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A debate about cultivation and trading of soy has emerged among scientists, policymakers, and the public in recent years. Export-orientated soy production in regions of South America is associated with large-scale ecosystem destruction. Since soy is an important source of animal fodder, policymakers are developing schemes to support and enhance sustainable domestic soy cultivation, especially in the EU. Expanded soy cultivation should ideally provide high yields and at the same time promote environmental benefits. For this purpose, we applied a multi-objective optimization algorithm that selects areas with maximum soy suitability, minimum erosion risk, need for low fertilizer input due to water quality issues, and need for diversification of monotonous crop rotations. We use the state of Bavaria in Germany as a case study, modeling full self-sufficiency of soy. The results of the optimization indicate synergies between plantation suitability with need for low fertilization input and crop variation, which implies that the environmental benefit of nitrogen fixation and rotation diversification from soy plants can easily be reconciled with food productivity. However, slight trade-offs occur between erosion risk and the three other objectives, i.e., locations with better soy production might be more prone toward erosion risk. As a potential consequence of expanded soy cultivation in Bavaria, we identified winter wheat, grain maize, potatoes, and sugar beet as those crops that have the highest share of displaced cultivation area. To reduce such land use conflicts and ensure self-sufficiency in relevant crops, we recommend to limit the use of soy as animal feed. Nevertheless, we propose to explicitly incorporate the local need for the environmental benefits of soy cultivation in the planning for soy expansion. In doing so, domestic soy can turn into a real sustainable alternative to imported plant protein.
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Introduction

Demographic growth, increasing gross domestic products, and urbanization have driven food consumption and dietary preferences worldwide toward a rising meat consumption with annual increases of 1.15 % (de Visser et al., 2014; Sans and Combris, 2015). In the European Union (EU), the most important protein source for livestock feed can be attributed to the soy complex, consisting of meal, beans, and seeds. Despite strong fluctuations of the soy price over the last years, the EU heavily relies on soy imports, originating mainly from Brazil, Argentina, and the United States, while only 5 % of the soy-based protein is produced domestically (de Visser et al., 2014; European Commission, 2018). This dependency represents not only an economic risk, but the industrialized soy production also contributes to deforestation, biodiversity loss, and land degradation in soy exporting countries. Therefore, a growing self-sufficiency in the European animal feed market could increase food security and lessen the environmental damage from agricultural expansion in producing countries (Boerema et al., 2016; Zander et al., 2016; Zabel et al., 2019).

Against this background, the EU has been working toward a joint protein plan through consultations of stakeholders, thematic workshops, and several research programs to examine the protein crop complex (European Commission, 2018). The declared aims include support of farmers who are growing legumes through farm subsidies, research and innovation financing, market monitoring, and plant protein promotion (European Commission, 2018). In order to put the process of increased protein plant cultivation into effect, European policy-makers support research regarding the supply chain possibilities (European Commission, 2018), the crop science (Wilbois et al., 2014), or feed management (LfL, 2019a). As a transnational initiative, DonauSoja supports the added value soy in the countries of the Danube basin (DonauSoja, 2022). In Germany, soy promotion associations (e.g., Sojaförderring, 2022) endorse the expansion of soy cultivation. Also, the federal state of Bavaria launched a protein initiative to solicit the uptake of protein crop cultivation and to inform and advice farmers as well as the public. The objectives of this federal initiative include a reduced dependence from overseas protein imports for animal feed, support for local grassland and legumes, and strengthened economic value added by domestic protein plants (LfL, 2020a).

However, few studies have engaged with the environmental aspects of soy cultivation in Central Europe. Previous research has focused on the influence of climate change on protein plant production in Europe (Mitter et al., 2015) and the interplay between the cultivation of grain legumes and ecosystem functions in general (Reckling et al., 2016; Watson et al., 2017). In reports from policymakers of various scales, the potential environmental and climatic benefits regarding domestic protein plant cultivation are only mentioned briefly, while the focus is clearly set on agronomic considerations and feed management. Yet, one declared objective remains the sustainable production of domestic protein plants (European Commission, 2018; LfL, 2020a).

Planning for such sustainable cultivation should consider and evaluate the effects of legumes on the local ecosystems, i.e., by taking into account the various ecosystem services they provide: the provision of human food and animal feed, supporting services due to biological nitrogen fixation, and regulating services from their impact on soil microbes. An introduction of grain legume into crop rotations can further enhance biodiversity and suppress weeds or diseases (Watson et al., 2017). While many publications characterized the various environmental impacts of different legumes (e.g., Nemecek et al., 2008; Zander et al., 2016), locations and situations remain to be delineated where they can be cultivated to promote economic as well as environmental benefits (Reckling et al., 2016).

