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ABSTRACT

Context: Given the negative impacts of climate change on crop production, it is vital to implement efficient
adaptation and mitigation strategies. The diversification of cropping systems, particularly through intercropping
combined with shifts in sowing times, could have the potential to offset such negative impacts. Yet, both
experimental data and simulation studies are scarce to elucidate the intercropping performance under future
climate change conditions, particularly for evaluating its potential to offset climate impacts on crop and protein
yields in German wheat-based systems.

Objective: This study aimed to simulate the grain yield and grain protein performance of winter wheat-soybean
relay-row intercropping across Germany under future climate conditions, comparing it to sole cropping systems.
Methods: We employed the MONICA agroecosystem model and its intercropping module to simulate the per-
formance of an innovative winter wheat-soybean relay intercropping system. This was in combination with a
wide range of shifts in sowing dates, and we compared it against standard sole cropping under low and high
emission scenarios across Germany.

Results: The model projected a 15 % higher sole wheat yield under the future (2031-2060) high emission scenario
than that of the historical period (1981-2020), while sole soybean yield increased by 8 % in the same case.
Although the simulation of winter wheat-soybean relay intercropping across Germany indicated a 9 % yield
penalty compared to sole cropping in the future, with a transgressive overyielding index of 0.91, intercropping
emerged as particularly advantageous in terms of land-use efficiency and protein production. It saved 17 % of
land compared to sole cropping, thus produced equal amounts of grain yield, and produced 16 % more protein
than sole cropping in the high emission scenario. On top of that, shifting the sowing dates of the component crops
to earlier times was found to substantially enhance the advantages of intercropping, resulting in a maximum of
44 % higher total yield production, and 47 % higher protein production than sole wheat without shifting sowing
date in the future projection window.

Conclusion: Our findings highlight the grain yield and protein production potential of intercropping versus sole
cropping under futuristic high emission scenarios (RCP 8.5), and underscoring its potential to create a win-win
situation of increased crop diversity and productivity. The results affirm the crucial importance of selecting
optimal sowing dates for the component crops in intercropping, to maximize production and ensure resilience in
the face of a changing climate.

1. Introduction

2019; Liu, Asseng, Miiller, et al., 2016; Rezaei et al., 2023). Rising
temperatures are likely to intensify extreme events such as heatwaves

Climate change is projected to pose significant challenges to efforts and droughts, shorten the growth cycle, and increase variability in crop
aimed at maximising crop yields in various environments (Asseng et al., yields, contributing to the risk of yield penalties (Liu et al., 2022). Wheat
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yield, one of the main pillars of food production, has stagnated in several
regions around the globe, including in Western Europe (Brisson et al.,
2010). Ensemble modelling projections suggest that for each
degree-Celsius rise in the average global temperature, global wheat
production will decrease by 6.0 % (Asseng et al., 2015). In Western
Europe, the rate of wheat yield increase has been declining since the
mid-90s (Schauberger et al., 2018), from 1.18 t ha! per decade between
1961 and 1995-0.05t ha™! per decade between 1996 and 2020
(FAOSTAT, 2023). Several factors have been suggested as potential
causes of this yield stagnation in Europe. Some studies have proposed
that climate extremes are the primary cause (Agnolucci and De Lipsis,
2020; Brisson et al., 2010; McCouch and Rieseberg, 2023). Globally,
without adaptation strategies, the production of four key crops (wheat,
maize, rice, and soybean) would fall by approximately 2% in a high
emission scenario (Miiller et al., 2015). And even though the elevated
CO4 concentration can partly compensate for the yield reduction due to
climate extremes, additional pressure on grain quality degradation in
terms of protein concentration challenges food security and sustain-
ability (Asseng et al., 2019). Protein production, which interlinks the
carbon and nitrogen cycle and climate change, is considered paramount
(Aiking and de Boer, 2020; Weindl et al., 2020). The boosting demand in
protein will exacerbate the agricultural impacts on the environment,
which potentially transgress the environmental limits for food system
(Springmann et al., 2018). Consequently, it is imperative to implement
adaptation and mitigation measures that offset the challenges of climate
change.

Crop diversification has recently received more attention as a way to
improve yield stability in the face of climate change (Hufnagel et al.,
2020; Molénat et al., 2023; Reckling et al., 2022). Diversification en-
hances the functionality of cropping systems by regulating the compe-
tition for resources (Altieri et al., 2015). In addition, diversification
prevents the synchronisation of sensitive phenological phases with
extreme climatic events (Arenas-Corraliza et al., 2022). Intercropping, a
well-established practice for diversifying cropping systems, is defined as
the simultaneous cultivation of two or more distinct crop species in the
same field during a single growing season (Mead and Willey, 1980;
McAlvay et al., 2022). The primary benefits of intercropping include
improved soil health (Layek et al., 2018), greater use efficiency of water,
nutrients, and light (Kermah et al., 2017), increased biodiversity
(Nourbakhsh et al., 2019), higher risk resilience (Huss et al., 2022), and
better control of pests and diseases (Himmelstein et al., 2017). A set of
meta-analyses revealed that intercropping reduced the amount of land
required by approximately 18-23 % when compared to production of
the same species in sole cropping (Li et al., 2023; Martin-Guay et al.,
2018; Yu et al., 2015). A modelling study showed that maize-soybean
intercropping could boost total yields by 41.3 % and increase economic
revenue by 23.8 % compared to sole cropping in Northeast China (Zhang
et al., 2022). Cereal-legume intercropping has been widely recognised
as a synergistic combination. The cereal component benefits from the
fixation of atmospheric nitrogen by the legume in the current or suc-
ceeding growing season, especially when the crops are not heavily fer-
tilised (Mugi-Ngenga et al., 2022). However, the magnitude of that
response needs to be evaluated in relay intercropping, where the sowing
times of cereals and legumes differ. And the differences in root archi-
tecture between them result in niche differentiation, along with the
other typical advantages of intercropping (Bedoussac et al., 2015). The
legume component, generally considered as protein-rich crops,
demonstrated the possibility for substituting part of the animal protein
production, and thus potentially mitigate the emission from increasing
unsustainable animal production and consumption (Willett et al., 2019).

