For the Swiss site, FAST I, projected tem-
perature changes ranged from 1.3°C to 3.8°C (ssp2-4.5) and 
2.4°C to 5.3°C (ssp5-8.5), respectively. The highest increases 

FIGURE 1    |    Soil water retention and conductivity at average soil depths of 10, 30, and 50 cm under conventional tillage and no-till at CENTS (DK), 
FAST I (CH), and HOLL (AT). The multiple lines within each depth indicate the different blocks per site.
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were projected for the Austrian site, HOLL, with 1.5°C–4.1°C 
(ssp2-4.5) and 2.3°C and 5.6°C (ssp5-8.5), respectively. The 
projected changes in annual precipitation varied between the 
GCMs and each of them showed a wide range across the 50 rep-
resentations (Figure 2). For each of the sites, depending on the 
GCM, the projected changes were positive (more precipitation) 
or negative (less precipitation) and for some GCMs, projected 
changes indicated both effects across the 50 representations. 
For CENTS, which has an average annual precipitation of about 
579 mm (1985–2015), changes in projected annual precipitation 

were between −11% and +12% (−65.06 and 70.99 mm) under 
ssp2-4.5 and −12% and +9% (−71.70 and 50.97 mm) under 
ssp5-8.5. For both emission scenarios, the GCM UKESM1-
0-LL predicted the highest decreases in precipitation, that is, 
years with drier conditions, while CNRM-CM6-1 predicted the 
highest increases, that is, years with wetter conditions. The 
highest increases and decreases in precipitation were projected 
for FAST I, that is, the site with the highest annual precipita-
tion amounts used in this study (1026 mm over the 1985–2015 
period). For this site, the highest decreases were projected by 

TABLE 4    |    Management practices for continuous winter wheat at CENTS (DK), FAST I (CH), and HOLL (AT) implemented in the future scenario 
simulations.

Management CENTS FAST I HOLL

Sowing date 3rd Oct 22nd Oct 27th Oct

Harvest date Dynamic and model-dependent

Mineral fertilizer 
application

3rd Apr (70 kg N ha−1) 22nd Mar (60 kg N ha−1) 12th Mar (50 kg N ha−1)

29th Apr (30 kg N ha−1) 25th Apr (50 kg N ha−1)

27th May (30 kg N ha−1) 22th May (37 kg N ha−1)

Manure application 23rd May (260 kg ha−1 as pig manure, 
which corresponds to 100 kg N ha−1)

— —

Ploughing date and 
depth

2nd Oct (20 cm) 30th Sep (20 cm) and 
19th Oct (10 cm)

19th Oct (25 cm)

FIGURE 2    |    Deviation of projected annual temperature (ΔT, °C) and precipitation (ΔP, mm) in mm from baseline weather data (1985–2015) for 
CENTS (DK), FAST I (CH), and HOLL (AT). Each climate model comes with 50 representations and two emission scenarios (ssp2-4.5 and ssp5-8.5).
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HadGEM3-GC31-LL for both ssp2-4.5 (−11%; −110.24 mm) and 
ssp5-8.5 (−12%; −122.40 mm). Highest increases were projected 
by CNRM-CM6-1 ranging up to 14% (142.42 mm; ssp2-4.5) and 
15% (148.80 mm; ssp5-8.5), respectively. Similar to CENTS, for 
HOLL, the two GCMs UKESM1-0-LL and CNRM-CM6-1 pre-
dicted the highest and lowest changes in annual precipitation, 
with CNRM-CM6-1 predicting wetter conditions independent of 
the emission scenario. Projections for HOLL, which is the driest 
if the three sites used in this study with an average annual pre-
cipitation amount of 512 mm, ranged from −10% (−50.53 mm) to 
+13% (68.20 mm) under ssp2-4.5 and −17% (−89.29 mm) to +13% 
(65.84 mm) under ssp5-8.5.

Even though projected average annual temperatures were above 
the baseline temperature, the range of monthly average tem-
peratures was narrower both towards negative and positive tem-
peratures (Figure 3). The climate models differed only slightly 
in projected monthly average temperatures, and even if tem-
peratures were slightly higher under ssp5-8.5 in most months, 
this difference was rather minor.

In addition to the variation in annual precipitation totals, the 
distribution of precipitation and dry periods differed among the 
GCMs. On a monthly basis, the SPI for the three sites under the 
baseline scenarios, that is, 1985–2015, is mostly between −1 and 
1, which means in the “neutral” range, and this is very consistent 
throughout the year (Figure S3). In contrast to that, the climate 
projections show a clear dynamic across the year with more dis-
tinct wet and dry periods. However, the projections differ in the 
timing of these rather extreme conditions (Figures S4–S9). For 
example, for CENTS, UKESM1-0-LL and CMCC-ESM2 predict 
wetter conditions during winter and spring, followed by drier 
conditions in summer and autumn. MRI-ESM2-0 predicts the 
opposite and spring is projected to be the driest period on average 
for all three sites. HadGEM3-GC31-LL predicts drier conditions 
in winter and wet conditions in late spring and early summer 
for CENTS and FAST I. For HOLL, conditions are rather neutral 
throughout the year under ssp2-4.5, but tend toward drier con-
ditions in autumn and winter under ssp5-8.5. These variations 
in dry and wet conditions can be expected to influence winter 

wheat simulations, as weather conditions strongly determine 
the development and success of the crop.