In this context, our study aims to contribute to the current efforts by applying a multi-objective spatial optimization for Bavaria, Germany. This analysis intents to identify ecologically and biophysically optimal land allocations for enhanced soy cultivation. We chose four objectives that are relevant for sustainable soy cultivation. They include best climatic and soil suitability for planting soy to ensure successful production. Minimum erosion risk is included to limit soil damage. To find locations that would benefit from soy as a nitrogen-fixing and rotation diversifying legume, maximum nitrate pollution and minimum crop diversity are set as objectives. Those two objectives help to allocate soy in places with environmental problems from current management that are supposed to be lessened by introducing soy. With these objectives, we address important environmental issues of European agriculture. Further, we analyze trade-offs and synergies between the objectives and evaluate the consequences of domestic production in terms of changes in cultivation patterns of other important crops in this region and the emerging land-use conflicts. This study focusses on soy due to its dominating role in the animal feed sector. Other pulses like faba bean, pea or lupins used for livestock are grown largely in the EU (European Commission, 2018), hence, they are not as charged with the environmental and economic consequences of large-scale import as soy.



Materials and methods


Study area

The German federal state of Bavaria is located in southern Germany. It lies in the warm-temperate climate zone with a multi-annual average (1971–2000) temperature of 7.9°C and precipitation of 941 mm, respectively (StMUV, 2021). The soil types north of the Danube River represent a mosaic of cambisols, podzols, stagnosols, and rendzina, while the soils south of the river are dominated by cambisols (UBA, 2010). The federal state covers about 70,500 km2 of which 46.4 % are agriculturally used as of 2018 (Figure 1). Within the agricultural sector, livestock production has a high significance. The State of Bavaria is a net exporter of animal products with milk being its economically most important product, accounting for 26.7 % of the agricultural gross output in 2018 (StMELF, 2020a).
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FIGURE 1
 Major agricultural land use categories in Bavaria, based on data of the Integrated Administration and Control System (IACS) for the year 2020 (EU Regulation, 2014) as well as main water bodies.


Due to Bavaria's protein initiative, the cultivation area of legumes like soy, lupin, field pea, faba bean and field bean have doubled since the initiative started in 2011 reaching 600 km2 in 2019 (LfL, 2019a, 2020a; StMELF, 2019a). Soy cultivation covered about 86 km2 (29.928 tons) in 2017 and reached approximately 155 km2 (50.220 tons) in 2019 (LfL, 2019b; StMELF, 2019a, 2020b).



Optimization problem

To identify ecologically and biophysically ideal allocations of soy production, several aspects have to be considered: (1) Soy productivity depends on the climatic and soil suitability of a site for soy cultivation (Geisler, 1980; Heyland, 1996; Diepenbrock et al., 2016). Therefore, we used a suitability factor combining temperature, precipitation and soil requirements of soy plants. (2) Soil might be more susceptible to water erosion under soy plantation, because the plants are sown with a lower density than for instance summer cereal crops (Kistler et al., 2013). Hence, soy should be located on arable fields that are least prone to erosion to ensure an intact soil throughout and after the plantation. (3) Fertilizer application can be reduced with nitrogen fixation from soy (Mitter et al., 2015). To allocate soy in areas that most need this benefit, the spatial optimization is set to favor sites with currently high nitrate pollution. Finally, (4) soy cultivation can enrich crop rotations at sites where the rotational diversity is low, i.e., where currently the lowest number of unique crop types can be found. The addition of soy into crop rotations is said to inhibit the spread of weeds through a more diverse range of natural competitors, as well as increase the soil fertility and overall biodiversity (Smith et al., 2008; Pistrich et al., 2014; Isbell et al., 2017). Considering points (1) to (4), we formulated four objectives for the optimization, which describe the desired characteristics of those locations where soy should be planted:

(1) maximum soy suitability (to ensure good biophysical growth conditions),

(2) minimum erosion risk (since soy is an erosion-prone crop),

(3) maximum current nitrate pollution (to allocate soy where reduced fertilizer input is needed),

(4) minimum current crop diversity (to allocate soy where crop rotation needs diversification).

The mathematical formulation of these objectives can be found in the Supplementary material 1.



Input data

For the optimization process, we created an input map of fields that are eligible for soy cultivation according to their objective scores. This map consists of grid cells (150 × 150 m) that were joined to patches (~0.05 to 50 km2) that serve as decision variables. We established the patches by assigning the scores for the four objectives to Bavaria's agricultural fields from the data of the Integrated Administration and Control System (IACS) (EU Regulation, 2014). We combined fields with the same four scores into one patch. The resulting patches were of diverging sizes, hence we split patches larger than 100 km2 into five patches to avoid abrupt land-use changes when these patches change from soy plantation to no soy plantation or vice versa. Further, we merged patches smaller than 0.1 km2 with patches of similar objective scores to limit the number of decision variables in the optimization in order to reduce computation time (Strauch et al., 2019). Hereafter, we transformed fields into grid cells holding the patch number of the resulting 473 patches. Further information on the pre-processing is summarized in the Supplementary material 2.

