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Summary 

Agriculture causes many environmental problems in the production of food. In addition 

to the emissions that the agricultural sector emits in the upstream and downstream 

value chains, the use of plant protection products to increase yields also contributes to 

the decline in biodiversity. Consumer demands for more sustainable food production 

are increasing and stricter regulations are also being implemented politically to 

increase sustainability in European and German agriculture. To achieve this goal, 

many different assessment tools have been developed to measure and evaluate 

sustainability in agriculture. In addition to its role in the respective tools, digitization is 

also becoming increasingly important in food production. The possibilities of digital 

technologies in agriculture are multifaceted and can help to support farmers in 

managing their farms. Furthermore, digitization will also have an important impact on 

sustainability management. 

Digitization can help to increase the output:input ratio of farm inputs. Improving the 

efficiency of resource use has an impact on sustainability. However, tools for assessing 

sustainability in agriculture cannot show whether the use of digital technologies creates 

synergies or trade-offs. The sustainability tools also have limitations when it comes to 

assessing biodiversity, as the assessment takes place retrospectively on the one hand 

and across farms on the other. An algorithm that supports farmers in the field-specific 

biodiversity assessment before the cultivation season is still missing. Whether farmers 

are willing to accept the use of digital technologies to support decision-making has not 

yet been researched. Without the willingness of farmers to invest in digital 

technologies, the associated efficiency gains will remain unused and thus slow down 

the development towards a more sustainable agriculture. 

The aim of this work is to show how sustainability management in agriculture can be 

improved in food production with the support of digital technologies. In the study, field 

trials on site-specific fertilization were carried out over a period of four years on three 

different farms in a case study. Using the example of site-specific fertilization as a 

digital technology, the on-farm-research trials show which trade-offs and synergies 

occur between ecological and economic sustainability indicators in the digitization of 

agriculture in arable farming. Site-specific fertilization has led to an increase in yields, 

regardless of the size of the farm. This results in lower emissions per unit of product 

produced. In terms of economic benefits, the results show that farm size is crucial for 

the profitability of site-specific fertilization. The smaller the size of the farm, the higher 
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the costs per unit associated with the technology. Whether synergies or trade-offs 

occur between ecological and economic sustainability indicators in site-specific 

fertilization has to be calculated manually so far, as the sustainability assessment tools 

do not provide this information. 

In the second study, an algorithm was developed that assesses the biodiversity 

potential in an indicator-based and prospective manner. To this end, agricultural 

management parameters (on-crop) and landscape parameters (off-crop) were first 

derived from the literature and then discussed in expert interviews. In these interviews, 

points were awarded for the on-crop and off-crop parameters and parameters 

influencing biodiversity in particular were weighted twice. The algorithm developed 

enables the biodiversity potential to be assessed on a field-specific basis. This allows 

farmers to determine which biodiversity potential is achieved at the cultivation planning 

stage. In addition, the algorithm can show farmers scenarios on how to optimize 

biodiversity performance. 

The third study addresses the social acceptance of digital technologies among 

farmers. The first and second study showed how the use of digital technologies can 

support farmers in their management. Therefore, the third research question 

investigated whether farmers use them at all. A qualitative Delphi study with experts 

was conducted to find out whether farmers accept and use digital technologies and 

how they affect the social dimension of sustainability. In most questions, the experts 

were unsure about farmers' acceptance of digital technologies and the general impact 

of digitization on farm life. The experts were concerned about data security, 

dependence on individual providers and the risk of smaller farmers not digitizing and 

thus being left behind in the digitization process because the costs of the technology 

are too high. 

Digital technologies can support the farmer's management on the one hand and 

contribute to a standardized sustainability assessment by automatically evaluating 

existing data on the other. However, this requires better interoperability of different 

software programs so that all data generated on the farm can be collected and 

evaluated centrally. This can enable the automation of the sustainability assessment 

and the transparency of sustainability performance for the downstream value chain. 

However, dealing with trade-offs within the sustainability dimensions when using digital 

technologies on the one hand, and the risk that farmers will not digitize due to a lack 

of economic viability on the other, hinder the digitization process. 
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Zusammenfassung 

Landwirtschaft verursacht bei der Herstellung von Nahrungsmitteln viele 

Umweltprobleme. Neben den Emissionen, die der landwirtschaftliche Sektor in den 

vor- und nachgelagerten Wertschöpfungsketten emittiert, führt der Einsatz von 

Pflanzenschutzmitteln zur Steigerung der Erträge zum Rückgang der Biodiversität. Die 

Anforderungen seitens der Verbraucher für eine nachhaltigere Lebensmittelproduktion 

steigen und auch politisch werden strengere Regulierungen umgesetzt um die 

Nachhaltigkeit in der europäischen und deutschen Landwirtschaft zu erhöhen. Um 

dieses Ziel zu erreichen, wurden viele verschiedene Bewertungstools entwickelt mit 

denen Nachhaltigkeit in der Landwirtschaft gemessen und bewertet werden kann. 

Neben der Bedeutung für die jeweiligen Tools wird die Digitalisierung auch in der 

Lebensmittelproduktion immer wichtiger. Die Möglichkeiten der digitalen Technologien 

in der Landwirtschaft sind vielfältig und können Landwirte beim Management ihrer 

Betriebe unterstützen. Darüber hinaus wird die Digitalisierung auch einen wichtigen 

Einfluss auf das Nachhaltigkeitsmanagement haben. 

Durch die Digitalisierung kann das Output:Input Verhältnis der landwirtschaftlichen 

Betriebsmittel verbessert werden. Eine Verbesserung der 

Ressourcennutzungseffizienz hat Auswirkungen auf die Nachhaltigkeit. Tools, die die 

Nachhaltigkeit in der Landwirtschaft bewerten, können jedoch nicht aufzeigen, ob 

durch den Einsatz von digitalen Technologien Synergien oder Zielkonflikte entstehen. 

Auch bei der Bewertung von Biodiversität haben die Nachhaltigkeitstools Limitierungen 

da die Bewertung einerseits retrospektiv und andererseits betriebsübergreifend 

stattfindet. Ein Algorithmus, der Landwirte bei der schlagspezifischen 

Biodiversitätsbewertung vor der Anbausaison unterstützt, fehlt bisher. Ob die 

Akzeptanz der Landwirte für die Nutzung von digitalen Technologien zur Unterstützung 

bei Entscheidungen vorhanden ist, ist bisher unerforscht. Ohne die Bereitschaft der 

Landwirte in digitale Technologien zu investieren, bleiben die damit verbundenen 

Effizienzgewinne ungenutzt und verlangsamen dadurch die Entwicklung zu einer 

nachhaltigeren Landwirtschaft. 

Das Ziel dieser Arbeit ist es aufzuzeigen, wie mit der Unterstützung von digitalen 

Technologien das Nachhaltigkeitsmanagement in der Landwirtschaft bei der 

Herstellung von Lebensmitteln verbessert werden kann. In der Forschungsarbeit 

wurden über einen Zeitraum von vier Jahren Feldversuche zur teilflächenspezifischen 

Düngung auf drei unterschiedlichen Betrieben in einer Fallstudie durchgeführt. Die on-
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farm-research Versuche zeigen am Beispiel der teilflächenspezifischen Düngung, als 

eine digitale Technologie, welche trade-offs und Synergien bei der Digitalisierung der 

Landwirtschaft im Ackerbau zwischen ökologischen und ökonomischen 

Nachhaltigkeitsindikatoren auftreten. Die teilflächenspezifische Düngung hat zu einer 

Steigerung der Erträge geführt, unabhängig von der Größe des Betriebes. Daraus 

resultieren geringere Emissionen pro erzeugter Produkteinheit. In Bezug auf den 

wirtschaftlichen Nutzen zeigen die Ergebnisse, dass die Betriebsgröße entscheidend 

für die Rentabilität der teilflächenspezifischen Düngung ist. Je kleiner der Betrieb ist, 

desto höher sind die mit der Technologie verbundenen Kosten pro Einheit. Ob bei der 

teilflächenspezifischen Düngung Synergien oder Zielkonflikte zwischen ökologischen 

und ökonomischen Nachhaltigkeitsindikatoren auftreten, muss bisher händisch 

berechnet werden, weil die Tools zur Bewertung der Nachhaltigkeit darüber keine 

Aussagen treffen.  

In der zweiten Forschungsarbeit wurde ein Algorithmus entwickelt, der indikatorbasiert 

und prospektiv das Biodiversitätspotential bewertet. Dafür wurden zunächst 

Kulturführungsparameter (on-crop) und Landschaftsparameter (off-crop) aus der 

Literatur abgeleitet und anschließend in Experteninterviews diskutiert. In diesen 

Gesprächen wurden für die on-crop und off-crop Parameter Punkte vergeben und 

besonders biodiversitätsbeeinflussende Parameter doppelt gewichtet. Durch den 

entwickelten Algorithmus kann das Biodiversitätspotential schlagspezifisch bewertet 

werden. Dadurch können Landwirte bereits in der Anbauplanung feststellen welches 

Biodiversitätspotential erreicht wird. Darüber hinaus kann der Algorithmus den 

Landwirten Szenarien aufzeigen, wie die Biodiversitätsleistung optimiert werden kann. 

 

Die dritte Forschungsarbeit adressiert die soziale Akzeptanz digitaler Technologien bei 

den Landwirten. In der ersten und zweiten Forschungsarbeit wurde gezeigt wie der 

Einsatz von digitalen Technologien die Landwirte beim Management unterstützen 

können. Ob Landwirte diese überhaupt nutzen und einsetzen, wurde deshalb in der 

dritten Forschungsfrage untersucht. Eine qualitative Delphi-Studie mit Experten wurde 

durchgeführt, um herauszufinden, ob Landwirte digitale Technologien akzeptieren und 

nutzen und wie sich diese auf die soziale Dimension der Nachhaltigkeit auswirken. In 

den meisten Fragen sind sich die Experten unsicher wie die Akzeptanz der Landwirte 

gegenüber digitalen Technologien ist und wie sich die Digitalisierung generell auf das 

Leben auf den Betrieben auswirkt. Die Experten zeigten sich besorgt über die 
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Datensicherheit, die Abhängigkeit von einzelnen Anbietern und das Risiko, dass 

Landwirte mit kleineren Betrieben nicht digitalisieren und damit im 

Digitalisierungsprozess zurückbleiben, weil die Kosten für die Technologie zu hoch 

sind. 

Digitale Technologien können einerseits das Management der landwirtschaftlichen 

Betriebe unterstützen und andererseits zu einer standardisierten 

Nachhaltigkeitsbewertung beitragen, indem sie vorhandene Daten automatisch 

auswerten. Dafür ist allerdings die bessere Interoperabilität von verschiedenen 

Softwareprogrammen notwendig, damit alle generierten Daten auf dem Betrieb 

zentralisiert gesammelt und ausgewertet werden können. Das ermöglicht die 

Automatisierung der Nachhaltigkeitsbewertung und den transparenten Nachweis der 

Nachhaltigkeitsleistung für die nachgelagerte Wertschöpfungskette. Der Umgang mit 

Zielkonflikten innerhalb der Nachhaltigkeitsdimensionen bei der Nutzung von digitalen 

Technologien einerseits und das Risiko, dass Landwirte aufgrund von fehlender 

Betriebswirtschaftlichkeit nicht digitalisieren andererseits, behindern jedoch den 

Digitalisierungsprozess.  
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1 General Introduction 
Intensification in agriculture has led to a significant increase in productivity and has 

been the main reason for human population growth over the past centuries (Khan et 

al., 2021; Bennett et al., 2021). The increase in yields in the food sector was inevitably 

linked to technological progress (Hailu, 2023; Souza et al., 2020; Emmerson et al., 

2016). However, the resulting increase in resource consumption, intensive land use 

with chemical inputs, the expansion of fields for more efficient cultivation with larger 

machinery and the increased amount of land required for cultivation have negatively 

impacted ecosystems and harmed the environment (Vidaller and Dutoit, 2022; 

Lampridi et al., 2019; Hou et al., 2018; Geiger et al., 2010). The dependence on 

agricultural production has always existed for the survival of mankind, which means 

that society has a legitimate interest in environmentally friendly agriculture (Talukder 

et al., 2020). The demands on farmers are growing, as they are not only expected to 

produce and provide affordable and high-quality food all year round, but also to ensure 

sustainable production (Guyomard et al., 2023; Grymshi et al., 2021). With the concept 

of sustainability, a guiding principle has been established in agriculture that takes equal 

account of economic, ecological and social aspects in the production of food (Purvis et 

al., 2019; Slätmo et al., 2017; Schindler et al., 2015). The overarching goal is to secure 

the needs of the current generation without jeopardizing those of future generations 

(Hajian and Kashani, 2021).  

Due to the many environmental problems caused by the intensification of agriculture, 

research has often focused on the ecological dimension of sustainability (Nowak et al., 

2019; Latruffe et al., 2016; Schader et al., 2014). However, the economic viability of 

farmers in the production of food is the basic prerequisite for future and sustainable 

agriculture (Mohseni et al., 2022). In the context of sustainability, social issues have to 

be given equal consideration to the ecological and economic dimensions (Boyer et al., 

2016). Due to the difficulty of measuring social indicators, such as job satisfaction, this 

dimension is assessed in the sustainability tools via queries on legally regulated 

working hours, gender equality, safety and health training and access to medical care 

(Alaoui et al., 2022). 

However, efforts to achieve more sustainable agriculture can also give rise to 

conflicting objectives (Kanter et al., 2018). This dilemma arises when increased target 

achievement is reached in one dimension while another suffers, making a general 

assessment more difficult (Breure et al., 2024).  
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Global demand for sustainably produced food is increasing (Wheeler et al., 2022). The 

political pressure on farmers is also rising (Konefal et al., 2023). The European Union 

has set itself ambitious goals with the “Farm to Fork” strategy (Billen et al., 2024). In 

order to increase sustainability in agriculture in the production of food, the amount of 

fertilizer is to be significantly reduced in addition to halving the amount of plant 

protection products used from 2030 (Wesseler, 2022). Agriculture is becoming 

increasingly regulated and has to implement ever more ambitious political 

requirements (Moschitz et al., 2021). Digitization should help to achieve the ambitious 

goals through increased resource efficiency and at the same time improve 

sustainability in agriculture (Reinhardt, 2023). Digital technologies in agriculture will 

improve the ratio of output to input of the resources used and thus have an impact on 

sustainability (Terres et al., 2015). 

1.1 Challenges in sustainability assessment in agriculture 
In this section, some examples are given to show that carrying out a sustainability 

assessment for agricultural products is complex and therefore difficult to measure 

(Nowak et al., 2019; Sala et al., 2015). Extending the system boundaries in accounting 

increases the accuracy of the assessment, but also increases the time required for 

data collection (Ahmad and Wong, 2018). 

While industrial products are manufactured in industrial plants within clearly defined 

system boundaries in which all material flows that flow into the production process as 

input and out as output are known, this approach is much more sophisticated in 

agricultural production systems (Ahmad and Wong, 2018). This complicates the 

sustainability assessment because, on the one hand, a holistic approach is necessary 

in an open system and, on the other hand, many uninfluenceable components can 

occur, such as extreme weather events (Talukder et al., 2020; Arulnathan et al., 2020).  

 

In arable farming, all inputs used are taken into account, but important areas such as 

drift when using plant protection products or field-specific statements on the state of 

biodiversity are not recorded (Alaoui et al., 2022). There are different approaches to 

the production of animal products. For example, there are two different assessment 

methods for the life cycle assessment of milk, which calculate the nutritional content of 

milk and thus the functional unit differently, making it difficult to compare the results 

(Baldini et al., 2017). In addition, the animal welfare standards of livestock are 

regulated differently in each country, which impairs the comparability of a sustainability 
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assessment carried out in different countries (Garcia and McGlone, 2022). 

Inaccuracies can also arise in the cultivation of animal feed, as there are two options 

for the accounting period, both of which are imprecise. If accounting is carried out in 

the calendar year, sowing, which often takes place in the fall, falls into a different 

observation period than harvesting. If the assessment takes place according to the 

marketing year, the fertilization and plant protection of the crops in spring is decoupled 

from the harvest. The inputs used are added to the harvest of a preceding or 

subsequent observation period and lead to inaccuracies in the balancing of the 

respective evaluation year. 

1.2 Sustainability assessment in agriculture 
When no chemical-synthetic aids were used in agriculture, the internal circular 

economy was necessary to preserve the available resources, which had positive 

environmental effects (Gamage et al., 2023). In past centuries, this type of agriculture 

created a cultivated landscape with many small fields separated by hedges and other 

structural elements, which led to a high degree of heterogeneity and provided a habitat 

for many plants and animals (Dörr et al., 2022; Assandri et al., 2018; Agnoletti, 2014). 

Extensive cultivation and the prevention of deforestation of the land by humans gave 

nature sufficient scope to develop freely (Tieskens et al., 2017). However, the 

intensification of agriculture and the shift away from subsistence farming towards ever 

larger farms with larger fields and the use of chemical inputs have led to negative side 

effects such as a decline in biodiversity and soil degradation (Fuller et al., 2016; 

Tscharntke et al., 2021; Karlen and Rice, 2015). Due to these challenges, the term 

sustainability has attracted a great deal of attention in the last three decades and has 

been used more and more frequently (Abeysekera, 2022; Saad et al., 2019). With the 

publication of the Brundtland report in 1987, the concept of sustainable development 

was defined, which was primarily concerned with securing the livelihoods of current 

and future generations (Phillips, 2024; Borowy, 2021; Streimikis and Baležentis, 2020). 

