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1. Introduction 

The world’s population and the proportion of urban inhabitants continue to in-
crease. Globally, the share of urban population has increased from 30% to 55% 
in less than 50 years, and this tendency is expected to continue and to reach the 
proportion of 70% by 2050 (United Nations, 2018). The growth of cities occu-
pies land from agricultural fields and forests causing soil sealing and, therefore, 
multiple challenges such as urban stormwater management, biodiversity loss, 
and micro-climatig changes as urban heat island effects.   

The growth of cities and towns requires finding a balance between ecological, 
economic, and social pillars of sustainable development. Urban planning frames 
the growth strategy by expanding or densifying urban areas in order to provide 
healthy and comfortable living conditions for residents. Generally, urban den-
sification reduces the proportion of soil-connected greenspaces in urban areas, 
but on the other hand, urban sprawl expands the overall urban coverage. The 
achievement of a balance between these two diverging trends challenges urban 
planning to reconsider the different land use categories used in conventional 
zoning and to support the urban green embedded in the grey. 

The overall urban green is a city-specific combination of ecological networks, 
urban vegetation, wastelands, single street trees, and flowerbeds. This multi-
scalar concept has changed along scales and specific objectives, but lately the 
use of green infrastructure (GI) has been established. Green infrastructure is 
thought to play an essential role in residents health and well-being (Tzoulas et 
al., 2007). It is used for aesthetic and technical purposes and plays a keyrole in 
climate change adaptation (Gill, Handley, Ennos, & Pauleit, 2007). The GI con-
cept can produce scalable, multifunctional, connective, and resilient green 
spaces and address both water and vegetation  (Abunnasr, 2013; Benedict & 
McMahon, 2001; Mell, 2010). 

An increase in impervious coverage is an inevitable outcome of urbanisation 
as the proportion of roofs, streets, and parking increases (Arnold & Gibbons, 
1996; Miller et al., 2014). This change in surface coverage obstructs water infil-
tration which affects the quality and quantity of runoff, and destroys the con-
nection between vegetation and the subsoil, along with its seed bank, water, and 
nutrient reservoir. This urban context also defines the spatial and growing con-
ditions for urban vegetation.  

The challenge of increased runoff has directed attention to stormwater man-
agement to prevent urban flooding and to improve receiving water quality. Sus-
tainable urban drainage systems (SUDSs) provide a set of methods to manage 
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runoff locally (Kellagher et al., 2007). However, stormwater management strat-
egies have tended to focus on improving water quality and decreasing water 
quantity as imperviousness prevents infiltration and generates runoff. Because 
SUDSs primarily address stormwater management, they did not initially focus 
on vegetation coverage or plants’ active role in the local water cycle. 

Although vegetation and its growth depend on water availability, the connec-
tion between vegetation and its water supply may be lost in site-scale designs if 
stormwater management mainly concentrates on efficient water quantity man-
agement. In a built environment, plants may grow in small soil volumes sur-
rounded by coarse gravel and subsurface drainage; rainwater runs along con-
crete gutters, preventing infiltration from reaching these plants. The integration 
of water and vegetation needs to be improved so that the solutions for storm-
water management achieve better multifunctionality on the site scale and pre-
pare for changes in precipitation patterns.  

The basis for integrating water and vegetation is framed by the zoning process 
and by the characterisation of different land-use categories in traditional plan-
ning. It is noted that neglectful densification and infill reduce the proportion of 
green spaces in private gardens and public parks. This has prompted planners 
to develop new ideas for overall city-scale green space provisioning that builds 
on the essential core components of GI: water, soil, and vegetation. The share 
of private greenspaces in the urban green network can provide private and pub-
lic benefits and become a valuable component of a diverse, rich urban GI that 
builds resilience in compact cities.  

Sustainable urban planning would benefit from the development of scalable 
tools for planning and managing the city-scale proportion of pervious surfaces 
and vegetation coverage, which would also serve as site-scale guidelines for in-
corporating the degree of multifunctionality required in dense cities. To provide 
vegetation-integrated stormwater management and multifunctionality, a more 
integrative approach to site-scale design should be developed rather than con-
tinuing to utilise separate tools for stormwater management and vegetation pro-
visioning.      

The low-density housing (LDH) land-use category makes balancing between 
housing density (and control over urban sprawl) and the impervious coverage it 
causes, as well as the proportion of urban green space it provides, more chal-
lenging. Housing density frames the proportion of imperviousness, and ongoing 
changes in gardening trends modify plot-scale landscaping.  

Low-density housing is a relevant urban land-use type in urban fabric and 
there is a continuous demand for it. Three quarters of the population in EU-28 
countries live in urban areas and over half of Europe’s population live in de-
tached, semi-detached or terraced dwellings. Low density urban patterns are 
perceived to have an impact on sustainability and climate change as a conse-
quence of the higher demand of energy and resource per capita and the in-
creased pressures on local ecosystems and biodiversity (Urban Europe, 2016).  

Urban sprawl rate in Finland is comparable to other European countries as it 
is slightly above the average among other European countries (European 
Environment Agency, 2017). However, each of the EU Member states has faced 
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distictive history of territorial developments (Urban Europe, 2016) In Finland, 
for example 40% of household dwellers in Espoo, second largest city in country 
currently live in single-family houses or rowhouses. However, extensive use of 
LDH can increase the coverage of urban areas and cause urban sprawl. There-
fore, sustainable urban planning needs to recognise both the positive potential 
of LDH and its limitations or shortcomings. Low-density housing and its private 
gardens can provide ecosystem-based services and benefits for residents, such 
as support for biodiversity and ecological networks, the capacity to manage 
stormwater, a proportion of urban vegetation for the whole city and well-being 
for individual plot owners.  

The focus, here, is on private gardens as part of urban green space networks 
and, more specifically, their role in GI as an essential component of urban sus-
tainability. Impervious coverage defines the surface area for ground-connected 
processes that infiltrate water and support vegetation growth. When these pro-
cesses function adequately, they provide ecosystem services for the residents. In 
turn, residents may foster these processes via their gardening activities and, 
therefore, strengthen the socioecological system (SES) dimension of LDH. This 
study aims to enhance urban GI by producing new knowledge the case of LDH 
using a scalable approach in the Finnish context. It begins with private gardens 
in LDH, develops detailed plans for integrating water, vegetation, and soil 
through a prototypical study of bioretention, and then scales up to blocks and 
neighbourhoods.  