Our first objective for the optimization is the sites' suitability for soy plantation, which is determined by the requirements of the plant. During germination, the air temperature must not drop below 8–10°C. Soy is susceptible to frost and depends on warm temperatures during the main growth period (Diepenbrock et al., 2016). The plants can endure dry periods but exhibit water demand during flowering and grain development. Therefore, the water holding capacity of the soil is fundamental (Geisler, 1980; Diepenbrock et al., 2016). While soy can be cultivated on various soils if they are easily warmed, waterlogged or clayey soils are unsuitable for soy cultivation (Heyland, 1996). We calculated the input data for suitability from the soil survey map at scale 1:1000000 published by the Federal Agency for Geology and Resources (BGR) and daily climate data spanning the years 1981 to 2010 from the German Meteorological Service (DWD). We interpolated these datasets and aggregated them into classes, which we assigned scores and weighted among each other as documented in Schätzl et al. (2015). The sum of the scores resulted in a final suitability factor ranging from 1 to 11. Only fields with medium to high suitability scores between 5 and 11 are included in the optimization, because these are considered to have worthwhile cultivation conditions for soy (LfL, 2019c).

The second objective refers to minimum erosion risk on the potential soy fields. The average long-term potential water erosion is calculated by the authorities based on soil erodibility (K-factor) and slope (S-factor) from the Universal Soil Loss Equation (LfL, 2020b). We aggregated the data to median values per fields (IACS data for 2019). For the optimization process, we classified the erosion potential as specified in the standard DIN 19708 (Schäfer et al., 2017). We derived five classes of erosion risk spanning from soil loss of below 5 t/ha/a to very high losses of more than 30 t/ha/a (see Table 1). For the optimization process, we used integer values per DIN class, stretching from 1 to 5.


TABLE 1 Summary of input data for the optimization objective including their considered ranges (values are listed for each objective in descending favorability).

[image: Table 1]

For the third objective, we used areas currently showing a high level of nitrate pollution. To approximate those, we followed the designated areas as defined by the federal fertilizer ordinance (Fertilizer ordinance, 2020; LfL, 2020c). Farms in so-called “red areas” are facing special obligations to reduce the high nitrate pollution, while farms in “green areas” on the contrary can get exemptions from generally applied regulations. For farms in “white areas” none of these two options applies (Execution ordinance AVDüV, 2018; LfL, 2020d). For the optimization, we assigned integer values from 1 to 3 as scores to each area type (see Table 1).

To calculate the crop rotational diversity for the fourth objective, we extracted the information on crops planted in the years 2015 to 2019 from the IACS data of the respective years. For each agricultural field, we summed up the number of unique crop types over the 5-year period, while omitting the records of permanent grassland occupation to exclude the option of grassland transformation into cropland.

The scores for each objective were treated as integer values to streamline the computation process. Per objective, we transformed the integer score values to grid cells, since the algorithm requires the score maps in addition to the patch map. All data sources, the original values and the derived scores are compiled in Table 1. Further explanation, the maps of the input datasets, and a list of the soil types and their classification can be found in the Supplementary materials 3, 4.1, 4.3. The data preparation was performed in ArcMap 10.2.2, ArcGIS Pro 2.9, and RStudio 4.1.1.



Optimization process

The spatial optimization problem was solved using the tool CoMOLA (Constrained Multi-objective Optimization of Land use Allocation), which is based on the Non-dominated Sorting Genetic Algorithm-II (NSGA-II) (Deb et al., 2002; Strauch et al., 2019). The patches serve as decision variables, which can take on values corresponding to a land use category, in our case fields with soy and fields without soy. For the first generation of optimization solutions, a set of maps with patch selections (individuals) is generated randomly from the input map. The performance of each of those maps regarding the objective functions (i.e., fitness values) is evaluated by means of user-defined models, e.g., process-based or statistical models written in R (in this study) or Python (Strauch et al., 2019). According to these fitness values, the algorithm sorts the solutions based on their performances and uses the best solutions to generate the next generation by crossover and mutation. This process is repeated until a stopping criterion, e.g., the maximum number of generations, is met (Figure 2). In total, seven optimization runs were completed, each with a population size of 100 individuals and 250 generations, which proved to be a sufficient number of generations (see Supplementary material 4.4).


[image: Figure 2]
FIGURE 2
 Workflow of the optimization process with CoMOLA (adapted from Kaim et al., 2020). For the initial population, the algorithm randomly generates maps of soy distribution. The fitness values of each map are calculated by models in RStudio based on the score maps. The NSGA-II (Non-dominated Sorting Genetic Algorithm-II) sorts the spatial solutions according to their fitness values (non-dominated sorting), compares the ranked solutions (tournament selection), and creates the next generation by combining and altering the previous best solutions (crossover and mutation). The algorithm terminates after 250 generations.