In the years that followed, a variety of assessment tools were developed to evaluate 

sustainability in agriculture (Alaoui et al., 2022). The survival of humanity has always 

depended on agricultural production, which means that there is a legitimate interest in 

sustainably produced food at all levels of society (Talukder et al., 2020). Tools for 

sustainability assessment in agriculture can be used for the entire range of agricultural 

products and can be applied regionally to internationally, depending on the scope of 

the tools (Coteur et al., 2020). All aim to assess the sustainability of agricultural 
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products, despite the difficulties of accounting (Lampridi et al., 2019). The predictive 

power of the results depends on the level of detail of the available data (Schader et al., 

2019). Although a detailed sustainability assessment increases accuracy, it places 

significantly higher demands on the data required for the assessment (Kamali et al., 

2017). Farmers can use the results of the tools to assess their sustainability and 

identify areas where improvements can still be made. The results of these sustainability 

assessments serve as an important interface between farmers as food producers and 

consumers who have demands for sustainably produced food (Whitehead et al., 2020; 

Hrustek, 2020). 

The tools for evaluating sustainability holistically depict the ecological, economic and 

social dimensions (Quintero-Angel and González-Acevedo, 2018). The overarching 

topics are depicted via underlying indicators, which in turn are assigned to the 

sustainability dimensions (Valizadeh and Hayati, 2021). Indicators can be used to 

quantify and compare results, which is an important criterion for sustainability 

assessment in order to make improvements measurable (Alaoui et al., 2022). The 

social dimension of sustainability is not operationalized in tools, as this individual 

information cannot be assessed using indicators (Janker and Mann, 2020). The 

multifaceted and diverse focal points complicate the measurement and recording of 

social issues, as no standardized measurement methods can be used globally (Röös 

et al., 2019). This dimension is therefore often assessed qualitatively, making it 

impossible to compare the results (Nowak et al., 2019). 

Intact ecosystems are essential for agricultural production, which is the reason why 

most indicators in the sustainability assessment relate to the ecological dimension 

(Latruffe et al., 2016). For the ecological dimension of sustainability, the following 

topics are queried in the tools analyzed by Alaoui et al. (2022), under which the 

individual indicators are then evaluated: 

 Water 

 Soil quality/land degradation 

 Plants and fertility 

 Energy 

 Animal health 

 Biodiversity 
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The topics listed here can be easily assessed and quantified via the quantity (water 

and energy), the nutrient content in the soil (soil quality/land degradation, plants and 

fertility) or via injured or dead animals (animal health). Quantification makes it possible 

to measure management decisions in terms of their success in increasing the 

achievement of objectives in the environmental sustainability dimension (Kleinman et 

al., 2018). In addition, efficiency increases that improve the output:input ratio of 

agricultural inputs can be made measurable (Moysiadis et al., 2021). 

However, the area of biodiversity is excluded from this. In this area, it is striking that 

the farmer has only limited influence on it, as biodiversity, in contrast to the other 

categories listed, also takes place outside the system boundary defined in the tools 

(Alaoui et al., 2022; Tscharntke et al., 2021). Biodiversity is queried in the sustainability 

tools using a wide range of indicators ranging from the consideration of genetic 

diversity to the number of plant protection products used (Alaoui et al., 2022). However, 

the different approaches to assessing biodiversity make comparability difficult. 

The economic dimension of sustainability is the basic prerequisite for every farmer, as 

only those who generate long-term profits can operate sustainable agriculture. 

Accordingly, the tools include the following topics (Alaoui et al., 2022): 

 Profitability 

 Risk management 

 Local business/economy 

 Investment (long-term investments) 

 

The topics of profitability and risk management provide internal information, while the 

indicators local business/economy and investment (long-term investments) cover 

external economic areas. 

With regard to the social dimension of sustainability, the sustainability tools analyzed 

by Alaoui et al. (2022) ask about employee health and satisfaction. Although the tools 

occasionally identify some other topics, such as cultural diversity or gender equality, 

the range of key topics varies widely, which is also due to the fact that the countries in 

which the assessment is carried out have different social standards (Desiderio et al., 

2022). The difficulty in measuring and comparing the social dimension is the reason 

why it is underrepresented in the sustainability tools (Nowak et al., 2019; Vallance et 

al., 2011). 
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1.3 Digital technologies that support sustainability assessment in agriculture 
Tools for assessing sustainability in agriculture are designed in such a way that they 

can be applied to a wide range of actors in the agricultural value chain (Coteur et al., 

2020). These input-output based tools calculate the sustainability of farms (Malik et al., 

2021; Rodríguez-Serrano et al., 2016). However, sustainability tools cannot show 

whether trade-offs occur within the sustainability dimensions in individual management 

decisions of agricultural production processes due to a cross-farm assessment 

(Schader et al., 2016; Alaoui et al., 2022). Although digital technologies support 

management in agricultural decision-making processes, they cannot show how their 

use affects the sustainability dimensions and potential interactions in the achievement 

of objectives (Büyüközkan and Uztürk, 2024; Castro et al., 2021). Each farm is set up 

differently and has to be assessed individually in order to be able to make conclusive 

statements about whether the use of digital decision aids causes trade-offs between 

the sustainability dimensions. For example, the reduction of the ecological footprint can 

have a negative impact on the farmer's profitability (Rosa-Schleich et al., 2019). 

The assessment of biodiversity is carried out retrospectively and across farms in the 

sustainability tools, which means that a site-specific assessment is not possible (Alaoui 

et al., 2022). With the support of digital technologies, the biodiversity potential in arable 

farming can be assessed prospectively and on a field-specific basis. A decisive factor 

in increasing the biodiversity potential is a heterogeneous landscape, which creates 

many individual habitats that are networked with each other (Tscharntke et al., 2021). 

However, this means that every farmer has different basic requirements for biodiversity 

assessment due to regional and geographical differences. Every field and every farm 

is different, making a uniform assessment difficult. The biodiversity assessment is 

based on the logic of other ecological and economic indicators in which the calculation 

takes place within clearly defined system boundaries (Varela-Ortega et al., 2022; 

Kakadellis and Harris, 2020). For a detailed assessment of biodiversity, a new 

calculation algorithm is required that depicts the biodiversity potential as the sole 

indicator and which, due to its complexity, is not evaluated as one indicator among 

many. A prospective assessment of biodiversity can support farmers in planning 

biodiversity-friendly arable farming. The effort for farmers should be as low as possible. 

The algorithm for the calculation should therefore take place automatically in the 

background and evaluate the data that the farmer already needs and enters for his 

documentation (Hackfort, 2021). However, this can also lead to conflicting objectives, 
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as extensive cultivation promotes biodiversity but is often at odds with economic 

parameters (Osawa et al., 2016).  

Digital technologies will play an important role in agriculture (Deichmann et al., 2016). 

On the one hand, they will take over energy- and labor-intensive activities (Marinoudi 

et al., 2019). On the other hand, they are an important building block for increasing 

efficiency in agriculture (Gabriel and Gandorfer, 2023). Digital technologies are a tool 

for agriculture that should reduce the burden of management (Potgieter et al., 2021). 

Digital technologies can support both agricultural application and sustainability 

assessment (MacPherson et al., 2022). However, their use depends on farmers. Only 

if these are purchased and used can the associated positive sustainability effects be 

achieved. The acceptance of digital technologies has been little researched to date 

and is not addressed in the sustainability tools, although their use and implementation 

is of great importance for sustainability (Hackfort, 2021). Since digital technologies will 

play an important role in sustainability assessment, the use of farmers is an important 

aspect and a basic prerequisite for successful implementation. 

1.4 Aim of the dissertation 
Digital technologies will change the way agriculture works and is managed, which will 

lead to sustainability improvements (MacPherson et al., 2022). In addition, digitization 

can help to improve the comparability and accuracy of sustainability assessments 

(Soulé et al., 2021). As shown in the previous Chapter 1.3, the sustainability tools have 

limitations in the assessments. On the one hand, conflicts of objectives between the 

various sustainability dimensions can arise in agriculture in individual management 

decisions, which the sustainability tools cannot identify at farm level (Ssebunya et al., 

2019; Schader et al., 2016). This requires a manual assessment that takes into account 

the individual farm structures. On the other hand, there is no indicator that enables the 

prospective assessment of the biodiversity potential in the farmer's cultivation planning 

and shows him which services are provided for biodiversity. In the sustainability tools, 

biodiversity is depicted via indicators such as biodiversity conservation practices, 

functionality and connectivity of ecosystem services, changes in soil cover, genetic 

diversity and the number of doses of plant protection products used (Alaoui et al., 

2022). An algorithm that accesses the input data from the farmer's field index and 

carries out the evaluation in parallel is still missing. The use of digital technologies has 

to bring economic added value to farmers if they are to be used. The acceptance of 
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farmers is necessary for this, as otherwise the potential of digital technologies to 

improve sustainability and its evaluation cannot be exploited. 

The following research questions were derived on the basis of these explanations: 

1. Which trade-offs can arise between ecological and economic sustainability 

indicators when using digital technologies in arable farming? 

2. How should an algorithm look like to prospectively assess the biodiversity 

potential in arable farming? 

3. How is the acceptance of farmers towards the use of digital technologies and 

what requirements have to be met for them to be used to support management 

in agriculture? 

 

To answer the research questions, three research studies were carried out in this 

thesis. Each of these research questions is dealt with in a separate Chapter. In Chapter 

2, on-farm-research trials were conducted over a period of four years to answer the 

first research question. In Chapter 3, an algorithm was developed to assess the 

biodiversity potential and answer the second research question. The third research 

question is answered in Chapter 4, where a Delphi survey was conducted with experts 

to gain new insights into a new field of research. Chapter 5 concludes with a critical 

discussion of the research work carried out. 
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2 Site-specific N-application in small-scale arable farming in 
Germany - Evaluation of trade-offs and synergies of ecological 
and economic parameters based on a case study  

In this Chapter of the thesis, a case study was conducted to investigate the trade-offs 

and synergies between the ecological and economic sustainability dimensions of site-

specific fertilization. For this purpose, on-farm-research trials were carried out over a 

period of four years, whereby the fields were fertilized either uniformly or site-

specifically. The aim of the study was to analyze the economic and ecological 

advantages of site-specific fertilization, to determine the most important success 

factors for sustainable implementation and to investigate how economic and ecological 

goals can be reconciled. This work thus addresses the first research question. 

 

This paper was published in the journal Discover Sustainability. 
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Abstract 

The potential of site-specific fertilization holds great promise for more efficient fertilizer use, which can make 

crop production more sustainable. The challenges for farmers to produce food more sustainably are increasing. 

With site-specific fertilization, the heterogeneity of the soil in the field can be taken into account when applying 

fertilizer. In this paper, the use of site-specific fertilization is investigated in terms of economic and environmental 

trade-offs and synergies based on on-farm trials. In total 14 on-farm-research trials were evaluated on three farms 

over a period of four years of data collection. The results are compared with uniform fertilization. The effects of 

site-specific fertilization are calculated economically using cost-benefit analysis in combination with a sensitivity 

analysis, while the ecological evaluation is carried out using the carbon footprint method. The results show that 

the yield could be increased by an average of 5.6% with site-specific fertilization. This also has environmental 

benefits, as more yield is achieved with the same input, which reduces emissions per tonne of grain by 5.1%. 

Economically, however, there are large uncertainties in balancing the additional costs with the benefits of site-

specific fertilization. Taking into account the results of the sensitivity analysis, the additional costs can only be 

covered in 16 out of 36 cases. The results of the case study show that the use of site-specific fertilization can 

increase the environmental sustainability of agriculture, regardless of the size of the farm. From an economic point 

of view, the results show that the size of the farm is decisive for the profitability of site-specific fertilization. The 

smaller the farm size, the higher the costs per unit associated with the technology. 

Keywords Site-specific fertilization; On-farm-research; Digitization; Sustainable agriculture; Trade-offs 

Article Highlights 

 Digital technologies can increase the economic and environmental sustainability of arable farming in 

small-scale agriculture 

 With site-specific fertilization, a yield increase of 5.6% was demonstrated in the trials, which reduced 

emissions per tonne of yield by 5.1% 

 From an ecological point of view, site-specific fertilization is always beneficial, but economically it 

depends on the size of the farm 
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1. Introduction 

Global population growth is significantly increasing the demand for food production and supply [1-4]. 

Historically, intensification of agricultural land use to increase yields has been a successful way to produce 

sufficient food [5-7]. Agricultural land is a limited resource and expanding it would have environmental 

drawbacks [8, 4]. 

Digital technologies in agriculture can be an effective way to increase yields using the same amount of land 

and resources [9-12]. By increasing resource efficiency, either more can be harvested with the same amount 

of fertilizer or the same amount can be harvested with a reduced amount of fertilizer, helping farmers to 

work more economically while reducing the environmental impact per unit of production [13, 14]. For 

widespread adoption, farmers in particular have to benefit economically, otherwise there will be no 

willingness to invest in new technologies and thus no positive contribution to the environment [15].  

A number of digital technologies are already being used in agriculture today [16-19]. One of these is site-

specific fertilization, which will be explored in more detail in this paper. With site-specific fertilization, the 

field is no longer managed as a uniform area, but as a heterogeneous one. This technology is used to show 

different yield zones on the field so that the farmer can vary the amount of fertilizer according to the 

differences in the soil. Agricultural inputs are used more efficiently by applying them where they are needed, 

which can lead to higher yields as well as a reduction in environmental impacts, making production more 

sustainable [20, 21, 10]. 

Despite the potential economic and environmental benefits and the positive impacts that could be achieved 

if many farms were to adopt these technologies, it should be noted that adoption in agricultural practice has 

often failed due to the high upfront costs and implementation efforts involved [22-24]. Digital technologies 

are expensive and therefore primarily purchased and used by very large farms [25-27]. Economies of scale 

reduce the cost per hectare. Smaller farms, as often found in southern Germany [28], have higher economic 

barriers to entry because the available land is smaller [29]. This increases the cost per hectare and outweighs 

the associated economic benefits. Due to the different machinery equipment of the individual farms, it is 

currently difficult to purchase and use digital technology together due to a lack of interoperability [30]. This 

problem also occurs with machinery rings that rent the technology to farmers. Digital technology often 

works in combination with other machines from the same manufacturer. In addition, in the case of a common 

investment, the technology is required by all farmers at the same time, which means that tensions are 

inevitable. 

In order to promote sustainable growth in arable farming and demonstrate the impact of digital technology 

adoption on the economics and ecology of farms, research is needed that addresses the specific 

characteristics of small-scale agriculture. There is currently a lack of literature and research work that has 

carried out practical on-farm-research trials to investigate the ecological and economic effects of site-

specific fertilization in small-scale agriculture. 

To this end, the implementation of site-specific fertilization was investigated in detail on three different 

farms (14 ha - 150 ha) in the small-scale region of southwest Germany. Small-scale agriculture in this region 

is characterized by family-operated farms with an area comparable to that of the selected farms [31]. The 

objectives of the study were to identify a) the economic and environmental benefits of site-specific 

fertilization, b) the key success factors for sustainable implementation, and c) whether economic and 

environmental goals can be reconciled. 
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2 Material and methods 

2.1 Description of the farms 

The trials in this study were carried out on three farms in Baden-Württemberg, southwest Germany. On-

farm-research trials with uniform and site-specific fertilization were conducted over five years to determine 

the ecological and economic parameters of site-specific fertilization, in which the amounts of fertilizer and 

pesticide applied were identical. Only the spatial distribution of the applied fertilizers varied. Baden-

Württemberg is characterized by small-scale agriculture. While the average German farm cultivates about 

60 ha [32], this size is significantly lower in Baden-Württemberg, as more than half of the farms are part-

time farmers with less land, thus reducing the average [33]. 

Farm 1 is a full-time arable farm. Farm 2 is also a full-time farmer who keeps livestock in addition to 

farming. Farm 3 is a part-time arable farm, which explains the significantly smaller area. The selection of 

farms shows a cross section of the German agricultural structure. Farm 1 represents an average German 

farm in terms of land area. Farm 2 represents a large farm by German standards, while Farm 3 represents a 

traditional part-time farmer. Fig. 1 shows where the farms are located. 

 

Fig. 1 Map of Germany with focus on Baden-Württemberg showing the location of farms [34] 

 
Table 1 provides more information about the participating farms. 

Table 1 Detailed information on the farms where the trials were conducted 

 Farm 1 Farm 2 Farm 3 

Total hectares farmed 70  150 14 

Average field size in ha 1.3 0.8 1.2 

Grain area in ha 55 60 9.3 

Farm type Full-time Full-time Part-time 

Soil type Sandy loam, loamy 

sand, sand 

silty loam Sandy loam 

1 

3 
2 
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Soil quality index [35]  0.45-0.55 0.45 0.50 

Technology used for site-specific 

fertilization 

Offline approach Offline approach Offline approach 

Management  Reduced tillage / 

no plough 

Reduced tillage / 

no plough 

Reduced tillage / 

no plough 

Average annual rainfall in mm in 

the years in which trials were 

carried out [36]  

956.5 692.7 755.8 

Crop rotation (is required for the 

economic evaluation) 

Spelt, barley, oats, 

triticale, wheat, soy 

Wheat, triticale, 

barley, wheat, 

triticale, rapeseed 

Rapeseed, wheat, 

malting barley 

Tractor power (Horse Power) 180 180 140 

Own mechanization for fertilization Yes Yes Yes 

 

2.2 Description of on-farm-research trials 

In all on-farm-research trials, only granulated mineral fertilizer was used, which had either a 24% nitrogen 

content or a 27% nitrogen content, depending on the farm and fertilizer application. The mineral fertilizers 

also contained additional nutrients required for plant growth, such as magnesium, potassium, sulphur, 

phosphate and calcium oxide. The fields on which the trials were conducted were not divided, but the trial 

areas were always located next to each other, so that uninfluenceable effects such as different soil types and 

rainfall, which could affect the results, were avoided [37]. Three trial years were carried out on each farm. 

