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‘It is of great use to the sailor to know the length of his line, though he cannot with it fathom all the 

depths of the ocean.’ - John Locke: An Essay Concerning Human Understanding 
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Abstract 

Agriculture's role in meeting global food needs has historically relied on increased productivity and 

land expansion. However, conventional agriculture, despite its productivity, poses daunting 

environmental challenges, including biodiversity loss, climate change, and water pollution. Socio-

economic issues such as price instability and rural decline further complicate agricultural sustainability. 

Agricultural systems face repercussions from challenges they contribute to, such as climate change 

impacts and soil degradation, raising concerns about resource depletion and public perception of 

farming practices. While technological advancements such as digitalization offer promise for efficiency 

improvements, they also introduce potential risks. The United Nations Sustainable Development Goals 

and the European Union’s Green Deal's Farm to Fork Strategy underscore the necessity of adopting 

innovative and sustainable agricultural practices. However, achieving agricultural sustainability 

requires collaborative efforts beyond policy initiatives, involving stakeholders such as farmers, 

researchers, and civil society organizations. In this regard, context-specific approaches and 

comprehensive sustainability assessment are crucial for advancing agricultural sustainability and 

aligning with policy objectives. 

The primary objective of this thesis is to explore how integrative methodologies can enhance the state-

of-the-art of agricultural sustainability assessments. To fulfill this objective, in the first study, a review 

of agricultural sustainability tools and models was conducted, assessing their thematic coverage of 

integrative sustainability concepts such as ecosystem services and the UN Sustainable Development 

Goals (SDGs). In the subsequent study, an interdisciplinary approach integrating policy, law, and 

foresight analysis was utilized to examine agriculturally related policies and laws, discerning their 

sustainability implications in the realm of digital agriculture under probable future scenarios. In the 

last study, stakeholder knowledge was integrated through a participatory modeling approach to 

construct a Bayesian belief network, which assessed the effects of digital agriculture on agricultural 

sustainability. 

The findings of this thesis demonstrate that existing tools and methodologies for assessing agricultural 

sustainability often lack sufficient integration with the ecosystem service framework and the UN SDGs. 

Additionally, the thesis emphasizes the advantages of an interdisciplinary approach integrating policy, 

law, and scenario analysis to evaluate the sustainability impacts of digital agriculture, showing that 

without clear policy and law to guide and regulate agricultural digitalization, that it will most likely not 

be leveraged toward achieving sustainability. Finally, the thesis showed that engaging stakeholders in 

participatory modeling can improve the contextual specificity of agricultural sustainability assessments 

by capturing both implicit and explicit stakeholder knowledge of local conditions.  

The thesis demonstrates different analytical tools for managing uncertainty in sustainability 

assessment. It further highlights that enhancing the comprehensiveness of indicators within 

sustainability assessment methods will enable better capture of site-specific characteristics of 

ecosystem service supply and use, while standardization of indicators will help operationalize 

outcomes for higher levels of sustainability assessment necessary for achieving sustainability goals. 

Keywords: agriculture, sustainability assessment, participatory modelling, policy, law, foresight, digital 

agriculture, ecosystem services, SDGs, Brandenburg 
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Zusammenfassung 

Die Rolle der Landwirtschaft bei der Deckung des weltweiten Nahrungsmittelbedarfs beruht seit jeher 

auf Produktivitätssteigerung und Flächenausweitung. Trotz ihrer Produktivität ist die konventionelle 

Landwirtschaft jedoch mit gewaltigen Umweltproblemen konfrontiert, wie dem Verlust der 

biologischen Vielfalt, dem Klimawandel und der Wasserverschmutzung. Sozioökonomische Probleme 

wie Preisinstabilität und ländlicher Niedergang erschweren die Nachhaltigkeit der Landwirtschaft 

zusätzlich. Die landwirtschaftlichen Systeme sind mit den Auswirkungen der Herausforderungen 

konfrontiert, zu denen sie beitragen, wie z. B. den Auswirkungen des Klimawandels und der 

Bodendegradation, was Bedenken hinsichtlich der Erschöpfung der Ressourcen und der öffentlichen 

Wahrnehmung der landwirtschaftlichen Praktiken aufkommen lässt. Technologische Fortschritte wie 

die Digitalisierung bieten zwar vielversprechende Möglichkeiten für Effizienz und 

Ressourcenmanagement, bergen aber auch potenzielle Risiken. Die Ziele der Vereinten Nationen für 

nachhaltige Entwicklung und die Farm-to-Fork-Strategie des Europäischen Green Deals betonen die 

Notwendigkeit innovativer und nachhaltiger landwirtschaftlicher Praktiken. Die Verwirklichung der 

Nachhaltigkeit in der Landwirtschaft erfordert jedoch gemeinsame Anstrengungen, die über politische 

Initiativen hinausgehen und Akteure wie Landwirte, Forscher und Organisationen der Zivilgesellschaft 

einbeziehen. In dieser Hinsicht sind kontextspezifische Ansätze und eine umfassende 

Nachhaltigkeitsbewertung von entscheidender Bedeutung, um die landwirtschaftliche Nachhaltigkeit 

voranzubringen und mit den politischen Zielen in Einklang zu bringen. 

Das Hauptziel dieser Arbeit ist es, zu untersuchen, wie integrative Methoden den Stand der Technik 

bei der Bewertung der landwirtschaftlichen Nachhaltigkeit verbessern können. Um dieses Ziel zu 

erreichen, wurde in der ersten Studie ein Überblick über landwirtschaftliche 

Nachhaltigkeitsinstrumente und -modelle erstellt und deren thematische Abdeckung von integrativen 

Nachhaltigkeitskonzepten wie Ökosystemleistungen und den UN-Nachhaltigkeitszielen (SDGs) 

bewertet. In der darauffolgenden Studie wurde ein interdisziplinärer Ansatz verwendet, der Politik, 

Recht und vorausschauende Analyse integriert, um agrarbezogene Politiken und Gesetze zu 

untersuchen und ihre Auswirkungen auf die Nachhaltigkeit im Bereich der digitalen Landwirtschaft 

unter wahrscheinlichen Zukunftsszenarien zu erkennen. In der letzten Studie wurde das Wissen der 

Stakeholder durch einen partizipativen Modellierungsansatz integriert, um ein Bayes'sches Netzwerk 

zu konstruieren, das die Auswirkungen der digitalen Landwirtschaft auf die landwirtschaftliche 

Nachhaltigkeit bewertet. 

Die Ergebnisse zeigen, dass bestehende Methoden zur Bewertung landwirtschaftlicher Nachhaltigkeit 

oft nicht ausreichend mit dem Rahmenwerk für Ökosystemdienstleistungen und den UN-SDGs 

integriert sind. Die Arbeit betont die Vorteile eines interdisziplinären Ansatzes, der Politik, Recht und 

Szenarioanalyse integriert, um die Nachhaltigkeitsauswirkungen der digitalen Landwirtschaft zu 

bewerten. Sie zeigt, dass die Digitalisierung der Landwirtschaft ohne klare politische und rechtliche 

Vorgaben und Regelungen höchstwahrscheinlich nicht im Sinne der Nachhaltigkeit genutzt werden 

kann. Schließlich hat die Arbeit gezeigt, dass die Einbeziehung von Stakeholdern in die partizipative 

Modellierung die Kontextspezifität von landwirtschaftlichen Nachhaltigkeitsbewertungen verbessern 

kann, indem sowohl implizites als auch explizites Wissen der Stakeholder über lokale Bedingungen 

erfasst wird. Darüber hinaus wird hervorgehoben, dass die Standardisierung von Indikatoren dazu 

beitragen wird, Ergebnisse für höhere Ebenen der Nachhaltigkeitsbewertung zu operationalisieren, 

die für die Erreichung von Nachhaltigkeitszielen erforderlich sind.  

 

Stichworte: Landwirtschaft, Nachhaltigkeitsbewertung, partizipative Modellierung, Politik, Recht, 

Zukunftsforschung, digitale Landwirtschaft, Ökosystemleistungen, SDGs, Brandenburg 
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1 Introduction 

 

The ability of agriculture to consistently supply food and various resources to a growing global 

population is paramount to the continued existence of human civilization. Historically, agricultural 

production has been able to keep up with population growth and food demand by increasing 

cultivated land and enhancing overall productivity. Since the Industrial Revolution, the expansion of 

agricultural land has experienced exponential growth (Klein Goldewijk et al. 2017), reaching a juncture 

where half of the Earth's habitable land is now dedicated to agriculture (Ritchie and Roser 2019). 

Nevertheless, the expansion of agricultural land alone did not align with historical increases in world 

population and burgeoning food demand. In this context, agricultural intensification (i.e., the increase 

in yield per unit of land area) emerged as a pivotal factor in sustaining global food needs (Rudel et al. 

2009; Pingali 2012). Scientific advances and technological innovations, including the introduction of 

high-yielding crop varieties, mechanization, and the widespread use of agrochemicals such as mineral 

fertilizers and pesticides, transformed agriculture and led to significant increases in production in the 

second half of the twentieth century (Matson et al. 1997; Pingali 2012). However, these advancements 

have led to environmental challenges that are truly daunting. 

Agriculture has impacted the supply of vital ecosystem services (ES) (Foley et al. 2005; IPBES 2018) 

and contributed to the transgression of several planetary boundaries, including biodiversity loss, 

climate change, water use, as well as the nitrogen cycle and phosphorus flows, the latter being 

impacted most by agriculture (Campbell et al. 2017; Rockström et al. 2009). The impact of agriculture 

on biodiversity is especially pronounced, as the expansion of arable land diminished, simplified, and 

fragmented natural habitats, resulting in a decline in populations of various species (Tscharntke et al. 

2005; IPBES 2018). The intensive use of pesticides has also had a high impact on wild farmland flora 

and fauna (Geiger et al. 2010; Emmerson et al. 2016), especially insects (Sánchez-Bayo and Wyckhuys 

2019; Hallmann et al. 2017) and pollinators (Potts et al. 2010). The pollution of both ground and 

surface water with nitrogen and phosphate fertilizers (Bijay-Singh and Craswell 2021) has had severe 

repercussions on aquatic ecosystems through eutrophication (Diaz and Rosenberg 2008; Correll 1998; 

Erisman et al. 2013). Moreover, the agriculture sector contributes significantly to climate change by 

being a source of greenhouse gas (GHG) emissions (Vermeulen et al. 2012): land-use change-related 

CO2 emissions are estimated to contribute to 14% of annual anthropogenic CO2 globally, with 10% 

directly attributed to agriculture through drainage of peatlands and management of organic soils 

(Mbow et al. 2020). Methane (CH4) and nitrous oxide (N2O) emissions, largely resulting from livestock 

production, are another major source of agricultural-related GHGs (Lynch et al. 2021).  