Given the merits of crop diversification and intercropping showed by
research, not much evidence demonstrated various diversification stra-
tegies were well adopted by farmers. Most farmers still go for simple
rotation rotations (2-3 crops) (Hufnagel et al., 2020). Several factors,
hinder the expansion of intercropping in the practice of large-scale and
industrial agriculture, such as in Europe. These include a lack of adapted
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machinery, the complexity of agronomic management, gaps in knowl-
edge and training, and challenges in selecting suitable crop pairs
(Brooker et al., 2015; Li et al., 2020). Another particularly challenging
factor is that greater niche differentiation can improve resource use ef-
ficiency, but it complicates field management due to inconsistencies in
the timing of phenology and variations in plant morphology
(Hernandez-Ochoa et al., 2022). Since most of the agronomic manage-
ment recommendations were formulated based on research on sole
cropping systems, these guidelines would need to be revised for inter-
cropping. Additional farming expertise would also be required to pre-
cisely time field operations, modify agronomic practices, and adjust the
use of agrochemicals in managing intercropping systems (Burgess et al.,
2022). Specific field arrangements, such as relay intercropping, offer
new opportunities in agronomy by addressing some of the challenges of
regular mixed cropping systems (Lamichhane et al., 2023). The main
advantage is that crops are harvested separately and do not require
additional sorting. Process-based crop or agroecosystem models are
currently being used to help navigate the complexities of intercropping
for agronomic decision-making and to bridge knowledge gaps (Kherif
et al., 2022). One of the advantages of such models is their ability to
assess the effectiveness of combined adaptation strategies to climate
change, such as the combination of intercropping and modifying sowing
dates, and simulating the impacts of the climate in the past as well as in
the future.

Adverse effects of climate change on crop yield can be mitigated by
adjusting sowing dates, especially in temperate regions with distinct
seasonality. This helps avoid extreme weather events, aligns with
shifting temperature and precipitation patterns, and extends the
growing period (Waha et al., 2013; Wu et al., 2023; Zeleke and Nendel,
2016). Adapting sowing dates is a strategy that requires few resources
and economic investment, yet is effective in helping
capacity-constrained farmers (Waongo et al., 2015). It thus stands a
greater chance of adoption by farmers when combined with new crop-
ping systems compared to more fundamental changes that would
require greater investment, such as in new machinery. Studies exploring
the potential of intercropping in conjunction with changes in sowing
dates to counteract the negative effects of climate change on large-scale
crop productivity are rare, and currently do not exist for relay inter-
cropping systems. This is mainly because most models designed for
intercropping simulations demand extensive calibration and validation
data, and this data is not typically available on a large scale. Moreover,
shifting sowing dates not only alters how crops adjust to changing
environmental patterns with respect to the temporal-spatial niches of
intercropping, but it also affects the competitive ability of component
crops in parallel. Furthermore, previous findings have demonstrated
that the precise modelling of diversified cropping systems requires
improved representations of crop interactions, the inclusion of a wider
array of crop species options, the consideration of soil legacy effects, and
refinements of biodiversity estimations (Hernandez-Ochoa et al., 2022).
One newly developed intercropping module for the MONICA agro-
ecosystem model has provided an effective tool for simulating relay
intercropping with minimal parameterisation effort (Yu et al., 2024).

To gain insights into integrated climate adaptation measures, we
employ the process-based agroecosystem model, MONICA (Model for
Nitrogen and Carbon dynamics in Agro-eco systems), to project the re-
sults of a winter wheat-soybean relay intercropping system interacting
with a sowing date shift in various future climate scenarios in Germany.
The research aims to address the following research questions: (a) How
does climate change influence the yield of winter wheat and soybean in
sole cropping as well as in intercropped systems? And (b) to what extent
can a combination of intercropping and sowing date adjustments help
crops adapt to climate change, maintaining crop grain and protein
productivity without greater expansion in cultivated areas?
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2. Materials and methods

