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Introduction: This study deals with agricultural practices and their implications on soil health and crop yield using economic optimization. Specifically, the research focuses on the impact of different crops, such as canola, wheat, and meadow clover, on soil nitrogen levels and the subsequent effects on crop health.

Methods: A model of nitrogen flow is utilized while economic optimization is done using dynamic methods.

Results: The paper highlights the significance of the root system in crops like wheat and canola in determining the amount of organic residue left in the soil. Even though meadow clover stands out as a unique crop in the study, given its ability to fix atmospheric nitrogen without the need for fertilization given the economic variables, it is not selected in the mix.

Discussion: The findings of this research have implications for sustainable farming practices, emphasizing the balance between environmental protection and economic development. Our study shows in accordance with other studies that the use of canola leads to higher profits with consequent benefits for the next cereal crops.
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Introduction

By crop rotation we mean the rotation of crops on a certain agricultural plot. Crop rotation is one of the oldest agronomic practices and is a sequence of crops grown in succession on a certain field. Crop rotation has been around for centuries. The nitrogen-fixing ability of legumes, which have always been part of the crop rotation, helped preserve the practice of crop rotation in most cropping systems until the 20th century. However, in the 2nd half of the 20th century, the availability of nitrogen from industrial sources increased and the use of pesticides to control pests, diseases and weeds thus shortened rotations. The use of mineral fertilizers and chemical sprays to maximize crop yields and the widespread adoption of short rotations or monocultures allowed farmers to specialize. It increased productivity and crop yields and improved marketing, however it led to land degradation (Bullock, 1992; Ball et al., 2005; Castellazzi et al., 2008). In the mid-20th century, there was a feeling that synthetic fertilizers and pesticides could forever replace crop rotation without loss of yield. Experience over several decades shows that crop rotation increases yield and profit and enables permanent and sustainable production. It promotes improvement of soil physical properties and soil organic matter (Bullock, 1992). Decisions about which crops to grow are based on environmental goals, maximizing yield and profit. Optimizing all objectives simultaneously is not entirely possible, in practice it is limited by government regulations, agro-ecological conditions (such as climate, topography and soil type), the occurrence of diseases and weeds, and available technologies. The first step in crop allocation is then the crop most preferred by the grower based on yields in a commercial system or a staple food crop in a subsistence system (Castellazzi et al., 2008). Crops preferred in the commercial system include rapeseed, and wheat can be classified as a very important food crop. In the Czech Republic, an inappropriate structure of cultivated crops can be identified (decrease in areas of perennial fodder, increase in subsidized crops - especially corn and rapeseed (CSÚ, 2022). The area sown with rapeseed constitutes 17% of arable land, wheat 30% of arable land, corn around 10% (Šálek, 2023). In recent decades, the traditional method of sowing has completely disappeared, the rotation of three cash crops according to the European pattern is mainly used—rapeseed, wheat and corn (Skoupá, 2019). Wheat and rape also form a fairly frequent rotation in the world. Canola acts as an interruption to wheat cultivation, thus helping to get rid of many soil-borne pathogens and helping farmers with weed control. Nitrogen applied in large quantities to canola, maize and wheat is a good overall environmental indicator (La Notte et al., 2015). Rapeseed is a traditional crop in the Czech Republic that improves soil quality. It is mainly due to its action during the winter, because it is grown as a winter plant. The green cover protects the soil from freezing, evaporation, water and wind erosion. Growing rapeseed represents economic security. The use is multi-layered, from fuel production to food use. But its lucrative cultivation is often abused, it is in the sowing process more often than it is bearable. Then pests and diseases occur more often and it leads to overuse of pesticides and herbicides. It is not only in the Czech Republic, in some areas of Germany it has stopped being cultivated due to the proliferation of pests. Non-binding rules for cropping practices advise to rotate crops so that the same crop is not returned to the plots after four years. This then leads to a reduction in the risk of weeding, pest and disease attacks (Rathke and Diepenbrock, 2006; Šálek, 2023). Wheat has been grown in the Czech Republic since the Neolithic. It provides grain that is used as food, feed and as a raw material for the production of starch, alcohol or beer. Straw is also processed if it is not used as fertilizer. Like any cereal, wheat is demanding on soil cultivation and fertilization with mineral fertilizers (Shewry, 2009; Pulkrábek, 2010). The predominance of these crops in the rotation is evident from Figure 1, where the share of the sown areas of these three crops in the total sown area of the Czech Republic can be seen.
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FIGURE 1
 Sown area in the Czech Republic. Source: own processing from CZSO (2022).


