
Chapter 5
A Network Approach to Green
Infrastructure: How to Enhance Ecosystem
Services Provision?
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Significance Statement Landscape fragmentation is increasingly undermining the
capacity of ecosystems to provide services and benefits to humans. The development
of a green infrastructure network can enhance the provision of ecosystem services
connecting ecosystem features. We review and explore the concepts, methodologies,
and applications that allow to analyse connectivity of green infrastructure networks
and the role of spatial connectivity for supporting and maintaining ecosystem
services. Together with connectivity, the quality, quantity, diversity, redundancy,
and distances of ecosystem elements result to be important characteristics to support
the provision of services. We report how spatial and connectivity-based methodol-
ogies (for example, network indices and spatial pattern analysis) can support char-
acterisation and prioritization of green infrastructure networks for crucial
interventions, both for preserving and restoring connection elements.

Keywords Landscape connectivity · Nature-based solutions · Habitat
fragmentation · Network analysis · Spatial planning

1 Introduction

Natural and semi-natural ecosystems are threatened by landscape changes. The
fragmentation of contiguous areas of natural ecosystems into smaller elements,
driven by urban sprawl and population growth, is one of the main pressures for
environmental quality. It is expected that 68% of the global human population will
live in cities by 2050, with nearly the 90% of increase occurring in Asia and Africa,
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and the urban population of high-income countries is expected to rise from 81% to
88% by the mid-century (UN, 2018). These trends will contribute to increasing
landscape fragmentation and degradation of ecosystems (EC, 2015). At the current
trend of soil sealing, Europe, for example, will lose up to 10–15% of the beneficial
value produced by ecosystems by 2050 (Maes et al., 2015).

Ecosystem services (ES), i.e. the benefits that people obtain from nature, are
intensely affected by landscape fragmentation since they depend on ecological
functions, landscape spatial pattern distribution, and organisms and material move-
ments (Mitchell et al., 2013). Landscape patterns and ecological functions are strictly
related. A change in landscape configuration leads to changes in ecosystem connec-
tivity, defined as the degree to which the landscape influences species movements
across ecosystems (Taylor et al., 1993). Fragmentation causes habitat loss and
isolation of species, making them more vulnerable and less resilient to changes
(Field & Parrott, 2017). Connectivity is fundamental for maintaining species dis-
persal and sustaining ecological processes. A decrease of connectivity has negative
impacts on ES provision, by affecting the rate and pattern of biotic and abiotic flows,
the habitats and populations dimension, and, indirectly, altering biodiversity and
ecological functions (Mitchell et al., 2013, 2015).

Strategies based on the usage of ecosystem functions to increase environmental,
social, and economic benefits, the so-called nature-based solutions, are gaining
importance as preferable options when addressing climate and environmental chal-
lenges (EC, 2015). These ecosystem-based approaches have a positive effect on the
environment, biodiversity and provision of ES. Green infrastructure (GI) is a “stra-
tegically planned network” of natural and semi-natural areas with other environ-
mental features designed and managed to simultaneously deliver a wide range of ES
and multiple benefits to the society (EC, 2013). GI may mitigate natural hazards by
mediating flow and nuisances, or through maintenance of stable physical, chemical,
and biological conditions, for example wetlands and floodplains acting as buffers
against floods, well-managed forests reducing the risk of landslides, green urban
areas mitigating extremely high temperatures.

GI plays an important role for harvesting the effects of spatial configuration and
composition on ecological changes and the provision of ES. GI builds upon intercon-
nections, spatial interactions, and distributions of natural elements across a landscape.
Therefore, GI can be used to plan and design green spaces, protected areas, and
ecosystem restoration from a network perspective. To do this, GI can be described
as a set of core areas, hotspots of services and benefits, such as protected areas, forests,
urban green spaces or floodplains, and corridors, as vegetated buffer strips, green
alleys, or hedgerows that connect core areas to each other and to humans. Core areas
and corridors can be respectively translated into nodes and links in a network
language. Taking elements from landscape ecology, graph and network analysis
make it possible to quantify the effects of landscape fragmentation and to integrate
these processes and relationships into GI spatial design and management to address
environmental challenges (Babí Almenar et al., 2018). Planning GI as a network,
while incorporating ecological, social, and economic aspects, can enhance landscape
connectivity and be developed at different spatial scales, from neighbourhood, to
cities, to regional, national and international scales (Lafortezza et al., 2013).
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Recognising the relevance of GI configuration across the landscape, we explore
how to plan and design a GI network for supporting the supply of ES and environ-
mental quality. First, we discuss main concepts and aspects contributing to
maintaining and improving ES provision through GI. Second, we review and
summarise methodologies to analyse connectivity for GI, spanning from landscape
ecology to spatial planning, graph, and network analysis. The chapter highlights
elements that can support further developments of frameworks and strategies for
territorial planning and decision-making processes.

