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1. Background to the FRAMEwork project 

1.1 FRAMEwork Project Executive Summary 

Biodiversity is essential for agroecosystem resilience, sustainability, and long-term food security. 

Traditionally, management for short-term economic returns has taken priority over management for 

the environment. Current mechanisms for compensating and encouraging farmers to apply 

biodiversity sensitive management strategies are often inefficient, being applied at individual farm 

rather than landscape level, and tend to be generic solutions, imposed from the top down at an EU or 

national level. Monitoring is rarely carried out and there is therefore little scope for evaluating the 

success of strategies in achieving improvements to farmland biodiversity.  

The FRAMEwork project has been designed and develop a novel alternative to this called the 
FRAMEwork System for Biodiversity Sensitive Farming to enable the transition of EU farming systems 
to a position where they can conserve biodiversity and benefit from the enhancement of ecosystem 
services, while mitigating agronomic or economic risks.  The FRAMEwork System combines the 
following elements: 

• Advanced Farmer Clusters – local farmer groups working as a collective to deliver landscape scale 
management, supported by a Cluster Facilitator with expertise in agriculture and the 
environment, and linked to a local Cluster Stakeholder Group to inform and promote policy and 
practice, organised into regional, national, and international networks.  

• Technical Resource – technical specialists associated with the regional, national, international 
networks to provide technical information, methods, and tools to support agrobiodiversity 
monitoring, management and policy including the dedicated DSTs – FRAMEselect and FRAMEtest.  

• Scientific Innovation – researchers associated with regional, national, international networks to 
provide knowledge on the ecology, sociology and economics that underpins the functioning of 
sustainable agricultural systems.  

• Citizen Observatory and Information Hub – an open access platform to support FRAMEwork 
networks, sharing activities, information, data and resources between farmers, scientists, policy 
makers, and citizens.  

The FRAMEwork project designs, builds, tests, and deploys a prototype of the FRAMEwork System for 
Biodiversity Sensitive Farming and works with 3 concepts important to the success and delivery of the 
project: (i) promoting collective landscape management; (ii) applying the approach across a diversity 
of European farming systems; and (iii) understanding and supporting the social and ecological change 
associated with a transition to biodiversity sensitive farming. 
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1.2 Project Partners  

No Participant organisation name Type Country 

1* The James Hutton Institute (HUTTON) Research Inst UK 

  Game and Wildlife Conservation Trust (GWCT) Non-profit UK 

3 Groupe de Recherche en Agriculture Biologique (GRAB) Non-profit FR 

4 Universitaet fuer Bodenkultur Wien (BOKU) University AT 

 5 Eesti Maaulikool (EMU) University EE 

6 
Hoehere Bundeslehr- und Forschungsanstalt fuer 
Landwirtschaft Raumberg-Gumpenstein (AREC) 

Research Inst AT 

7 Fundacion Artemisan (ARTEMISAN) Non-profit ES 

8 
Scuola Superiore di Studi Universitari e di Perfezionamento 
Sant'anna (SSSA) 

University IT 

9 
The University of Hertfordshire Higher Education Corporation 
(UNI OF HERTS) 

University UK 

10 
Centro de Investigacion Ecologica Yaplicaciones Forestales 
Consorcio (CREAF) 

University ES 

11 Institut National de la Recherche Agronomique (INRA) Research Inst FR 

12 
Internationales Institut fuer Angewandte Systemanalyse 
(IIASA) 

Research Inst AT 

13 Universiteit van Amsterdam (UvA) University NL 

14 Luxembourg Institute of Science and Technology (LIST) Research Inst  LU 

15 Universitaet Osnabrueck (UOS) University DE 

16 Taskscape Associates Limited (TAL) SME UK 

17 Ceska Zemedelska Univerzita v Praze (CULS) University CZ 

18 Nordisk Fond for Miljo og Udvikling (NORDECO) SME DK 

*Coordinating institution 

1.3 Purpose of the report 

Using a social-ecological network approach the aim is to apply a systems lens to identify 

agroecosystem elements that can potentially be drivers and/or barriers to on- farm biodiversity 

conservation and ultimately ecosystem service provision. This deliverable report highlights the 

application of the network approach to characterising agroecosystems and shares the relative 

importance of various system elements (nodes) and the associated implications for management, 

biodiversity conservation, ecosystem service provision and policy. 
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2. Executive Summary  

This report examines the complex dynamics of biodiversity conservation and ecosystem service 

provision across three distinct European agricultural systems: Scotland’s arable systems, Italian olive 

groves, and Luxembourgish orchards. The study employs a social-ecological network (SEN) analysis to 

explore the interactions between ecological elements, social actors, and farming practices. By focusing 

on the drivers and barriers to biodiversity-sensitive farming, the report aims to inform policies that 

support sustainable agriculture while enhancing ecosystem resilience. It is based on several key 

research questions. These include identifying the ecological and social practices that shape agricultural 

systems, understanding which components are critical for delivering ecosystem services, and 

investigating how management decisions are influenced by social actors and external drivers. The 

study also seeks to evaluate how different farming practices, such as the implementation of flower 

strips in Scotland, livestock grazing in Luxembourg orchards, and olive grove management in Italy, 

contribute to biodiversity conservation or loss. To address these questions, the research team 

employed social-ecological network analysis, a method that visualises the relationships between 

ecological entities, ecosystem services, management practices, and stakeholders. Data for the analysis 

were collected using mixed methods, including literature reviews, expert interviews, field surveys, and 

workshops with farmers and stakeholders. These inputs helped construct multilayer networks for each 

farming system, revealing the complexity of interactions between different components. 

The study identified nodes in each agroecosystem and categorised them into five layers: ecological 

entities (e.g. crops, livestock, and soil organisms), ecosystem services (such as pollination and nutrient 

cycling), ecological processes, management practices, and stressors (like pesticide use). Using network 

metrics including degree centrality and eigenvector centrality, the report identified the most 

influential nodes within each system. These were often the farmers themselves and the ecological 

processes underpinning ecosystem services. Flower strips in the arable fields of Scotland, have the 

potential to enhance biodiversity by supporting pollinators and natural pest control agents but at a 

landscape scale the actual outcomes depend on context-specific factors.  In Luxembourg, livestock 

grazing in orchards presented both opportunities and risks: while it helped control weeds and 

supported certain ecosystem services, overgrazing posed threats to soil health through soil 

compaction. Meanwhile, in Italy, economic pressures contribute to the rise in the abandonment of 

olive groves, triggering a cascade of negative ecological impacts, including soil erosion, habitat 

degradation, and increased fire risk. The study also employed Causal Loop Diagrams (CLDs) to further 

explore the drivers of biodiversity loss in each system. These highlighted how management practices, 

such as grazing intensity or pesticide use, can either mitigate or exacerbate biodiversity loss.  

One of the report’s key conclusions is that while the challenges faced by each farming system are 

distinct, all three regions demonstrate the central importance of farmers as stewards of biodiversity 

through various management actions. However, farmers' ability to adopt biodiversity-sensitive 

practices is heavily influenced by social and policy factors, such as financial incentives, market 

pressures, and access to technical knowledge. Therefore, the report emphasises the need for a more 

integrated approach to agricultural management, involving stronger collaboration between farmers, 

policymakers, and environmental organisations. 

For the policy recommendations, the report suggests the need for landscape-scale management 

approaches that recognise the interconnected nature of agricultural and ecological systems. Policies 
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could also tailor biodiversity initiatives to specific ecological and social contexts, rather than applying 

one-size-fits-all approaches. 

3. Introduction and background  

Biodiversity sensitive farming is increasingly becoming a popular approach for ensuring the 

sustainability and resilience of global agricultural systems. As the world population continues to grow, 

and demand for food increases, there is an urgent need for food production strategies that cater for 

both ecological integrity and food security. Most farming systems are focussed on yields and profit, at 

the expense of biodiversity loss, habitat degradation, and ecosystem disruption. In contrast, 

biodiversity sensitive farming emphasises the integration of agricultural productivity with 

conservation efforts, aiming to maintain and even enhance biodiversity within agricultural landscapes 

(Power, 2010; Tscharntke et al., 2012). This kind of farming is even more important in the face of other 

global challenges like climate change (Duru et al., 2015). 

At the heart of biodiversity sensitive farming lies the recognition that agriculture depends on a wide 

array of ecosystem services. Services like pollination, pest control, soil formation, and nutrient cycling 

are underpinned by diverse biological communities. Maintaining such diversity can buffer agricultural 

systems against shocks such as pest outbreaks and changing weather patterns (Kremen & Miles, 2012; 

Bommarco et al., 2013). However, realising the full potential of biodiversity within agricultural systems 

requires a nuanced understanding of how these systems function. Agricultural systems mapping is a 

useful approach for this purpose. It helps to conceptualise and visualise the complex relationships 

between farming practices, biodiversity, and ecosystem services, thereby offering critical insights into 

how these factors can deliver more sustainable outcomes (Tittonell, 2014, Pretty et al., 2010). 

Agricultural systems are inherently complex, with multiple interacting components including crops, 

livestock, soil, water, and the broader ecological context in which they operate. Effective integration 

of biodiversity sensitive practices into these systems hinges on a clear understanding of their structure 

and dynamics. Through mapping, it is possible to identify elements of high ecological value, for 

example such as hedgerows or wetlands, which serve as important habitats for beneficial species like 

pollinators and predators of crop pests (Pywell et al., 2015). Simultaneously, mapping can help 

highlight management actions (e.g. pesticide use) that exert of pressure on biodiversity. By 

understanding these interactions, farmers with the appropriate policy/ institutional support can 

implement management practices that not only conserve biodiversity but also enhance ecosystem 

services critical to agriculture (Tscharntke et al., 2012).  In addition to ecological factors, mapping 

agricultural systems can help identify external drivers like climate change, policies and market 

dynamics which may have both direct and indirect influence on the sustainability of biodiversity 

sensitive practices. For example, mapping can inform decisions on the adaption of farm management 

in response to shifting climate patterns or market demands for more sustainably produced food (Duru 

et al., 2015). In this way, agricultural systems mapping not only supports biodiversity conservation but 

also enhances the adaptability and resilience of farming systems. 

Most systems mapping tools for understanding how biodiversity functions within agricultural systems, 

often focus on individual components, such as land use or species distributions (Harrison, et al, 2014, 
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Bennet et al 2009)). To gain a more comprehensive understanding of the interactions between farming 

practices, biodiversity, and ecosystem services, researchers are increasingly turning to social-

ecological network analysis (Bodin & Tengo, 2012, Sayles, & Baggio, 2017). This method provides a 

systems level view of the entire socio ecological system, showing   the complex interplay between 

ecological and social components. 

Social-ecological networks are analytical tools used to visualise and study the relationships between 

ecological elements (species, ecosystems) and social elements (farmers, institutions, markets in 

agricultural systems (Sayles & Baggio, 2017). These networks consist of nodes, representing different 

components of the system, and edges, which depict the interactions or dependencies between these 

nodes (e.g. pollination services, nutrient flows, or economic exchanges) (Ostrom, 2009). Constructing 

a social-ecological network involves gathering data from various sources, including field surveys, 

ecological monitoring, farmer interviews, literature reviews, agricultural reports, and market data 

(Bodin & Tengo, 2012). Once constructed, the network can be analysed to identify key nodes or 

relationships that play a critical role in the system. For example, certain species might act as keystone 

species, providing vital ecosystem services such as pollination or pest control (Kremen et al., 2018). 

Identifying these keystone nodes enables targeted conservation efforts that can enhance the overall 

resilience and functionality of the agricultural system. 

Social-ecological networks are particularly valuable for identifying systemwide drivers of biodiversity 

loss, the associated consequences and the effect of implementing biodiversity sensitive farming 

practices. For instance, network analysis might reveal how agri-environment schemes influence 

farmers decisions to align their management activities with biodiversity-friendly practices (Pretty et 

al., 2010). Understanding these social dynamics is crucial for designing policies and interventions that 

promote biodiversity conservation while supporting farmers livelihoods. Furthermore, social-

ecological networks can provide insights into the costs and benefits of adopting biodiversity-sensitive 

practices by mapping the flow of ecosystem services within the agricultural system. For example, 

network analysis can reveal how changes in land management affect the provision of pollination, 

water purification, or soil fertility services, and how these services, in turn, influence agricultural 

productivity (Sayles & Baggio, 2017). By highlighting these connections, social-ecological networks 

offer a powerful tool for unlocking the full potential of biodiversity-sensitive farming. 