Based on the sown areas, it is clear that the share of these three plants in the total sown area in the Czech Republic reaches approximately 55 percent. Both canola and wheat are large consumers of nitrogen as crops (Mousavian et al., 2013; Heard, 2019). As a conservation crop, clover has been selected to save nitrogen in the soil. Clover has admirable properties to improve the soil. The benefits of leguminous cover crops have been known for decades, and meadow clover (Trifolium pratense) is one of the most common and beneficial as an underseed for wheat before canola or corn in a rotation. Clover has the potential to mitigate the effects of soil degradation in a changing climate, and its integration into sustainable food production systems is desirable (Kristan and Skala, 1984; Gaudin et al., 2013). Thus, three crops were selected for analysis in this paper. They are canola, wheat and clover. Wheat was chosen due to its dominant representation in the sowing practices of the Czech Republic. Wheat leaves and relatively high organic residue, but less than canola. For modeling purposes, it was determined that straw is plowed in the field, not harvested. This seems to be a realistic assumption for a good farmer to make for land, even though the price of straw has quadrupled in 2019. Rapeseed was chosen for a reason that is already presented in the theoretical part of the work. It is a crop that leaves relatively more organic residue than wheat. It has a stronger root system and a more optimal distribution of N:C in organic residues than wheat. In the rotation, therefore, it has relatively better results in terms of preserving organic material in the soil than wheat.



Methodology and data


Nitrogen cycle

The nitrogen cycle was modeled according to the bio-economic model presented in (Prochazka, 2016). In the model, nitrogen moves moves in the system, both in the form of fertilizer and in the form of nitrogen captured in humus through organic residues in the soil. Nitrogen is modeled as entering plants from two sources, namely nitrogen bound in the soil Nl (t), which releases one part available to plants, and further from fertilizer F(t). Furthermore, it is shown in the model that part of the nitrogen from the plants returns to the soil in the form of plant residues. Fertilizer F(t) gets both into the soil and directly into the plants. Nitrogen then travels from the soil to the active component, or from two inactive folders it gets into the active folder. Furthermore, nitrogen travels as an external component into the environment, which causes surface and underground water pollution.

For a detailed presentation of the model, the reader is referred to (Prochazka, 2016). This model was subsequently used as a part of the economic model by deriving it from its continuous and discrete functional form. From these theoretical models, a simulation model is built, which can be programmed to simulate the optimal rotation of three crops in the environment of the Czech Republic.

The simulation model can be represented in its discrete functional form as

[image: image]

[image: image]

where N denotes the nitrogen released from the nitrogen pool available to the plant. Gamma is a parameter that affects the rate at which the nitrogen supply is released. Beta is the rate at which nitrogen is returned to the soil through crop residues into nitrogen stores. Nlo is the initial nitrogen supply. With this model, we can simulate that part of the nitrogen from the Fi fertilizer and the nitrogen released from the humus is added back to the nitrogen reserves in the soil.

How much nitrogen is available to the plant is modeled as a multiple of the nitrogen supply, which is determined by the Gamma release rate.

After substituting (2) into (1) and deriving the expression, the following equations (3–5) arise:
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where VMPFit is the value of the marginal product of fertilizer at time t, c is the input price of nitrogen as fertilizer, λ is the discounted present value of all future benefits associated with soil in the form of nitrogen, s is time and r is the discount rate, and finally Fi represents the influence of the equation of motion of nitrogen in system equation (6):
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The simulation is then based on the selection of the best crop in a given year, using the selection of the best (most profitable) crop as follows according to equation (7), where three crops are presented: rapeseed, wheat and fodder in the form of meadow clover.
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The profitability of crops (wheat, rapeseed or fodder) depends on its static profit, i.e., on the difference between marginal revenue and marginal costs, but also on the future benefit in generating profit, as measured by lambda from equation (4), i.e., based on the parameters identified in equation (2).