2 What Matters for Ecosystem Services Enhancement?

The configuration and distribution of GI is fundamental for ensuring and enhancing
ES provision. Studies on ES assessment highlight the need of mapping and charac-
terizing ecosystem features. Improving landscape connectivity is important for
maintaining ecosystem quality and resilience, meant as the capacity to sustain
functions and services in face of disturbances and changes (Table 5.1). It implies
the re-creation or restoration of green corridors or natural areas that can facilitate and
allow species movements and services or material flows across the landscape.
Together with connectivity, diversity and redundancy of ecosystem features have
been identified as key characteristics for building resilience for ES against distur-
bances and changes in the socio-ecological system (Biggs et al., 2012). Diversity
refers to the variety, balance, or disparity of elements within the system, leading to
spatial and ecological heterogeneity. Diverse elements would respond differently to
disturbances, influencing the spread of impacts on connectivity, ensuring that some
landscape patches remain undisturbed and provide refuges for the provision of
services. Redundancy is the replication of elements or pathways, guaranteeing a
compensation in case of losses or failures. These features secure an insurance effect
of connectivity, allowing network stability and robustness (Gonzalez et al., 2017).
This requires particular attention to the central areas of the ecological networks, that
can destabilize the network more rapidly if degraded or lost. Designing and planning
a network of GI help to meet these requirements for ES provision and achieving

Table 5.1 Summary and definitions of the key concepts for ecosystem services enhancement

Term Definition

Connectivity Degree to which ecosystems features are structurally connected and influence
the movements of organisms, material, and energy through the landscape.

Diversity Presence of different types of ecosystem features across the landscape.

Redundancy Presence of multiple similar ecosystem features across the landscape.

Proximity to
humans

Distances of ecosystems features providing the services (supply sites) from
human population using/benefitting from the services (demand sites).

Quality Level of health of ecosystems that allow good ecological functioning and
services provision.
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good levels of biodiversity and environmental quality. Indeed, diverse ecosystems
distributed across the landscape that are structurally and functionally connected,
i.e. both in term of physical landscape structure itself and of organisms and material
movements through this structure, demonstrate more stability and resilience com-
pared to systems characterized by isolated components and by low-biodiversity
environments (Field & Parrott, 2017).

Proximity to people, distances between habitats and ecosystem quality represent
also important features for enhancing ES provision for spatial planning supported by
ecological thinking. The definition and interrelationships of landscape character,
services and values are essential (Babí Almenar et al., 2018). Vallecillo et al. (2016)
demonstrated how urban and peri-urban areas can have equivalent ES potential to
more remote and natural ecosystems, identifying however a lower potential per unit
area in degraded ecosystems. The proximity to people has a positive influence on the
benefits that ecosystems can generate as services, although it is not always necessary
for their provision. Analysing the connectivity requirements for ES in spatial
planning, Kukkala and Moilanen (2017) found that the ideal spatial configuration
for ES may be influenced by the size of local supply areas and the regional network
around that support ES provision, the flow between supply and demand sites for
services and the access and distribution of ES to multiple stakeholders. For planning
green networks, other important aspects are interactions, synergies, and trade-offs
between services. Increasing the supply of one ES can either enhance or hamper the
delivery of other services. Structure, location, and scope of intervention are therefore
vital in planning potential GI network configuration for services and benefits gain.