The area covered by patches selected for soy distribution by the algorithm is limited to minimum 10% and maximum 11% of the total modeled area. This proportion is based on the fact that Bavaria imports approximately 500,000 t/year, assuming an average soy yield of 2.98 t/ha (as between 2015 and 2019 in Bavaria) and current production of 155 km2 in 2019, an area of 1813.6 km2 or 10.7% of Bavaria's total crop area (StMELF, 2018a, 2020b) would be required to compensate soy imports by local production.



Post-processing of optimization results

The result of a multi-objective optimization is a set of non-dominated optimal solutions called Pareto-frontier. A solution is defined to be non-dominated if there exists no other feasible solution that improves the value of one objective without simultaneously decreasing the value of another objective. The solutions can be analyzed in terms of their fitness values. As part of the analysis, the ten maps with the best fitness values for each objective were consolidated to one map of optimal soy allocation for each objective, respectively. This decision is based on the fact that two solutions can have very similar fitness values for a given objective, but the optimization algorithm chose patches at very different locations to compile the respective soy distributions. Therefore, the best 10 solution maps vary little in the respective fitness values per objective and still capture the spatial distribution of regions that are favorable for soy cultivation according to our objectives. For a compromise between the objectives, we picked from all the Pareto-optimal solutions the one whose fitness values deviate the least from the means of the fitness values of all four objectives.

To judge potential impacts of the expanded soy cultivation, we evaluated which crops have the highest share of being displaced by each objectives' best solution and the compromise solution. This is calculated by analyzing the average crop distribution between 2015 and 2019 on the fields with the largest overlap per grid cell that has been selected for soy cultivation by the optimization algorithm. Since it was assumed that soy would cover the area of the entire grid cell, also the replaced crop was assumed to be replaced by the respective area. In addition, we estimated if certain crops are displaced disproportionally. For this, we compared the displaced area to the average cover area [km2] of the respective crops in Bavaria between 2015 and 2019. Those percentages point out if the optimized soy distributions would simply displace an average crop mix or affect specific crops disproportionally.




Results

The resulting solutions of the optimization have fitness values per objective, which are derived from averaging the integer scores of all the fields that are selected for soy cultivation by a given solution. Figure 3 illustrates how the fitness value distribution of all solutions is influenced by the percentage of area available per score. Suitability and nitrate pollution are maximized by the optimization, hence the algorithm has included areas with high scores. Erosion risk and crop diversity are minimized by the optimization, therefore areas with low scores were selected.
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FIGURE 3
 Percentage of area per score of the input data (bars) and distribution of fitness value scores of all non-dominated solutions (black lines) for each objective. The fitness value range along the scores is displayed as percentage of fitness value frequency. This number demonstrates in relative terms how many of all optimal solutions have a certain fitness value.


Regarding our four chosen objectives, the results of the spatial optimization reveal both synergies and trade-offs (Figure 4). The seven initiated optimization runs resulted in 992 Pareto-optimal (non-dominated) solutions. When comparing the fitness values of these solutions, crop diversity has a slightly positive relationship with suitability, while presenting a trade-off with erosion risk. Erosion risk is negatively correlated with all objectives, displaying the largest trade-off with suitability. Nitrate pollution has a near-zero correlation with crop diversity and a slightly positive relationship with suitability. However, as the scatterplots indicate, a linear regression does not seem to be the most appropriate representation of the relationship between those objectives (non-linearity).
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FIGURE 4
 Scatter plots of dual relationships between the objectives of the 992 Pareto-optimal solutions of the spatial optimization. All solutions are displayed as dots, each with one fitness value per objective. A linear regression line is added in red as well as correlation coefficients after Pearson. Positive correlation coefficients indicate a synergy, negative coefficients a trade-off. Fitness values for soy suitability range from 5 to 11 (most desirable: 11), for erosion risk from 1 to 5 (most desirable: 1), for nitrate pollution from 1 to 3 (most desirable: 3), and for crop diversity from 1 to 5 (most desirable: 1). The green triangles indicate where desirable fitness values are in the scatter plots with their two-edged side. The pointy end of the triangle indicates the less desirable fitness values.


In the spatial distribution of the optimized soy allocations, trade-offs and synergies are also evident (Figure 5). Large overlaps in the maps of the 10 best solutions depict the spatial synergies among the objectives, since the respective compilations share large areas where both objectives can be achieved. Maps with small overlapping areas point to trade-offs among the respective objectives due to low amount of shared optimal areas. The relatively large overlapping areas of the ten best suitability solutions with the ones from crop diversity (5E) and nitrate pollution (5F) confirm the positive relationship found by the correlation coefficients. In addition, all objectives share small areas with the best solutions of erosion risk (5A, 5B, 5C). Here, the negative correlation coefficients are confirmed again by the spatial distribution of the best ten solutions. Lastly, the spatial comparison of crop diversity and nitrate pollution (5D) shows a larger overlap than the near-zero correlation coefficient suggested. This could be due to the possible non-linear relationship between the objectives. The maps of each objectives' single best solution can be found in the Supplementary material 4.5.
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FIGURE 5
 Pairwise comparison of spatial overlaps of the 10 best out of 992 Pareto-optimal solutions per objective of (A) crop diversity and erosion risk (overlap 23%) (B) suitability and erosion risk (overlap 17%) (C) nitrate pollution and erosion risk (overlap 18%), (D) nitrate pollution and crop diversity (overlap 29%), (E) crop diversity and suitability (overlap 44%), (F) nitrate pollution and suitability (overlap 41%). The pie chart depicts the share of individual patch selection by each objective and the overlap (black).


