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1. Introduction
Green-roofs are urban green spaces which can be interesting to provide green in dense urban environments
(Haaland & van Den Bosch, 2015), being developed on an alternative vertical dimension. In this perspective,
green-roofs represent a resourceful solution in terms of sustainable urban development, since the management of urban green-spaces in densely populated urban areas can be particularly challenging (Haaland &
van Den Bosch, 2015).
Being based on the biomimicry concept, green-roofs are meant to provide ecosystem services (Oberndorfer et al., 2007). Ecosystem services (ES) can be defined as ‘the benefits people obtain from ecosystems’
(MEA, 2005, p.49). In fact, due to their multiple benefits in terms of environment and liveability, green-roofs
are commonly included in sustainable urban development strategies (Sutton, 2015; Getter & Rowe, 2006).
However, especially because green-roofs provide multiple ES simultaneously, it can be problematic to properly determine their ES flows. In fact, even though ecosystem services can conceptually provide a framework which connect human-environment interactions (Daily et al., 2009), its practical application is rather
complex. These connections are an array of relationships that relate ecological processes to their specific
benefits for human wellbeing (Luederitz et al., 2015). Thus, conceptual frameworks such as the cascade
model (Haines-Young, & Potschin, 2010) are useful planning tools, which are meant to provide a structure,
while deconstructing and analysing these relationships.
Therefore, since green-roofs are very popular in sustainable development plans because of their benefits,
it is interesting to explore how the various ecological processes happening on them can connect to the
provision of ES in urban environment (Sutton, 2015; Oberndorfer et al., 2007). Yet, these dynamics are still
relatively unknown, so it is necessary to provide tools which enable to appropriately include them in an
informed policy-making, and to optimise the management based on ES provision. In light of sustainable
development goals, this research aims to build an evidence-based conceptual framework, connecting ES to
the ecological changes on urban green-roofs.

1.1 About green-roofs

Green-roofs, or vegetated roofs (Enright, 2013) are a synergic combination of layers with different functions,
from the isolating material to the vegetated layer, which results in anthropogenic ecosystems placed on
buildings (Sutton, 2015).
Green-roofs can be considered equivalent to particularly harsh natural environments, since these are exposed to stress factors such as temperature fluctuations, drought, and intense winds (Boivin et al. 2001;
Dunnett & Kingsbury, 2004; Snodgrass & Snodgrass, 2006).
Green-roofs can be included amongst bioengineering or biomimicry technologies, since the idea behind
their beneficial characteristics to the urban environment is to mimic natural ecosystems (Oberndorfer et al.,
2007). Also, research in several fields of study about the conception of green-roofs as urban ecosystems,
supports the existence of a parallelism between ecosystems dynamics and the observable patterns in green
or vegetated roofs (Sutton, 2015).
Firstly, green-roofs can be defined ecosystems from an ecological point of view. Ecology studies the flows of
interaction between biotic and abiotic elements. Besides the different element of isolation, the flows passing
through vegetation and substrate of green-roofs follow the dynamics of interaction of natural ecosystems
(Sutton, 2015).
Secondly, it is important to conceive green-roofs as ecosystems, in order to control maintenance needs of
the roofs, both on the short and the long term (Sutton, 2015). In fact, even though abiotic factors represents
the main pressure on green-roofs in the initial stage (Butler and Orians 2011; Simmons et al. 2008; Molineaux et al. 2009; Dunnett & Nolan 2004; Dunnett et al. 2008a, b; Ampim et al. 2010; Rowe et al. 2012; Rowe
2011; Getter et al. 2009), the interactions with and within the biotic components have to be considered in
order to have a clear overview of green-roofs dynamics on a longer term (Sutton, 2015).

8

Therefore, green-roofs has to be conceived as small scale, anthropogenic ecosystems, with a low level of
complexity (Sutton, 2015).

1.2 Vegetation on green-roofs

There are different types of green-roofs which can be divided in general categories as extensive, semi-intensive or intensive (2.2.1), from the simplest to the most complex system, mainly differentiated by substrate
depth, maintenance requirements and its relative vegetation capacity (FLL, 2002; NTJ, 2012). Yet, generally
green-roofs are made of a multi-layered structure, starting from the building roof surface, going up there is
the insulation layer, the waterproof membrane, the root inhibiting layer, the drainage functional layers, the
soil substratum and a vegetation layer on top (Sutton, 2015). The vegetation is the most visible component
of the green-roof system, and it can be determined through simple observation.
As well as for green-roofs, vegetation is often the most evident element of natural ecosystems, and it is
commonly used for interpreting and analysing landscapes and ecosystems (Yapp et al., 2010). Vegetation is
an easily visible and interpretable parameter which can indicate ecosystem dynamics (Yapp et al., 2010), in
fact vegetation characteristics such as structure or architecture, community composition and plant traits are
often used for mapping and analysing ecosystems and their services (Thackway & Lesslie, 2008). Structure
or architecture seems the most general parameter among these.

1.3 Green-roofs provide ES

Green-roofs are commonly included in sustainable urban development strategies (Lanham, 2007; Sutton, 2015), since they can provide an interesting range of benefits which are commonly associated with
ground-level ecosystems, such as mitigation of urban heat island effect, noise reduction or biodiversity
(MEA, 2005). For instance, green-roofs are included in sustainable development projects in Amsterdam (e.g.
Sustainable Amsterdam, 2014), in Hamburg (Ministry for Environment and Energy, 2016) and other cities
(Municipality of Nieuwegein, 2019; ALMA MATER STUDIORUM - Università di Bologna, 2014).
Green-roofs address multiple benefits, both in terms of environment and liveability (Sutton, 2015; Getter &
Rowe, 2006). These benefits can be categorised in benefits for energy, pollution and water management
(Berardi et al., 2014).
In terms of energy, for instance, the presence of green-roofs cools down cities during summer (Smith &
Roebber, 2011; Solecki & Leichenko 2006; Gaffin et al. 2008). In addition, green-roofs act as insulators at
the building level, thus influencing the city’s energy budget all year long (Sutton, 2015; He and Jim 2010; Jim
and He 2010; Teemusk & Mander 2010; Feng et al. 2010).
Benefits about water can be, for instance, the capacity of green-roofs of retaining more water compared to
conventional impervious rooftops (Sutton, 2015) and of detaining water, slowing down the drainage (Bates
et al., 2009; Berndtsson, 2010; Morgan et al., 2013). These properties make possible to manage water in
different ways, such as storage in cisterns, rainwater gardens and others (Sutton, 2015).
Benefits about pollution are mainly related to water quality and air quality. Firstly, green-roofs act as filters for
atmospheric pollutants and nutrients (Berndtsson et al. 2009). Secondly, decreasing the amount of runoff,
also the pollutants reaching other waterways are reduced (Rowe, 2011) Additionally, plants can trap particulate matter or other pollutants on their surfaces (Yang et al., 2008) or within their tissues (Clark et al., 2008;
Currie & Bass, 2008).
Providing ecosystem services is a core concept of green-roofs technology. As well as water treatment wetlands, bioswales for storm-water management and living walls, green-roofs are constructed ecosystems
which aim to emulate certain properties of natural ecosystems (Oberndorfer et al., 2007). Alike natural
ecosystems, green-roofs have ecological dynamics affected by the system composition and by the various
elements interaction. So, they can be treated as ecosystem in terms of analytical approach. For instance,
this parallelism becomes useful for analysing the relationships amongst various ecosystem services.
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Research on ecosystem services provided by green-roofs has been largely and variously addressed: energy
consumption reduction, urban heat island effect mitigation, water and air filtering, water retention, (Berardi
et al., 2014; Lundholm & Williams, 2015 ), carbon sequestration (Lundholm & Williams, 2015), sound insulation, noise reduction and ecological preservation (Berardi et al., 2014) are a few of the most relevant and
tangible benefits (Table 2), also in the context of this research.

1.4 Relevance and problem statement
Green-roofs encompass two important sustainable design principles, which are the adaptability to a dense
urban environment (compactness), and the important benefits of urban greenery, yet their potential in these
terms is still not adequately researched. According to the framework for assessing sustainability in urban
forms proposed by Jabareen (2006), the compact city appears as the most sustainable urban development
option, followed by the green-city. These two urban forms present several mismatches, of which the most
relevant in this context is the coexistence of high presence of greenery and high density urban development. It can be a matter of rethinking space and shifting perspective, and green-roofs might be one possible
response to this compatibility issue. Indeed, being placed above buildings, green-roofs do not impact the
land availability at the ground level. It is a strategy that increase the available surface for potential greenery,
while mitigating urban climate stresses, and allowing a ‘greener’ urban densification. In fact, many studies
have explored the allocation or retrofitting potential of green-roofs in cities (Poorova & Vranayova, 2018;
Wilkinson & Reed, 2009; Berger, 2013), as a mean to provide ES in highly densified areas. The relevance of
this issue is tangible especially in highly urbanised countries, where there is a clear discrepancy between
providing extensive green areas and the rising urbanisation demand. Yet, technological development nowadays would allow to expand urban planning ambitions, with a shift in perspective which carefully evaluates
vertical solutions.
However, the implementation of these innovative solutions is strictly dependent on their inclusion in policy-making. A valid materialisation of this concept can be seen in Singapore. Besides its favorable geographical position in the tropics, Singapore has other reasons to be such an urban green paradise. For instance,
the Skyrise Greenery Incentive Scheme and the Landscape Replacement Policy are policy measures which
played an important role in the greening of the city, since these oblige to at least compensate the green lost
at the ground level for new urban development (Beatley, 2017).
Then, how is it possible to include such innovations in policy-making? Reaching an harmonic cohesion
between nature and human beings requires strategic and inclusive frameworks, which include both perspectives. This is possible considering nature-based solutions which take into account the potential and
limitation of urban areas, allowing a gradual integration of nature into urban settings. Green-roofs respond to
these requirements, being ecosystems placed in the middle of the city, while not excluding other land uses.
Greenery and mixed land use, together with compactness, are sustainable design principles (Jabareen,
2006) that are at the base of the concept of green-roofs. In fact, green-roofs are commonly included in the
greening interventions proposed in sustainable development agendas, because of their multiple benefits
and the available opportunities in terms of ES management.
All things considered, for achieving an appropriate green-roofs management, a strategic framework providing accessible and comprehensive knowledge is required. Thus, this thesis aims to provide a supportive
framework in urban planning and policy-making, in order to maximise the utility of ES by green-roofs. This
framework has to be accessible and easily applicable, thus it is relevant to consider vegetation, since this
is an easily visible and interpretable parameter which can indicate ecosystem dynamics (Yapp et al., 2010).
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1.5 Research objectives and questions
The main objective of this thesis is to explore the relationship between the provision of multiple ecosystem
services by green-roofs and the structure complexity of their vegetation layer, and to incorporate it into a
general conceptual model, which allows a flexible application of this framework in different urban planning
contexts.
The general conceptual model will be developed progressively, with the iteration through two interdependent sub-objectives:
Explore the changes occurring in the ES provision in relation to changes in the vegetation structure
of green-roofs, also considering other related or influential ecological variables, through a literature review
and translated into a preliminary model;
Validate the literature-based model to better understand the characteristics required and desired in
a conceptual model for spatial planners, integrating expert and professional critical knowledge from interviews, for achieving an improved management of green-roofs for ES provision;
The corresponding research questions to these objectives were extrapolated to guide the construction of an
appropriate methodology. The main research question, and two sub-questions, are the following:
• How to incorporate the relationship between vegetation structure complexity and the provision of
ecosystem services by green-roofs in a general conceptual model for creating a flexible sustainable-planning tool applicable in different urban planning contexts?
1.
How do ES provided by green-roofs change in relation to changes in influential ecological variables
related to vegetation structure complexity?
2.
What characteristics are required and desired in a conceptual model for spatial planners for achieving an improved management of green-roofs for the provision of ES, in order to support sustainable urban
development?
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2. Conceptual framework

Since this research aims to respond to relatively unexplored questions about green-roofs management, it
is useful to frame the concepts and theories which defined the direction of this investigation (Fig. 1). Firstly,
the concept of sustainable urban form can be considered as the starting point from the urban perspective.
Secondly, the concept of Nature Based Solutions aims to connect the functionality of green-roofs vegetation
to the urban development goals. Third, it is important to acknowledge the technical and ecological characteristics, and how these define different green-roofs typologies. Fourth, in order to understand and analyse
the ecological aspects of green-roofs, it is necessary to define vegetation structure on green-roofs, and its
connection to ES provision. Fifth, also ES flows are part of a rather broad context, and require clarification.
ES provided by green-roofs need to be placed within a targeted context, and a recognised framework, in
order to facilitate their understanding and comparison. Finally, creating a model allows to relate all these different concepts and theories to each other, and unify them in a comprehensive visual scheme. The concepts
of Ecosystem Services Conceptual Models and Cascade Model are behind the structuring of the final model
product of this thesis research.
The discourse behind these concepts is developed in the following chapters.

Figure 1. Schematic representation of the relevant theoretical concepts and which provided guidelines throughout
this thesis research, and how they relate to each other. The Ecosystem Services Conceptual Model involves three
main concepts: green-roofs, vegetation structure, and ecosystem services (ES). Green-roofs provide ES, as any other
Nature-Based-Solution; vegetation structure is a complex environmental parameter, which can relate to the ES flows
of an ecosystem; vegetation structure can be described through the ecological typologies classification, which is applicable also on green-roofs vegetation; green-roofs are an interesting element in terms of sustainable urban forms,
since they integrate greenery and compactness which are important requirements for sustainable cities.
Additionally, the Cascade model (not visualised in the figure) provide further theoretical support to the ESCM setting,
about how the functions (vegetation structure parameters) of a biophysical structure (green-roofs), are linked to the
flow of services (ES).
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2.1 Sustainable urban development and Nature-Based Solutions
(NBS)

In order to frame sustainability in a realistic context, it is necessary to set a guiding definition of sustainable
city, and examining the possible practical solutions for achieving sustainable development goals.

2.1.1 Sustainable urban development and sustainable urban forms
In the context of this thesis, sustainable development is intended as the integration of nature into urbanised environments. This definition is based on the study by Jabareen (2006), which presents a systematic
framework for evaluating the sustainability of different urban forms. Firstly, 7 sustainable design principles
are indicated and defined as different expression of sustainability in urban environments. These are (1) compactness, (2) sustainable transport, (3) density, (4) mixed land uses, (5) diversity, (6) passive solar design
and (7) greening (Jabareen, 2006). Compactness and greening are the most relevant in this context, since
the most sustainable urban form according to Jabareen (2006) is the compact city, followed by the eco-city,
respectively characterised by compactness and greenery. These forms are considered incompatible for a
matter of densification levels, which is very high in the compact city and low in the eco-city. Yet, the potential
of vertical multi-functionality of buildings is not taken into account.
On the one hand, compactness of urban development entails the containment of urban sprawl for rural areas
protection (McLaren, 1992), the improvement of human wellbeing in terms of accessibility and services, the
increase in buildings efficiency and the reduction of environmental impacts (Jabareen, 2006). On the other
hand, greenery supports urban biodiversity and habitat connectivity (Gilbert, 1991; Kendle & Forbes, 1997;
Niemela, 1999), decreases urban pollution, moderates the temperature extremes, provides alternatives for
sustainable water management (Von Stulpnagel et al. 1990; Plummer & Shewan, 1992; Hough, 1995), contributes to sustainable development improving the image of the city and the quality of life (Jabareen, 2006;
DoE, 1996) and increases the economic value and public appreciation of urban areas (Beer et al., 2003).
These 2 design principles represent the main difference between compact and eco-cities. Yet, since the
concept of eco-city seems to be flexible to different interpretations of the assessment framework (Jabareen,
2006) compactness does not necessarily exclude greenery, also based on the present conception of green
infrastructure and sustainable development. Indeed, research evidence supports that enhancing green areas is beneficial and significant at any level of urban densification (Tratalos et al., 2007).

2.1.2 Compact and green cities with nature-based solutions
Since the integration of nature into urbanised environments is the approach to sustainable development
explored in the context of this thesis, the focus is on alternative options which integrate both compactness
and nature-inclusivity, such as green-roofs. Green-roofs are a nature-based solutions (NBS), which can represent a materialisation of the concept of nature-inclusive urban development (Lafortezza & Sanesi, 2019).
Nature-based solutions (NBS) are defined as solutions which are inspired and supported by nature, meant to
respond to societal challenges in a resource-efficient and flexible approach, providing economic, social and
environmental benefits at the same time (European Commission, 2015). Hence, NBS which aim to mimic
characteristics and dynamics of natural ecosystems, can be a powerful tool for responding to urbanisation
pressures (Lafortezza & Sanesi, 2019), that has been proven to be a major cause of deterioration of urban
ES (Eigenbrod et al., 2011; Güneralp et al., 2013; Kusch et al., 2016; Wentworth, 2017).
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2.2 A multifunctional NBS: green-roofs
Green-roofs are a valid example of NBS applicable to urban systems, as well as nature patches, or sustainable water management systems (Maes & Jacobs, 2017). In fact, green-roofs present two of the key features
of NBS, that are the integration into built environment, and the mimicry of natural ecosystems.
From a technical point of view, green-roofs are composed by an assemblage of different functional layers
of materials (Fig. 2). From the bottom, with the structural layer, insulation layer, water-proofing membrane,
root barrier, drainage material, filter, growing medium, and the vegetation layer at the top (Vijayaraghavan,
2016). The most common classification of green-roofs is per industry typology, that are (1) extensive, (2)
semi-intensive and (3) intensive, mainly differentiated by substrate depth, its relative vegetation capacity,
and maintenance requirements (FLL, 2002; NTJ, 2012).

Figure 2. Schematic representation
of the layers composing a green-roof
system
(from: Vijayaraghavan, 2016)

The differences among the 3 industry typologies are clarified and summarised in Table 1. The focus of this
research is on the vegetation layer, with a mention to the growth substrate in terms of thickness. The vegetation layer is the biotic component of green-roofs, and it plays and important role in the provision of benefits
(Vijayaraghavan, 2016). It is important to consider that the green-roofs habitat is not particularly favourable,
thus it can host a limited range of plant species (Vijayaraghavan, 2016). Yet, limiting the plant diversity can
have negative consequences on the green-roof health state, in fact resulting in an inappropriate consideration of the green-roof ecosystem aspects (Cook-Patton & Bauerle, 2012).
An approach to consider vegetation in a general, yet informative, way is to analyse the vegetation structure.
Table 1. Description of the differences among green-roofs industry typologies.
(from: Langemeyer et al. 2020)
Industry
typology

Substrate depth
[cm]

Weight
[kg/m2]

Cost
[€/m2]

Maintenance

Vegetation

10-15+

120-225

70-90

Low

Succulents, perennial herbs,
grasses, ornamentals, underground
perennials

Semi-intensive 15-30+

150-450

90-130

Medium

Grasses, herbs, aromatics, bulbs,
creepers, small shrubs

Intensive

650+

150+

High

Above, with medium to large
shrubs, small to large conifers,
palms, or other trees

Extensive

30-100+
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2.3 Vegetation structure on green-roofs
The structure of the vegetation layer of green-roofs is relatively easy to identify and it can be connected to
ES. As previously illustrated, vegetation structure can be an expression of ecosystem dynamics, therefore it
is connected to the ES flows of such ecosystem (Yapp et al., 2010; Thackway & Lesslie, 2008). Furthermore,
it is a relatively easily identifiable parameter (Yapp et al., 2010) through simple observation. In fact, vegetation structure is used for simplifying landscapes into more readable and interpretable components (Yapp et
a., 2010).
Green-roofs are simplified, anthropogenic ecosystems (Sutton, 2015). Therefore the concept of vegetation
structure, to be applied on green-roofs vegetation, has to be partially adapted to this particular type of ecosystem. A possible approach to determine the vegetation structure of any type of ecosystem, so applicable
also on green-roofs, is the ecological typology classification (Bournérias, 1968). This classification provides
a more detailed subdivision for the smaller plants (e.g. herbs, grasses or shrubs), thus it is more appropriate
to describe simplified, anthropogenic ecosystems like green-roofs.