3.2   |   Model Calibration to Observed Grain Yield

Grain yields observed at the individual LTEs were in a similar 
order of magnitude. They varied across years but did not differ 
significantly between treatments (Figure S10). At CENTS, grain 
yields varied between 2.8–9.1 and 1.6–9.9 t ha−1 under conven-
tional tillage and no-till, respectively. The wide range is mainly 
due to the increase in yields after 2013, which occurred under 
both conventional tillage and no-till. At FAST I, yields under 
conventional tillage ranged from 4 to 6.3 t ha−1 and from 3.1 to 
6.2 t ha−1 under no-till. However, over time, no clear increase 
or decrease in productivity was observed. The same applied 
to HOLL, where observed grain yields were between 5.4 and 
8.3 t ha−1 under conventional tillage and between 5 and 7.8 t ha−1 
under no-till.

The four models performed well in reproducing the winter wheat 
grain field observed at the three LTEs. For CENTS, RMSEs 
were between 0.7 (CANDY) and 1.6 t ha−1 (DAISY) (Table  5). 
Similar results were achieved for FAST I, with RMSEs ranging 
from 0.7 (APEX) to 1.5 t ha−1 (SWAP). For HOLL, model perfor-
mances were even more similar, with RMSEs ranging from 1.2 
(CANDY) to 1.5 t ha−1 (DAISY). The calibrated crop parameters 
for each model and LTE can be found in Table S1.

FIGURE 3    |    Monthly average temperature at CENTS (DK), FAST I (CH), and HOLL (AT) for the baseline period (1985–2015), and two shared 
socio-economic pathways, ssp2-4.5 and ssp5-8.5.

TABLE 5    |    Root mean squared errors (RMSEs) for the conventional 
treatments, that is, (inversion) tillage and straw removal.

Model CENTS (DK) FAST I (CH) HOLL (AT)

APEX 1.1 0.7 1.3

CANDY 0.7 1.3 1.2

DAISY 1.6 1.3 1.5

SWAP 1.5 1.5 1.2

Note: Models were calibrated based on observed grain yield (t ha−1).
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3.3   |   Simulation of Future Grain Yield

Given the large number of simulations and factors considered, 
we present block-averaged outcomes in the main text, as spatial 
heterogeneity among blocks had only minor effects relative to 
the influence of the climate projections. Full block-level results 
are provided in the Supporting Information.

No clear treatment effect was visible in the individual model 
simulations of the different blocks or among projections 
(Figures 4 and S11). Even though the average grain yields sim-
ulated by each model are in a comparable range at the individ-
ual LTEs, the models differ in both the trend and variability 
under the future climates.

APEX simulated a decreasing trend of grain yield over the 
simulation period for all sites and blocks and regardless of the 
management practice or climate projection. However, the yield 
variability caused by the different climate models was higher 
under tillage, at least at the CENTS and HOLL sites. At the 
CENTS site, CANDY simulated an initial decrease in yields until 

2030, but after that, yields slightly increased. Under the ssp2-4.5 
scenario, the yields more or less stabilize until 2090 for all cli-
mate projections except UKESM1-0-LL, where a slight down-
ward trend is discernible. This trend becomes even stronger 
under the ssp5-8.5 scenario and is also visible under HadGEM3-
GC31-LL and even CNRM-CM6-1. Yields simulated with 
DAISY show an increasing trend over time with slightly higher 
average yields under no-till compared to the tillage treatment. 
This increase is independent of the climate scenario, block, or 
management practice (Figures 4 and S11). Overall, the variation 
of the simulations was lower under no-till. SWAP simulated no 
significant trend in grain yield over the years, but the variation 
between climate projections was very high. The effect of tillage 
or no-till, which in SWAP is expressed by the difference in soil 
properties, did not result in a visible difference in grain yield.

For the FAST I site, CANDY simulated a slight increase in 
grain yields in the beginning and a yield decrease after 2060, 
where no clear treatment effects could be detected. The trends 
are somewhat similar to the ones at CENTS with decreas-
ing yields towards the end of the simulation period under 

FIGURE 4    |    Climate projection results of winter wheat grain yield at CENTS (DK), FAST I (CH), and HOLL (AT) averaged across blocks. Full 
lines represent the median value between the climate projections, and the shaded area refers to the values between the (dotted) minimum and max-
imum values. Results shown are without an average moving window.
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UKESM1-0-LL (both ssp2-4.5 and ssp5-8.5) and HadGEM3-
GC31-LL (ssp5-8.5). While DAISY did not show much of a 
yield trend for any of the projections or treatments, APEX and 
SWAP simulated a somewhat decreasing trend over the 2020–
2090 time period, independent of the climate scenario, GCM, 
or management. This decrease was stronger under the ssp5-8.5 
scenario and particularly pronounced under the UKESM1-
0-LL projection.

At the HOLL site, APEX simulated slightly decreasing yields 
over time, independent of the climate projection. Candy simu-
lated a high variability in crop yields under no-till with a gener-
ally higher tendency towards lower yields. Overall, yields seem 
less stable under no-till compared to tillage, in particular under 
the ssp5-8.5 scenario. In contrast to that, DAISY simulated in-
creasing yields over time and this was independent of the block, 
scenario, GCM, and treatment (Figure  S11). SWAP simulated 
rather unstable yields across all GCMs, with no-till resulting in 
slightly lower yields on average. Surprisingly, SWAP simulated 
decreasing yield trends towards the end of the simulation pe-
riod already under ssp2-4.5 under all GCMs but CMCC-ESM2. 
Under ssp5-8.5, conditions under GCMs CMCC-ESM2 and 
CNRM-CM6-1 obviously favored yields simulated with SWAP 
visible through an increasing trend over time.