Biodiversity-sensitive farming represents a critical shift toward more sustainable and resilient 

agricultural systems. By integrating biodiversity into farming landscapes, these systems can enhance 

ecosystem services, reduce dependency on external inputs, and improve adaptability to 

environmental change. Agricultural systems mapping and social-ecological network analysis provide 

essential tools for understanding the complex relationships between farming practices, biodiversity, 

and ecosystem services.  For these reasons we conducted a study in 3 farming systems to with the 

following questions guiding the research: 

1. What are the key ecological, social and management practices that shape the agricultural 

network structure? 

2. What are the most important ecological entities for the delivery of ecosystem services from 

farming systems? 
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3. What are the important the social actors/processes for potentially driving or hindering 

decisions to implement specific management practices?  

4. Across the three farmer clusters, what are the main cause and effects of biodiversity loss and 

how do can specific management practices halt biodiversity loss? 

a. Scottish cluster- Effect of implementing flower strips (field margins) on farm 

biodiversity 

b. Italy cluster – The causes of olive grove abandonment and their implications on 

biodiversity and ecosystem service provision. 

c. Luxembourg cluster- Effect of grazing livestock in apple and pear orchards 

The objectives 

• To identify and map key ecological, social and management practices that shape the 

agricultural network structure 

• To identify the most important ecological entities for delivery of ecosystem services and the 

key stakeholders/processes for potentially driving or hindering the decision making about 

management practices  

• To identify the causes and effects of biodiversity loss and assess the implications specific 

management practices on farm biodiversity, productivity and ecosystem services 

4. Study sites (the case studies) 

We selected three farmer clusters for the social-ecological network analysis: Buchan in Scotland, Born 

in Luxembourg, and Val Graziosa in Italy. These locations were chosen to capture a wide range of 

geographical, agricultural, and cultural differences. The clusters cover a broad geographical stretch, 

from northern Scotland down through central Europe in Luxembourg, and finally reaching southern 

Italy (Figure 1) This allowed us to study diverse regions with distinct environmental conditions. The 

selected areas also reflect different practices—arable farming, olive groves, and apple and pear 

orchards. These clusters offer a foundation for analysis, giving us valuable insights into varied farming 

techniques and social conditions. The methods outlined in this report can be applied to other farmer 

clusters in future research. 
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Figure 1. The locations of the clusters-study sites. 

4.1 Buchan, Scotland 

Buchan is in the Northeast of Scotland, within the Aberdeenshire region. It is a coastal area, bordered 

by the North Sea, with a landscape characterised by low hills and predominantly rural terrain (Hall, 

2021). The region has a temperate maritime climate, bringing cool summers, mild winters, and 

consistent rainfall throughout the year (Köppen, 1936). However, its proximity to the North Sea makes 

strong winds a frequent feature of the area (Coutts & Martín Aranda, 1963). Buchan is largely 

agricultural, with extensive fields of barley and wheat, and grasslands that support grazing livestock, 

particularly sheep and cattle (Agricultural Census Branch, 2023). Both arable and livestock farming 

dominate the land use, with small woodlands interspersed across the landscape (Scottish Government 

Rural Payments and Services, 2000-2022). In some of the coastal towns, the fishing industry remains 

central to the local economy (Brookfield et al., 2005). Additionally, the region benefits from the 

offshore oil and gas fields in the North Sea (Allan et al., 2020), alongside some forestry and small-scale 

food processing industries (Dalton, 2016). Buchan is sparsely populated, with its inhabitants spread 

across small towns, villages, and individual farms (Scotland’s census, 2022). Peterhead, the largest 

town, acts as the region’s economic hub (Brookfield et al., 2005), while the surrounding area remains 

largely rural with minimal suburban development (CEH, 2021). The natural environment is heavily 

influenced by agricultural activity (CEH, 2021). In areas not used for farming, native grasses and 

heathland plants like heather, gorse, and broom thrive, while woodlands consist primarily of Scots 

pine, birch, oak, and rowan trees (Forster and Green, 1985). Along the coastline, resilient plants such 

as sea thrift and marram grass adapt to the salty conditions (Sterry & Cleave, 2022). Wetlands and 
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moorlands in the area support species like sphagnum moss, cotton grass, and rushes (Freeman, 2018). 

Buchan is also home to a range of wildlife, including red and roe deer, badgers, foxes, and rabbits (van 

Zyl, 2009). The area’s birdlife includes species such as puffins, gannets, and guillemots nesting along 

the coast, while birds of prey, including golden eagles and peregrine falcons, are present inland 

(Harrap, 2015). The coastal waters are habitats for marine species like grey seals and dolphins, and 

the region’s rivers and streams support populations of salmon and trout (Plass, 2013; van Zyl, 2009). 

Buchan faces several environmental challenges, many of which are related to intensive farming 

practices.  

Soil degradation, caused by erosion and nutrient depletion, is a significant concern, while the use of 

fertilisers and pesticides has impacted water quality (Hooda et al., 2000; Skinner et al., 1997). The 

region is also vulnerable to the effects of climate change, including rising sea levels and more frequent 

extreme weather events, which exacerbate flooding and coastal erosion, particularly in low-lying areas 

(Werritty & Sugden, 2012). Biodiversity loss, driven by habitat fragmentation from farming and 

development, poses further risks to the region's native species (Pakeman et al., 2023). In addition, the 

fishing and oil and gas industries present ongoing risks of marine pollution, including overfishing, 

waste, and potential oil spills (Allan et al., 2020; Sandison et al., 2021). The Buchan Farmer Cluster 

focuses on improving biodiversity and soil health across a large geographical area. Farmers in this 

cluster work together to implement practices that enhance ecological health, benefiting both their 

farming operations and the wider environment. These practices include no till farming, the 

establishment of field margins, and the planting of cover crops. The cluster also serves as an important 

social activity, reducing the isolation often experienced in farming by providing opportunities for 

networking and mutual support. 

4.2 Born, Luxembourg 

Born, part of the municipality of Rosport-Mompach, located in the Sauer (Sûre) River valley, which 

forms part of the natural border between Luxembourg and Germany. The region’s landscape marked 

by low hills and fertile plains (Cammeraat, 2006). The area experiences a temperate climate, with mild 

temperatures and moderate rainfall throughout the year. Summers are generally warm, while winters 

remain cool with occasional frost (Köppen, 1936). The surrounding landscape is a mix of agricultural 

fields, vineyards, and forests (EEA, 2018). The region’s fertile soil supports a variety of crops, including 

cereals, stockfeed, vegetables, grapevines, and fruit orchards (Gohin & Latruffe, 2006; Weichold, 

2022). The area is moderately populated, characterised by small villages and isolated farms. Despite 

this, it is near urban centres (EEA, 2018). Agriculture, including viticulture, crop farming, dairy, and 

fruit production, remains the main industry. In recent years, tourism has become increasingly 

important, while light manufacturing and services also contribute to the region's development 

(Uppenberg and Strauss, 2010; Danescu, 2010) The flora around Born is heavily influenced by 

agriculture and consists of a mix of forests, agricultural fields, and riverbank vegetation along the 

Sauer River. The forests are primarily composed of oak, beech, and hornbeam trees, with an 

understory of shrubs and wildflowers. In less cultivated areas, wildflowers such as daisies and 

buttercups are common (Tackenberg, 2019). The region’s forests and farmlands are home to species 

such as roe deer, wild boar, foxes, hedgehogs, storks, kestrels, and owls. The Sauer River supports a 

variety of aquatic life, including fish species such as trout and pike, insects and amphibians (iNaturalist, 

2024). The environment around Born faces several challenges. Agricultural runoff, particularly from 
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fertilisers and pesticides, poses a threat to the Sauer River’s water quality and aquatic ecosystems 

(Salvia-Castellví et al., 2005). 

Periodic droughts, likely linked to climate change, can also strain the region's water supply, particularly 

in rural areas where agriculture relies heavily on irrigation (Zoccatelli et al., 2024). Intensive farming 

practices and changes in land use have contributed to habitat loss, affecting biodiversity (Almenar et 

al., 2019). Pollution, both from industrial discharges and household waste, further endangers the 

Sauer River’s ecosystems (Aurich et al., 2023). The Born Farmer Cluster involves farmers committed 

to addressing biodiversity loss and promoting sustainable land management practices. This cluster 

emphasises the importance of joint action and community involvement. Practices such as agroforestry 

related to apple production and grazing are commonly implemented. The cluster leverages citizen 

science activities to gather data and raise awareness about biodiversity conservation, aiming to 

achieve significant environmental benefits at a landscape scale. 

4.3 Val Graziosa, Italy 

Val Graziosa is in the Tuscany region of Italy, near the city of Pisa. It lies beneath the Monte Pisano 

Mountain range and is characterised by moderately steep slopes and a flat valley floor (Coltorti et al., 

2017). The region experiences a typical Mediterranean climate, featuring hot, dry summers and mild, 

wet winters (Köppen, 1936). The landscape of Val Graziosa is predominantly shaped by agricultural 

activities. Olive groves dominate the valley, with the higher parts of the slopes covered in 

Mediterranean scrub and forests (EEA, 2018). On the valley floor, more intensive agriculture is 

practiced, while traditional, less mechanised farming methods persist in the hillside areas (Venturi et 

al., 2017). Olive cultivation and olive oil production are central to the local economy (Guarino et al., 

2019). The valley also supports vineyard cultivation, although to a lesser extent. Livestock grazing is 

also a common practice in the area (Caballero et al., 2009). The valley’s natural environment is marked 

by Mediterranean flora. Cypress trees, as well as shrubs such as rosemary and thyme, are common. 

The surrounding hills support forests of oak, chestnut, and pine, while wildflowers like poppies and 

daisies flourish in the spring (Gardener, 2020). The fauna of Val Graziosa includes a variety of species, 

such as wild boar, foxes, hares, and hedgehogs and variety of reptiles. The avian population includes 

species like kestrels, buzzards, and hoopoes (Blondel & Aronson, 1999). The valley encompasses the 

municipality of Calci, which consists of several small villages and hamlets surrounding the main 

settlement of La Pieve. The valley’s proximity to the metropolitan area of Pisa makes it a peri-urban 

environment. Despite its agricultural and ecological richness, Val Graziosa faces several environmental 

challenges. The hilly terrain makes the region particularly vulnerable to soil erosion where farming 

practices can exacerbate land degradation and lead to landslides (Märker et al., 2008). Additionally, 

agricultural expansion and urbanisation has resulted in biodiversity loss, as natural habitats have 

become fragmented, and the use of pesticides poses a threat to pollinators (Falcucci et al., 2007; Ruiz-

Martinez et al., 2020). Water shortages are another significant concern, particularly during the 

summer months when the demand for irrigation is high (Venturi et al., 2014). The risk of wildfires 

during the dry season further intensifies these environmental pressures, damaging both natural and 

semi-natural habitats and agricultural land (Chastain and Islar, 2024). The Val Graziosa Farmer Cluster 

is dedicated to preserving and studying biodiversity within the region. Farmers in this cluster 

collaborate to find innovative solutions and better understand the ecological balances surrounding 

their farms. Agricultural practices include olive orchards, and they focus on integrated pest 

management and organic farming. The cluster is composed by a mixture of professionals and hobby 
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famers. Since the Italian law does not allow the hobby farmers to sell their oil, which is for personal 

use only, the SEN analysis focuses only on the professional farmers. 

5. Methodology 

5.1 Network representation 

Agroecosystems can be thought of as a network made up of different components, where each 

element whether it's plants, animals, people, or various biotic and abiotic processes acts as e a node 

in the system. The connections between these nodes, or the edges, represent the flow of impact, such 

as how nutrients cycle or energy transfers through the system. By mapping these interactions in a 

network, it becomes possible to visualise the way various parts interact and depend on one another. 