As Farms 2 and 3 were only included in the project at a later date, there were still trials carried out here in 

2024. In 2021, trials were conducted on all farms, but there were devastating thunderstorms and hail that 

destroyed the harvest, so that no further evaluation could be carried out. As shown in Table 2, a total of 14 

trials were carried out and evaluated on the participating farms as part of the project. In eight trials, 100% 

fertilizer was applied, while in six trials only 70% of the fertilizer quantity was used. 

As these were on-farm-research trials, the farm typical amount of nitrogen was determined by the respective 

farm managers. The focus was on site-specific application and the resulting differences in yield. In the 

fertilizer trials with reduced nitrogen use, it was investigated how this affects yields with regard to site-

specific fertilization. In addition, these trials were conducted to find out whether a reduced use of nitrogen 

achieves positive economic results. 

Table 2 Overview of trials and farms in the project. Farm typical amount of nitrogen = 100%; 70% scenario means: 
Farm typical nitrogen rate minus 30% 

 Farm 1 Farm 2 Farm 3 

Year of cultivation  2020   

Crop planted Winter barley   

Scenario 100% / 100%   

    

Year of cultivation 2022 2022 2022 
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Crop planted Winter wheat Winter wheat Winter wheat 

Scenario 100% / 70% 100% / 70% 70% / 70% 

    

Year of cultivation 2023 2023 2023 

Crop planted Winter wheat Winter wheat Winter wheat 

Scenario 70% 100% / 70% 100% 

    

Year of cultivation  2024 2024 

Crop planted  Winter wheat Winter wheat 

Scenario  100% 100% 

 

Three different methods can be used for site-specific N fertilization. The offline method (mapping 

approach), the online method (sensor approach) and a mixture of sensor and mapping approach [38]. As the 

trials in this study were practical on-farm-research trials, the technology available on the farms was also 

used. All farms carried out the fertilizer application offline.  

The application maps for site-specific fertilization in these on-farm-research trials were created on the basis 

of biomass maps. This requires a base map, which is created by a satellite and is composed of an intersection 

of the biomass maps of the last ten years for the respective field. This allows conclusions to be drawn about 

plant growth. The farmer then determines the amount of fertilizer to be applied to the field and the software 

takes into account the growth potential and adjusts the amount of fertilizer for the different zones of the 

field accordingly. The application maps were then transferred to the fertilizer spreader. The amount of 

fertilizer is increased in places where more biomass growth is visible. Areas with less biomass growth, on 

the other hand, are fertilized with a lower amount of fertilizer. This type of fertilizer application does not 

reduce the total amount of fertilizer used, but merely distributes it in such a way that weaker areas are 

fertilized less and higher-yielding areas are fertilized more. The fertilizer used is thus distributed more 

effectively, which can be expected to have positive effects on yields and the environment. In general, there 

are two strategies for the type of site-specific fertilization that each farm manager has to decide individually. 

Either weaker areas in the field are fertilized more in order to increase fertility there (homogenization 

strategy), or weaker areas are fertilized less in order to fertilize more fertile areas (heterogenization 

strategy). The trials in this study were fertilized according to the heterogeneity strategy, in which weaker 

areas were fertilized less, while the higher-yielding areas were fertilized more. No application maps were 

used for uniform fertilization. Here, the field was fertilized uniformly with the same amount of fertilizer as 

the trials with site-specific fertilization, without taking soil differences into account. The amount of 

pesticides was identical in the trials with uniform and site-specific fertilization, so that differences in yield 

can only be attributed to the fertilization technique. After the harvest, the yields were weighed to determine 

the yield differences in the trials. 

The focus in this study is on this single technology so that costs and benefits can be considered and evaluated 

in isolation and no interdependencies obscure the validity of the results. Two to a maximum of four fertilizer 

applications were carried out on the trial fields. The number of fertilizer applications depends on the one 

hand on the strategy chosen by the farmer and on the other hand on the weather conditions of the year. 
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In order to obtain more background information on the application of site-specific fertilization, the farm 

managers of Farm 1, 2 and 3 were interviewed. Their statements can be seen in Table 5 in the Appendix. 

 

2.3 Economic Methods 

(1)		𝐵!" = ∆𝑅!" − ∆𝐷𝐶!" − ∆𝑉𝑂𝐶!" − ∆𝐹𝑂𝐶!" 

 
The calculation of the benefits 𝐵!" (1) of a technology in a crop (cx) is done using partial budgeting, where 

only changes from the previous status quo are considered and everything else is neglected. This method is 

widely used in the economic analysis of new technologies [39-41]. Changes may occur in revenues 𝑅!" 

(product of yield per hectare of a crop and product price), e.g. due to changes in yield caused by the use of 

the technology. Changes may occur in direct costs 𝐷𝐶!" due to savings in inputs. Variable operating costs 

𝑉𝑂𝐶!" are changed in the present case of site-specific fertilization by the creation of application maps and 

other preparatory and follow-up work. The fixed operating costs 𝐹𝑂𝐶!" change due to depreciation of the 

technology and interest costs. The one-time learning costs (for familiarization with the technologies) are 

considered part of the fixed operating costs, which are depreciated on a straight-line basis over the useful 

life. 

The values used for the incremental benefits (yield increase) are taken from the trials. Product prices, input 

prices and hourly rates were supplemented with data from the scientific literature for the economic 

evaluation in order to keep farms comparable with each other. Acquisition cost data is based on farm specific 

information.  

The additions made with literature values were evaluated with the farm managers for their practicality (see 

details in Table 4 in the Appendix). 

(2)	𝐵!" > 0	 

The calculation and selection of technologies is based on the assumption that the farmer makes the decision 

to implement a technology according to the principle of benefit maximization as soon as the additional 

benefits exceed the additional costs [42-44]. Thus, from an economic perspective, investments can be made 

if condition (2) is satisfied. 

Sensitivity Analysis 

In order to test the results of the trials for their practical relevance and to check the robustness of the result 

from equation (1) to external influences, a sensitivity analysis is carried out in which the variables "change 

in yield", "product price" and "useful life" are varied. A low level and a high level are defined based on 

literature results. For the technology-induced yield change, 0% is defined as the lower limit (i.e. no effect 

of site-specific fertilization) and 4% as the upper limit. For the product price, a decrease of 10% is defined 

as the lower limit and an increase of 10% as the upper limit. For the period of use (based on a useful life of 

eight years for hardware and five years for software), a reduction by half (-50%) is defined as the lower 

limit and an increase by one and a half times (+150%) as the upper limit. All positive changes together form 

an optimistic scenario, all negative changes form a pessimistic scenario. These are compared to the results 

of the trials. 
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2.4 Environmental dimension: Carbon Footprint 

The ecological evaluation of the trials conducted is carried out using the Cool Farm Tool (CFT), which is 

used internationally [45]. The CFT was developed in 2008 in collaboration between the University of 

Aberdeen, the Sustainable Food Lab and Unilever and began as a greenhouse gas calculator for animal and 

plant products [46]. In 2014, the Cool Farm Alliance was founded, which consists of fertilizer 

manufacturers, retailers, non-governmental organizations and consumer goods manufacturers which manage 

the CFT [47]. The goal is to provide farmers with a scientifically based tool to determine the potential for 

greenhouse gas reductions [48]. Numerous research approaches have already used the CFT to calculate 

emissions from agricultural products [49-51]. For the input data relevant for the assessment, the CFT 

considers all phases of the life cycle up to the farm. 

 
3 Results  

3.1 Yields from on-farm-research trials 

Table 3 provides an overview of the trials conducted, which form the basis of the environmental and 

economic assessment. A total of 14 site-specific fertilization trials were conducted. Eight trials were 

fertilized with 100% nitrogen, while the other six trials were fertilized with 70% nitrogen. The values given 

for Nmin indicate that the specified nitrogen content was already in the soil before the trials. This is taken 

into account when applying fertilizer during the season to prevent over-fertilization. The potential to 

increase yields with site-specific fertilization was realized in the individual trials. The fertilizer used is 

applied more efficiently by taking soil differences into account and thus increases the efficiency of 

cultivation compared to uniform fertilization. 

It is noticeable in the crop yields of the individual trial years that they drop considerably in 2023 on Farm 

1. The spring on this farm was extremely dry and stressed the plants at the beginning of the cultivation 

season. Due to the lack of water, the plants were less able to absorb the applied nitrogen, which explains 

the very low yields on this farm in this cultivation year.  

Table 3 Overview of all trials with yields, carbon footprint and input data 

2020 Crop Scenario 

Nmin in 

kg/ha 

site-

specific / 

uniform 

N quantity 

in kg/ha 

Number of 

applications 

of fertilizer 

Amount of 

pesticides 

in kg/ha 

Yield in 

t/ha site-

specific / 

uniform 

Yield 

gap in 

% 

Carbon footprint 

in kg CO2 eq. per 

t output  

site-specific / 

uniform 

Previous 

crop 

Farm 1 Winter barley (a) 100% 12 / 12 111 3 2.7 6.36 / 6.12 3.9 214.1 / 222.5 Oats 

Farm 1 Winter barley (b) 100% 12 / 12 111 3 2.7 7.80 / 7.26 7.4 174.7 / 187.7 Oats 

           

2022 Crop Scenario 

Nmin in 

kg/ha 

site-

specific / 

uniform 

N quantity 

in kg/ha 

Number of 

applications 

of fertilizer 

Amount of 

pesticides 

in kg/ha 

Yield in 

t/ha site-

specific / 

uniform 

Yield 

gap in 

% 

Carbon footprint 

in kg CO2 eq. per 

t output  

site-specific / 

uniform 

Previous 

crop 

Farm 1 Winter wheat 100% 18 / 18 170 3 2.5 6.18 / 5.77 7.1 308.1 / 330.0 Soy 

Farm 1 Winter wheat 70% 18 / 18 120 3 2.5 5.71 / 5.11 11.7 249.2 / 278.4 Soy 

Farm 2 Winter wheat 100% 30 / 30 185 3 6.9 8.61 / 7.90 9.0 243.2 / 264.8 Rapeseed 

Farm 2 Winter wheat 70% 30 / 30 130 3 6.9 8.50 / 8.25 3.0 183.5 / 189.1 Rapeseed 
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Farm 3 Winter wheat (a) 70% 22 / 22 133 3 4.3 9.40 / 9.10 3.3 169.6 / 175.1 Rapeseed 

Farm 3 Winter wheat (b) 70% 22 / 22 133 3 4.3 8.60 / 8.00 7.5 185.3 / 199.1 Rapeseed 

           

2023 Crop Scenario 

Nmin in 

kg/ha 

site-

specific / 

uniform 

N quantity 

in kg/ha 

Number of 

applications 

of fertilizer 

Amount of 

pesticides 

in kg/ha 

Yield in 

t/ha site-

specific / 

uniform 

Yield 

gap in 

% 

Carbon footprint 

in kg CO2 eq. per 

t output  

site-specific / 

uniform 

Previous 

crop 

Farm 1 Winter wheat 70% 18 / 18 130 4 2.5 3.00 / 2.80 7.1 525.9 / 563.4 Soy 

Farm 2 Winter wheat 100% 27 / 27 190 2 6.9 7.83 / 7.76 0.9 274.6 / 277.2 Rapeseed 

Farm 2 Winter wheat 70% 27 / 27 139 2 6.9 7.25 / 6.44 12.6 228.6 / 257.3 Rapeseed 

Farm 3 Winter wheat 100% 21 / 21 175 4 7.2 7.50 / 8.00 -6.3 332.2 / 311.8 Rapeseed 

           

2024 Crop Scenario 

Nmin in 

kg/ha 

site-

specific / 

uniform 

N quantity 

in kg/ha 

Number of 

applications 

of fertilizer 

Amount of 

pesticides 

in kg/ha 

Yield in 

t/ha site-

specific / 

uniform 

Yield 

gap in 

% 

Carbon footprint 

in kg CO2 eq. per 

t output  

site-specific / 

uniform 

Previous 

crop 

Farm 2 Winter wheat 100% 25 / 25 195 2 7.0 7.2 / 7.1 1.4 304.8 / 308.9 Rapeseed 

Farm 3 Winter wheat 100% 21 / 21 200 3 6.3 7.0 / 6.4 9.4 318.6 / 348.3 
Malting 

barley 

 
3.2 Economic evaluation 

The results (Fig. 2, detailed information in Table 4 in the Appendix) of the case study with 100% of the 

previous fertilization rate vary greatly from year to year and from farm to farm, ranging from -538 € ha-1 

loss (Farm 3, 2023) to 136 € ha-1 additional annual benefit (Farm 2, 2022). Across all farms and years, an 

average additional annual loss of 111 € ha-1 is achieved in the case study with 100% of the previous 

fertilization rate and site-specific fertilization. However, it should be noted that in three out of seven cases 

an additional benefit is generated by the site-specific fertilization and the average result is extremely 

negatively influenced by Farm 3. Here, site-specific fertilization only led to a marginal average additional 

yield, so that the already high additional costs per hectare (small farm size) could not be covered. Therefore, 

based on the available results, it can be concluded that site-specific fertilization with the same amount of 

fertilizer as before is associated with a high degree of uncertainty regarding the achievement of additional 

benefits and can even lead to a deterioration of the operating result on average. 

Comparing the results of the on-farm trial (the 100% variant) with the results of the sensitivity analysis, it is clear 

that the test results lie roughly between the threshold values calculated from the literature [52]. In the pessimistic 

scenario (lower bound), no positive benefit can be achieved by site-specific fertilization in all years (on average -

494 € ha-1). In the optimistic scenario (upper limit), however, an average annual benefit of 150 € ha-1 is recorded 

through site-specific fertilization. 

The results of the case study for the trials with 70% of the previous fertilizer quantity show a low average loss (-

36 € ha-1) for site-specific fertilization across all years and farms. This could be partly due to the fact that a lower 

yield quality of the harvested product was assumed and therefore a lower product price was expected [53]. The 

results vary between -310 € ha-1 as the lowest value (Farm 3, 2022) and 125 € ha-1 as the highest value (Farm 2, 

2023) and therefore do not differ as much from year to year and farm to farm as in the 100% variant. 
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When examining the detailed results in Table 4 (Appendix), it becomes evident that the main factors influencing 

economic outcomes are changes in revenue (resulting from site-specific fertilization) and fixed operating costs, 

particularly investment costs. While variable operating costs, such as those related to creating application maps 

(e.g., approximately one minute assumed for generating an application map per field and fertilizer measure), are 

considered, they are negligible when compared to the substantial investment costs required. 

In the sensitivity analysis carried out for the 70% variant, maximum losses of -986 € ha-1 (Farm 3, 2022) can be 

observed in the pessimistic scenario (lower bound) due to site-specific fertilization. Farm 1 has the lowest average 

annual loss of 217 € ha-1 under poor conditions (2023). In the pessimistic scenario, no farm can reach the break-

even point. In the optimistic scenario (upper bound), a positive annual benefit can be achieved on average over all 

farms and years (average +98 € ha-1) if the amount of fertilizer is reduced by 30% for site-specific fertilization. 

Farm 1 and Farm 2 far exceed the break-even point (+98 € ha-1 to +213 € ha-1). Farm 3 cannot use site-specific 

fertilization profitably even under favorable conditions (-13 € ha-1). In addition, the values of the 70% variant do 

not fluctuate as much under external influences (scenario analysis). Therefore, it seems more likely to achieve a 

positive benefit if the amount of fertilizer is reduced. 
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Fig. 2 Comparison of farm-level economic effects calculated using equation (1), based on on-farm research trials conducted in 2020, 2022, 2023 and 2024. Results for standard 
(100% N-Rate) and reduced (70% N-Rate) fertilizer application are shown for three farms. Additionally, sensitivity analyses demonstrate the economic outcomes under lower and 
upper bound assumptions. Data from 2021 were omitted due to an extreme weather event affecting results
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3.3 Environmental assessment  

The carbon footprint of the agricultural trials calculated in this paper consists mainly of three input data: fertilizer, 

diesel and pesticides. The calculations show that the distribution of emissions is identical in all trials. Fertilizer 

causes the most emissions after application. This is due to the conversion of nitrate to nitrous oxide, which is a 

much more potent greenhouse gas than CO2 [54]. Fertilizer production is also a major contributor to emissions. 

Fossil energy is required for production, which has a high carbon footprint [55-57]. The diesel used to transport 

the crop, in addition to field activities, is a minor contributor. Emissions from dying plant residues, mainly from 

root mass, are also negligible. Emissions from the production of pesticides are also low in the calculations and do 

not make a substantial contribution to the carbon footprint. 

An important parameter that has a major impact on the carbon footprint is yield. Although high yields require 

sufficient nitrogen, the resulting emissions are divided by these yields, resulting in a lower carbon footprint per 

unit of product. This effect becomes clear when a higher amount of fertilizer is applied but yields are relatively 

low. 

Carbon footprint 2020 

Fig. 3 shows the carbon footprints of the trials conducted at Farm 1 in 2020. The farm grew barley in two trials. 

In the trials, site-specific fertilization shows a lower carbon footprint because the harvest yields are higher. Farm 

1 achieves a result of 214.1 kg CO2 eq. per tonne of output in the first trial with site-specific fertilization and a 

result of 222.5 kg CO2 eq. per tonne of output in the uniformly fertilized trials. This yield increase reduces the CO2 

footprint by 3.8%. In the further trial of Farm 1 in 2020, the overall yields are higher, resulting in a lower carbon 

footprint. With site-specific fertilization, 174.7 kg CO2 eq. were emitted per tonne of production. The uniformly 

fertilized variant emitted 187.7 kg CO2 eq. per tonne of output. Overall, emissions were reduced by 6.9% with 

site-specific fertilization. 

 

Fig. 3 Carbon footprint results of Farm 1 in cultivation year 2020 with site-specific and uniform fertilizer 
application in two 100% fertilizer trials for barley 
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Fig. 4 shows the trials conducted in 2022. In addition to the two 100% fertilization trials, four fertilization trials 

with only 70% nitrogen were evaluated.  

Even in the 2022 trials, yields of site-specific fertilization were always higher, resulting in a lower CO2 footprint. 