The discount rate in the previous equations is determined as a risk-free rate and a risk premium. For the purposes of this work, the risk-free rate was determined as the average yield of government bonds in Europe with the least possible risk, namely Germany and the USA. The German bond yield was found to be 0.45% and the US bond yield was 2.93% for the most recent period (wsj.com). The same representation of German and US bonds was assumed in the portfolio, ie the risk-free rate was set as a weighted average of 0.45% and 2.93%, i.e., 1.69%. Furthermore, a risk premium must be determined. The risk premium is determined as the coefficient β of the investment multiplied by the difference between the expected market return and the risk-free rate equation (8):
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where rf is the risk-free rate, βa is the coefficient of riskiness (volatility) of the investment, i.e., the systematic risk factor, rm is the expected market return, which was determined on the basis of the average value of the return of the 5 largest companies in the agricultural sector on the American stock exchange. The result is the determination of a discount rate of 4.93%, which has been rounded to 5%.



Economic variables—Inputs

Economic variables for the simulation model based on the presented theoretical model of optimal control, or of the dynamic program in the relevant methodological section are presented in Table 1.


TABLE 1 Initial economic variables and their values for simulation.

[image: Table 1]

Nitrogen fertilizers are available on the market at a price of around 1 EUR per kilogram of nitrogen and were calculated on the basis of a study with regard to the nitrogen content of individual fertilizers (Aktualni-cenik-zemedelskych-hnojiv, 2021). The price of agricultural crops is variable. For winter rapeseed, it was set at 400 EURper ton For winter food wheat, the average price is set at 200 EUR per ton. The price for clover hay is 40 EUR per ton (Hejduk, 2020). For the purposes of modeling the optimal rotation, it is necessary to estimate the production functions of canola and wheat. Wheat production, or rapeseed expressed in kilograms per hectare was the dependent variable and soil quality, respectively. the volume of soil nitrogen and the level of applied fertilizer were the independent variables. Production functions were estimated as quadratic so that the interaction between soil nitrogen and nitrogen applied to the plant was evident. The explanation is given in the methodology.

The production function was estimated using regression, or the method of least squares, which is described in the methodology. The resulting function should have properties of diminishing marginal product to reflect the diminishing volume of harvest with excessive plant fertilization, which has been tested with positive results (Kätterer et al., 1993; Heard, 2019). For clover, only constant production was considered, as no fertilizer is applied to clovers. This value was considered to be 9 tons of hay per hectare (Ministry of Agriculture, 2021).



Parameters of the equation of motion in the model

The nitrogen cycle described in the methodology is described again in equation (9) below.
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where N denotes the nitrogen released from the Nl pool available to the plant. Gamma is a parameter that affects the rate at which the nitrogen supply is released, Beta is the rate at which nitrogen is returned to the soil through plant residues to the nitrogen supply. Nlo is the initial nitrogen supply.

Based on a study by Cooperband (2019), soils with 1% soil organic matter (humus) are predicted to have approximately 22 tons of organic material per hectare. In extreme cases, soils can have up to 30% humus. Cooperband (2019) explains that there is a relationship between humus and organic nitrogen. Organic nitrogen makes up approximately 10% of soil organic matter (humus). Based on Mahler and McDole (1985), we can assume that humus will release approximately 1% of available organic nitrogen to the plant. The Gamma parameter is therefore set to 0.01. To give an idea, the maximum value of humus in Czech soils is 4% (Sáňka and Materna, 2004). To determine the beta value, the straw/grain ratio of crops must be examined. Both plants have a different grain to straw ratio, which is specified in Table 2.


TABLE 2 Share of grain and straw in common types of cereals and oilseeds.
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The quality of straw is primarily determined by the ratio of nitrogen to carbon content. Cereal straw has a wide ratio (in the range of 1:80–90), rapeseed straw is of better quality (1:60–80) and legume straw is of the highest quality (1:20–30). For organic fertilization, nitrogen is the optimal ratio: carbon considered ratio (1:30) (Wang et al., 2015; Winkler, 2016). The third conservation crop is meadow clover, which has soil-improving properties (fixes nitrogen). We assume that it is harvested, but most of the nitrogen remains in the soil in the root system. The determination of the Beta value for rapeseed is based on a study (CFI, 1998), from which it is clear that rapeseed leaves a greater amount of organic residues on the field, namely 39%. Of this, 25% remains in the root system. This would be applied in the case of no-tillage of straw (CFI, 1998, canolacouncil.org, Arcand et al., 2013). Because the use of the root part is more important for the formation of humus, the Beta parameter was set to a value of 51%. The determination of the Beta value for wheat is based on a study (CFI, 1998) from which it is clear that wheat leaves a smaller amount of organic residues, specifically 23%, of which much less remains in the root system in wheat than in canola, specifically 3% (Kätterer et al., 1993; CFI, 1998; Boaretto et al., 2004). As for meadow clover, it is the only crop in the model that does not need fertilization and at the same time can fix atmospheric nitrogen, so that the beta coefficient is higher than 1. Specifically, the coefficient is set to 4.8 in the model.