2.3.1 Green-roof vegetation typologies
An appropriate vegetation structure classification which can be used in the context of this research, is presented in a study about green-roofs by Madre et al. (2014) (Fig. 3).

Figure 3. Categories of green-roof vegetation complexity, based on ecological typologies classification
by Bournérias (1968), needed for this research.

Bournérias, M. (1968). (Guide of plant communities in the Paris region) Guide des groupements végétaux de la région parisienne.
Paris: SEDES.
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This is based on the ecological typology classification proposed by Bournérias (1968), which refers to the
composition of the upper stratum of vegetation (at least 20% of the cover) (Madre et al, 2014):
•
Muscinal stratum:
composed of bryophytes, lichens, fungi and small herbaceous plants (e.g. Sedum);
•
Herbaceous stratum:
composed by herbaceous plants, such as grasses and flowering plants up to 1m at maturity;
•
Arbustive stratum:
shrubs, bushes, and small trees from 1 to 7 m high;
•
Arboreous stratum:
trees (over 7 m);
(Madre et al., 2014).
This classification is applicable on green-roofs, because is made for classifying both natural and artificial
systems (Madre et al., 2014). However, the most common classification of green-roofs is per industry typology, that are (1) extensive, (2) semi-intensive and (3) intensive, mainly differentiated by substrate depth, its
relative vegetation capacity, and maintenance requirements (Tab. 1) (FLL, 2002; NTJ, 2012). So, an inclusive
classification of the vegetation, which allow to overlap the industry typologies and the ecological typologies, can be presented as follows: (1) muscinal stratum which is comparable with extensive green-roofs,
(2) herbaceous stratum which is comparable with semi-intensive green-roofs, (3) arbustive stratum, and (4)
arboreous stratum, both associated with intensive green-roofs (Fig.3) (Madre et al., 2014). Thus, muscinal,
herbaceous, and arbustive or arboreous, are defined as ‘green-roof vegetation typologies’ in the context of
this research.

2.3.2 Vegetation structure and ES
As previously discussed, vegetation structure of green-roofs becomes useful in the context of this research
because it is connected to ES provision. Interestingly, plant diversity (Lavorel & Grigulis, 2012) and greenroof typology (Langemeyer et al., 2020) can influence the ES provision. In fact, these two parameters can
have common patterns with vegetation structure. As an empirical evidence of this, comparing the water
retention capacity of a green-roof with three succulent species in Texas (Volder & Dvorak, 2014) and of an
experimental chamber with succulents, graminoids, forbs and shrubs (Spolek et al., 2008), the latter presents a 317,5% higher water retention capacity, and also a higher species diversity and a more complex
green-roof typology as well. Hence, vegetation structure can appropriately serve as a descriptive ecological
parameter in the purpose of interpreting ES provision by green-roofs, since it is characterising, informative
and allows to differentiate green-roofs from both an ecological and technical perspectives.

2.4 Ecosystem Services (ES) and Green Infrastructure

Ecosystem Services (ES) are defined in the Millenium Ecosystem Assessment (MEA) as “the benefits people
obtain from ecosystems” (p. 49). These can be categorised for different purposes in different manners, such
as their functional division in regulating, provisioning, supporting and cultural services (MEA, 2005). ES flow
overlap on a gradient from grey-infrastructure (or technical use of resources), to green-infrastructure (or
nature-based use of resources) (Maes & Jacobs, 2017). Particularly on the long term, the position along this
gradient determines the supply of ES, but also on the short-term there are tangible effects if nature-based
systems are prioritised, for instance savings on fuel, natural pest control, habitat provision, water quality
regulation or erosion control (Maes & Jacobs, 2017). Generally, since the green-roof systems rely on renewable resources, the initial higher implementation costs, compared to an equivalent technical solution, will be
compensated overtime by both economic and ES gains (Maes & Jacobs, 2017).
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2.4.1 ES provided by green-roofs

Green-roofs can provide ES, thus contributing to human wellbeing and economic development. Few relevant ES provided by green-roofs in urban contexts are reported in Table 2.
In order to achieve good management practices for multiple ES, synergies and trade-offs among different
services have to be known and considered (Lee & Lautenbach, 2016; Howe et al., 2014).
Table 2. Summary of the green-roofs benefits which correspond to ES. (based on: Sutton, 2015; MEA, 2005).
Green-roofs benefits

Ecosystem services

Regulating
Stormwater quantity

Cultural

Water

Stormwater quality

Purification

Urban Heat Island

Climate

Nutrient cycling

Resilience

Membrane life
Building energy

Climate

Noise reduction

Sound

Air quality
Biodiversity

Aesthetic

Air

Nutrient cycling

Pollination

Knowledge

Retard fire

Wellbeing

Views; marketing

Aesthetic

Rooftop agriculture

Educational

Education opportunities

Educational

Nutrient cycling

Soil formation

Wellbeing

Local employment
Carbon sequestration

Supporting

Air

2.4.2 ES synergies and trade-offs
ES interact with each other, so they can present synergies, trade-offs or no interaction, and all these interactions should be considered in order to achieve an effective management of ES (Lee & Lautenbach, 2016;
Howe et al., 2014).
Firstly, regulating services are generally synergistic between each other, for example both soil formation and
water quality have a synergy with lifecycle maintenance, gene and pool protection (Lee & Lautenbach, 2016).
Secondly, provisioning services present mainly no interactions between each other and mainly trade-offs
with regulating services, such as energy provision which presents a trade-off with lifecycle maintenance,
gene and pool protection (Lee & Lautenbach, 2016).
Finally, cultural services present more synergies with other cultural or regulating services, while a predominant no-effect with provisioning services (Lee & Lautenbach, 2016).
Yet, the pattern of relationships previously described is not homogeneous. Moreover, the determiners of
these interactions can be of various nature, not necessarily implying a cause-effect relationship (Lee & Lautenbach, 2016).
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2.5 Conceptual modelling

In order to incorporate this knowledge into sustainable development practices, a systematic approach, such
as the development of a model, is required. For instance, Lavorel & Grigulis (2012) provide an interpretation of vegetation parameters and their relationship with ES in a conceptual model, which start developing
a model based on the available knowledge and then tests the relationship and accuracy of it. Building a
model which integrates the relationships between ES and green-roof vegetation structure, is a complex task
which requires an adequate theoretical framework. For this research, the most useful frameworks in terms
of modeling are the Ecosystem Services Conceptual Model by Olander et al. (2018), and the Cascade Model
by Potschin and Haines-Young (2016).

2.5.1 Ecosystem services conceptual models
Ecosystem Services Conceptual Models (ESCMs) are a widely used conceptual framework, which allow to
incorporate ES into decision-making and planning tools in a systematic and consistent way (Olander et al.,
2018). ESCMs are often applied in non-urban environments (e.g. Mason & Olander, 2018), yet they present
all the requirements needed for analysing urban environments too. ESCMs can be intervention-specific, so
an ESCM exploring green-roofs is a suitable option. These models are meant to capture the biophysical
changes linked to an intervention and its consequential effect on human wellbeing and, eventually, on social
welfare (Olander et al., 2018).
ESCMs can be developed through an iterative process, since the first model formulations are starting points
or somehow ‘drafts’ which need to be refined in order to get to the final version (Olander et al., 2018).
According to Olander et al. (2018) the development of an ESCM follows a logic path of successive steps.
Building the ESCM (1) is the first step, which is meant to bring all the actors on the same page, successively specifying the outcomes (2) as much as possible (Olander et al., 2018). Then, it is necessary to make
assumptions (3), in order to respond to missing data or information when building the evidence library (4)
(Olander et al., 2018). Lastly, it is possible carry out an evidence assessment (5) and to provide future recommendations based on a strength of evidence map (6) (Olander et al., 2018).
Build the ESCM (1)
There are 3 types of ESCMs, which are explorative models, general models and specified models. (Olander
et al., 2018)
The explorative ESCMs are developed in a short time interval, and they are meant to generally identify the
elements and the relationships between the selected intervention and the changes in the socio-ecological
system and human wellbeing (Olander et al., 2018). Although these are preliminary and generally incomplete
models, they provide a valid starting point to develop general or specified models, besides fulfilling the requirement of informing the relevant stakeholders (Olander et al., 2018). In fact, an explorative ESCM was
necessary at the proposal stage of this thesis, in order to clarify the direction for the research.
The general ESCMs are more complete and they add consistency in terms of application and implementation (Olander et al., 2018). Including a set of ES and relative indicators, these result more effective in informing and providing knowledge to the involved actors (Olander et al., 2018). Furthermore, general models are
adaptable to different contexts, so they provide the best combination of credibility and efficiency (Olander
et al., 2018). Therefore, this is the model typology this research is aiming for.
The specified ESCMs can be possibly developed starting from explorative or general models and are shaped
on a particular context or site (Olander et al., 2018). In fact, exploratory and general models often present
open and general endpoints, which should be specified as much as possible, in order to identify specific
target groups or weaknesses of the former models (Olander et al., 2018). Specified ESCMs help to identify
relevant site-specific indicators, supporting for further evidence assessment and allowing to make predictions, both in economic and non-economic terms (Olander et al., 2018). This model typology open options
for follow-up research about the model created in this thesis.
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Specify outcomes (2)
As already introduced in the previous chapter, it is common to find very general categories at the endpoints
or final nodes of general or exploratory models, since it is not always possible to specify these categories in
a first place (Olander et al., 2018).
Model assumptions (3)
Making assumptions is necessary sometimes to complete the logic path of the nodes composing the model,
yet the goal is to collect as much evidence as possible to reinforce the model consistency (Olander et al.,
2018). This phase is important to identify the appropriate evidence to research and integrate in the model
(Olander et al., 2018).
Build the evidence library (4)
Based on the assumptions previously made, further research is going to be carried out in order to support
the relationships presented in the model with evidence (Olander et al., 2018). As in the previous stage, the
model is refined and adjusted, adding or removing nodes and, possibly, indicating the magnitude and the
direction of the relationships (Olander et al., 2018).
Evidence assessment (5)
When building an evidence-based model supported by diversified sources, it is important to indicate the
confidence of this evidence, also verifying indicators for successive monitoring and evaluation (Olander et
al., 2018). The evidence gaps left have to be individuated and addressed in the recommendations for future
research (Olander et al., 2018).
Strength of evidence map (6)
This final step is meant to provide an overview of the confidence of the different relationships present in the
model, in order to clarify and communicate the implications for decision-making (Olander et al., 2018).

2.5.2 Cascade Model
Introducing the Cascade Model is meant to add a further layer of theoretical consistency to the reasoning
for building a final comprehensive model. The cascade model is a conceptual framework, meant to provide
a direction, and ease the definition of ES flows (Potschin & Haines-Young, 2016). In fact, the concept of ‘service cascade’ (Potschin & Haines-Young, 2010) can summarise the ES paradigm, meaning to connect the
ecological and biophysical elements, with human well-being (Potschin & Haines-Young, 2011). In fact, the
relevant part of the Cascade Model in the context of this thesis, is about the functions connected to a certain biophysical structure or process, that are green-roofs in this case, and the services (ES) linked to these
functions (Potschin & Haines-Young, 2011;2016). The term functions refers to the changes in the green-roof
vegetation which can be identified through specified parameters.
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3. Methodology

The data collection and analysis was organised following the order of the research questions (Fig.4). Hence,
in order to answer the first research question an integrative literature review was carried out, which resonate with the Grounded Theory (GT) approach. Thus, multiple layers of information were unveiled, and put
together to build a general ESCM based on literature.
Then, to answer the second research question, the general ESCM was presented to green-roof experts,
practitioners, and planning students. The interviewees were required to provide feedback on the information present in the ESCM, and invited to discuss concepts which were not included in the model, but relevant to the topic of green-roofs and ecosystem services provision. The knowledge gathered through the
semi-structured interviews, was then integrated in the model to improve its validity, resulting in a refined
version of the general ESCM.
In fact, framing this research from the GT point of view, the refined ESCM can be considered as an extended, critical, and conceptually comprehensive illustration of the theory behind the relationships between
green-roof vegetation typology. This theory representation is grounded in the available literature combined
with feedback from the interviews, and visualised in the form of a General Ecosystem Services Conceptual
Model (ESCM). More details about each step of the methodology are presented in the following chapters.

Figure 4. Schematic representation of the methodology used for this thesis. The methods are divided by research
question, and the reference to Grounded Theory is displayed.
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3.1 RQ1: building a literature-based ESCM

The first research objective was to explore the changes occurring in ES provision in relation to changes in
the vegetation structure of green-roofs, also considering other related or influential ecological variables. In
fact, the starting point of this research consisted of determining the important elements and relationship
to include in a ESCM. The development of an ESCM requires 6 steps: building the ESCM (1), specifying
the outcomes (2) making assumptions (3), building the evidence library (4), evidence assessment (5) and
building a strength of evidence map (6) (Olander et al., 2018). Particular importance is given to the evidence
library (4), which consists of a literature review. Even though theoretical bias was avoided as much as
possible, in order to maintain an inductive approach, a preliminary model based on a preliminary literature
search was necessary to give a direction to the literature review. An integrative literature review was the selected approach for building the evidence library. This is particularly indicated for treating relatively new and
emerging topics, allowing to create new frameworks and perspectives, and for its flexibility in the literature
analysis strategy (Torraco, 2005). So, the context of this research diverges from the existing applications of
the ESCM methodology (Olander et al., 2018), since the influence of green-roof vegetation changes on ES
provision is a relatively unexplored topic. In order to respond to this methodological gap, the various layers
of information included in the ESCM were developed following the GT approach. In the following chapters
this procedure is explained in detail.

3.1.1 Delineate layers of information with Grounded Theory

GT seemed to be the most appropriate methodology to set the boundaries of the integrative literature review.
In the context of this research, they are used as complementary tools, aiming to provide a new perspective
on a relatively unexplored research topic (Noble & Mitchell, 2016; Torraco, 2005), that is the relationships
between green-roof vegetation and ES provision. The GT methodology seems suitable because it is intuitive and not based on preconceptions (Glaser & Strauss, 2014), as well as the integrative approach for the
literature review (Torraco, 2005). In fact, the GT approach essentially consists of coding the common reasoning people have to investigate reality, which is about identifying patterns to comprehend reality (Glaser &
Strauss, 2014), or in this case, to comprehend how changes in the vegetation of green-roofs are connected
to changes in the ES flows, intuitively investigating the available literature. So, the model was built from a
relatively uninformed, thus unbiased, point of view, although a preliminary literature search was needed to
frame the topic. The ESCM is organised in layers of information, from broad to more specific (3.1.2), which
took shape while the literature review was progressing. As the literature search started, the identified literature was progressively analysed. This procedure aligns with the GT application requirements, for which is
necessary to be open to changes and modifications of the theory representation, that are meant to enrich
strengthen its credibility, fit, and relevance for the target groups (Glaser & Strauss, 2014). So, for example,
the criteria for each round of literature search, were based on the analysis of the previous round. This is
how the keywords were refined or specified, and how the number of search results to consider throughout
the various layers was selected. This is linked to a threshold of knowledge saturation, meaning that the
literature search was interrupted once the new literature collected and analysed was not adding significant
information to the respective layer of information. Considering this threshold, the endpoint of the integrative literature review was determined from the progressive critical analysis of the literature, which provided
a fairly complete overview of the topic framed by the first research question. The general ESCM resulting
from this first step of the methodology, illustrates a newly comprehensive perspective on the relationships
between green-roof vegetation and ES provision. Thus, the general ESCM corresponds to the ‘first draft’ of
this theory representation, which successively was refined through the interviews, which were carried out in
order to answer the second research question.
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3.1.2 Building the evidence library through an integrative literature review

In order to answer the first research question, the General ESCM was built, supported by an evidence library
created through an integrative literature review. The integrative literature review was organised in layers,
so the model was built progressively. The layers of the model are 5, from the broadest aspect to the most
focused one (Fig. 5):
1.
Framing vegetation structure and how this relates to other measurable and common environmental
variables;
2.
Defining what environmental variables are typically observed and considered in green-roofs from an
industrial/commercial point of view ;
3.
Research which ES are considered to be relevant in urban contexts, with a general reference to urban green and green infrastructure;
4.
Research which ones of these ES can be delivered by green-roofs and how these flows vary in relation to the vegetation structure on the green-roof;
5.
Verify the relationship between changes in the environmental variables connected to vegetation
structure and ES flows.
For each layer, a slightly different search and analysis strategy is used and the details of each procedure are
going to be explained in the chapters 3.1.3-3.1.8.
Generally, 3 search engines were used, that are Wageningen University and Research (WUR) Library database, Google Scholar and Scopus Library. WUR Library was the first search engine used, in case the focus
concept of the layer is vague, broad, undefined, not adequately explored or not completely covered in my
background knowledge. The purpose was to define targeted keywords to facilitate the search in the other
search engines and in the literature, or to generally understand the direction of the research for this issue.
Successively Google Scholar and Scopus were used, in this respective order, to provide more focused and
up-to-date results. Scopus in particular has a more sensitive algorithm and stricter searching criteria. In
order to store and catalogue the literature analysed through the literature review, 2 databases were built: a
literature review database and a Mendeley references database. The literature review database consists of a
Microsoft Excel file, with multiple pages, including an overview of the keywords, number of results per layer,
and a record of all the references with other information and comments.

Figure 5. Collocation of the various layers of literature review into the general ESCM.
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The Mendeley references database is an online tool which allowed me to flexibly organise all the literature
analysed. The information collected in the databases was then translated into its visual representation using
the online platform draw.io (https://drawio-app.com/), a very simple software for creating diagrams.