Agricultural systems are also challenged by various socio-economic issues, including the increasing 

instability of producer prices (Meuwissen et al. 2019), as well as crises and systemic shocks like the 

global COVID-19 pandemic (Barrett 2020) and the Ukrainian war (FAO 2023), leading to supply chain 

disruptions. Additionally, demographic shifts and rural decline present a myriad of challenges to the 

social fabric of farming communities and their long-term viability, particularly concerning the 

succession of farms and the availability of permanent farm laborers (Burton and Fischer 2015; 

Maharjan et al. 2020). The changing preferences of consumers and ongoing public discussions about 

the adverse impacts of agriculture on the environment pose additional challenges for farmers, who 
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must navigate not only economic pressures but also societal resistance to conventional farming 

practices (Tilman et al. 2011).  

At the same time, agricultural systems experience the repercussions of the challenges they play a role 

in creating. For example, agricultural production is being impacted by climate change. Altered weather 

patterns, more frequent occurrences of extreme events, and fluctuations in temperature and 

precipitation lead to unpredictable growing seasons (Webber et al. 2018) and challenges for 

maintaining yields (Ortiz-Bobea et al. 2021; IPCC 2023). Degradation of soil due to intensive or 

unsuitable agricultural practices results in the depletion of essential nutrients, soil material and the 

decline of crucial soil biodiversity, which play a vital role in supporting crop growth (Borrelli et al. 

2020). Further, there are concerns that non-renewable resources like phosphorus, which are a key 

input in agriculture, may be exhausted at current rates of extraction and use (Cakmak et al. 2022).  

Current technological advancements are reshaping traditional agriculture and food systems, including 

the use of big data and artificial intelligence in precision arable farming, controlled environment 

agriculture for urban food cultivation, novel protein sources, and waste recovery initiatives (Herrero 

et al. 2020). The rapidly emerging phenomenon of digital agriculture, often termed "Smart Farming," 

represents a profound shift in agricultural systems (Rose and Chilvers 2018). These digital innovations 

capitalize on precision and data-driven technologies for real-time, site-specific decisions, while 

optimizing various aspects of production (Walter et al. 2017), value chains (Poppe et al. 2013; Smith 

2020), trade (Jouanjean 2019), and governance (Ehlers et al. 2021). It has been argued by many that 

digitalization could help address many of the sustainability issues currently afflicting agricultural 

systems. However, such developments are also being questioned due to their potentially disruptive 

and deleterious impacts on society (Klerkx and Rose 2020; Lioutas et al. 2021). 

Given these challenges, there is a growing recognition and consensus on the importance of adopting 

innovative and sustainable practices in agriculture (Pretty 2008; Foley et al. 2011). Notably the idea of 

a sustainable agricultural transformation has been incorporated into the United Nations Sustainable 

Development Goals (SDGs) (United Nations, 2016). This commitment is further echoed in policies such 

as the Farm to Fork Strategy of the European Union’s Green Deal (European Commission, 2020), along 

with various other national strategies and international initiatives aligning with agricultural 

sustainability objectives (FAO, IFAD, UNICEF, WFP and WHO 2020). Yet, despite the crucial role of policy 

in setting goals and raising public awareness for agricultural sustainability, it is evident that addressing 

one of the most pressing challenges of our time, the sustainable transformation of the agricultural 

sector, requires more than just policy initiatives. Realizing this transformation requires a collaborative 

effort that engages multiple segments of society, including farmers, researchers, government, civil 

society organizations, food companies, as well as consumers. There is need, therefore, for context-

specific approaches that consider the unique potentials and constraints within individual agricultural 

settings, especially in terms of ecosystem service (ES) supply and use. Ultimately, these approaches 

are essential to gain actionable insights into agricultural sustainability and to achieve the objectives 

outlined in policy (Tappeiner et al. 2021; Binder et al. 2010). To accomplish this, a crucial initial step is 

a comprehensive assessment and understanding of the impact of agricultural practices, also known as 

sustainability assessment (SA), which forms the basis for informed decision making and developing 

suitable solutions. Despite significant efforts invested in agricultural SA, challenges persist due to lack 

of consensus on the interpretation of sustainable agriculture practices (i.e. normativity), lack of 
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respective data (i.e. uncertainty), lack of standardized assessment methodologies (including indicator 

selection) and insufficient stakeholder engagement. 

Addressing these challenges, the primary objective of this thesis is to provide an examination of several 

integrative concepts and methodologies to contribute to a deeper and improved understanding of 

agricultural sustainability and agricultural SA. Specifically, it seeks to build on agricultural SA by 

investigating and employing the ES concept, sustainability assessment frameworks, and participatory 

modelling. Due to its increased relevance in recent years and its potential to transform agricultural 

systems, agricultural digitalization servers as a case study to achieve these aims. 

Subsequently, this thesis is guided by the following research questions: 

• Research question 1: To what extent are farm-level assessment tools and models capable of 

covering the ES concept into their methodologies as well as contributing to the SDGs? 

• Research question 2: How is digital agriculture currently embedded in preeminent global, EU, 

and German policies, and what links can be drawn between digital agriculture technologies 

and to wider sustainability principles outlined in these policies? How could future trends in the 

agri-food sector influence the adoption and use of digital technologies? How does the current 

legal setting surrounding digital technologies impact agriculture? 

• Research question 3: What are the anticipated impacts of agricultural digitalization according 

to stakeholders? 

In the remainder of the introductory section, the background to agricultural sustainability and its 

systemic representation is elaborated, drawing on the concepts of multifunctionality, ES, and digital 

agriculture. Thereafter, characteristics of agricultural SA are explained, relating to methods, including 

indicator selection, stakeholder participation and addressing uncertainty. Finally, an outline of the 

thesis and description of the research project in which the thesis was carried out are presented.  

1.2 Background concepts and methods 

1.2.1 Agriculture and sustainability 

While early discussions on the concept of sustainability can be traced back to the environmental 

movement of the 1960s, it gained mainstream attention with the publication of the Brundtland Report 

in 1987. In the report, 'sustainable development' was defined as, "development that meets the needs 

of the present without compromising the ability of future generations to meet their own needs" 

(Brundtland et al., 1987). Hence forth referred to as sustainability, this concept has been widely 

applied, modified, and expanded to encompass various issues, including sustainable agriculture. 

However, even in the face of broad agreement on the importance of sustainable agriculture, there is 

considerable variation in the interpretation of the concept. As Rigby and Caceres (1997) highlighted, 

this phenomenon is attributed to the nature of sustainability as a normative and situated concept. This 

implies that the understanding of sustainability must consider the specific context and local conditions 

in which it is embedded, including the various interpretations it may have.  

The diverse interpretations on how sustainable agriculture is defined and how it should be pursued 

have given rise to a multitude of discourses, perspectives, and paradigms, including organic farming 

(Muller et al. 2017; Niggli 2015), agroecology (Altieri 1989; Gliessman and Tittonell 2015; Wezel et al. 
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2009), regenerative farming (Francis et al. 1986), conservation agriculture (Hobbs et al. 2008) and 

sustainable intensification (Garnett et al. 2013; Pretty 2008). While these paradigms have distinct 

origins, each with its own set of ideologies, as well as unique objectives, theories, postulates and 

approaches for application, they converge in their shared goal of mitigating the adverse impacts of 

conventional agricultural practices. This alignment is achieved through a heightened incorporation of 

considerations for ecological and social aspects with agronomic production. Moreover, these concepts 

signal an alternative approach to managing agricultural systems, one that moves beyond farm-level 

production to embrace a holistic, systems-oriented thinking with greater emphasis on understanding 

the complexity of and interconnectedness between agricultural production and its socio-ecological 

surroundings.  

Adopting a systems thinking approach emphasizes the multi-dimensional and multifunctional nature 

of agriculture, which highlights the various functions that agriculture can fulfill beyond its primary role 

of food and fiber production by interacting with social, economic, and environmental systems (Renting 

et al. 2009; van Huylenbroeck et al. 2007; Helming et al. 2008). For example, agriculture contributes 

to economies by providing employment opportunities, income generation, and supporting rural 

livelihoods. Additionality, agriculture plays a role in social systems by shaping cultural identities and 

traditions, which provides a sense of belonging and shared heritage, contributing to social cohesion of 

communities (van Huylenbroeck et al. 2007; Nowack et al. 2022). In terms of environmental systems, 

agriculture has the capacity to influence the environment in both negative and positive ways. Yet, 

agricultural management frequently entails trade-offs between environmental, economic and social 

functions, such as balancing the maximization of biomass production with biodiversity conservation, 

which lead to outcomes that compromise long-term environmental and socio-economic sustainability 

of such systems. 

1.2.2 Agriculture and ecosystem services 

More and more, attention is concentrated on exploring multifunctionality in the context of 

agriculture's impact on ecosystem functions and related ES supply (Huang et al. 2015; Helming et al. 

2013). ES can be defined as “the contributions of ecosystem structure and function – in combination 

with other inputs – to human well-being” (Burkhard et al. 2012). By serving as an integrative 

framework, the ES concept explicitly demonstrates the direct and indirect economic, social, and 

ecological contributions that nature provides to society. Over the years, several typologies have been 

created to classify and categorize the multitude of different types of ES, including the Millennium 

Ecosystem Assessment (MA) (MEA 2005), The Economics of Ecosystems and Biodiversity (TEEB) (TEEB 

2010), and the Common International Classification of Ecosystem Services (CICES) (Haines-Young and 

Potschin-Young 2018). In the CICES framework, ES are broadly categorized according to their 

provisioning, regulation, and maintenance, as well as cultural functions: however, TEEB and MA 

classification systems also include a category for supporting ES. Provisioning services provide benefits 

in the form of materials directly produced by ecosystems such as wild and cultivated food, drinking 

water, fiber, or timber. Regulation and maintenance services provide benefits by moderating 

ecosystem processes, including climate regulation, remediation of waste, hydrological cycles, 

pollination, pest control, carbon storage etc. Cultural services are nonmaterial benefits to human well-

being that result from human interaction with the environment, including recreation, education, 

landscape aesthetics, and spiritual connections.  
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Within the highly managed environment of agricultural systems, agricultural ES emerge from the 

coupled interaction between anthropogenic agricultural activities and embedded ecosystem functions 

(Swinton et al. 2007), which implies a deep and almost inseparable connection between ES and 

agricultural production (Foley et al. 2005; Bethwell et al. 2021). Agriculture primarily promotes 

provisioning services like food, fodder, and fuel, while also contributing to regulating services such as 

climate and water regulation, alongside cultural services like landscape aesthetics and recreational 

opportunities (Bethwell et al. 2021). Additionally, agricultural production relies on various regulating 

services, including soil formation, nutrient and water cycling, pollination, and natural pest control. 