This approach helps us understand how each piece contributes or detracts to the overall health and 

resilience of the agroecosystem. The process of network creation included the development of a 

conceptual model, identification of nodes, validation of nodes by the cluster facilitators, identification 

of edges, and generation of matrices for further analyses (Figure 2). 

 

Figure 2. The workflow for the network construction. 

5.1.1 Development of conceptual model 

Through a careful review of existing research, we created a general network model of the system. This 

model helped us identify the key parts of the system (layers). These layers include ecological entities 
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(such as plants and animals), ecological processes (like nutrient cycling or energy flow), the benefits 

that ecosystems provide to people (ecosystem services), the people and organisations involved 

(stakeholders), the ways ecosystems are managed (management practices), and the factors that cause 

harm to the system (stressors) (Table 1). We went on to determine rules to define how these 

influences flow (Figure 3). One key decision was that the overall direction of impact would flow in only 

one direction between the layers. This means that stressors, like pollution or habitat alteration, affect 

ecological entities (such as plants and animals), but those entities do not affect the stressors. 

Ecological entities interact with one another through ecological processes.  

Ecological entities also provide ecosystem services which are then transferred to the stakeholders. 

The stakeholders determine the management practices. These management practices, in turn, 

influence the occurrence of stressors, which impact the ecological entities. 

Table 1. The definition of the system elements  

Name of layer Description References 

Ecological entities  The various biophysical components of 
the ecosystem that interact with each 
other and their environment. 

Castle et al., 2022 ; Caulfield et al., 2020 ; 
Gaba et al., 2014 ; Kumar Kohli et al., 
2007 ; Pédèches et al., 2023 ; Shennan, 
2008 ; Soga & Gaston, 2020 ; Zimmerer 
et al., 2022 

Ecological 
processes 

The various interactions and events that 
occur within the ecosystem, influencing 
the flow of energy, nutrients, and 
organism 

Moraine et al., 2017 ; Pédèches et al., 
2023 ; Shennan, 2008 ; Steinmetz et al., 
2021 

Ecosystem services The benefits that humans derive from 
ecosystems. 

Andersson et al., 2015, 2015 ; Castle et 
al., 2022 ; Cet al., 2015 ; Lomba et al., 
2022 ; Moraine et al., 2017 ; Shennan, 
2008 ; Soga & Gaston, 2020 

Stakeholders Individuals, groups, organisations, or 
institutions that play active roles in social 
interactions, shaping, influencing, or 
responding to social phenomena and 
processes. 

Caulfield et al., 2020 ; Gallardo-López et 
al., 2021 ; Lescourret et al., 2015 ; 
Moraine et al., 2017 ; Pédèches et al., 
2023 ; Soga & Gaston, 2020 ; Stojanovic 
et al., 2016 

Management  Planning, organising, directing, and 
control of resources and activities to 
optimise agricultural production. 

Caulfield et al., 2020 ; Felipe-Lucia et al., 
2022 ; Gaba et al., 2014 ; Lescourret et 
al., 2015 ; Lomba et al., 2022 

Stressors Physical, biological, or chemical 
conditions that causes stress, strain or 
pressure on organisms, systems, or 
environments. 

Tilman et al, 2002, Matson et al 1997, 
Foley, et al 2007, Giller et al 2009, 
Searchinger et al 2018, Deguines et al 
2014 
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Figure 3. The conceptual model showing the 6 layers encompassing the system and their direction of relationship. 

5.1.2 Identification of nodes 

We applied mixed methods to identify the elements (nodes) that encompass the agroecosystem and 

its structure, including a literature review, expert interviews, workshops, and interviews with farmers. 

We focused on the processes and practices typical of agricultural systems in Scotland, England the EU 

(Grosinger et al., 2022; Perpiña Castillo et al., 2018; Steinmetz et al., 2021; Zimmerer et al., 2022). We 

then intentionally focused on the biodiversity-related components of the system and used the CICES 

classification (Haines-Young et al., 2018) for categorising the ecosystem services. Stakeholders were 

identified according to the services they provide to the farming system or the services/products they 

receive. The result was a universal list of nodes encompassing all the potential nodes in a European 

agroecosystem. 

5.1.3 Validation of nodes by the cluster facilitators 

Based on their understanding of the cluster's biophysical characteristics, biodiversity objectives, and 

stakeholders, the facilitator used a simple spreadsheet to mark the presence or absence of each node 

from the universal list of nodes created in Section 7.1.2. The facilitator used '1' to indicate presence 

and '0' to indicate absence. They were also authorised to add any nodes they felt were missing. From 

this, a list of nodes was generated for each cluster (Annex xiii). 

5.1.4 Identification of edges 

Through expert opinion and a literature review, the relationships between pairs of nodes with the 

potential to interact (meaning the nodes belong to two different layers connected in the conceptual 

model) were examined to determine whether a relationship exists and, if so, its nature. This study 

focused exclusively on direct relationships—interactions between nodes without intermediary agents. 

A comprehensive list of edges, along with detailed descriptions of the relationships and justifications 

for their occurrence, was created.  

5.1.5 Generation of matrices 

Based on the lists of nodes and the identification of where edges occur, connection matrices were 

created. These matrices are essentially binary adjacency tables, with the names of all the nodes in the 

system placed along both the X and Y axes. At the intersection of each pair of nodes, a number is 

placed, indicating whether an edge exists (1) or does not exist (0) between them. Since the system 

was defined as unidirectional, the nodes on the X axis influence those on the Y axis, but not the other 



 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 18 

way around. Based on the validation of the nodes in each cluster (Section 7.1.3), three matrices were 

generated, each representing the unique network of its respective cluster. These resulting matrices 

were employed for network visualization and subsequent structural analysis (Section 7.2). 

5.2 Network analysis  

A comprehensive network analysis was conducted to understand the structure and dynamics of the 

different clusters. Our analysis focused on evaluating the centrality of nodes within each network to 

determine their relative importance, influence, and roles, enabling us to compare the various network 

structures of the clusters. We employed five centrality metrics: in degree, out degree, eigenvector, 

betweenness, and closeness (Borgatti and Brass, 2019). 

5.2.1 In and Out Degree Centrality 

Degree centrality measures the number of direct connections each node has within the network. This 

metric identifies nodes that are highly connected, indicating potential hubs of activity or influence. By 

quantifying these direct ties, we can assess the basic level of node connectivity, with higher degree 

centrality suggesting greater involvement or influence within the network. To capture the 

directionality of relationships, we separately calculated in-degree and out-degree centrality. In-degree 

centrality, also known as prestige centrality, measures the number of incoming connections to a node, 

identifying nodes that are frequently targeted or impacted by others. Out-degree centrality measures 

the number of outgoing connections from a node, indicating nodes that frequently target or impact 

other nodes. 

5.2.2 Eigenvector Centrality 

Eigenvector centrality was employed to assess the influence of nodes based not only on their direct 

connections but also on the centrality of the nodes they are connected to. This metric was particularly 

valuable for identifying nodes that are connected to other highly influential nodes, thereby amplifying 

their own importance in the network. Nodes with high eigenvector centrality were considered key 

influencers with potentially far-reaching impact across the network. 

5.2.3 Betweenness Centrality 

Betweenness centrality was calculated to determine the extent to which a node lies on the shortest 

paths between other nodes in the network. Nodes with high betweenness centrality were identified 

as critical intermediaries or brokers. This metric was crucial for understanding the nodes' roles in 

connecting otherwise disparate groups, thereby influencing the overall connectivity and cohesion of 

the network. 

5.2.4 Closeness Centrality 

Closeness centrality was used to evaluate how quickly a node can interact with all other nodes in the 

network, based on the shortest path distances. Nodes with high closeness centrality were identified 

as strategically positioned to efficiently reach and influence the entire network. This metric provided 

insights into the potential speed and effectiveness with which nodes could disseminate information 

or resources. 
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The results from these centrality metrics were analysed to identify key nodes within the network, their 

roles, and their potential impact on network dynamics. By comparing the different centrality 

measures, we could differentiate between nodes that are well-connected, those that are influential 

due to their strategic position, and those that play a critical role in maintaining the network's overall 

structure and function. Utilising these centrality measures together provided a multi-dimensional view 

of the network's structure and dynamics. and enabled us to fully understand the roles of different 

nodes and make more informed conclusions about the network’s overall structure and function. 

5.3 Construction of the Causal Loop Diagrams 

Just like other farming systems, the three case studies reported are subject to various pressures that 

can lead to declines in biodiversity. This can include factors such as monoculture practices, pesticide 

use, habitat fragmentation, and climate change. To explore the implications of some management 

practices on biodiversity loss in these systems we used the causal loop diagram approach. For the 

Luxembourg and the Scottish systems, we used biodiversity loss as a reference mode to help 

understand the effects of different management practices (grazing livestock in orchards, flower strips 

in crop fields) as biodiversity-sensitive farming practices to reverse this trend. For the Italian cluster 

the reference mode is olive grove abandonment which is a trend that is growing over the years. We 

used the CLD to explore why this is the case and what the implications are for biodiversity.  For the 

creation of the causal loop diagrams (CLD) we identified some variables that relate to the causes of 

problem (i.e. the reference mode) and the associated consequences. These variables (causes and 

consequences) were picked from the stressor nodes identified in the network construction above 

while the consequences were picked from ecosystem services and the ecological entities. We then 

used a combination of literature review and expert knowledge to capture the intricate cause-and-

effect relationships within each system and to add other nodes that are linked to biodiversity loss.  

For each farming system, a separate CLD was created, identifying key variables (nodes) and mapping 

causal relationships, including feedback loops. The diagrams provide a visual and conceptual 

framework to understand the causes of biodiversity loss and associated consequences and how 

specific management actions impact biodiversity dynamics. The results from the network analysis 

were then cross-referenced with the CLDs to examine the role of high-centrality nodes within the 

broader system and their implications for biodiversity management. This integration of CLDs and 

network analysis allows for a deeper understanding of key drivers in each system and informs targeted 

management strategies to enhance biodiversity outcomes. 

6. Results  

6.1 The agroecosystems nodes across the three clusters 

Our analysis revealed noticeable differences in the composition of nodes across the three clusters we 

examined. In Buchan, we identified 119 nodes, made up of 16 ecological entities, 21 ecological 

processes, 31 ecosystem services, 21 management practices, 14 stakeholders, and 16 stressors. In 

contrast, Born had a slightly higher total of 124 nodes, consisting of 15 ecological entities, 21 ecological 

processes, 24 ecosystem services, 16 management practices, a substantially higher 43 stakeholders, 

and 5 stressors. Val Graziosa, on the other hand, had 100 nodes, with 10 ecological entities, 21 

ecological processes, 19 ecosystem services, 10 management practices, 34 stakeholders, and 6 
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stressors. Interestingly, the number of ecological processes remained consistent across all three 

regions, with each cluster recording 21 processes. This suggests that core processes are shared 

between all clusters. However, notable differences emerged when we looked at ecological entities, 

ecosystem services, management practices, stakeholders, and stressors. Buchan, for example, had the 

highest number of ecosystem services and stressors, but fewer stakeholders than Born, which had the 

most among the three. Val Graziosa, meanwhile, showed a simpler structure, with fewer entities, 

services, and stressors, though it still maintained a relatively high number of stakeholders.  Buchan 

stood out with six unique ecosystem services, indicating that it benefits from ecological functioning 

not seen in the other regions. It also employs six unique management practices, reflecting a distinctive 

approach to managing its agroecosystem compared to Born and Val Graziosa. Despite having the 

fewest stakeholders overall, Buchan still identified six unique stakeholders, which suggests a system-

specific network of actors at play. Additionally, Buchan faces nine unique stressors, highlighting 

localised environmental pressures not felt elsewhere. In addition, Buchan includes one ecological 

entity – aquatic flora and fauna, which is not shared with the other clusters. In Born, the stakeholder 

network is particularly distinctive, with 15 unique stakeholders, reflecting a highly localised and 

socially complex system involving diverse interests. Born also contends with one unique stressor, 

indicating that while many stressors are shared with other regions, some remain specific to this region. 