Results


Crop production functions estimation

For the purposes of modeling the optimal rotation, it is necessary to estimate the production functions of canola and wheat. Wheat production, or rape expressed in kilograms per hectare was the dependent variable and soil quality, respectively. The volume of soil nitrogen and the level of applied fertilizer were the independent variables. Production functions were estimated as quadratic so that the interaction between soil nitrogen and nitrogen applied to the plant was evident. The explanation is given in the methodology. The production function was estimated using regression, or the method of least squares, which is described in the methodology. The resulting function should have properties of diminishing marginal product to reflect the diminishing volume of harvest with excessive plant fertilization, which has been tested with positive results (Kätterer et al., 1993; agri.idaho, CFI, 1998; Heard, 2019). For clover, only constant production was considered, as no fertilizer is applied to clovers. This value was considered to be 9 tons of hay per hectare (Ministry of Agriculture, 2021). The results of the regressions for both wheat and rapeseed are shown in Table 3. All coefficients are significant at the 95% confidence level.


TABLE 3 Estimated parameters of the variables for wheat and canola.

[image: Table 3]



Optimization scenarios results

After setting the model parameters, the model was simulated with a change in several key parameters. Crop rotation was limited so that it could not follow the same crop more than three times in a row. First, a simulation was performed with different levels of primary nitrogen in the soil. Secondly, a scenario where the discount rate is different was simulated. The economic results of the model for the above-specified scenarios are shown below in Table 4.


TABLE 4 Economic results of the model for the scenarios specified above.

[image: Table 4]

The simulation results show interesting details regarding the introduced crop rotation. Given that in the model presented, canola is set as a crop with a greater financial return and at the same time as a crop that contributes more to the recovery of soil nitrogen, it is not surprising that the result of the model is a dominant position of canola in the rotation. It should be noted that the model does not include other restrictive conditions such as the inclusion of pesticides that are applied to rapeseed and may contribute to environmental degradation. However, pesticides are not the subject of research in this work. Last but not least, rapeseed is cultivated very intensively and therefore the soil on the plot is excessively compacted, which as a result leads to greater erosion of the upper part of the soil. The dominance of canola followed by wheat in the simulation model (recall that a mandatory rotation of a maximum of 3 years of canola at a time was set, so as to reflect the problems of soil pests, etc.) was never disturbed. It is important to mention that other aspects related to soil quality or prices of inputs could potentially shift the results toward clover. Typically, if nitrogen price goes up, it is probable that clover will be selected as an optimal crop.




Discussion

Khakbazan et al. (2016) state that the average annual net yield of canola compared to other previous seed crops in seven locations in Canada was highest for beans. However, this positive contribution was not enough to compensate for the loss of income that stemmed from not growing another more profitable crop (or the repetition of rapeseed) (Khakbazan et al., 2016). Haas et al. (2017) found in their study that nitrate reduction in rivers can be achieved by reducing fertilizer rates, introducing green belts along streams and rotating with non-erosive plants (Haas et al., 2017). From the study by Harker et al., it follows that long-term sustainable and high production of canola can only be expected if the diversity of the sowing procedure, crop rotation is maintained. A good pre-crop for canola is wheat. Short rotation canola can be more profitable, but there is a risk of weeding and pest and disease problems in the future (Harker et al., 2015). The sustainability of the sowing procedure with frequent repetition of rapeseed sowing can be possible thanks to agrotechnical measures and fertilization with farmyard manure and plant residues, and by minimizing the use of mineral fertilizers, herbicides and pesticides (Šálek, 2023). The importance of plant residues is also mentioned by Singh et al. (2005). The authors claim that plant residues, if handled well, contribute to better soil dynamics of humus. A limit of the model may be that we assume that all organic residues eventually become part of the humus. This is limiting, as evidenced by e.g., Ward (2003). The author claims that this can only be said about the underground parts of the plants, which was reflected by the increase in the Beta coefficient in rapeseed. In their study, the authors of Schillinger and Paulitz (2018) confirm the conclusions that canola is an excellent pre-crop for wheat, especially for winter wheat. Canola serves as a barrier or non-host crop for many soil-borne pathogens of wheat and helps farmers control weeds and thereby reduce herbicide use. Most studies in the literature report that canola has a positive effect on the yield of wheat, coming in the rotation behind it (Schillinger and Paulitz, 2018). Authors examining cropping practices in Oklahoma where wheat was infested with monocotyledonous weeds also reported an increase in wheat yields following canola in the cropping sequence (Bushong et al., 2012). Norton et al. (1999) similarly investigated canola cultivation in Australia. Canola is one of the most profitable crops available to farmers in South and Western Australia, providing high yields and the bonus of its positive effect on subsequent cereal crops, providing disease protection (Norton et al., 1999). Crop rotations are also studied for Asia - the areas of China and India (Kumar et al., 2020; Shah et al., 2021; Yu et al., 2022). Economic and environmental impacts are subject to study also in the United States (Tariq et al., 2019; Wieme et al., 2020). Kumar et al. (2020) finds out that integrating winter crops like chickpea, lentil, and safflower using conservation tillage in rice-fallows can boost productivity, profitability, and environmental sustainability. Shah et al. (2021) studies diversified crop rotations and concludes in accordance with our research that it contributes to development of long-term soil health as well as brings economic benefits to farmers. Wieme et al. (2020) argues that different grain sequences showed varied productivity, quality, and profitability, largely influenced by weather. Sequences starting with chickpea generally outperformed those with grain. Tariq et al. (2019) find that crop rotation that can be traced back to ancient Roman and Greek times, manages pests and improves yields. Its benefits vary among crops. Despite being sidelined for synthetic inputs in the 20th century, its' role today is to address yield stagnation and reliance on synthetic fertilizers.