The generated compromise solution between all four objectives still exhibits relatively high fitness values for all of them. Compared to the optimal solutions for each individual objective, the compromise solution achieves still high shares of the best possible values: 88% (7.80 compared to 8.84) suitability, 81% (1.24 compared to 1.04) erosion risk, 79% (2.26 compared to 2.89) nitrate pollution, 72% (2.78 compared to 2.18) for crop diversity. In terms of the spatial soy distribution, the compromise solution most strongly resembles the best 10 solutions for nitrate pollution (overlap of 67%) and least the best 10 solutions for erosion risk (overlap of 54%). The overlaps with suitability (overlap of 65%) and crop diversity (overlap of 63%) range in between. Compared to the soy distribution in 2019, the compromise solution performs similarly good for suitability (-0.04%) and better regarding all other objectives (+18% for erosion risk, +15% for nitrate pollution and +21% for crop diversity). Regarding the spatial distribution, the compromise solution partly overlaps with the focus regions of the current soy cultivation (Figure 6). However, our compromise solution shifts the current most frequent soy cultivation territory a little more toward the North-East of Bavaria. Judging from the fitness value and the spatial distribution, soy cultivation in 2019 makes use of biophysically highly suitable areas, but due to its small spatial extent, it only covers 8.5% of the soy area in the optimized solutions. In the compromise solution, territories are added that are currently rarely selected for soy cultivation, because the optimization selected patches to achieve the desired values for all the four objectives and the self-sufficiency in soy production.


[image: Figure 6]
FIGURE 6
 Area of optimized soy allocation according to our compromise solution in comparison to the soy grown in Bavaria based on data of the Integrated Administration and Control System (IACS) for the year 2019 (EU Regulation, 2014). The compromise solution harmonizes the four optimization objectives in terms of their fitness values.


The area of crops that would be displaced if the soy distribution would be expanded according to our optimization solutions is shown in Figure 7. Substantial shares of the cultivation area of starch potatoes (cultivation area on average 2015–2019 in Bavaria 132 km2), sugar beet (645 km2), grain maize (1,240 km2), winter wheat (4,711 km2), and potatoes (278 km2) would experience shifts to soy for all selected solutions. The distinct spatial distributions of the solutions are shown by the different shares of crops displaced by them. The crops depicted in the diagram would experience more than 20% displacement in at least one of the solutions. Further crops with lower displacement share can be found in the Supplementary material 4.6.
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FIGURE 7
 Share of crop cover from the Bavarian average between 2015 and 2019 that are most affected by a shift toward soy cultivation according to each single best solution per objective and the compromise solution. For example, for the solution with the highest fitness value for soy suitability, 70% of the area used for cultivating starch potatoes in Bavaria is displaced by soy production.




Discussion


Synergies and trade-offs between biophysical and ecological objectives

The strongest synergies we identified, are between crop diversity and suitability as well as between nitrate pollution and suitability. These objectives share larger areas of desirable scores. Therefore, a soy expansion scenario according to the best suitability solutions would proceed on fields with good growth opportunities and a need for biological fertilization from nitrogen fixation and diversified crop rotations. It appears that the fields in biophysically suitable areas for soy are currently under intensive agricultural management, which is characterized, among other factors, by high agrochemical input and low crop diversity (Tscharntke et al., 2021). In addition to the environmental benefits from diversifying rotations with soy like improved biodiversity and soil health, other measures like enhanced natural and semi-natural structures and overall landscape complexity would be needed to fully achieve the ecological objectives (Kormann et al., 2015; van der Plas et al., 2019).

The optimization results also revealed rather strong trade-offs among erosion risk and the other objectives. From this we could potentially derive that soy expansion scenarios that satisfy the other three objectives utilize fields with high erosion risk. However, a closer look at the fitness values for erosion risk shows that any solution contains only fields with fitness values between 1 and 2, which refers to a potential soil loss up to 10 tons per hectare per year. Therefore, even though the mathematical trade-off suggests erosion problems for many solutions, the selected fields would experience erosion risk at the lower end of the scale. According to the German Federal Environmental Agency, erosion of 10 tons per hectare refer to one millimeter of soil loss per year. However, the actual impact on crop yield from the loss of fertile soil under this erosion risk depends on soil type, soil density and on-site farming practices (UBA, 2022).