MONICA (Nendel et al., 2011) is a process-based crop simulation
model for nitrogen and carbon dynamics in agroecosystems. The model
is driven by daily weather, soil characteristics, species/cultivar-specific
inputs, and agronomic management practices at various spatial scales
(Battisti et al., 2017, 2018; Nendel et al., 2014). MONICA simulates
photosynthesis and respiration explicitly, using the Farquhar approach
as laid out by Mitchell et al. (Mitchell et al., 1995) and stomatal
conductance feedback as suggested by Yu et al. (2001). Photosynthesis
in MONICA separates clear-sky and cloudy conditions to estimate
biomass accumulation, as Goudriaan suggested for SUCROS (Goudriaan
and Van Laar, 1978). The model takes into account the negative impacts
of heat stress, water and nitrogen deficiency, and aeration deficits on
crop growth processes and yield formation. The elevation of CO, under
climate change increases the radiation use efficiency and decreases the
transpiration rate in MONICA. These processes have been calibrated
based on impact assessments published in previous studies for wheat
and soybean (Asseng et al., 2019; Nendel et al., 2023). The original
MONICA was developed for sole cropping systems, but Yu et al. recently
developed and tested a new module to capture the relay-row inter-
cropping of the winter wheat-soybean system using Tsubo and Walker’s
Horizontal Homogeneous Canopy concept (Tsubo and Walker, 2002).
The new module separates the canopy into two layers based on the
difference in plant height between the component crops. The leaf area
index (LAI) of each layer depends on the plant height ratio between the
two crops, and light interception is calculated based on the daily share of
LAI in each layer accordingly (Yu et al., 2024). MONICA plant height
simulation follows the logistic curve to the parameterized maximum
plant height. To mimic the suppression effect of built crop to the relayed
crop in intercropping, an empirical model of plant height suppression
factor related to the built crop temperature sum was employed in
intercropping version of MONICA (version 3.6.10 https://github.
com/zalf-rpm/monica), thus the plant height plasticity of relayed crop
in the intercropping from suppression of built crop can be accounted for.

2.1. Field experiment

The calibration and validation procedure was based on three years of
field experiments (the 2020-2021, 2021-2022 and 2022-2023 growing
seasons) for winter wheat-soybean relay-row intercropping. These ex-
periments were conducted at ZALF’s experimental station in Miinche-
berg, Germany (5231’ N, 0738 E). The study treatments included sole
winter wheat (cv. Reform), sole soybean (cv. Merlin), and their relay-
row intercropping, each under both irrigated and rainfed conditions.
Field experiment followed a split-plot arrangement, each plot with a size
of 24m? (3m x 8m). Six replicated plots followed a randomised com-
plete block design. Within each plot, the row spacing for winter wheat
and soybean were 12.5 cm and 50 cm, respectively. For intercrop plots,
each soybean row was cultivated between double rows of wheat,
keeping the soybean row distance of 50 cm. Information regarding field
management can be found in previous study (Yu et al., 2024).

The crop phenology was visually estimated based on the BBCH scale.
To rule out the border effect, aboveground biomass (AGB) was sampled
from 1 m? of central rows in the plot, and then separated into leaves,
stem, and spike (pod). Leaf area index and light interception was
measured by a linear quantum sensor (Li-Cor, Lincoln, NE, USA). Soil
moisture was taken from topsoil (7 cm) by soil moisture sensor. Plant
heights were taken non-destructively. The aforementioned measure-
ments were conducted throughout the growing season. Final grain yield
was taken by a combined harvester with a unique extension customized
for intercropping. Yield sampling area was 12m? for each plot. The
laboratory analysis of grain nitrogen content was conducted after har-
vest. To fulfill the model input, soil bulk densities and inorganic nitrogen
content were measured from three soil layers in 0-30 cm, 30-60 cm, and
60-90 cm, separately sampled from three replicate soil cores.
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2.2. Model inputs

The MONICA model (version 3.6.10; model and data can together be
found through CASSIS simulation infrastructure (Berg-Mohnicke and
Nendel, 2022)) requires crop, climate, site, and management for execu-
tion. Winter wheat (cv. RGT Reform), and soybean (cv. Merlin) were
calibrated and validated using phenology, leaf area index (LAI), above-
ground biomass (AGB) and grain yield as target variables. Species-specific
light extinction coefficients were derived from field-measured light
interception and LAL The validated model against observations showed
R-squared values of 0.84 and 0.73 for aboveground biomass and yield,
respectively, with the root means square errors of 1.88t ha~! and 0.81t
ha™! (Supplementary figure. 1). Daily climate inputs required are
maximum and minimum temperatures, precipitation, solar radiation,
wind speed, and relative humidity. These inputs for historical
(1981-2010) and future (2030-2060) periods were obtained from the
German weather service at a 5km x 5 km resolution (www.dwd.de). The
future climate projections are based on three general circulation models:
ICHEC-EC-EARTH, MIROC-MIROC5, and MPI-M-MPI-ESM-LR from
CMIP5 (Taylor et al., 2012), whose simulations were downscaled using
regional climate models for Germany, including KNMI-RACMO22E,
CLMcom-CCLM4-8-17, GERICS-REMO02015, and MPI-CSC-REM0O2009
(Climate Service Center, 2017; Clmcom, 2016; Hiibener et al., 2017;
Royal Netherlands Meteorological, I, 2017). Two emission scenarios, RCP
2.6 and RCP 8.5, were used in the simulation setup as the “low-emission”
and “high emission” future scenarios, respectively (Meinshausen et al.,
2011). The high-emission scenario gives a much more rapid warming and
more pronounced changes in indicators such as river flow, water tem-
perature, and precipitation. Additional input variables including latitude,
slope, soil profile parameters (such as the thickness of the soil layer, soil
organic matter, soil texture according to the KAS5 texture class (Eckelmann
et al., 2005), and bulk density), were obtained from the BUK200 dataset
generated by the Federal Institute for Geosciences and Natural Resources
(Krug et al., 2013). As the climate condition within Germany varies, the
sowing date of winter wheat in Germany ranged between ordinal date
261-294. A default winter wheat sowing date across 6575 sites in Ger-
many is available in the MONICA model, and used for the simulation
(version 3.6.10 https://github.com/zalf-rpm/monica). The crop mask
indicating the wheat cultivation field of Germany was applied
(Blickensdorfer et al., 2022). Since soybean is a new crop for northern
Germany (Karges et al., 2022), we fixed the sowing date to ordinal date
126 for all 1km grids across the country. 40, 80, and 40kgha™! of ni-
trogen fertiliser was applied at 60, 120, and 150 days, respectively, after
winter wheat sowing in both sole and intercropping wheat (Soder et al.,
2022). No extra nitrogen fertiliser was applied to soybean in the simu-
lation. Both winter wheat and soybean have access to water, the water
competition of relay-row intercropping in the model considers water
sharing through copying the soil profile of the developed crop after its
soil-plant process was calculated to the relayed crop. It is based on the
assumption that water is always being uptaken up primarily by the
dominant crop in a relay-row intercropping, remaining goes to the
relayed crop, and excessive water is then back to the dominant crop soil
profile for the calculation of the next day. Indirectly, the consequence of
the aboveground competition naming the changed LAI contribute to the
evapo-transpiration and the water uptake. The model calibrated and
validated in both rain-fed and irrigated condition (Section 2.1), the
model’s sensitivity to indirect competition for water seems sufficient to
capture the difference across water regimes (Yu et al., 2024). Facilitation
was not considered. Nitrogen uptake and usage were calculated inde-
pendently, no direct interaction was involved.