1.1 Aims and research questions 

The overarching aim of the thesis is to research the role of private gardens in 
urban GI and develop their potential to better support the city-scale green space 
system through the practices of sustainable urban planning and design. This 
dissertation has three aims, which form a scalable continuum. The first aim, 
which relates to the plot scale and its gardens, is to map the current situation, 
both as functions and as surface coverage. This initial scale is assumed to be the 
core of GI in LDH housing areas, and the aim is formulated as follows: 

 
AIM A: To present the state-of-the-art of private domestic gar-
dens for green infrastructure.   

 
This first aim implies defining the existing role of domestic private gardens and 
their characteristics for GI within the framework of sustainable urban planning. 
To address this aim, private plots and their associated gardens are grouped into 
functional units called LDH areas. Two research questions (RQ) address the 
first aim: 

 
RQ 1: What is the role of private domestic gardens in green in-
frastructure within the framework of sustainability?  
RQ 2: How is the non-sealed area of Finnish domestic gardens 
generated on the plot scale?  
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While RQ1 concentrates on the general features of private plots in LDH and 

their role in urban green space networks and systems, RQ2 clarifies how the 
planning and design process frames possibilities for non-sealed surfaces and, 
therefore, the potential for ground-connected GI on the plot scale. Urbanisation 
and the increasing proportion of impervious coverage seal the surface, prevent-
ing rainwater infiltration and hindering vegetation’s connection to the subsoil. 
Generally, urban imperviousness is related to a reduction in total green space 
coverage (Fuller & Gaston, 2009). In this study, the starting point is the out-
come of the spatial planning process, which provides a framework for a combi-
nation of plot-scale decisions, guidelines, and regulations. In practice, this reg-
ulatory system enables or restricts imperviousness and, therefore, defines the 
general possibilities for ground-connected vegetation coverage in these areas. 
Aim A, therefore, explores plot-scale potential and practices for mapping the 
state-of-the-art of private gardens for further development. Figure 1 presents all 
three aims in the context of this study’s main focus: scalable GI through up-
scaling from private gardens.    

The second aim, AIM B, addresses challenges for the practical implementation 
of sustainable garden design practices. The second aim is to concentrates on 
detailed, thorough development of construction details and plant selection 
based on local conditions and stormwater management. The aim is stated as 
follows: 
 

AIM B: To develop detail-scale integration between water and 
vegetation for local conditions. 

 
The use of vegetation in stormwater management is not a self-evident choice for 
every designer or for every site, and it does not need to be. Some sites require 
practices that prevent infiltration or locate infiltration beyond the reach of root 
systems. However, well-drained urban environments, by nature, produce dry 
growing conditions, and drought is one of the main factors limiting the growth 
of urban vegetation. Regarding sustainable cities and the role of urban green 
spaces, it is paramount to achieve a higher level of integration between vegeta-
tion and (rain) water, which is addressed by GI. Bioretention is a stormwater 
management practice that combines water, vegetation, and soil and emulates 
several natural processes in the water cycle, such as infiltration, filtration, evap-
oration, and storage, both in ponding areas and in soil. Vegetation plays an ac-
tive role in these processes, and, as bioretention is applicable to several condi-
tions and locations within built environments, it provides relevant information 
for the development of detail-scale integration between water, vegetation, and 
soil. The research was conducted in Southern Finland; therefore, the study ap-
plies to cold climate conditions in the Nordic context. The associated research 
questions for AIM B are as follows: 
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RQ 3: How should the interaction between soil, water, and vege-
tation be optimised in Finnish private gardens? 

a) How should this interaction in the form of bioretention 
be adopted in local practices?  
b) What are the construction details and criteria for plant 
selection? 

 
The third aim, AIM C, is to improve design practices in gardens to better support 
overall GI on the block and neighbourhood scales in LDH. This improvement is 
developed from the results of addressing AIM A and AIM B.It entails evaluation 
of the integration of water, soil, and vegetation on the platform of LDH. The 
third aim is stated as follows: 

 
AIM C: To improve garden-scale GI to enhance up-scaled GI.  

  
The concept of sustainability and the idea of compact cities returns, here, to the 
role of the framework. The purpose is to examine how vegetation-integrated 
stormwater management in garden design and management can support plot-
scale design choices and a more systemic contribution on larger scales. The as-
sociated research question is stated as follows: 

 
RQ 4: How can plot-scale GI be improved to enhance GI at the 
block and neighbourhood scales? 

 

 

Figure 1. Research aims related to the context of this dissertation. (Figure, O.Tahvonen) 

 
Research aims are presented in Figure 1 and Table 1 summarises the research 
questions and their relationship to the research aims.  
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Table 1. Summary of aims and research questions. 

Aims Research questions 

AIM A: To present the state-of-the-
art of private domestic gardens for 
green infrastructure  

 

RQ 1: What is the role of private do-
mestic gardens in green infrastruc-
ture within the framework of sus-
tainability?  
RQ 2: How is the non-sealed area of 
Finnish domestic gardens generated 
on the plot scale? 

AIM B: To develop detail-scale inte-
gration between water and vegeta-
tion for local conditions 

RQ 3: How should the interaction 
between soil, water, and vegetation 
be optimised in Finnish private gar-
dens? 
a) How should this interaction in the 
form of bioretention be adopted in 
local practices?  
b) What are the construction details 
and criteria for plant selection?  

AIM C: To improve garden-scale GI 
to enhance up-scaled GI 

RQ 4: How can plot-scale GI be im-
proved to enhance GI on the block 
and neighbourhood scales? 

1.2 Research process and dissertation structure 

This dissertation consists of four peer reviewed journal papers and two peer re-
viewed conference proceedings, which form a solid base for the whole study. A 
single paper may address several aims simultaneously or link the different 
scales more closely. (Figure 2). The list of papers with full bibliographic infor-
mation is presented at the beginning of this dissertation. 