3.1.3 Layer 1: vegetation structure and other related environmental variables

The scope of the 1st layer is to frame how vegetation structure is measured or determined through other
simpler and more measurable ecological parameter.
Search
The first keyword selected was “vegetation structure” and, since the 1st is an explorative layer, it was
searched in all the 3 search engines used throughout this thesis: WUR library, Google Scholar and Scopus.
90 sources were checked in total, with 30 results examined per search engine, which is the highest amount
of papers per keyword checked during the literature search. The keyword and the total number of results per
search engine were registered in the literature review database.
Selection and preliminary analysis
Then, the selection process is applied to the first 30 results, sorted for relevance (and availability, only for the
WUR Library). The selection is based on the presence of the keyword first in the title and then in the abstract.
The literature related to faunal species (except for arthropods), and to one single vegetation species or location, is excluded a priori. The papers and books responding to the aforementioned requirements are going
to be analysed. Following the analysis, the selected papers are registered in the literature review database.
Analysis
The analysis of the papers was supported by the ‘search in article’ tool on Mendeley, and by checking the
table of contents and the subject index of paper books, in order to identify the relevant sections of literature. This first simplification is justified by the explorative nature of this 1st layer, in which a great variety of
contexts are considered, and it is meant to understand the direction of the research about vegetation structure. This preliminary selection procedure made possible to select the papers which were then analysed
thoroughly. Relevant information is identified through a critical reading of the literature responding to the
selection requirements. Each piece of information from the literature which can contribute to building the
definition of vegetation structure is schematically registered in the literature review database. This information has to be translated into a conceptual model.
Collocation in the model
The environmental variables used to define vegetation structure found in literature, were at first all included.
Then, a critical selection of the variables was applied, keeping in mind that the context of this research are
urban green-roofs.
Adjustments were applied at the end of this process for each search engine, in order to obtain a focused
range of variables which can describe vegetation structure on a green-roof context. The selected environmental variables are enclosed in diamonds, collocated on a gradient from low to high. Yet, the evidence was
not always referred to a gradient relationship, thus the supporting evidence per variable is differentiated.
Also, assumptions were made in order to simplify the model representation. These assumptions ad simplifications are going to be discussed in chapter 4.1.

3.1.4 Layer 2: technical and environmental variables on different green-roofs systems

The scope of the second layer is to identify the characterising variables of different typologies of green-roof
systems.
Search
The literature search for this layer was limited to the WUR Library database, because it was meant to be
an explorative layer like the previous one. Yet, the coherence of the results found in the WUR Library, made
unnecessary to proceed with the research in the other search engines, since the threshold of knowledge
saturation was reached. The selected keyword was “green-roof*”, and the keyword and the total number of
results per search engine are registered in the literature review database.
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Selection and preliminary analysis
The selection and preliminary analysis procedure is similar to the one applied in layer 1, except that for the
number of papers analysed, which is 20 for layer 2.
Analysis
The analysis procedure is similar to the one applied in layer 1.
Each piece of information in the literature which refers to technical or environmental characteristics of greenroofs is registered in the literature review database.
Collocation in the model
Once the literature analysis was completed, the various parameters in the second layer were organised in a
similar setting to the previous layer, placing the technical characteristics into black squares, collocated on
a gradient from low to high. Adjustments were applied at the end of this process. These assumptions and
simplifications are discussed in chapter 4.2.

3.1.5 Layer 3: relevant ES in urban environment

The scope of the third layer is to identify what ecosystem services are relevant in urban environments.
Search
Since the topic of this layer is a well defined and focused term, the search engines used are going to be
Google Scholar and Scopus, to prioritise peer-reviewed and recent sources. Also, the number of results
analysed per keyword is reduced further to 10 per search engine. The selected keyword is “ecosystem
service*” AND urban. The keyword and the total number of results per search engine are registered in the
literature review database.
Selection and preliminary analysis
10 results per search engine are going to be checked. Besides this difference, the rest of the procedure
applied is similar to the one used for layer 1.
Analysis
The analysis applied to the selected papers was done similarly to the previous layers.
Collocation in the model
The ecosystem services (ES) relevant in urban environments according to the literature analysis are included
in the model enclosed in circles, and organised in macro-categories (provision, regulatory and cultural services). Adjustments were applied at the end of this process. These assumptions ad simplifications are going
to be discussed in chapter 4.3.

3.1.6 Layer 4: ES provided by green-roofs

The scope of the 4th layer is to find literature which gives an overview of the ecosystem services (ES) provided by green-roofs.
Search and selection
Firstly, the literature search for this layer was done in the literature review database, which contained 164
sources at this stage. The literature selected for this layer has to contain information about green-roofs, and
their relationship with a range of ecosystem services. Thus, the keywords “green-roof*” AND “ecosystem
services” were searched in the literature review database.
3 papers responded to these requirements, which are:
1)
Lundholm, J. T., & Williams, N. S. (2015). Effects of vegetation on green roof ecosystem services. In
Green roof ecosystems (pp. 211-232). Springer, Cham.
2)
Berardi, U., GhaffarianHoseini, A., & GhaffarianHoseini, A. (2014). State-of-the-art analysis of the
environmental benefits of green roofs. Applied Energy, 115, 411-428.
3)
Langemeyer, J., Wedgwood, D., McPhearson, T., Baró, F., Madsen, A. L., & Barton, D. N. (2020).
Creating urban green infrastructure where it is needed–A spatial ecosystem service-based decision analysis
of green roofs in Barcelona. Science of the Total Environment, 707, 135487.
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Secondly, further research was carried out within the Mendeley references database. Thus, the literature
about green-roofs relating to ES was individuated and analysed.
Finally, the literature search was extended to Scopus, in order to clarify more relationships. The selected
keywords were “green roof*” AND service*. 20 per search round were checked, and registered on the literature review database.
Analysis
An accurate and critical analysis was applied on selected literature items. The analysis was carried out with
the objective of finding a range of benefits provided by green-roofs, which can be considered ecosystem
services (ES), also taking into account the ES categories defined in layer 3, in order to facilitate the collocation in the model.
Collocation in the model
The information in layer 4 are included in the model as relationships of already existing elements. Thus,
the information gathered at this stage is represented through arrows, connecting one of the 3 typologies
of green-roof (herbaceous, arbustive and arboreous) with one of the ecosystem services relevant in urban
areas (layer 4). These relationships are visualised as green arrows, thicker when there is more literature supporting that relationship. The arrangement of the model structure and the adjustments applied to this layer
are going to be discussed in chapter 4.4.

3.1.7 Layer 5: ES and environmental variables related to vegetation structure

The scope of the fifth layer is to identify any type of relationship between the relevant ecosystem services
provided by green-roofs and the environmental variables connected to changes in vegetation structure,
identified in layer 1.
Search
The search is done through Scopus only, because of the high number of keywords combination to research
and because of the necessity of focused literature for building this layer. Thus, 21 different keywords combinations were used, in order to cover all the ecological variables, and their possible different definitions. For
each of the variables previously defined, the number of keywords combinations searched is related to the
lack of consensus about terminologies for describing such environmental variable. In order to identify adequately the literature treating each topic, the keywords selection is based also on the definitions excluded
through the adjustment process of layer 1. The formula “ecosystem services” AND keyword or “ecosystem
services” AND “keyword+keyword” was used as search strategy for all the environmental variables present
in the model at this stage. Additionally to the definitions selected in the model, all the other definitions of
these parameters, excluded through the adjustments of layer 1, were searched.
Selection and preliminary analysis
For each keyword combination, the first 5 articles were selected for the preliminary analysis. The preliminary
analysis procedure for this layer is similar to the one applied to the literature in layer 1.
Analysis
The sources which resulted relevant from the preliminary analysis, were then analysed completely, searching
for relationships between the environmental variables of layer 1 and the ES of layer 3. All the relevant information was noted down schematically in the literature review database, in order to facilitate the translation
of this information into an explanatory visualisation on the model.
Collocation in the model
As well as in layer 4, the information contained in layer 5 is translated as relationship of already existing
elements in the model, which are the environmental variables of layer 1 and the ES of layer 3. These relationships are visualised as black arrows, thicker when there is more literature supporting that relationship.
Literature referring to a green-roof context is emphasised. The arrangement of the model structure and the
adjustment applied to this layer are going to be discussed in chapter 4.5.
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3.2 RQ2: validating and refining general ESCM

The second research objective was to understand the characteristics required and desired in a conceptual model for spatial planners, for achieving an improved management of green-roofs for ES provision.
This could be done integrating expert and professional critical knowledge, gathered from seven 1-to-1
semi-structured interviews. Interviews are a valuable tool to explore emerging or unexplored topics, like the
relationship between green-roofs and ecosystem services.
The interviewees were guided through the various questions, which followed the model structure, in order
to verify and test the relationships and concepts found during the literature review. The flexibility of this approach allows the interviewees to add relevant information which is not yet considered by the researcher,
while evaluating the ESCM through open-end questions in order to add consistency to the evidence library
(Adams, 2015). The role of GT in answering the second research question, relates especially to the inductive
part of the interviews, which acts essentially as a further extension of the theory representation provided by
the literature-based ESCM.
Yet, also a deductive input was included to improve the model consistency, so the interviewees were firstly asked to validate the relationships present in the model (deductive approach), and secondly they were
asked to mention what they think are the fundamental concepts connecting green-roof vegetation and ES
(inductive approach).
Hence, at this stage, the general ESCM resulting from the first research question was improved in terms of fit
and relevance to the target group, again aligning with the GT methodology, in order to extrapolate a refined,
which is a refined and extended theory representation, grounded in the literature and in the interviewees’
feedback.
The refined ESCM can be used as a planning tool.

3.2.1 interviews: validating relationships

The initial part of the discussion in the semi-structured interviews, was referred to the elements and relationships which are present in the first version of the model. This part of the interviews is based on deductive
reasoning, since it is meant to improve the consistency of the ESCM in perspective of a realistic scenario,
for example verifying the assumptions made while building the ESCM. In fact, the interviewees were asked
to comment on the technical and environmental parameters used for describing green-roofs (layers 1 and
2), then on the range of urban ES (layer 3), and finally on the relationships connecting the various elements
(layers 4 and 5). Also, they were asked to mention important elements or relationship missing from the different layers.

3.2.2 interviews: an inclusive perspective on green-roofs

The second part of the interviews was set as an open discussion revolving around the main themes in the
ESCM. Differently from the previous one, this part of the interviews is based on inductive reasoning, since
it aims to follow-up the stage of the integrative literature review. In fact, the relevant concepts and ideas
brought up at this stage were not referred to the model, but only to the topic of green-roof vegetation and
ES, in relation to the interviewees experience, perception, and knowledge.
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4. Literature review

This section of the report is meant to illustrate the main findings of the integrative literature review supporting the ESCM, presented in a coherent narrative covering all the information layers. This required various
simplifications and assumptions, that are clarified and supported by literature in the following chapters,
starting from the first layer and concluding with the fifth layer.

4.1 Layer 1: vegetation structure is connected to various environmental parameters

The purpose of the first layer was to broadly investigate the concept of vegetation structure, understanding
how this complex parameter relates to other variables characterizing the vegetation and the environment,
which are also measurable and comparable in a green-roof system. The reasoning behind the visualisation
of this information in the model is going to be discussed in the next chapter (4.1.1), followed by guidelines
for the interpretation of the model (4.1.2).

4.1.1 Layer 1: model building

Vegetation structure is an expression of ecosystem dynamics, thus of ES flows (Yapp et al., 2010; Thackway
& Lesslie, 2008). Yet, it is also a complex parameter influenced by different ecosystem dynamics (Mosdorf
et al., 2010). Therefore, in order to understand these dynamics, it is necessary to determine on which environmental variables of the ecosystem these changes apply.
The literature exploration in this layer revealed a diversified pattern of approaches to the concept of vegetation structure, changing according to the different research objectives or to the connected objects of
investigation of the consulted literature.
Layer 1 can be defined as an explorative layer, which is meant to provide guidance and set the foundations
for the successive layers. The choice of consulting a high number of literature sources, allowed to have a
very rich and diversified overview on the concept of vegetation structure, which is observed through the lens
of various disciplines, such as plant ecology (e.g. Nagamatsu & Miura, 1997), animal ecology (e.g. Skowno
& Bond, 2003), biogeochemistry (e.g. Kucharik et al., 2000) forest management (e.g. Ruiz-Jaén et al., 2005)
and others, including urban ecology and management (Morgan Grove et al., 2006; Lehmann et al., 2014;
Morelli et al., 2017). In fact, this required to apply a critical filter on the findings of the search, from the very
first stages of the model building. So, several adjustments were applied and various sources were finally
excluded, in order to fit the context of the green-roofs. The search started using the WUR Library portal and
all the results examined were scientific educational books and collections of scientific papers about the
issue. This step provided a broad overview of the concept of vegetation structure and a more critical view
during the search in the 2 other search engines, Google Scholar and Scopus. In the literature, vegetation
structure is generally used as a conceptual pillar for building methodological approaches, for the majority
in contexts which are non-urban. Yet, the 3 papers about vegetation structure in urban environments (Morgan Grove et al., 2006; Lehmann et al., 2014; Morelli et al., 2017), already show a clear connection of this
parameter with ecosystem services and it supports its applicability in urban settings. Due to the variety of
definitions recorded in this stage of the research, first all these concepts were included in the model, only
sorted by search engine, and grouped according to the extent of detail of these parameters (more general
parameters on the top, more particular ones towards the bottom). Furthermore, the papers referred to urban
context were highlighted at this stage. Urban definitions of vegetation structure were then referred as umbrella-terms, and the other definitions were made converge towards these terms. In other words, they were
used as starting points to identify the relevant and coherent definitions among all the parameters initially
present in the model. Additionally, there were parameters defined as gradients and others only expressing a
relationship. The gradients were also prioritised as converging points for other similar parameters, assuming
that all the parameters present a linear variation on a gradient.
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This was done once all the papers were analysed and all the parameters were included in the model. I
looked for affinity amongst the various definitions from literature. In few cases it was quite simple, for example ‘plants height’ is a common parameter used in literature for defining vegetation structure and it is mostly
referred to simply as ‘plants height’ (in Gillison, 2018; Lotz & Olff, 1988; Ruiz-Jaén & Aide, 2005; Bassett et
al., 2017; Magnago et al., 2015; Reyes-Palomeque et al., 2021; and others). Contrarily, ‘variety of life-forms’
should be considered a broad umbrella-term, since it is defined in different ways in literature, for example
‘specific form’ (Lehmann et al., 2014), or ‘life-forms abundance’ (Shimwell, 1972).
The final result of this stage is a list of 6 environmental variables, which relate to vegetation structure and
can be potentially measurable also on a green-roof ecosystem.

4.1.2 Layer 1: model interpretation

In the final model, layer 1 is an important information pillar for the model structure. It creates a bridge of
supporting evidence that connects the various typologies of green-roofs with the ES.
This layer is visualised through rhomboidal shapes or diamonds, containing the 5 selected environmental
variables related to vegetation structure, and applicable in green roof contexts. These variables are (1) plants
height, (2) vegetation biomass, (3) vertical stratification, (4) basal area, (5) variety of life-forms.
The term (1) plants height, in the context of vegetation structure, refers to the mean of the canopy heights
[m], as defined by Gillison (2018).
(2) Vegetation biomass, in this context, is referred to the dry weight of living organisms, as indicated by
Frolking et al. (2009). It can be measured in [g m-2]. Although this term is mostly referred to forest environments, it does not only take into account the tree scale. Indeed, biomass in forests also includes the mass of
other living organisms, such as vines, epiphytes, leaves, understorey and groundcover biomass, excluding
the dead biomass and litter (Frolking et al., 2009).
(3) vertical stratification is a more complex measurement. It refers to the foliage-height profile by MacArthur
& MacArthur (1961), which can be defined counting the leaves intercepting a vertical stiff wire in a sample
point. In other words, it is the average number [n] of the various layers of vegetation composing the vegetation structure of an ecosystem.
The (4) basal area is the cross-sectional area of a stem, measured at different heights depending on the type
of plants to examine. It can be measured in [cm2 m-2].
As well as for vertical stratification, the definition of (5) variety of life-forms is more complex than other parameters. A life-form is defined by the morphological character of the plant (growth-form) (Meusel, 1935) and
the combination of shoots into communities and their interaction with local environmental conditions (Bates,
1998). For example forbs, grasses, non-grass graminoids, ferns, shrubs and trees are life-forms categories.

4.2 layer 2: green-roofs are commonly classified according to their
technical characteristics

The scope of layer 2 is to identify the technical parameters which characterise each green-roof typology, and
to compare them with the environmental variables identified in layer 1.
The reasoning behind the visualisation of this information in the model is going to be discussed in the next
chapter (4.2.1), followed by guidelines for the interpretation of the model (4.2.2).

4.2.1 Layer 2: model building

The preliminary results of the search in the WUR Library highlighted a strong coherence in the findings,
which were all referring to the FLL Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau (2002),
the guide about the European standards for green-roofs. This underlines a general agreement about the
possible technical parameter to describe green-roofs and the search for these parameters does not need to
proceed further for gaining consistency, since they are defined by European directives.
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Yet, these parameters are established in order to describe green-roofs as technical interventions and there is
no overlapping between the green-roof characterizing parameters and the environmental variables identified
in layer 1. Nevertheless, these are the most commonly known parameters to differentiate green-roofs and a
reference to these in the conceptual model can facilitate the reader.

4.2.2 Layer 2: model interpretation

Completing layer 2 provided the necessary knowledge to provide the background information in the ESCM.
Layer 2 lists all the descriptive parameters that are considered as green-roofs distinctive characteristics
according to the European Guidelines about Green-roofs (FLL, 2022). These are weight (1), substrate depth
(2), plant diversity (3), accessibility (4), costs (5), and maintenance (6).
The weight (1) of a green-roof is related to the demand made to the structure according to the selected
plants requirements (FLL, 2022), which can be translated in [kg · m2].
The substrate depth (2) refers to the thickness in [mm] of the growing medium layer of the green-roof.
The plant diversity (3) is a general term referred to the different forms of cultivation which can be hosted
by the various green-roof typologies (FLL, 2022). As a rule, ‘intensive’ green-roofs are characterised by
the planting of shrubs, coppices, grasses, and also trees (FLL, 2022). ‘Semi-intensive’ green-roofs instead
typically host a smaller range of grasses, shrubs, and coppices, while ‘extensive’ green-roofs vegetation
consists of mosses, succulents, herbaceous plants, and grasses (FLL, 2022).
As accessibility (4) is meant the possibility for people to access and have leisure activities on the green-roof.
Accessibility varies from the concept of ‘virtual nature’ connected to extensive roofs (FLL, 2022), which
implies that people have the role of an observer, to the concept of ‘rooftop park’ related to intensive roofs,
which aim to provide the kind of amenities of a park at the ground-level (FLL, 2022), allowing to people full
access and close contact with the green-roof nature.
The costs (5) are related to the materials, construction, and installation expenses, and also to the costs to
sustain for the maintenance operations (FLL, 2022).
Finally, maintenance is referred to the frequency and quality of maintenance operations, such as irrigation
and fertilisation (FLL, 2022). This ranges from regular attention required for maintaining ‘intensive’ systems,
to barely any maintenance required for ‘extensive’ green-roofs (FLL, 2022).
These parameters are considered as technical characteristics within the context of this research, in order to
distinguish them from the environmental variables (layer 1) and to underline the fact that the biotic components of green-roofs are not specifically considered.
Although there is no overlapping of any element between the technical (layer 2) and ecological (layer 1)
characterizations of green-roofs, their trend is comparable. For example, when for herbaceous green-roofs
the environmental variables present the lowest values, also the technical characteristics present the lowest
values.