Frequently, however, agricultural production leads to a trade-off between provisioning and regulating 

services, where an intensification of provisioning services can degrade regulating services (Power 

2010). For instance, intensive farming based on monocultures, designed to maximize crop yields, often 

leads to depletion of nutrients in soil and increased susceptibility to erosion (Bennett et al. 2012). 

These types of trade-offs are often managed through interventions like irrigation and fertilization. 

However, such compensatory measures can also give rise to negative externalities such as nitrate 

leaching and diminished water supplies that have a detrimental impact on environmental and human 

well-being (Tilman et al. 2002). Hence, reducing trade-offs and limiting the impacts of agriculture 

production has become a central focus in both agricultural research and policy initiatives (Helming et 

al. 2013).  

Operationalizing the ES perspective has proven challenging in practice (Soulé et al. 2021), as there are 

difficulties assessing agricultural ES , related to issues such as data availability (Harrison et al. 2014), 

lack of standardized indicators (Paul et al. 2022), as well as varying methods for quantification and 

valorization of ES (Voglhuber-Slavinsky et al. 2023). Currently, there is a lack of tools and models 

specifically designed for evaluating the management of agricultural ES (Soulé et al. 2021). However, 

this does not preclude the potential for existing agricultural sustainability assessment tools to 

contribute to the promotion of ES in indirect ways. Based on this premise, Chapter 2 of this thesis 

examines various generic, farm-level agricultural assessment tools and models to ascertain their 

protentional capability in assessing the impact of agricultural management on ES by analyzing how 

they integrate the ES concept into their methodologies. 

1.2.3 Agriculture and digitalization 

Agricultural digitalization is a rapidly emerging trend, intertwined with varying concepts, such as 

Precision farming, Smart Farming, Agriculture 4.0 and Digital Agriculture, which are often used 

interchangeably (Klerkx et al. 2019). Broadly defined, digital agriculture is a form of managing and 

optimizing agricultural systems (e.g. production, value chains, and food systems) by leveraging a wide 

variety of data-driven techniques and technologies. In terms of production, in-situ sensors provide 

real-time and site-specific data on soil moisture, temperature, nutrient levels, and crop health, 

facilitating crop monitoring, pest detection, and yield estimation (Pedersen and Lind 2017; Kivi et al. 

2023; Wolfert et al. 2017). Remote sensing technologies such as satellites and drones are used for 

providing similar crop monitoring data over larger areas (Gao et al. 2020). Artificial intelligence (AI) 

and algorithms analyze large datasets to detect patterns, trends, and correlations, thereby facilitating 

tasks like crop monitoring, pest detection, and yield prediction (Wolfert et al. 2017). Variable Rate 

Technologies (VRT) adjust applied inputs, including seeds, fertilizers, and pesticides, across fields 

according to variations in soil properties, crop conditions, topography, and other parameters, thereby 

improving resource efficiency and yields (Finger et al. 2019; Schimmelpfennig 2016; Späti et al. 2021). 
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GPS technology provides geospatial information for field mapping, navigation, and vehicle guidance. 

It enables farmers to perform tasks such as planting, spraying, and harvesting with high precision, 

reducing overlaps, and minimizing input wastage. GPS-guided autonomous steering reduces the 

necessity for human intervention, leading to reduced labor costs, driver fatigue and heightened 

productivity (Fielke et al. 2019; Godoy et al. 2012). More recently, although still a fringe development, 

agricultural digitalization has expanded to include the deployment of robotics and artificial intelligence 

for enhanced mechanization and automation of production activities (Sparrow and Howard 2021; 

Marinoudi et al. 2019), such as field crop robots that can work in fleets (Spykman et al. 2021; 

Lowenberg-DeBoer et al. 2020). Often these devices are connected through the internet, also known 

as the Internet of Things (IoT), allowing devices to gather and communicate data among themselves. 

Utilizing data gathered from various sources, computer-based Decision Support Systems integrate data 

analytics and modelling techniques to manage agricultural enterprises and provide farmers with 

decision support on complex tasks, such as crop management, irrigation scheduling, fertilizer 

application, and risk assessment (Fountas et al. 2015; Tummers et al. 2019). The use of mobile phone 

apps is also considered a part of agricultural digitalization. Farming apps have become ubiquitous 

throughout the world, providing farmers with information  on crop protection, crop selection, weather 

forecasts, market prices and entry points, e-learning, and communication with other farmers and 

consumers, as well as promoting citizen science (Daum et al. 2018; Mendes et al. 2020; Dehnen-

Schmutz et al. 2016). Within agri-food value chains and food systems, digital technologies facilitate 

enhanced information exchange among suppliers, producers, consumers, and governments (Wolfert 

et al. 2017). Technologies like Radio Frequency Identification (RFID) chips and blockchain contribute to 

increased transparency and traceability throughout food supply chains (Lioutas et al. 2021; Kamilaris 

et al. 2019). 

It has been proposed that adopting these technologies could lead to improved sustainability of 

agricultural systems. For example, digitalization has the potential to bring about positive effects on the 

environment through the more efficient use of agrochemical inputs, reducing environmental pollution 

of fertilizers and pesticides (Finger et al. 2019). It could also enable more diversified agricultural 

landscapes and promote the provision of ES through enhanced spatial planning (Donat et al. 2022) and 

decision support (Mouratiadou et al. 2023). Agri-environmental governance stands to benefit from 

big-data technologies as well, by facilitating the design of site-specific agri-environmental instruments 

for better resource management and conservation (Ehlers et al. 2021). Digitalization along the agri-

food value chain can empower consumers to make informed choices, bolstering food safety measures 

for governments and securing added value for producers (Poppe et al. 2013). Consequently, there has 

been backing for agricultural digitalization within policy circles, but the emphasis has leaned heavily 

towards its utilization for resource efficiency enhancements, rather than recognizing its potential 

contributions to ES and wider sustainability goals (Lajoie-O'Malley et al. 2020; Garske et al. 2021). This 

aspect is further explored in Chapter 3 through a review of high-level policy. 

Digital agriculture is not without its criticisms, however. Concerns have been raised regarding the 

potential for scenarios that lead to increases in monocultures and loss of landscape diversity due to 

highly automated farming practices (Daum 2021). Furthermore, there are concerns about the 

displacement of laborers (Carolan 2020), reinforcement of power asymmetries (Rotz et al. 2019), 

reduction of farmer autonomy (Henman 2020), and declining job satisfaction (Prause 2021; Rose et al. 

2021). These issues highlight the need for careful consideration and balanced approaches to ensure 
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that the benefits of digitalization are equitably distributed and do not come at the expense of social 

or environmental well-being (Klerkx and Rose 2020).  

With limited empirical research examining its practical implications on society and the environment 

(Rose et al. 2021; Finger et al. 2019), a great deal of the research up till now on the sustainability of 

digital agriculture has been largely conceptual. This is primarily because many of the technologies 

encompassing digital agriculture are relatively new and have not been widely diffused due to several 

adoption barriers, such as high investment costs (Barnes et al. 2019), lack of operating skills (König et 

al. 2013), insufficient access to high-speed internet in rural settings (Paustian and Theuvsen 2017), and 

a general lack of trust and skepticism surrounding data ownership and security (Jakku et al. 2019).  

The instrumentalization of digital agriculture, or the objectives for which it is being used to achieve, 

depends on the underlying paradigm it is associated with (Metta et al. 2022). When viewed through 

the lens of sustainable intensification, digitalization is often seen as a means to mitigate environmental 

pollution and land expansion pressures by enhancing efficiency and productivity through improved 

input management (Lindblom et al. 2017; Dicks et al. 2019). Conversely, from the angle of conventional 

agriculture, the potential efficiency and productivity gains of digitalization are typically considered 

from a profit-maximization perspective, with less thought for wider impacts on sustainability (Lajoie-

O'Malley et al. 2020). From an alternative perspective, in an integrative approach that goes beyond 

efficiency and productivity gains, digitalization can be seen through the lens of agroecology as a tool 

for facilitating better spatial planning and promoting multifunctional and diversified agriculture 

(Mouratiadou et al. 2023), utilizing ecological processes (Hilbeck et al. 2022). Within this rather new 

perspective, digital agriculture technologies can be divided into three broad functional categories: 

monitoring, decision support systems, and communication (Mouratiadou et al. 2023). In this context, 

monitoring technologies of biodiversity and ES provision can be used for gaining transparency on 

complex cause-effect relationships within agroecosystems. This monitoring not only facilitates a 

deeper understanding of these relationships, but also enables the establishment of result-oriented 

policy measures aimed at promoting sustainable agricultural practices. Decision support software can 

help farmers and advisors navigate multifunctional and diversified agricultural landscapes, where 

various targets such as improving yields, ES, and biodiversity conservation need to be consolidated. In 

communication among stakeholders and land use actors, digital technologies can improve information 

exchange regarding societal demands on biodiversity and ES. This communication could help to reduce 

conflicts over the future use of agricultural land by fostering a shared understanding of the importance 

of ecological resources along the entire value chain, leading to their valorization. 

If technologies are adopted and how they are instrumentalized depends heavily on the collective and 

shared perceptions of stakeholders and how they make sense of the it (Kaplan and Tripsas 2008). In 

this context, to ensure that technological improvements are successfully incorporated into socio-

economic and environmental contexts for sustainable purposes, Reed (2008) emphasized the 

importance of involving stakeholders in decision-making processes. This is a sentiment echoed by 

many (Eastwood et al. 2019; Fielke et al. 2022; Klerkx et al. 2019; Metta et al. 2022), who underlined 

the need for greater societal inclusion in the development and implementation of digital agriculture 

technologies. This includes involving stakeholders to set goals and develop indicators to measure 

progress toward sustainability (Basso and Antle 2020), as well as reflect on the potentially disruptive 

impacts of innovative digital technologies (Rose and Chilvers 2018; Eastwood et al. 2021). Finally, 

involving stakeholders in research and innovations will be crucial toward gaining their trust for digital 
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technologies in the future, jointly mitigating adverse impacts and promoting acceptance of digital 

agriculture solutions (Jakku et al. 2019). 

However, due to the ambiguity in perspectives of different stakeholders, uncertainty surrounding the 

effects of digitalization is pervasive, which means a core challenge is developing a conceptualization of 

digital agriculture – including a vision for its future - that is consensual. This requires taking potential 

positive and negative impacts of digital agriculture into account through participation by societal 

actors. In this light, many argue that in order to ensure that digital agriculture contributes to societal 

well-being and sustainability, a responsible research and innovation approach (RRI) is needed 

(Eastwood et al. 2019; Klerkx and Rose 2020). Central to the RRI approach are the guiding elements of 

anticipation, inclusion, reflexivity, and responsiveness (Stilgoe et al. 2013). These elements are 

intended to inform the design of research and facilitate the anticipation and reflection upon both 

intended and unintended consequences of innovations and technologies through stakeholder 

engagement. Moreover, the RRI approach aims to collaboratively design solutions to minimize risks 

and maximize opportunities of innovations and technologies, thereby fostering socially ethical and 

sustainable outcomes (Zscheischler et al. 2022). There has been a recent increase in empirical studies 

assessing digital agriculture through the lens of the RRI framework. For example,  Zscheischler et al. 