 

Figure 2. The set of papers and their schematic interrelations.(Figure, O.Tahvonen) 
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Like many other studies, this dissertation has evolved over time. Initially, the 
main focus was on urban densification and a desire to identify the limits of den-
sification that allow GI to function on the plot scale. Along the way, the focus 
shifted to the potential of private gardens as the need for this preliminary 
knowledge presented itself. 

The research was completed in three phases: (a) obtaining knowledge of cur-
rent private domestic garden practices (Papers 1, 2 and 3), (b) conducting out-
door experiments on plants and construction practices (Papers 4 and 5), and (c) 
developing garden-scale GI to enhance city-scale GI (Papers 1 and 6). The first 
phase entailed the current situation on the plot scale. This scale was the starting 
point, and the research began with a review of journal articles addressing plot-
scale elements and functions, enhanced by a study of impervious coverage in 
Finnish gardens. This first paper (Paper 1) took several years to be completed 
and published (Figure 3). 

During the early stage, the methodological aim was to construct an experiment 
involving a vegetation-integrated stormwater construction site to provide prac-
tical guidelines for garden design and professional landscape construction. The 
field experiment was designed, and funding was applied for at the beginning of 
the study. However, it took several years to begin conducting the field experi-
ments. Several applications were submitted to obtain funding to constructing 
the test field. Undoubtedly, it was, and still is, the most extensive investment in 
this research.  

The experimental phase produced two papers (Papers 4 and 5) over a two-year 
period and included a pre-study to estimate suitable vegetation and appropriate 
growth media, followed by the development and implementation of a test field. 
These activities involved several staff members from Häme University of Ap-
plied Sciences and private land builders. Therefore, the construction work and 
data collection proceeded rather quickly. The idea for Papers 2 and 3 was devel-
oped at the early stages of this research project, although Paper 2 was finalised 
after the field experiments.  

The aim of the final phase was to assess the up-scaling possibilities using the 
acquired knowledge to add new scales to the conducted research.  The final ar-
ticle combines all the previous studies into a very practical approach to design 
and planning practices at the block and neighbourhood scales. It utilises the re-
searcher’s background as a garden designer and integrates practical skills with 
the knowledge gained from previous articles and with a system-based approach 
to private gardens in LDH areas.  
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Figure 3. Timeline of the study’s funding applications, fieldwork, and publishing process.  

This dissertation consists of five chapters. The first chapter describes the ap-
proach to the topic and the structure of the dissertation and formulates the pre-
sent research aims and questions. The second chapter presents the theoretical 
framework for garden-based and scalable GI and describes the role of water, 
soil, and vegetation within gardens and GI in LDH areas. This theoretical part 
first explores the key concepts in urban and green area planning and presents 
the core system of GI and its components: water, soil, and vegetation. Lastly, it 
frames up-scaling and the possibilities for scalable GI in LDH.  

Chapter 3 describes the research strategies and methods used in this disserta-
tion. These strategies and methods are related to the diversity of methods used 
in landscape architecture. The main findings of the published papers are sum-
marised in Chapter 4 in accordance with the three overall aims of this disserta-
tion. First, the existing situation of private gardens in the literature and in the 
Finnish context is described. Then the results of the development of vegetation-
integrated stormwater management using bioretention as a prototypical and 
highly controllable case are presented. Lastly, the results of the development of 
garden-scale design to enhance up-scaled GI are reported. Chapter 5 discusses 
the practical and scientific impacts of this dissertation, assesses the reliability 
and validity of the dissertation, and presents recommendations for further re-
search.  
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2. Theoretical framework 

This chapter begins by positioning the dissertation within a conceptual context. 
This is followed by a description of the concept of GI and its principles focusing 
on the proposed GI’s core system, which involves water, vegetation, and soil. 
The chapter concludes with the selection of one land-use category, LDH, in the 
context of scalable GI. The role of private gardens is described in the overall 
urban context and as part of the overall urban GI.  

2.1 Conceptual positioning of the study 

2.1.1 Biophysical and spatial concepts 

Urban vegetation and green areas involve numerous overlapping concepts. 
These concepts have developed on the base of different paradigms, practices, 
and goals. Although different definitions for the same concepts might create 
confusion across disciplines, it also shows the importance of urban green 
spaces. Here, the urban green concept stands for a holistic, multi-scalar bio-
physical entity that penetrates all land-use categories regardless of ownership. 
It includes protected and unprotected, as well as planned and unplanned areas, 
and incorporates natural and man-made green spaces. Furthermore, the urban 
green concept corresponds to the Finnish word ‘kaupunkivihreä’, which gener-
ally means all vegetation in the urban context.  

Urban green includes both public and private green areas (Figure 4). Munici-
pal approaches utilised in park management departments usually address 
planned green areas, such as public parks and cemeteries. These areas are de-
fined during the processes of urban planning and zoning, which produce master 
plans. Within these master plans, the components, which are publicly-owned 
form a ‘green area network’ (viheralueverkosto in Finnish). City planners de-
sign this network to serve citizens and to be accessible to local residents 
(Ympäristökeskuksen, n.d.). Having being established, these public green areas 
may be developed by strategic ‘green area programmes’ (viheralueohjelma) 
through collaboration between municipalities and residents (Sipilä, Bäcklund, 
& Tyrväinen, 2009).  
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Figure 4. The components of public and private green in the overall urban green. Public green 
areas consist of parks, street vegetation, and cemeteries, whereas private ones consist of 
residential, commercial, and business areas. The division of public and private proportions 
of the urban green forms a backbone for other concepts. (Figure, O.Tahvonen)  

During the planning process, the urban greenspaces are considered green-
structure or GI. Green infrastructure as a named concept originated in the 
United States (US), whereas greenstructure as a concept was used more fre-
quently in Europe, especially in the Netherlands and the Nordic countries 
(Tjallingii, 2005). Both concepts may include the privately owned component of 
urban green spaces.  