In the 100% fertilization trial, Farm 1 achieved a result of 308.1 kg CO2 eq. per tonne of wheat with site-specific 

fertilization, while the uniform result was 330 kg CO2 eq. per tonne of wheat. This corresponds to an emission 

reduction of 6.6%. Farm 2 achieved a better overall result in the 100% trial conducted there because it harvested 

substantially more with a slightly higher amount of nitrogen. With site-specific fertilization, 243.2 kg CO2 eq. were 

emitted per tonne of wheat, and with uniform fertilization, 264.8 kg CO2 eq. were emitted per tonne of wheat. The 

difference in yield reduces emissions by 8.2%. 

In the 70% fertilization trial of Farm 1, yields are only slightly lower than yields of the 100% fertilization variant. 

The site-specific variant achieves a result of 249.2 kg CO2 eq. per tonne of wheat due to higher yields, while the 

uniform variant increases emissions by 10.5% to a total of 278.4 kg CO2 eq. per tonne of wheat. In the 70% 

fertilizer trials, Farm 2 also achieves substantially higher yields with slightly more nitrogen than Farm 1, resulting 

in lower emissions. The site-specific variant achieves higher yields than the uniform variant, with a result of 183.5 

kg CO2 eq. per tonne of wheat. The uniform variant achieves 189.1 kg CO2 eq. per tonne of wheat, resulting in 3% 

more emissions per tonne of wheat. Farm 3 also conducted two 70% fertilized trials in 2022, where yields were 

increased with the site-specific trial. The yield levels and fertilizer rates are similar to those of Farm 2, and therefore 

produce similar results. In the first trial of Farm 3, 169.6 kg CO2 eq. per tonne of wheat were emitted on a site-

specific basis, while the uniform level was 175.1 kg CO2 eq. per tonne of wheat, thus increasing emissions by 

3.1%. In the second 70% trial at Farm 3, 185.3 kg CO2 eq. per tonne of wheat were emitted on a site-specific basis. 

Uniformly, 199.1 kg CO2 eq. were emitted per tonne of wheat, an increase of 6.9%. 

 

Fig. 4 Carbon footprint results of Farm 1, Farm 2 and Farm 3 in cultivation year 2022 with site-specific and 
uniform fertilizer application in 70% respectively 100% fertilizer trials in winter wheat 
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Fig. 5 shows the results of the trials conducted in 2023 - two 100% fertilization trials and two 70% fertilization 

trials. 

On Farm 2, there was little difference in yield between the site-specific and uniform variants in the 100% 

fertilization trial. Accordingly, the CO2 footprints were similar. The site-specific fertilized variant achieved a result 

of 274.6 kg CO2 eq. per tonne of wheat, while the uniform variant achieved 277.2 kg CO2 eq. per tonne of wheat, 

an increase of 0.9%. Farm 3 had a special feature this year with the 100% fertilizer variant. This was the only trial 

where the site-specific fertilization resulted in lower yields. As a result, emissions increased by 6.6% from 311.8 

kg CO2 eq. per tonne of wheat with uniform fertilization to 332.2 kg CO2 eq. per tonne of wheat with site-specific 

fertilization. 

In the 70% fertilizer trial on Farm 1, not enough rain fell during the cultivation period. Because of this, the yield 

level was low, which led to higher results. The site-specific fertilization achieved higher yields and a result of 

525.9 kg CO2 eq. per tonne of wheat. The uniform variant achieved a result of 563.4 kg CO2 eq. per tonne of 

wheat, an increase in emissions of 6.7%. The Farm 2 trial achieved a similar yield level to the previous year. The 

site-specific fertilization resulted in a considerably higher yield and a CO2 footprint of 228.6 kg CO2 eq. per tonne 

of wheat. The uniformly fertilized variant achieved a result of 257.3 kg CO2 eq. per tonne of wheat. This represents 

an 11.1% increase in emissions. 

 

Fig. 5 Carbon footprint results of Farm 1, Farm 2 and Farm 3 in cultivation year 2023 with site-specific and 
uniform fertilizer application in 70% respectively 100% fertilizer trials in winter wheat 
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per tonne of output are 1.3% lower with site-specific fertilization at 304.8 kg CO2 eq. per tonne of wheat than with 

uniform fertilization, which has a carbon footprint of 308.9 kg CO2 eq. per tonne of wheat. 

The differences in results are greater on Farm 3. Site-specific fertilization achieved a carbon footprint of 318.6 kg 

CO2 eq. per tonne of wheat, while emissions were considerably higher with uniform fertilization at 348.3 kg CO2 

eq. per tonne of wheat. The emissions per tonne of wheat were reduced by 8.5% with site-specific fertilization. It 

is also noticeable that yield level on Farm 3 was lower than on Farm 2, which led to higher emissions overall.  

 

Fig. 6 Carbon footprint results of Farm 2 and Farm 3 in cultivation year 2024 with site-specific and uniform 
fertilizer application in two 100% fertilizer trials in winter wheat 
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Fig. 7 In the ecological evaluation, all trials from one farm were averaged and plotted on the vertical axis. The 
economic benefit of site-specific fertilization is shown on the opposite vertical axis for Farm 1 (55 ha), Farm 2 
(60 ha) and Farm 3 (9.3 ha) 

4 Discussion 

The results also showed that the trials in which only 70% of the fertilizer was used led to lower losses. The average 
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growth of previous years. As a result, the fertilizer can be dosed very precisely for the individual zones, which 

increases efficiency. 

The average carbon footprint per tonne of production in this study is 279.5 kg for the uniformly fertilized trials 

and 265.2 kg for the site-specific trials. The results are therefore almost identical to those of Holka [62], who 

carried out a life cycle assessment for winter wheat in Poland. In the impact category global warming potential, a 

result of 268 kg CO2 eq. per tonne of wheat was calculated. It should be noted that the amount of fertilizer, yield 

and tillage were similar in the study presented in this assessment. In comparative studies on the carbon footprint 
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of grain, fertilization was always uniform and never site-specific. The authors are not aware of any studies that 

have conducted on-farm-research trials and calculated the emissions of site-specific fertilization. 

Many previous studies show that site-specific fertilization has little or no economic benefit and discuss that the 

use of the technology is associated with economic risks [63-65]. In this study, the environmental benefit of lower 

emissions per tonne of output produced with this fertilization strategy was demonstrated. This results in trade-offs 

related to farm size and land area. While large farms also benefit economically, for many part-time farmers the 

technology pays for itself very late or never. Financial support to promote the adoption of the technology would 

therefore be useful to encourage also smaller farms to use it.  

The results of this study show that the use of site-specific fertilization can increase the environmental sustainability 

of agriculture.  However, the results also clearly show that this technology is not economically viable for part-time 

farmers and farms with small acreages. There are also risks associated with the use and purchase of this technology, 

and each farm will need to assess these risks individually. The trial year 2021 could not be evaluated due to hail 

damage. However, the technology has to be paid for and depreciated in that year. In addition, extreme drought 

affects yields, which means that water, not nitrogen, is the limiting factor. The type of fertilization does not matter 

if there is no rain. This effect was seen on Farm 1 in the 70% trial 2023. In addition, the economic sensitivity 

analysis showed that the result can also deteriorate. Through technology development and economies of scale, the 

cost of site-specific fertilization in terms of hardware and software can be reduced, which may also lead to 

economic benefits for small farms. Further research is needed to prove these effects and to substantiate the results 

of this work.  

By improving the interoperability of hardware and software from different manufacturers required for site-specific 

fertilization, farmers would be able to purchase and use the technology together. This would allow them to 

considerably reduce the investment costs (per ha) and reach the break-even point more quickly, which would lead 

to a further increase in the use of site-specific fertilization. However, it should be noted that this work is a case 

study that took place in Baden-Württemberg, Germany. With these regional limitations, the results are not 

transferable to other regions. Furthermore, it cannot be assumed that the results obtained in this study are 

transferable to other regions with different farm sizes and cost structures.  
 

5 Conclusion 

With the support of digital technologies, sustainability in agriculture can be increased. In this study, the strategy 

of site-specific fertilization was investigated. The on-farm-research trials have shown that yield increases are 

possible through site-specific fertilization. Higher yields with the same inputs reduce the environmental impact of 

cultivation and thus increase efficiency. From an economic point of view, site-specific fertilization makes sense 

for larger farms. On the one hand, the associated costs can be spread over a larger area. On the other hand, they 

benefit from higher yields the more acreage they can manage with the technology. With targeted subsidies, site-

specific fertilization can also make sense for smaller farms. This could contribute to a more sustainable domestic 

agriculture. Easier and improved interoperability can lead to farmers investing in these technologies together to 

reduce acquisition costs. This would also benefit machinery rings that lend the technology to those farmers who 

have decided not to buy it but still want to apply fertilizer on a site-specific basis. The trials in this paper were only 

carried out in the federal state of Baden-Württemberg. In order to substantiate the results obtained, further on-

farm-research trials on site-specific fertilization should be carried out in other regions. Further research will be 
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necessary to collect more information on site-specific fertilization and to be able to make more reliable 

conclusions. 

Small-scale farmers typically have a good knowledge of the heterogeneity of their fields. This allows them to adapt 

the fertilizer amounts to the specific requirement of their fields even without any application maps. Against this 

background the economic benefits of size-specific fertilization, therefore are not always obvious to these farmers, 

thus the economic potential of the strategy can be misjudged. And indeed the relative yield increase through site-

specific fertilization can be lower in such a case. Larger farms typically have less knowledge about the 

heterogeneity of the fields. In that case, the positive effect of site-specific fertilization might more easily lead to 

positive effects of site-specific fertilization on yields. 

The farmers' statements (see Table 5 in the Appendix) regarding the use of the technology have shown that the 

practical implementation of site-specific fertilization can be associated with challenges, especially if the 

technology used is not state-of-the-art. However, buying new equipment is associated with high investment costs 

that not every farmer can or wants to pay. A further development of the technology for site-specific fertilization 

could, as a result, further increase yields, which would reduce amortization periods. In order for this technology 

to become more widespread in the future, further research will have to focus on lowering the barriers to entry.  
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Farm No. GPS-Guidance System Software (FMIS) Fertilizer 
Spreader 

Salvage value 
spreader (old) 

1/2 10,650 1,523 31,830 8,000 

3 10,650 1,000 26,918 5,000 

Operating costs – Time associated with site-specific fertilization (offline approach) 

Creating and validating application map 0.017 h/plot 

Transferring application map to tractor 0.025 h/plot 

Documentation of measure (transfer from tractor to local farm computer) 0.025 h/plot 

Results Case Study 

Farm 
No. 

Year Scenario Revenue Change 
(€ per ha) 

Direct Cost 
Change (€ per ha) 

Variable 
Operating Costs 

(€ per ha) 

Fixed Operating 
Costs (€ per ha) 

Result (€ per 
ha) 

1 2020 100% 85 0 4 80 1 

1 2022 100% 107 0 4 80 23 

2 2022 100% 186 0 12 37 136 

2 2023 100% 18 0 8 37 -27 

2 2024 100% -68 0 8 37 -114 

3 2023 100% -131 0 7 401 -538 

3 2024 100% 149 0 5 401 -257 

1 2022 70% 126 -1 4 80 43 

1 2023 70% 42 -1 5 80 -42 

2 2022 70% 52.5 -1 12 37 4 

2 2023 70% 170.1 -1 8 37 125 

3 2022 70% 94.5 -1 5 401 -310 

Results Sensitivity Analysis lower bound 

1 2020 100% -146 0 4 160 -310 

1 2022 100% -151 0 4 160 -315 

2 2022 100% -207 0 12 75 -294 

2 2023 100% -203 0 8 75 -286 

2 2024 100% -186 0 8 75 -269 

3 2023 100% -209 0 7 802 -1018 

3 2024 100% -159 0 5 802 -966 

1 2022 70% -107 -1 4 160 -271 

1 2023 70% -59 -1 5 160 -223 

2 2022 70% -173 -1 12 75 -259 

2 2023 70% -135 -1 8 75 -217 

3 2022 70% -180 -1 5 802 -986 

Results Sensitivity Analysis upper bound 

1 2020 100% 210 0 4 53 153 

1 2022 100% 217 0 4 53 160 

2 2022 100% 297 0 12 25 260 

2 2023 100% 292 0 8 25 259 

2 2024 100% 267 0 8 25 234 

3 2023 100% 301 0 7 267 27 

3 2024 100% 229 0 5 267 -43 

1 2022 70% 155 -1 4 53 98 
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1 2023 70% 85 -1 5 53 27 

2 2022 70% 249 -1 12 25 213 

2 2023 70% 195 -1 8 25 162 

3 2022 70% 259 -1 5 267 -13 

 

Table 1 Statements from the farm managers of Farm 1, Farm 2 and Farm 3 on site-specific fertilization 

Farm Statement by the farmers 
Farm 1 The technology required for site-specific fertilization was available on this farm. The 

application maps could be transferred to the tractor without any problems. According to the 
farm manager, the application maps aligned well with the conditions observed in the field. 
 

Farm 2 The existing fertilizer spreader was not equipped for variable rate application and retrofitting 
it was deemed unprofitable by the farm manager. As a result, a contractor using advanced 
equipment carried out the fertilization and easily transferred the application maps. 
 

Farm 3 The farmer initially used an older fertilizer spreader that required conversion. Due to the 
outdated technology, communication issues arose between the spreader's actuator and the 
tractor's task controller. These issues resulted in delays when loading application maps and 
inconsistencies during variable rate fertilization. After investing in a new fertilizer spreader, 
the transfer process functioned flawlessly. 
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3 Assessing biodiversity potential of arable farms – a conceptual 
approach  

In this Chapter of the thesis, an algorithm is presented that can be used to 

prospectively assess the potential of biodiversity in arable farming. While biodiversity 

assessment tools already exist, these approaches often retrospectively assess the 

biodiversity of the entire farm or focus on individual species, meaning that experts need 

to be brought in to analyze the impact on these species. The aim is therefore to develop 

an algorithm that operationalizes biodiversity on a field-specific level at the cultivation 

planning stage. This Chapter addresses the second research question in this thesis. 

 

This paper was published in the journal Cogent Food & Agriculture. 
 
Weber, R., Kuhlmann, M., Lask, J., Braun, J. & Frank, M. (2023). Assessing 
biodiversity potential of arable farms–A conceptual approach. Cogent Food & 
Agriculture, 9(1), 2234153. https://doi.org/10.1080/23311932.2023.2234153 
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Abstract:  Biodiversity loss is a global problem, with agriculture being a major 
driver. Every agricultural operation, including management, has an impact on 
biodiversity because it interferes with nature. It is challenging to assess these 
impacts. Correspondingly, it can be difficult to support farmers to work in a more 
biodiversity-friendly way. This paper presents a conceptual framework for farmers 
to predictively assess their biodiversity potential and compare it over several years. 
On the one hand, parameters at field level (“on-crop”) are taken into account and, 
on the other hand, the landscape level (“off-crop”) with corresponding parameters 
is also included. The simple application and the easy integration in field record 
systems through data already collected by the farmer allows widespread use. 
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In conclusion, the framework is a recommendation for biodiversity assessment. It 
should be further developed and validated so that new scientific findings can be 
incorporated into the assessment of biodiversity in order to be able to calculate 
and predict it even more accurately.

Subjects: Agriculture; Agriculture and Food; Biodiversity & Conservation 

Keywords: Biodiversity assessment; agricultural management indicator; landscape 
indicator; sustainable agriculture; expert interviews; logistic growth

1. Introduction
The loss of biodiversity is progressing worldwide and, next to climate change, is the greatest 
ecological threat caused by humans (Mantyka-Pringle et al., 2015; Rounsevell et al., 2020). 
Numerous studies indicate the loss of biodiversity (Gascon et al., 2015; Maier et al., 2019; 
Tscharntke et al., 2021). In recent years there has been increased writing and reporting on this 
topic as the importance of biodiversity has become clearer and policy makers have recognized the 
need for action (IPBES, 2020; Moonen & Bàrberi, 2008). In this context, the importance and loss of 
biodiversity has been repeatedly emphasized, as it is now known that the extinction of species has 
serious consequences for humans and the environment (Halliday et al., 2020; Hough, 2014; 
Johnson et al., 2017), such as lower agricultural productivity (Roe, 2019; Wright et al., 2017) and 
lower resilience to climate variability (Mijatović et al., 2013; Sidibé et al., 2018; Tasser et al., 2019). 
The extinction of species has a dramatic impact on the environment, as ecosystems are thrown 
out of balance and habitats are affected, increasing the likelihood of zoonoses, for example (Allen 
et al., 2017; Cardinale et al., 2012; Genung et al., 2020; Hough, 2014; Keesing & Ostfeld, 2021; 
Schmeller et al., 2020).

There is scientific consensus on determinants of biodiversity in agriculture (Grass et al., 2019, 
Hochkirch et al., 2020; Targetti et al., 2012; Tscharntke et al., 2021). Agriculture is the main driver of 
biodiversity decline, as it affects habitats through its land use (Erisman et al., 2016; Schmeller & 
Bridgewater, 2016). Agricultural food production is increasingly responsible for these species declines 
due to intensification to enhance yields (Batáry et al., 2017; Tscharntke et al., 2021; Vidaller & Dutoit, 
2022). The use of fertilizers and pesticides, the cultivation of monocultures and land consolidation, 
which has further reduced heterogeneity in agricultural farming, all have a negative impact on species 
diversity (Bennett et al., 2021; Erisman et al., 2016). Farm specialization also emphasizes this trend. 
Crop rotations are shortening, for example, due to the use of energy crops (Steinmann & Dobers, 2013), 
which affects heterogeneity and thus biodiversity (Degani et al., 2019). For farmers, economic aspects 
are in the foreground, especially through intensification to increase crop yields in order to be able to 
survive on the market in the long term and to be able to supply the growing number of people (Henle 
et al., 2008; Hirsch et al., 2022; Scotti et al., 2015). For biodiversity services, there is no remuneration, so 
the focus in agriculture is mainly on yields (Nijkamp et al., 2008).