Val Graziosa, like Buchan, identified just one unique ecological entity, olive trees. The region uses five 

unique management practices, reflecting its own strategies to meet local agroecosystem needs. With 

32 unique stakeholders, Val Graziosa, similar to Born, presents a socially complex system. Even though 

it faces fewer stressors overall, Val Graziosa still grapples with one stressor not observed in other 

regions. 

6.2. Multilayer directed network layout 

This section presents a graphical description of the three representative networks. The layouts of the 

three networks are depicted in Figure 4 - Figure 6, illustrating the interactions among the different 

entities of each multilayer network, i.e. Born, Val Graziosa, and Buchan. These networks have sizes 

(i.e. nodes) of 124, 110, and 120, respectively, and 967, 1568, and 1673 edges. 

In these figures, nodes sizes are represented proportional to their importance as measured by the 

eigenvector centrality. The nodes in the graph are color-coded according to their layers, with the edges 

adopting the colour of the origin node to indicate the direction of influence.  It is evident from the 

graphs that the clusters’ farmers (i.e. Born- the orchard system, Val Graziosa - the Olive system and 

Buchan – mixed arable crop-livestock systems) occupy a central position within the network, acting as 

the most influential node based on eigenvector centrality and while they could be depicted as 

‘stakeholders', we isolated them in one unique type of layer to facilitate the analysis. The three graphs 

illustrate variations in network density, highlighting the interconnectivity of each system. In Born, the 

network is highly concentrated around key stakeholders and management nodes. In contrast, Val 

Graziosa shows a noticeable shift toward ecological nodes. Buchan presents a more balanced 

structure, with no single group dominating. In Born, ecological processes and entities are relatively 

underrepresented, suggesting a system more influenced by human activities. Conversely, Val Graziosa 

prioritises these ecological aspects. Buchan exhibits a more balanced network structure, where no 

single layer dominates.  
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Figure 4. Directed network representing interactions among the different entities of the Born network. Edge 
colours represent the subgraph that originates the interaction (i.e. layers), and the node size is proportional to 
the eigenvector centrality of each node, a centrality measurement that indicates the importance of the node in 
the whole network. Only labels from the five more important nodes are visualised to avoid overloading the 
figure. 
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Figure 5. Directed network representing interactions among the different entities of the Val Graziosa network. 
Edge colours represent the subgraph that originates the interaction (i.e. layers), and the node size is proportional 
to the eigenvector centrality of each node, a centrality measurement that indicates the importance of the node 
in the whole network. Only labels from the five more important nodes are visualised to avoid overloading the 
figure. 
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Figure 6. Directed network representing interactions among the different entities of the Buchan network. Edge 
colours represent the subgraph that originates the interaction (i.e. layers), and the node size is proportional to 
the eigenvector centrality of each node, a centrality measurement that indicates the importance of the node in 
the whole network. Only labels from the five more important nodes are visualised to avoid overloading the 
figure. 

Differences in network density can be distinguished better when taking the stakeholder – 

management layers as example. Born contains few nodes with considerably high out-degree centrality 

(Figure 8), while in Buchan most of the stakeholder are connected similarly and no prominent 

stakeholder shows up (Figure 9). In a similar way, Figure 10 shows that, in Born, few ecosystem 

services nodes are highly connected, which contrasts with Val Graziosa (Figure 11), where ecosystem 

services are highly connected to the stakeholders, and they are also important nodes since they have 

a high out-degree centrality. A similar graphical description of the inter-layer interaction can be found 

in the annex. 
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Figure 7. Directed interactions from the stakeholder to the management layer in Born. Nodes’ size in the 
stakeholder's layer is proportional to their out-degree centrality, while in the management layer it is 
proportional to the in-degree centrality. 
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Figure 8. Directed interactions from the stakeholder to the management layer in Buchan. Node size in the 
stakeholder layer is proportional to their out-degree centrality, while in the management layer it is proportional 
to the in-degree centrality. 
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Figure 9. Directed interactions from the ecosystem services to the stakeholder layer in Born. Node size in the 
ecosystem services layer is proportional to their out-degree centrality, while in the stakeholder layer it is 
proportional to the in-degree centrality. 
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Figure 10. Directed interactions from the ecosystem services to the stakeholder layer in Val Graziosa. Node size 
in the ecosystem services layer is proportional to their out-degree centrality, while in the stakeholder layer it is 
proportional to the in-degree centrality. 
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6.2.1 Topological properties of the networks 

In this part, we adopted a systemic scope, and we focused on understanding networks characteristics 

beyond the visual aspects that stand out. More specifically, in this section we analysed some general 

systems’ properties by describing their topology, and by contrasting the empirically built networks 

with other theoretical and well-studied network models such as the scale-free or random networks 

(Gómez-Gardeñes, J., & Moreno, 2006). This exercise served as a theorical validation of the 

consistency and plausibility of the networks built from the identification of nodes and edges in the 

data collection stage. 

Since we are dealing with directed networks, we started plotting the in (i.e. Figure 11a) and out (i.e. 

Figure 11) -degree distributions separately using a log-log scale. The systems have an average in 

(<k_in>) and out (<k_out>) degree of 7.8, 14.25, and 13.94 for Born, Val Graziosa, and Buchan systems, 

respectively. This means that the degree (i.e. in and out combined) of a node is, on average, 14.25, 

28.5, and 27.88 for each one of the three systems, respectively. From this and the degree distributions 

in Figure 11, it is possible to say that Val Gracioza and Buchan are topologically more similar to each 

other than to Born. 
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Figure 11. In (a) and out (b) -degree distributions. Colours indicate the study system. <k_in> and <k_out> indicate 
the average in or out–degree, respectively.  

From the in and out -degree distributions (Figure 12), it can be noted that a common characteristic 

among the three systems is the presence of long tails and highly connected nodes. For instance, in the 

Born system (Figure 12b) the probability of finding nodes with an out-degree lower than the average 

-i.e., 7.8- is higher than the probability of finding nodes with an out-degree greater than 7.8. In this 

case, these nodes can be up to five times more connected than the average node. This means that, in 

the three systems, highly connected nodes are scarce while the poorly connected ones are abundant. 

In the literature, these scare but highly connected nodes are called hubs, and their presence is a 

characteristic of networks with scale-free properties. These properties are important because they 

can be found in real world networks like supply chains (Gao et al., 2016). Since our aim is to address 

the consistency of the empirical network, we focussed on evaluating how similar are the three systems 

to a theoretical scale-free network (Barabasi and Albert, 1999) and to a randomly generated network 
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(Erdos and Renyi, 1959). On the one hand, in scale-free networks, the degree distribution has a long 

tail, nodes with few connections are abundant, and few nodes are considerably more connected than 

the average (i.e., hubs). On the other hand, in a randomly generated network, the degree distribution 

has a short tail, and it is distributed around the average degree (Annex xii). As mentioned before, 

Figure 12 shows that the three systems contain hubs that have degrees much higher than the 

network’s average (i.e., long tail), meaning that the systems do not have random network properties. 

While there is no formal method to determine if a network is scale-free, we can say that a network 

has scale-free properties when the degree distribution follows a power law and when there is a tail of 

high degree nodes (Albert-Laszlo Barabasi, 2013). In this sense, the following step consisted in 

determining how similar are the systems' degree distribution to a power law. For this, we fitted the 

degrees to a power law distribution parametrised by alpha (Alstott et al., 2014) and we compared the 

parameter alpha of the best fit to the different alpha values observed in other scale-free networks 

from the literature.  

As it can be shown in Annex (xi) all systems have alpha values between 2.13 and 2.59. As it has been 

exhaustively discussed by Barabasi and Albert (1999), scale-free networks commonly have an alpha 

parameter that ranges between 2 and 3. In this manner, in addition to the presence of hubs, we can 

suggest that these networks exhibit some scale-free property, and they are far from having a random 

topology. 
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Figure 12. In and out –degree distributions for the Born (a and b, respectively), Val Graziosa (c and d, respectively). 
and Buchan (e and f, respectively) systems. The continuous line indicates the probability distribution, and the 
dashed line shows the average in and out –degree.  

6.3. Hubs identification and centrality analysis  

We relied on the different centrality metrics described in section 7 to rank the nodes. As it is shown in 

Figure 13 to Figure 15, nodes ascend in the ranking in the right-hand side, and they are highlighted 

with the colour of their corresponding layer. Depending on the type of metric, nodes may have a 

different ranking, for which we used the coloured connected lines to help identifying them.  

6.3.1 Degree, in and out-degree centrality analyses 

Firstly, we ranked them using local centralities, such as degree, in and out-degree centralities (see 

Figure 13 to Figure 15).  

In Buchan ecological entities are primarily located in the upper quartile, especially in degree and in-

degree centrality, while ecological processes are evenly spread across all quartiles. Ecosystem services 

and management in this cluster are mostly found in the lower and median quartiles, with stressors 

distributed across the top-median, bottom-median, and upper quartiles, but absent in the lower 

quartile. Stakeholders are concentrated in the upper quartile.  Val Garziosa, on the other hand, sees 

ecological entities concentrated in the upper quartile, with a significant presence in the top-median 
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quartile, particularly in in-degree and out-degree centrality. Ecological processes and stressors are 

predominantly in the lower quartile, with some distribution in the bottom-median quartile. Ecosystem 

services and management are more evenly spread, with management concentrated in the top-median 

quartile but placed in the lower quartile when considering out-degree centrality. Stakeholders are 

primarily found in the upper quartile but also have significant representation in the top-median and 

lower quartiles. Born on the other hand shows more variability. Ecological entities are primarily in the 

upper quartile but are also spread across the top-median, bottom-median, and lower quartiles in out-

degree centrality. Ecological processes and stressors are concentrated in the lower quartile, 

particularly in degree and out-degree centrality, with some presence in the bottom-median quartile. 

Ecosystem services and management are predominantly in the lower quartile, but with broader 

distribution across other quartiles.  

Stakeholders Born cluster exhibit a more even distribution across all quartiles, with notable 

concentrations in both the upper and lower quartiles. Overall, while Buchan and Val Graziosa often 

position entities and stakeholders in the upper quartile, the Born demonstrates greater variability and 

a more even spread across different centrality measures, particularly for processes, services, and 

stressors.  

Table 2 shows the most influential ecological entities in terms of impacting the provision of ecosystem 

services and processes (out degree centrality). In Buchan, the most influential ecological entities are 

crops, fruit trees and berry plantations, weeds/forbs, grasses and natural forest. In Val Graziosa, the 

most influential ecological entities are fruit trees and berry plantations, grasses, herbivores birds, 

herbivores insects, and natural forest. In Born, the most influential ecological entities are crops, 

domestic grazers, natural forest, plantations, predatory birds, and predatory insects. 

Table 3 shows the most influential stakeholders in terms of impacting management practices (out 

degree centrality). In Buchan, the most influential stakeholders are government agencies and 

regulators, financial institutions, local communities, research and education institutes, suppliers and 

service providers. In Val Garziosa, the most influential stakeholders are local/regional council, rural 

development agencies, logistics companies, non-departmental public bodies, and banks. In Born, the 

most influential stakeholders are water utility companies, labour force, renewable energy providers, 

banks, and nature protection agencies.  
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Figure 13. Nodes ranking based on degree, in-degree, and out-degree centrality for the Val Graziosa (Italy) 
system. Nodes’ background colour indicates the corresponding layer. 
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Figure 14. Nodes ranking based on degree, in-degree, and out-degree centrality for the Buchan (Scotland) system. 
Nodes’ background colour indicates the corresponding layer. 
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Figure 15. Nodes ranking based on degree, in-degree, and out-degree centrality for the Born (Luxembourg) 
system. Nodes’ background colour indicates the corresponding layer. 
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Table 2. The most influential ecological entities in terms of impacting the provision of ecosystem services and 
processes for the three clusters.  