We selected the objectives maximum nitrate pollution and minimum crop diversity to represent the need for environmental benefits from soy as a legume. However, the potential for making use of these benefits depends on local farming practices. After the soy harvest (usually in October), there is a danger of nitrate leaching depending on weather conditions and soil type. However, long-term experiments showed that certain measures can limit the nitrate losses. They include the cultivation of winter crops with high nitrogen uptake, e.g., winter wheat or the cultivation of winter hardy greening. In addition, it is recommended to apply a mulch sowing procedure and abstain from plowing to minimize the mineralization of crop residues (LTZ, 2018, 2020). Since the nitrogen fixation abilities of soy spare the use of additional fertilizer (Eder et al., 2019) and nitrate leaching can be prevented by appropriate management, in the long term, soy plantation in areas with high levels of nitrate pollution is a desirable option. The magnitude of benefits from diversifying a crop rotation with soy depends on the implementation on farm level. Including soy too frequently in crop rotations could impair the yields due to the long survival of pathogens (Watson et al., 2017). Experts recommend a 3 to 4 year gap to other legumes, rapeseed, and sunflower to avoid infestation of Sklerotinia (Eder et al., 2019). In contrast, intercropping of winter cereals with legumes might improve yields and promote nutrients exchange (Watson et al., 2017; LTZ, 2019).



Limitations

The chosen calculation of suitability for Bavaria closely matches a cultivation suitability study for Germany published by Rossberg and Recknagel (2017). It slightly differs in the classification of heat units and precipitation sums into scores. In the suitability calculation for Bavaria, radiation is not included, since no radiation deficits are expected in Southern Germany (Rossberg and Recknagel, 2017). The chosen suitability approach does not apply Liebig's law of the minimum, hence, the potential limitations for soy growth due to low values in either one of the included factors are not reflected in the suitability calculation. Additionally, the chosen suitability approach does not reflect a reduction of the suitability above a certain optimum. Other suitability calculations over larger spatial scales utilized temperature and precipitation with an optimum (Zabel et al., 2014) or corrected the potential maximum yield with temperature and water deficit reduction factors as well as combinations of soil type and slope (Fischer et al., 2021). However, we chose the approach that classifies temperature as the most limiting factor due to its high importance during the crucial periods of germination and flowering (Diepenbrock et al., 2016; Karges et al., 2022). Regarding the climatic conditions in Bavaria, temperature is the limiting factor at the lower end, while soy cultivation under the highest reached temperature can still be successful when utilizing irrigation. On sandy soils, experimental studies found that irrigation improved grain and protein yield in soy. The magnitude of improvement depends also on the reaction of different cultivars to the changes in the environmental conditions (Karges et al., 2022). Lower precipitation can also partly be compensated through suitable soil (Rossberg and Recknagel, 2017). On the other hand, strong precipitation can limit the yield through strong vegetative development and impeded maturity of the grains (Diepenbrock et al., 2016; Rossberg and Recknagel, 2017), but these conditions are accounted for with the exclusion of waterlogging soils. In the selected suitability approach, the specific interactions between temperature, precipitation and soil regarding soy suitability in Bavaria are reflected in the scoring. The resulting suitability map resembles the spatial distribution of the suitability index as modeled by the Global Agro-Ecological Zones (GAEZ, 2022), see the latter in the Supplementary Figure 4.2.

In terms of the results, the resulting fitness values of the optimized solutions are driven by the availability of patches with desirable scores. Figure 3 shows that e.g., for suitability, there is only a small area with high scores (10 and 11). Hence, the optimization algorithm also has to select patches with mediocre suitability scores to create a solution. The same applies for erosion risk, where the high abundance of patches with scores 1 and 2 resulted in the averaged fitness values being mainly distributed between these two numbers. In addition, assigning the input data values to scores (Table 1) led to disproportional distribution of value ranges within the scores. For example, high erosion risk values between 30 and 150 tons per hectare per year were assigned score 5, while fields with potential soil loss between 5 and 10 tons per hectare per year were assigned score 2. Further, the optimization is based on the selection of patches that are derived from unique combinations of scores. However, the uneven abundance of fields with each score combination resulted in patches of strongly varying size. Since the optimization algorithm was limited to only choose 10 to 11% of the available area in patches, patch combinations could not be realized if they exceeded this limit.

We approximated the total soy yield, which serves as the basis for the area where soy can be allocated, from the average yield in Bavaria from 2015 to 2019. Locally, the soy yield could vary, leading to different outcomes in the total soy production. However, local yield data is not yet available for entire Bavaria. The optimized maps still suggest that a roughly similar allocation of soy production as currently grown can be accomplished by utilizing the average yield as a proxy. For the objectives, we used data specific to the region of Bavaria and, to our knowledge, the best available data to reach the level of complexity that fitted the aim of our study. The time periods of the input data can vary due to data availability and purpose of use. Other important factors for finding optimal locations for expanded soy cultivation like actual fertilizer application and observed farmland biodiversity can be included in the objectives if such data is available in further studies.