(2022) investigated the perceived risks associated with agricultural digitalization in Germany with a 

group of stakeholders, illuminating risks related data ownership and power dynamics, as well as the 

effects of automation on farmers' decision-making capacities. Fleming et al. (2021) employed a 

participatory scenario building method to reflect on probable futures and contrasting sustainability 

outcomes of digital agriculture in the Australian context. Metta et al. (2022) to assessed the 

sustainability implications of digital agriculture across 21 Living Labs across Europe, apply the socio-

cyber-physical system framework. Employing a multi-stakeholder approach, they identified various 

effects and trade-offs concerning the enabling, disenabling, boosting, and depleting impacts of digital 

agriculture. In adopting a similar approach based on anticipation and inclusion, Chapter 4 investigates 

stakeholder perceptions on digital agriculture through a participatory modelling exercise to derive 

consensus and assess the potential sustainability impacts of agricultural digitalization in the future.  

1.2.4 Agriculture and sustainability assessment  

Understanding and dealing with the complex interactions among agricultural management, innovative 

technologies, and ES is essential to establish an agricultural system that is simultaneously sustainable 

and resilient to shocks and stresses. This can be facilitated through the process of conducting 

sustainability assessment (SA). Bond et al. (2012) defined SA as ‘any process that directs decision 

making toward sustainability’. This intentionally broad definition aims to encompass the diverse ranges 

of assessment methods and tools that have been developed and widely employed worldwide to assess 

sustainability. These approaches are often known by various names such as sustainability appraisal, 

impact assessment, or integrated assessment (Pope 2006). SA can be applied to projects, programs, or 

policies, however, currently, there is no consensus on its precise definition or standardized methods 

for its implementation (Bond et al. 2012). Nonetheless, there is a general acknowledgment that SA is 

mutli-dimensional, incorporating the three pillars of sustainability: environmental, social, and 

economic (Figure 1) (Pope et al. 2004). Increasingly, a fourth institutional dimension is considered, 
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recognizing that good governance is a cornerstone of sustainable management (Purvis et al. 2019). 

 

Figure 1 Common representation of sustainability as conjoined or concentric circles, or ‘pillars’. Taken from Purvis et al. 2019. 

Numerous works have explored classifying and detailing the methodological traits of current SA (Bond 

et al. 2012; Ness et al. 2007; Singh R.K. et al. 2012). Hacking and Guthrie (2008) proposed a three 

dimensional scheme to categorize assessment practices based on defining features such as 

strategicness, integratedness and comprehensiveness (Figure 2). In their scheme, SA distinguishes 

itself from other assessments, such as environmental impact assessment (EIA), for example, by being 

more strategic through a broad and future-oriented focus, more integrative through the incorporation 

of various techniques and themes, and more comprehensive as it encompasses social, economic, and 

environmental aspects of sustainable development. Another similar view on SA is provided by Sala et 

al. (2015), who emphasized that SA should include a holistic approach to comprehend the interactions 

between nature and society; exhibit transdisciplinarity by integrating diverse methodologies and 

epistemologies to facilitate co-production of knowledge among stakeholders; establish strong 

connections to specific social and local contexts; and include values in identifying solutions. Hereby, 

SA should possess a normative function, seeking to provide orientation by addressing value-laden aims 

and objectives in envisioning sustainable human-environment systems. Lastly, although often 

overlooked, Sala et al (2015) asserts that it should address uncertainties of impacts through a 

probabilistic approach to promote robust decision making.  



Addressing uncertainty and normativity in agricultural sustainability assessment: the example of agricultural digitalization 
                                                                                                                                                                                      Joseph MacPherson                       

10 
 

 

 

Figure 2. A three-dimensional space where diverse forms of assessment can be positioned, as derived from Hacking and 

Guthrie 2008 

There are a variety of analytical tools that can be used to evaluate sustainability within SA, which have 

been thoroughly outlined in the literature (Ness et al. 2007; Gasparatos and Scolobig 2012; RIDDER et 

al. 2007). The most popular SA tools include indicators and indexes, monetary, biophysical models, and 

Multi-Criteria Analysis (Gasparatos 2010). Systems-based approaches, including indicator-based 

frameworks, are preferred over singular metrics (e.g., monetary- or biophysical-based indexes) 

(Gasparatos 2010), as they allow for the understanding of multi-dimensional aspects of sustainability, 

along with the complex interactions and trade-offs among indicators and sustainability dimensions 

(Chopin et al. 2021). Careful consideration on the context of the sustainability problem, including 

underlying value assumptions embedded within each methodology, should guide tool selection on a 

case-by-case basis (Gasparatos and Scolobig 2012). 

Concurrently, a multitude of methods and tools have been developed to obtain understanding on the 

sustainability performance of agricultural systems (Wustenberghs et al. 2015; Lampridi et al. 2019; 

Coteur et al. 2019). Generally, the focus of these methods is to assist farmers in agricultural 

management and provide insights to policymakers, informing them about the anticipated effects of 

policy or project implementation (ex-ante) or assessing the consequences after-implementation (ex-

post) (Chopin et al. 2021). Indicator frameworks - which are featured prominently in the research 

presented in this thesis - are perhaps the most popular methodology in agricultural SA. Several studies 

have been conducted to describe the variability of existing approaches within this domain (Schader et 

al. 2014; Marchand et al. 2014; Arulnathan et al. 2020; Olde et al. 2017a). Indicator frameworks 

typically consist of a hierarchical structure made up of dimensions, themes, and indicators. At the top 

of the hierarchy are sustainability dimensions, e.g., economic, social, environmental. Each dimension 

is usually subdivided into themes and sub-themes. These themes and sub-themes delineate specific 
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objectives for sustainability performance, such as diminishing greenhouse gas emissions, fostering 

community investment, and guaranteeing worker safety. At the lowest stratum of the hierarchy lie 

indicators, representing the smallest unit of analysis in the framework. Weight and sum aggregation 

techniques are usually used to compile indicators into scores for themes and sub-themes. 

Binder et al. (2010) categorized indicator-based assessment methods in agriculture according to their 

normative, systemic, and procedural dimensions as suggested by Wiek and Binder (2005). They 

identified three types: (i) top-down farm-level assessment methods; (ii) top-down regional assessment 

methods with some stakeholder participation; and (iii) bottom-up, integrated participatory assessment 

methods with continuous stakeholder involvement. Top-down farm assessments focuses on evaluating 

individual farms, typically with the farmer as the user group, with a top-down approach for selecting 

indicators, usually with limited stakeholder participation. Top-down regional assessment with some 

stakeholder participation involves stakeholders in indicator development and extends the assessment 

to the regional level. Bottom-up, integrated participatory assessment targets multiple stakeholders at 

the regional scale, where stakeholders are involved throughout the entire process, including goal 

setting and indicator development. Binder et al. (2010) also examined the trade-offs among these 

various method types, acknowledging that while top-down approaches prove beneficial for 

benchmarking and monitoring, they may lack the contextual specificity that is captured by bottom-up 

methods. Consequently, they contend that bottom-up approaches offer the greatest adaptability and 

are, thus, best suited to tackle the inherent challenges of multidimensional and multifunctional 

agriculture.  

Despite the call for stakeholder involvement in agricultural SA, there remains an absence of such 

engagement (Arulnathan et al. 2020; Bond et al. 2012). The reasons behind this stem from the 

significant amount of time and resources required to involve stakeholders, alongside difficulties in 

accessing them and maintaining their commitment, among other factors (Zscheischler et al. 2018). On 

the part of those conducting SA, successful stakeholder engagement requires expertise in 

transdisciplinary science, which can be challenging as it entails familiarity with diverse knowledge 

systems and the ability to communicate effectively across them. Facets of top-down method types are 

examined in more detail in Chapter 2 within the context of ES and the SDGs, while Chapter 4 employs 

a bottom-up, integrated participatory assessment method to evaluate agricultural sustainability within 

the context of agricultural digitalization.  

1.2.5 Indicators for agricultural sustainability assessment 

Sustainability indicators generally form the backbone of agricultural SA. Indicators can be defined as 

metrics that provide information on the ‘status, trend, or performance of underlying complex systems’ 

(McCool and Stankey 2004). Over the years, a multitude of indicators have emerged to gauge 

sustainability, particularly with regards to environmental factors (Latruffe et al. 2016), resulting in what 

has been termed an 'indicator zoo' by some scholars (Soulé et al. 2021). This shift has redirected 

attention within the SA community away from the process of indicator development toward the 

process of selecting them (Bockstaller et al. 2009). Selecting the right indicators is critical since it affects 

what is measured, how it is measured, and what conclusions can be drawn from the findings. Since 

they are often the most disaggregated variable used in an SA (Chopin et al. 2021), the indicators used 

in each SA define the ‘hard’ boundaries of the assessment by clearly delimiting the thematic, temporal, 

and spatial scope. Therefore, it is important to develop transparent and well-defined procedures and 

criteria for selecting indicators for SA (Dale and Beyeler 2001; Olde et al. 2017b).  
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Common criteria for selecting individual indicators relate to relevance (does the indicator fit the 

context and quality of study?), practicability (is it easy to measure and implement?), and end user 

value (is it clear and does it fulfil the expectations of ends users?). End user value is recognized as 

especially relevant to derive assessments that are transformative and enduring (Olde et al. 2018), 

necessitating stakeholder involvement. Nevertheless, there exists significant disagreement among 

experts regarding which criteria for indicator selection should be prioritized (Olde et al. 2017b). Of 

course, considerations regarding data reliability and availability should also be made when choosing 

indicators (Olde et al. 2017b). However, a comprehensive SA must first consider what should be 

measured and not exclusively what can be measured, otherwise the results of the assessment may 

unintentionally obscure sustainability deficits (Paul and Helming 2019). Selecting indicators should 

therefore ideally follow a systematic procedure, however currently there are no established guidelines 

or standards for selecting indicators for agricultural SA. In the realm of sustainability reporting, 

materiality analysis is proposed by the Global Reporting Initiative (GRI) as a structured means for 

choosing indicators. Ideally, such an approach should be conducted with the help of stakeholders. 

However, until now, materiality analysis has predominantly found application in business contexts, 

with minimal utilization within agricultural SA (Whitehead 2017; Beske et al. 2020). 