 

Out degree value Rank Out degree value Rank Out degree value Rank

aquatic flora and fauna 0.252 8 na na na na

crops 0.336 1 na na 0.114 1

domestic grazers 0.202 10 na na 0.016 2

fruit trees and berry plantations 0.319 2 0.312 1 0.098 12

grasses 0.303 4 0.284 2 0.041 14

hedgerows 0.269 6 na na 0.024 9

herbivores birds 0.143 12 0.284 3 0.016 11

herbivores insects 0.134 13 0.275 4 0.041 15

natural forest 0.303 5 0.257 5 0.138 3

plantations 0.261 7 na na 0.114 4

predatory birds 0.118 14 0.257 6 0.033 5

predatory insects 0.092 16 0.11 7 0.033 6

soil biota 0.227 9 0.092 8 0.089 13

weeds/forbs 0.319 3 0.092 9 0.024 10

wild (predators) 0.109 15 na na 0.033 7

wild( grazers) 0.168 11 0.073 10 0.033 8

Buchan Val Graziosa Born
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Table 3. The most influential stakeholders in terms of impacting management practices. 

 

6.3.2 Eigenvector, closeness and betweenness centrality analyses 

Secondly, we ranked using metrics that consider topological properties, such as eigenvector centrality, 

closeness and betweenness (see Figure 16 to Figure 18). Ecological entities in Buchan consistently 

occupy the upper quartile across all centrality measures, underscoring their prominent role within the 

network. In Val Graziosa, ecological entities are generally distributed between the upper and top-

median quartiles for betweenness and closeness centrality. However, they are concentrated in the 
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bottom-median quartile when assessed by eigenvector centrality, indicating a potential decrease in 

influence. Born presents a more even distribution of ecological entities across quartiles, with notable 

representation in the bottom-median and top-median quartiles and some presence in the upper 

quartile for betweenness and closeness centrality. Buchan’s ecological entities demonstrate 

consistently high centrality, highlighting their considerable influence in the network. Val Graziosa, 

while also showing high centrality in betweenness and closeness, reveals a shift toward lower 

centrality in eigenvector measures, suggesting a more nuanced role. Born’s distribution suggests a 

more diversified or less centralised role of ecological entities, with no clear dominance in any quartile. 

Ecological processes in Buchan are predominantly found in the lower quartiles, particularly in 

betweenness and eigenvector centrality, but they are scattered in the ranking when observing 

closeness centrality. Val Graziosa shows a similar pattern, with ecological processes primarily 

concentrated in the lower quartile across all centrality measures, with some presence in the bottom-

median quartile. Born mirrors Val Graziosa, with ecological processes almost entirely located in the 

lower quartile. Both Val Graziosa and Born exhibit a strong concentration of ecological processes in 

the lower quartile across all centrality measures, indicating their reduced influence or importance 

within the network. Buchan, while also showing a lower quartile concentration, has a slightly broader 

distribution, suggesting a more integrated, though still limited, role for ecological processes. 

Ecosystem services in Buchan are mainly distributed across the lower and bottom-median quartiles, 

with minimal presence in the upper quartile. Val Graziosa shows a similar pattern, with ecosystem 

services primarily located in the lower and bottom-median quartiles, though with minor 

representation in the top-median and upper quartiles. In Born, ecosystem services are concentrated 

in the bottom-median quartile, with a small presence in the lower quartile. Ecosystem services across 

all three regions are predominantly found in the lower and bottom-median quartiles, reflecting a 

lower centrality within the network. However, Buchan and Val Graziosa show slightly more presence 

in the upper quartiles, indicating a higher recognition of their importance in certain contexts 

compared to Born. 

Management activities in Buchan are largely distributed within the top-median quartile, with 

additional presence in the bottom-median quartile. Val Graziosa demonstrates a high centrality for 

management, particularly in betweenness and eigenvector centrality, where it is concentrated in the 

upper quartile, while closeness centrality places it entirely in the top-median quartile. In Born, 

management is primarily situated in the top-median quartile but exhibits a more even spread across 

other quartiles, especially in eigenvector centrality. Val Graziosa’s management is strongly centralised 

in the upper quartile, particularly in betweenness and eigenvector centrality, signifying its pivotal role 

within the network. In contrast, Buchan and Born exhibit a more balanced distribution, with 

management spread across the top-median and bottom-median quartiles, suggesting a significant but 

less dominant role. 

Stakeholders in Buchan are mainly positioned in the upper quartile, with some distribution in the top-

median quartile. Val Graziosa similarly positions stakeholders predominantly in the upper quartile, 

with additional presence in the top-median quartile, though eigenvector centrality shows an even split 

between these two quartiles. In Born, stakeholders are more evenly distributed across quartiles, with 
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significant concentrations in the upper and top-median quartiles. Stakeholders in Buchan and Val 

Graziosa are strongly centralised in the upper quartile, highlighting their crucial importance within the 

network. Born, however, presents a broader distribution, indicating a more diversified role for 

stakeholders and a less centralised network structure. 

Stressors in Buchan are confined to the lower quartile in closeness centrality but are more widely 

distributed across the upper and median quartiles in betweenness and eigenvector centrality. In Val 

Graziosa, stressors are entirely within the bottom-median quartile for closeness centrality, but with a 

notable concentration in the upper quartile for betweenness centrality and in the top-median quartile 

for eigenvector centrality. Born consistently places stressors in the lower quartile across all measures, 

with limited presence in the bottom-median quartile.  

Overall, Buchan emphasises strong centrality for ecological entities and stakeholders, while 

management and ecosystem services play significant but less centralised roles. Stressors and 

ecological processes generally exhibit lower influence, except in specific centrality measures. Val 

Graziosa follows a similar pattern, with strong centrality for stakeholders and ecological entities, 

particularly in betweenness centrality. Management is highly central, while stressors and ecosystem 

services exhibit varying levels of influence depending on the measure, reflecting a complex, context-

dependent network role. Born, with its more even distribution across all components, highlights a less 

hierarchical and more interconnected network structure, where ecological processes and stressors 

consistently rank lower, and ecological entities, management, and stakeholders show more variability.   
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Figure 16. Nodes ranking based on degree, in-degree, and out-degree centrality for the Val Graziosa (Italy)system. 
Nodes’ background colour indicates the corresponding layer. 
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Figure 17. Nodes ranking based on degree, in-degree, and out-degree centrality for the Born (Luxembourg) 
system. Nodes’ background colour indicates the corresponding layer. 
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Figure 18. Nodes ranking based on degree, in-degree, and out-degree centrality for the Buchan (Scotland) system. 
Nodes’ background colour indicates the corresponding layer. 
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6.4. Interlayer distance. 

We calculated the average distance (i.e. shortest path length) between any node of a layer to any 

other node from the rest of the layers. In other words, the average distance is the average minimum 

'steps' required to go from one layer to another. This average interlayer distance serves a proxy of 

complexity since we assume that every step (i.e. edge) implies the operation of an additional dynamic 

process. In this sense, the more steps required to go from node (i.e. or layer) to another, the more 

complex is the dependency between these two nodes. In a similar fashion, less steps mean that the 

dependency among nodes is less complex. In Figure 19 to Figure 21, we represented this interlayer 

average distance in graphs where the nodes are layers, and the directed edges (arrows) label indicate 

the average distance from a layer to another. To facilitate the interpretation, arrows width sizes are 

set proportional to average distance and the colour is set to match the origin layer. 

 

Figure 19. Average distance that connects two layers in Born. It is obtained from averaging the shortest path 
length of all nodes from one layer to all the nodes from the rest of the layers. Arrow width size is proportional 
to average distance. Arrow colour indicates the origin layer. 
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Figure 20. Average distance that connects two layers in the Buchan cluster. It is obtained from averaging the 
shortest path length of all nodes from one layer to all the nodes from the rest of the layers. Arrow width size is 
proportional to average distance. Arrow colour indicates the origin layer. 
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Figure 21. Average distance that connects two layers in the Val Graziosa cluster. It is obtained from averaging the 
shortest path length of all nodes from one layer to all the nodes from the rest of the layers. Arrow size is 
proportional to average distance. Arrow colour indicates the origin layer. 

6.5. Cycles and relevant interactions  

In order to understand the potential presence of feedback loops, we searched for possible cycles in 

the three systems. In a directed graph, a cycle is a path containing a non-null sequence of non-

repeating edges where only the first and last nodes are the same. The rationale behind this exercise 

was to identify some complex dynamics and to distinguish which ones are relevant or easier to address 

in the context of the project’s objectives. Relying on a graph traversal algorithm, we considered a 

maximum length of five steps to identify the loops. This threshold was set given that the 

computational cost increased exponentially when higher thresholds were considered (see Annex ii). 

As it can be seen in Figure 22, the Italian and the Scottish cluster present higher number of cycles 

regardless of the threshold except when the threshold is three. In fact, given that logarithm scale of 

the vertical axis, it can be noted that the Luxembourgish cluster contains considerably less cycles than 

the rest of clusters.  
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Figure 22. Frequency of cycles for the three systems. The x axis refers to the maximum length of the cycle 
ingested as a threshold to the graph traversal algorithm.  

To understand the potential importance of these cycles we sought to describe them but due to the 

number of cycles in the networks, it was impractical to identify and describe all of them. To overcome 

this, we focussed cycles that contained the nodes in layers of interest, ‘cluster farmer' and ‘ecological 

entities’, selecting only the cycles that included at least one node of each of these layers. We 

prioritised the cluster of farmers since this node is under constant observation and most of the 

potential interventions will be targeting these agents, Similarly, we focussed on ecological entities 

since they represent endpoints of interest in the context of the FRAMEWORK project (i.e., biodiversity 

conservation).  

For each cycle, we summed the nodes’ eigenvector centrality, and we ranked the cycles prioritising 

the ones with higher aggregation. As it can be seen in Figure 23, the four highest scoring cycles in the 

Scottish cluster represent simple cycles. In fact, in all the cases, there are four nodes in common (i.e. 

biodiversity loss, aquatic flora and fauna, knowledge systems, and cluster farmers), while the nodes 

that vary between cycles are members of the ‘management’ layer. In the case of the Italian system 

(Figure 24), we observe a similar pattern in which variation in an ‘ecological entities’ node gives rise 

to several forms of an otherwise common cycle Finaly, when observing the Luxembourgish cluster, we 

see that only the university, cluster farmer, and genetic material nodes repeat, while the rest of nodes 

belong to distinct layers. Moreover, differently from the previous cases, in this system we see the 

presence of bidirectional interactions, meaning that these cycles contain other smaller cycles (i.e. 

university <-> cluster farmer).  
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Figure 23. Cycles with the highest eigenvector centrality sum in the Scottish cluster. Cycles were selected from a 
pool of cycles that had a maximum length of 5.  
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Figure 24. Cycles with the highest eigenvector centrality sum in the Italian cluster. Cycles were selected from a 
pool of cycles that had a maximum length of 5. 
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Figure 25. Cycles with the highest eigenvector centrality sum in the Luxembourgish cluster. Cycles were selected 
from a pool of cycles that had a maximum length of 5. 
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6.6 Causal Loop Diagrams 

6.6.1 Olive grove abandonment in the Italian system 

In Figure 26, the Causal Loop diagram showing the interconnected causes of olive grove abandonment, 

ranging from economic and social factors to environmental pressures, set off a cascade of ecological 

consequences. Soil erosion, invasive species, and land degradation reduce the availability of diverse 

habitats, while increased fire risk poses a direct threat to species survival. Ultimately, the 

abandonment of olive groves transforms these semi-natural systems into degraded landscapes with 

diminished capacity to support diverse plant and animal life and biodiversity loss. 