2.3. Management scenarios
The management scenarios under investigation included sole crop-

ping for winter wheat and soybean, as well as intercropping systems in
which both crops experienced a range of sowing date shifts. Sowing date
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for winter wheat shifted from —30 to + 20 days, and soybean sowing
date shifted from —20 to +10 days using 10-day as intervals, thus
simulation ran a total of 24 (6 x 4) combinations of sowing dates. The
shift of winter wheat sowing date was based on the default sowing date
of winter wheat obtained from the sowing date map (Section 2.2). As
soybean is a new crop in Germany, the default sowing date of 6th, May
was used. The reason we selected sowing shift as a management scenario
was its relevance as a primary method of adaptation to changes in
temperature and precipitation patterns under climate change. All sim-
ulations were conducted under rainfed conditions with no irrigation
applied. The simulation covered all of Germany in a 1 km? grid, further
refined to current areas of wheat cultivation (Soder et al., 2022). There
were 216 simulations per grid (92419 grids), covering all combinations
of climate and management scenarios. The workflow of this study was
illustrated (Fig. 1).

2.4. Intercropping performance indicators

The land equivalent ratio (LER) (Harris et al., 1987), is a standard
indicator for comparing intercropping to sole cropping; it is calculated
as the sum of the yields of the two intercrop components, each scaled by
its sole crop yield (Eq. 1). The ratio between the intercrop yield and sole
crop yield is the equivalent area of the component crop, referring to the
area of sole cropping land required to achieve the same yield as one unit
area of intercropping. An LER above 1 means intercropping has a higher
land-use efficiency than sole cropping:

Ya Y;

-t 1)
Ya Yo

LER =
where Yj; and Yj; are the intercropping yields for component crops 1 and
2 respectively. Y5 and Y, are the corresponding sole cropping yields.
However, the LER does not necessarily mean an increased overall yield
compared to sole cropping. Therefore, we employed the transgressive
overyielding index (TOI) to identify whether yield production per unit
area was maximised. The TOI is calculated as the ratio between the
intercropping yield sum and the maximum sole cropping yield (Eq. 2). A
TOI larger than 1 indicates a relative increase in the absolute yield re-
sults from shifting away from the most productive sole cropping (Li
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et al., 2023):

Yo + Yo

Tor= max(Yy, Yy) 2

Both grain yield and protein yield TOI were calculated as TOlIgpain
and TOIorein. As the competition of nitrogen was not directly involved
in the current version of inter-MONICA, the protein content was esti-
mated using the measured N content (Soybean: 5.83 %, winter-wheat:
1.84 %) of the harvested grain from the three-year experiment
(Supplementary figure. 2) multiplied by the protein content conversion
factor suggested by FAO report (Soybean: 5.71, winter-wheat: 5.83)
(Food and Agricultural Organization of the United Nations & World
Health Organization, 2007) .

3. Results
3.1. Future yield projections — sole cropping

The simulated median yield of winter wheat in the sole cropping
system during the historical period (1981-2010) was 5520 kg ha™!
across Germany (Fig. 2). The median wheat yield is projected to increase
by 4 % under RCP 2.6 and by 15 % under RCP 8.5 compared to the
baseline period. The highest simulated yield of wheat (7413 kg ha™?)
was obtained under RCP 8.5 (Fig. 2). The mean yield difference of wheat
between the historical period and the future window was 123 kg ha™*
for RCP 2.6, and 683 kgha™! for RCP 8.5. There is also a spatial
discrepancy in the yield difference of wheat and soybean between the
future yield projections and the baseline across Germany. The eastern
parts of the country indicated a soybean yield gain under climate
change, whereas the northern and central parts showed the most
negative yield responses (Fig. 2). The simulated median soybean yield
planted in the wheat growing area for the historical period was
1599 kg ha™! (Fig. 2). The median projected yield decreased by 7 %
under RCP 2.6, whereas it increased by 8 % under RCP 8.5. The mean
yield difference between historical and future conditions under RCP 2.6
was —81 kg ha™!, with spatial discrepancies observed in the eastern and
south-eastern parts of the country (Fig. 2). On the other hand, the high
emission scenario (RCP 8.5) led to a marginal yield enhancement
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Fig. 1. Schematic workflow of simulating yield of winter wheat-soybean relay-row intercropping in conjunction with shifting sowing dates under climate scenarios.
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Fig. 2. The violin/box plot and spatial pattern of simulated winter wheat and soybean yield for sole cropping under historical (1981-2010) and future climate
(2031-2060) scenarios (RCP 2.6 and RCP 8.5) across Germany. The discrepancy maps indicate the mean yield difference (D) between historical and future climate