Further, indicators for SA should be selected as distinct sets, based on their capacity to address a 

particular question or problem (Latruffe et al. 2016). Selecting indicator sets using a causal network is 

recommended by Niemeijer and Groot (2008), as it shows how indicators interact, elucidating their 

relationships and contributing to a more comprehensive and realistic systemic representation. For this, 

they suggest employing the commonly utilized DPSIR (Driver, Pressure, State, Impact, Response) 

framework to categorize indicators and structure the selection process. A comparable approach to 

selecting indicators was employed in Chapter 4 to derive a set of indicators for an SA focused on 

agricultural digitalization Finally, in selecting indicator sets, Lebacq et al. (2013) identified three 

criteria: (a) parsimony, requiring a minimal number of non-redundant indicators; (b) consistency, 

ensuring that all necessary indicators are included; and (c) sufficiency, indicating that the set is 

comprehensive, covering all sustainability objectives. 

In agricultural SA, various generic methods and tools have emerged, some of which are reviewed in 

Chapter 2, each with its own set of indicators (Chopin et al. 2021). While these assessments facilitate 

comparisons and benchmarking among different farming systems, their top-down selection of 

indicator sets, often intended for broad geographic applicability, may overlook local contextual factors, 

thus constraining their usefulness for generating sustainability improvements at the local level 

(Schader et al. 2014). When comparison and benchmarking is not the objective of the SA, context-

specific assessments (as utilized in Chapter 4) can be used to engage local stakeholders in the selection 

of indicators. Such approaches enhance the comprehensiveness of local assessments for local 

conditions (Dale et al. 2019), foster stakeholder learning and buy-in, and ultimately increase the 

likelihood of actionable enhancements to sustainability (Reed 2008). However, comprehensiveness of 

an assessment can compromise its usability (Olde et al. 2018), where, if assessments attempt to 

include too many indicators, conducting assessments may become overly complex as well as 

challenging to communicate findings to farmers and policymakers (Bockstaller et al. 2008).  

1.2.6 Stakeholder participation and agricultural sustainability assessment 

Bottom-up approaches involving stakeholder engagement are increasingly recognized as essential for 

driving systemic change (Norström et al., 2020). Reed (2008) outlines two primary arguments 
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supporting stakeholder involvement. The first, grounded in normative considerations, emphasizes 

democratic ideals, citizenship, and equity. This viewpoint posits that involving stakeholders helps 

mitigate the risk of marginalization within decision-making contexts or society, fostering active 

citizenship and collaboration, ultimately yielding broader societal benefits. The second argument, 

rooted in pragmatism, highlights that involving stakeholder in environmental decisions enhances the 

adaptability of interventions to local conditions. This is because participatory processes enable better 

decision-making by incorporating a broader range of information and enhancing foundational 

understanding (Blackstock et al. 2007), thus aiding in anticipating unforeseen outcomes before they 

manifest (König et al. 2013; Paas et al. 2021). This aspect is particularly salient when evaluating 

agricultural sustainability at landscape and larger scales, necessitating the inclusion of stakeholders 

beyond farmers who may influence or be impacted by changes in agricultural management (Wu 2013; 

Eichler Inwood et al. 2018). 

Through participatory approachs it becomes feasible to integrate local contexts, provide decision-

makers and projects with actionable information, and develop indicators that better reflect the 

perspectives of local stakeholders (Paas et al. 2021; Moreau et al. 2023). This is especially relevant 

when considering the impacts of agricultural management on ES supply and use given their profound 

reliance on site-specific bio-climatic conditions, alongside their strong link to cultural heritage and 

structural dynamics shaping local communities and economies. Further, participatory approaches can 

be employed to enhance the adoption or utilization of new knowledge and technologies (Jackson-

Smith and Veisi 2023; Reed 2008), as well as help mitigate conflict and increase acceptance of scientific 

work (Jakku et al. 2019; Blackstock et al. 2007).  

The extent of stakeholder involvement can vary in each assessment, depending on the study's 

particular objectives and the resources at hand (Neef and Neubert, 2011). Various operational 

objectives, such as 'diagnostic and informing', 'co-learning', or 'co-management' (Tippett et al. 2007), 

demand differing levels of stakeholder participation at various stages of the assessment process. A 

diverse array of methods and tools are available to facilitate stakeholder engagement in any one of 

these endeavors (Voinov and Bousquet 2010). Participatory modelling (PM), or modelling with 

stakeholders, is an increasingly popular method in participatory assessments (Gray et al. 2017). PM is 

a problem-solving approach that improves system-understanding and decision-making by synthesizing 

stakeholder knowledge and values in a coherent manner through collaborative learning. PM integrates 

stakeholder insights with model-based methods: stakeholders contribute their qualitative knowledge 

to frame the issue, identify relevant themes and indicators, and guide the development of assessment 

models. Models in this context then aid in translating stakeholder qualitative input into quantitative 

and semi-quantitative outcomes. PM approaches therefore allowa for the incorporation of both 

qualitative and quantitative analyses, which provides a balance of comprehensiveness and accuracy. 

There are many analytical tools available for modelling with stakeholders, including system dynamics, 

fuzzy-cognitive mapping, agent-based modelling, and Bayesian belief networks (Voinov and Bousquet 

2010), among others. The literature has delineated both the strengths and weaknesses of PM tools 

(Gray et al. 2017), along with providing guidance for selecting the appropriate one (Voinov et al. 2018). 

Chapter 4 of this thesis employs a Bayesian belief network (BBN) approach for PM, aiming to achieve 

a consensus regarding the potential impacts of digital agriculture among a diverse group of 

stakeholders. The choice of a BBN approach in this case stems from the high uncertainty surrounding 

the future impacts of digital agriculture. In this context, compared to other PM methods, BBNs stand 
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out in explicitly incorporating uncertainty of knowledge, making them well-suited for problems 

characterized by high uncertainty (Düspohl et al. 2012). 

1.2.7 Uncertainty and agricultural sustainability assessment  

It could be argued that agricultural SA is characterized by deep uncertainty, as uncertainty manifests 

in various forms, including epistemic uncertainty, ontological uncertainty, and ambiguity (Salliou et al. 

2017). Epistemic uncertainty arises due to limitations in knowledge and understanding, such as 

incomplete data or flawed modelling assumptions, posing challenges when assessing sustainability 

across diverse domains and projecting future outcomes (Walker et al. 2003). This is often the case for 

complex systems like ecosystems or social systems where observational data is scarce. Ontological 

uncertainty stems from the inherent variability and unpredictability of natural and social systems (e.g. 

human behavior, policy shifts, technological progress, global economic fluctuations, and unforeseen 

natural events), making it difficult to predict and manage sustainability impacts accurately (ibid.). 

Uncertainty also arises due to differing perspectives of individuals (e.g. goals, beliefs, expectations) on 

what constitutes sustainability, also known as normative uncertainty or ambiguity, complicating 

assessment processes (Salliou et al. 2017). This form of uncertainty is typical of 'wicked’ problems as 

described by Rittel and Webber (1973). Problems that are wicked are uncertain in nature, as they are 

often highly complex and lack a straightforward solution due to competing interests and perspectives. 

This characteristic is shared by numerous contemporary societal issues, including agricultural 

sustainability and agricultural digitalization, as explored in Chapters 3 and 4 of this thesis. Due to its 

relative novelty, there is significant debate regarding the desirability of digital agriculture, as its 

widespread impacts are still largely unknown. Here, a notable challenge lies in the lack of consensus 

(i.e. normative uncertainty) among stakeholders regarding the impacts of digital agriculture as well as 

the causal relationships (i.e. epistemic and ontological uncertainty) leading to them. 

Considering the various sources of uncertainties linked to evaluating the sustainability of agricultural 

systems, it may be unrealistic to expect SA to consistently provide definitive answers as to what is 

sustainable (Ciuffo et al. 2012). Nonetheless, addressing uncertainty within an assessment can improve 

the reliability and robustness of SA and establish a deeper understanding of the sustainability issues 

under investigation (Schaubroeck et al. 2020). However the perception exists that incorporating 

uncertainty somehow diminishes the credibility of assessment results (Glasson and Therivel 2013), the 

idea being that if results are seen as uncertain, that might lead to skepticism or mistrust from 

stakeholders, undermining the perceived reliability of the assessment process itself. On the other 

hand, acknowledging and reflecting on uncertainty in SA can also be viewed as a positive practice as it 

can bolster the transparency and credibility of scientific findings by providing a nuanced understanding 

of complex, real-world issues. Various analytical techniques exist for managing uncertainty in 

agricultural SA (Ciuffo et al. 2012). When sufficient data is available, quantitative and statistical 

analyses can be employed to quantify uncertainty of data sets or models predictions using measures 

such as standard deviation, variance, or confidence intervals. Uncertainty of models can also be 

assessed via sensitivity analysis. However, in complex agricultural socio-economic systems where data 

and robust models are often limited, alternative approaches are necessary. Stakeholder involvement 

and expert judgment, as demonstrated in Chapter 4, along with scenario analysis, as examined in 

Chapter 3, provide effective methods for tackling uncertainties arising from data constraints within 

these contexts. 
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1.3 Overview of thesis structure 

In this cumulative dissertation, the research questions outlined at the beginning of thesis are 

addressed in three successive chapters, Chapters 2 and 3 corresponding to articles published in 

international scientific journals and Chapter 4 to a manuscript currently under revision (refer to the 

List of Publications) (See Figure 3 for an overview of thesis structure).  

 
Figure 3 Overview of thesis structure. 

To answer the first research question, Chapter 2 (Linking Ecosystem Services and the SDGs to Farm-

Level Assessment Tools and Models) reviews a selection of well-known, farm-level sustainability 

assessment tools and models, followed by a thematic analysis of their indicators to evaluate their 

strengths and weaknesses in incorporating the concepts of ES and SDGs. Chapter 3 (Future agricultural 

systems and the role of digitalization for achieving sustainability goals. A review) answers the second 

research question by analyzing the implications of digital agriculture on high-level policies and 

legislation within the global, European Union, and German context. The study includes a foresight 



Addressing uncertainty and normativity in agricultural sustainability assessment: the example of agricultural digitalization 
                                                                                                                                                                                      Joseph MacPherson                       

16 
 

analysis aimed at understanding how future frame conditions of digitalization in the year 2035 could 

potentially impact the achievement of policy goals and the implementation of laws at the EU and 

German levels. In Chapter 4 (Using Bayesian networks as a participatory tool for assessing the impacts 

of digital agriculture), to answer the third research question, participatory modeling is used to assess 

and quantify the potential impacts of digital agriculture in 10 years according to stakeholder 

perspectives, focusing on the regional scale using the German federal state of Brandenburg as a case 

study. This involved co-constructing a BBN to facilitate the identification of the main impacts of digital 

agriculture and modelling uncertainties associated with these impacts through scenario analyses. The 

findings from Chapter 2 and 3 contribute methodological and thematic insights to Chapter 4, 

respectively. Last, in Chapter 5, outcomes of the cumulative work are synthesized, exploring aspects 

of uncertainty and normativity, comprehensiveness and standardization of sustainability assessment, 

accompanied by an outlook and recommendations on future research. 