The concept of greenstructure has evolved to resonate with urban structure. 
Therefore, it aims to stress the value of the green component compared to the 
grey component in zoning practices. This distinction is emphasised by the con-
cepts of actual and formal greenstructure (Lundgren Alm, 2001, 2007). A for-
mal greenstructure contains only public green areas presented in master plans, 
but actual greenstructure includes all types of greenspaces and natural ele-
ments, such as streets, private plots, and wasteland. The Action C11 report from 
European Cooperation in Science and Technology (COST) states that while 
greenstructure is not a familiar term in every country, the concept is based on 
the idea of providing a network of green elements that offers more than a net-
work of public green areas (Tjallingii, 2005). Lundgren Alm (Lundgren Alm, 
2001) merges functions based on ecological, social, cultural, economic, and 
technical dimensions within the framework of greenstructure, which resonates 
with the increasingly used concept of ecosystem services. 

The definition and content of the concept are crucial for managing and iden-
tifying the participants and benefits as these affect the overall urban green. 
Therefore, LDH and private gardens or wastelands awaiting development are 
difficult to manage as a part of the formal greenstructure, and these areas may 
remain excluded from presentations of greenstructure (e.g. 
Kaupunkisuunnitteluvirasto 2014). 

Recently, greenstructure seem to have been accepted in urban planning as an 
actual greenstructure that includes both private and public areas. However, 
there remains some confusion with regard to practical construction sites, espe-
cially in Finnish, because the term greenstructure (viherrakenne) applies to 
landscape construction details when defining green roofs, facades, or other veg-
etation-related details. This confusion reveals the need for a multi-scalar con-
cept that fits both the planning scale and the detailed scale. To meet this need, 
the concept of GI is one possibility as it is both practical and scalable. Ely and 
Pitman (2014) describe three approaches: (1) GI as a platform for ecosystem 
services, (2) GI as connective linkages, analogous to conventional engineered 
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networks, and (3) GI as a tool for specialised green engineering, concentrating 
on measures such as green roofs, living walls, and bioretention as ways to purify 
surface runoff. If GI is considered to contain all the green in a city, regardless of 
ownership and intended land use, it corresponds to the concept of an actual 
greenstructure (Figure 5).  

 

       

Figure 5. The concepts of actual greenstructure and green infrastructure encompass an idea of 
the overall green in the city. These approaches may ignore the ownership or planned use of 
an area when considering the content of the urban green. (Figure, O.Tahvonen) 

Definitions of GI are numerous and still evolving. Traditionally, GI at the re-
gional scale referred to areas of land that are least affected by human actions, 
but the expanded definition includes areas that are engineered to mimic natural 
processes and provide cost-effective ecosystem services (Abunnasr, 2013). This 
general description of the concept is supported by Mell (2008), who defines GI 
as having both conservation and resource management purposes, as well as a 
multifunctional nature that connects people with the environment and provides 
multi-scalar benefits for residents. The European Commission (European 
Commission, 2013) subsequently used this two-fold definition of GI, referring 
to it as a strategically planned network of natural and semi-natural areas and 
stressing its two-fold character as both a strategy to enhance natural capital and 
a successful, tested tool for providing ecological, economic, and social benefits 
through natural solutions. These definitions extend the strategic approach of 
landscape conservation to man-made environments under the concept of GI, 
which, in turn, supports the use of GI to cover all the greenspaces in urban areas. 

Recent definitions of GI have generally incorporated these two main ap-
proaches. The US Environmental Protection Agency (EPA, 2014) defines GI as 
a system that uses natural or engineered systems to mimic natural processes, 
enhance overall environmental quality, and provide utility services. Natural 
England (Green Infrastructure Guidance, 2009) reduces the definition even 
further to a planned network of living systems affecting the quality of life in ur-
ban populations. 

Wang and Banzhaf (2018) reviewed the evolution of GI definitions, mapped 
GI approaches, and performed a functional analysis using the principles of GI.  
They state that GI balances the conflicts between man-made infrastructure and 
natural ecosystems and that this requires multi-scalar and multifunctional ap-
proaches. However, they found that some studies use GI without any distin-
guishing description, considering it as synonymous with green areas or urban 
vegetation (Wang & Banzhaf, 2018).  

GI provides a platform for natural processes that function as an engine and 
generate multiple ecosystem services for residents. Ecosystem services are the 
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benefits that people obtain freely from well-functioning ecosystems. They in-
clude four type of services: supporting, provisioning, regulating, and cultural 
services. These services are provided by the platform that GI generates. The con-
nection between GI and ecosystem services is made in several studies (e.g. 
Cameron et al. 2012; Loram et al. 2007a; Tzoulas et al. 2007).  

Although the general approach to GI in planning practices includes both pri-
vate and public green areas within the concept of GI, there is also some discrep-
ancy regarding the role of private gardens. Some definitions directly mention 
private gardens (AILA, 2012) while others refer to them indirectly (Green 
Infrastructure Guidance, 2009; Sandström, 2002) or leave their inclusion open 
to interpretation (Benedict & McMahon, 2006). Notwithstanding ambiguities 
in the definition, Payne and Barker (2016) found that only 53% of homebuilders 
in the UK considered their gardens to be a part of GI. 

In addition to GI, the concept of nature-based solutions (NBSs) has emerged 
to address environmental, community, and economic challenges by imitating 
natural processes. Eggermont and colleagues (2015) state that NBSs concen-
trate more on the complexity and dynamics of socioecological systems than on 
technological strategies. They found that NBS frames put either the economy 
and social assets or biodiversity and local communities at the heart of NBSs that 
provide ecosystem services. By definition, these framings link the biophysical 
environment to ecosystem services in the same manner as GI, and there does 
not seem to be a clear or solid difference between GI and NBSs. However, NBSs 
stress the role of stakeholders and the dynamic nature of solutions that leave 
room for self-reorganisation and associated resistance and resilience capacities 
(Germastani & Benson, 2013). Within this theoretical positioning, NBSs may be 
considered more as a solution to specific challenges experienced by society and 
GI more as a biophysical and spatial platform. 