scenarios for each crop.

(124 kg ha™!) of soybean across the entire country. The yield difference
of soybean under RCP 8.5 was similar across Germany, except for the
northwest which showed a decreased yield compared to the historical
period (Fig. 2).

3.2. Future grain and protein yield projections — intercropping

The simulation of winter wheat-soybean relay intercropping across
Germany indicated yield decreases relative to sole cropping, with a grain
transgressive overyielding index (TOlg,in) of 0.86 for the historical
period (Fig. 3 and Supplementary figure. 3). The median value of the
TOlgpain fell to 0.83 under RCP 2.6 and increased to 0.91 under RCP 8.5.
This meant that the TOIg,;, s were mostly below one in all climate
scenarios, indicating no overyielding in terms of grain yield of inter-
cropping compared to the most productive sole crop, in this case, sole
winter-wheat. However, under climate change scenarios, the potential
for intercropping to achieve higher land-use efficiency was evident, with
values ranging between 1 and 1.6 for the LER,i, across northeastern,
central eastern, and southern parts of the country (Fig. 3). The median
values of the LERg i, increased to 1.21 under the high emission sce-
nario. The median of transgressive overyielding index of protein pro-
duction (TOlpotein) ranged from 1.05 to 1.16, indicating that even
though the total grain yield production of intercropping was not higher
than sole winter wheat, intercropping potentially produced 5-16 %
more protein than the most protein-productive sole crop (soybean or
winter wheat). The RCP 8.5 future emission scenario had the lowest
spatial variability, with 8 % for the LERgyain, 11 % for the TOlIgyain, and
9 % for the TOlIpoein. Variability under the historical scenario and
emission scenario RCP 2.6 were marginally higher than RCP 8.5 (CV:

8 %) (Fig. 2). The grain yield of intercropped winter wheat under RCP
2.6 was marginally higher than under the historical scenario, while the
yield projections of intercropped soybean decreased by 7 %. Under the
RCP 8.5 scenario, intercropped winter wheat yield was 18 % higher than
baseline period, and intercropped soybean yield increased by 20 %
compared to baseline (Supplementary figure. 3). Under the RCP 8.5
future emission scenario, the spatial patterns of the LERg,i, revealed
that the central eastern and southern parts of the country could benefit
substantially more in terms of land-use efficiency from intercropping
than the northern and western parts of Germany could (Fig. 3).

3.3. Adjusting sowing dates as an adaptive strategy

Adjusting the sowing dates for winter wheat and soybean earlier
separately in relay-row intercropping demonstrated the substantial po-
tential of such shifts to enhance land-use efficiency in the intercropping
system, particularly under the RCP 8.5 scenario (Fig. 4). In general,
earlier sowing dates for both crops increased the land-use potential, but
the effect was more pronounced when the winter wheat sowing dates
were shifted as opposed to soybean. By shifting the sowing date of
winter wheat 30 days earlier than the original date, the LERgin
increased by 50 % under RCP 2.6 and 35 % under RCP 8.5 (Fig. 4).
When the sowing of winter wheat was delayed by 20 days, the LERgain
decreased by 7 % under RCP 2.6 and 8 % under RCP 8.5 (Fig. 4). In the
latest sowing scenario for soybean (10 days later), the LER g, increased
slightly under both RCP 2.6 (2 %) and RCP 8.5 (2 %) (Fig. 4).

Despite the sowing date effects on land-use efficiency (Fig. 5 and
Supplementary Figure 4), the dynamic changes in sowing dates for both
crops also had a remarkable impact on the grain and protein production
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Fig. 3. The spatial pattern of the simulated grain yield land equivalent ratio (LERg.is) and the transgressive overyielding index of grain (TOlg,i,) and grain protein
(TOlotein) for winter wheat-soybean relay-row intercropping under historical (1981-2010) and future climate (2031-2060) scenarios (RCP 2.6 and RCP 8.5) across

Germany. ME: median and CV: coefficient of variation.

of the intercropping system (Fig. 5). The median TOlgj, reveals that
overall yield production of intercropping only exceeded that of sole
crops when winter wheat was sown at least 20 days earlier under the
climate change scenarios (Fig. 5). Shifting winter wheat sowing to 20
days later, and delaying soybean sowing for 10 days caused a 26 % (RCP
2.6) and 16 % (RCP 8.5) loss of total grain yield compared to sole wheat.
The highest median TOIgin of 1.44 for Germany was obtained when
winter wheat was sown 30 days earlier and soybean 10 days later under
RCP 2.6, increasing TOlgrain by 58 % compared to that of the original
sowing dates (TOlIgrain: 0.91). Median values of TOIpotein under future
climate scenarios range from 0.96 to 1.47. The TOIpotein below 1

appears only under RCP 2.6 when winter wheat sown 20-30 days earlier
with the soybean sowing unchanged or delayed 10 days, indicating the
protein production of intercropping was 1-4 % lower than the most
protein-productive sole crop.