Potential land use conflicts caused by soy expansion

As a potential consequence of soy expansion, other crops can be displaced when soy is introduced to the rotation. According to the best single solutions and compromise solution from our optimization, winter wheat, grain maize, sugar beet, potatoes, and starch potatoes have high shares of their cultivation area selected for soy in the respective scenarios (Figure 7). In Bavaria, many factors determine the distribution of crops, among them are the plants' requirements. Grain maize and soy plants in general have similar demands on their cultivation region. Both depend on high temperature levels during germination and main growth period. The plants require sufficient water in order to develop flowers and fill grains (Geisler, 1980; Heyland, 1996; Diepenbrock et al., 2016). Consequentially, the distribution of grain maize is similar to the maximum suitability solution for soy cultivation from this optimization, leading to 42% of this crop being replaced by this solution. Sugar beet and starch potatoes appear to be cultivated to larger spatial extents in areas selected by all the best solutions and the compromise solution.

The high shares of displacement of certain crops is very relevant, if environmental consequences of different crop allocation scenarios are evaluated in global contexts (see Kreidenweis et al., 2016). In case of constant consumption levels, imports of particular crops could increase, leading to a translocation of its cultivation. In the case of maize, imports to Bavaria come mainly from Austria, France and the Netherlands, as well as from Hungary, Czech Republic and Poland, while potatoes and sugar beet are imported largely from France, Belgium and Austria (LfStaD, 2020). An increase in the crop cultivation in the respective countries can lead to various environmental problems. In Eastern Europe, maize cultivation could be enlarged due to higher potential for yield increase, as predicted in a modeling study by Schils et al. (2018). The authors warn against declining local water quality due to higher nitrogen fertilizer application from attempts to close the gap between actual and potential yield. In the Netherlands, intensive crop cultivation including potato and sugar beet can have detrimental effects on public health due to the involved pesticide application (Brouwer et al., 2017).

The potential change in cultivation pattern due to soy expansion to 10.7% of crop fields in Bavaria might also implicate shifts in the purpose of the field usage. Soy that is predominantly used for animal feed (European Commission, 2018), can replace crops like potatoes, sugar beet, and winter wheat that are mainly intended for human consumption. In Germany, sugar beet is mainly used for human consumption and industrial applications, while a small part of approximately 5% is used for bioenergy. Potatoes serve to 70% for human consumption, to 13% for industrial purposes, and to 3% for animal feed. Lastly, around 10% of wheat are used for bioenergy production, while approximately 38% of the total use go into animal feed and 39% into food production, leaving the remaining share for seed propagation and industrial applications (BMEL, 2020). Grain maize is essential for animal feed as 75–85% of pig feed components are grain maize and cereal products (LfL, 2021). Hence, expanded soy cultivation could introduce local conflicts between animal feed and human food production as well as shifts within feed production, from grain maize as roughage or energy component to soy as protein feed. The development of volume and distribution of these crops in case of soy expansion is tied to changes in consumption preferences (plant-based vs. animal foods) and trade patterns (domestic consumption vs. export). Soy itself could also be replaced by other grain legumes like faba bean, pea or lupins depending on land use policies directed at the whole food system, as well as future environmental and commercial attractiveness.



Support and barriers of soy expansion in Bavaria

The realization of expanded Bavarian soy cultivation in the future depends on various factors. On one hand, climate change might alter the spatial distribution of suitable areas for soy cultivation. According to various global crop models, climate change leads to reduced yield in todays' main producing countries like the United States and Brazil. Large yield gains up to 30% are projected for higher latitudes, including parts of China, as well as Austria, Hungary and Southern Germany (Jägermeyr et al., 2021). In these areas, soy is predicted to benefit both from higher temperatures and CO2 concentration due to climate change (Guilpart et al., 2020). At European level, simulations for soy production under climate change scenarios exhibit positive as well as negative effects with regional disparities (Mitter et al., 2015). In Bavaria, climate change has already improved the soy yield due to warmer temperatures according to the final report of the Bavarian crop production in 2020 (Bavarian Agricultural Report, 2020). However, yields are predicted to peak in the middle of the twenty-first century and decrease toward to end of the century (Jägermeyr et al., 2021). In order to establish successful soy production in Bavaria, the grain quality under climate change should also be tested and accounted for in projections. In the case of wheat, Asseng et al. (2018) presented model results that point to decreasing grain protein yield under climate change for unadapted varieties. In turn, breeding efforts and research on new varieties are an undeniable necessity to enable stable and high-quality soy returns in the future. This becomes even more clear when checking for the potential of adapted cultivars in major crop types. Compared to maize, wheat, and rice, soy yields could face the highest potential losses due to the lack of varieties that are suited for climate change (Zabel et al., 2021). For Bavaria, developments in soy breeding can firstly expand the range of suitable areas for soy cultivation (LfL, 2017). In addition, climate change is predicted to increase the pressure from weeds and diseases on soy. Other studies found diverse crop rotations to be more resistant to pests (Mitter et al., 2015), where soy could be a valuable addition to the crop rotation. Bearing in mind all these potential influences of future climate on the potentials for soy cultivation, repeating our analysis under climate change scenarios is certainly an interesting task for future studies.