4.3 Layer 3: range of ES relevant in urban environment

The purpose of the literature search and review in layer 3 is to identify a range of ecosystem services (ES)
which are relevant in urban environment and which can be provided by urban green spaces. The reasoning
behind the visualisation of this information in the model is going to be discussed in the next chapter (4.3.1).

4.3.1 Layer 3: model building

The objective was to possibly find references to a range of services relevant in urban environment, rather
than more in depth research on a single service.
The concepts linked to these keywords are well defined and agreed, indeed a high relative number of relevant papers was recorded in this search (9 out of 10 on Google Scholar results and 10 out of 10 on Scopus
results). Although the approach to classify ES relevant in urban environment showed overall coherence, the
nomenclature and definition presented a more scattered pattern.
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Besides the different definition and naming of the same ecosystem service in different sources, there were
different interpretations also of the ES macro-categories (regulation, provision and cultural services). In fact,
in addition to the many adjustments applied, a further level of comparison was added, in order to include a
reference to a reliable and recognised ES classification, that is the latest update of the CICES classification
(v5.1) (Haines-Young & Potschin, 2018). Since the setting of the ES of layer 3, is also connected to the ES
identified in layer 4, it is important to keep a flexible visualization of the data collected in this layer for allowing future changes and adjustments without losing important information. The adjustments applied and
more detail about the classification of ES in the model are going to be discussed in chapter 4.5.2 model
interpretation of layers 3 and 4.

4.3.2 Layer 3: model interpretation

The ES relevant in urban areas are illustrated as circles on the ESCM. First, the ES were organised by theme
(e.g. climate, water, etc.), to facilitate the comparison between similar definitions. Secondly, a second subdivision in macro-categories (regulation, provision and cultural services) was applied. This division highlighted
the discrepancy in volume of research about regulatory/provision and cultural services, indeed the latter
category seems to have been gaining importance more recently. Additionally, the necessary information
for interpreting the codes indicated below the ES, referring to the CICES classification (v5.1) is reported in
Table 3. This provides a further level of verification for improving the consistency of the terminology used in
the model.
Table 3. the comparison between the terminology used in the model and the equivalent terminology in CICES v5.1
(Haines-Young & Potschin, 2018) is shown.
ES in the
conceptual model

CICES v5.1
Section

Class

Simple descriptor

Code

Temperature
mitigation

Regulation &
Maintenance
(Biotic)

Regulation of
temperature and
humidity, including
ventilation and
transpiration

Regulating the
physical quality of
air for people

2.2.6.2

Runoff quantity

Regulation &
Maintenance
(Biotic)

Hydrological cycle
and water flow
regulation
(Including flood
control, and
coastal protection)

Regulating the
flows of water in
our environment

2.2.1.3

Runoff/water
quality

Regulation &
Maintenance
(Biotic)

Regulation of the
chemical condition
of freshwaters by
living processes

Controlling the
chemical quality of
freshwater

2.2.5.1

Air quality

Regulation &
Maintenance
(Biotic)

Regulation of
chemical
composition of
atmosphere and
oceans

Regulating our
global climate

2.2.6.1

Carbon
sequestration and
storage***

Regulation &
Maintenance
(Biotic)

Filtration/sequestra Filtering wastes
tion/storage/accum
ulation by microorganisms, algae,
plants, and animals

2.1.1.2

Noise reduction

Regulation &
Maintenance
(Biotic)

Noise attenuation

Reducing noise

2.1.2.2

Erosion control***

Regulation &
Maintenance
(Biotic)

Control of erosion
rates

Controlling or
preventing soil loss

2.2.1.1

Habitat provision

Regulation &
Maintenance
(Biotic)

Pollination (or
'gamete' dispersal
in a marine
context);
seed dispersal;
maintaining nursery
populations and
habitats (Including
gene pool
protection)

Pollinating our fruit 2.2.2.1;
trees and other
2.2.2.2;
plants;
2.2.2.3;
Spreading the
seeds of wild
plants;
Providing habitats
for wild plants and
animals that can be
useful to us;
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4.4 Layer 4: green-roofs can provide ES relevant in urban areas

The function of layer 4 is to find literature which gives an overview of the ES that green-roofs can provide.
The reasoning behind the visualisation of this information in the model is going to be discussed in the next
chapter (4.5.1), followed by guidelines for the interpretation of this layer (4.5.2).

4.4.1 Layer 4: model building

As starting point, 3 out of 164 selected papers were the most important literature supporting this layer. On
the one hand, the most insightful of these, because of its clear reference to changes in ES flows relatively
to different green-roof typologies, is the paper by Langemeyer et al., “Creating urban green infrastructure
where it is needed–A spatial ecosystem service-based decision analysis of green roofs in Barcelona” (2020).
However, this paper refers to the case study of Barcelona, so the ES are considered according to their
relevance in that specific location. On the other hand, although both Berardi et al. (2014), and Lundholm &
Williams (2015) provide a general view on green-roofs, they only occasionally refer to the differences in the
ES flows connected to different green-roof typologies.
In order to strengthen this layer, besides the 3 papers analysed, a literature search was carried out within
the Mendeley references database. Thus, the literature about green-roofs relating to ES was individuated
and analysed.
Furthermore, further research outside the already established literature database was useful to explain more
relationships and for validating assumptions. For instance, the relationship between the different green-roof
typologies and their aesthetic value (Vijayaraghavan, 2016; Shafique et al., 2018; Oberndorfer et al., 2007;
Arabi et al., 2015; Lundholm, 2016) was verified at this stage. Also, the most researched ES in relation to
green-roofs, such as temperature mitigation (25 sources), runoff regulation (17 sources), and habitat provision (14 sources), were highlighted and could be easily identified. Therefore, based on the analysis of the
literature included in this layer, the relationship between the 3 green-roof typologies included in the model
are established, giving emphasis to the number of literature items supporting the relationship, rather than
to its entity.

4.4.2 Layer 4: model interpretation

After identifying the relevant ES in urban environment (layer 3), these were matched with the ES which can
be delivered by green-roofs (layer 4), in order to check for eventual overlapping. Interestingly, all the ES relevant in urban environments (layer 3) can be delivered by green-roofs, up to a certain extent. The information
included in layer 4 is represented as relationships in the model, precisely the green arrows, where the thickness of the arrow refer to the number of literature items supporting the relationship, rather than to its entity.

4.5 layer 5: changes in environmental parameters influence ES provided by green-roofs

The objective of layer 5 is to understand the relationship between changes in the identified environmental
variables (layer 1), and the ES provided by green-roofs (layer 3), in order to complete the model.

4.5.1 Layer 5: model building

It is important to mention that this layer is also a mean to clarify uncertainties about the collocation of each
element in the model. For example, habitat availability, and carbon storage capacity, which were initially included in the environmental variables, were then integrated in the ES, respectively in habitat provision, and
carbon sequestration and storage. The choice of including these concepts among the ES is based on the
approach commonly presented in the relevant literature analysed for layer 5.
Interestingly, both for plants height and life-forms abundance, part of the relevant information was found
in researches about green-roofs (Lundholm et al., 2015; Lundholm et al., 2010; Lundholm, 2015). This evidence is emphasised weighting twice in the visualisation of this level, represented with the arrows thickness.
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For vegetation volume, of which the position in the environmental variables was based on assumptions, no
evidence was found to connect this variable to any of the ES considered in the context of this research, thus
it was excluded. Vegetation biomass (Tang et al., 2019; Warziniack et al., 2019; Doherty et al., 2010; Fischer
et al., 2019), vertical stratification (Flores et al., 2018; Casalegno et al., 2017; Witzell et al., 2019), and basal
area (Perez-Verdin et al., 2018; Celentano et al., 2017; De Lacy & Shackleton, 2017) show a relationship
with different ES. Generally, the changes shown in the literature express linear relationship in the range of
ecosystems which can be hosted on a green-roof. It is important to underline that only the literature mentioning the relationship of ranges, of both the variable and the ES, were considered. Since changes in these
environmental variables related to ES, based on the previous steps of the model, are connected to similar
changes in the vegetation structure, a relationship can be assumed between changes in vegetation structure
and changes in the ES flows (Yapp et al., 2010; Thackway & Lesslie, 2008).
This last layer allowed to complete the overview of relationships and processes needed for building the
General ESCM (Fig. 6).

4.5.2 Layer 5: model interpretation

This layer is represented as relationships in the ESCM, connecting the environmental variables (layer 1) to
the respective ES (layer 5) they influence. Yet, the relationships identified in the literature search do not cover
completely the ES or the environmental variables. These relationships are represented as black arrows, and
their thickness refers to the amount of literature found supporting the relationship.
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5. Results

In this chapter the main results of this research are presented, following a chronological order. Starting from
the first part of the research, the ESCM based on the integrative literature review is illustrated. Successively,
the main interviews insights and the refined model are presented.

5.1 Part I: ESCM based on the literature review

The previously presented literature review, essentially serves as evidence library to support the assemblage of an ESCM. Each of the layers composing the ESCM, are referred to a particular aspect of the topic
(chapters 3-4). The initial version of each layer required various levels of simplification, plus the selection of
appropriate codes and keywords. The resulting ESCM is shown in Figure 6, particularly presenting one possible setting of the model. In fact, the model includes multiple interactive functions, and the other options of
visualisation can be found in the Annex I. First, there are the ‘FUNCTIONS’ buttons, at the top of the page:
‘relationships between vegetation structure of green-roofs and ES’ activates or deactivates layer 4; ‘relationships between environmental variables related to vegetation structure and ES’ activates or deactivates layer
5; ‘alignment with the cascade model’ shows or hides an extra layer, comparing the structure of my general
ESCM to the cascade model framework.
Secondly, there are the ‘Green-roof vegetation’ buttons, which show or hide 1 of the 3 typology of greenroof vegetation typology, and their effect on the elements and processes of the model, thus on the environmental variables (layer 1) and on the ES (layer 3) (example in Fig. 6). Furthermore, each of these three
buttons also shows the background information, in terms of changes in environmental variables related to
vegetation structure and technical characteristics of each green-roof vegetation typology.

Figure 6. Visualisation of the literature-based ESCM, where the green-roof vegetation’ herbaceous’ is selected to
show the functioning of the model. Other visualisations can be found in the Annex I.
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5.2 Part II: interviews and refined ESCM

The second part of the results consists of the interviews feedback and the refined model, resulting from the
integration of the insights from the interviews.

5.2.1 Interviews

Analysing the interviews transcripts, several information patterns emerged.
Firstly, all the interviewees agreed that the selected environmental parameters are representative of vegetation structure. Other variables were also mentioned, such as shade or soil type.
Secondly, all the interviewees confirmed that, based on their knowledge and experience, different greenroof vegetation types provide a different range of ES, or a similar range of ES to a different extent. The interviewees with an ecological or green-roof related backgrounds, indicated the muscinal green-roofs as the
ones with lowest potential, while the herbaceous and arbustive/arboreous green-roofs as the ones with the
highest potential. Furthermore, other ecological concepts, such as the dynamics of community interactions,
were brought up during the interviews.
Thirdly, the interviewees confirmed that different environmental parameters present relationships with different ranges of ecosystem services, and developed a discussion about a few of them, such as air quality, or
water retention capacity and its relationship to soil depth.
Finally, the interviewees addressed several technical improvements for the model, such as flipping the model visualisation, so that the input are the desired ES instead of the green-roof typologies, or improving the
clarity of the relationships between environmental variables and ES. Additionally, further comments and
ideas were added to various levels of the model, from the ecological point of view, regarding technological
advancements (i.e. blue-green roofs), and technical improvements for the readability of the model.

5.2.2 Refined ESCM

When feasible and applicable, the feedback gathered in the interviews was integrated in a refined version of
the model (Fig. 7). The final model was flipped, shifting the input at the level of required ES, and the output to
the recommended green-roof typology. Furthermore, a few connections between ES and environmental variables were consolidated, or added (e.g. the connection between vegetation biomass and noise reduction).
Lastly, instructions to clarify the model usability, and pictures showing examples of the vegetation structure
typologies, were added.

Figure 7. Visualisation
of the refined ESCM,
where the ‘medium
provision of ES’ is
selected to show the
functioning of the model. Other visualisations
can be found in the
Annex II.
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6. Discussion

It follows the discussion of the main findings of this thesis research, structured in chronological order. Firstly,
this section starts with a discussion on the general ESCM, observing layer by layer which considerations
and choices were made through the integrative literature review.
Successively, the input gathered through the interviews is filtered in terms of coherence and feasibility, and
integrated in the final and refined version of the ESCM.

6.1 Building an ESCM through an integrative literature review

The integrative literature review used at the beginning of this research was meant to explore the topic of ecosystem services and their relationship to changes in the vegetation of green-roofs. Yet, since this theme is
rarely observed in this perspective, building a coherent and representative model was not a straight-forward
process. So, assumptions, adjustments, and a critical selection process on the selected information were
necessary in order to maintain a coherent framework. In fact, the boundaries and guidance for the literature
review, were defined combining the integrative literature review approach and the application of GT. In the
following chapters, these points are discussed and the perspective defined through the ESCM is presented,
with the support of literature.

6.1.1 Layer 1

The first layer broadly investigated the concept of vegetation structure, aiming to illustrate how this complex
parameter relates to other variables characterizing the vegetation and the environment, which at the same
time result measurable and comparable in a green-roof system.
Already at this early stage of investigation, it is noticeable that vegetation structure can be used for describing urban green environments (Lehmann et al., 2014), even though the majority of the literature regarding
the issue is referred to natural settings. Yet, in this context the analogy between natural and green-roofs
ecosystem is coherent, since it is referred to vegetation structure and its relationship with ES (Yapp et al.,
2010; Thackway & Lesslie, 2008). Vegetation structure can be described in spatial terms considering the
elements composing it, for instance through a definition of the vegetation cover (Ruiz-Jaén & Aide, 2005;
Morgan Grove et al., 2006; Kucharik et al., 2000; Bassett et al., 2017; Haslem et al., 2016; Skowno & Bond,
2003; Lehmann et al., 2014; Magnago et al., 2015; Reyes-Palomeque et al., 2021). The main elements to
consider are herbaceous plants (Ruiz-Jaén & Aide, 2005; Morgan Grove et al., 2006; Kucharik et al., 2000;
Morelli et al., 2017; Haslem et al., 2016; Skowno & Bond, 2003), shrubs (Morgan Grove et al., 2006; Kucharik
et al., 2000; Bassett et al., 2017; Haslem et al., 2016; Skowno & Bond, 2003) and trees (Morgan Grove et
al., 2006; Kucharik et al., 2000; Guo et al., 2017; Bassett et al., 2017; Haslem et al., 2016; Skowno & Bond,
2003; Morelli et al., 2017), which respectively contribute to a progressive increase in complexity of the vegetation structure. Other useful descriptive elements are bare soil and litter (Morelli et al., 2017; Ruiz-Jaén &
Aide, 2005; Haslem et al., 2016). However, these elements, if considered on their own, give information on
the composition of the vegetation rather than on the environmental dynamics connected to it. For a matter
of relevance and convenience, the bare soil and litter are not considered in the context of this research.
However, the herbaceous plants, shrubs, and trees, are representative types of plants for the herbaceous,
arbustive, and arboreous strata of vegetation. So, based on the correspondence of these plant types to the
selected green-roof typology classification (Bournérias, 1968), the focus is on herbaceous, arbustive, and
arboreous plants, in addition to the muscinal plants.
Yet, it is crucial to mention a range of different environmental variables which are used in the literature in
order to indirectly measure the vegetation structure of natural ecosystems. Regarding these variables, in
literature they were found mostly combined with 1-2 other variables and that they are directly proportional
to the complexity of vegetation structure. The environmental variables are considered independently in layer
1, and these key combinations of variables are highlighted by layer 5 in the model.
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The relevant environmental variables connected to vegetation structure included in the ESCM are plants
height, basal area, vertical stratification, vegetation biomass, and variety of life-forms.
Plants height is the most commonly mentioned variable for determining vegetation structure (Gillison, 2018;
Ruiz-Jaén & Aide, 2005; Bassett et al., 2017; Magnago et al., 2015; Reyes-Palomeque et al., 2021; Gillison,
2016; Guo et al., 2017; Wiens & Rotenberry, 1981; Skowno & Bond, 2003; Higgins et al., 2007; Didham &
Lawton, 1999; Morelli et al., 2017; Zald, 2014; Wood et al., 2012; Lotz & Olff, 1988; Cunliffe et al., 2016;
Morsdorf et al., 2010). In the literature it was observed in combination with canopy density (Didham & Lawton,1999), with size classes and species composition (Higgins et al., 2007), or with vertical stratification for
determining foliage-height diversity (MacArthur & MacArthur, 1961; Wood et al., 2012), according to the
purpose of each research. It is expressed variously, in terms of measure units, depending on the scale and
vegetation type in the object of investigation. In the context of this research, it is considered as the average
height [m] of all the plants present on the vegetation layer, ranging from the muscinal, herbaceous, and nonwoody plants, to shrubs and small trees and woody plants in general.
Basal area is another variable, largely used through the literature analysed in order to describe vegetation
structure (Gillison, 2018; Magnago et al., 2015; Reyes-Palomeque et al., 2021; Ruiz-Jaén & Aide, 2005; Higgins et al., 2007; Zald, 2014; Morsdorf et al., 2010). Although it is more frequently used for analysing trees in
forested areas, it can also be applied to other types of plants. In the context of this research it is considered
as the sum of the cross-sectional areas, projected on the ground, of each plant present on the green-roof
vegetation layer.
Vertical stratification is another relevant variable related to vegetation structure (Shimwell, 1972; Bassett et
al., 2017; Wood et al., 2012; Skowno & Bond, 2003; Wiens & Rotenberry, 1981; Maltamo et al., 2005; Morsdorf et al., 2010), mainly associated with plants height, as component of the foliage-height diversity index
(MacArthur & MacArthur, 1961; Wood et al., 2012). In this research, it corresponds to the average number of
vertical layers of vegetation present on a green-roof.
Vegetation biomass [kg · m2] (Frolking et al., 2009; Reyes-Palomeque et al., 2021; Lotz & Olff, 1988; Zald,
2014; Cunliffe et al., 2016) can be associated with basal area (Reyes-Palomeque et al., 2021) and plants
height (Reyes-Palomeque et al., 2021; Cunliffe et al., 2016).
The number of life-forms is the last relevant parameter selected from the literature analysed (Shimwell, 1972;
Bassett et al., 2017; Wiens & Rotenberry, 1981). A life-form is defined by the morphological character of
the plant (growth-form) (Meusel, 1935) and the combination of shoots into communities and their interaction with local environmental conditions (Bates, 1998). For example forbs, grasses, non-grass graminoids,
ferns, shrubs and trees are life-forms categories. This parameter was combined with plants height (Bassett
et al., 2017), vertical stratification (Shimwell, 1972), or both (Wiens & Rotenberry, 1981). Finally, the parameters volume, carbon storage and habitat suitability, initially included in the environmental parameters list,
were excluded. On the one hand, there is no sufficient evidence to include volume as influential factor on
vegetation structure. On the other hand, it is more appropriate to consider both carbon storage and habitat
suitability as ecosystem services, thus they should be included in a different part of the model.