4. Discussion

4.1. Future yield projections for winter wheat-soybean intercropping and
sole wheat

Our results illustrate that winter wheat-soybean relay-row
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Fig. 4. Density ridgeline of the simulated grain yield land equivalent ratio (LERg;,is) for various sowing scenarios of winter wheat and soybean intercropping (with
the sowing date kept constant for the other crop) under RCP 2.6 and RCP 8.5 future climate scenarios (2031-2060). The black points represent median values. The
sowing date of “-10” indicates crops sown 10 days earlier than the original sowing date, while “10” signifies a 10-day delay in the sowing date. The black vertical
dashed line at 1.0 indicates the reference value for the LERg,;, if intercropping were to provide the same LERg;,;, as the sole cropping approaches. The red vertical
dashed lines represent the LERg i, with no sowing date shift. The black solid line at 2.0 indicates the LERg,i, of sequentially sown. All LERg.i, is based on an

equivalent sole crop shift for the crop that is shifted in the intercrop.

intercropping can outperform sole cropping with respect to land-use
efficiency in Germany’s central eastern and southern regions, where
temperatures are projected to be higher than other areas (Fig. 3). This is
especially true under high emission scenario, with a substantial land
reduction rate of 17 % (LERgpain: 1.21). The results indicate that inter-
cropping can effectively produce diversified food crops with limited
farming area. The high LERg;, across climate conditions is due to the
relay-row arrangement. Intercropping benefits from higher light inter-
ception due to an increased total intercepting area and an extended
growing season (Caviglia et al., 2004). Unlike intercropping with little to
no temporal niche difference, winter wheat yield in relay-row inter-
cropping was not drastically affected by soybean growth, combined with
less intraspecific competition, the wheat yield ratio between intercrop-
ping and sole-cropping (Eq. 1) ultimately approached one. Thus, the
minor losses in wheat equivalent area due to intercropping can be easily

offset by the soybean equivalent area (Supplementary figure.3), which
leads to higher land-use efficiency than sole cropping. A relay intercrop
with vast temporal niche difference was always compared to double
cropping, which refers to a rotation within one year with a LER of 2.
However in temperate region the temperature sum and short growing
season may not support the sequential sowing. The implementation of
wheat-soybean intercropping in Germany presents a suitable option for
crop diversification without significantly impacting the overall cropping
system. Given that winter wheat occupies 25 % of the cropping area and
grows for approximately 302 days annually, there is limited calendar
space for introducing additional crops. Normally, farmers in Germany
took winter barley and oil rape seeds as subsequent crops for winter
wheat, with barley being sown in September and oil rape seeds in
August. As the relayed soybean needs to remain in the field for longer
than mid-August, the subsequent crops are suggested to turn into winter
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Fig. 5. Heat map displaying the median of the simulated transgressive overyielding index of grain yield (top row) and protein (bottom row) for various sowing
scenarios of winter wheat and soybean (TOlgpain, TOIprotein), accounting for dynamic changes in the sowing dates of both crops. This is shown for RCP 2.6 (left
column) and RCP 8.5 (right column), for the future climate period of 2031-2060. The sowing date of “-10” indicates crops sown 10 days earlier than the original

sowing date, while “10” signifies a 10-day delay in the sowing date.

rye or a spring crop like maize. Even though shifting from sole winter
wheat to relay intercropping has consequences for the subsequent crops,
the introduction of soybean, a crop in high demand but with limited
adoption in Europe, adds value to the rotation without sacrificing the
dominant winter wheat production. This intercropping system, there-
fore, serves as a transitional phase towards greater diversification. It
utilizes existing wheat-growing areas without displacing other crops
spatially and maximizes land use efficiency. The studied relay of default

sowing dates has co-growing period of 83 days with the total growing
period of 361 days. Therefore a relay-intercropping in this region can
substantially increase the land-use efficiency.

Grain yield transgressive overyielding was still not achieved, but this
does not contravene the positive complementarity and elevated land-use
efficiency and protein productivity of intercropping (Fig. 3). On the one
hand, the TOlIg,i, reached the highest levels in high emission climate
scenarios, with only a 9 % yield penalty compared to winter wheat sole
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crops. It implies the potential of intercropping as a possible adaptation
strategy for reducing the negative impacts of excessive temperature and
drought on crop productivity (Lobell, 2014). On the other hand, a
TOIgrain > 1 has generally been harder to achieve when component
crops possess contrasting yield levels, and stronger niche differentiation
of species is required (Li et al., 2023). In our study, winter wheat yield
was two times higher than that of soybean (Fig. 2). The intercropping
winter wheat harvest was 15 days earlier under RCP 8.5 compared to the
baseline, and the accelerated development reduced the period of
extreme shading suppression for soybeans in relay-row intercropping
(Supplementary figure. 5). These conditions were not present during the
baseline, and most of the soybean growing period was significantly
affected by wheat shading (Leoni et al., 2022). Unlike the TOIgp,i, which
always compare the intercropping total yield to the sole winter wheat,
the referenced sole crop in TOIpotein became flexible, as protein content
of soybean was almost 3 times of that for wheat. As a consequence,
protein yield of intercropping was higher than the sole crops in all
climate scenarios (Fig. 2), owing to the integration of a protein-rich
crop. Although the protein content would rather decrease due to dilu-
tion effect (Taub et al., 2008), instead of remaining constant as calcu-
lated in this study under climate change, the increased amount of
protein production in intercropping over sole cropping has the possi-
bility to overcompensate the negative effects on the protein concentra-
tion. Management improvements to reduce the yield deficits of
high-yield species resulting from the presence of low-yield species
could help increase the TOlIg,;,. However, obtaining a high TOlIgai, is
less likely to be the aim of farmers, it would be rather important to
combine TOlIgrain and TOIorein to understand the trade-offs between
grain production and protein production of intercrops, and eventually
evaluating the profitability based on specific economic goal.