The work of this thesis was conducted within the research project DAKIS (Digital Agricultural 

Knowledge and Information Systems), which is – among other things - developing a computer-based 

DSS to allow farmers and advisors to incorporate ES and biodiversity in farm-level and landscape agro-

economic planning (Mouratiadou et al. 2023). The technical component of the DAKIS DSS runs models 

and simulations using high-resolution, real-time, location-specific data obtained from both in-situ 

measurements and remote sensing. Building on these models, the project is also anticipating the 

incorporation of field robots into its DSS framework. The DAKIS research project represents compelling 

exploration into how digital agriculture technologies can enhance the provision of ES and promote 

agricultural sustainability, providing motivations for the question addressed within this thesis. Most of 

the project’s activities are located within the German federal state of Brandenburg, therefore Germany 

served as focal point in the policy and legal review in Chapter 3, while Brandenburg served as the case 

study for Chapter 4.  
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 5. Synthesis 

Assessing agricultural sustainability is a challenging endeavor as it entails considering social, economic, 

and environmental factors, while recognizing their interconnectedness within systems. It involves 

combining quantitative analysis with qualitative dimensions such as norms, values, and politics, while 

evaluating the long-term viability of agricultural measures, policies, or projects by assessing their 

impacts on current and future generations. It involves bridging scales between farm level activities, 

their effects on landscape ecosystems, and their contribution to sustainability goals, national and 

global. It requires integration of concepts, techniques, and stakeholder knowledge to balance trade-

offs, identify synergies and navigate uncertainties of complex agricultural systems. Finally, agricultural 

sustainability assessment requires adaptation to evolving and context-specific knowledge, values, and 

goals to ensure its effectiveness in guiding transformative change towards a more sustainable and 

resilient agriculture in the future. 

In fulfilling the overall aim of this thesis, the work produced insights into integrative concepts and 

methods for enhancing agricultural sustainability assessment. First, in Chapter 2, analysis was 

performed on diverse farm-level SA tools and models to determine their potential contribution and 

characteristic for sustainably managing ES and achieving sustainability goals. Chapter 3 demonstrates 

a novel, interdisciplinary approach, combining policy, law, and foresight analysis, to understand the 

broader implications of digital agriculture on sustainability. Finally, based on the thematic insights on 

agricultural digitalization obtained from Chapter 3 and the methodological insights on sustainability 

assessment methods derived from Chapter 2, Chapter 4 conducted a SA engaging stakeholder 

knowledge to assess the perceived impacts of digital agriculture in the German federal state of 

Brandenburg. 

This chapter provides a synthesis of the key findings and addresses the research questions outlined at 

the beginning of the thesis. It underscores the connections between the individual chapters, 

demonstrating how they build on one another, as well as discusses how common challenges related 

to uncertainty, comprehensiveness and standardization in SA were addressed, while making 

suggestions for improvements. In conclusion, an outlook and recommendations are offered based on 

the findings of the work. 

5.1 Results 

5.1.1 Assessing the integration of ecosystem services and Sustainable Development Goals in 

farm-level sustainability assessment tools and models 

Numerous tools and models have emerged for evaluating the sustainability of farms and agricultural 

systems. While such tools and models may not have been designed explicitly to address ES and SDGs, 

their thematic scope may still latently encompass these aspects to varying degrees. Thus, in addressing 

Research Question 1: To what extent can agricultural assessment tools and models integrate the ES 

concept and contribute to the Sustainable Development Goals (SDGs)?, several generic farm-level 

assessment tools and models were examined and analyzed in Chapter 2. The results indicate that SAFA 

had the most extensive coverage of ES and SDGs, followed by RISE and KSNL. Compared to models, SA 

tools were found to have greater potential latent coverage of ES and SDGs, attributed to their larger 

and more comprehensive indicator sets covering the three dimensions of sustainability. In terms of ES, 
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provisioning services were comprehensively addressed across the tools and models reviewed, whereas 

regulation and maintenance ES were covered broadly across farm-level tools and varied across models. 

Potential coverage of cultural ES was lacking across all models and tools. Generally, the reviewed farm-

level tools and models do not explicitly articulate the ES concept thoroughly. In terms of SDG coverage, 

SAFA had the highest latent coverage, which can be explained due to its affiliation with the UN. RISE 

exhibited a similar coverage of SDGs due to recent harmonization efforts with SAFA. Models showed a 

low coverage of SDGs altogether.  

The disparity of ES and SDG coverage between SA tools and model can be explained by the broader 

(i.e. covering economic, social, and environmental dimensions) and more extensive sets of indicators 

featured in farm-level tools, enabling them to accommodate the multifunctional and integrated nature 

of the ES concept and SDGs. This can ultimately be traced to the intended purpose and design of tools 

and models: models are typically tailored to address specific research questions and policy issues 

requiring a high level of precision, data, and time requirements, while tools focus on broader 

geographical and practical applications with lower precision, time, and data requirements. Thus, a 

trade-off emerges, where tools excel in the potential coverage of ES and SDGs but lack precision, while 

models excel in precision but lack potential coverage. Moreover, as sustainability issues vary 

significantly based on geography, climate, culture, and socio-economic setting, the rigid indicator 

frameworks of top-down generic tools and models constrains their capacity to consider normative 

aspects as well as capturing both the supply and demand of ES of (often highly) specific local contexts. 

Neglecting to consider such local context and normativity may hinder the ability to conduct relevant 

and effective SA, thereby limiting uptake and implementation of sustainable management.  

Acknowledging that SA tools are designed primarily for ex-post evaluation at the farm level, it became 

apparent that they would not be suitable for assessing the potential future impacts of digitalization at 

a regional level. In this context, the capacity of models to conduct ex-ante simulations and explore 

'what-if' scenarios make them more adept at addressing this problem. However, it was also 

acknowledged that the reviewed models would pose certain limitations. For instance, they lacked the 

scope to perform SA comprehensively, and their high data requirements would pose a hurdle to 

assessing the impact of digital agriculture given current data scarcity on the topic. Therefore, in 

Chapter 4, a participatory modeling approach to enable a forward-looking SA, while addressing the 

challenges related to capturing local perspectives and sustainability issues, as well as those related to 

data requirements and limitations. 

The indicators from the tools and models reviewed in Chapter 3 were used as the basis in Chapter 4 to 

construct a comprehensive and amendable ‘long list’ of variables from which stakeholders could 

choose. The aim of this was to streamline the assessment process while including indicators in the SA 

that have already been validated by the scientific community. 

5.1.2 Policy and legal landscapes: investigating the potential of digital agriculture for 

sustainability 

Digital agriculture has garnered attention in academic and policy circles due to its potential to improve 

sustainability within food systems. Yet, there is a lack of research examining potential contributions of 

digital agriculture to policy initiatives and larger societal sustainability goals This knowledge gap was 

addressed in Chapter 3 through answering Research Question 2: how is digital agriculture currently 

embedded in preeminent global, EU, and German policy, and what links can be drawn between digital 

agriculture technologies and to wider sustainability principles outlined in these policies? How could 
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future trends in the agri-food sector influence the adoption and use of digital technologies? How does 

the current legal setting surrounding digital technologies impact agriculture? To answer this question, 

a review was conducted of prominent sustainability policies at the German national, European Union 

(EU), and global scales, analyzing connections to digital agriculture. Additionally, the current legal 

framework concerning digital agriculture technologies at EU and German national levels was analyzed. 

This was followed by foresighting and scenario analysis to explore how future frame conditions might 

affect the instrumentalization of digital agricultural for achieving sustainability. 

The results show that some policies (F2F Strategy, German Arable Farming Strategy, German 

Bioeconomy Strategy) articulate the potential benefits of digital agriculture, albeit to a limited extent. 

These policies mainly focus on the capacity of digital agricultural technologies to enhance resource 

efficiency and productivity, while neglecting their potential benefits for environmental improvements, 

including biodiversity conservation, soil protection, and climate change adaptation and mitigation. By 

addressing these deficits, the study draws a link between potentials applications of digital technologies 

and policy, demonstrating how various on-farm management, monitoring, and communication 

technologies could be applied for achieving a broad range of agriculture-related sustainability goals. 

Further, the legal analysis reveals a fragmented yet evolving body of law that could impact agricultural 

digitalization. Looking into the future, the foresighting and scenario analysis demonstrates that a highly 

digitalized future dominated by retailers could lead to structures of information flows and data 

ownership regimes that may negatively affect sustainability. This suggests that as data becomes more 

central in the future agri-food sector, whoever controls this data will have immense influence on 

dictating to which ends it is being used, including how and if it used for achieving sustainability 

principles. 

Overall, the results of Chapter 3 reveal the potential of leveraging digital agriculture for attaining 

sustainability goals under proper political and legal guidance, which speaks to the importance of good 

governance in promoting sustainability (Purvis et al. 2019). However, to fully capitalize on this broad 

proposition and provide policy and decision makers with necessary strategic intelligence, more 

empirical research is needed to comprehensively assess the potential impacts of digital agriculture. 

This requires conducting SA to examine the potential effects of digital agricultural technologies, 

qualitatively and quantitatively, going beyond the analysis of known productivity and efficiency 

enhancements to consider more closely social and environmental aspects. As Chapter 3 shows the 

potentially controversial and far-reaching systemic changes that agricultural digitalization could entail, 

SA should therefore promote public participation and dialogue while also balancing competing 

interests (Klerkx and Rose 2020). Following this logic, Chapter 4 engaged stakeholders to assess their 

perceptions on the impacts of digital agriculture. 

5.1.3 Exploring the impact of digitalization on agriculture: insights from participatory modeling 

in Brandenburg 

While Chapter 3 examined the broader scope of potential high-level policy implications of digital 

agriculture on sustainability, Chapter 4 took a deeper look into the specific sustainability impacts of 

digital agriculture at a local level. The study begins with the premise that there is limited empirical 

evidence regarding the broad-scale impacts of agricultural digitalization, leading to uncertainties and 

ambiguities in perceptions among stakeholders. Thus, Chapter 4 addressed Research Question 3: What 

are the anticipated impacts of agricultural digitalization according to stakeholders? To investigate this, 
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a PM approach was employed wherein a diverse range of stakeholders collaborated to construct a BBN 

for assessing the impacts of digital agriculture in 10 years, with the German federal state of 

Brandenburg serving as a case study region. 