The previous concepts are based on the connection between the biophysical 
environment and sociocultural and economic issues, although they vary and are 
still developing. The biophysical environment may also be comprehended as a 
set of separate but interconnected ecological components that evolve relatively 
slowly. This backbone of the urban environment forms a base for all the bio-
physical components behind, or under, the urban form and layout. These bio-
physical components were first presented for land-use planning by Ian McHarg 
(McHarg, 1969) as an ecological method (Carlsson, 2017). The ecological 
method involves the collection of cross-disciplinary data, which are subse-
quently interpreted and evaluated to identify suitable locations for different 
land uses in an ecological context. The novelty of this method relates to abiotic 
and biotic factors within the physical environment. Although McHarg did not 
use the concept of GI, the preliminary potential of GI in any land-use category 
rests on the layers found in McHarg’s ecological method (Figure 6). 
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Figure 6. Ian McHarg’s approach to landscapes focused on analysing the layers that form the 
landscape structure. In the urban context, all these layers, which include both abiotic and 
biotic factors, form the geophysical environment. This approach links hydrological regimes to 
different habitats for use in planning. (Figure, O.Tahvonen) 

2.1.2 System thinking 

All the concepts presented in the previous section have been developed through 
system thinking, which is aligned with the approach to the city as a complex and 
dynamic system. Thus, urbanisation, as a megatrend, requires new ways of 
thinking about cities and their wicked problems. Cities are, and will always be, 
ever-changing systems of which urban green is one of the functioning parts and 
is integrated with other urban structures, functions, and processes. In an urban 
context, system thinking is a concept that includes all urban subsystems as 
structures, all functions, and all processes in one complex, dynamic system. Ac-
cording to system theory, the division of the whole into parts and their separate 
analyses cannot provide a full understanding or explanation of the functioning 
of the whole system. It is important to concentrate on interactions and depend-
encies between different elements or subsystems rather than analyse their indi-
vidual properties (Bertalanffy, 1968). Figure 7 depicts how different networks 
or subsystems operate in a complex system.  

 

 

Figure 7. Systems include several layers of networks, and the main interest in system thinking is 
the connections and feedback within the system. In an urban context, this approach locates 
GI with a more complex framework, which is undergoing continuous change. (Figure, O.Tah-
vonen) 
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System theory states that systems operate through cyclic processes rather than 
linear models. Therefore, the evolution of the system might involve iterative 
loops, self-regulating processes, and deep interactions between the elements 
that form the system. This also applies to the design and planning of locally 
adapted sustainable solutions. 

Two concepts related to urban green support system thinking (Figure 8). First, 
ecosystem services are the benefits that people gain from a well-functioning eco-
system, where functioning refers to factors such as carbon, water, and nutrient 
cycles. This functioning takes place in a biophysical entity that is both man-
made and developed by natural processes. Therefore, any modification to or ac-
tion of construction in a biophysical entity affects the processes of its ecosys-
tems. This approach tightly links GI and ecosystem services together as a sys-
tem. 

 

            

Figure 8. System thinking integrates a human or a resident layer more securely within the con-
cept of urban green. Ecosystem services are defined as the benefits that residents gain from 
ecosystem. Socioecological systems emphasise the feedback loop of residents that may pro-
vide ecological improvements. A more general approach to system thinking stresses a holis-
tic understanding that includes multiple regimes and ongoing changes that may be evaluated 
by the concept of resilience. (Figure, O.Tahvonen) 

Second, the constant interaction and change in the human and biophysical 
environment might be considered under the concept of a socioecological system 
(SES). Redman and colleagues (2004, 163) defined an SES as a “coherent sys-
tem of biophysical and social factors that regularly interact in a resilient, sus-
tained manner; a system that is defined at several spatial, temporal, and organ-
izational scales, which may be hierarchically linked; a set of critical resources 
(natural, socio-economic, and cultural) whose flow and use is regulated by a 
combination of ecological and social systems; and a perpetually dynamic, com-
plex system with continuous adaptation.”  

In this context, residents’ activities are perceived as one type of functioning, 
along with the ecological functioning of the biophysical platform. However, this 
interaction is not perceived as uniquely destructive but as a framework for ex-
ploring new opportunities. Residents’ activities can produce novel ecosystems 
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in residential areas, which implies that an ecosystem is permanently altered by 
interactions with sociocultural systems (Ellis, 2015). This kind of nature is one 
component of GI. It functions as an ecological network but is defined by its dy-
namic nature and anthropocentric premises. These processes may also be di-
vided into biophysical and social processes (Demuzere et al., 2014).  

2.1.3 Scales 

System thinking involves the idea of several mutual subsystems functioning at 
the same time on several spatial and temporal scales. Although systems function 
on multiple interconnected scales, system thinking focuses on the entity and its 
holistic functioning rather than on individual elements or networks of single el-
ements. The multi-scalar approach has strong roots in ecology, but in other 
fields, it can be comprehended in many different ways. Scaling may define the 
modular replication of a certain element or structure, which in the case of 
stormwater management, for instance, can consist of a network of replicated 
standard construction elements. Scaling may also refer to resizing when the 
physical size is simply zoomed either in or out. This approach may cause mal-
functioning in stormwater management if the expanded structure does not fit 
the resized physical environment. Scaling also refers to spatial and temporal di-
mensions, and these seem to represent the most common use of scaling for un-
derstanding ecological patterns and processes (Schneider, 1994). In the case of 
GI, Abunnasr (2012) uses the terms horizontal and vertical scales, where verti-
cal especially refers to scales from the site to the region level, and horizontal to 
the transect from urban to rural systems. However, the concept of horizontal  

and vertical scales is used in multiple ways. i.e. Leese and Meisch (2015) iden-
tified horizontal scales and cross sectoral and vertical among different levels of 
administrative authorities. 

Within this conceptual framing of the urban green, this dissertation uses the 
concept of GI to refer to a holistic, scalable, connective, and multifunctional sys-
tem of green spaces (Table 2). This biophysical environment includes a set of GI 
elements and areas with multiple typologies at different scales. This entity may 
be considered a spatial network. The framing clearly separates the concept of 
ecosystem services from GI, although some studies and the definitions they of-
fer seem to merge these two. The separation of these concepts is supported by 
Ely and Pitman (Ely & Pitman, 2014) who classify GI studies into three main 
approaches: (1) GI as a platform for ecosystem services, (2) GI as connective 
linkages, analogous to conventional engineered networks, and (3) GI as a tool 
for specialised green engineering, concentrating on measures such as green 
roofs, living walls, and bioretention as a ways to purify surface runoff. 

 
 
 
 
 
 



Theoretical framework 

24 

Table 2. The key concepts and their description defined by the author.  