6.1.2 Layer 2

Layer 2 shows the technical parameters which characterise each green-roof typology.
The great majority of the sources used for building layer 2 of the model, refer to the FLL Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau (2002), a guide to the European standards for greenroofs. The characteristics of each green-roof typology according to the literature analysed is summarised in
Table 4.
The former purpose of this layer was to identify correspondences between the commercial and technical
parameters commonly used to classify green-roofs, and the environmental parameters connected to vegetation structure (layer 1). Although there is no overlapping between layer 1 and 2, there is a logic connection
and similarity in the trend of their variables.
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A key connection between these layers are the 3 green-roof vegetation typologies, which were already proposed as a framework to define vegetation structure in layer 1. The definitions in this classification have the
peculiarity of being both ecological (herbaceous, arbustive, arboreous) and technical (extensive, semi-intensive, intensive) descriptors of green-roofs. Therefore, the 3 green-roof vegetation typologies are connected to a range of changes both through the ecological aspect, thus the environmental variables related to
vegetation structure (layer 1), and their technical aspect, thus the technical characteristics of the different
green-roof typologies (layer 2).
Table 4. Summary of the green-roofs characteristics per green-roof type (extensive, semi-intensive or intensive) from
layer 2 of the general ESCM.

Weight
(40, 41 , 42 , 44 , 47 )

Substrate
depth

Plant
diversity

(40, 41 , 42 , 43 , 44 , 45 ,
47 )

(40, 41 , 42 , 43 , 44 ,
46 , 47 )

Accessibility

Costs

Maintenance

(40, 41 , 42 , 43 , 44 , 47 )

(41, 42 , 44 , 47 )

(41, 42 , 43 , 44 , 46 , 47 )

Extensive
(or
herbaceous)

Low

Semiintensive
(or arbustive)

Medium

Intensive
(or
arboreous)

High

6.1.3 Layer 3

Layer 3 is a summary of the ecosystem services (ES) which are relevant in urban environment and which can
be provided by urban green spaces.
The range of ES which can be provided by nature is very broad when referring to natural environments. Differently, urban green-spaces deliver a smaller range of these relevant services. Firstly, as regards regulatory
services, the regulation of climate, water and pollution were identified as main themes. In terms of climate,
temperature mitigation (Bolund & Hunhammar, 1999; Gómez-Baggethun & Barton, 2013; Elmqvist et al.,
2015; Jenerette et al., 2011; Cortinovis & Geneletti, 2018; Niemelä et al., 2010; Haase et al., 2012; Romero-Duque et al., 2020; Swapan et al., 2017) is an important ES which can be provided by urban greenery,
both alleviating the urban heat island effect through evapotranspiration, and reducing the buildings energy
consumption through shading (Bolund & Hunhammar, 1999). Regarding water, runoff quantity (Bolund &
Hunhammar, 1999; Gómez-Baggethun & Barton, 2013; Elmqvist et al., 2015; Cortinovis & Geneletti, 2018;
Niemelä et al., 2010; Romero-Duque et al., 2020) is intended as waterflow regulation, and this can be improved by the presence of vegetation because it can decrease the runoff from 60% to 5-15% of the rainfall
(Bernatzky, 1983), indirectly reducing the leaking of pollutants in the groundwater as well (Bolund & Hunhammar, 1999); runoff or water quality (Bolund & Hunhammar, 1999; Gómez-Baggethun & Barton, 2013;
Cortinovis & Geneletti, 2018; Romero-Duque et al., 2020) is an ES bridging between water and pollution
related services, and, besides the aforementioned indirect effect, ecosystems can also absorb, decrease
or re-compose pollutants contained in water (Gómez-Baggethun & Barton, 2013; TEEB, The Economics of
Ecosystems and Biodiversity, 2011). Another pollution-related service is air quality (Bolund & Hunhammar,
1999; Gómez-Baggethun & Barton, 2013; Elmqvist et al., 2015; Jenerette et al., 2011; Cortinovis & Geneletti,
2018; Niemelä et al., 2010; Romero-Duque et al., 2020; Swapan et al., 2017), referred as the capacity of the
vegetation of absorbing and filtering air pollutants, such as ozone (O3), sulfur dioxide (SO2), nitrogen dioxide
(NO2), carbon monoxide (CO), and particulate matter less than 10 μm (PM10) (Nowak, 1994; Escobedo et
al., 2008; Gómez-Baggethun & Barton, 2013), through the leaves tissues (Nowak, 1996);
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the absorption and storage of CO2 by woody plants through photosynthesis is highlighted in a separate ES,
carbon sequestration and storage (Elmqvist et al., 2015; Niemelä et al., 2010; Haase et al., 2012; Romero-Duque et al., 2020), since carbon dioxide is a greenhouse gas and its mitigation has an effect on climate.
Another regulatory service is noise reduction (Bolund & Hunhammar, 1999; Gómez-Baggethun & Barton,
2013; Cortinovis & Geneletti, 2018; Niemelä et al., 2010), meant as the property of vegetation and soils
of attenuating urban noise through absorption or deviation of sound waves (Gómez-Baggethun & Barton,
2013; Aylor, 1972; Kragh, 1981; Ishii, 1994; Fang and Ling, 2003). The last relevant regulatory service is
habitat provision (Bolund & Hunhammar, 1999; Gómez-Baggethun & Barton, 2013; Jenerette et al., 2011;
Cortinovis & Geneletti, 2018; Niemelä et al., 2010; Haase et al., 2012; Romero-Duque et al., 2020), intended
as the function of urban nature of supporting biodiversity, through the provision of habitat for birds (Melles
et al., 2003) and bees (Saure, 1996; Tommasi et al., 2004), which enables seed dispersal and pollination
(Gómez-Baggethun & Barton, 2013), and also plants (Verduchi, 2021).
Secondly, the only provision service identified as relevant in certain urban contexts is food provision (Bolund & Hunhammar, 1999; Gómez-Baggethun & Barton, 2013; Jenerette et al., 2011; Cortinovis & Geneletti,
2018; Niemelä et al., 2010; Haase et al., 2012; Romero-Duque et al., 2020), intended as the food supply
provided by urban agricolture (Gómez-Baggethun & Barton, 2013).
Thirdly, 2 different categories of cultural services appeared relevant in urban contexts. On the one hand, the
passive or observational interactions allowed by urban nature, such as the beneficial effects on health (Bolund & Hunhammar, 1999; Gómez-Baggethun & Barton, 2013; Jenerette et al., 2011; Cortinovis & Geneletti,
2018; Niemelä et al., 2010; Haase et al., 2012; Romero-Duque et al., 2020) and the aesthetic value (Bolund
& Hunhammar, 1999; Gómez-Baggethun & Barton, 2013; Elmqvist et al., 2015; Jenerette et al., 2011; Cortinovis & Geneletti, 2018; Niemelä et al., 2010; Haase et al., 2012; Romero-Duque et al., 2020; Swapan et al.,
2017). On the other hand the active or immersive activities, indicated as recreation (Bolund & Hunhammar,
1999; Gómez-Baggethun & Barton, 2013; Elmqvist et al., 2015; Jenerette et al., 2011; Cortinovis & Geneletti,
2018; Niemelä et al., 2010; Haase et al., 2012; Romero-Duque et al., 2020; Swapan et al., 2017).
Finally, few adjustments were applied to the setting of layer 3. First, the ES erosion control was eventually
excluded because of lack of supporting evidence about relatable contexts to green-roofs. Then, the cultural
services were arranged differently, separating active from passive benefits (following the CICES v5.1 classification, by Haines-Young & Potschin, 2018), due to the discrepancies found in literature.

6.1.4 Layer 4

The function of layer 4 is to find literature which gives an overview of the ES that green-roofs can provide, in
order to confirm that the range of ES relevant in urban areas (layer 3) can be all delivered by any green-roof
typology.
The three main papers supporting this layer (Lundholm & Williams, 2015; Berardi et al., 2014; Langemeyer
et al., 2020), were selected as such also because they provide information about the differences in ES provision depending on the green-roof typology.
For example the extensive (or muscinal) green-roofs can reach up to 50% of the temperature mitigation
potential, the semi-intensive (or herbaceous) 83%, and the intensive (or arbustive and arboreous) 100%
(Langemeyer et al., 2020). Regarding the runoff quantity mitigation, extensive green-roofs can only reach
the 25-60% of the potential (Berardi et al., 2014; Langemeyer et al., 2020), increasing the water retention
capacity of the rooftop of about 7,5% (Lundholm & Williams, 2015). On the other hand, semi-intensive and
intensive green-roofs are equivalent in terms of runoff quantity mitigation potential, ranging from 50% to
100% (Berardi et al., 2014; Langemeyer et al., 2020), and they can increase the water retention capacity
compared to a regular rooftop of up to 325% (Lundholm & Williams, 2015). In terms of habitat provision,
according to Langemeyer et al. (2020), extensive (or muscinal) roofs can reach the 42% potential, semi-intensive (or herbaceous) roofs the 50% potential, and intensive (or arbustive and arboreous) roofs the 67%
potential. Differently, in terms of food provision, extensive roofs are not suitable, while semi-intensive and
intensive respectively have the 17% and 67% of potential (Langemeyer et al., 2020).
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Lastly, extensive green-roofs provide the 33% of potential in terms of recreation, while the 17% of potential
in terms of social cohesion (Langemeyer et al., 2020); instead, semi-intensive and intensive roofs provide,
respectively, 83% and 100% of potential for both recreation and social cohesion (Langemeyer et al., 2020).
However, the range of ES covered by these three papers does not completely cover the range of ES which
can be provided by green-roofs (layer 3). In fact, this layer underlines the differences between different ES,
yet only in terms of variation in volume of supporting research. For example, there are 25 references supporting the provision of temperature mitigation, while only 2 references for recreation and social cohesion.
Also, besides the 3 papers supporting layer 4, only 3 studies (Vijayaraghavan, 2016; Shafique et al., 2018;
Oberndorfer et al., 2007) take into consideration more than 4 ES at the same time. The remaining relevant
literature focuses on groups of 4 (Lundholm et al., 2015; Arabi et al., 2015) or less ES (Partridge & Clark,
2018; Johannessen et al., 2017; Francis & Jensen, 2017; Heusinger et al., 2018; Madre et al., 2014; Catalano et al., 2016; Vaz Monteiro et al., 2017; Knapp et al., 2019; Santamouris, 2014; Foustalieraki et al., 2017;
Vanstockem et al., 2018; Herrera-Gomez et al., 2017; Solcerova et al., 2017; Cascone et al., 2019; Mayrand
& Clergeau, 2018; Buckland-Nicks et al., 2016; Brenneisen, n.d.; Morakinyo et al., 2017; Lundholm et al.,
2010; Lundholm, 2015; Besir & Cuce, 2018; Foudi et al., 2017; Lundholm, 2016; MacIvor et al., 2018; Orsini
et al., 2016; Rumble & Gange, 2013; Zhou et al., 2018). The reasons explaining this pattern is probably the
existence of synergies and trade-offs between different ES, and the complexity of ES evaluation.
It is important to mention that identifying the strength of the relationships between ES and different greenroof typologies is not within the purpose of layer 4, especially due to the heterogeneity of the literature
sources in terms of range of ES and green-roof typologies considered.
So, a discretional selection of a certain green-roof typology through the ESCM, according to the required ES
from a conceptual point of view, is not yet indicative for providing management options. This is because all
the green-roof typologies can provide all the ES relevant in urban environment, so it is not possible to exclude or select one typology based on the required ES. Although the differences between typologies already
emerged at this stage of the literature analysis, these are explored in different parts of this research. In fact,
layer 5 of the ESCM (6.1.5) is meant to highlight these differences conceptually, looking at variations in the
environmental variables connected to vegetation structure (layer 1). Differently, the interviews (6.2) are meant
to clarify and discuss the strength of the relationships between different green-roof typologies and ES.

6.1.5 Layer 5

Layer 5 highlights the relationships between the identified environmental variables (layer 1) and the ES relevant in urban areas (layer 3), which can also be provided by green-roofs (layer 4).
As well as the previous layer, layer 5 is represented by connections between concepts, and it is visualised
on the model through arrows linking the different environmental variables (layer 1) to the related ES relevant
in urban settings (layer 3). As previously considered, vegetation structure has an influence on ecosystem
dynamics and, thus, on ES flows (Yapp et al., 2010; Thackway & Lesslie, 2008). So, this layer is the key to
connect all the knowledge previously collected and provide a specific functionality to the model. Through
this layer is illustrated that the relationships between the environmental variables (layer 1) and the different
ES (layer 3) does not change homogeneously. In fact, changes in the various environmental variables composing vegetation structure, can have an effect on certain ES rather than others (Table 5 & Figure 8): this
layer is meant to verify these differences conceptually.
All the relationships between environmental variables and ES are of direct proportionality.
Plants height have an effect on temperature mitigation (Lundholm et al., 2015), runoff quantity (Lundholm et
al., 2015; Celentano et al., 2019), runoff quality (Lundholm et al., 2015) and carbon sequestration (Lundholm
et al., 2015; Celentano et al., 2019). Basal area shows connections with runoff quantity (Perez-Verdin et al.,
2018; Celentano et al., 2019), carbon sequestration (Perez-Verdin et al., 2018; Celentano et al., 2019), habitat provision (Perez-Verdin et al., 2018) and recreation (De Lacy & Shackleton, 2017). Vertical stratification is
linked to habitat provision (Flores et al., 2018; Casalegno et al., 2017; Witzell et al., 2019).
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Vegetation biomass variations affect runoff quantity (Tang et al., 2019; Warziniack et al., 2019) and quality
(Warziniack et al., 2019), carbon sequestration (Doherty et al., 2010; Fischer et al., 2019), habitat provision
(Tang et al., 2019; Warziniack et al., 2019) and recreation (Warziniack et al., 2019). Variety of life-forms influences temperature mitigation (Lundholm et al., 2010; Lundholm, 2015), runoff quantity (Lundholm et al.,
2010; Lundholm, 2015), runoff quality (Lundholm, 2015) and carbon sequestration (Lundholm, 2015).
LAYER 5
temperature
mitigation

ENVIRONMENTAL VARIABLES

plants height

• Lundholm, J., Tran, S., &
Gebert, L. (2015)*

runoff quantity
• Lundholm, J., Tran, S., &
Gebert, L. (2015)*
• Celentano, D., Rousseau, G.
X., Engel, V. L., Zelarayán, M.,
Oliveira, E. C., Araujo, A. C. M.,
& de Moura, E. G. (2017)

runoff quality

• Lundholm, J., Tran, S., &
Gebert, L. (2015)*

• Perez-Verdin, G., MonarrezGonzalez, J. C., Tecle, A., &
Pompa-Garcia, M. (2018)
• Celentano, D., Rousseau, G.
X., Engel, V. L., Zelarayán, M.,
Oliveira, E. C., Araujo, A. C. M.,
& de Moura, E. G. (2017)

basal area

ECOSYSTEM SERVICES
carbon sequestration
and storage
• Lundholm, J., Tran, S., &
Gebert, L. (2015)*
• Celentano, D., Rousseau, G.
X., Engel, V. L., Zelarayán, M.,
Oliveira, E. C., Araujo, A. C. M.,
& de Moura, E. G. (2017)

• Celentano, D., Rousseau, G.
X., Engel, V. L., Zelarayán, M.,
Oliveira, E. C., Araujo, A. C. M.,
& de Moura, E. G. (2017)

• Perez-Verdin, G., MonarrezGonzalez, J. C., Tecle, A., &
Pompa-Garcia, M. (2018)
• Celentano, D., Rousseau, G.
X., Engel, V. L., Zelarayán, M.,
Oliveira, E. C., Araujo, A. C. M.,
& de Moura, E. G. (2017)

• Celentano, D., Rousseau, G.
X., Engel, V. L., Zelarayán, M.,
Oliveira, E. C., Araujo, A. C. M.,
& de Moura, E. G. (2017)

habitat provision

recreation

• Perez-Verdin, G., MonarrezGonzalez, J. C., Tecle, A., &
Pompa-Garcia, M. (2018)

• De Lacy, P., & Shackleton, C.
(2017)

• Flores, L. M., Zanette, L. R., &
Araujo, F. S. (2018)
• Casalegno, S., Anderson, K.,
Cox, D. T., Hancock, S., &
Gaston, K. J. (2017)
• Witzell, J., Bergström, D., &
Bergsten, U. (2019)

vertical stratification

vegetation biomass

life-forms

erosion control

• Lundholm, J., MacIvor, J. S.,
MacDougall, Z., & Ranalli, M.
(2010)*
• Lundholm, J. T. (2015)*

• Tang, Y. K., Wu, Y. T., Wu, K.,
Guo, Z. W., Liang, C. Z., Wang,
M. J., & Chang, P. J. (2019)
• Warziniack, T., Sims, C., &
Haas, J. (2019)

• Warziniack, T., Sims, C., &
Haas, J. (2019)

• Doherty, R. M., Sitch, S.,
Smith, B., Lewis, S. L., &
Thornton, P. K. (2010)
• Fischer, R., Knapp, N., Bohn,
F., Shugart, H. H., & Huth, A.
(2019)

• Lundholm, J., MacIvor, J. S.,
MacDougall, Z., & Ranalli, M.
(2010)*
• Lundholm, J. T. (2015)*

• Lundholm, J. T. (2015)*

• Lundholm, J. T. (2015)*

• Tang, Y. K., Wu, Y. T., Wu, K.,
Guo, Z. W., Liang, C. Z., Wang,
M. J., & Chang, P. J. (2019)
• Warziniack, T., Sims, C., &
Haas, J. (2019)

• Warziniack, T., Sims, C., &
Haas, J. (2019)

Table 5 & Figure 8. Table 5:
Relationships found in literature
between ES and environmental
variables connected to vegetation structure. Figure 8: summary
of the table content, to highlight
the differences between different
environmental variables.

Because of this variability in the range of ES connected to each environmental variable, focusing on the
environmental variables allow to extrapolate flexible management options for the selected green-roof vegetation typology. As an example (Fig. 9), if the objective is to improve habitat provision (ES in layer 3), the
ESCM recommends to enhance basal area, vegetation biomass, and vertical stratification (related environmental variables in layer 1) for the selected green-roof vegetation typology, which can be either extensive,
semi-intensive, or intensive.
This means that, through manipulating the relevant environmental parameters connected to a certain ES, it
is possible to consequently influence the provision of such ES. However, it is important to remember that
this layer is based on the consideration that green-roofs ecosystems are comparable to natural ecosystems
(Sutton, 2015), thus on the assumption that the ecosystem dynamics connected to ES flows are also similar.
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Such criteria allowed to significantly extend the range of available literature to support the relationships
in this layer, meaning that three sources in layer 5 consider the green-roof setting (Lundholm et al., 2015;
Lundholm et al., 2010; Lundholm, 2015), while the rest are about natural ecosystems. Yet, not all the ES
provided by green-roofs were found to be connected to one of the relevant environmental variables in the
model at this stage. So, even though the green-roof-related literature supports the connection between ES
and environmental variables on green-roofs, it is relevant to investigate further to deepen the understanding
of the existing connections, and possibly add the missing relationships.
So, the core functionality of the ESCM of indicating suitable management options based on the required ES,
is evaluated and refined in the interviews (6.2.2).