Socially and politically, the issue of biodiversity loss and modern agriculture’s role is gaining 
momentum (X. Li, 2020). It can be assumed that farmers will have to apply evidence of particularly 
biodiversity-friendly management practices in the foreseeable future because of yield declines in 
the long term or whether through legal requirements, public subsidies or marketing practices such 
as labelling (Clough et al., 2020; Dudley & Alexander, 2017; Tscharntke et al., 2014). For this reason, 
assessment systems for the biodiversity potential of agriculture have to be developed that are 
simple to use and prospectively show the biodiversity potential.

This paper presents a framework helping farmers to assess their biodiversity potential based 
on the field activities carried out throughout the year and their surrounding conditions. The 
additional effort for the farmers should be as low as possible and easy usability is necessary for 
this. As an exact observation and recording of biodiversity for every farm is practically 
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impossible at large scale, the main focus of this framework is to capture the main parameters 
influencing biodiversity and how the farmer´s activities affect those. Put simply the results rate 
the farmer`s effort to promote biodiversity potential and cannot show a measurement of 
biodiversity itself. This framework with its literature-based parameters and weightings has 
been validated by expert interviews.

Most of the essential parameters of this concept can be recorded using field records, saving 
farmers additional effort. Thus, the assessment for biodiversity is done in the background without 
additional effort. Only for the off-crop area data entries are required once. After that, the biodi-
versity potential can be calculated individually for each field.

The aim of this work and the proposed framework is to enable farmers to assess their biodi-
versity potential.

In the second chapter, method description, the conceptual approach for the assessment of 
the biodiversity potential is presented and the exact procedure is explained. It describes how 
the logistic growth function is used to evaluate the parameters and how the final result is 
composed.

Chapter three describes a practical example showing how the biodiversity potential is calculated. 
The exact procedure is explained systematically and step by step. First, all parameters have to be 
evaluated with points, then weighted and added up to be able to calculate the biodiversity 
potential at the end.

In the discussion, the framework presented in the paper is put into context with other 
approaches to biodiversity assessment. The innovations from this work are described and it is 
shown how the framework can be used in practice.

The conclusion emphasizes the necessity of taking biodiversity into account in arable farming in 
the future and describes the need for further research.

2. Method description
It is known from literature that both crop management practices as well as the environment of 
the field, such as landscape elements that contribute to greater heterogeneity, have a major 
impact on biodiversity in agriculture (Martin et al., 2020; Tscharntke et al., 2021; Tuanmu & 
Jetz, 2015). Therefore, in order to assess biodiversity holistically, this framework captures the 
agricultural management indicator (on-crop) and the landscape indicator (off-crop). Both indi-
cators are based on different parameters which are assessed every cropping year. The on-crop 
indicator takes into account as parameters all field activities that the farmer carries out and 
actively manages throughout the year on a certain field. The off-crop indicator, on the other 
hand, takes into account parameters that affect the surroundings of the fields, which the 
farmer cannot influence through normal field work. As all parameters differ in their contribu-
tion to biodiversity promotion, this framework uses a weighting multiplier for each parameter. 
With this weighting the contribution to biodiversity can be assessed. The higher the contribu-
tion of a parameter, the higher the score and vice versa.

The on-crop and off-crop parameters were selected from literature (see Tables 1 and 3) and 
subsequently, expert interviews were conducted in order to supplement additional parameters 
on the one hand and to weight them regarding their contribution to biodiversity promotion on 
the other hand. In nine interviews with experts from the fields of agriculture, agricultural and 
landscape ecology, biology and field ornithology each parameter was discussed and those with 
a higher effect on biodiversity were weighted twice, while the other parameters were given 
single weighting.
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In the appendix, a detailed description for the on-crop and off-crop parameter assessment is 
given. First, the general procedure of awarding points is described there. After that, the selection of 
each parameter is explained in a short paragraph, which is substantiated by literature. Thus, the 
appendix is a comprehensive supplement for Tables 2 and 3.

This semi-quantitative framework does not aim to measure individual species, as is the case for 
example with Sandvik et al. (2013), Cardoso et al. (2008), Butler et al. (2009) or Plaisance et al. 
(2009), but rather assesses in general terms the contribution that farmers are doing to biodiversity 
in their daily work.

As biodiversity promotion cannot grow into infinity, this framework is based on logistic growth. 
Figure 1 shows how the individual parameters are evaluated in terms of their effectiveness on 
biodiversity potential and how the logistic growth curve runs. A similar approach was taken by 
Wood et al. (2015), who used comparable curves to assess the potential of ecosystem services and 
agrobiodiversity of agro-ecosystems. However, this approach was in a much more theoretical 
manner. Multiple parameters benefit from marginal benefit and receive more points until 
a certain saturation point is reached. After this point is reached, the effect on biodiversity growth 
decreases again. Double-weighted parameters are allowed to go two steps on the respective 
curve, as the effect of the parameter on biodiversity is higher. When all parameters have been 
evaluated as in Tables 2 and 3, the weighting multiplier is applied on each parameter for on-crop 
and off-crop. Then the points achieved for both indicators are summed up, resulting in a score that 
is the x-value in the logistic growth curve. According to this value, the final score is charted on the 
y-axis.

For the calculation logistic growth differential equation f xÖ Ü à m ⇤ a⇤S
aá S�aÖ Ü⇤e�S⇤k⇤x is used, with “a” 

being the starting value at the value x = 0, “S” being the saturation limit, “k” being the growth 
constant and “m” being the result multiplier. To assess biodiversity potential for arable farming, 
the formula is parametrized as following:

a à 0:1 S à 30 k à 0:014 m à 0:033

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1 3 5 7 9 11 13 15 17 19 21 23 25 27

p

Parameters (on-crop and off-crop) 

Figure 1. Logistic growth logic 
for assessing biodiversity 
potential. 
Notes: Parameters = Cumulative 
parameter effectiveness weight-
ing for on-crop and off-crop 
p = Biodiversity potential score
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To categorize biodiversity potential, a rating is carried out at the end of the assessment to 
provide farmers with an overview. The assessment ends with the result of this categorization. 
A total of five categories are identified. Tzoulas and James (2010), Chase et al. (2018) and May 
et al. (2018) use a similar categorization (See Table 1).

Erisman et al. (2016) identified a growing biodiversity potential with an increasing amount of 
implemented parameters. In addition, this study illustrates that more biodiversity in a habitat 
results in a higher stability of the entire ecosystem. This fact applies to both on-crop and off- 
crop parameters (Geertsema et al., 2016; Hass et al., 2018; Rosa-Schleich et al., 2019). If an 
ecosystem counts more species, this has an overall more positive impact on biodiversity, as 
more species can migrate to other systems (Roe, 2019). In general, and in simplified terms, the 
more parameters are taken for biodiversity, the higher the effect, because there is more 
heterogeneity in the ecosystem. It follows that the marginal benefit increases with each 
additional biodiversity-friendly parameter. However, this additional, disproportionate effect of 
a further parameter is not unlimited, otherwise it would end in exponential growth, which 
would not be true as biodiversity cannot grow into infinity. After a certain number of para-
meters, the marginal benefit decreases again. And again, the decline is weaker at the begin-
ning. Or put differently and more generally: Marginal benefit increases with each additional 
biodiversity enhancing parameter until the turning point and then decreases again. The eva-
luation of biodiversity on the basis of logistic growth was also part of the expert interviews. The 
majority were in favor of this framework rather than the linear curve where each parameter 
has the same gradient. As this framework is based on the biodiversity promoting effects of the 
applied parameters and not on a count of species itself, there has to be done no observation of 
biodiversity itself as a starting point beforehand. The framework mainly aims at the aspect of 
visualizing the effects of each applied parameter by the farmer and his potential to increase his 
site- and field-specific biodiversity.

2.1. Parameters that are included in the calculation
Table 2 shows a selection of individual parameters for the on-crop area while Table 3 shows 
a selection of parameters for the off-crop area. All selected parameters are backed up with 
literature. For each parameter, a score between zero and one point is awarded. A full point is 
assigned when the parameter is fulfilled in the most biodiversity potential promoting way. Half 
a point is awarded for moderately biodiversity enhancing influences on parameters. No point is 
given when the influences of the parameters are harmful to biodiversity. Since not every para-
meter has the same impact on biodiversity, individual parameters with high relevance for biodi-
versity were weighted twice by the experts. More detailed information on the individual 
parameters, their rating categories and weightings can be found in the appendix. Based on 
literature, it is explained why the parameters shown there were selected and why they contribute 
decisively to biodiversity. It should be noted that the selection of parameters and their evaluations 
serve as a reference point for arable farms in North-West Europe. These can be adapted and 
evaluated regionally and sector-specifically to achieve more accuracy.

The parameters consist of two-thirds on-crop parameters and one-third off-crop parameters. Since 
this framework is intended to assess biodiversity potential, all parameters end up being considered 
together. Biodiversity is to be considered holistically and should therefore not be subdivided into an on- 

Table 1. Categorization of the biodiversity potential score
very low 
biodiversity 
potential

low biodiversity 
potential

medium 
biodiversity 

potential

high biodiversity 
potential

very high 
biodiversity 

potential
0.0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1.0

Weber et al., Cogent Food & Agriculture (2023), 9: 2234153                                                                                                                                            
https://doi.org/10.1080/23311932.2023.2234153                                                                                                                                                       

Page 5 of 22



Assessing biodiversity potential of arable farms – a conceptual approach 

55 
 

 
 

 

 

 

 

Ta
bl

e 
2.

 O
n-

cr
op

 p
ar

am
et

er
s 

fo
r b

io
di

ve
rs

ity
 p

ot
en

tia
l. 

Pa
ra

m
et

er
s 

w
ith

 * 
ar

e 
w

ei
gh

te
d 

tw
ic

e 
by

 th
e 

ex
pe

rt
s

On
-c

ro
p 

(in
di

ca
to

r f
or

 a
gr

ic
ul

tu
ra

l m
an

ag
em

en
t) 

co
m

po
se

d 
of

 th
e 

fo
llo

w
in

g 
pa

ra
m

et
er

s
Ab

br
ev

ia
tio

n
Li

te
ra

tu
re

Se
le

ct
io

n 
op

tio
ns

Po
in

ts

1.
 S

oi
l c

ul
tiv

at
io

n 
be

fo
re

 s
ow

in
g

on
M

1
Ho

ne
rm

ei
er

 (2
00

6)
no

-t
ill

 
no

t 
tu

rn
in

g 
(p

lo
ug

hl
es

s)
 

tu
rn

in
g 

(w
ith

 p
lo

ug
h)

1.
0 

0.
5 0

2.
 C

he
m

ic
al

 a
nd

 m
ec

ha
ni

ca
l c

ro
p 

pr
ot

ec
tio

n 
(a

) F
un

gi
ci

de
*

(b
) H

er
bi

ci
de

*
(c

) I
ns

ec
tic

id
e*

(d
) P

la
nt

 g
ro

w
th

 re
gu

la
to

r
(e

) H
oe

 fo
r w

ee
d 

co
nt

ro
l/H

ar
ro

w
 o

r c
ur

ry
 c

om
b

on
M

2 
on

M
3 

on
M

4 
on

M
5 

on
M

6

Yo
on

 e
t 

al
. (

20
13

) 
Bö

ck
er

 e
t 

al
. (

20
19

) 
M

ah
m

oo
d 

et
 a

l. 
(2

01
6)

 
Ak

ta
r e

t 
al

. (
20

09
) 

M
ac

hl
eb

 e
t 

al
. (

20
20

); 
Al

ba
 

et
 a

l. 
(2

02
0)

nu
m

be
r o

f a
pp

lic
at

io
ns

 
nu

m
be

r o
f a

pp
lic

at
io

ns
 

ye
s/

no
 

ye
s/

no
 

no
 c

ro
ss

in
gs

 
1–

4 
cr

os
sin

gs
 

5 
or

 m
or

e 
cr

os
sin

gs

no
 a

pp
lic

at
io

ns
 =

 1
 

le
ss

 t
ha

n 
pr

es
cr

ib
ed

 
ap

pl
ic

at
io

ns
 =

 0
.5

 
pr

es
cr

ib
ed

 a
pp

lic
at

io
ns

 =
 0

 
no

 =
 1

 
ye

s 
= 

0 
1 0.
5 0

3.
 C

he
m

ic
al

 s
ee

d 
tr

ea
tm

en
t

on
M

7
Se

ku
lic

 a
nd

 R
em

pe
l (

20
16

)
ye

s/
no

no
 =

 1
 

ye
s 

= 
0

4.
 F

er
til

iza
tio

nC
he

m
ic

al
-s

yn
th

et
ic

 o
r o

rg
an

ic
* 

Ch
em

ic
al

-s
yn

th
et

ic
 o

r o
rg

an
ic

*
on

M
8

M
oz

um
de

r a
nd

 B
er

re
ns

 
(2

00
7)

; T
ör

ök
 e

t 
al

. (
20

21
)

on
ly

 o
rg

an
ic

 
or

ga
ni

c 
an

d 
ch

em
ic

al
- 

sy
nt

he
tic

 c
om

bi
ne

d 
ch

em
ic

al
-s

yn
th

et
ic

1.
0 

0.
5 

 

0
5.

 I
nt

er
cr

op
pi

ng
*

on
M

9
M

al
a 

et
 a

l. 
(2

02
0)

ye
s/

no
ye

s 
=1

 
no

 =
 0

6.
 U

nd
er

so
w

in
g

on
M

10
Bo

et
zl

 e
t 

al
. (

20
22

)
ye

s/
no

ye
s 

= 
1 

no
 =

 0
7.

 E
le

m
en

ts
 o

f c
ro

p 
ro

ta
tio

n*
on

M
11

Ve
nt

er
 e

t 
al

. (
20

16
)

7 
or

 m
or

e 
5–

6 
4 

or
 le

ss

1.
0 

0.
5 0

8.
 U

se
 o

f p
re

ci
sio

n 
fa

rm
in

g
on

M
12

Ga
rs

ke
 e

t 
al

. (
20

21
); 

Za
ni

n 
et

 a
l. 

(2
02

2)
; F

au
pe

l e
t 

al
. 

(2
02

3)

ye
s/

no
ye

s 
= 

1 
no

 =
 0

Weber et al., Cogent Food & Agriculture (2023), 9: 2234153                                                                                                                                            
https://doi.org/10.1080/23311932.2023.2234153

Page 6 of 22



Assessing biodiversity potential of arable farms – a conceptual approach 

56 
 

 
 

 

 

 

 

Ta
bl

e 
3.

 O
ff

-c
ro

p 
pa

ra
m

et
er

s 
fo

r b
io

di
ve

rs
ity

 p
ot

en
tia

l. 
Pa

ra
m

et
er

s 
w

ith
 * 

ar
e 

w
ei

gh
te

d 
tw

ic
e 

by
 th

e 
ex

pe
rt

s
Of

f-
cr

op
 (l

an
ds

ca
pe

 
in

di
ca

to
r) 

co
m

po
se

d 
of

 th
e 

fo
llo

w
in

g 
pa

ra
m

et
er

s

Ab
br

ev
ia

tio
n

Li
te

ra
tu

re
Se

le
ct

io
n 

op
tio

ns
Po

in
ts

1.
 M

ea
n 

fie
ld

 s
ize

*
of

fM
1

La
nd

is 
(2

01
7)

<2
 h

a 
be

tw
ee

n 
2 

ha
 a

nd
 5

 h
a 

>5
 h

a

1.
0 

0.
5 0

2.
 C

ul
tu

re
s 

of
 

ne
ig

hb
ou

rin
g 

fie
ld

s
of

fM
2

Ts
ch

ar
nt

ke
 e

t 
al

. (
20

21
)

4 
or

 m
or

e 
2 

to
 3

 
le

ss
 t

ha
n 

2

1.
0 

0.
5 0

3.
 L

on
gi

tu
di

na
l e

le
m

en
ts

*
of

fM
3

M
ar

ja
 e

t 
al

. (
20

18
)

>2
/3

 fi
el

d 
an

d 
fie

ld
 m

ar
gi

ns
 

>1
/3

 t
o 

<2
/3

 fi
el

d 
an

d 
fie

ld
 

m
ar

gi
ns

 
<1

/3
 fi

el
d 

an
d 

fie
ld

 m
ar

gi
ns

1.
0 

0.
5 

 

0

4.
 H

ed
ge

s/
flo

w
er

 s
tr

ip
s 

in
 

or
 a

t t
he

 e
dg

e 
of

 th
e 

fie
ld

of
fM

4
vo

n 
Kö

ni
gs

lö
w

 e
t 

al
. (

20
21

); 
Ts

ch
um

i, 
Al

br
ec

ht
, C

ol
la

tz
, e

t 
al

. (
20

16
)

he
dg

es
/fl

ow
er

 s
tr

ip
s 

in
 o

r a
ro

un
d 

th
e 

fie
ld

 
he

dg
es

/fl
ow

er
 st

rip
s s

po
ra

di
ca

lly
 in

 
or

 a
ro

un
d 

th
e 

fie
ld

 
no

 h
ed

ge
s/

flo
w

er
 s

tri
ps

1.
0 

 

0.
5 

 

0

5.
 S

ur
fa

ce
 w

at
er

co
ur

se
of

fM
5

Dy
so

n 
an

d 
Yo

co
m

 (2
01

5)
ye

s/
no

ye
s 

= 
1 

no
 =

 0

6.
 I

so
la

te
d 

tr
ee

s 
in

 t
he

 
fie

ld
of

fM
6

Pr
ev

ed
el

lo
 e

t 
al

. (
20

18
)

3 
or

 m
or

e 
tr

ee
s 

in
 th

e 
fie

ld
 p

er
 h

a 
1 

to
 2

 t
re

es
 in

 t
he

 fi
el

d 
pe

r h
a 

no
 t

re
es

 in
 t

he
 fi

el
d

1.
0 

0.
5 0

7.
 S

ea
le

d 
ar

ea
 (s

tr
ee

t, 
re

sid
en

tia
l a

re
a)

of
fM

7
To

bi
as

 e
t 

al
. (

20
18

)
<1

/3
 s

ea
lin

g 
ar

ou
nd

 t
he

 fi
el

d 
be

tw
ee

n 
1/

3 
an

d 
2/

3 
se

al
in

g 
ar

ou
nd

 t
he

 fi
el

d 
>2

/3
 s

ea
lin

g 
ar

ou
nd

 t
he

 fi
el

d

1.
0 

0.
5 

 

0

Weber et al., Cogent Food & Agriculture (2023), 9: 2234153                                                                                                                                            
https://doi.org/10.1080/23311932.2023.2234153                                                                                                                                                       

Page 7 of 22



Assessing biodiversity potential of arable farms – a conceptual approach 

57 
 

 
 

 

 

 

 

crop indicator and an off-crop indicator. This approach was also discussed with the experts. As farmers 
can influence the on-crop area in contrast to the off-crop parameters, the higher weighting is justified.