 

Figure 26. The causal loop diagram representing some system wide impacts of olive grove abandonment  

6.6.2 Grazing livestock in pear and apple orchards in Luxembourg 

Grazing livestock in pear and apple orchards presents both opportunities and challenges for the 
orchard ecology and ecosystem services as shown in Figure 27. Grazing helps manage 

undergrowth, control weeds, and prevent the spread of invasive species, but excessive grazing can 

lead to soil compaction and reduced soil fertility. It also supports biodiversity by providing habitats, 

although overgrazing may lower habitat quality. It also contributes to ecosystem services such as 

pollination, nutrient cycling, and pest control by maintaining ground cover, which helps prevent soil 

erosion. While grazing enhances soil health by adding organic matter and improving nutrient cycling, 

overgrazing can result in soil erosion and degradation, ultimately reducing orchard productivity. If not 

carefully regulated, it can lead to issues such as soil erosion and habitat degradation, thereby 

disrupting plant diversity and threatening overall productivity.  Balancing these factors is crucial for 

optimising the social-ecological outcomes of integrating livestock into orchard systems. 
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Figure 27. The causal loop diagram representing some system wide impacts of grazing in orchard  

6.6.3 Field margins in the Scottish system 

The introduction of flower margins can potentially mitigate the adverse effects of intensive farming, 

monocultures, and pesticide use on biodiversity. By increasing plant diversity, creating habitats for 

pollinators, and enhancing natural pest control, flower margins act as a positive intervention that 

reduces biodiversity loss in Scottish arable systems as shown in Figure 28. However, they may also 

cause habitat alteration and pest proliferation. On a systems level there is therefore a need to consider 

context-specific factors such as landscape configuration, other management practices, and potential 

unintended consequences.  

 

Figure 28. The causal loop diagram representing some system wide impacts flower strips in crop fields in the 
Scottish cluster 

7. Discussion   

Drivers and barriers to biodiversity-sensitive farming across various European agricultural systems can 

be framed around several key insights derived from the findings of this work. From the networks 

created for the three study sites, it is clear that agricultural social-ecological systems are highly 
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connected and complex. As with complex systems, this means that they exhibit nonlinear interactions 

which need to be tracked to be able understand the ripple effects of change at some points of the 

network. The interconnectedness within these systems makes it critical to identify the main drivers 

and barriers that influence system behaviour, particularly in the context of biodiversity conservation 

in farming. Understanding these key elements allows the identification of potential levers that can 

enhance biodiversity, increase ecosystem resilience, and mitigate risks. By targeting these levers, we 

can more effectively manage and optimise the system, ensuring that interventions support both 

agricultural productivity and the preservation of biodiversity, which is essential for the long-term 

sustainability of farming systems.  

Biodiversity sensitive farming integrates conservation with agricultural productivity, emphasising the 

role of biodiversity in enhancing ecosystem services, such as pollination, pest control, and nutrient 

cycling. These services are critical to buffering agricultural systems against environmental shocks (e.g. 

pest outbreaks, climate variability), but their provision is intricately tied to diverse biological 

communities (Bommarco et al., 2013). However, the adoption of biodiversity sensitive practices is not 

without its challenges, as farmers must navigate competing objectives, achieving sufficient income 

and long-term ecological integrity. One significant driver in promoting biodiversity sensitive practices 

is the growing recognition of the value of ecosystem services. Farmers, stakeholders, and policymakers 

increasingly understand that biodiversity can lead to sustainable farming outcomes by reducing 

dependency on external inputs (e.g. fertilisers and pesticides) and enhancing ecosystem resilience 

(Kremen & Miles, 2012). Social-ecological networks provide a framework for visualising how ecological 

entities, ecosystem services, management practices, and stakeholders interact within socio-ecological 

system (Sayles & Baggio, 2017). These networks demonstrate the interdependencies within farming 

systems and highlight the crucial role that farmers play as stewards of biodiversity.  

Conversely, a major barrier to the wider adoption of biodiversity sensitive farming is economic 

pressure. Farmers often prioritise short term profitability over long term ecological benefits due to 

the immediate financial incentives tied to conventional farming practices. This is evident in systems 

like Italy’s olive groves, where economic pressures have contributed to land abandonment. Such 

abandonment leads to cascading negative ecological impacts, including soil erosion, habitat 

degradation, and biodiversity loss (Guarino et al., 2019). This underlines the need for policy 

interventions that can realign financial incentives to reward practices that enhance ecosystem services 

and conserve biodiversity.  

The centrality of policy frameworks and social actors in driving or hindering the implementation of 

biodiversity sensitive farming cannot be overstated. As revealed through network analyses, 

stakeholders such as government agencies, regulators, and local communities play a pivotal role in 

influencing farming decisions (Caulfield et al., 2020). In Scotland, for example, initiatives like the 

establishment of flower strips in arable fields have enhanced biodiversity by supporting pollinators 

and promoting natural pest control (Pywell et al., 2015). However, the success of such initiatives often 

hinges on collaborative, landscape scale management approaches, where farmers work collectively to 

implement biodiversity friendly practices (Power, 2010).  

In Luxembourg, the grazing of livestock in orchards presents a complex interplay between ecological 

benefits and risks. While grazing can help control weeds and promote certain ecosystem services, 

overgrazing poses a threat to soil health and biodiversity (Danescu, 2010). Effective management in 
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such contexts requires a nuanced understanding of the balance between promoting biodiversity and 

maintaining agricultural productivity.  

Given that the network represents an extended 'supply-network' system, it is expected that the role 

of the farmers in the cluster is relevant given that they respond directly to the final demand of the 

‘consumer,’ which is another important node. While the three systems exhibit some scale-free 

characteristics, the Val Graziosa and Buchan clusters are more topologically alike to each other than 

to the Born cluster. This can be noted when comparing the average degrees, and when observing the 

ranking of degrees. Contrasting the networks with other well studied networks like scale-free 

networks is relevant to derive insights of the systems’ characteristics. More specifically, scale-free 

networks have special properties like the robustness against random failures (Albert & Barabási, 2002, 

Callaway et al., 2000) and they are like many types of real-world networks such as supply chain 

networks (Gao, et al 2016, Buldyrev et al 2000). Moreover, given that the networks are extensions of 

demand driven interactions (i.e. social--techno-ecological network), the presence of hubs and the 

degree distribution suggest that the network is far from being random, and the survey and network 

construction succeeded in capturing the supply network nature of the system (Thompson et al 2018, 

Newman et al 2003). The presence of hubs in both in and out-degree distributions put in evidence 

some fundamental characteristic of the systems. Based on the nature of the survey and network 

construction, the presence of hubs can be interpreted as if few nodes were ‘consumers’ of the rest of 

nodes, for the case of in-degree, and suppliers, for the case of out-degree. The fact that 'domestic 

grazers' and 'aquatic flora and fauna' have a higher eigenvector centrality among 'ecological entities' 

in the Born and Buchan clusters, respectively, indicates the intrinsic difference between orchards and 

a mixed crop-livestock.  For Luxembourg, the network analysis of the social- ecological system, the 

nodes representing "university," "cluster farmers," and "genetic material" appear consistently across 

all identified cycles with the highest eigenvector centrality sum. This reflects the strong synergy and 

collaboration between the farmer clusters and the local research institution (labelled as "university") 

aimed at enhancing biodiversity and hence resulting in the provision of genetic material.   

Through the causal loop diagrams the study provided valuable insights into the feedback mechanisms 

within farming systems. In systems like those in Luxembourg and Scotland, biodiversity loss was used 

as a reference mode to assess the impact of management practices such as grazing and the use of 

flower strips. These diagrams revealed how certain practices can either mitigate or exacerbate 

biodiversity loss, depending on their intensity and duration (Tscharntke et al., 2012). For example, 

olive grove abandonment in Italy, as explored through the CLDs, was shown to be a significant driver 

of biodiversity loss. The abandonment trend, fuelled by socio-economic factors, results in the 

degradation of both the agricultural and natural environments, highlighting the interconnectedness 

of economic and ecological systems (Venturi et al., 2017).   

To identify opportunities and barriers for the design of policies, we focused on understanding the 

complexity of the interactions among nodes and on deriving insights and knowledge from their 

analysis rather than modelling and quantifying them explicitly. We opted for this strategy in order to 

(1) obtain general insights among the different systems rather than case-specific conclusions, and to 

(2) overcome the lack of detail in the relationships provided by the qualitative network 

model. In conclusion, the findings of this work suggest that while biodiversity sensitive farming offers 

a path toward more resilient and sustainable agroecosystems, its widespread adoption faces 

numerous barriers, especially economic and institutional ones. To overcome these, policy 



 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 54 

interventions must promote biodiversity through financial incentives, technical support, and the 

creation of farmer clusters that encourage collective action and knowledge sharing.  

7.1 Limitations of the study   

Social-ecological systems are characterised by dynamic interactions between many social and/or 

ecological components and for that reason it is not always possible to capture all the relevant entities 

and the interactions therein. Another challenge is that the systems are ‘open’ and may have 

interactions that go beyond geographical boundaries or the scope of the model more generally. 

Furthermore, the structural analysis of a network represents a snapshot of the system. Dynamic 

network analysis is possible and will be explored in coming work. 

One of the key challenges in our analysis is that the identification of nodes and edges relied heavily on 

the expertise of local specialists, with final approval from the cluster facilitators in each region. While 

this method was essential for incorporating local knowledge and context, it also brings in a layer of 

subjectivity. What the experts identified, and what the facilitators approved, reflects their particular 

view of the clusters, which may not fully represent the objective reality of the systems we were 

studying. Instead of capturing the full complexity of the actual systems, the chosen nodes might reflect 

the personal priorities, experiences, and knowledge biases of the experts and facilitators regarding 

ecological processes, services, and stakeholders.  

In other words, the final set of nodes might tell us more about how the experts and facilitators 

perceive these clusters than about the clusters' true structure and function. For instance, some 

important ecological processes or stressors might have been overlooked or downplayed if they 

weren't considered critical by the facilitators, even if they play a significant role in the system. 

Additionally, the rigor of the approval process likely varied from one cluster to another, depending on 

how familiar the facilitators were with the methodology or the scope of their local knowledge. This 

inconsistency could influence how nodes were selected, potentially affecting the comparability of the 

results across different regions. While the consistent identification of key ecological processes across 

clusters suggests there was a shared understanding of core dynamics, differences in other categories, 

such as ecosystem services or stakeholders, might reflect individual facilitators' perspectives rather 

than actual differences between regions.  

8.   Future research  

Future research should continue to explore the complexities of social-ecological networks, employing 

both qualitative and quantitative approaches to deepen our understanding of the drivers and barriers 

to biodiversity sensitive farming across different agricultural contexts.   

The next step will be to explore the implications of changes to some nodes on the overall network 

metrics (structure, function, and robustness). Changes on one or more components of the network 

can produce multiple results which may be either desirable or undesirable for the system. With the 

aim of improving biodiversity conservation, maintaining, or improving productivity there are various 

management or policy options that the system can be exposed to. This includes both internal (within 

network) and external (outside network e.g. policies and climate change) factors. Nevertheless, 

conventional approaches designed to conduct such analysis (e.g. closeness vitality (Brandes, 2005)) 
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are not suitable for highly heterogeneous systems likes the ones described in the three networks. To 

overcome this, we propose to model these changes through simulation methods in order to assess 

the implications of perturbations on network stability and general performance. In fact, this approach 

of modelling directly contributes to Task 7.4, in which simulations methods such as Agent Based 

Modelling are being using to understand complex interactions in the systems. Some of the research 

questions that will be addressed in the following steps include:  

• How do changes on one part of the system (farm level/change in practice or management) 

affect other parts, over time?   

• What are the potential impacts or unintended consequences of interventions for different 

social actors?   

9. Policy implications/recommendations  

This section explores potential considerations for agricultural policy based on the findings of the socio-

ecological network analysis across the three European farming systems studied. While the results offer 

valuable insights into the interactions between ecological entities, stakeholders, and management 

practices, they do not directly prescribe specific policy actions. Instead, they highlight areas where 

more nuanced, integrated approaches to agricultural and biodiversity management could be 

beneficial. By reflecting on these findings, this section outlines possible policy directions that, while 

not conclusive, may support the broader objectives of sustainable farming and biodiversity 

conservation. 

Intergrated/Network-based agricultural management- The analysis reveals that ecological entities and 

stakeholders are closely intertwined within different agricultural systems (Scotland, Italy, 

Luxembourg). A possible policy consideration could be to encourage more collaborative and systems 

thinking approaches to farm management. While the findings do not definitively recommend specific 

policy interventions, the interconnectedness between farmers, stakeholders, and ecological processes 

imply that more integrated, multi-stakeholder frameworks may support biodiversity-sensitive farming 

practices at a landscape scale. 