Figure 9. Visualisation of an example of how to use the refined ESCM, in case the objective of a green-roof is to support habitat provision (ES). Different ES are connected to different environmental variables, which can be manipulated
managing the green-roof vegetation. The relevant relationships and variables in this example are highlighted in red.

6.1.6 Limitations

It is important to discuss the limitations and assumptions part of this ESCM in order to fully understand the
context, and to eventually set future research to refine it.
First, the time scale is not addressed in this research, although considering certain relationships presented
in the model on specific time-frames might show inconsistencies. For instance, runoff quality is negatively
influenced in the early years of green-roofs, while the effect becomes opposite for older and well established
roofs (Rowe, 2011).
Secondly, this general ESCM is not exhaustive. In fact, being a relatively novel technology, green-roofs are
not completely explored by scientific research yet. Additionally, in order to connect vegetation structure to
ecosystem services in the context of green-roofs, a wide range of topics was explored. The choice of an integrative literature review as method for building the ESCM, allowed to cover these differentiated topics, yet
not in depth. Furthermore, this model can be defined qualitative, because the relationships are strengthened
by the amount of supporting evidence. Yet, there are many knowledge gaps to fulfill in order to increase the
consistency and applicability of this model, which can provide a structured guidance for future research.
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6.2 Interviews feedback to improve ESCM

The feedback gathered through the interview was used to give the finishing touches to the ESCM, both
confirming the relationships already present in the model, and adding relationships and concepts to it. Even
though the interviews mostly resulted in a flow of discussion, these two main aspects were distinguishable.
On the one hand, the confirmation of the existing relationships, and the feedback about the setting of the
model consisted of a deductive input. On the other hand, the additional concepts brought up by the interviewees, which were not included in the model but could be related to its content, can be better defined as
inductive input.

6.2.1 Deductive input: validating the ESCM

The relationships and elements present in the model were evaluated with the interviewees, following the
structure of the first version of the ESCM. Thus, the discussion started introducing the elements and their
positioning in the model (layers 1-2-3), and then the relationships (layers 4-5) followed. Overall, the key connections and relationship included in the discussion points, were evaluated as relevant from the interviewees. Yet, several remarks were made to distinguish the entity of the relationships.
For the first discussion point, the interviewees expressed doubts on the precise definition of ‘variety of lifeforms’ and ‘vertical stratification’. There was a general agreement about the presence of a linear relationship, between the complexity of the vegetation typologies and the value of the various environmental variables. However, the changes recommended at this stage were mostly about the relevance of each parameter
referred to vegetation structure, or placement of the descriptive variables also considering the technical
characteristics. In fact, several interviewees mentioned a few of the technical characteristics as possible
important environmental parameters, such as 'soil depth’ or ‘plants diversity'. Then, ‘plant diversity' can be
conceptually integrated within ‘variety of life-forms’, while ‘soil depth’ was relocated together with the other
environmental variables. Also ‘accessibility’ was relocated in the same way. Yet, both ‘accessibility’ and ‘soil
depth’ are still distinguished from the environmental parameters, and still defined as technical characteristics, since they describe the vegetation indirectly. In fact, accessibility and soil depth are strictly related to
the carrying capacity of the building, thus it is more appropriate to identify them as technical characteristics.
The environmental parameters, together with soil depth and accessibility, can be defined as ‘manageable
parameters’, since they can be modified until a certain extent.
For the second discussion point, about the relationships between the green-roof typologies and the ES,
were also generally supported by the interviewees. The difference of the three green-roof typologies in providing ES, was particularly emphasised between the muscinal (or sedum) roofs and the other two typologies.
Also, the ‘air quality’ and ‘carbon sequestration and storage’, appear to be minimal for any of the typologies,
expecting to make these ES more tangible on larger scales.
Finally, the third discussion point, about the relationship between ES and environmental variables, was the
most specific, and the input of the interviews was fundamental to complete the connections. Various relationships were highlighted as particularly relevant, such as the link of habitat provision with vertical stratification and plants height. Other relationships, such as between vegetation biomass and noise reduction, were
functional to complete the connections, since noise reduction was previously disconnected from specific
manageable parameters. Also, the relocated technical characteristics, accessibility and soil depth, were
linked to recreation and runoff mitigation.
More recommendations were provided during the interviews, yet these somehow are too distant from the
existing elements and relationships in the first ESCM version to be integrated in the existing framework.
Hence, the GT is again helpful to further develop the perspective provided by this thesis research, and it is
discussed in the following chapter.
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6.2.2 Inductive input: add details and consistency to the ESCM

The inductive part of the interviews input, refer again to the GT, since it concerns an extension of the theory
representation that is the ESCM. So, the interviewees can be considered as an additional sample group, to
refine the knowledge identified through the literature, which can be considered as the first sample group.
In fact, all the interviewees brought their view on the topic, often reporting new layers of information which
could not be integrated in the already existing elements or relationships. These new concepts, to be integrated, required a change of the model setting and implementation of additional functions.
Firstly, the interviews allowed an enriched and clearer framing of the green-roofs vegetation, regarding its
requirements and ecological dynamics. For example, the concept of water management as the main purpose of green-roofs was a recurring theme in the interviews (Interviewees 1, 5, 6, and 7, interviews, February
2022). In fact, water is considered fundamental to maintain the green-roof vegetation healthy, thus enabling
ES provision (Interviewees 6 and 7, interviews, February 2022). The substrate depth is the main predictor
of the possible plant diversity that a green-roof can host (Interviewee 1, interviews, February 2022), unless
there is an adequate water supply to the vegetation (Interviewees 6 and 7, interviews, February 2022). The
vitality of the vegetation is linked to the vitality of the soil (Interviewee 6, interviews, February 2022). So,
being green-roofs exposed to harsh climate conditions, the role of vegetation in protecting the soil is particularly important, and the vegetation requires an adequate water supply to keep its healthy state. In this
regard, species diversity also have an important positive influence on green-roofs ecosystems resilience,
since diverse plants present diverse habitat strategies and requirements and enable the community to respond to disturbance with a wider range of defenses (Interviewee 6, interviews, February 2022; Verduchi,
2021). Additionally, the provision of shade on the green-roof vegetation can improve its conditions, also
partly mitigating the extreme weather conditions (Interviewee 4, interviews, February 2022).
So, the ES provision potential is more easily achieved when the vegetation is diverse and healthy (Interviewee 6, interviews, February 2022). Yet, the vegetation also has to be established in terms of community
interactions in order to provide ES (Interviewee 3, interviews, February 2022). The community interactions
and single individual interactions with the community and other individuals, have a determinant role in the
entity of ES flows that a green-roof can deliver (Interviewee 3, interviews, February 2022). Yet, the establishment of an ecosystem-like network, which involves plants, fauna, and soil, is not an immediate process and
it requires adequate conditions (Interviewee 3, interviews, February 2022), so the time-dimension becomes
relevant in this perspective. Possibly, the selection of native plant species for a green-roof can facilitate the
establishment of community interactions, since the habitat conditions are similar to the natural habitat of
these species (Interviewee 3, interviews, February 2022; Verduchi, 2021).
On a final note about vegetation, patterns in the plants selection according to the green-roof typology are
clearly noticeable (Interviewees 5 and 6, interviews, February 2022). Yet, an accurately targeted selection
of plant species can be useful to respond to particular objectives in terms of ES provision (Interviewee 6,
interviews, February 2022).
Secondly, part of the conceptual input was focused on the effectiveness of green-roofs, in terms of ES provision and optimisation. For instance, it was highlighted multiple times that, when targeting a singular ES
provision goal through the implementation of green-roofs, the complete range of ES related to green-roofs
would be provided consequentially (Interviewees 1 and 3, interviews, February 2022). Still, possible synergies and trade-offs between various ES should be taken into account (Interviewee 3, interviews, February
2022).
Furthermore, it is important to underline that few ES are provided to a very low extent from a single greenroofs, such as air quality and carbon sequestration (Interviewees 6 and 7, interviews, February 2022). Yet,
when the implementation of green-roofs take place on a large scale, such a whole city, these ES, and all the
other ES associated with green-roofs, become significantly more relevant (Interviewee 1, interviews, February 2022). Thus, it is important to focus green-roofs research on different scales to evaluate their benefits.
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However, there are resources to optimise the single green-roofs performance as well. For example, creating
horizontal (Interviewee 7, interviews, February 2022) and vertical (Verduchi, 2021) habitat heterogeneity,
adding physical objects creating micro-habitats, or selecting plants with diversified structures, can have a
positive effect on biodiversity (Interviewee 7, interviews, February 2022; Verduchi, 2021). Additionally, greenroofs are compatible with various other technologies that can maximise ES provision, both improving the
vegetation conditions or adding extra functions, such as water retention systems or solar and PV panels
(Interviewees 4 and 7, interviews, February 2022).
Finally, it is relevant to highlight that the economic value of green-roofs can be maximised through enhancing accessibility to the public (Interviewee 7, interviews, February 2022). Allowing the recreation activities or
the view on the green-roof can be particularly profitable for businesses in the direct surroundings (Interviewee 7, interviews, February 2022).

6.2.3 Technical improvements

A significant part of the changes applied to the first ESCM were technical improvements of the visual setting,
which were also necessary to incorporate part of the conceptual input of the interviews.
First of all, the most visible functional change on the ESCM concerned flipping the whole model, so that the
green-roof vegetation typology is the output instead of the input (Interviewee 2, interviews, February 2022).
Then, the input variables are the required ES flow, which can be minimal, medium, or optimal provision of
ES, and the output is the green-roof vegetation typology. This change facilitates less knowledgeable users
to access the model functionalities (Interviewee 2, interviews, February 2022).
Additionally, since the relationships between environmental variables and ES were not well distinguished,
so visually unclear, another interactive function was added to highlight the connections. So, each environmental variable, or more precisely the manageable parameters, are buttons, which highlight the associated
relationships with a range of ES (Interviewee 2, interviews, February 2022).
Secondly, the interviewees made suggestions on how to briefly clarify the model functioning and content,
within the same model. For example, simple instructions were added to the model and they can be viewed
or hidden with the ‘instructions’ button (Interviewee 7, interviews, February 2022). These are meant to provide guidance to the users on how the model functions and where to add their input variables. Also, a few
images to exemplify the green-roof vegetation typologies, were added for muscinal, herbaceous, and arbustive or arboreous roofs.
Finally, several other technical improvements were suggested, yet it was not feasible to integrate them in the
final results of this research, for a matter of time, software limitations, and to remain within the scope of this
thesis. For example, it was recommended to add more specific instructions on plant species corresponding to each green-roof vegetation typology (Interviewees 1 and 6, interviews, February 2022). However, the
range of suitable plant species per vegetation typology can vary between locations. Meaning that, in order
to add this information, the general ESCM should be modified into a specified ESCM, based on a specific
location or case study (Olander et al., 2018).
Other interesting suggestions were not implemented due to software limitations. For instance, hiding the
references numbers, replacing them with a link to a list of the useful literature (Interviewees 5 and 6, interviews, February 2022). Also, adding another, more detailed, input variable, corresponding to the individual
parameters (technical and environmental), would improve the usability of the model and the accuracy of the
output. Yet, these functionalities are not included in the options offered by the used software.
Even though they were not included in this research, these recommendations open possibilities and options
for future research on this topic.
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6.3 Summarising reflections and other considerations

In this chapter, the remaining highlights and considerations are illustrated.
Firstly, accessibility and soil depth together with the environmental parameters, create a new category of
variables which can be defined as manageable parameters. In fact, these are the characteristics of the
green-roof which can be manipulated in order to indirectly act on ES. Yet, it is still relevant to distinguish
the environmental parameters, which essentially refer to the vegetation, from the technical characteristics,
which refer to other components of the green-roof. Furthermore, the only connection shown between environmental parameters and technical characteristics is between ‘plants diversity’ and ‘variety of life-forms’,
and since they both refer to the vegetation, they are now unified in ‘variety of life forms’. This highlights the
need of creating a more inclusive framework to characterize green-roofs, which takes significantly into account their ecological and biological components. Also, this mismatch between environmental variables and
technical characteristics, is what justifies the use of green-roof vegetation typologies, since they can act as
a link between these two dimensions. Inadequately considering the living components of green-roofs, can
result in poor and inefficient projecting and management. This common misconception of green-roofs as
mainly technical devices, can increase the costs and complicate the management operations.
Secondly, the time-dimension and the scale of implementation, have major roles in determining the benefits
of green-roofs. On the one hand, a freshly installed green-roofs is not going to deliver the same ES of a well
established green-roof, since community interactions have an important role in the ES flows and they might
take time to form. On the other hand, all the ES provided by green-roofs are linked to the scale of implementation of green-roofs. In other words, the benefits provided by a large-scale applications of green-roofs are
expected to be significantly more effective than the ones provided by a single green-roof. Even though both
these concepts are relevant in this context, they could not be included visually in the refined ESCM, due to
the software and the scope boundaries.
Although this model has its limitations, these open options for follow-up research, and the refined ESCM
can already provide guidance in selecting an appropriate green-roof typology based on the required ES.
Furthermore, the refined ESCM can be useful as a conceptual framework for assessing the ES provision of
already installed green-roofs.
Finally, it is important to underline that the all the interviewees could appreciate the potential of accessing
the ESCM, as a facilitating planning tool for different types of projects. Its comprehensiveness, relevance,
accessible setting, and uniqueness, were marked as positive characteristics of the model.
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7. Conclusions and recommendations

As a general take-home-message of this research, the ‘refined ESCM’ (Fig. 7) can be used to guide a targeted management of the green-roof vegetation, which considers the ES requirements, particularly at the
project stage. Additionally, it can be used for assessing the ES flows provided by an already installed greenroof, through the monitoring of its vegetation layer.
Yet, there are other important conclusions to highlight behind this general concept.
Firstly, the key connection between the technical characteristics of green-roofs (layer 2) and the environmental variables connected to the vegetation structure (layer 1) are the 3 green-roof vegetation typologies.
This is because these typologies describe green-roofs both from an ecological (herbaceous, arbustive,
arboreous) and technical (extensive, semi-intensive, intensive) points of view. In fact, the ESCM is based
on the relationship between green-roof vegetation typologies and ES, which are explored referring to the
possible changes in environmental parameters connected to the vegetation structure of the green-roof.
Plants height (1), basal area (2), vertical stratification (3), vegetation biomass (4), and variety of life-forms (5),
combined with substrate depth (6) and accessibility (7) are defined as manageable parameters, and they are
environmental and technical parameters which can be manipulated to enhance the related ES.
Secondly, the final ESCM went through an iterative development, consisting of two main stages. The first
version of the model (Fig. 6) is based on an extensive integrative literature review, and its last layer explored
the relationships between the environmental variables and ES. Through this layer is illustrated that these
relationships do not change homogeneously. So, changes in the various environmental variables composing
vegetation structure, can have an effect on certain ES rather than others. Because of this variability, focusing
on the environmental variables allow to extrapolate flexible management options for the selected greenroof vegetation typology. This means that, through manipulating the relevant environmental parameters
connected to a certain ES, it is possible to consequently influence the provision of such ES. Yet, there is a
small volume of literature supporting this layer, because of the scarcity of specific literature on the influence
that changes in the environmental variables can have on ES flows, particularly on green-roofs. However, the
green-roof-related literature supports the connection between ES and environmental variables on greenroofs, but the core functionality of the ESCM of indicating suitable management options based on the required ES, is evaluated and refined in the interviews.
So, the last important highlight of this research is about the input provided by the interviews, which helped
to frame the ESCM as a usable planning tool, thus responding to the second research question. The interviewees knowledge was crucial to validate the literature-based ESCM, to fill the gaps present in the model,
to include important ecological and social concepts, and to improve the ESCM layout in terms of usability.
The feedback from the interviews integrated in the first version of the ESCM, results in the refined ESCM.
The refined ESCM is the final product of this research, thus the actual usable planning tool which is meant
to provide management options for green-roofs, according to the targeted ES.
Additionally, this thesis and the model open many possible pathways for future research, for example providing a solid base for developing other similar models, which can be location-specific models, or take into
account other aspects of green-roofs, such as the substrate. Other recommendations for future research
follow, especially based on the discussions with the interviewees:
•
developing the model to integrate the time dimension, in order to consider biotic communities establishment, and the scale of implementation, with consequential variations in the ES flows;
•
adding blue-green-roofs as an option in the model, to highlight the fundamental role of water in
green-roof systems and enhance the management possibilities which target ES
•
through the support of a more sophisticated software, including more interactive functionalities in the
model to make it more intuitive, and improving the aesthetics of the layout;
•
Researching further the relationships between green-roof typologies and ES provision, connected to
the changes in the environmental variables related to vegetation structure;
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In conclusion, besides its functional purpose, this ESCM can also be considered as inviting, and conceptually initiating a smart and multidisciplinary transition from grey to greener cities.