The mean projected yield of sole-cropped winter wheat across Ger-
many indicated increases in both climate scenarios for the sole cropping
system compared to the baseline period (Fig. 2). This result was
consistent with previous impact assessments based on multi-model en-
sembles, which have indicated that increased CO, fertilisation resulting
from climate change more than compensates for the negative impacts of
increased temperatures in temperate regions such as Germany when
discussing wheat yields (Asseng et al., 2019; Jagermeyr et al., 2021).
The most recent study in this context projected a 7 % increase in winter
wheat yield in Germany under climate change conditions (Soder et al.,
2022). On the other hand, the mean projected yield of soybean showed a
slight decrease under RCP 2.6 compared to the historical period (Fig. 2).
This is partly due to the shortening of critical development phases, such
as the grain-filling period (Supplementary figure. 5), owing to the ac-
celeration of the development rate (Liu, Asseng, Liu, et al., 2016; Lobell
et al., 2012; Senapati et al., 2019). However, the mean projected soy-
bean yield increased under RCP 8.5, primarily because of CO, fertil-
isation and the higher favourable temperature range for soybean
compared to winter wheat. This improved the leaf area expansion rate
and biomass accumulation (Battisti et al., 2018; Kothari et al., 2022).
Similar results were obtained in a European-scale impact assessment,
showing a yield increase of up to 8.7 % under RCP 8.5 for sole soybean
(Nendel et al., 2023). It is important to note that the soybean simulations
in our study used a wheat growing area, as it is a ‘new crop’ introduced
in Germany. Thus unfavourable growing conditions may cause vari-
ability in soybean yield (Manners et al., 2020).

4.2. Shifting the sowing dates of winter wheat and soybean during
intercropping

Shifting the sowing dates of crops is a crucial strategy for adapting
cropping systems to climate change, as this technique helps mitigate the
effects of higher temperatures on shortening the total growing period,
serving as an escape mechanism to prevent crops’ exposure to terminal
heat and drought (Dobor et al., 2016; Dueri et al., 2022). In relay
intercropping, such a shift can significantly influence the dynamics of
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competition between species and thus affect the growth and produc-
tivity of each crop component (Ahmed et al., 2018; Raza et al., 2019).
Changing the sowing date of wheat in the intercropped system had a
more robust influence on land-use efficiency than changing soybean
sowing dates (Fig. 4). Wheat is the dominant crop in winter wheat-
—soybean relay-row intercropping, as it is planted earlier and suffers less
from intraspecific competition due to lower density. It also has devel-
oped significant leaf area by the time of soybean emergence. Soybean
plants begin to recover from interspecific competition with winter wheat
when winter wheat plants enter leaf senescence (Li et al., 2001). This
makes the timing of sowing for each crop in relay intercropping
extremely critical. In our simulations of climate change conditions, the
earlier winter wheat sowing dates (10-30 days) linearly increased the
land-use efficiency of intercropping compared to sole cropping by up to
35 % (Fig. 4), because wheat yields increased without any decline in
soybean yields. Although late-sown winter wheat weakened the
land-use efficiency in the simulation, in practice, this is generally
compensated for by higher seeding density by farmers. Other studies
have also shown compensatory effects of earlier sowing dates on winter
wheat yield under climate change scenarios. Benefits arise from a better
overlap between precipitation patterns and the most water-intensive
growth stages (Nouri et al., 2017), improved vernalisation due to
adaptation to shorter winters (Rezaie et al., 2022), a longer overall
growing season (He et al., 2015), and reduced exposure to extreme
events during critical development stages (Akter and Rafiqul Islam,
2017; Dubey et al., 2020). The model accounts for vernalization, over-
lapping water demands and precipitation, longer growing seasons, and
extreme events, but it does not consider sowing density.