3 Connectivity and Green Infrastructures: Collection
of Methodologies

GI, understood in terms of core areas and corridors, can be represented by graphs and
analysed with network measures, that are used to investigate the relationships and
influences between GI elements (Fig. 5.1). Graph theory is a well-established
mathematical approach dealing with problems of connectivity, network representa-
tion, flow and routing in networks applied to many fields. It found applications in
landscape ecology studies for habitat and landscape connectivity analysis (Urban &
Keitt, 2001). Graphs are used as models of landscapes, constituted by nodes typi-
cally representing habitat patches and by links that indicate a functional connection
or dispersal potential. Initially applied to population analysis, their potential has been
soon recognised for representing and analysing landscape structure through network
measures (Galpern et al., 2011). Indeed, due to their flexibility and low data
requirements, graphs can be applied to different landscape types and scales.

Graph and network analysis can highlight the favourable geographical configu-
ration that should be maintained, restored, or built by human intervention in order to
ensure diverse, redundant and connected ecosystem features of good quality. Using
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network centrality measures and connectivity indices enables to characterize the
degree of connectivity of the landscape and to identify and rank the importance, role
and contribution of nodes, and connections to the overall connectivity (Fenu & Pau,
2018). A main step is the definition of the landscape network structure and the
characterization of existing components, i.e. groups of connected nodes or
sub-network. It is then possible to identify cut-nodes that stabilize the network.
Those nodes are the features that determine the separation of a connected component
into two smaller components when removed and could maintain a network
connected and stable over time.

Landscape

Graph representation

Network centrality measures:

Measures of the importance of the

nodes of the network based on

diverse connections characteristics

such as number of links or

distances of nodes, and nodes 

relationships that influence the

network structures, such as 

position or nodes connected.

Connectivity indices:

Indices assessing the overall 

connectivity status of the network,

that can inform also about role of

nodes within the network and their

relative importance.

Spatial pattern representation

Morphological spatial pattern 

analysis:

Spatial algorithms that segment a

raster image of the landscape into

network elements (nodes and

links) according to size and

distribution of group of pixels.

Fig. 5.1 Summary of main methodologies collected and key concepts visualisations
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To analyse the structure of networks and graphs, different measures or indices are
available. These measures are often context dependent and their definition is not
always straightforward. Network centrality measures, such as betweenness, degree
and closeness centrality, are used to investigate the type and importance of contri-
bution of individual nodes to the system (Field & Parrott, 2017). For spatial analysis,
several landscape connectivity indices also exist and can be used for the same scope.
The advantage of indices is that of generally taking into consideration the position,
quality, and quantity of available areas, including both the effects of landscape
composition and structure on species presence and movements (Avon & Bergès,
2016). Two examples of these indices are the Integral Index of Connectivity and the
Probability of Connectivity (Saura & Pascual-Hortal, 2007). These indices are more
sensitive to the changes affecting landscape configurations and can detect those areas
most critical for conservation. Both are graph-based indices applicable to any type
and scale of landscape, computing both the overall degree of connectivity and the
relative importance of each node and connection. These indices can also be
partitioned to assess the type of contributions of each node, in terms of intra-patch
connectivity, potential dispersal flux and stepping-stones role (Saura & Rubio,
2010).