Another factor in estimating the potential for expanded soy in Europe are farmers perspectives. According to surveys from different European countries, farmers perceive yield instability as a major constraint to enlarge their grain legume production. However, there is a lack of experience and knowledge about local prospects for legume cultivation (Zander et al., 2016). Since many ecosystem services are hard to monetize, the potential benefits from introducing legumes into crop systems are rarely evaluated by farmers (Reckling et al., 2016). The acknowledgment of the environmental benefits usually only follows after years of practice and shared knowledge within the peer group. If a higher share of legumes in the plantations is reached, cereals can be substituted and even the whole cropping system can be re-designed (Mawois et al., 2019).

On a political level, the strategies, declarations and pronounced plans from Germany and the EU support the aims of the Bavarian plant protein production. Existing and emerging proscriptions and payment schemes are shaping the prospects for legume cultivation as well (LfL, 2019a). On EU scale, protein plant cultivation is supported by different Common Agricultural Policy instruments. Nitrogen-fixing plants have been allowed to be grown on Ecological Focus Areas (EFA) in the past funding period and rural development measures as Agri-Environment-Climate Measures (AECM) support crop rotations if legumes are included. In addition, several countries like Croatia, Italy or Hungary have own policies in place (European Commission, 2018; Balázs et al., 2021). In Bavaria, two agri-environmental payment schemes reward the cultivation of soy since it is a flowering crop and a grain legume. Especially the establishment of soy as a diversifying crop could be carried forward with these subsidy payments (StMELF, 2018b, 2019b). In addition, the market situation in terms of high soy prices and rising sales of plant-based protein food influences the potential for soy expansion (Alandia et al., 2020). EU-scale policies increasingly stimulate plant-based diets for reasons of public health, food security, and environmental impact (Moschitz et al., 2021). Additionally, consumers in the EU are becoming increasingly aware of deforestation, animal welfare, and genetically modified feed and therefore endorse Non-GM fed and organic animal products (European Commission, 2018). The economic potential of soy from EU countries could grow, considering that 80% of the soy worldwide is genetically modified, but only Non-GM seeds are allowed in Germany and Austria, (LfL, 2020e). Lastly, the competitiveness of soy depends on the prices. For instance, soy can be competitive with wheat in Bavaria if the soy price is twice as large as the wheat price (Danube Soya Congress, 2013). The higher average costs for soy seeds are compensated by the fact that farmers have to spend less on fertilizer, pesticides and sometimes even on machine costs (LfL, 2017). The spatial distribution of soy would then follow mainly economic principles and allocate soy where the profit can be maximized. Hence, yield, market access, and trade conditions would determine the allocation of enhanced soy (Mauser et al., 2015). However, in order to make soy and other protein plants more competitive, the current patchwork of policies need to be streamlined and extended to include all relevant stakeholders (Alandia et al., 2020; Balázs et al., 2021). In Bavaria, as in Europe in total, soy is mainly used as feed for livestock farming (European Commission, 2018). However, a high amount of concentrate feed in animal rations competes with direct human food crop production due to a less effective protein conversion by ruminants compared to protein gain if humans were consuming the respective crops directly themselves (Wilkinson, 2011). Schader et al. (2015) showed that the global food system would be more sustainable if livestock was fed less food-competing feed. Additionally, Dentler et al. (2020) conclude that “high nutrient use efficiency, high resource use efficiency and high food production efficiency within dairy farming can be fostered by a more extensive farming system based on grassland, with low concentrate inputs.” With these aspects in mind, the target of self-sufficiency with soy at the current consumption level and export of dairy and meat products should be critically reflected.

In conclusion, the future of domestic protein supply for animal feed and human consumption is of interest for many scientific fields in the EU. With a focus on the conditions for a sustainable implementation, our research applied a spatial optimization approach to allocate soy cultivation to ecologically and biophysically desirable areas, quantified as areas with high climatic and soil suitability, low erosion risk, high need for reduced fertilizer input, and for diversification of crop rotation. We found synergies and trade-offs among our objectives and presented a compromise solution to achieve all of them to an acceptable degree. While the results are subject to the definition and selection of input data, the approach helps to delineate favorable regions where soy cultivation can be successfully and sustainably realized under appropriate local farming practices. Our discussion pointed toward the multiple factors on which domestic soy cultivation expansion depends in Bavaria. Those include the consequences of climate change, farmers' knowledge, political and economic settings, as well as feed management. Thus, protein plant production in Central Europe is a complex subject and requires more attention to solve the issues of sustainable nutrition in the future. Spatial optimization approaches like in this study can help to find locations that attain ecological objectives while assuring productivity from protein crop cultivation.
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