In general, at all sites, SWAP simulated the highest variability 
in future yields. This variability can be linked to the variation 
in the runs within each climate model. This is particularly the 
case for the CENTS and HOLL sites, where the variation in sim-
ulated yields with SWAP was about twice as high as for the other 
models. This was independent of the climate model, climate sce-
nario or block. The lowest variation in yields following climate 
models was found by CANDY, at least for CENTS and FAST I. 
At the HOLL site, DAISY simulated less variation in grain yields 
across the climate models. When averaging over the blocks, it 
becomes clear that the impact of the individual climate mod-
els and scenarios on simulated yield strongly differed between 
the models (Figure 4). While the climate projections under the 
ssp2-4.5 scenario did not cause much yield differences among 
climate models, stronger reactions by all four models are visible 
under ssp5-8.5. However, this reaction is different between the 
sites and climate model. Strongest yield decreases were simu-
lated for the UKESM1-0-LL climate model, which also projects 
the highest increase in average temperature combined with the 
highest reduction in annual rainfall compared with the other 
climate models. However, at the HOLL site, CANDY and DAISY 
simulated increasing or steady yields for most of the climate 
models and regardless of the scenario or block (Figure S11). For 
this site, CANDY simulated tillage as beneficial to yield produc-
tion compared to no-till and yields even decrease (temporarily) 
under no-till. No clear management effects are simulated by the 
other models.

3.4   |   Simulation of Future Growing Period

The length of the growing period (days from sowing until har-
vest) was simulated by CANDY, DAISY, and SWAP (Figure 5). 
Regardless of the site, climate scenario, block, or management, 
all models simulated a gradual rather than abrupt trend towards 

a shorter growing period over the 2020–2090 period with no 
clear management effect (Figures 5 and S12).

While the trends among the models and differences between 
climate projections were similar among models, CANDY ap-
peared to be the most sensitive of the three models and simu-
lated the strongest decrease in the growing period. Compared 
to that, DAISY showed a more intermediate behavior, simulat-
ing clearly present declines that, however, were less steep than 
simulated by CANDY. SWAP showed comparatively mild re-
ductions in growing period and some rather flat trends.

The strongest change in growing period was simulated for 
CENTS (particularly by CANDY), while the slopes were more 
moderate at FAST I and weakest for HOLL.

Under ssp2-4.5, CANDY simulated on average the strongest de-
crease in growing days (30, 29, and 24 days for CENTS, FAST 
I, and HOLL, respectively), resulting in the crop harvest being 
shifted from the end of July (24th July for CENTS, 22nd of July 
for FAST I, and 20th July for HOLL) to the end of June (24th, 
23rd, and 26th of June for CENTS, FAST I, and HOLL, respec-
tively). For DAISY, the length of the growing period decreased 
by 17, 16, and 15 days at CENTS, FAST I, and HOLL, respec-
tively, but was generally longer as simulated by CANDY. At the 
end of the simulation period, harvest had been moved from 3rd 
August to 18th July at CENTS, 27th July to 11th July at FAST 
I, and from 17th July to 2nd July at HOLL. SWAP's simulated 
growing period was the least affected by the climate projections 
and harvest at the end of the growing period was simulated to 
occur around 17th of July instead of 30th of July at CENTS, 04th 
July instead of 18th of July at FAST I, and 11th July instead of 
22nd of July at HOLL. Under spp5-8.5, the growing period de-
creased even more for all models, but most for CANDY (60, 55, 
and 49 days at CENTS, FAST I, and HOLL, respectively). Crop 
maturity and, consequently, harvest was thus simulated to hap-
pen around 25th May (CENTS), 27th May (FAST I), and 2nd 
June (HOLL), respectively. The simulated decrease in growing 
period was smaller for DAISY (27, 29, and 28 days at CENTS, 
FAST I, and HOLL, respectively) and SWAP (23 days at CENTS, 
24 days at FAST I, and 22 days at HOLL). Consequently, crops 
simulated with DAISY and SWAP reached maturity much 
later compared to Candy, resulting in harvest dates around 7th 
July (CENTS), 28th June (FAST I), and 20th June (HOLL) with 
DAISY, and 7th July (CENTS), 23rd June (FAST I), and 1st July 
(HOLL) with SWAP.

The climate projections that resulted in the strongest decrease 
in growing period were CMCC-ESM2 and UKESM1-0-LL under 
the ssp2-4.5 scenario and UKESM1-0-LL under the ssp5-8.5 
scenario.

Overall, the shortening of the growing period in all three mod-
els was mainly driven by the predicted climate with no recog-
nizable treatment effects (Figure S12). The only exceptions are 
for SWAP at FAST I and HOLL, with 1 day difference between 
tillage and no-till (13 days under tillage vs. 14 days under no-till 
at FAST I and 22 days under tillage vs. 21 days under no-till at 
HOLL). The general lack of a treatment effect can be explained 
by the fact that simulating the crop phenology by the models 
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is not connected to the soil, but is based on the growing de-
gree days.

3.5   |   Simulation of Future Water Balance 
Components

3.5.1   |   Actual Evapotranspiration

At CENTS, APEX simulated decreasing ETa over time with an 
average higher (but not significantly different) ETa under till-
age for all blocks and GCMs, ssp2-4.5 and ssp5-8.5 (Figures S13 
and S14). CANDY, DAISY, and SWAP simulated no significant 
trend in average ETa, and no differences between tillage and no-
till were simulated. Under HadGEM3-GC31-LL and UKESM1-
0-LL, DAISY simulated a slight increase in ETa towards the 
end of the simulation period, as well as increasing variation 
after 2060.

At the FAST I site, SWAP showed no trend in ETa, except for 
under UKESM1-0-LL where ETa decreased over time. For all 

GCMs, average ETa was slightly higher under no-till compared 
to tillage. CANDY and DAISY simulated very slight increases in 
ETa for each block and GCM with no difference between man-
agements. SWAP showed no trend in ETa under ssp2-4.5, but a 
tendency towards a decreasing ETa under ssp5-8.5 with no dif-
ferences between tillage and no-till.