Indices can be used to include connectivity consideration when planning new
interventions for GI improvement. To do this, connectivity assessment indices and
models often consider structural landscape elements as a proxy for functional
connectivity, as for example using the presence of a green corridor to measure
species movements potential. This bears the risk of oversimplifying the reality.
But if included in a wider, scalable and replicable framework assessing connectivity,
they can better inform a more integrated landscape management and support prac-
titioners and decision makers for future development plans. For example, Bolliger
and Silbernagel (2020) explored the contribution of connectivity assessment
methods for a successful spatial design and implementation of GI, stressing the
contribution of GI both on structural and functional connectivity to identify critical
area of intervention, both for preserving or restoring connection elements. The
structural connectivity is usually analysed by addressing the presence and absence
of connections, the configuration of corridors and stepping-stones elements, their
distances, area and amount of habitat and connections (Kindlmann & Burel, 2008).
Functional connectivity analysis is more based on the probability of moving between
areas, dispersal rate, search time and the number of areas. In planning perspective,
functional and structural corridors are the key for material and species flows, enough
to be considered fragile elements and bottlenecks of concerns. The analysis of
existing network structure and the identification of critical areas can help to find
space and needs of network improvement. Improvement of the network can follow
or combine two perspectives: the site-centre and the system-centric perspective
(Zetterberg et al., 2010). They respectively aim to identify critical isolated nodes
in order to restore connections to them, and to identify the crucial regions for
network structure where connectivity should be improved to benefit the overall
resilience of the system. For GI design and implementation this is crucial to plan
and prioritize where to intervene.
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GI studies often apply connectivity concepts, perspectives, and indices using
spatial analysis software and techniques such as Geographic Information System or
alternative spatial-based approaches. An example is given by the combination of
landscape connectivity indices with the morphological spatial pattern analysis
(MSPA) (Saura et al., 2011). MSPA allows the characterization of the structure of
the landscape network at binary pixel level, based on mathematical analysis of
landscape configurations (Soille & Vogt, 2009). Landscape connectivity indices
applied together with spatial pattern analysis have been proposed to study ecological
networks at different scales, both regional and local, at different ecosystem types, to
assess the current situation and to develop or restore connections. Different methods
and tools are used jointly for assessing connectivity and simplifying the environ-
mental management. This allows the comprehensive study of landscape structure
characteristics through available limited data and generally open and free software.
There are various software and tools available for spatial pattern and connectivity
analysis (see for example McGarigal et al., 2012; Saura & Tornè, 2010; Vogt &
Riitters, 2017; Watts et al., 2009), but not all have ready-to-use and well-integrated
outputs and routines to be combined with graph-based connectivity analysis and
indices.

The conceptualization of GI as a network and the application of a set of network
indicators to analyse its structure is increasing in the research field to foster the
understanding of spatial needs for ES delivery. Research can inform policy and
decision-making for managing and enhancing biodiversity and ES in a more holistic
way. Liquete et al. (2015), for example, integrated the capacity to deliver ES with the
identification of core habitats and corridors, based on mapping and connectivity
methods, to inform a meaningful development of GI network at EU level. This
allows contributions for conservation and/or restoration goals within EU policies.
Similarly, Maes et al. (2015) investigated how an expansion of the GI network
across the EU would help to maintain ES level, estimating a need of about
20,000 km2 of additional GI to maintain ES at 2010 levels: an increase of 2.2% in
the share of GI area would be needed to face any additional percentage of artificial
land. Ala-Hulkko et al. (2019) used combined network and mapping analysis to
study the supply and demand of ES across Europe, showing an unbalanced distri-
bution of ES supply and demand sites. Methodologies and results can help to
identify where investments, both in terms of natural infrastructure, restoration and
eventually transport, are more needed.

4 Conclusion

In this chapter, we reviewed concepts, methodologies, and applications that allow to
analyse connectivity of GI networks and the role of spatial connectivity for
supporting and maintaining ES. Connectivity is a fundamental condition enabling
species dispersal and fostering ES provision. Ecosystems quality, distances, diver-
sity and quantity have also been identified as important design characteristics. An

5 A Network Approach to Green Infrastructure: How to Enhance. . . 57



efficient design and planning of GI help to prioritize areas where intervention for
restoration and preservation of connectivity are more urgent for ES. Spatial and
connectivity-based methodologies resulted to be appropriate to characterise the
network structure and inform about overall connectivity status, most important
nodes, isolated and poor connected areas. This allows to identify where and how
the network can be improved taking into consideration types and quantity of nodes
and connections required to ensure ecosystem resilience to environmental and
ongoing climatic changes. Easy and replicable graph-based methods can be used
to inform landscape managers by developing conceptual frameworks and strategies
that can support them through the overall process of GI network analysis and plan:
from the identification of network elements to the assessment of current condition of
connectivity to the planification of future network configuration. Spatial information
and landscape-based contributions can support the realization of nature-based solu-
tions, considering location, societal challenges, alternative intervention, and their
impacts to be effective also in future climate change conditions.
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