Key concepts Description 

Green infrastructure 

 

This includes all the urban green that provides a 
multifunctional platform for ecological cyclic pro-
cesses. GI includes both private and public com-
ponents of the urban green. It corresponds to the 
concept of actual green structures but concen-
trates more on connectivity and spatial multifunc-
tionality. Definitions vary according to the scale at 
which planning is implemented (Allen, 2012) 

Ecosystem services These refer to the set of benefits people gain from 
well-functioning ecosystems, which are based on 
ecological cyclic processes. They constitue a hu-
man-centric approach that may assign monetary 
value to the functioning of ecosystems but not to 
the actual biophysical environment. In an urban 
context, ecosystem services are gained from eco-
logical networks and man-made structures. 

Socioecological system An SES stresses the feedback loop in ecosystem 
services, where human activities have an impact 
on an ecosystem’s functioning. It is a coherent 
system that takes place at several scales, combin-
ing social and ecological systems and continu-
ously adapting to the changes in the environment. 
In LDH, SES is an ongoing process between GI 
and ecosystem functioning influenced by resi-
dents. 

Scalability Scaling refers to connections between different 
scales and, in this dissertation, ranges from the 
detail level to plots, blocks, and neighbourhoods. 
It is notable that the spatial scales in ecology do 
not directly correspond to the scales in planning 
and design.  Scalability means the capacity of 
planning and design processes to realise multiple 
scales and recognise the possibilities of garden-
scale choices to improve upper-scale factors. 

 

2.2 Scalable green infrastructure  

Although GI is a multidimensional concept, several general principles apply 
to it. The main principles are generally common to several studies and projects. 
Mell (2010) lists the principles of GI as a) connectivity, b) access, c) multifunc-
tionality, and d) strategic planning but notes that these principles are weighted 
differently in different areas. In a later study, Wang and Banzhaf (2018) list six 
principles to describe the main characterisation of GI: a) sustainability, b) mul-
tifunctionality, c) connectivity, d) biodiversity as the target, e) urban focus, and 
f) collaboration. Hansen and Pauleit (2014) summarise planning principles as 
a) integration, b) multifunctionality, c) connectivity, d) a multi-scale approach, 
and e) a multi-object approach. Regardless of how these GI principles are for-
mulated, they convey an idea of GI as including the overall urban green and be-
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ing resilient. Of these principles, multifunctionality, connectivity, and scalabil-
ity are within the scope of this dissertation to form a background for scalable GI 
in LDH. 

Other more detailed studies have been conducted, especially on the topic of 
multifunctionality (Hansen & Pauleit, 2014; Mell, 2010). Multifunctionality 
initally refers to the generation of multiple functions simultaneously in the same 
spatial area. However, Hansen and others (2019) point out that the principle of 
multifunctionality may also be comprehended as the functioning of ecosystem 
services. In the context of GI, multifunctionality means a broad understanding 
of functions.  

Multifunctionality connects the approaches of GI and sustainability. The idea 
of sustainability rests on the simultaneous occurrence of the three pillars of sus-
tainability, and, similarly, GI’s multifunctionality rests on three main compo-
nents (i.e. ecological, economic, and sociocultural functions), relating the whole 
concept to sustainable development and its triple bottom line (Hansen et al., 
2019; Mell, 2008). Based on this approach, GI is considered a biophysical plat-
form that provides sites for natural processes, which then provide ecosystem 
services for people. Optimisation of this functioning in urban areas requires a 
multifunctional use of space, especially in dense cities. Therefore, GI’s strength 
lies in multifunctionality (Brandt & Vejre, 2004; European Commission, 
2012b). In general, multifunctionality is a more tangible concept than sustaina-
bility, although both have the goal of creating  more resilient cities (Wang & 
Banzhaf, 2018). 

Herzog’s  (2016) list of GI’s functions links it to Ian McHarg’s ecological 
method, presented on page 16-17, which refers to layers of landscape structures. 
Herzog’s list includes functions related to geology, hydrology, biotic elements, 
and social elements (Herzog, 2016), whereas McHarg’s method includes geol-
ogy, physiography, and hydrology, as well as soil characteristics, climate, vege-
tation, wildlife, and sociocultural phenomena (Carlsson, 2017). When consider-
ing GI’s multifunctionality with regard to the pillars of sustainability, social 
functions come to the forefront in the urban context: multifunctionality includes 
the urban realm with human-orientated needs, uses, and values and their effect 
on all land-use categories in cities. The effect may be unfavourable for nature, 
but it may also support ecological functions. 

Green infrastructure’s principle of connectivity refers to structural and func-
tional characteristics. Structural connectivity refers to the network of elements 
and areas forming the biophysical platform of GI, whereas functional connec-
tivity relates to the services and benefits the biophysical background provides 
as acosystem services. In addition to spatial connectivity, connectivity can also 
refer to connectivity between social and ecologal functions. In practice, connec-
tivity is the property of landscapes that illustrates and builds on the interactions 
related to a landscape’s structure and function (Ahern, 2007), such as water flow 
and the nutrient cycle. However, Kambites and Owen (2006) use connectivity 
to refer to the connections between different human users, to administrative 
connectivity, or to connections between different parts of the organisational 
structures of local authorities.  
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Green infrastructure research has also focused on its individual features or 
elements. These concrete elements are mapped and evaluated in different 
ways and at several scales. On the regional scale, GI elements may include na-
ture reserves, forests, river corridors, and working farms. Zooming into the city 
scale, the elements are mapped as urban forest patches, parks, the tree canopy, 
and connective corridors in the form of parkways and boulevards. However, 
some studies also demonstrate the drawbacks of concentrating on features that 
are not on the same level, or even comparable, such as green roofs and urban 
forests. If a set of individual and concrete elements are simply mapped, their 
connectivity and functioning as part of a system may be ignored. Moreover, GI 
studies that ignore site-scale solutions and concentrate solely on large-scale 
connections, fail to recognise the potential of bottom-up phenomena and the 
power of small choices on the plot scale. 