For HOLL, APEX simulated lower ETa under no-till for all 
GCMs. The variation of simulated ETa was very high and differ-
ences were not significant. The other three models did not simu-
late clear trends in ETa, except for under UKESM1-0-LL, where 
UKESM1-0-LL decreased over time. No advantage of tillage or 
no-till was simulated.

3.5.2   |   Percolation Amounts

At the CENTS site, all models simulated an increase in percolation, 
that is, the water flow below the lower boundary set at 120 cm soil 
depth, over time under CNRM-CM6-1 (ssp5-8.5) (Figures S15 and 
S16). While APEX simulated no-till to lead to higher percolation 

FIGURE 5    |    Simulated growing period (days) at CENTS (DK), FAST I (CH), and HOLL (AT) averaged across blocks. Full lines represent the me-
dian value between the climate projections, and the shaded area refers to the values between the (dotted) minimum and maximum values. Results 
shown are without an average moving window.
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on average, CANDY simulated the opposite and percolation was 
always lower under no-till compared to tillage. While there was 
no differences between blocks for APEX, the management differ-
ences simulated by CANDY were inverted in Block B, that is, no-
till led to slightly higher percolation. This effect was, however, not 
as pronounced as in Blocks A, C, and D (Figure S16). In general, 
CANDY simulated rather low percolation compared to the other 
models. No treatment differences were simulated by DAISY and 
SWAP. Under ssp5-8.5, CANDY, DAISY and SWAP indicated a 
decrease in percolation over time under HadGem3-GC31-LL and 
UKESM1-0-LL, regardless of the block. No other trends were sim-
ulated for this site.

Simulations for FAST I did not show any treatment effects by any 
of the models, except for CANDY who simulated a slightly higher 
average percolation in Block C (Figure S15). APEX simulated an 
increase in percolation or no trend at all, except for GISS-E2-1-G 
(ssp5-8.5), where the initial increase turned to a decrease after ap-
proximately half of the simulation period. For DAISY and SWAP, 
the variation across climate models was very high and the simu-
lated percolation ranged between 15 and 115 cm yr−1. These two 
models also simulated the strongest decrease in percolation under 
GISS-E2-1-G, HadGem3-GC31-LL, and MRI-ESM2-0.

For HOLL, highest percolation amounts were simulated by APEX, 
together with a decreasing trend over time for almost all GCMs and 
blocks. In contrast to that, the remaining three models simulated 
rather low percolation with no identifiable trend across GCMs and 
blocks (Figure 16). However, throughout the simulations, APEX 
indicated higher percolation under no-till compared to tillage.

3.5.3   |   Surface Runoff

Regardless of the site, block or GCM, DAISY and SWAP simu-
lated surface runoff that was (close to) zero, except for SWAP 
at FAST I in Block C (Figures  S17 and S18). As clearly seen 
by the high percolation amounts simulated by both models, 
the low runoff can be explained by the fact that almost all the 
water infiltrated into the soil. In contrast to this, APEX and 
CANDY simulated surface runoff at all sites, in all blocks and 
for all GCMs.

At CENTS, APEX simulated no clear trends and no differences 
in runoff between tillage practices. Simulated percolation in-
creased a little over time under CNMR-CM6-1 (ssp5-8.5) and de-
creased under HadGem3-GC31-LL and UKESM1-0-LL. While 
CANDY did not simulate any clear trends either, the simulation 
results indicated a treatment effect with higher runoff under no-
till in Blocks A, C, and D, while runoff under tillage was close 
to zero. This was the opposite in Block B, where CANDY simu-
lated slightly higher runoff under tillage and almost no runoff at 
all under no-till. The variation in simulated runoff was higher 
under no-till than under tillage.

For FAST I, APEX and CANDY showed some variation in run-
off over time, but no visible trend under ssp2-4.5. Even though 
the variation across climate models was similar between the 
models, average runoff simulated with CANDY was approxi-
mately twice as high as with APEX. Under ssp5-4.5, both APEX 
and CANDY simulated decreasing runoff over time. No clear 

treatment differences were visible, even though maximum run-
off simulated with CANDY was higher under tillage compared 
to no-till. However, this treatment effect was limited to Blocks B 
and C (Figure S18).

At HOLL, APEX did not indicate any treatment effects regard-
less of the block and climate scenario. CANDY simulated higher 
runoff under no-till compared to tillage for Blocks A and B. For 
Block C, simulated runoff was close to zero under tillage and 
only slightly higher under no-till.

4   |   Discussion

4.1   |   Projection of a Future Climate

The climate projections used in this study were derived from 
Lars-WG including six global climate models for two emission sce-
narios with 50 representations each. This climate model ensemble 
guaranteed a variation in predicted climate conditions, spanning 
from overall wetter years to significantly drier years. The variation 
among the 50 representations is reflected in the agro-hydrological 
models as well, as the processes described by them are usually 
very sensitive to meteorologic data. Thus, the choice of a climate 
model ensemble minimizes the bias that would be introduced by 
using only one single climate model (Hey et al. 2025). A common 
feature of the climate models was the predicted increase in an-
nual temperature by at least 1°C at each site (Figure 2). Given the 
global thresholds of 1.5°C and 2°C, respectively, suggested by the 
Intergovernmental Panel on Climate Change (Shukla et al. 2022), 
it has to be stressed that only MRI-ESM2-0 predicted temperature 
increases below 1.5°C for all three sites, but only under the lower 
emission scenario (ssp2-4.5) (Figure 2). The other climate models 
and scenarios were closer to and mostly above the 2°C increase in 
annual average temperatures.