3. Procedure of the framework shown on a practical example on a single field for one year
In the previous section, the theoretical basis of this approach was presented. In order to 
illustrate the practicability of this framework and its application, an example wheat field 
from southern Germany was chosen to show how biodiversity assessment is carried out by 
applying the method described. Table 4 shows the assessments of the parameters for the on- 
crop area, Table 5 shows the assessments for the off-crop area. For the on-crop parameter, the 
farmers can use data of their field records. Thus, no additional effort by the farmer is neces-
sary. For the off-crop parameter additional information is required, which is not part of the field 
record data, but which can be easily provided by the farmer.

The following chapter shows in detail how the parameters in the example field are composed. 
The approach aims at an automated calculation, which will be done in the future by a FMIS (Farm 
Management Information System). Using data from the farmers’ field documentation, the pro-
gram calculates the biodiversity potential in parallel and prospectively in the background with the 
information provided. Farmers can then estimate how they can influence biodiversity potential 
even before the growing season.

To understand the procedure, an example is used below to show how this calculation looks in detail. 
This very detailed example is intended to illustrate what the program will calculate in the background 
in the future and how the biodiversity potential of each individual field will ultimately be computed.

Table 4. Assessment of the parameters on-crop. Parameters with * are weighted twice by the 
experts
On-crop 
agricultural management indicator

Evaluation 
of the 

parameter 
for the 

award of 
points

Parameters 
assessed

Weighted 
points

1. Soil cultivation before sowing (onM1) no-till 1 1

2. Chemical and mechanical crop protection
(a)Fungicide (onM2)*
(b)Herbicide (onM3)*
(c)Insecticide (onM4)*
(d)Plant growth regulator (onM5)
(e)Hoe for weed control/Harrow or curry comb (onM6)

1 application 
3 applications 
no application 

yes 
no crossings

0.5*  
0* 
1* 
0 
1

1 
0 
2 
0 
1

3. Chemical seed treatment (onM7) yes 0 0

4. FertilizationChemical-synthetic or organic (onM8)* 
Chemical-synthetic or organic (onM8)*

chemical- 
synthetic

0* 0

5. Intercropping (onM9)* yes 1* 2

6. Undersowing (onM10) no 0 0

7. Elements of crop rotation (onM11)* 7 1* 2

8. Use of precision farming (onM12) yes 1 1

Parameters and points in summary 5.5/12 10/18
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Biodiversity potential for the agricultural management indicator (on-crop)

Biodiversity potential for the landscape indicator (off-crop)

The following calculations have to be carried out during the scoring process. All the points 
achieved, both on-crop and off-crop, are added up so that the total number of points is reached 
at the end. After adding up the points achieved and determining the final number of points, the 
logistic growth curve is read off, which in the end gives the total result in one value.

Table 6. Result overview of the practical example
Number of possible 

points 
= highest score for 

biodiversity potential

Actual points 
achieved

y-axis logistic growth 
function value

On-crop 18 10

Off-crop 9 5

Total 27 15 0.65

Table 5. Assessment of the parameters off-crop. Parameters with * are weighted twice by the 
experts
Off-crop 
landscape indicator

Evaluation of 
the parameter 
for the award 

of points

Parameters 
assessed

Weighted 
points

1. Mean field size (offM1)* 1.5 ha 1* 2

2. Cultures of neighbouring fields (offM2) less than 2 0 0

3. Longitudinal elements (offM3)* >1/3 and < 2/3 
field and field 

margins

0.5* 1

4. Hedges/flower strips in or at the edge of the field 
(offM4)

no hedges/ 
flower strips

0 0

5. Surface watercourse (offM5) yes 1 1

6. Isolated trees in the field (offM6) no 0 0

7. Sealed area (street, residential area) (offM7) <1/3 sealing 
around the field

1 1

Parameters and points in summary 3.5/7 5/9

0.65

0.0 0.2 0.4 0.6 0.8 1.0

Highest score for biodiversity potential

Biodiversity potential achieved

Biodiversity potential 

Figure 2. Results of the biodi-
versity application example for 
on-crop and off-crop.
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Table 6 gives an overview of the points achieved in the example. Figure 2 compares the results 
with the best-case scenario for biodiversity potential and shows what potential for biodiversity was 
achieved in the example field.

In the practical example, the farmer achieves a value of 0.65 on his wheat field. This value consists of 
18 on-crop and 9 off-crop parameters. Out of a total of 27 parameters, the farmer has achieved 15. 
According to the calculation formula used for x = 15, the result corresponds to the biodiversity potential 
value of 0.65. Thus, based on Table 1, the farmer achieves a high biodiversity potential. In addition, easy 
availability of data and practicability of the framework was confirmed by an interviewed farmer.

4. Discussion
Biodiversity loss is progressing worldwide (Maier et al., 2019), with intensive agricultural land use 
considered the most important factor in biodiversity decline (Gabel et al., 2018). Although biodi-
versity assessment methods have already been developed, these approaches often focus on the 
whole farm rather than the individual field (Berbe! et al., 2018; Birrer et al., 2014; Gottwald & Stein- 
Bachinger, 2018; "witek et al., 2019). In addition, monitoring of different species or expert knowl -
edge is often required, as in the approach of Tasser et al. (2019), the approach of Chaplin et al. 
(2021) or even that of Elmiger et al. (2023). Furthermore, the increased effect on biodiversity due 
to the combination of parameters is not taken into account.

In comparison to other approaches to biodiversity assessment, the framework presented here 
was different. Firstly, a distinction is made between on-crop and off-crop and biodiversity is 
assessed for each field individually. In addition, the parameters derived from the literature have 
been weighted by experts, so that the influence of parameters with a particular impact on 
biodiversity are weighted twice. Furthermore, the evaluation of the parameters is based on the 
logistic growth curve. This possibility of evaluation was also discussed in the expert interviews. The 
majority agreed with this framework, as more parameters that promote biodiversity should also be 
given greater consideration up to a certain point. This new framework rewards through the 
marginal benefit effect when multiple points are achieved that are beneficial for biodiversity and 
shows the farmer in advance what his potential will be in the season.

Extensive and organic farming are more beneficial for biodiversity (Chamorro et al., 2016; Stein- 
Bachinger et al., 2021; Tsvetkov et al., 2018). The positive effect of these types of farming on 
biodiversity is also illustrated by the framework presented here. Organic farming avoids both 
chemical-synthetic pesticides and chemical-synthetic fertilizers and thus achieves full marks in 
four parameters. In addition, these parameters are weighted twice. Although yields are signifi -
cantly lower, which in turn represents a conflict of objectives in general (Henle et al., 2008), the 
framework presented here is only intended to take biodiversity into account while a supplement of 
economic parameters could be conceivable in future projects.

Innovations of this conceptual framework need to be validated in a further step. Moreover, currently 
only whole and half points are awarded for parameters which limit granularity. Furthermore, there is 
a turning point in the logistic growth curve. The gradient is highest here, which means that parameters 
around the inflection point have the greatest effect on biodiversity. Currently the curve parameters are 
arbitrary and need to be validated in terms of evaluation results. What has not yet been researched are 
the mutual interactions of parameters on biodiversity. In this framework, points are awarded for 
parameters. However, it is currently not clear how parameters interact with each other. When para-
meters are implemented, ecosystems are affected to different degrees. This interaction also exists in 
reverse. More research is needed to better understand the interactions.
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The framework presented provides the possibility to integrate its algorithms into a FMIS, so that the 
biodiversity assessment runs in the background without farmers having to do additional work with the 
input. This would be possible for all on-crop parameters. For off-crop parameters, the workload for the 
farmer would be slightly higher, but many of these parameters can be collected once and then used 
again each year.

5. Conclusion
This paper proposes a framework that enables the assessment of impacts on biodiversity due to farm 
based land management. This is relevant as agriculture is the main cause of biodiversity loss. Politically 
and socially, the issue of biodiversity is becoming increasingly important, and it is to be expected that 
farmers will be financially compensated in the near future if certain parameters for more biodiversity are 
implemented. The framework presented in this paper is intended to be a viable utilization tool for 
practicing farmers. After evaluating this framework, it could also be implemented in an automated 
software that has access to the farmerÕs field records, which would further reduce the effort required 
from the farmer. Parameters not available in field records can be provided by the farmer without 
involving external experts and observations to reach wide practicability. When all parameters are 
available, a biodiversity potential metric is provided. The results of the individual fields can be compared 
over the years, so conclusions could be drawn about how increased biodiversity potential affects yields 
and profitability of the individual fields in the future. The advantage of this field-specific framework is 
that the assessment of biodiversity is site- and parameter-dependent, which allows comparability of the 
individual fields and field-specific elaboration of the parameters. Through the field-specific evaluation, it 
may also be conceivable to market products of the farmer with a high contribution to biodiversity at 
a higher price. Furthermore, it is the authorsÕ intention to further develop and adapt this framework in 
the future in order to be able to assess biodiversity more accurately. In the future, more research needs 
to be done in this area to further improve the operationalization of biodiversity in agri-food production. It 
is known which parameters have a particularly positive or negative impact on biodiversity. This paper is 
intended to be the starting point for further research to further increase the granularity in scoring for this 
framework. One main innovation of the framework presented is the non-linear assessment of biodiver-
sity which can be evaluated without monitoring of certain species groups.
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Appendix: Point system for parameters for assessing biodiversity potential

Points are awarded on a scale of 0Ð1. One full point is awarded if the parameter is carried out in 
a way that promotes biodiversity. Half a point is awarded to farmers for parameters that moder -
ately promote biodiversity. No point is awarded for parameters that do not promote biodiversity. 
The allocation of points is based on literature research on the one hand and on expert interviews 
on the other. The allocation was discussed with the experts and agreed upon, but still acts as an 
example and has to be verified.

Agricultural management indicator on-crop
The on-crop parameters can be actively controlled by the farmer. Although there are various field 
operations and applications that the farmer has to perform in the calendar year in order to be able 
to harvest a corresponding crop, the decision is directly in the farmerÕs area of responsibility. Below 
is a list of all the different on-crop parameters, which are explained in more detail below. All these 
on-crop parameters have been taken from the literature. In addition the farmer can quickly and 
easily find out the information needed for them in the field records.

Parameter 1) Soil cultivation before sowing : onM1

For seeding, there are three options: Turning, not turning and no-till (Honermeier, 2006). Generally, 
the more soil that is left untouched, the better the impact on biodiversity (Adl et al., 2006; Li, He, 
et al., 2021; Sheibani & Ahangar, 2013; van Capelle et al., 2012). For this reason, no-till gives the 
most biodiversity points. Half the points are given for not turning, whereas turning with a plow 
gives no points. Since a lot of organisms live in the soil, it is mandatory to include this area in the 
assessment via the seeding parameter (Karayel & Sarauskis, 2019; Souza et al., 2013).

Parameter 2) Chemical and mechanical crop protection : a) Fungicide , b) Herbicide , c) 
Insecticide) , d) Growth regulator, e) Mechanical hoe/Harrow or curry comb

a) Fungicide onM2, b) Herbicide onM3, c) Insecticide onM4 (all double weighted )

Crop protection products (CPPs) (fungicides, herbicides and insecticides) have an enormous impact 
on biodiversity (Beketov et al., 2013; BrŸhl & Zaller, 2019; Mahmood et al., 2016; Ratnadass & 
Deguine, 2021). For this reason, the weighting of this parameter is increased by a factor of two for 
all CPPs (all experts agreed on this). The decisive factor is the quantity and number of applications 
of the respective crop protection product used. In the approach in this paper, the allocation of 

1 point 0.5 point 0 points

very biodiversity promoting moderately biodiversity promoting not biodiversity promoting

no-till not turning (ploughless) turning (with plough)

1 point 0.5 point 0 points

1 point allocation 0.5 Point allocation 0 point allocation

a) Fungicides no application 1 application 2 or more applications

b) Herbicides no application 1Ð4 applications 5 or more applications

a) Insecticides no application 1 or more applications
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points is linked to the applications specified for the crop. No application of CPPs is best for 
biodiversity and is therefore rewarded with a whole biodiversity point. If the specified applications 
are sprayed, no points are awarded. If, on the other hand, less than the recommended applications 
are applied, half a point is awarded, as toxicity decreases here.

In this example, the number of applications of herbicides and fungicides are based on the 
cultivation guidelines for winter wheat in southern Germany (Kulturenratgeber, 2019).

As the recommended number of herbicide applications ranges from four to five and the 
recommended number of fungicide applications ranges from one to three, the average value 
was used for the rating system.

As insecticides are used as required, there is only a full point on avoidance of insecticides and no 
point allocation for insecticide usage.

d) Plant growth regulator : onM5

Growth regulator belongs to the pesticides and have to be included due to its toxic properties 
(Aktar et al., 2009; Luo et al., 2019). Through their use, substances enter the environment that 
affect animals and plants there and have therefore to be taken into account (Fishel, 2006). If they 
are not used, one point is awarded for this. If, on the other hand, growth regulators are used, 
farmers do not receive a point in this regard.

e) Hoe for weed control/Harrow or curry comb: onM6

In addition to chemical pesticides, mechanical plant protection also plays a decisive role in 
pest control, especially in organic farming (Alba et al., 2020; Machleb et al., 2020). Here, hoes 
and harrows/currycombs are used. These weed control options primarily have no negative 
impact on biodiversity because no toxin is used. However, multiple passes on the field are 
often necessary to keep weeds in control. Each pass with a hoe or harrow/curry comb affects 
and disturbs soil life, which in turn has a negative impact on biodiversity. Therefore, the fewer 
passes with hoes and harrows/currycombs, the better for biodiversity. The awarding of points is 
regulated accordingly.

Parameter 3) Chemical seed treatment : onM7

Seed treatment has a negative impact on biodiversity and does not score biodiversity points in the 
calculation program when used. In this context, neonicotinoids are used which have a negative 
impact on insects in particular (Sekulic & Rempel, 2016). If, on the other hand, seed treatment is 
not used, the full number of points is awarded.

plant growth regulator no plant growth regulator yes

1 point 0 points

chemical seed treatment no chemical seed treatment yes

1 point 0 point

no crossings 1Ð4 crossings 5 or more crossings

1 point 0.5 point 0 points
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Parameter 4) Fertilization : onM8: Chemical-synthetic or organic according to Fertilizer 
Regulation: (double weighting )

Chemical-synthetic fertilizers (nitrogen, phosphorus, potash (NPP)) have an impact on ecosystems 
(Mozumder & Berrens, 2007). The application rate is crucial. The more of them that are applied, the 
higher the likelihood that they will leach out, polluting surface waters and groundwater (Dicks 
et al., 2014; Goucher et al., 2017; Hasler et al., 2015; Tayefeh et al., 2018).

Organic fertilizer closes natural cycles and has always been applied to land in agriculture to keep 
yields at a high level. The application of organic material improves soil life, which in turn has 
a positive effect on biodiversity (Tšršk et al., 2021). If farmers adhere to the fertilizer ordinance and 
only apply as much as is permitted, there is a full point here.

Parameter 5) Intercropping : onM9 (double weighting )

The cultivation of an intercrop has a positive effect on biodiversity (Engbersen et al., 2021; Gentsch 
et al., 2020; Mala et al., 2020). The roots of the intercrop promote soil life, which in turn has 
a positive effect on biodiversity (Nemecek et al., 2015). In addition, this can reduce leaching 
because the catch crops absorb excess fertilizers. Cultivation of an intercrop gives the full number 
of biodiversity points. No cultivation, on the other hand, is not taken into account.

Parameter 6) Undersowing : onM10

To cover the soil in the field completely, undersowing can be used. Boetzl et al. (2022) showed that 
undersowing suppresses weeds and thus creates new habitats for pollinators without causing yield 
losses. Undersowing is taken into account in the biodiversity calculator with the full number of 
points. If, on the other hand, undersowing is not used, no points are awarded.

Parameter 7) Elements of crop rotation : onM11 (double weighting )

A higher number of crop rotations has positive effects on soil life (Li, Guo, et al., 2021; Venter et al., 
2016). Each crop has different soil requirements. Expanded crop rotation increases long-term yields 
and copes better with extreme weather events (Bowles et al., 2020; Jalli et al., 2021). If other crops are 
grown over time, this has a particularly positive effect on microbial diversity. For this reason, biodi-
versity points are awarded when a farmer applies seven or more elements in the crop rotation. If, on 
the other hand, a five or six-member crop rotation is used, half the number of points is awarded. If the 
crop rotation is less than four, there is no consideration in the calculation tool.

only organic organic and chemical- 
synthetic combined

chemical-synthetic

1 point 0.5 point 0 points

7 or more 5Ð6 4 or less

1 point 0.5 point 0 points

intercropping yes intercropping no

1 point 0 points

undersowing yes undersowing no

1 point 0 points
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Parameter 8) Use of precision farming : onM12

The application of digital technologies has a positive impact on the environment and biodiversity. 
In particular, the precise application of chemical pesticides substantially reduces applied amounts, 
as only affected areas are treated, thereby increasing efficiency (Faupel et al., 2023; Garske et al., 
2021; Zanin et al., 2022). For this reason, the use of precision farming is rewarded with one point, 
while no point is awarded if this technic is not used.