The results show that stakeholders agree that resource efficiency and economic stability will benefit 

from agricultural digitization. These features appear to be strongly supported by precision farming 

technologies and improved risk management, respectively. However, the effects of digitalization on 

biodiversity-related factors appear to be more ambiguous, with impacts to landscape diversification 

acknowledged but unclear. For instance, there was some degree of certainty regarding the likelihood 

of automation and field robots to allow for smaller field sizes in the future, but it was uncertain if this 

would lead to the incorporation of biodiversity enhancing landscape features (i.e. hedgerows, 

grassland buffer, flower strips). From a theoretical point of view, digitalization has the potential to 

increase productivity per unit of land, thereby decreasing the land needed to produce the same output 

quantity, thus increasing—or at least maintaining—land for natural features that contribute to habitat 

quality. However, past technological innovations leading to larger field sizes and monocultures suggest 

that if digitalization is viewed as a continuation of these historical patterns towards mechanization and 

economies of scale, it is likely that similar productivity and efficiency-driven outcomes will ensue, 

resulting in less emphasis on promoting diversified landscapes.  

The stakeholder perspectives in Chapter 4 corroborated policy considerations in Chapter 3 regarding 

efficiency improvements through digitalization. However, in terms of the impacts of digitalization on 

biodiversity, the lack of consideration in policy (Chapter 3) and uncertainty among stakeholders 

(Chapter4) points to a significant knowledge gap and the potential risk of negative environmental spill-

over effects. This knowledge gap most likely stems from inadequate communication between research 

and society, as well as a lack of available data on the impacts of digital agriculture on landscape 

structure and biodiversity thus far.  

5.2 Challenges for agricultural sustainability assessment 

5.2.1 Uncertainty  

Uncertainty is an inherent and emergent property of complex agriculture systems and thereby 

agricultural SA as well. It emerges in assessments, for instance, that incorporate more extensive 

thematic coverage, extend farther into the future, utilize participatory techniques, and attempt to 

consider indirect impacts (Hacking and Guthrie 2008). Currently, uncertainty is seldom addressed in 

generic agricultural SA frameworks, thereby giving a false impression on the confidence of such results 

(Olde et al. 2018; Schader et al. 2019). As uncertainty is unavoidable in SA, it is worthwhile to address 

not only for the sake of scientific transparency but  for improving the robustness of assessment 

outcomes as well (Schaubroeck et al. 2020). Various methods exist for managing and reducing 

uncertainty in agricultural SA (Ciuffo et al. 2012). This thesis employed qualitative scenarios, 

addressing broad-scale uncertainties of digital agriculture on policy (Chapter 3), and a participatory 

BBN approach in to address local-scale uncertainties of digital agriculture from the standpoint of 

stakeholders (Chapter 4). 

In Chapter 3, scenario-based foresighting was used to investigate the long-term effects of digital 

agriculture on sustainability. In this context, scenarios aided in dealing with the complexities and 

unknowns of future conditions by exploring different combinations and interactions between drivers, 
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trends, and potential outcomes. The process of organizing and contextualizing uncertainties facilitated 

reflection on sustainability risks associated with agricultural digitalization. For example, by comparing 

possible outcomes, it allowed for pinpointing differentiated sources of risk and uncertainty across the 

scenarios, e.g. alternative structures of future information flows and data ownership regimes could 

lead to contrasting sustainability outcomes. Although scenarios provide rich details on probable 

futures, they are, of course, based on speculations about what could happen (Voros 2003). Indeed, 

the inherent ontological uncertainty of the future renders it impossible to anticipate all factors and 

changes that might emerge, particularly when extending timeframes farther into the future. Therefore 

caution should be used when drawing conclusion from scenarios (Fleming et al. 2021). Nevertheless, 

Chapter 3 showed the usefulness of employing this approach in agricultural SA as analytical tools for 

reflecting on long-term impacts and incorporating uncertainty for strategic thinking.  

Moving beyond the broad approach of addressing uncertainties through scenarios as just described, 

Chapter 4 sought to manage and reduce uncertainties more directly and quantitatively though 

participatory modeling using a BBN. Here uncertainty was addressed in three ways. First, the 

collaborative process of developing the BBN facilitated consensus building by bridging the diverse 

perspectives of stakeholders, thereby reducing uncertainty related to ambiguities in their perceptions. 

In this way, the BBN essentially formed a boundary object, allowing for the stakeholders to effectively 

communicate with each other (Kenny and Castilla-Rho 2022). This is especially relevant in the context 

of digital agriculture, as limited empirical evidence and contrasting opinions on its desirability has 

fueled much uncertainty and debate regarding its sustainability implications (Klerkx and Rose 2020). 

Second, as with other participatory methods, the co-construction of the BBN leveraged stakeholder 

knowledge by tapping into their implicit and explicit knowledge, while synthesizing their diverse 

expertise, insights, and experiences (Barbrook-Johnson 2022). Hereby, the epistemic uncertainty 

arising from incomplete data regarding the impacts of digitalization on agricultural systems was 

reduced through a collaborative learning process and harnessing the collective intelligence of 

stakeholders (Gray et al. 2020). Third, in a more direct sense of addressing uncertainties, employing a 

BBN facilitated an explicit account of uncertainty in stakeholder knowledge through quantifying their 

perception of impacts and causal processes using probability distributions. Modelling different 

scenarios and observing marginal changes in the posterior probability distributions of output variables 

were used to assess node-specific uncertainties. Through this approach, a range of possible outcomes 

from agricultural digitalization could be identified. Overall, the BBN and the participatory process 

behind its construction help to articulate and reflect on uncertainties, offering a structured and 

quantitative approach to addressing it within SA. Such approaches can be considered beneficial in the 

pursuit of adaptive management strategies in innovation settings (Klerkx et al. 2010), including 

agricultural digitalization, which can help lead to better decision-making under uncertainty.  

It should be noted that bias in prior stakeholder knowledge could have had a significant impact on the 

estimation of uncertainty within the BBN. For example, stakeholders’ prior technical knowledge of 

digital agriculture, or lack thereof, may lead to overestimation or underestimation (Kuhnert et al. 

2010), affecting the reliability and validity of the uncertainty estimates derived from the BBN outputs. 

For example, the stakeholders consulted in Chapter 4 were familiar with basic digital tools like farming 

apps, GPS-guided tractors, and social media. However, it remained uncertain to what extent they were 

familiar with more advanced digital technologies such as robotics, artificial intelligence (AI), or remote-

sensing-driven data prior to the modeling exercise. To address this potential bias, measuring 
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confidence of stakeholder knowledge on digitalization before the PM exercise could help assess the 

level of influence of stakeholder bias on uncertainty estimates represented in the outputs of the BBN.  

5.2.2 Comprehensiveness 

It was highlighted in Chapter 2 that tools and models that include comprehensive sets of indicators 

covering multiple sustainability dimensions are better suited to encompassing the integrative 

frameworks of the ES concept and SDGs. Yet, because these tools primarily aim to standardize and 

streamline assessments for making performance comparisons, their indicators are most often 

intentionally fixed (apart from SAFA) and may have low applicability toward location-specific 

conditions. As a result, their ability to address local sustainability issues are restricted. Essentially, in 

generic tools and models, sustainability objectives and the methods for measuring progress towards 

these objectives are determined from the top-down by external experts. This goes against the premise 

that sustainability is a normative and ‘situated concept’ (Rigby and Caceres 1997) as well as calls for 

greater stakeholder inclusion (Reed 2008), raising doubts about the effectiveness of such approaches 

for generating tangible sustainability improvements. Although resource intensive, bottom-up SA that 

explicitly accounts for local environmental, social, economic and cultural factors offers a potential 

solution to this problem by providing more contextually relevant and comprehensive representations 

of complex agricultural systems and sustainability issues (Olde et al. 2018). Additionally, in order to  

gain knowledge on local systems and include local discourses, involving stakeholders in the assessment 

process is strongly advised (Moreau et al. 2023; Binder et al. 2010).  

Building on these insights, Chapter 4 adopted a participatory approach where a structured procedure 

was used to collaboratively select a set of sustainability themes and indicators. However, to avoid 

making assessments overly complex and challenging (Olde et al. 2018), it's important to establish limits 

and prioritize which themes and indicators are most relevant for the context of  the SA. In Chapter 4, 

prioritization was achieved through a method that employed multiple rounds of group discussions and 

voting. Through this approach it was possible to select the most relevant indicator set for the SA to fit 

the specific context, akin to materiality analysis methods as used in the GRI standards (Whitehead 

2017). However, there are several drawbacks to grounding SA and indicator selection based on local 

conditions through a participatory approach. One of the limitations is that the outcomes derived from 

context-specific assessment are not easily transferable to other locations and therefore lack 

generalizability. Additionally, for any given SA, the relevance of themes and indicators most likely will 

change over time with evolving values, norms and biophysical conditions  (Paul and Helming 2019). In 

this context, adaptive and iterative SA are needed. 

Participatory approaches have the potential to introduce bias into the indicator selection process if 

individuals recruited for the assessment do not adequately represent the interests and perspectives of 

key stakeholder groups specific to the location and system under study. Integrating stakeholder 

mapping approaches before the outset of SA can help reduce this type of bias by ensuring a balanced 

selection and composition of stakeholders for the assessment (Reed et al. 2009).  

In response to the challenge of balancing the trade-off between comprehensiveness and precision of 

SA as pointed out in Chapter 2, participatory modelling, as employed in Chapter 4, can offer a possible 

solution. Using the PM approach, comprehensiveness is upheld through the integration of modeling 

techniques that translate qualitative expert opinions (e.g. norms and values)  into quantitative outputs. 

This approach allowed for assessing the interaction between variables and indicators that might 
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typically be excluded from an assessment due to insufficient empirical data, e.g., the effects of digital 

agriculture on working conditions and attractiveness of the farming profession.  

5.2.3 Lack of standardized indicators  

Top-down agricultural SA as reviewed in Chapter 2 are intended to streamline monitoring and 

benchmarking, which can provide information on performance comparisons across farming systems, 

identify areas for improvement, and inform strategic decision-making processes (Binder et al. 2010). 

However, the existence of numerous tools and lack of harmonization with an international indicator 

framework makes performance comparisons across farming systems, conducting meta-analyses, and 

scaling up of local assessments to broader levels challenging  (Schader et al. 2014; Olde et al. 2017a). 