Following the IPCC's Sixth report (van Diemen et al. 2022), when 
a pattern of extreme weather persists for a longer time, for exam-
ple, a season, it can be classified as extreme climate event. This 
relates to high temperatures, as well as drought and high rain-
fall. Climate change is expected to increase the probability and, 
at the same time, frequency of extreme events, such as drought. 
More specifically, the projected changes in drought strongly dif-
fer among regions, as well as in the type of drought (agricultural, 
meteorological, and hydrological) (Caretta et  al.  2022). While 
not only precipitation patterns will change, higher evaporative 
demands and changes in snow cover are additional drivers of 
future drought events in many regions of the world (Naumann 
et al. 2018; Cook et al. 2020).

4.2   |   Projection of Wheat Production Under a 
Future Climate

The model ensemble including four agro-hydrological models 
(APEX, CANDY, DAISY, and SWAP) was run with an ensem-
ble of climate projections for three sites, located in Northern and 
Central Europe, respectively, in order to evaluate the impact of 
conventional and no-tillage on future grain yields for winter 
wheat, as well as selected properties of the soil water balance. It 
was expected that differences in soil hydraulic properties derived 
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by management practices (tillage vs. no-till) will lead to differ-
ences in grain yield in the long-term. The reasoning behind this 
was that the mechanical disturbance of the soil through frequent 
tillage influences the soil structure, hydrology, and consequently, 
the buffer capacity of the soil against changes in climate. Overall, 
all six GCMs used in this study indicated drought events of differ-
ent severity and at different times of the year. In general, drought 
conditions during the reproductive development of winter wheat 
can significantly reduce the yield (e.g., Mu et al. (2021)). However, 
the exact timing of the drought during crop development is im-
portant and based on results obtained by Mu et al. (2021), suffi-
cient water supply should be ensured during jointing and filling 
periods. During these periods, water shortage can affect the num-
ber of grains per head, as well as the size of the grains. In addition 
to that, water stress during seedling and tillering can hinder ger-
mination and root development. Besides drought, increasing tem-
perature, and consequently, a faster reach of the growing degree 
days needed for crop maturity will result in shorter growing peri-
ods. This has already been reported for Denmark, where increas-
ing temperatures have negatively affected grain filling on winter 
wheat yield, due to a decrease in the length of the growing season 
(Kristensen et al. 2011). In the scenario simulations used in this 
study, winter wheat was sown on 3rd, 22nd, and 27th October at 
CENTS, FAST I, and HOLL, respectively. Most GCMs predicted 
rather neutral conditions during this period, following the SPI 
definition. Exceptions are UKESM1-0-LL and CMCC-ESM2 at 
HOLL, which indicated drier conditions. Very important for the 
development of winter wheat is when plants experience vernal-
ization, that is, a period of low winter temperatures (usually close 
to or below 0°C). While winter temperatures below 0°C are very 
common at the three sites, projected monthly average tempera-
tures were never below 0°C (Figure 3).

Across all four agro-hydrological models and simulation setups 
used in this study, no differences in grain yield were observed be-
tween the different management practices. The models did, how-
ever, react differently to the climate predictions and how future 
grain yields until 2090 would develop: APEX simulated decreas-
ing winter wheat yields for all sites and management prac-
tices along the future period. On average, trends simulated by 
CANDY, DAISY, and SWAP were different between the sites and 
while yields were projected to slightly increase at the CENTS and 
HOLL sites, the models simulated a decrease or no changes for 
the FAST I site. However, the models reacted to the more severe 
climate models, that is, the ones that indicated the highest tem-
perature increase and strongest reduction of precipitation among 
all climate models (HadGEM3-GC31-LL and UKESM1-0-LL; 
Figures S7 and S9). While differences exist between the models 
in terms of yield development, all models indicated a reduction in 
grain yields under UKESM1-0-LL and partially also HadGEM3-
GC31-LL, which predicted most pronounced reductions in an-
nual precipitation across the three sites (Figure 2). Nevertheless, 
the precipitation patterns of those two GCMs were very differ-
ent, as indicated by the SPI (Figures S7 and S9): UKESM1-0-LL 
projected slightly wetter conditions during late winter and early 
spring and indicated drier summers and autumns independent of 
the emission scenario. In contrast to that, HadGEM3-GC31-LL 
predicted drier winters and somewhat wetter springs (at least 
for CENTS). Overall, the projected differences between the sites 
highlight the need for region- and season-specific risk assess-
ment, as well as adaptation planning (Becker et al. 2025).