47

References

Adams, W. C. (2015). Conducting semi-structured interviews. Handbook of practical program evaluation, 4,
492-505.
ALMA MATER STUDIORUM - Università di Bologna. (2014). TETTI VERDI al CAAB. Retrieved from https://
site.unibo.it/multicampus-sostenibile/it/energia/tetti-verdi
Ampim, P. A., Sloan, J. J., Cabrera, R. I., Harp, D. A., & Jaber, F. H. (2010). Green roof growing substrates:
types, ingredients, composition and properties. Journal of Environmental Horticulture, 28(4), 244-252.
Arabi, R., Shahidan, M., Kamal, M. S., Jaafar, M., & Rakhshandehroo, M. (2015). Mitigating Urban Heat Island
Through Green Roofs. Current World Environment, 10(Special-Issue1), 918–927. https://doi.org/10.12944/cwe.10.
special-issue1.111
Aylor, D. (1972). Noise reduction by vegetation and ground. The Journal of the Acoustical Society of America,
51(1B), 197-205.
Bassett, M., Leonard, S. W. J., Chia, E. K., Clarke, M. F., & Bennett, A. F. (2017). Interacting effects of fire
severity, time since fire and topography on vegetation structure after wildfire. Forest Ecology and Management, 396,
26–34.
Bates, A. J., Mackay, R., Greswell, R. B., & Sadler, J. P. (2009). SWITCH in Birmingham, UK: experimental
investigation of the ecological and hydrological performance of extensive green roofs. Reviews in Environmental Science and Bio/Technology, 8(4), 295.
Bates, J. W. (1998). Is' life-form'a useful concept in bryophyte ecology?. Oikos, 223-237.
Beatley, T. (2017). Handbook of biophilic city planning & design. Island Press.
Beer, A. R., Delshammar, T., & Schildwacht, P. (2003). A changing understanding of the role of greenspace in
high-density housing: A European perspective. Built Environment (1978-), 132-143.
Berardi, U., GhaffarianHoseini, A., & GhaffarianHoseini, A. (2014). State-of-the-art analysis of the environmental benefits of green roofs. Applied Energy, 115, 411-428.
Berger, D. (2013). A GIS suitability analysis of the potential for rooftop agriculture in New York City (Doctoral
dissertation, Columbia University).
Bernatzky, A. (1983). The effects of trees on the urban climate. Trees in the 21st Century. Academic Publishers, Berkhamster, 59-76.
Berndtsson, J. C. (2010). Green roof performance towards management of runoff water quantity and quality:
A review. Ecological engineering, 36(4), 351-360.
Berndtsson, J. C., Bengtsson, L., & Jinno, K. (2009). Runoff water quality from intensive and extensive vegetated roofs. Ecological engineering, 35(3), 369-380.
Besir, A. B., & Cuce, E. (2018). Green roofs and facades: A comprehensive review. In Renewable and Sustainable Energy Reviews (Vol. 82). https://doi.org/10.1016/j.rser.2017.09.106
Boivin, M. A., Lamy, M. P., Gosselin, A., & Dansereau, B. (2001). Effect of artificial substrate depth on freezing
injury of six herbaceous perennials grown in a green roof system. HortTechnology, 11(3), 409-412.
Bournérias, M. (1968). Guide des groupements végétaux de la région parisienne. Société d'édition d'enseignement supérieur.
Brenneisen, S. (n.d.). Space for Urban Wildlife: Designing Green Roofs as Habitats in Switzerland (Vol. 4).
http://www.urbanhabitats.org
Buckland-Nicks, M., Heim, A., & Lundholm, J. (2016). Spatial environmental heterogeneity affects plant
growth and thermal performance on a green roof. Science of the Total Environment, 553, 20-31.

48

Butler, C., & Orians, C. M. (2011). Sedum cools soil and can improve neighboring plant performance during
water deficit on a green roof. Ecological Engineering, 37(11), 1796-1803.
Casalegno, S., Anderson, K., Cox, D. T., Hancock, S., & Gaston, K. J. (2017). Ecological connectivity in the
three-dimensional urban green volume using waveform airborne lidar. Scientific reports, 7, 45571.
Cascone, S., Coma, J., Gagliano, A., & Pérez, G. (2019). The evapotranspiration process in green roofs: A
review. In Building and Environment (Vol. 147). https://doi.org/10.1016/j.buildenv.2018.10.024
Catalano, C., Marcenò, C., Laudicina, V. A., & Guarino, R. (2016). Thirty years unmanaged green roofs:
Ecological research and design implications. Landscape and Urban Planning, 149. https://doi.org/10.1016/j.landurbplan.2016.01.003
Celentano, D., Rousseau, G. X., Engel, V. L., Zelarayán, M., Oliveira, E. C., Araujo, A. C. M., & de Moura, E. G.
(2017). Degradation of riparian forest affects soil properties and ecosystem services provision in eastern Amazon of
Brazil. Land Degradation & Development, 28(2), 482-493.
Clark, C., Adriaens, P., & Talbot, F. B. (2008). Green roof valuation: a probabilistic economic analysis of environmental benefits. Environmental science & technology, 42(6), 2155-2161.
Cook-Patton, S. C., & Bauerle, T. L. (2012). Potential benefits of plant diversity on vegetated roofs: a literature
review. Journal of environmental management, 106, 85-92.
Cunliffe, A. M., Brazier, R. E., & Anderson, K. (2016). Ultra-fine grain landscape-scale quantification of dryland
vegetation structure with drone-acquired structure-from-motion photogrammetry. Remote Sensing of Environment,
183, 129-143.
Currie, B. A., & Bass, B. (2008). Estimates of air pollution mitigation with green plants and green roofs using
the UFORE model. Urban ecosystems, 11(4), 409-422.
Daily, G. C., Polasky, S., Goldstein, J., Kareiva, P. M., Mooney, H. A., Pejchar, L., ... & Shallenberger, R.
(2009). Ecosystem services in decision making: time to deliver. Frontiers in Ecology and the Environment, 7(1), 21-28.
Davies, C., & Lafortezza, R. (2019). Transitional path to the adoption of nature-based solutions. Land Use
Policy, 80, 406-409.
De Lacy, P., & Shackleton, C. (2017). Aesthetic and spiritual ecosystem services provided by urban sacred
sites. Sustainability, 9(9), 1628.
Didham, R. K., & Lawton, J. H. (1999). Edge structure determines the magnitude of changes in microclimate
and vegetation structure in tropical forest fragments 1. Biotropica, 31(1), 17-30.
Doherty, R. M., Sitch, S., Smith, B., Lewis, S. L., & Thornton, P. K. (2010). Implications of future climate and
atmospheric CO2 content for regional biogeochemistry, biogeography and ecosystem services across East Africa.
Global Change Biology, 16(2), 617-640.
Dunnett N, Nolan A (2004) The effect of substrate depth and supplementary watering on the growth of nine
herbaceous perennials in a semi-extensive green roof. Acta Hortic 643:305–309
Dunnett, N., & Kingsbury, N. (2008). Planting green roofs and living walls. Portland, OR: Timber press.
Dunnett, N., Nagase, A., & Hallam, A. (2008a). The dynamics of planted and colonising species on a green
roof over six growing seasons 2001–2006: influence of substrate depth. Urban Ecosystems, 11(4), 373-384.
Dunnett, N., Nagase, A., Booth, R., & Grime, P. (2008b). Influence of vegetation composition on runoff in two
simulated green roof experiments. Urban Ecosystems, 11(4), 385-398.
Dvorak, B. (2011). Comparative analysis of green roof guidelines and standards in Europe and North America. Journal of Green building, 6(2), 170-191.
Eigenbrod, F., Bell, V. A., Davies, H. N., Heinemeyer, A., Armsworth, P. R., & Gaston, K. J. (2011). The impact
of projected increases in urbanization on ecosystem services. Proceedings of the Royal Society B: Biological Sciences, 278(1722), 3201-3208.

49

Enright, C. (2013) Green roofs are growing: standards support sustainability. Standardization News May/
June. http://www.astm.org/sn/features/green-roofs-are-growing-mj13.html. Accessed 10 Feb 2014
Escobedo, F. J., Wagner, J. E., Nowak, D. J., De la Maza, C. L., Rodriguez, M., & Crane, D. E. (2008). Analyzing the cost effectiveness of Santiago, Chile's policy of using urban forests to improve air quality. Journal of environmental management, 86(1), 148-157.
European Commission. (2015). Towards an EU Research and Innovation Policy Agenda for Nature-based
Solutions & Re-naturing Cities: Final Report of the Horizon 2020 Expert Group on'Nature-based Solutions and Re-naturing Cities'. (full version). Brussels.
Fang, C. F., & Ling, D. L. (2003). Investigation of the noise reduction provided by tree belts. Landscape and
urban planning, 63(4), 187-195.
Feng, C., Meng, Q., & Zhang, Y. (2010). Theoretical and experimental analysis of the energy balance of extensive green roofs. Energy and buildings, 42(6), 959-965.
Fischer, R., Knapp, N., Bohn, F., Shugart, H. H., & Huth, A. (2019). The relevance of forest structure for
biomass and productivity in temperate forests: New perspectives for remote sensing. Surveys in Geophysics, 40(4),
709-734.
FLL, F. L. L. (2002). Guideline for the planning, execution and upkeep of green-roof sites. Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau eV, Bonn.
FLL, F. L. L. (2008). Richtlinie für die Planung. Ausführung und Pflege von Dachbegrünungen–Dachbegrünungsrichtlinie. Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau eV (FLL) Bonn.
Flores, L. M., Zanette, L. R., & Araujo, F. S. (2018). Effects of habitat simplification on assemblages of cavity
nesting bees and wasps in a semiarid neotropical conservation area. Biodiversity and conservation, 27(2), 311-328.
Foudi, S., Spadaro, J. V., Chiabai, A., Polanco-Martínez, J. M., & Neumann, M. B. (2017). The climatic dependencies of urban ecosystem services from green roofs: Threshold effects and non-linearity. Ecosystem Services,
24, 223-233. doi:10.1016/j.ecoser.2017.03.004
Foustalieraki, M., Assimakopoulos, M. N., Santamouris, M., & Pangalou, H. (2017). Energy performance of a
medium scale green roof system installed on a commercial building using numerical and experimental data recorded
during the cold period of the year. Energy and Buildings, 135, 33–38. https://doi.org/10.1016/j.enbuild.2016.10.056
Francis, L. F. M., & Jensen, M. B. (2017). Benefits of green roofs: A systematic review of the evidence for
three ecosystem services. In Urban Forestry and Urban Greening (Vol. 28, pp. 167–176). Elsevier GmbH. https://doi.
org/10.1016/j.ufug.2017.10.015
Frolking, S., Palace, M. W., Clark, D. B., Chambers, J. Q., Shugart, H. H., & Hurtt, G. C. (2009). Forest disturbance and recovery: A general review in the context of spaceborne remote sensing of impacts on aboveground
biomass and canopy structure. Journal of Geophysical Research: Biogeosciences, 114(G2).
Gaffin, S. R., Rosenzweig, C., Khanbilvardi, R., Parshall, L., Mahani, S., Glickman, H., ... & Hillel, D. (2008).
Variations in New York city’s urban heat island strength over time and space. Theoretical and applied climatology,
94(1-2), 1-11.
Getter, K. L., & Rowe, D. B. (2006). The role of extensive green roofs in sustainable development. HortScience, 41(5), 1276-1285.
Getter, K. L., Rowe, D. B., & Cregg, B. M. (2009). Solar radiation intensity influences extensive green roof plant communities. Urban Forestry & Urban Greening, 8(4), 269-281.
Gilbert, O. L. (1991). The Ecology of Urban Habitats. London: Chapman & Hall.
Gillison, A. N. (2016). Vegetation functional types and traits at multiple scales. In Vegetation Structure and
Function at Multiple Spatial, Temporal and Conceptual Scales. Springer, Cham.
Gillison, A. N. (2018). Latitudinal variation in plant functional types. In Geographical Changes in Vegetation
and Plant Functional Types (pp. 21-57). Springer, Cham.

50

Glaser, B., & Strauss, A. (2014). Applying grounded theory. The Grounded Theory Review, 13(1), 46-50.
Green Roofs for Healthy Cities (GRHC) (2006) Green roof design 101 introductory course, 2nd edn. Cardinal
Group, Toronto
Güneralp, B., McDonald, R. I., Fragkias, M., Goodness, J., Marcotullio, P. J., & Seto, K. C. (2013). Urbanization forecasts, effects on land use, biodiversity, and ecosystem services. In Urbanization, biodiversity and ecosystem
services: Challenges and opportunities (pp. 437-452). Springer, Dordrecht.
Guo, X., Coops, N. C., Tompalski, P., Nielsen, S. E., Bater, C. W., & John Stadt, J. (2017). Regional mapping
of vegetation structure for biodiversity monitoring using airborne lidar data. Ecological Informatics, 38, 50–61.
Haaland, C., & van Den Bosch, C. K. (2015). Challenges and strategies for urban green- space planning in
cities undergoing densification: A review. Urban forestry & urban greening, 14(4), 760-771.
Haines-Young, R., & Potschin, M. (2010). The links between biodiversity, ecosystem services and human
well-being. Ecosystem Ecology: a new synthesis, 1, 110-139.
Haines-Young, R., & Potschin, M. B. (2018). Common international classification of ecosystem services (CICES) V5. 1 and guidance on the application of the revised structure. European Environment Agency, 53.
Haines-Young, R., Potschin, M., Raffaelli, D. G., & Frid, C. L. (2010). Ecosystem ecology: a new synthesis.
BES Ecological Reviews Series, CUP (eds. Raffaelli, D. & Frid, C.).
Haslem, A., Leonard, S. W., Bruce, M. J., Christie, F., Holland, G. J., Kelly, L. T., ... & York, A. (2016). Do multiple fires interact to affect vegetation structure in temperate eucalypt forests?. Ecological Applications, 26(8), 24142423.
He, H., & Jim, C. Y. (2010). Simulation of thermodynamic transmission in green roof ecosystem. Ecological Modelling,
221(24), 2949-2958.
Herrera-Gomez, S. S., Quevedo-Nolasco, A., & Pérez-Urrestarazu, L. (2017). The role of green roofs in
climate change mitigation. A case study in Seville (Spain). Building and Environment, 123. https://doi.org/10.1016/j.
buildenv.2017.07.036
Heusinger, J., Sailor, D. J., & Weber, S. (2018). Modeling the reduction of urban excess heat by green roofs
with respect to different irrigation scenarios. Building and Environment, 131, 174–183. https://doi.org/10.1016/j.buildenv.2018.01.003
Higgins, S. I., Bond, W. J., February, E. C., Bronn, A., Euston-Brown, D. I., Enslin, B., ... & Scheiter, S. (2007).
Effects of four decades of fire manipulation on woody vegetation structure in savanna. Ecology, 88(5), 1119-1125.
Hough, M. (1995). City form and natural processes. London: Routledge.
Howard, E. (1898). Garden Cities of Tomorrow, 1902. London: Sonnenschein.
Howe, C., Suich, H., Vira, B., & Mace, G. M. (2014). Creating win-wins from trade-offs? Ecosystem services
for human well-being: a meta-analysis of ecosystem service trade-offs and synergies in the real world. Global Environmental Change, 28, 263-275.
Ishii, M. (1994, September). Measurement of road traffic noise reduced by the employment of low physical
barriers and potted vegetation. In INTER-NOISE and NOISE-CON Congress and Conference Proceedings (Vol. 1994,
No. 5, pp. 595-598). Institute of Noise Control Engineering.
Jabareen, Y. R. (2006). Sustainable urban forms: Their typologies, models, and concepts. Journal of planning
education and research, 26(1), 38-52.
Jim, C. Y., & He, H. (2010). Coupling heat flux dynamics with meteorological conditions in the green roof ecosystem. Ecological Engineering, 36(8), 1052-1063.
Johannessen, B. G., Hanslin, H. M., & Muthanna, T. M. (2017). Green roof performance potential in cold and
wet regions. Ecological Engineering, 106, 436–447. https://doi.org/10.1016/j.ecoleng.2017.06.011

51

Kendle, T., & Forbes, S. (1997). Urban nature conservation: landscape management in the urban countryside.
Taylor & Francis.
Knapp, S., Schmauck, S., & Zehnsdorf, A. (2019). Biodiversity impact of green roofs and constructed wetlands as progressive eco-technologies in urban areas. In Sustainability (Switzerland) (Vol. 11, Issue 20). MDPI AG.
https://doi.org/10.3390/su11205846
241.

Kragh, J. (1981). Road traffic noise attenuation by belts of trees. Journal of Sound and Vibration, 74(2), 235-

Kucharik, C. J., Foley, J. A., Delire, C., Fisher, V. A., Coe, M. T., Lenters, J. D., ... & Gower, S. T. (2000). Testing
the performance of a dynamic global ecosystem model: water balance, carbon balance, and vegetation structure.
Global Biogeochemical Cycles, 14(3), 795-825.
Kusch, S., Fleming, A., Cradock-Henry, N., Schmitz, N., Pereira, L., Vogt, J., ... & Bollmohr, S. (2016). Sustainability in a changing world: integrating human health and wellbeing, urbanisation, and ecosystem services.
Lafortezza, R., & Sanesi, G. (2019). Nature-based solutions: Settling the issue of sustainable urbanization.
Environmental research, 172, 394-398.
Lafortezza, R., Chen, J., Van Den Bosch, C. K., & Randrup, T. B. (2018). Nature-based solutions for resilient
landscapes and cities. Environmental research, 165, 431-441.
Langemeyer, J., Wedgwood, D., McPhearson, T., Baró, F., Madsen, A. L., & Barton, D. N. (2020). Creating
urban green infrastructure where it is needed–A spatial ecosystem service-based decision analysis of green roofs in
Barcelona. Science of the Total Environment, 707, 135487.
Lanham, J. K. (2007). Thermal performance of green roofs in cold climates. ProQuest.
Lavorel, S., & Grigulis, K. (2012). How fundamental plant functional trait relationships scale‐up to trade‐offs
and synergies in ecosystem services. Journal of Ecology, 100(1), 128-140.
Lee, A. (2004, June). Life cycle cost analysis-green roofs form an investment. In proceedings of the second
North American green roof conference: greening rooftops for sustainable communities, Portland, OR, The Cardinal
Group, Toronto (pp. 2-4).
Lee, H., & Lautenbach, S. (2016). A quantitative review of relationships between ecosystem services. Ecological Indicators, 66, 340-351.
Lehmann, I., Mathey, J., Rößler, S., Bräuer, A., & Goldberg, V. (2014). Urban vegetation structure types as a
methodological approach for identifying ecosystem services - Application to the analysis of micro-climatic effects.
Ecological Indicators, 42, 58–72.
Lotz, L. A. P., & Olff, H. (1988). Variation in biomass and architecture of plants due to small scale environmental heterogeneity. Plant form and vegetation structure. Adaptation, plasticity and the relation to herbivory, 109-119.
Luederitz, C., Brink, E., Gralla, F., Hermelingmeier, V., Meyer, M., Niven, L., ... & von Wehrden, H. (2015). A
review of urban ecosystem services: six key challenges for future research. Ecosystem services, 14, 98-112.
Lundholm, J. T. (2015). Green roof plant species diversity improves ecosystem multifunctionality. Journal of
Applied Ecology, 52(3), 726–734. https://doi.org/10.1111/1365-2664.12425
Lundholm, J. T. (2016). Spontaneous dynamics and wild design in green roofs. Israel Journal of Ecology and
Evolution, 62(1-2), 23-31. doi:10.1080/15659801.2015.1025511
Lundholm, J. T., & Williams, N. S. (2015). Effects of vegetation on green roof ecosystem services. In Green
roof ecosystems (pp. 211-232). Springer, Cham.
Lundholm, J., MacIvor, J. S., MacDougall, Z., & Ranalli, M. (2010). Plant species and functional group combinations affect green roof ecosystem functions. PLoS ONE, 5(3). https://doi.org/10.1371/journal.pone.0009677
Lundholm, J., Tran, S., & Gebert, L. (2015). Plant functional traits predict green roof ecosystem services.
Environmental Science and Technology, 49(4), 2366–2374. https://doi.org/10.1021/es505426z