Landscape indicator off-crop
Parameters in the off-crop area are primarily characterized by the fact that they cannot be directly 
influenced by the farmer. Nevertheless, in a holistic assessment of biodiversity, these off-crop 
parameters have to be included in the calculations. Many of the parameters listed below only need 
to be recorded once because geographic conditions do not change annually. Since this calculation 
framework focuses on the individual field, the information has to be entered directly by the farmer. 
The person who farms, owns or leases the land over several years knows the land and the local 
conditions. It is also conceivable to find out the off-crop parameters via satellite images.

Parameter 1) Mean field size: offM1 (double weighting )

The size of the fields has an impact on biodiversity. The smaller the size of fields, the more 
heterogeneous the landscape and the better the impact on biodiversity (Gonthier et al., 2014; 
Landis, 2017; Tscharntke et al., 2016). Because land is often leased from farmers or has been for 
decades, the farmer has no control over its size. Many smaller fields in one place have 
a particularly positive effect on biodiversity because of the diversity present. Although farmers 
have no influence on this, this effect should nevertheless be taken into account in the tool. Small 
fields (<2 ha) get the full score (Tšršk et al., 2021). Farms between two and five ha get half the 
number of points and farms >5 ha no points.

Parameter 2) Cultures of neighbouring fields : offM2

Crops grown on neighbouring fields affect biodiversity by creating natural pathways that ensure 
that individual species can migrate into neighbouring ecosystems. In general, the more hetero -
geneous the crops of neighbouring fields, the greater the biodiversity benefits (Sirami et al., 2019; 
Tscharntke et al., 2021). Because management can vary due to crop rotation or changing tenure, 
this information is one of the few off-crop metrics that has to be obtained each year.

Parameter 3) Longitudinal elements : offM3 (double weighting )

use of precision farming yes use of precision farming no

1 point 0 points

<2 ha between 2 ha and 5 ha >5 ha

1 point 0.5 point 0 points

4 or more 2 to 3 less than 2

1 point 0.5 point 0 points

>2/3 field and field margins >1/3 to <2/3 field and field 
margins

<1/3 field and field margins

1 point 0.5 point 0 points

Weber et al., Cogent Food & Agriculture (2023), 9: 2234153                                                                                                                                            
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Field margins play an overriding role in the assessment of biodiversity, because in these areas 
neither fertilizer nor spraying is used, i.e. no intensive agriculture is practiced. Here, many species 
can retreat and reproduce largely undisturbed (Marja et al., 2018). In addition, the interconnect -
edness of field and field margins allows species to spread across different ecosystems and occupy 
other habitats. For field and field edges, it depends on how long such longitudinal elements are. 
Often one field is adjacent to another, making such habitats unavailable. Much more frequently, 
only one or two sides are surrounded by such marginal strips. However, the primary concern is not 
the number of edge strips, but rather how long they are in total in relation to the perimeter of the 
field as a whole.

Parameter 4) Hedges/flower strips in or at the edge of the field : offM4

The positive effect of hedges (Cardona et al., 2021; von Kšnigslšw et al., 2021) and flower strips 
(Tschumi, Albrecht, BŠrtschi, et al., 2016) on biodiversity is well known. The more hedges/flower 
strips there are on or next to the field, the more refuge opportunities there are for different species. 
Since hedges and flowering strips should stand for several years to achieve a certain benefit 
(Tschumi, Albrecht, BŠrtschi, et al., 2016), this parameter belongs to the off-crop area. Although 
farmers themselves can plant hedges/flower strips, which will have a biodiversity-enhancing effect 
over the years, this effect will only be noticeable and measurable after some time. In this scenario, 
the planting of new hedges/flower strips is taken into account in the following calculation years.

Parameter 5) Surface watercourse : offM5

Watercourses directly adjacent to agricultural land is a good example of an off-crop parameter, as 
farmers have no control over where their fields are located. Since watercourses with their asso-
ciated banks are considered biotopes (Dyson & Yocom, 2015), this information is of great impor -
tance for a holistic biodiversity calculation.

Parameter 6) Isolated trees in the field : offM6

Trees in the field provide year-round shelter for certain creatures, thereby increasing biodiversity in 
the landscape (Prevedello et al., 2018). Similar to agroforestry systems, trees have many different 
positive attributes especially in relation to climate change and biodiversity (Dollinger & Jose, 2018; 
Udawatta et al., 2019). In warm years, they shade the soil resulting in less evaporation. In addition, 
their root systems increase the amount of water available to crops grown with them for longer 
periods of time. Nitrogen is transported into the soil through the roots of the trees, which also has 
positive effects. Leaves that fall off and roots that die are decomposed and thus actively contribute 
to the build-up of humus.

3 or more trees in the field 
per ha

1 to 2 trees in the field per ha no trees in the field

1 point 0.5 point 0 points

hedges/flower strips in or 
around the field

hedges/flower strips 
sporadically in or around the 

field

no hedges/flower strips

1 point 0.5 point 0 points

surface watercourse at the edge of the field no surface watercourse at the edge of the 
field

1 point 0 points
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Parameter 7) Sealed area (street, residential area) : offM7

Whether federal roads, motorways or residential areas, sealed surfaces have a negative impact on 
biodiversity because they are not natural habitats (Gharehbaghi et al., 2019; Tobias et al., 2018). In 
addition, they are unbridgeable for many species. Roads are often heavily traveled, making cross-
ing dangerous or impossible, and species are trapped in certain areas. In addition, there are 
numerous negative effects such as greenhouse gas emissions, light pollution (ChallŽat et al., 
2021), microplastics (Padha et al., 2021) due to tire abrasion, for example and the permanent 
alteration of the microclimate (Stojanovic et al., 2021). This is because sealing causes the immedi -
ate area to heat up more, especially in the warmer summer months, and precipitation is also less 
well drained which can lead to flooding and erosion. In addition, the drainage of rain has 
a negative effect on the place where the water percolates, as there is more water in a shorter 
time, which causes problems for the soil inhabitants (e.g. earthworms that drown).

<1/3 sealing around the field between 1/3 and 2/3 sealing 
around the field

>2/3 sealing around the field

1 point 0.5 point 0 points
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4 How does the adoption of digital technologies affect the social 
sustainability of small-scale agriculture in South-West 
Germany?  

The work in this Chapter addresses the third research question, which examines 

farmers' acceptance of digital technologies and what conditions have to be met for 

them to be used to support farming. The acquisition of digital technologies is costly and 

their use is also associated with challenges. In this context, the question arises as to 

whether farmers are willing to invest in digital technologies. To this end, a qualitative 

Delphi study was conducted with experts. The aim was to classify the opportunities 

and risks of digital technologies and to find out what impact the use of digital 

technologies has on the social dimension of sustainability. 

 

The paper was published in the International Journal on Food System Dynamics. 
 
Weber, R., Braun, J. & Frank, M. (2022). How does the Adoption of Digital 
Technologies Affect the Social Sustainability of Small-scale Agriculture in South-West 
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5 Discussion  

The aim of this dissertation was to show how the support of digital technologies can 

improve management in agriculture and sustainability assessment in food production. 

In Chapter 2, a case study on site-specific fertilization was carried out to show which 

trade-offs and synergies arise between ecological and economic sustainability 

indicators when using digital technologies in arable farming. In Chapter 3, an algorithm 

was developed that prospectively assesses the biodiversity potential in arable farming 

and thus could support farmers in cultivating in a more biodiversity-friendly manner. 

For this assessment, the farmer needs a software-based management tool that 

automatically assesses the data entered. Whether farmers use and accept digital 

technologies in their everyday lives in order to be supported in management decisions 

was worked out in Chapter 4 of this thesis.    

This Chapter is based on the previous structure of the thesis. Firstly, Chapter 5.1 

discusses the support of digital technologies in arable farming on the basis of the case 

study on site-specific fertilization. This is followed in Chapter 5.2 by a classification of 

how the biodiversity algorithm can be used in the future and how the accuracy can be 

further specified with the further development of this approach. Finally, Chapter 5.3 

discusses the acceptance of farmers towards digital technologies and the obstacles 

they face with regard to digital technologies. Following the discussion of these three 

research projects, Chapter 5.4 illustrates how future sustainability assessments could 

be carried out by networking various software programs in agriculture. The final 

Chapter 5.5, limitations and outlook, first discusses the risks that can arise with 

digitization in agriculture. The possibilities and opportunities that digitization can offer 

for assessing sustainability in the value chain are then identified in an outlook. 

5.1 Management of trade-offs in sustainability assessment in agriculture 
In order to assess sustainability in agriculture, a lot of information is required from the 

tools, which then retrospectively calculate the performance of sustainability 

management (Wheeler et al., 2022). In addition to farmers, consultants are often 

involved in collecting data and then entering it into the programs for the calculations 

(Alaoui et al., 2022). Digital technologies that support management in agriculture can 

increase agricultural productivity and therefore have an impact on sustainability 

(Büyüközkan and Uztürk, 2024). The more efficient use of inputs improves the ratio of 

output to input, thereby increasing sustainability (Argento et al., 2021). The case study 
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on site-specific fertilization in Chapter 2 showed that this fertilizer application can be 

expected to increase yields by around 5% if digital technologies are used to optimize 

the farmer's management (Weber et al., 2025). For the ecological sustainability 

dimension, this strategy of fertilizer application is advantageous from the very first 

hectare due to the increased nitrogen efficiency. However, depending on the farm 

structure, there might be economic disadvantages. The size of the farm determines 

whether economic profitability respectively the break-even point is reached with this 

technology. Up to now, farm managers have had to carry out this trade-off analysis 

manually. This indicates that it is necessary to identify where trade-offs arise and how 

these can be managed. 

Tools for assessing sustainability in agriculture are globally applicable, but cannot 

adequately reflect the complexity of different agricultural structures (Coteur et al., 

2020). Currently, there is no tool that takes into account the individuality of the farm in 

the sustainability assessment and can show whether the use of a particular technology 

results in trade-offs or synergies (Schader et al., 2016). Such an analysis requires a 

lot of data from farmers, which could be challenging for them to provide. In addition to 

the size of the farm, further information is required to carry out a sustainability 

assessment, such as harvest data or prices and quantities for agricultural inputs. This 

means that either a lot of information is requested for a sustainability assessment, 

which makes it more difficult to use, or fewer details are required, which reduces the 

informative value (Schader et al., 2019).   

Schader et al. (2016) published a systematic analysis of trade-offs and synergies 

between the sustainability dimensions of the SMART (Sustainability Monitoring and 

Assessment RouTine) Farm Tool. This tool assesses environmental, economic and 

social sustainability in agriculture (Alaoui et al., 2022). SMART is divided into topics, 

sub-topics and indicators (Leitgeb et al., 2023). The result in the sub-topics is 

calculated by the target achievement of the aggregated indicators assigned to the sub-

topics (Curran et al., 2020). Since not all existing indicators are relevant for every farm 

type, these were selected in advance by experts. If an indicator is ambiguous, i.e. can 

have positive effects in some cases and negative effects in others, it is deleted because 

the experts cannot decide on a clear assessment. As the economic advantageousness 

cannot be clearly assessed in the case study on site-specific fertilization, this indicator 

would not be considered further in the trade-off analysis if it were available. In the 

publication by Schader et al. (2016), the problem of trade-offs and synergies is 
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addressed in general, but the decisive questions about the optimal management 

practice of the farm with regard to increasing ecological and economic indicators was 

not answered, as the level of detail is insufficient and the farms are too individual. 

The limitation of sustainability tools, in not being able to identify trade-offs on an 

individual farm level, affects all actors in the value chain as the demands for more 

sustainable production methods are increasing (Wheeler, 2022). The sustainability 

assessment of food is promoted and initiated by the large food companies with 

corresponding market power (León-Bravo et al., 2019). The pressure this creates 

increases for all actors in the value chain, including other food companies, who are 

then forced to follow suit (Adams et al., 2023). As a result, farmers as food producers 

are increasingly becoming the focus of the assessment, as climate protection and 

biodiversity measures are to be implemented on the farms and the associated land 

(Wheeler et al., 2022).  

The work in Chapter 2 has shown that identifying trade-offs is data-intensive and 

therefore complex. Although trade-offs cannot be solved, there are several approaches 

for dealing with them in the future. One possibility is to financially support farmers in 

the use of expensive technology. In Germany, many farms work on a part-time basis, 

in Baden-Württemberg it is even 65% (Statistisches Landesamt Baden-Württemberg, 

2021). Due to the small amortization areas, these have particularly high entry barriers 

to the acquisition of digital technologies. In Baden-Württemberg, this problem has 

already been recognized by legislators. From 2024, all areas that are fertilized on a 

site-specific manner will be subsidized with 50 €/ha. This support applies to the first 

150 ha for a farm (FAKT II, 2022). The federal state of Baden-Württemberg has 

determined that only a few farms use site-specific fertilization without support. The 

state government has recognized the potential and the increase in ecological efficiency 

of this technology and pays the farmers a subsidy. Using tax money in this way has 

advantages and disadvantages. Increased efficiency in grain production can be seen 

as a positive aspect, which increases and strengthens trust and transparency in 

domestic and sustainable agriculture. In addition, the use of site-specific fertilization 

can serve as a stepping stone for farmers to use other digital technologies that also 

have a positive effect on sustainability, e.g. site-specific sowing or a camera-controlled 

hoe. A critical issue of this subsidy is that it is always paid out when the fertilizer 

strategy is applied, independent from the outcome of its use.   



Discussion 

95 
 

Another way to address the issue of the lack of amortization area for investments in 

digital technologies is the shared use of technology in smaller farms. A small amount 

of land increases the costs per hectare and is the main reason why digital technologies 

do not pay for themselves at all or only very late (Munz and Schüle, 2022). However, 

in order to be able to invest in digital technology together, the technology and data 

infrastructure has to be standardized in such a way that interaction between different 

manufacturers is possible (Bökle et al., 2022). In the same publication, Bökle et al. 

(2022) also wrote that many farmers in Germany are not equipped with the latest 

technology due to their small farm size. With the further development of digital 

technologies, more farmers will benefit from the associated efficiency gains (López-

Morales et al., 2020). As it is not yet clear when these effects will be realized, 

contractors and machinery rings are an important interface that farmers can rely on to 

take advantage of the efficiency gains of digital technologies. 

The on-farm-research trials on site-specific fertilization in Chapter 2 showed the extent 

to which yield increases are possible over a period of four trial years and three 

locations. Communicating this information is important for farmers when deciding 

whether to invest in this technology. Manufacturers often promise yield increases of 

10%, which differ significantly from the results in Chapter 2 (Next Farming, 2025). If 

farmers calculate with this increase in yield using digital technologies, this leads to 

economic setback, as the payback periods are significantly delayed or never achieved 

at all. Further education and training courses for practitioners are an important tool for 

educating farmers about new technologies (Pfaff et al., 2023). In addition, such 

platforms could encourage farmers to share their own experiences with each other. 

With these opportunities, farmers can inform themselves independently. In the context 

of these services, issues of the payback of the investments are not addressed when 

purchasing digital technologies. However, an honest exchange with colleagues might 

reduce the purchase of technology with false expectations.   

In order to answer the research question as to the conditions under which site-specific 

fertilization results in trade-offs or synergies between ecological and economic 

parameters, it should be noted that farm size and area of the farm are the decisive 

factors for economic use in addition to increasing yields. The more efficient use of 

fertilizer has a positive effect on ecological parameters from the first hectare. The 

economic benefits of this technology, however, have to be calculated individually by 

each farm manager. Learning costs also have to be taken into account until the 
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technology works without problems (Munz and Schüle, 2022). As a result of the 

subsidy for site-specific fertilization in Baden-Württemberg, the profitability is achieved 

much earlier, as the results in Chapter 2 show, if the respective subsidy is taken into 

account in the calculation. 

5.2 Algorithm for the assessment of biodiversity potential 
The work in Chapter 3 addresses the second research question, which was to develop 

an algorithm that can prospectively assess the biodiversity potential at field level and 

identify scenarios for optimization. The evaluation of biodiversity indicators in 

sustainability tools is typically retrospective and statements on biodiversity-friendly 

arable farming can only be made retrospectively and across farms (Hou et al., 2018; 

Alaoui et al., 2022). Even in life cycle assessment, which show in great detail the 

environmental performance of products during their life cycle in different impact 

categories, there is currently no uniform assessment methodology for the impact of 

agricultural activities on biodiversity (Pépin et al., 2023). With the algorithm developed 

in this work, the farmer can already assess his biodiversity potential in the cultivation 

planning phase on a field basis using an indicator-based calculation logic. For 

comprehensive implementation, the algorithm can be integrated into a FMIS (Farm 

Management Information System). This approach could be used to assess the 

biodiversity potential in the background and accesses data points that have already 

been entered and are available in the FMIS (Weber et al., 2023). Independently of this, 

farmers use software programs to document arable farming activities so that the 

database can largely be exported from the FMIS (Hackfort, 2021). This minimizes 

additional effort for users.  

In the biodiversity algorithm developed, different parameters of the farmer in arable 

farming are assessed by awarding points. A distinction is made between on-crop 

parameters (agricultural management indicator), which the farmer can influence in 

cultivation, and off-crop parameters (landscape indicator), which take the landscape 

into account, in order to be able to assess the biodiversity potential more precisely. 