4.3   |   Soil Parameters and Model Parameterization

Parts of the explanation for the missing response of the mod-
els to management practice might be the soil parameterization, 
that is, the measurements derived from the respective LTEs and 
blocks, respectively. All three LTEs compare conventional and 
conservational management practices, with a particular focus 
on tillage versus no-till. At CENTS, these two treatments are 
further combined with straw removal or straw retention. It was 
expected that the different treatment would lead to changes in 
the soil physical and soil hydraulic properties in the long-term. 
The CENTS has been operating for 22 years and FAST I for 
15 years under the same management practices. Differences in 
soil hydraulic properties are, however, less pronounced than 
might have been expected. In fact, larger differences could be 
found between the blocks than between treatments. These dif-
ferences were partially captured by the models. Since modelling 
approaches rely heavily on specific soil parameters to determine 
hydraulic properties, in situ measurements of how these prop-
erties vary in the field and between treatments are paramount 
to improve our understanding of water movement in unstable 
soils Assouline and Or (2013). SWAP was most sensitive to the 
differences in soil hydraulic parameters between treatments 
and blocks, respectively. Overall, if the models showed differ-
ences between blocks at all, it was mainly evident at the CENTS 
site. CENTS has, compared to FAST I, a very high sand content 
(> 70%) and a clay content between 12% and 18% in the 0–50 cm 
layer. Nevertheless, the bulk density (�b) is rather high, and 
there are no significant differences between the tillage treat-
ments along the sampled depth (down to 50 cm deep). The soil 
is particularly compacted below the plough layer and �b at 30 cm 
soil depth averaged across all four blocks is 1.60 ± 0.06 Mg m−3 
for conventional and 1.59 ± 0.07 Mg m−3 for no-till (Heller 
et  al.  2025). Generally, low �b is associated with favorable hy-
draulic properties for agricultural purposes. Tillage can reduce 
�b, but a lower �b caused by mechanical disturbance and soil in-
version is not stable and does not remain low over the growing 
season. The study of Kool et al. (2019) showed that the largest 
change in �b happened within the first few weeks after tillage 
and that changes were more pronounced with depth. Based on 
the data used in this study, the loosening effect of tillage was 
limited to the topsoil layer and �b increased with depth below 
the plough layer in the tilled treatments. This is true for all three 
sites used in this study (CENTS, FAST I, and HOLL), even though 
there are some differences between the blocks. Kool et al. (2019) 
further showed that the increase in �b strongly affected water 
retention: for the initial �b of 0.94 g cm−3 a volumetric water con-
tent of 0.19 cm3 cm−3 at a suction (�) of 330 hPa indicated that 
water was retained in only about one third of the pore volume, 
while at a �b of 1.31 g cm−3, the decrease in pore volume along 
with increased water retention resulted in water being retained 
in two thirds of the pore volume at a suction of 330 hPa. Of the 
two modeling approaches evaluated in their study for changes in 
water retention as a function of �b, Kool et al. (2019) found that 
only the one approach that used a matching point gave reason-
able results for the entire range, despite not accounting for the 
bimodal shape of the curve. The model for Ks required separate 
estimates for ρb < 1.06 g cm−3, and ρb > 1.06 g cm−3. The effect on 
Ks was not obvious for ρb < 1.06 g cm−3, but for ρb > 1.06 g cm−3, 
Ks decreased by an order of magnitude as �b increased. These 
kind of results have implications for simulation approaches of 
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tilled soils, as well as for studies comparing tilled and non-tilled 
soils, as obviously, hydraulic properties of tilled soils will vary 
strongly depending on the time since the last tillage operation 
and the soil depth. While the soil hydraulic parameters did not 
seem to have much influence on the grain yield, some differ-
ences were found for some components of the water balance 
(ETa, percolation and surface runoff). CANDY reacted most 
pronounced to differences between the blocks and this was most 
visible for the runoff. At CENTS, runoff simulated with CANDY 
was significantly higher under no-till compared to tillage for 
Blocks A, C, and D. Runoff under tillage was low in these blocks. 
For Block B, it was the other way around, and CANDY simu-
lated higher runoff under tillage compared to no-till. A compar-
ison of soil parameters of Blocks A and B for the conventional 
and no-till treatments shows that both blocks had the same �b 
in the topsoil under tillage (1.50 Mg m−3) but substantial differ-
ences under no-till (1.55 Mg m−3 for Block A and 1.38 Mg m−3 for 
Block B). At 30 cm soil depth, bulk densities were higher under 
tillage (1.58 Mg m−3 for Block A and 1.64 Mg m−3 for Block B) 
compared to no-till (1.56 Mg m−3 for Block A and 1.53 Mg m−3 for 
Block B). Related to that, topsoil porosity in Block A was higher 
under tillage (46% under conventional compared to 40% under 
no-till). This was not the case in Block B were the porosity was 
higher under no-till (42% vs. 45%). Most pronounced differences 
between the two blocks and treatments were visible in the satu-
rated hydraulic conductivity (Ks): in Block A, the continuous till-
age led to a very high Ks of 145 cm d−1, while this value was much 
lower under no-till (15 cm d−1). For Block B, the opposite is true 
and no-till had a higher Ks compared to tillage (22 vs. 79 cm d−1). 
In CANDY, which uses the bucket model concept to simulate 
downward flow in soil, runoff occurs as soon as the topsoil layer 
is saturated, the lower porosity in Block A most likely led to a 
slightly higher runoff under no-till. APEX, DAISY, and SWAP 
used the Richards equation and also here, runoff is simulated 
when topsoil is saturated. However, surface runoff simulated by 
DAISY and SWAP was very low, while APEX simulated surface 
runoff in the same order of magnitude as CANDY (Figures S16 
and S17).

Besides the initially set bulk density, the management itself 
would normally be expected to change the soil structure and 
soil hydraulic parameters over time. CANDY includes soil loos-
ening by tillage, but this effect was not strong enough to provide 
evidence of tillage or no-till as a climate adaptation measure. In 
general, tillage is represented in the models as the redistribution 
of water, temperature, nitrogen, and soil organic carbon over the 
tillage depth. In DAISY, this also applies to pesticides and other 
substances in the topsoil layer, and APEX further considers 
surface features such as ridge height and roughness. However, 
accurate prediction of the long-term effects of soil manage-
ment practices, such as on crop yield trajectories, could benefit 
from explicit representation of tillage-induced soil disturbance 
in crop models. This includes alterations to soil structure and 
associated hydraulic properties, which in turn modulate crop 
growth and yield development over time, particularly under 
projected climate change scenarios. It would be expected that 
simulating dynamic soil properties, particular changes in soil 
hydraulic conductivity and water retention, would allow the 
models to better capture critical periods of water stress or excess 
that govern phenological transitions and resource capture. This 
would further strengthen the coupling between soil processes 

and crop physiology, which could lead to more reliable forecasts 
of yield variability under diverse management and changing cli-
matic conditions.