Shifting sowing dates for both crops increases the land-use efficiency
and overall yield production of intercropping even further (Fig. 5). By
changing the sowing dates, the TOlgain (Fig. 5) increased substantially —
by 58 %, and TOIotein by 19.5 % (winter wheat: 30 days earlier, soy-
bean: 10 days later) compared to the traditional sowing dates (Fig. 5).
Sowing soybeans close to the reproductive stage of winter wheat (in
cases of early winter wheat and late soybean sowing) shortens the
overlap between soybean leaf expansion and wheat shading dominance.
This strategy opens up the growing window for soybean, thereby max-
imising the yield of both crops and resulting in a higher land equivalent
ratio and total yield productivity. A similar negative relationship be-
tween the co-growth period and the LER has also been found in maize-
based intercropping systems (Ahmed et al., 2020; Zhao et al., 2023).
However, in practice, the early-sown winter wheat was shown to
develop too soon, such that when the sowing tractor drives over the field
to plant the soybean, mechanical damage to wheat occurred. This means
that it is still necessary to fine-tune the process and use specially adapted
machinery. Quantifying the biomass loss due to machinery and corre-
lating it with the development of winter wheat can improve the model’s
ability to optimise the sowing dates for component crops. In addition,
early-sown winter wheat combined with late-sown soybean can limit
some of the benefits of legume-cereal intercropping, such as better
utilisation efficiency due to resource sharing and facilitation mecha-
nisms (Kermah et al., 2017; Latati et al., 2016), weed management in
soybean resulting from an earlier closed canopy, and ecosystem services
facilitated by biodiversity (Afrin et al., 2017; Hiiber et al., 2022).
Nevertheless, these intercropping benefits are difficult to quantify ac-
cording to the commonly used LER and TOI. Any reduction in envi-
ronmental impact through the reduced inputs of herbicides, pesticides,
and fertilisation (which are extremely important in the current sus-
tainability context) were outside the scope of this study. Better in-
dicators and multi-criteria for evaluating intercropping performance are
necessary to encourage the transformation of agri-food systems to those
based on agro-ecological principles.

4.3. Limitations and outlook

The limitations of the modelling approach employed here must be
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considered when interpreting the results. The specific focus of the
intercropping routine in MONICA is on aboveground interactions and
competition for light interception (Yu et al., 2024), direct interactions
for belowground processes regarding nitrogen are not considered in this
modelling setup. Existing conflict between remaining with current yield
levels and at the same time reducing pollution in water bodies by excess
nitrogen reinforced the urgency of adopting a more nitrogen-efficient
cropping system. Even though the biological N fixation from the inter-
cropping legumes alone would not fully address the problem (Martre
et al., 2024), our results of elevated protein yield production illustrated
that without further increase of N fertilizer use, intercropping showed
greater potential in N use efficiency. Therefore, even with the limitation
in nitrogen competition, this work implies that intercropping, along
with its yield potential will be an important unit in the integrative
strategy addressing the crisis in fertilization use.

Indirect competition for water in the model was sufficient to capture
the yield and biomass variability of rain-fed and irrigation condition in
the specific field experiment environment, particularly when the nitro-
gen demands of both crops are met. However, whether this holds true for
other environments needs further investigation. The model accounts for
the dodging of extreme heat and drought through shifting sowing dates,
but the alleviated stresses deriving from changed micro-climate, facili-
tation and nutrient sharing during co-growing period was not quanti-
fied. Developing a comprehensive modelling routine to consider
belowground crop-crop interactions is more challenging, since
exploring root growth in intercropping systems is difficult to monitor
with field conditions (Aguilar et al., 2021) and exhibits a high level of
phenotypic plasticity (Schneider and Lynch, 2020). We also assumed the
use of a specific amount of nitrogen fertiliser (160 kg ha1) for wheat,
because higher nitrogen application can intensify the dominance of
winter wheat in interspecific competition and potentially inhibit soy-
bean establishment.

Significant adjustments to field machinery are also required to sow
soybeans between fully expanded wheat plants and harvest wheat ears
without damaging the soybean plants in the field (Lamichhane et al.,
2023), considering shifting sowing dates for component crops in our
study better tapped the production and land use potential than the
traditional sowing dates. Therefore, the feasibility of transitioning from
sole cropping to intercropping systems requires a system-wide
perspective. This transition necessitates a thorough analysis of the
necessary investments and socioeconomic impacts arising from changes
in agronomic practices, especially in the context of future climatic
conditions (Huss et al., 2022). In addition, future intercropping strate-
gies will require the targeted breeding of cultivars that are more suitable
for these specific cropping systems (Bourke et al., 2021; Fletcher et al.,
2016).

Our study reveals the substantial potential of relay-row intercrop-
ping for certain regions, combined with shifts in sowing dates, to
compensate for the negative effects of climate change on crop yield and
protein productivity compared to the sole wheat cropping system.
Despite the lack of data concerning belowground competition when
using MONICA and the need to improve field machinery for intercrop-
ping management, this extensive spatial-temporal simulation across
Germany depicted a future in which diversified cropping systems can
significantly increase the resilience of specialised farming. The model’s
capabilities allow more options for relay-row intercropping to be
explored with long-term simulations under diverse climate scenarios to
support the transformation in agriculture.

5. Conclusion

Our work presents the first intercropping prediction on a national
scale. As an endeavour towards a transformative redesign of the agri-
food system, our findings corroborate intercropping’s potential in
providing diverse products with less farming land. Intercropping yields
still cannot exceed sole cropping at the current management level, but
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the elevated protein production is evident. To tackle this, efforts are
needed to test favourable crop combinations, optimise agronomic
management (sowing, spatial patterns, water, and nutrients). We have
taken a step further by manipulating sowing dates of component crops
on top of transforming the farming system. Our results reveal that by
adjusting sowing times for intercropping, we can further enhance TOI-
grains TOIprotein and LERprotein by 58 %, 20 % and 39 %, respectively,
emphasising the potential of intercropping as an adaptation and miti-
gation strategy for climate change in the future. While our analysis
provides information on yield and protein, a thorough quantification of
the agro-ecological services that intercropping provides still remain a
topic of study for promoting crop diversification.
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