The points for on-crop and off-crop are aggregated and plotted in a logistic growth 

curve so that the field-specific biodiversity potential can be read off (Weber et al., 

2023). 

Due to the global decline in biodiversity, it is necessary to offer farmers an assessment 

tool that supports the promotion of biodiversity as early as the cultivation management 

stage (Weber et al., 2023). This can make an important contribution to a biodiversity-
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friendly agriculture. The underlying algorithm and logic can be further developed and 

improved in order to increase the quality of the predictions. Until now, full, half or no 

points have been awarded for all on-crop and off-crop parameters, depending on their 

contribution to biodiversity performance. This means that only three scores for 

biodiversity potential are used in this approach. The parameters assessed in this 

approach were derived from meta-studies (conservation evidence) (Sutherland et al., 

2021). Following this research, expert interviews were conducted. The allocation of 

points and the logic of the algorithm for assessing biodiversity potential were discussed 

with experts. Due to this approach and the limited number of expert discussions, the 

calculation logic is semi-quantitative. Furthermore, interactions between individual 

parameters have not yet been taken into account. Each point achieved for the 

individual parameters initially contributes equally to the increase in biodiversity 

potential.  

However, it is obvious that the effect on the biodiversity potential is enhanced by the 

combination of individual parameters if these are coordinated at the same time or with 

each other. The interactions of the individual parameters on the biodiversity potential 

have not yet been researched. Furthermore, it is still unclear how the parameters 

interact with each other. This applies to both biodiversity-preserving and biodiversity-

damaging parameters and cultivation practices. It should also be noted that in the 

calculation methodology, two thirds of the points are awarded for on-crop parameters 

and the remaining third for off-crop parameters. Parameters in the on-crop area can 

be proactively controlled by the farmer, but a higher biodiversity potential might result 

in lower yields (Weber et al., 2023). More options for action without restricting food 

production therefore arise for off-crop parameters that focus more strongly on habitat 

connectivity on the one hand and do not cause direct conflicts with areas for human 

food production on the other. By connecting field margins, many species can migrate 

and use these natural roads to reach new areas (Weber et al., 2023). These areas are 

not used for the cultivation of fodder or food and can achieve added value for 

biodiversity through optimized habitat connectivity (Marja et al., 2018). Tscharntke et 

al. (2021) showed in their work that the heterogeneity of the landscape has a greater 

influence on biodiversity than the conversion from conventional to organic farming. In 

order to further develop the accuracy of the biodiversity algorithm, the assessment of 

biodiversity can be further subdivided. One possibility would be, for example, to 

subdivide the assessment of biodiversity potential into different species groups 
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according to their habitat specifications and habitat requirements, e.g. in vertebrates, 

invertebrates, soil life, birds and fauna. Soulé et al. (2023) also used a similar 

categorization. The effects of the individual parameters would then have to be 

redetermined for each species group. The subdivision into taxonomic groups could 

significantly increase granularity. However, this also increases the complexity 

enormously. A parameter that receives either full, half or no points would then have to 

be re-evaluated in each taxonomic group. There is a lack of scientific work on this, 

which means that effects on biodiversity would only be based on expert assessments. 

A further possibility for further developing the existing biodiversity algorithm would be 

to use a more graduated scoring scale for the individual parameters. This would more 

precisely determine the potential of biodiversity. 

Another aspect that can be added to and integrated into the existing algorithm for 

assessing biodiversity potential is the economic consideration. If a farmer achieves a 

very high biodiversity potential in his cultivation planning, it would also be helpful to 

show him how such a result affects his contribution margin. Similar to the work of the 

case study on site-specific fertilization, there is then the possibility that either synergies 

or trade-offs may arise. If a very high biodiversity potential has a negative impact on 

the contribution margin, one consideration could be to compensate the farmer 

financially for this, similar to how the subsidy in Baden-Württemberg for site-specific 

fertilization works. Another approach is the monetization of biodiversity. More 

biodiversity increases resilience and also has positive effects on ecosystems (Oliver et 

al., 2015). This is inevitably associated with economic value, for example in the form 

of pollination services. These free services have an important function for people and 

food security. Monetizing them is difficult to impossible and has so far been estimated 

(Breeze et al., 2016). Here, too, there is a lack of valuation tools that can show these 

complex relationships and assess them economically. The algorithm developed in 

Chapter 3 could pave the way for the monetization of biodiversity. Only if the 

biodiversity potential can be assessed is it possible to evaluate with economic 

indicators. However, the compatibility of biodiversity and economic indicators has not 

been taken into account in the algorithm so far. Further research activities are therefore 

necessary in order to monetize the biodiversity potential. In this way, farmers can be 

shown transparently what costs are incurred for biodiversity-promoting measures and 

what amount subsidy payment would be required for farmers to create incentives to 

implement them. 
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The presented algorithm gives the farmer the possibility to assess his biodiversity 

potential. With this information it is possible to introduce minimum standards in arable 

farming so that it can be guaranteed for the end product that the cultivation has been 

carried out in a biodiversity-friendly manner. The simple digital calculation makes it 

possible to pass these results on to the downstream value chain so that the end 

consumer can be shown transparently under what conditions the product was 

produced. For this to happen, grain mills and bakers would have to join forces so that 

the entire value chain is transparent and this information is passed on. It is true that 

not all technical challenges in the development of detailed biodiversity forecasts have 

yet been solved (Weber et al., 2023). Nevertheless, it can be assumed that such digital 

decision-making aids will become increasingly important in agriculture in Germany and 

Europe, as pressure from end consumers for a transparent and more sustainable value 

chain will continue to increase (Wheeler, 2022). Documentation of biodiversity services 

increases trust in local agriculture and can offer added value to the region by showing 

end customers how sustainably the product was grown. 

5.3 Farmers' acceptance of digital technologies in agriculture 
Whether digital technologies that increase sustainability in agriculture (Lioutas et al., 

2021) become established and are used depends crucially on farmers. Therefore, 

another aspect of this thesis examined the social acceptance of digital technologies in 

Chapter 4. The research on social sustainability examined a new topic area that has 

so far received little attention in literature (Hackfort, 2021). There are only very few 

literature studies that have dealt with digital technologies, the social dimension of 

sustainability and agriculture (Weber et al., 2022). However, there is a large amount of 

literature in which only two of the three dimensions were addressed (e.g. Desiderio et 

al., 2022; Grybauskas et al., 2022; Abbasi et al., 2022). 

The qualitative Delphi methodology was therefore used to gain initial insights into this 

field of research. It became clear from the experts' answers that they were unable to 

assess the impact of digital technologies on the social dimension of sustainability for 

many questions. The answers in the questionnaire were often “in the middle” of the 

rating scale (Chapter 4), which can be attributed to uncertainties. Little research has 

been conducted into the acceptance of digital technologies. This research gap is 

remarkable because the acceptance and use of digital technologies will have a 

significant impact on farmers' day-to-day work (Hrustek, 2020). Digital technologies, 

which can be used to support both arable farming practices and sustainability 
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management (MacPherson et al., 2022), continue to develop dynamically, which 

means that no standardization can be made. The research conducted cannot be 

generalized because, on the one hand, the geographical context has to be taken into 

account and, on the other hand, each respondent answers the social questions 

individually, which means that there is no consensus on the measurability of the social 

aspects (Toussaint et al., 2021). This is another reason why these topics are 

underrepresented in the sustainability tools (Weber et al., 2022). In contrast to 

ecological and economic indicators, there is scientific consensus that social norms and 

values can change over time (Janker and Mann, 2020). Despite the uncertainty in the 

responses to the surveys, interesting results were nevertheless evaluated and are 

discussed below. 

Long working hours with the associated and recurring work peaks are common in 

agriculture (Elliott et al., 2022). Digital technologies will not change this situation. 

However, activities are changing in the course of digitization. Labor- and energy-

intensive activities are being taken over by technology (Subeesh and Mehta, 2021), 

while farmers are moving more into the role of managers who monitor, control, steer 

and intervene immediately in the event of malfunctions of operational issues. This will 

not reduce working hours, but the scope of activities will change. Furthermore, the 

requirements profile of employees in agriculture will change due to the use of digital 

technologies (Carmela Annosi et al., 2020). In the future, digital skills will be crucial for 

managing a farm or working there as an employee (Gardberg et al., 2020). Simple 

tasks will be eliminated, while the digitization process will constantly generate data that 

has to be processed (Balsmeier and Woerter, 2019). Agricultural employees have to 

evaluate and process this data. This requires skills that need to be acquired either 

during training or through courses. The collection and processing of data also results 

in interfaces with providers. It has to be clarified who owns the data. While 

dependencies on individual providers represent a risk for farmers (Rolandi et al., 2021), 

data misuse also has to be taken into account (Aldhyani and Alkahtani, 2023). 

Transparent farmers and data sharing are also a risk. The digital infrastructure could 

also be an obstacle. Agriculture takes place in rural areas, where digital infrastructures 

are often insufficiently which e.g. can cause problems when transferring data (Kuntke 

et al., 2022). Another aspect is the acquisition costs of digital technologies (Khanna et 

al., 2022). Due to the high costs of the inputs used and the low producer prices, many 

farmers do not have the money to invest in digital technologies (Kernecker et al., 2020). 
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Hackford et al. (2021) goes one step further in his work and sees a risk in farmers 

placing their knowledge in the hands of digital technologies and thus being more easily 

replaceable. The points mentioned here represent a risk for the digitization of 

agricultural businesses. However, digitization also offers opportunities, for example in 

terms of support for management decisions or the more efficient use of operating 

resources (Parra-López et al., 2024).  

The study conducted in Chapter 4 revealed some interesting critical success factors 

for the digitization of farms in Germany. The associated effort and costs for the 

technology have to be outweighed by the benefits. Furthermore, simple operation 

facilitates its use. Another important aspect is the issue of data security and data 

ownership (Bökle et al., 2022). The more information farmers disclose, the more 

transparent the farm becomes. In order to raise the acceptance of the digital 

technologies discussed above, it has to be ensured that this data belongs to the farmer 

and cannot be misused by providers. The legislator has to make appropriate 

regulations on data sovereignty. In addition, there should be no dependencies between 

farms and individual providers, whether in terms of software or hardware. Uniform and 

standardized compatibility among the manufacturers of digital technologies would 

minimize the risk for farmers to invest in this technology, as the dependence on 

individual providers would be reduced (Roussaki et al., 2023). In addition, such 

standardization would help the interoperability of digital technologies (Bökle et al., 

2022).   

With the support of digital technologies, agricultural inputs can be used more efficiently, 

which increases the sustainability of food production (Parra-López et al., 2024; Lioutas 

et al., 2021). It will be important to involve farmers in this development and show them 

the opportunities associated with digitization. Farmers will only be willing to invest in 

this technology if they recognize the benefits of this development for their farm.   

5.4 Future digitally supported sustainability assessment for more 
transparency in the value chain 

Digitization will play a decisive role to scale up sustainability assessment in the future 

(Di Vaio et al., 2020). With digital technologies, it will be possible to carry out an 

automated sustainability assessment in real time with the data generated by the farm 

and the machines used there (Espinel et al., 2024). This assessment would no longer 

require consultants and would include and automatically assess all of the farmer's data 

(Fuentes-Peñailillo et al., 2024). To achieve this, all software programs used by the 
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farmer would have to be networked and centralized so that all data points are available 

for a sustainability assessment. Since everything is calculated automatically, farmers 

do not have to proactively enter data for the sustainability assessment, which 

significantly reduces the susceptibility to errors. In addition, digital technologies in 

agriculture can be used not only to support sustainability assessment, but also in the 

decision-making process of farmers (Camaréna, 2020). The interoperability of different 

programs can support the farmer in making management decisions with regard to 

agronomic measures (Javaid et al., 2023; Niehoff and Beier, 2018). For example, 

weather data could be used to suggest sowing times, fertilization, harvesting or the 

application of plant protection products in order to maximize cultivation efficiency 

(Vasileiou et al., 2024; Shaikh et al., 2022; Frank, 2020). The possibilities offered by 

digital technologies could also support biodiversity assessment. The algorithm 

described in Chapter 3 calculates the data entered by the farmer and carries out an 

assessment automatically. The results can be used to transparently show, which 

biodiversity services were provided by each farmer in arable farming.  

A digital and automatic biodiversity and sustainability assessment would also have 

added value for the downstream value chain. With a uniform assessment, producers 

would be comparable and downstream actors in the value chain could identify services 

provided for sustainability and biodiversity (Nezamova and Olentsova, 2022; Wheeler 

et al., 2022). However, it is currently still unclear who is or will be the initiator of an 

automated biodiversity and sustainability assessment. Due to the sometimes very 

complex value chains for agricultural products, it is obvious that the initiator for such a 

development should act at the end of this chain, as on the one hand there is leverage 

for the upstream value chain and on the other hand the financial resources can be 

made available. It would also be conceivable for certification companies to carry out 

this assessment and transparently take over the sustainability assessment in food 

production. However, it is still unclear who would pay for such a service. The certifiers 

are the link between food producers and food sellers. At present, it is not possible to 

say what role they will play against the background of value chains undergoing 

automated sustainability assessments in an increasingly digitalized agricultural sector. 

5.5 Limitations and outlook 
This dissertation has shown that digital technologies can already be used to increase 

efficiency in agriculture today and that this will help to further increase sustainability in 

the future (Weber et al., 2025). This requires farmers who implement and use these 
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technologies. One limitation is that older farm managers in particular, who have had 

too little experience with digital technologies in their professional lives, reject them and 

this weakens and slows down the process, as the majority of farmers from this 

generation apparently see digitization as a greater burden (Pfaff et al., 2023). In 

addition, there are many small farms in Germany for which digital technologies, 

whether as support for management or for use in arable farming, do not pay off (Munz 

and Schüle, 2022). Without economic viability, these farms will not invest in such 

technologies. In addition, the compatibility of digital technologies is an important 

building block for successful implementation. In practice, there are often difficulties with 

technologies from different manufacturers. Hardware and software do not always 

function smoothly, which is an obstacle to widespread use. It is therefore not possible 

for several farmers to join forces to share the technology, which increases the barriers 

to entry, and it is often not worth purchasing the technology alone due to the low 

capacity utilization. In future development, attention has to be paid to standardization 

so that the technology from different manufacturers works together. There is also a risk 

that farmers' data will be misused (Aldhyani and Alkahtani, 2023). Due to the use of 

different software tools, it is not clear which company uses which farmer's data and 

whether collected information is passed on to third parties (Sparrow et al., 2021). It is 

also unclear who is liable if digital management tools propose field interventions, for 

example in the case of a plant protection application, which subsequently turn out to 

be wrong and the farmer suffers financial damage as a result (Uddin et al., 2024). In 

the algorithm for assessing biodiversity potential, it is currently unclear how decisions 

are made in the case of trade-offs. A similar conflict emerged in the case study on site-

specific fertilization, where the decision to use this digital technology has so far been 

made by farmers in favor of economic efficiency. 

In this thesis, it was shown that digital technologies support management in agriculture 

on the one hand. On the other hand, it was discussed that digital tools might be 

prerequisite for the automation sustainability assessments in the future. So far, 

however, it is unclear who would initiate and monitor the development of software that 

evaluates farmers' data and automatically carries out a sustainability assessment. 

Furthermore, it is unclear which player in the value chain will bear the costs incurred. 

The development of interoperable software that centralizes and evaluates farmers' 

data is expensive and requires bold collaboration between agricultural equipment 

manufacturers and software companies. Another challenge would be the ongoing 
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training and further education of farmers and other players in the value chain. It is 

unclear whether such an initiator can be found to initiate this process and take over the 

rollout. The political environment also needs to be taken into account. The conclusion 

of trade agreements means that many products are imported to Germany and Europe. 

In the producing countries, it is not always clear which inputs are used there, for 

example in the use of plant protection products (Shattuck et al., 2023). Imports can 

lead to goods reaching the domestic market that have not been produced with the 

same environmental and social standards (Nowak et al., 2019). The mixing of imported 

goods with food produced in Germany or Europe could worsen the competitive 

conditions for farmers who produce here, as they have to meet higher sustainability 

standards (Guyomard et al., 2023). Another difficulty is how specialty crops are valued. 

In this study, the focus was on cereal cultivation, which, in contrast to specialty crops, 

is a commodity and less complex to grow and easier to market. The manufacture of 

products with several ingredients also makes a uniform and transparent sustainability 

assessment more difficult, as a fully transparent sustainability assessment cannot be 

carried out for all ingredients. 

This discussion shows that there are still some challenges to overcome in the 

sustainability assessment of food, especially when it is imported into Germany and 

Europe from non-European countries. However, the possibilities of digitization can 

bring more transparency to the value chains of globally traded food. In this thesis, it 

was shown how data streams can be automatically analyzed in terms of their 

sustainability performance in the future with the support of digital tools. Digital 

technologies can be used to make the traceability of individual products visible so that 

intermediaries and end consumers can better understand the conditions under which 

certain foods are produced. Minimum requirements for the three dimensions of 

sustainability could be defined which, if not met, would mean that no import to Europe 

would be possible. Minimum requirements for the social dimension of sustainability 

would be, for example, production free of child and forced labor. For the ecological 

dimension, minimum requirements for the use of plant protection products and the ban 

of plant protection products that may no longer be used in Europe would be criteria 

that could be linked to an import license. The economic dimension of sustainability 

could be associated to minimum prices so that employees and farm managers can 

work profitably. 
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These requirements could be monitored using the possibilities offered by digital 

technologies. On the one hand, this would ensure compliance with minimum 

standards, which would protect local farmers from cheap imported goods. On the other 

hand, the European Union's requirements for the “Farm to Fork” strategy could not be 

undermined by the import of food from outside the European Union. The producing 

countries would also benefit from such traceability with minimum requirements through 

more sustainable production. It would also prevent agricultural production from being 

outsourced to places where the lowest sustainability standards apply and production 

takes place at the expense of people and the environment. 
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