The models considered in this study differ considerably in their 
sensitivities to soil parametrization. This has already been 
shown by Turek et al. (2025) who evaluated the sensitivity of the 
same set of models on soil hydraulic properties determined by 
different pedotransfer functions compared to the model struc-
tures. In that study, SWAP showed the strongest sensitivity to 
the pedotransfer functions used. In the study presented here, the 
differences in simulated outputs with SWAP were less driven by 
differences in soil properties, that is, the management or block, 
but rather by the climate model, as is the case for the other mod-
els as well.

4.4   |   Limitations of the Study

A limitation of this study is the fact that not all models account 
for dynamics in soil hydraulic parameters. While some keep 
soil properties related to the soil water retention curve constant 
throughout the simulation period others incorporate some tem-
poral variation. However, consideration of the temporal varia-
tion of soil properties is necessary to accurately predict long-term 
effects of both agricultural management and climate change on 
soil quality and future crop yields (e.g., Strudley et al.  (2008)). 
Dynamics in soil structure are considered by the USSF (Uppsala 
model for soil structure and function) model (Jarvis et al. 2022, 
2024). The model considers the dynamic interactions between 
abiotic factors, soil crop growth and root development and soil 
structural changes. For example, it does make a direct link be-
tween the soil water conditions, the mineralization rates of soil 
organic matter, and increases or decreases in soil bulk density 
(Meurer, Chenu, et al. 2020). By applying the USSF model to the 
FAST I site and using some of the climate scenarios used in the 
study presented here, Feifel (2024) found that no-till had a posi-
tive effect on the soil water balance, resulting in reduced surface 
runoff and a better preservation of the soil moisture compared 
to tillage. In their study, under increased temperatures during 
the climate scenarios, a shortened growth period resulted in a 
reduction in crop yields, as the period for grain filling is getting 
shorter. Nevertheless, no-till maintained higher soil organic 
matter stocks and conserved soil moisture, thus demonstrating 
a great potential to mitigate some of the adverse impacts of cli-
mate change Feifel (2024).

Considering the agricultural practices simulated, it was assumed 
in this study that the same practices would be repeated every 
year. That means that the sowing dates, as well as the manure 
and mineral fertilizer application would occur on the same days, 
year after year. Also the quantity of fertilizer applied was kept 
constant. Only the harvest date was determined by the models 
that was based on the maturity of the crop (phenology) by each 
model, respectively. It is very likely that management practices 
would be adapted over the future time-span considered in this 
study. In their study, Bracho-Mujica et al. (2024) found that the 
impacts of technological advances on future wheat and maize 
yields were stronger than those resulting from climate change. 
Furthermore, the practice of planting winter wheat as a mono-
culture year after year is rather unlikely, just like the continuous 
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cropping with the same winter wheat cultivar and a fixed sow-
ing date. Using the STICS model, Yang et al. (2019) found that 
using earlier flowering cultivars, as well as earlier sowing, were 
adaptation options that were able to reverse the yield reductions. 
However, this was chosen as a homogeneous setup for model 
comparison in the model ensemble. The wheat monocrop setup 
with fixed fertilizer levels has consequences for APEX in partic-
ular, as it led to a steady and constant depletion of soil mineral 
nitrogen in the root zone over the period 2020–2090, thus result-
ing in decreasing yields over time.

Also, increasing atmospheric CO2 concentration was not con-
sidered. This has been pointed out as a very important source 
of uncertainty in future yield projection (Kersebaum and 
Nendel 2014), as yields have been shown to increase under in-
creased CO2 (Long et al. 2005; Wang et al. 2013). However, in 
their study comparing the models DAISY, FASSET, and SWAT, 
Ozturk et al. (2017) showed that simulated winter wheat yields 
decreased or did not change under a future climate, but that the 
decrease was less pronounced when increased CO2 concentra-
tion was taken into account.

Besides these shortcomings, to the best of our knowledge, the 
combination of different models, different climate scenarios 
and the combination of no-till versus tillage has not been con-
ducted before. Even though there is high uncertainty within the 
years and models, the mean of the ensemble shows clear trends 
(although high variability [Wallach et al. 2025]). Nevertheless, 
studies like ours might be of interest for plant breeders to pre-
dict phenotype from genotype more accurately and prioritize 
traits for selection. Crop models, if properly parameterized, can 
provide a way to evaluate managed stress environments and in-
tegrate them with multi-environment field trials (Diepenbrock 
et al. 2022). In that way, the importance of adaptation in man-
agement, for example, sowing date, to specific plant traits can 
be evaluated both under ambient and predicted future climates.

5   |   Conclusions

In this multi-model study, we could not detect the hypothesized 
positive effect of no-till compared to tillage on winter wheat yield 
development and selected hydrological components at three 
long-term field experiments under future climate scenarios. 
However, depending on the site, the underlying soil hydraulic 
properties of the blocks, but in particular the differences intro-
duced by the climate models were more decisive in the modeled 
output than the differences induced by management practices. 
In addition to that, the setup chosen in this study, that is, four 
models on three LTEs with different management practices and 
50 realizations of the climate scenarios, resulted in a high vari-
ability in simulated results.

Nevertheless, our study found that the adaptation benefits 
of no-till on winter wheat productivity were minimal under 
both current and future climate conditions at the three sites. 
This indicates that adopting tillage or no-till does not neces-
sarily lead to a reduction in grain yield, suggesting stability 
in production regardless of the approach chosen. No-till did, 
however, demonstrate positive effects on water balance com-
ponents. In the long term, adapting more conservational soil 

management practices might offer additional environmental 
advantages—something that should be addressed in future 
studies and modelling work.