Conclusions

The relationship between economic viability and ecological sustainability in agriculture has long been a subject of debate and research. This study deals with crop rotation and tries to shed light on its profound implications for both soil health and economic returns. Our findings underscore the undeniable benefits of strategic crop rotation, not just as a tool for soil conservation, but also as a mechanism to bolster economic gains for farmers. By fostering a richer, more balanced microbial community, crop rotations act as natural soil enhancers, reducing the need for external inputs and thereby cutting costs. Furthermore, the improved soil structure and nutrient content directly translate to better crop yields, ensuring a steady and often increased income for farmers. However, the economic advantages of crop rotation go beyond immediate cost savings and increased yields. In the long run, healthier soils mean reduced susceptibility to diseases and pests, leading to decreased reliance on chemical interventions. This not only results in further cost savings but also positions the farm as a more sustainable and environmentally-friendly entity, potentially opening doors to niche markets and premium pricing. It's also worth noting that the benefits of crop rotation extend beyond the individual farm. On a macro scale, widespread adoption of diverse crop rotation practices can lead to more resilient agricultural systems, capable of withstanding the challenges posed by climate change and increasing global food demand. Analyzed crop showed that there was no need for conservation crop (clover) which means that sufficient amount of nitrogen is delivered to the plants and maintained in the soil. This results may change when different settings are introduced such as higher cost of inputs or when other aspects of soil conservation are introduced such as erosion. The practical implications of the study on crop rotation in the context of the Czech Republic are significant for both farmers and policymakers. The research underscores the benefits of strategic crop rotation, highlighting its role not just in soil conservation but also in enhancing economic returns for farmers. By promoting a richer microbial community in the soil, crop rotations act as natural soil enhancers, which can reduce the need for external inputs, leading to cost savings. The improved soil structure and nutrient content can result in better crop yields, ensuring a consistent and in some cases increased income for farmers. Beyond immediate cost savings and yield improvements, healthier soils can reduce susceptibility to diseases and pests, decreasing the reliance on chemical interventions. This positions farms as more sustainable and environmentally-friendly, potentially accessing niche markets and premium pricing. On a broader scale, the widespread adoption of diverse crop rotation practices can lead to more resilient agricultural systems, better equipped to face challenges posed by climate change which is changing the weather patterns in Central Europe. There are also limitations to the research. The research acknowledges that crop allocation in practice is influenced by various factors such as government regulations, agro-ecological conditions (including climate, topography, and soil type), the prevalence of diseases and weeds, and the technologies available. Also, while the model assumes that all organic residues eventually become part of the humus, this assumption is recognized as a limitation. This is because not all organic residues necessarily contribute to the humus, as indicated by other studies. Also, the research highlights the potential risks associated with short crop rotations, such as increased susceptibility to weeding, pests, and diseases in the future. There is also a limit since the sustainability of frequent rapeseed sowing, for instance, is contingent upon specific agrotechnical measures and the minimized use of certain agricultural inputs.
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