Scalability, or scaling of GI, is the key principle that combines the principles 
of connectivity and multifunctionality. An adequate understanding of single GI 
elements requires a scalable approach, which can visualise the total network 
that these elements form. Scaling can be operationalised in several ways. Some 
studies and projects use both a multi-scale and single-scale approaches to ad-
dress several issues (Allen, 2012; Demuzere et al., 2014; Golden & Hoghooghi, 
2017; Livesley, McPherson, & Calfapietra, 2016; Shuster & Rhea, 2013). The 
idea of scalable GI rests on a two-way approach. The overall green system and 
its strategic planning of that system reflect and guide detailed solutions on 
smaller scales. Conversely, the most detailed solutions for stormwater manage-
ment or green roofs influence upper-scale connectivity and multifunctionality. 
The diversity of scales is addressed in various articles on large national ecologi-
cal networks (Weber & Allen, 2010), local stormwater management (Ahern, 
2007), green roofs and facades (Harper, Limmer, Showalter, & Burken, 2015), 
and neighbourhoods (Peng & Jim, 2013; Williams, Lundholm, & Scott Macivor, 
2014). 

According to Cook (2012), single-scale analyses of residential landscapes have 
been conducted from both a social perspective (Askew & McGuirk, 2004) and 
an ecological perspective (Sperling & Lortie, 2010). Research has also been con-
ducted on the household scale (Larson, Casagrande, Harlan, & Yabiku, 2009; 
Smith, Thompson, Hodgson, Warren, & Gaston, 2006) and on broader scales in 
the study of land-cover patterns (Grove et al., 2006). Multi-scalar studies have 
sought to identfy an appropriate set of scales in the context of GI. Allen (2012) 
used the site scale to focus on low-impact development, urban forestry, and 
stormwater management. On the regional scale, he concentrated on green space 
provisioning for water management, greenways for recreation, and, on the 
‘landscape’ scale, he focused on network design for species habitats, wildlife cor-
ridors, and compatible working landscapes. It is notable that Allen uses the term 
‘landscape’ scale to refer to supraregional scale that does not fully correspond to 
the concept of landscape in landscape architecture. Livesley and colleagues 
(Livesley et al., 2016) used the scales of a tree, a street, and a city for their GI 
study, while Davies and colleagues (2006) suggest using the scales of individual 
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elements as a basis for GI in parcels, linked elements as networks, and GI as an 
overall infrastructure.  

The challenge of working with scales lies in the fact that the stakeholders, 
tools, objectives, and type of analysis required are scale-specific. Scale also re-
lates to the levels of risks and benefits that planning may produce. Steinitz 
(2008) states that, on a large scale, when dealing with strategies, risks and ben-
efits are high, while on a small scale, risks are low. On a large scale, decisions 
are made by experts and politicians, but on a small scale, everyone makes deci-
sions. In the context of stormwater management, this may also apply to the bi-
ophysical layout of centralised and desentralised solutions and their role in the 
overall system. 

Philips (2016) recommends identifying and focusing on the most important 
or interesting levels and then working either top-down or bottom-up from there. 
He claims that scaling is easy as long as the processes and functional relation-
ships remain unchanged. However, typically, they do not. Scaling ought to in-
volve a multi-scalar working method in planning and design practices rather 
than working separately on different scales. This working method is difficult to 
present, although educators in planning consider it to be the common working 
method. 

A block-scale layout in LDH areas frames the plot-scale arrangement of build-
ings and main vegetation patches. This generated landscape pattern defines the 
potential for ecological functioning in these areas (Forman, 1995a).  

2.2.1 The core system of green infrastructure: soil, water, and vegetation 

Having studied different GI scales, Allen (2012) claims that the widest scale 
focuses on landscape ecology and the biological principles of conservation. The 
intermediate scale builds on connections between the water supply, quality 
management, and recreational corridors. Furthermore, he stresses that the site 
scale’s main focus is on the use of SUDSs to build water systems and, in urban 
forestry and habitats, to expand vegetation networks. When considering water 
and vegetation within a coherent system, the set of SUDSs needs to be studied 
more carefully. 

The central tenet of GI is the use of plants and the processes essential to plant 
growth (Fletcher et al., 2015). However, interpretations in various professions 
may concentrate solely on stormwater management with the goal of imitating 
processes in the natural water cycle (Fletcher et al., 2015; Wright, 2011). These 
processes do not necessarily include vegetation. Stormwater infiltration 
through a sand filter provides an efficient, clean method of stormwater manage-
ment in which vegetation does not play an active role. Pitman and colleagues 
(2015) combine these two factors and claim that water and vegetation are 
the most fundamental elements of GI.  

Zooming in to this fundamental integration of water and vegetation reveals a 
finely balanced system that incorporates the water cycle, plant growth, and the 
soil that connects water and vegetation (Figure 9). In this system, soil is the in-
terface between vegetation and water that enables water to filtrate, be retained, 
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infiltrate, and rise due to capillary action. In turn, vegetation absorbs the avail-
able water for its growth and releases water into the atmosphere. The decompo-
sition of dead leaves and biomass forms organic matter (OM), which contains 
nutrients needed for growth and improves soil’s water retention capacity, 
which, in turn, supports the availability of water for vegetation between rain 
events. Organic matter supports the living conditions of microorganisms and, 
hence, improves biodiversity in soil. The development of root systems also sup-
ports water infiltration. 

The flows of water and nutrients are determined by the characteristics of the 
existing soil in natural environments and in growth media in landscaped areas. 
Soil is one of the key components used to define growing conditions in natural 
environments and in built-up areas. Even developed sites with sand-bed-based 
paving provide soil conditions that define the balance between water retention 
and infiltration capacity. Such soil conditions can lead to plant growth in the 
joints and cracks (Forman, 2014) and these tiny areas are also a component of 
GI. 