52

MacIvor, J. S., & Lundholm, J. (2011). Insect species composition and diversity on intensive green roofs and
adjacent level-ground habitats. Urban ecosystems, 14(2), 225-241.
MacIvor, J. S., Sookhan, N., Arnillas, C. A., Bhatt, A., Das, S., Yasui, S. -. E., . . . Cadotte, M. W. (2018). Manipulating plant phylogenetic diversity for green roof ecosystem service delivery. Evolutionary Applications, 11(10),
2014-2024. doi:10.1111/eva.12703
Madre, F., Vergnes, A., Machon, N., & Clergeau, P. (2014). Green roofs as habitats for wild plant species in
urban landscapes: First insights from a large-scale sampling. Landscape and Urban Planning, 122, 100–107. https://
doi.org/10.1016/j.landurbplan.2013.11.012
Maes, J., & Jacobs, S. (2017). Nature‐based solutions for Europe's sustainable development. Conservation
letters, 10(1), 121-124.
Magnago, L. F. S., Rocha, M. F., Meyer, L., Martins, S. V., & Meira-Neto, J. A. A. (2015). Microclimatic conditions at forest edges have significant impacts on vegetation structure in large Atlantic forest fragments. Biodiversity
and Conservation, 24(9), 2305–2318.
Maltamo, M., Packalén, P., Yu, X., Eerikäinen, K., Hyyppä, J., & Pitkänen, J. (2005). Identifying and quantifying structural characteristics of heterogeneous boreal forests using laser scanner data. Forest ecology and management, 216(1-3), 41-50.
Margoluis, R., Stem, C., Swaminathan, V., Brown, M., Johnson, A., Placci, G., ... & Tilders, I. (2013). Results
chains: a tool for conservation action design, management, and evaluation. Ecology and Society, 18(3).
Mason, S. M., & Olander, L. O. (2018). Ecosystem Services Conceptual Model Application - Testing General
Model Adaptability (NESP Conceptual Model Series No. 4). Nicholas Institute for Environmental Policy Solutions. Retrieved from https://nicholasinstitute.duke.edu/publications/ecosystem-services-conceptual-model-application-testing-general-model-adaptability
Mayrand, F., & Clergeau, P. (2018). Green roofs and greenwalls for biodiversity conservation: A contribution to
urban connectivity? In Sustainability (Switzerland) (Vol. 10, Issue 4). https://doi.org/10.3390/su10040985
McLaren, D. (1992). Compact or dispersed? Dilution is no solution. Built Environment (1978-), 268-284.
Melles, S., Glenn, S., & Martin, K. (2003). Urban bird diversity and landscape complexity: species–environment associations along a multiscale habitat gradient. Conservation Ecology, 7(1).
Millennium Ecosystem Assessment, MEA (2005). Ecosystems and human well-being. vol 5. Island Press,
Washington DC.
Ministry for Environment and Energy - Leitstelle Klimaschutz and Hamburg’s Green Roof Strategy.
(2016). Four pillars to Hamburg’s Green Roof Strategy: financial incentive, dialogue, regulation and science.
Retrieved June 2020, from https://climate-adapt.eea.europa.eu/metadata/case-studies/four-pillars-to-hamburg2019s-green-roof-strategy-financial-incentive-dialogue-regulation-and-science
Morakinyo, T. E., Kalani, K. W. D., Dahanayake, C., Ng, E., & Chow, C. L. (2017). Temperature and cooling
demand reduction by green-roof types in different climates and urban densities: A co-simulation parametric study.
Energy and Buildings, 145, 226–237. https://doi.org/10.1016/j.enbuild.2017.03.066
Morelli, F., Benedetti, Y., Su, T., Zhou, B., Moravec, D., Šímová, P., & Liang, W. (2017). Taxonomic diversity,
functional diversity and evolutionary uniqueness in bird communities of Beijing’s urban parks: Effects of land use and
vegetation structure. Urban Forestry and Urban Greening, 23, 84–92.
Morgan Grove, J., Cadenasso, M. L., Burch Jr, W. R., Pickett, S. T., Schwarz, K., O'Neil-Dunne, J., ... &
Boone, C. (2006). Data and methods comparing social structure and vegetation structure of urban neighborhoods in
Baltimore, Maryland. Society and Natural Resources, 19(2), 117-136.
Morgan, S., Celik, S., & Retzlaff, W. (2013). Green roof storm-water runoff quantity and quality. Journal of Environmental Engineering, 139(4), 471-478.
Morsdorf, F., Mårell, A., Koetz, B., Cassagne, N., Pimont, F., Rigolot, E., & Allgöwer, B. (2010). Discrimination
of vegetation strata in a multi-layered Mediterranean forest ecosystem using height and intensity information derived
from airborne laser scanning. Remote Sensing of Environment, 114(7), 1403-1415.

53

Municipality of Nieuwegein. (2019). Doc 1 Eng Area specification GEBIEDSOPGAVE CITY NIEUWEGEIN DEF
20200225. Retrieved from: https://brightspace.wur.nl/d2l/le/content/38047/viewContent/166499/View
Nagase, A., Dunnett, N., & Choi, M. S. (2013). Investigation of weed phenology in an establishing semi-extensive green roof. Ecological engineering, 58, 156-164.
NAS (National Academies of Sciences, Engineering, and Medicine). (2017). Effective monitoring to evaluate
ecological restoration in the Gulf of Mexico. National Academies Press.
Niemelä, J. (1999). Ecology and urban planning. Biodiversity & Conservation, 8(1), 119-131.
Noble, H., & Mitchell, G. (2016). What is grounded theory?. Evidence-based nursing, 19(2), 34-35.
Normas Tecnológicas de Jardinería (NTJ), (2012). NTJ 11C: Cubiertas Verdes. Barcelona. p. 90.
Nowak, D. J. (1994). Air pollution removal by Chicago’s urban forest. Chicago’s urban forest ecosystem: Results of the Chicago urban forest climate project, 63-81.
Nowak, D. J. (1996). Estimating leaf area and leaf biomass of open-grown deciduous urban trees. Forest
science, 42(4), 504-507.
Oberndorfer, E., Lundholm, J., Bass, B., Coffman, R. R., Doshi, H., Dunnett, N., Gaffin, S., Köhler, M., Liu, K.
K. Y., & Rowe, B. (2007). Green Roofs as Urban Ecosystems: Ecological Structures, Functions, and Services. BioScience, 57(10), 823–833. https://doi.org/10.1641/b571005
Olander, L. O., Mason, S. M., Warnell, K. W., & Tallis, H. T. (2018). Building Ecosystem Services Conceptual
Models (NESP Conceptual Model Series No. 1). Nicholas Institute for Environmental Policy Solutions. Retrieved from
https://nicholasinstitute.duke.edu/sites/default/files/publications/building-escms-web.pdf
Orsini, F., Accorsi, M., Luz, P., Tsirogiannis, I. L., & Gianquinto, G. (2016). Sustainable water management in
green roofs doi:10.1007/978-3-319-29337-0_6 Retrieved from www.scopus.com
Partridge, D. R., & Clark, J. A. (2018). Urban green roofs provide habitat for migrating and breeding birds and
their arthropod prey. PLoS ONE, 13(8). https://doi.org/10.1371/journal.pone.0202298
Perez-Verdin, G., Monarrez-Gonzalez, J. C., Tecle, A., & Pompa-Garcia, M. (2018). Evaluating the multi-functionality of forest ecosystems in northern Mexico. Forests, 9(4), 178.
Plummer, B., & Shewan, D. (1992). City open spaces and pollution. City gardens: an open spaces survey in
the city of London. Belhaven Press.
Poorova, Z., & Vranayova, Z. (2018, August). GIS modeling of green roofs allocation potential–case study
(Kosice). In IOP Conf. Ser. Mater. Sci. Eng. (Vol. 415).
Potschin, M. B., & Haines-Young, R. H. (2011). Ecosystem services: Exploring a geographical perspective.
Progress in physical geography, 35(5), 575-594.
Potschin, M., & Haines-Young, R. (2016). Defining and measuring ecosystem services. Routledge handbook
of ecosystem services, 25-44.
Potschin, M., Haines-Young, R.H., Görg, C. and Schleyer, C. (2017). “Understanding the Role of Conceptual Frameworks: Reading the Ecosystem Services Cascade. Ecosystem Services 29C:428–440. https://doi.
org/10.1016/j. ecoser.2017.05.015.
Reyes-Palomeque, G., Dupuy, J. M., Portillo-Quintero, C. A., Andrade, J. L., Tun-Dzul, F. J., & Hernández-Stefanoni, J. L. (2021). Mapping forest age and characterizing vegetation structure and species composition in
tropical dry forests. Ecological Indicators, 120.
2110.

Rowe, D. B. (2011). Green roofs as a means of pollution abatement. Environmental pollution, 159(8-9), 2100-

Rowe, D. B., Getter, K. L., & Durhman, A. K. (2012). Effect of green roof media depth on Crassulacean plant
succession over seven years. Landscape and Urban Planning, 104(3-4), 310-319.

54

Ruiz-Jaén, M. C., & Aide, T. M. (2005). Vegetation structure, species diversity, and ecosystem processes as
measures of restoration success. Forest Ecology and Management, 218(1-3), 159-173.
Rumble, H., & Gange, A. C. (2013). Soil microarthropod community dynamics in extensive green roofs. Ecological Engineering, 57, 197-204. doi:10.1016/j.ecoleng.2013.04.012
Santamouris, M. (2014). Cooling the cities - A review of reflective and green roof mitigation technologies to
fight heat island and improve comfort in urban environments. Solar Energy, 103, 682–703. https://doi.org/10.1016/j.
solener.2012.07.003
Saure, C. (1996). Urban habitats for bees: the example of city of Berlin. The conservation of bees.
Seppelt, R., Dormann, C. F., Eppink, F. V., Lautenbach, S., & Schmidt, S. (2011). A quantitative review of ecosystem service studies: approaches, shortcomings and the road ahead. Journal of applied Ecology, 48(3), 630-636.
Shafique, M., Kim, R., & Rafiq, M. (2018). Green roof benefits, opportunities and challenges – A review. In
Renewable and Sustainable Energy Reviews (Vol. 90). https://doi.org/10.1016/j.rser.2018.04.006
Shimwell, D. W. (1972). The description and classification of vegetation (Ser. Biology series). University of
Washington Press.
Silver, W. L., Kueppers, L. M., Lugo, A. E., Ostertag, R., & Matzek, V. (2004). Carbon sequestration and plant
community dynamics following reforestation of tropical pasture. Ecological Applications, 14(4), 1115-1127.
Simmons, M. T., Gardiner, B., Windhager, S., & Tinsley, J. (2008). Green roofs are not created equal: the
hydrologic and thermal performance of six different extensive green roofs and reflective and non-reflective roofs in a
sub-tropical climate. Urban Ecosystems, 11(4), 339-348.
Skowno, A. L., & Bond, W. J. (2003). Bird community composition in an actively managed savanna reserve,
importance of vegetation structure and vegetation composition. Biodiversity & Conservation, 12(11), 2279-2294.
Smith, K. R., & Roebber, P. J. (2011). Green roof mitigation potential for a proxy future climate scenario in
Chicago, Illinois. Journal of applied meteorology and climatology, 50(3), 507-522.
Snodgrass, E. C., & Snodgrass, L. L. (2006). Green roof plants: a resource and planting guide (No. 04;
SB419. 5, S5.). Portland, OR: Timber Press.
Snyder, H. (2019). Literature review as a research methodology: An overview and guidelines. Journal of Business Research, 104, 333-339.
Solcerova, A., van de Ven, F., Wang, M., Rijsdijk, M., & van de Giesen, N. (2017). Do green roofs cool the air?
Building and Environment, 111. https://doi.org/10.1016/j.buildenv.2016.10.021
Solecki, W. D., & Leichenko, R. M. (2006). Urbanization and the metropolitan environment: lessons from New
York and Shanghai. Environment: Science and Policy for Sustainable Development, 48(4), 8-23.
Spirn, A. W. (1984). Granite garden. Basic Books.
Spolek, G., Sailor, D., & Ervin, D. (2008). Optimization of green roof design–preliminary results. Proceedings
of the Greening Rooftops for Sustainable Communities, Baltimore, MD.
Stem, C., and Flores, M. (2016). Biodiversity How-to Guide 2. Using Results Chains to Depict Theories of
Change in USAID Biodiversity Programming. U.S. Agency for International Development.
Sustainable Amsterdam. (2014). Green Roofs in Amsterdam |. Retrieved June 2020, from http://sustainableamsterdam.com/2014/07/green-roofs-in-amsterdam/
Sutton, R. K. (2013). Rethinking extensive green roofs to lessen emphasis on above-ground biomass.
Cham.

Sutton, R. K. (2015). Introduction to green roof ecosystems. In Green Roof Ecosystems (pp. 1-25). Springer,

55

Tallis, H., Kreis, K., Olander, L., Ringler, C., Ameyaw, D., Borsuk, M., ... & Jeuland, M. (2017). Bridge Collaborative Practitioner’s Guide: Principles and Guidance for Cross-sector Action Planning and Evidence Evaluation.
Arlington: The Nature Conservancy.
Tang, Y. K., Wu, Y. T., Wu, K., Guo, Z. W., Liang, C. Z., Wang, M. J., & Chang, P. J. (2019). Changes in tradeoffs of grassland ecosystem services and functions under different grazing intensities. Chinese Journal of Plant
Ecology, 43(5), 408.
TEEB (The Economics of Ecosystems and Biodiversity). (2011). Manual for Cities: Ecosys- tem Services in
Urban Management. UNEP and the European Commission.
Teemusk, A., & Mander, Ü. (2010). Temperature regime of planted roofs compared with conventional roofing
systems. Ecological Engineering, 36(1), 91-95.
Thackway, R., & Lesslie, R. (2008). Describing and mapping human-induced vegetation change in the Australian landscape. Environmental Management, 42(4), 572-590.
Tommasi, D., Miro, A., Higo, H. A., & Winston, M. L. (2004). Bee diversity and abundance in an urban setting.
Canadian Entomologist, 136(6), 851-869.
Torraco, R. J. (2005). Writing integrative literature reviews: Guidelines and examples. Human resource development review, 4(3), 356-367.
Tratalos, J., Fuller, R. A., Warren, P. H., Davies, R. G., & Gaston, K. J. (2007). Urban form, biodiversity potential and ecosystem services. Landscape and urban planning, 83(4), 308-317.
Crown.

U.K. Department of the Environment (DoE). (1996). Greening the city: A guide to good practice. London:

Vanstockem, J., Ceusters, C., Van Dyck, K., Somers, B., & Hermy, M. (2018). Is there more than meets the
eye? Seed bank analysis of a typical novel ecosystem, the extensive green roof. Applied Vegetation Science, 21(3).
https://doi.org/10.1111/avsc.12383
Vaz Monteiro, M., Blanuša, T., Verhoef, A., Richardson, M., Hadley, P., & Cameron, R. W. F. (2017). Functional
green roofs: Importance of plant choice in maximising summertime environmental cooling and substrate insulation
potential. Energy and Buildings, 141, 56–68. https://doi.org/10.1016/j.enbuild.2017.02.011
Verduchi, V. V. (2021). How complexity in vegetation structure and distance from the ground-level habitat
influence spontaneous plant diversity on green-roofs. Wageningen University & Research.
Vijayaraghavan, K. (2016). Green roofs: A critical review on the role of components, benefits, limitations and
trends. In Renewable and Sustainable Energy Reviews (Vol. 57, pp. 740–752). Elsevier Ltd. https://doi.org/10.1016/j.
rser.2015.12.119
Volder, A., & Dvorak, B. (2014). Event size, substrate water content and vegetation affect storm water retention efficiency of an un-irrigated extensive green roof system in Central Texas. Sustainable Cities and Society, 10,
59-64.
Von Stulpnagel, A. L. B. R. E. C. H. T., Horbert, M., & Sukopp, H. (1990). The importance of vegetation for the
urban climate. Urban Ecology. Plants and Plant Communities in Urban Environments. SPB Academic Publication,
The Hague, 175-193.
Warziniack, T., Sims, C., & Haas, J. (2019). Fire and the joint production of ecosystem services: A spatial-dynamic optimization approach. Forest Policy and Economics, 107, 101926.
Wentworth, J. (2017). Urban Green Infrastructure Ecosystem Services. POSTbrief from UK Parliamentary
Office of Science and Technology: London, UK, 26.
Wiens, J. A., & Rotenberry, J. T. (1981). Habitat associations and community structure of birds in shrubsteppe
environments. Ecological monographs, 51(1), 21-42.
Wilkinson, S. J., & Reed, R. (2009). Green roof retrofit potential in the central business district. Property Management.

56

Witzell, J., Bergström, D., & Bergsten, U. (2019). Variable corridor thinning–a cost-effective key to provision
of multiple ecosystem services from young boreal conifer forests?. Scandinavian Journal of Forest Research, 34(6),
497-507.
Wood, E. M., Pidgeon, A. M., Radeloff, V. C., & Keuler, N. S. (2012). Image texture as a remotely sensed
measure of vegetation structure. Remote Sensing of Environment, 121, 516-526.
Yang, J., Yu, Q., & Gong, P. (2008). Quantifying air pollution removal by green roofs in Chicago. Atmospheric
environment, 42(31), 7266-7273.
Yapp, G., Walker, J., & Thackway, R. (2010). Linking vegetation type and condition to ecosystem goods and
services. Ecological Complexity, 7(3), 292-301.
Zald, H. S., Ohmann, J. L., Roberts, H. M., Gregory, M. J., Henderson, E. B., McGaughey, R. J., & Braaten, J.
(2014). Influence of lidar, Landsat imagery, disturbance history, plot location accuracy, and plot size on accuracy of
imputation maps of forest composition and structure. Remote Sensing of Environment, 143, 26-38.
Zhou, L., Shen, G., Woodfin, T., Chen, T., & Song, K. (2018). Ecological and economic impacts of green roofs
and permeable pavements at the city level: The case of corvallis, oregon. Journal of Environmental Planning and
Management, 61(3), 430-450. doi:10.1080/09640568.2017.1314859

57

ANNEX I: ESCM

I.1 ESCM based on literature

I.2 Example 1: extensive green-roofs
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I.3 Example 2: semi-intensive green-roofs

I.4 Example 3: intensive green-roofs
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ANNEX II: Refined ESCM
II.1 Refined ESCM

60

accessible at:
https://viewer.diagrams.
net/?tags=%7B%7D&highlight=0000ff&edit=_blank&layers=1&nav=1#G1-PMfa_HvNqQsFhkOUUau-4yhWRoSjKUY

61

II.2 Example 1: minimal ES provision
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II.3 Example 2: medium ES provision
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II.4 Example 3: optimal ES provision
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II.5 Instructions

II.6 Manageable parameters connected to temperature mitigation
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II.7 Manageable parameters connected to runoff quantity regulation

II.8 Manageable parameters connected to runoff/water quality
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II.9 Manageable parameters connected to air quality

II.10 Manageable parameters connected to carbon sequestration
and storage

II.11 Manageable parameters connected to noise reduction
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II.12 Manageable parameters connected to habitat provision
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II.13 Manageable parameters connected to recreation
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II.14 Overlapping the ESCM and the Cascade Model
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II.15 Examples and ideas for muscinal green-roofs
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II.16 Examples and ideas for herbaceous green-roofs
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II.17 Examples and ideas for arbustive and arboreous green-roofs
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II.18 Literature legend for the models
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