Even though the (temporal) development of soil degradation due 
to unsustainable management may be hard to capture in LTEs 
due to small experimental plots, it would play an important 
role in real fields. Consequently, more site-specific adaptation 
measures need to be established and besides soil management 
practices, advanced crop varieties and their resilience have to be 
considered, for example, through plant breeding breeding. In a 
next step, trends of SOC, as well as the fate of soil nitrogen (e.g., 
through N2O emissions and/or leaching) will be taken into ac-
count. Further, additional sites in Central and Southern Europe 
will be included in the study, in order to be able to consider dif-
ferent initial states of the LTEs before simulating future climate 
scenarios.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Work flow of simulation 
experiments used in this study. Figure S2: Annual precipitation and av-
erage annual temperature at the three sites (FL = Flakkebjerg- CENTS, 
HO = Hollabrunn- HOLL, RE = Reckenholz- FAST I) projected by six 
climate models with 50 representations under two emission scenarios. 
Figure S3: SPI values for the three sites under the baseline scenario, 
that is, 1985–2015. CENTS = DK, FAST I = CH, HOLL = AT. Figure 
S4: Monthly SPI following climate projections with CMCC-ESM2 for 
the period 2020–2090. Figure S5: Monthly SPI following climate pro-
jections with CNRM-CM6-1 for the period 2020–2090. Figure S6: 
Monthly SPI following climate projections with GISS-E2-1-G for the 
period 2020–2090. Figure S7: Monthly SPI following climate projec-
tions with HadGEM3-GC31-LL for the period 2020–2090. Figure S8: 
Monthly SPI following climate projections with MRI-ESM2-0 for the 
period 2020–2090. Figure S9: Monthly SPI following climate pro-
jections with UKESM1-0-LL for the period 2020–2090. Figure S10: 
Observedwinterwheatgrain yields (t ha−1) under conventional tillage 
(black) and no-till (grey) at three long-term field experiments. Dot repre-
sent average yields and error bars represent standard deviation. CENTS- 
Denmark, FAST I- Switzerland, and HO. Figure S11: Simulated grain 
yield (kg ha−1) with SHP measured at Blocks A, B, C, and D in CENTS 
(DK), FAST I (CH) and HOLL (AT) per climate model and scenario. 
Full lines represent the median value between the repetitions within 
each climate model and shaded area refers to the values between the 
(dotted) minimum and maximum values. Results shown are without 
an average moving window. Note that for FAST I, Block A was excluded 
from the analysis. The Austrian LTE, HOLL, consists of three Blocks 
only (A–C). Figure S12: Simulated growing period on CENTS (DK), 
FAST I (CH), and HOLL (AT) per block. Full lines represent the me-
dian value between the repetitions within each climate model. Shaded 
area refers to the values between the (dotted) minimum and maximum 
values. Results shown are without an average moving window. Figure 
S13: Simulated evapotranspiration (ETa) on CENTS (DK), FAST I (CH) 
and HOLL (AT) per climate model and scenario. Full lines represent the 
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median value between the repetitions within each climate model and 
the blocks of the experiments. Shaded area refers to the values between 
the (dotted) minimum and maximum values. Results shown are with-
out an average moving window. Figure S14: Simulated evapotranspi-
ration (ETa) with SHP measured at Blocks A, B, C, and D in CENTS 
(DK), FAST I (CH) and HOLL (AT) per climate model and scenario. Full 
lines represent the median value between the repetitions within each 
climate model and shaded area refers to the values between the (dotted) 
minimum and maximum values. Results shown are without an aver-
age moving window. Note that for FAST I, Block A was excluded from 
the analysis. The Austrian LTE, HOLL, consists of three Blocks only 
(A–C). Figure S15: Simulated annual percolation amounts on CENTS 
(DK), FAST I (CH) and HOLL (AT) per climate model and scenario. Full 
lines represent the median value between the repetitions within each 
climate model and the blocks of the experiments. Shaded area refers 
to the values between the (dotted) minimum and maximum values. 
Results shown are without an average moving window. Figure S16: 
Simulated annual percolation amounts with SHP measured at Blocks 
A, B, C, and D in CENTS (DK), FAST I (CH) and HOLL (AT) per climate 
model and scenario. Full lines represent the median value between the 
repetitions within each climate model and shaded area refers to the 
values between the (dotted) minimum and maximum values. Results 
shown are without an average moving window. Note that for FAST I, 
Block A was excluded from the analysis. The Austrian LTE, HOLL, con-
sists of three Blocks only (A–C). Figure S17: Simulated surface runoff 
on CENTS (DK), FAST I (CH) and HOLL (AT) per climate model and 
scenario. Full lines represent the median value between the repetitions 
within each climate model and the blocks of the experiments. Shaded 
area refers to the values between the (dotted) minimum and maximum 
values. Results shown are without an average moving window. Note 
that for FAST I, Block A was excluded from the analysis. The Austrian 
LTE, HOLL, consists of three Blocks only (A–C). Figure S18: Simulated 
surface runoff with SHP measured at Blocks A, B, C, and D in CENTS 
(DK), FAST I (CH) and HOLL (AT) per climate model and scenario. Full 
lines represent the median value between the repetitions within each 
climate model and shaded area refers to the values between the (dotted) 
minimum and maximum values. Results shown are without an average 
moving window. Note that for FAST I, Block A was excluded from the 
analysis. The Austrian LTE, HOLL, consists of three Blocks only (A–C). 
Table S1: Calibrated crop parameters for the conventional treatments, 
that is, (inversion) tillage and straw removal. Models were calibrated 
based on observed crop yield (t ha−1). 
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