Efforts are being made to address these issues, specifically with recent standardization efforts of the 

SAFA Guidelines (FAO 2013). The SAFA Guidelines are intended to provide “a harmonized taxonomy” 

and “clear and common language” (FAO 2013) for assessing sustainability. The effects of this could be 

seen in Chapter 2, where the RISE tool, which has recently harmonized its indicators with those of 

SAFA, provides a comparable level of coverage of agriculturally related ES and SDGs. Although the 

coverage of ES and SDGs was largely indirect in that study, this type of standardization offers the 

potential for facilitating comparison of results across tools and, ultimately, supporting concerted 

actions aimed at advancing the sustainable management of ES and achieving the SDGs. Other generic 

SA tools have also advocated for a globally consistent approach by embracing the SAFA Guidelines as 

a conceptual framework (Schader et al. 2019). In a similar vein, Chapter 4, sought to utilize SAFA 

indicators and themes to align with this international standard and facilitate consistency. Recognizing 

the SAFA indicators are intended for broad geographic applicability, they may or may not be relevant 

depending on which part of the world the assessment is conducted. However, global challenges like 

climate change and biodiversity loss, which necessitate collective international efforts, can benefit 

from such endeavors towards standardization. 

Similar undertakings toward standardizing terminology can be observed in relation to the ES concept, 

as demonstrated by the development and utilization of the Common International Classification of 

Ecosystem Services (CICES) (Haines-Young and Potschin-Young 2018). While CICES stands as the most 

comprehensive classification system for ES up to now (e.g. 83 distinct classes of ES), not all ES classes 

are relevant to the agricultural context. Therefore, Chapter 2 developed a list of agriculture-related 

CICES classes, recognizing that defining a sub-set of context relevant CICES classes is an important first 

step forward toward standardizing the assessment of ES (Paul et al. 2021). However, since there is no 

common indicator framework for measuring CICES classes, comparing and upscaling assessments 

based on the CICES framework is still a major challenge. The abundance and variety of existing 

indicators utilized for assessing ES encompassed within CICES (Paul et al. 2022; Czúcz et al. 2018) shows 

how difficult developing a standardized indicator framework would be in this regard. 

In relation to the SDGs, although there are targets, indicators, and reporting mechanisms in place for 

measuring progress towards achieving them at the national level, understanding how actions at lower 

levels contribute to their attainment remain difficult to assess. This stems from the considerably broad, 

universal nature for which the SDGs and targets were designed. Addressing this, Chapters 2 and 3 

attempted to operationalize the SDG framework and targets through linking them to the indicators of 

farm-level tools and model as well as agricultural management i.e. digital agriculture. While achieving 

an international consensus on lower-level indicators is highly unlikely, directionality holds greater 

significance in this context. After all, the SDGs are not binding mandates but rather serve as societal 
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orientation (Jossin and Peters 2022). However, defining sub-sets of agricultural SDGs can help refining 

the scope of assessments and make them more relevant and manageable, as shown in Chapter 2.  

5.3 Outlook and future research 

Technological innovation, as a catalyst of transformation, offers hope by addressing the many issues 

afflicting the current agri-food system (Herrero et al. 2020). This type of techno-centric solutionism is 

not new and has sparked considerable criticism (Fielke et al. 2022; Huesemann and Huesemann 2011). 

Indeed, while past technological progress has yielded significant benefits, it has also brought about 

substantial repercussions for both society and the environment, forming the very foundation of several 

of the contemporary challenges we find ourselves facing. In light of this, the development of 

technological innovations, such as digital agriculture, should be accompanied by well-defined missions 

that align with societally-determined sustainability objectives (Klerkx and Rose 2020; Herrero et al. 

2021). This approach serves to counteract unintended adverse effects of technological innovations, 

while simultaneously addressing societal needs. In this context, policy can provide guidance to steer 

collective efforts towards fostering more sustainable agriculture, as it is highly influential in 

determining technological innovation and adoption through shaping public discourse, directing public 

funding for research and development, as well as setting subsidies and regulations. However, as it was 

shown in Chapter 3, there is currently no unified policy explicitly dedicated to digital agriculture at the 

global, EU, or German national level. Instead, it is treated in these policies as a peripheral concern or 

a driver. Given the widespread anticipation of digitalization as a potentially transformative force in 

agriculture (Rose et al. 2021; Klerkx and Rose 2020), there is need for policy to play a more proactive 

role in guiding this transition. This is especially true to avoid outcomes that could lead to more social 

and environmental degradation of agricultural systems by reinforcing conventional modes of 

production. Increasing rural access to high-speed internet and creating a statutory framework that 

puts farmers in control of their data would be a positive initial step in guaranteeing an equitable 

distribution of the benefits derived from digital agricultural technologies. 

In addition to the potential environmental benefits of agricultural production, digitalization could also 

provide an opportunity to help connect farm to fork. As agri-food value chains become more 

digitalized, consumers and producers will become more connected through increases in bilateral data 

flow, leading potentially to better management of ES (Voglhuber-Slavinsky et al. 2023). Future studies 

should examine how various digital technologies along the value chain could promote the sustainable 

management of ES. Additionally, depending on the country of interest, policy development and the 

digital transformation of agriculture may look very different (Fleming et al. 2021). This means future 

studies could explore how policy and digital agriculture is taking shape in other regions to assess and 

compare impacts of digitalization under different socio-cultural conditions. 

The results of this thesis can be used as a reference for exploring and researching societally relevant 

questions regarding the impacts of digitalization. For example, Chapter 4 pointed to the significant 

amount of uncertainty among stakeholders surrounding the impacts of digitalization on biodiversity, 

necessitating more empirical research and better communication between science and other 

stakeholders.  Chapter 3 outlined the potential importance of data flows and data ownership for 

instrumentalizing digital agriculture for achieving sustainability goals. In this context, collaboration 

between legal experts and other disciplines will be key to develop a coherent and adaptive legal 
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framework that incentivizes innovation while balancing various sustainability objectives in the coming 

digital transformation of agriculture.  

As shown in Chapter 2, the integration of the ES concept into agricultural SA tools and models has been 

noticeably constrained thus far. Therefore, there is an ongoing need for better articulation and 

integration of the ES concept in farm-level tools and models. Consensus on terminology and 

standardized metrics for measuring agricultural ES would be a first step in this direction. As the 

understanding of the interactions between agricultural management and ES develops, SA tools and 

models must evolve to reflect this advancement. The emergence of digital technologies, such as in-

situ and remote sensing will aid in this process by providing more data on agriculture-activities and 

related ES, which will improve monitoring and prediction of ES supply and demand (Mouratiadou et 

al. 2023).  

Participatory modeling serves as a valuable method for accessing both implicit and explicit knowledge 

of stakeholders as well as building consensus on sustainability issues. However, challenges persist in 

involving large groups in participatory modeling (Voinov and Gaddis 2017). Utilizing online methods 

could be beneficial in addressing this issue, since barriers to participation are smaller compared to in-

person workshops. Building on this, the experiences obtained from Chapter 4 led to the development 

of a web-based participatory tool1 (not covered by the work in this thesis) designed to select context-

specific sustainability themes and indicators by tapping into the collective mental models of 

stakeholder groups. The concept is that by systematizing and streamlining the indicator selection 

process online, broader inclusion becomes possible, and the representativeness of samples is 

improved. 

While significant progress has been made in advancing SA methodologies over the years, there 

remains a need for increased inclusion and participation. While generic assessments (Chapter 2) and 

socially determined objectives (Chapter 3) can shift society toward greater sustainability, an important 

aspect lies in acknowledging the local conditions of sustainability issues (Chapter 4). Simply relying on 

overarching objectives without considering contextual factors can pose challenges in garnering broad 

societal support and commitment to achieving sustainability. This is because stakeholders often hold 

diverse yet equally legitimate perspectives on what constitutes agricultural sustainability. Thus, since 

agriculture heavily relies on stakeholders' demands and actions, achieving sustainability hinges on 

their perspectives.  

The integration of multiple perspectives, methodologies, and frameworks in sustainability assessments 

of agricultural systems contributes to a more comprehensive and nuanced understanding of 

sustainability challenges and opportunities. In this context, insights gained from this thesis point to 

several recommendations for improving agricultural SA through: 

• Involving stakeholders and their knowledge: By engaging stakeholder values and knowledge, 

SA can simultaneously address issues of normativity and data limitations. Here, participatory 

modelling tools are recommended as a process for synthesizing implicit and explicit knowledge 

of stakeholders in quantitative ways as well as deriving consensus of values through 

collaborative learning and negotiation. 

 
1 https://psim.variat.studio/ 
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• Addressing uncertainty: By confronting the inherent uncertainty of conducting agricultural SA, 

a clearer understanding of the confidence level of potential sustainability outcomes is 

provided, which enhances transparency of the assessment. This, in turn, allows for improved 

reflexivity in SA by exposing potential risks and opportunities, thereby strengthening decision-

making capacities for managing alternative outcomes. Depending on data availability, 

uncertainty in SA can be managed quantitatively by delineating outcomes using probability 

distributions, or qualitatively through foresight and scenario analysis, particularly when SA 

extends into the distant future.  

• Incorporating policy and legal frameworks: Including policy and legal considerations in SA can 

provide guidance to ensure that assessment outcomes align with societally relevant goals, 

objectives, and regulations. Moreover, where feasible, SA should integrate indicators provided 

by policy to improve communication and legitimacy of SA results. This can contribute to 

informed policy development and fostering socially responsible decision-making in pursuit of 

sustainable development goals. 

• Integrating the ES perspective: By incorporating the ES concept in SA, the representation of 

complex ecological processes underpinning agricultural systems is enhanced. The ES 

perspective has the potential to capture the multifunctionality of agriculture systems in more 

detail, surpassing generic assessment methods and metrics, leading to a more integrated 

coverage of sustainability dimensions. Integrating the terminology of the CICES framework in 

SA is recommended as a starting point. 

• Harmonizing indicators: To facilitate performance comparisons among different farming 

systems, meta-analyses, and the expansion of local assessments to wider scales, generic SA 

tools and models should aim to integrate with globally recognized indicator frameworks. 

Considering its international recognition and the recent alignment efforts of other SA tools 

with it, it is recommended to utilize the FAO SAFA Guidelines. 

In conclusion, agricultural SA would benefit from a more explicit consideration of ES and the SDGs. By 

doing this, future assessment tools and models will be better equipped to reflect new paradigms of 

sustainable agriculture. For generic SA tools and models, further harmonization with standard metrics 

and indicators, as per SAFA, will promote up scaling of analyses and allow for more informed policy. 

High-level policy should be future-oriented, anticipating a greater role of digitalization not only in 

agricultural production but also in governance, retail, and consumption. This shift in thinking about 

agriculture, driven by digitization, may blur traditional lines in agri-food systems through higher 

connectivity. Finally, recognizing and integrating differing perspectives in SA will help bridge the gap 

between stakeholders and researchers, facilitating a more inclusive and informed dialogue, and 

promoting socially and environmentally responsible research. 
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