Localised management practices- The varying topologies and drivers across different clusters (e.g., 

livestock grazing in Luxembourg, olive groves in Italy) suggest that localised solutions might be more 

effective in managing biodiversity. Policies could subtly aim at tailoring biodiversity initiatives to 

specific ecological and social contexts, rather than applying one-size-fits-all approaches. While the 

evidence doesn't make an outright call for this, the uniqueness of stressors and practices across 

regions might benefit from context specific policy frameworks. 



 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 56 

References 

Andersson, E., Nykvist, B., Malinga, R., Jaramillo, F., & Lindborg, R. (2015). A social–ecological analysis 

of ecosystem services in two different farming systems. Ambio, 44(1), 102–112. 

https://doi.org/10.1007/s13280-014-0603-y 

Agricultural Census Branch, The Scottish Government Rural and Environment Science and Analysis 

Division (2023) The June 2023 Agricultural Census. Available at 

https://www.gov.scot/publications/results-from-the-scottish-agricultural-census-module-june-2023/ 

(Accessed 16th September 2024) 

Albert, R., & Barabási, A.-L. (2002). Statistical mechanics of complex networks. Reviews of Modern 

Physics, 74(1), 47-97. 

Allen, W. J., Bufford, J. L., Barnes, A. D., Barratt, B. I. P., Deslippe, J. R., Dickie, I. A., Goldson, S. L., 

Howlett, B. G., Hulme, P. E., Lavorel, S., O’Brien, S. A., Waller, L. P., & Tylianakis, J. M. (2022). A network 

perspective for sustainable agroecosystems. Trends in Plant Science, 1–12. 

https://doi.org/10.1016/j.tplants.2022.04.002 

Almenar, J. B., Bolowich, A., Elliot, T., Geneletti, D., Sonnemann, G., & Rugani, B. (2019). Assessing 

habitat loss, fragmentation and ecological connectivity in Luxembourg to support spatial planning. 

Landscape and Urban Planning, 189, 335-351. 

Alstott, J., Bullmore, E., & Plenz, D. (2014). powerlaw: a Python package for analysis of heavy-tailed 

distributions. PloS one, 9(1), e85777. 

Aurich, D., Diderich, P., Helmus, R., & Schymanski, E. L. (2023). Non-target screening of surface water 

samples to identify exposome-related pollutants: a case study from Luxembourg. Environmental 

Sciences Europe, 35(1), 94. 

Barabási AL, Albert R. Emergence of scaling in random networks. Science. 1999; 286(5439): 509–512. 

https://doi.org/10.1126/science.286.5439.509 pmid:10521342 

Bennett, E. M., Peterson, G. D., & Gordon, L. J. (2009). Understanding relationships among multiple 

ecosystem services. Ecology Letters, 12(12), 1394-1404. 

Blondel, Jacques, and James Aronson. Biology and wildlife of the Mediterranean region. Oxford 

University Press, USA, 1999. 

Bodin, Ö., & Tengo, M. (2012). Disentangling intangible social–ecological systems. Global 

Environmental Change, 22(2), 430-439.  

Bommarco, R., Kleijn, D., & Potts, S. G. (2013). Ecological intensification: Harnessing ecosystem 

services for food security. Trends in Ecology & Evolution, 28(4), 230-238.  

Borgatti, S. P., & Brass, D. J. (2019). Centrality: Concepts and measures. Social networks at work, 9-22. 



 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 57 

Brookfield, K., Gray, T., & Hatchard, J. (2005). The concept of fisheries-dependent communities: a 

comparative analysis of four UK case studies: Shetland, Peterhead, North Shields and Lowestoft. 

Fisheries Research, 72(1), 55-69. 

Buldyrev, S. V., Parshani, R., Paul, G., Stanley, H. E., & Havlin, S. (2010). Catastrophic cascade of failures 

in interdependent networks. Nature, 464(7291), 1025-1028. 

Caballero, R., Fernandez-Gonzalez, F., Badia, R. P., Molle, G., Roggero, P. P., Bagella, S., ... & Ispikoudis, 

I. (2009). Grazing systems and biodiversity in Mediterranean areas: Spain, Italy and 

Greece. Pastos, 39(1), 9-154. 

Callaway, D. S., Newman, M. E. J., Strogatz, S. H., & Watts, D. J. (2000). Network robustness and 

fragility: Percolation on random graphs. Physical Review Letters, 85(25), 5468-5471. 

Cammeraat, E. L. (2006). 1.32. 1 THE PHYSICAL GEOGRAPHY OF LUXEMBOURG. Soil Erosion in Europe, 

427. 

Castle, S. E., Miller, D. C., Merten, N., Ordonez, P. J., & Baylis, K. (2022). Evidence for the impacts of 

agroforestry on ecosystem services and human well-being in high-income countries: a systematic map. 

Environmental Evidence, 11(1), 1–27. https://doi.org/10.1186/s13750-022-00260-4 

Caulfield, M. E., Fonte, S. J., Groot, J. C. J., Vanek, S. J., Sherwood, S., Oyarzun, P., Borja, R. M., Dumble, 

S., & Tittonell, P. (2020). Agroecosystem patterns and land management co-develop through 

environment, management, and land-use interactions. Ecosphere, 11(4). 

https://doi.org/10.1002/ecs2.3113 

Chastain, L., & Islar, M. (2024). Firescape politics of wildfires in the Mediterranean: Example from rural 

Tuscany, Italy. Geoforum, 154, 104068. 

Coltorti, M., Fantozzi, P. L., & Pieruccini, P. (2017). Tuscany Hills and Valleys: Uplift, Exhumation, Valley 

Downcutting and Relict Landforms. Landscapes and Landforms of Italy, 245-255. 

Coutts, J. R. H., & Martín Aranda, J. (1963). Microclimatic conditions in the Aberdeenshire area. 

Dalton, G. E. (2016). Rural Jobs and the CAP Lessons from a Historical Perspective: The Case of 

Aberdeenshire. 

Danescu, E. (2021). Luxembourg Economy: In the Aftermath of the Pandemic. 9780367699369. 

Duru, M., Therond, O., & Fares, M. (2015). Designing agroecological transitions; A review. Agronomy 

for Sustainable Development, 35(4), 1237-1257.  

Erdos, P., & Renyi, A. (1959). On random graphs I. Publ. math. debrecen, 6(290-297), 18. 

European Environment Agency. (2018). Corine Land Cover Map 2018 (Version xx if applicable). 

European Environment Agency. https://land.copernicus.eu/pan-european/corine-land-cover 

Falcucci, A., Maiorano, L., & Boitani, L. (2007). Changes in land-use/land-cover patterns in Italy and 

their implications for biodiversity conservation. Landscape ecology, 22, 617-631. 

https://land.copernicus.eu/pan-european/corine-land-cover


 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 58 

Felipe-Lucia, M. R., Guerrero, A. M., Alexander, S. M., Ashander, J., Baggio, J. A., Barnes, M. L., Bodin, 

Ö., Bonn, A., Fortin, M. J., Friedman, R. S., Gephart, J. A., Helmstedt, K. J., Keyes, A. A., Kroetz, K., 

Massol, F., Pocock, M. J. O., Sayles, J., Thompson, R. M., Wood, S. A., & Dee, L. E. (2022). 

Conceptualiszing ecosystem services using social–ecological networks. Trends in Ecology and 

Evolution, 37(3), 211–222. https://doi.org/10.1016/j.tree.2021.11.012 

Forster, J. A., & GREEN, J. (1985). Vegetation of the valley floor of the River Dee. THE BIOLOGY AND 

MANAGEMENT OF THE RIVER DEE, 56. 

Freeman, G. W. (2018). Assessing changes in the agricultural productivity of upland systems in the 

light of peatland restoration. University of Exeter (United Kingdom). 

Gaba, S., Bretagnolle, F., Rigaud, T., & Philippot, L. (2014). Managing biotic interactions for ecological 

intensification of agroecosystems. Frontiers in Ecology and Evolution, 2(JUN), 1–9. 

https://doi.org/10.3389/fevo.2014.00029 

Gao, J., Barzel, B., & Barabási, A.-L. (2016). Universal resilience patterns in complex networks. Nature, 

530(7590), 307-312.. 

Giller, K. E., Witter, E., Corbeels, M., & Tittonell, P. (2009). Conservation agriculture and smallholder 

farming in Africa: The heretics’ view. Field Crops Research, 114(1), 23-34 

Gohin, A., & Latruffe, L. (2006). The Luxembourg Common Agricultural Policy reform and the European 

food industries: what's at stake?. Canadian Journal of Agricultural Economics/Revue canadienne 

d'agroeconomie, 54(1), 175-194. 

Gómez-Gardeñes, J., & Moreno, Y. (2006). From scale-free to Erdos-Rényi networks. Physical Review 

E—Statistical, Nonlinear, and Soft Matter Physics, 73(5), 056124. 

Grosinger, J., Potts, M. D., Buclet, N., & Lavorel, S. (2022). Memory over matter?—a conceptual 

framework to integrate social–ecological l legacies in agricultural NCP co-production. Sustainability 

Science, 17(3), 761–777. https://doi.org/10.1007/s11625-021-01061-3  

Guarino, F., Falcone, G., Stillitano, T., De Luca, A. I., Gulisano, G., Mistretta, M., & Strano, A. (2019). 

Life cycle assessment of olive oil: A case study in southern Italy. Journal of Environmental 

Management, 238, 396-407. 

Haines-Young, R., Potschin-Young, M., & Czúcz, B. (2018). Report on the use of CICES to identify and 

characterise the biophysical, social and monetary dimensions of ES assessments. Deliverable D4, 2. 

Hall, A. M. (2021). The Buchan Palaeosurface. Landscapes and Landforms of Scotland, 373-380. 

Harrap, S. (2015). RSPB pocket guide to British birds. Bloomsbury Publishing. 

Harrison, P. A., Berry, P. M., Simpson, G., Haslett, J. R., Blicharska, M., Dunford, R., & Saarikoski, H. 

(2014). Linkages between biodiversity attributes and ecosystem services: A systematic review. 

Ecosystem Services, 9, 191-203. 



 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 59 

Hooda, P. S., Edwards, A. C., Anderson, H. A., & Miller, A. (2000). A review of water quality concerns 

in livestock farming areas. Science of the total environment, 250(1-3), 143-167. 

https://doi.org/10.1039/C3EM00698K 

iNaturalist Luxembourg. (n.d.). Observations: Luxembourg place ID 8147. iNaturalist. Retrieved 

[16/09/2024], from https://inaturalist.lu/observations?place_id=8147 

Köppen, W. (1936). Das geographische System der Klimate [The geographical system of climates]. In 

W. Köppen & R. Geiger (Eds.), Handbuch der Klimatologie (Vol. 1, Part C). Gebrüder Borntraeger. 

Kremen, C., & Miles, A. (2012). Ecosystem services in biologically diversified versus conventional 

farming systems: Benefits, externalities, and trade-offs. Ecology and Society, 17(4).  

Kumar Kohli, R., Pal Singh, H., Rani Batish, D., & Jose, S. (2007). Ecological Interactions in Agroforestry. 

In Ecological Basis of Agroforestry (pp. 3–14). https://doi.org/10.1201/9781420043365.pt1 

Lescourret, F., Magda, D., Richard, G., Adam-Blondon, A. F., Bardy, M., Baudry, J., Doussan, I., Dumont, 

B., Lefèvre, F., Litrico, I., Martin-Clouaire, R., Montuelle, B., Pellerin, S., Plantegenest, M., Tancoigne, 

E., Thomas, A., Guyomard, H., & Soussana, J. F. (2015). A social-ecological approach to managing 

multiple agro-ecosystem services. Current Opinion in Environmental Sustainability, 14, 68–75. 

https://doi.org/10.1016/j.cosust.2015.04.001 

Lomba, A., Ferreiro da Costa, J., Ramil-Rego, P., & Corbelle-Rico, E. (2022). Assessing the link between 

farming systems and biodiversity in agricultural landscapes: Insights from Galicia (Spain). Journal of 

Environmental Management, 317(October 2021), 115335. 

https://doi.org/10.1016/j.jenvman.2022.115335 

Märker, M., Angeli, L., Bottai, L., Costantini, R., Ferrari, R., Innocenti, L., & Siciliano, G. (2008). 

Assessment of land degradation susceptibility by scenario analysis: A case study in Southern Tuscany, 

Italy. Geomorphology, 93(1-2), 120-129. 

Matson, P. A., Parton, W. J., Power, A. G., & Swift, M. J. (1997). Agricultural intensification and 

ecosystem properties. Science, 277(5325), 504-509. 

Moraine, M., Duru, M., & Therond, O. (2017). A social-ecological framework for analysing and 

designing integrated crop-livestock systems from farm to territory levels. Renewable Agriculture and 

Food Systems, 32(1), 43–56. https://doi.org/10.1017/S1742170515000526 

Newman, M. E. J. (2003). The structure and function of complex networks. SIAM Review, 45(2), 167-

256. 

Ostrom, E. (2009). A general framework for analysing sustainability of social-ecological 

systems. Science, 325(5939), 419-422. 

Pakeman, R. J., Eastwood, A., Duckett, D., Waylen, K. A., Hopkins, J., & Bailey, D. M. (2023). 

Understanding the Indirect Drivers of Biodiversity Loss in Scotland. 



 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 60 

Pédèches, R., Aubron, C., Philippon, O., & Bainville, S. (2023). An Ecological Reading of Crop–Livestock 

Interactions—Gers, Southwestern France, 1950 to the Present. Sustainability (Switzerland), 15(13). 

https://doi.org/10.3390/su151310234 

Perpiña Castillo, C., Kavalov, B., Diogo, V., Jacobs-Crisioni, C., Batista e Silva, F., Baranzelli, C., & Lavalle, 

C. (2018). Trends within the EU agricultural land within 2015-2030. JRC Policy Insights, October 1–6. 

www.ec.europa.eu/jrc/en/publications 

Plass, M. (2013). RSPB Handbook of the Seashore. A&C Black. 

Power, A. G. (2010). Ecosystem services and agriculture: Trade-offs and synergies. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 365(1554), 2959-2971.  

Pretty, J., et al. (2010). The top 100 questions of importance to the future of global agriculture. 

International Journal of Agricultural Sustainability, 8(4), 219-236.  

Pywell, R. F., et al. (2015). Wildlife-friendly farming increases crop yield: Evidence for ecological 

intensification. Proceedings of the Royal Society B: Biological Sciences, 282(1816), 20151740.  

Ruiz-Martinez, I., Debolini, M., Sabbatini, T., Bonari, E., Lardon, S., & Marraccini, E. (2020). Agri-urban 

patterns in Mediterranean urban regions: the case study of Pisa. Journal of Land Use Science, 15(6), 

721-739. 

Salvia-Castellví, M., Iffly, J. F., Vander Borght, P., & Hoffmann, L. (2005). Dissolved and particulate 

nutrient export from rural catchments: a case study from Luxembourg. Science of the Total 

Environment, 344(1-3), 51-65. 

Sandison, F., Hillier, J., Hastings, A., Macdonald, P., Mouat, B., & Marshall, C. T. (2021). The 

environmental impacts of pelagic fish caught by Scottish vessels. Fisheries Research, 236, 105850. 

Sayles, J. S., & Baggio, J. A. (2017). Social-ecological network analysis of scale mismatches in estuary 

watershed restoration. Proceedings of the National Academy of Sciences, 114(10), E1776-E 

Scotlan’s Census (2022), available at: https://www.scotlandscensus.gov.uk/search-the-

census#/search-by (Accessed 16th September 2024) 

Scottish Government Rural Payments and Services. (2000-2022). Integrated Administration and 

Control System (IACS) data for Scotland. Scottish Government. 

Searchinger, T. D., Wirsenius, S., Beringer, T., & Dumas, P. (2018). Assessing the efficiency of changes 

in land use for mitigating climate change. Nature, 564(7735), 249-253. 

Shennan, C. (2008). Biotic interactions, ecological knowledge, and agriculture. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 363(1492), 717–739. 

https://doi.org/10.1098/rstb.2007.2180 

Skinner, J. A., Lewis, K. A., Bardon, K. S., Tucker, P., Catt, J. A., & Chambers, B. J. (1997). An overview 

of the environmental impact of agriculture in the UK. Journal of environmental Management, 50(2), 

111-128. 



 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 61 

Soga, M., & Gaston, K. J. (2020). The ecology of human – nature interactions. 

Steinmetz, L., Veysset, P., Benoit, M., & Dumont, B. (2021). Ecological network analysis to link 

interactions between system components and performances in multispecies livestock farms. 

Agronomy for Sustainable Development, 41(3), 0–16. https://doi.org/10.1007/s13593-021-00696-x 

Sterry, P., & Cleave, A. (2022). Field Guide to Coastal Wildflowers of Britain, Ireland and Northwest 

Europe. Princeton University Press. 

Tackenberg, O. 2019, Flora of Belgium, The Netherlands, and Luxembourg, iFlora. 

Thompson, M., Dolan, L., & Leichenko, R. (2018). Resilience in the social and physical realms: Lessons 

from the supply chain networks. Earth’s Future, 6(8), 1060-1072. 

Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R., & Polasky, S. (2002). Agricultural sustainability 

and intensive production practices. Nature, 418(6898), 671-677. 

Tittonell, P. (2014). Livelihood strategies, resilience and transformability in African 

agroecosystems. Agricultural systems, 126, 3-14. 

Tscharntke, T., Clough, Y., Wanger, T. C., Jackson, L., Motzke, I., Perfecto, I., ... & Whitbread, A. (2012). 

Global food security, biodiversity conservation and the future of agricultural intensification. Biological 

conservation, 151(1), 53-59. 

UK Centre for Ecology & Hydrology. (2021). Land Cover Map 2021. UK Centre for Ecology & Hydrology. 

https://www.ceh.ac.uk/services/land-cover-map-2021 

Uppenberg, K., & Strauss, H. (2010). Innovation and productivity growth in the EU services sector. 

Luxembourg: European Investment Bank. 

Van Zyl, M. (2009). Wildlife of Britian. Dorling Kindersley 

Venturi, C., Campo, L., Caparrini, F., & Castelli, F. (2014). The assessment of the water consumption at 

regional scale: an application in Tuscany, Central Italy. European Water, 45(46), 3-23. 

Venturi, M., Piras, F., Corrieri, F., Fiore, B., Santoro, A., & Agnoletti, M. (2021). Assessment of tuscany 

landscape structure according to the regional landscape plan partition. Sustainability, 13(10), 5424. 

Weichold, I. (2022). Managing Land: Protecting, Integrating, and Allocating Agriculture in Urban Design 

and Planning—The Case of Luxembourg. In New Forms of Urban Agriculture: An Urban Ecology 

Perspective (pp. 11-37). Singapore: Springer Nature Singapore. 

Werritty, A., & Sugden, D. (2012). Climate change and Scotland: recent trends and impacts. Earth and 

Environmental Science Transactions of the Royal Society of Edinburgh, 103(2), 133-147. 

Zimmerer, K. S., Olivencia, Y. J., Rodríguez, L. P., López-Estébanez, N., Álvarez, F. A., Olmo, R. M., 

Ochoa, C. Y., Pulpón, Á. R. R., & García, Ó. J. (2022). Assessing social-ecological connectivity of 

agricultural landscapes in Spain: Resilience implications amid agricultural intensification trends and 

urbanization. Agricultural Systems, 203(February). https://doi.org/10.1016/j.agsy.2022.103525 

https://www.ceh.ac.uk/services/land-cover-map-2021


 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 62 

Zoccatelli, D., Nguyen, T. H., Wong, J. S., Chini, M., Van Hateren, T. C., & Matgen, P. (2024, July). 

Drought Monitoring in Luxembourg and the Greater Region Using Hydrological Modelling and Satellite 

Data. In IGARSS 2024-2024 IEEE International Geoscience and Remote Sensing Symposium (pp. 1892-

1895). IEEE. 

 

 

 

 

 

 

 

 



 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 63 

Disclaimer 

The information presented here has been thoroughly researched and is believed to be accurate and 

correct. However, the authors cannot be held legally responsible for any errors. There are no 

warranties, expressed or implied, made with respect to the information provided. The authors will not 

be liable for any direct, indirect, special, incidental, or consequential damages arising out of the use 

or inability to use the content of this publication.  

 

Copyright 

© All rights reserved. Reproduction and dissemination of material presented here for research, 

educational or other non-commercial purposes are authorised without any prior written permission 

from the copyright holders provided the source is fully acknowledged. Reproduction of material for 

sale or other commercial purposes is prohibited. 

 

Citation 

Please cite this report as follows:  

Ndlovu T.S, Petucco C., Zuta A., Larrea Gallegos G.M, Begg G. (2024). Report on the drivers and barriers 

to the provision of biodiversity and ES and the propagation of costs and benefits throughout the agri-

food system for the EU-H2020 funded project FRAMEwork under Grant Agreement Number 862731. 

DOI:0.5281/zenodo.13842813.   



 
  D7.2 Report on the drivers and barriers to the 

 provision of biodiversity and ES and the propagation  
of costs and benefits throughout the agri-food system 

 

 

This Project has received funding from the European Union´s Horizon 2020  

research and innovation programme under grant agreement No 862731. 64 

Appendix 

Annex (i) Screenshot of the usage of the web tool to visualise the three resulting 

networks. The tool allows to filter, highlight and explore networks at detail. 
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Annex (ii) Inter-layer interactions between ecological entities and ecosystem services. 

Nodes’ sizes are proportional to their out-degree centrality in the left side and in-degree 

centrality in the right side. 
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Annex (iii) Inter-layer interactions between ecological entities and ecosystem services. 

Nodes’ sizes are proportional to their out-degree centrality in the left side and in-degree 

centrality in the right side. 
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Annex (iv) Inter-layer interactions between ecological entities and ecosystem services. 

Nodes’ sizes are proportional to their out-degree centrality in the left side and in-degree 

centrality in the right side. 
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Annex (v) Inter-layer interactions between management and stressors. Nodes’ sizes are 

proportional to their out-degree centrality in the left side and in-degree centrality in 

the right side. 
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Annex (vi) Inter-layer interactions between management and stressors. Nodes’ sizes are 

proportional to their out-degree centrality in the left side and in-degree centrality in 

the right side. 
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Annex (vii) Inter-layer interactions between management and stressors. Nodes’ sizes 

are proportional to their out-degree centrality in the left side and in-degree centrality 

in the right side. 
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Annex (viii) Inter-layer interactions between stakeholders and farmer’s cluster. Nodes’ 

sizes are proportional to their out-degree centrality in the left side and in-degree 

centrality in the right side. 
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Annex (ix) Inter-layer interactions between stakeholders and farmer’s cluster. Nodes’ 

sizes are proportional to their out-degree centrality in the left side and in-degree 

centrality in the right side. 
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Annex (x) Inter-layer interactions between stakeholders and farmer’s cluster. Nodes’ 

sizes are proportional to their out-degree centrality in the left side and in-degree 

centrality in the right side. 
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Annex (xi) In and out –degree distributions for the Born (a and b, respectively), Val 

Graziosa (c and d, respectively), and Buchan (e and f, respectively) systems. The 

continuous line indicates the probability distribution, and the dashed line shows the 

cumulative probability. For each case, the distribution was fit to a power law 

distribution to obtain an alpha parameter. Scale-free networks have an alpha value 

between 2 and 3. 
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Annex (xii) Degree distribution of the Erdos-Renyi and the Barabasi-Albert models. The 

Erdos-Renyi model generates a random network, while the Barabasi-Albert model 

generates a network with scale free properties. In random networks, the degree 

distribution has a short tail, and it is distributed around the average degree. In scale-

free networks, the degree distribution has a long tail, nodes with few connections are 

abundant, and few nodes are considerably more connected than the average (i.e., 

hubs). 
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Annex (xiii) Frequency of cycles identified in the Luxembourgish network for 2 to 10 

steps. The number of cycles increases in an exponential fashion the more steps are 

considered in the algorithm.  
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Annex (xiv) Comparison of nodes across the three clusters: Green indicates a node that 

exists in the cluster, while red indicates a node that does not exist in the cluster. 

 

 

 

 

 