 

 

Figure 9. The core system of GI combines water and carbon cycles through soil. These funda-
mental elements of GI provide ecosystem services when the system functions properly. (Fig-
ure, O.Tahvonen)  

Green infrastructure’s core system of interconnected water, vegetation, and 
soil qualities, and flows are crucial for the functioning of GI at all scales. Based 
on general system theory, the main focus is on the whole rather than separating 
the factors and analysing them as separate elements (Bertalanffy, 1968; Xu, 
2015).  Systems exist on a wide range of scales, from subatomic to universal 
(Everard, 2013), and multi-scalar thinking involves dynamic linkages between 
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different scales (Chen, 2015). The relationships between ecological processes 
are often non-linear (Conroy, Allen, Peterson, Pritchard, & Moore, 2003), which 
makes it impossible to use direct multiplication or divisioning when zooming in 
or out. The value of an urban forest does not rest on a set of single street trees, 
even if the number of trees is equal. Different processes and qualities on differ-
ent scales make the role of scalable GI reasonably dynamic. Therefore, scalable 
urban GI may be perceived as a system especially influenced by humans and, 
therefore, a result of the interaction between societal and natural processes 
(Opdam, 2018). Allen (2012) considers GI within the frame of SES where ‘eve-
ryone can play a part in maintaining, enhancing, and restoring GI’ (p. 23). 

The main factor preventing the functioning of the core system of GI, the sys-
tem of water, soil, and vegetation, is soil sealing in urban environments. Sealed 
surfaces block soil from receiving resources from sunlight and water and col-
lects and convey rainwater to sites that are further away and out of reach. Fur-
thermore, soil sealing and the construction layers below asphalt, paving, and 
decks all limit the available soil volume for GI’s core system. 

However, the idea of GI’s core system is transferable to limited conditions, 
such as green roofs or facades, deck gardens, or even planters, where the soil 
volume plays an important role in water-retention between rain events. In these 
cases, if the soil volume is too low or poorly defined, plant growth requires ex-
ternal resources in the form of irrigation or fertiliser. The main focus with re-
gard to fostering the ground-based functions of GI lies in controlling the pro-
portion of sealed surfaces. Non-sealed surfaces allow GI’s core system to func-
tion freely in an open soil system.   

Soil sealing primarily concerns paved and built areas, which are identified as 
the ecological matrix in an urban context. Urbanisation and the rapid growth of 
sealed surfaces are the greatest threat to urban streams (Stone, 2004). Im-
perviousness refers to all surfaces through which water cannot infiltrate, such 
as asphalt and paving, as well as roofs. It affects the hydrology, habitat structure, 
water quality, and biodiversity of the aquatic ecosystem receiving the runoff. 
Arnold and Gibbons (1996) and Schuler (1994) have stressed the importance of 
impervious coverage for receiving waters, which should maintain the capacity 
to handle changes in the quantity and quality of runoff generated from impervi-
ous areas and the ability to recover from changing loads. It seems clear that im-
perviousness as low as 10% in a watershed causes the degradation of water 
courses (Schueler, 1994; Schueler, Fraley-McNeal, & Cappiella, 2009). The out-
come of soil sealing is a disturbance in the natural water cycle, at loss of ground-
connected vegetation surfaces, and increased surface temperatures (European 
Commission, 2012a). Brauste (2011) claims that urban soil sealing is the key 
indicator of urban ecological functionality. This shows that a system comprised 
of water, vegetation, and soil exists when the soil is not sealed. Furthermore, 
Artmann (2014) argues that it is necessary to control urban soil sealing in order 
to control surface runoff and prevent high expenses and the loss of agricultural 
land and urban green.  

A common, widely-accepted planning tool used to support and enable ecolog-
ical qualities in any land-use category is the limitation of impervious coverage. 
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Urbanisation generates soil sealing, and the European Union’s in-depth report 
on soil sealing (2012a) lists urban sprawl, car-dependent lifestyles, and paved 
gardens as examples of the main drivers. Some cities use impervious coverage 
and its extent in percentages (i.e. the total impervious area [TIA]) as an indica-
tor in land-use planning to predict the ecological impact of planned construction 
and  to estimate of pollutant loads from different land-use categories(Kuusisto-
Hjort & Hjort, 2013).  

The concept of an effective impervious area (EIA) can be applied to describe 
the functioning of impervious areas in more detail. An EIA includes only the 
impervious areas that are hydrologically connected to a storm sewer system. 
The concept was developed to address the need for accurate calculations and 
GIS-based studies (Roy & Shuster, 2009). An EIA or, rather, its opposite metric, 
also provides insights relevant for GI. As EIA describes the area that is hydro-
logically connected to the centralised drainage system, it can also be used to 
identify all the other areas that are not. Identifying the proportion of impervious  
coverage that is not connected to a stormwater sewage system is useful for site-
specific stormwater management. Impervious coverage, when it is not con-
nected to the sewage system, provides a resource for site-specific use. 

However, the management of urban soil sealing is difficult. Artmann (2016) 
identifies the factors that contribute to this difficulty, noting that spatial heter-
ogeneity is very high in urban areas, and that soil sealing is embedded in con-
ventional SESs. She claims that the key issue is the management of SESs to pro-
tect GI as the spatial complexity of urban areas has ecological effects, such as 
microclimatic, biodiversity, and runoff changes, and also influences human in-
teractions between individuals, governmental regulations, firms, and house-
holds. This implies the need to develop new urban planning tools to manage and 
work with SES and to controll impervious coverage. 

These approaches to soil sealing and impervious coverage highlight the im-
portance of scale. Soil sealing provides tools for the watershed scale and the site 
scale. Indeed, in GI planning, scaling and multi-scalar functionality are men-
tioned as two of its characteristic qualities. More generally, scale is also men-
tioned as the key issue in sustainable planning to examine the connections and 
interdependencies of sites and ecosystems (Leitao & Ahern, 2002). Demuzere 
(2014) identifies the typical pitfalls of scale-orientated water management, 
where the site scale may fail to address connections between sites, or network-
scale planning may ignore the degradation of the whole system. However, im-
proved water quality and at reduced probability of flooding, peak flows, and 
drought are relevant on all scales. 

2.2.2 Green infrastructure as an ecological network 

Green infrastructure is perceived as an ecological network with connective cor-
ridors and habitat provisioning. This network provides habitats for endangered 
species and links patches to create corridors (Allen, 2012). In this approach the 
main principle of GI is, therefore, connectivity.  
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Forman and Godron (1986) defined the basic elements of urban ecology as 
patches, corridors, and a matrix. Using this widely used model of patch, ma-
trix and corridor (PMC), ecological planning has focused on conservation 
areas or other ecologically valuable areas, such as patches. To meet planning 
needs, the minimum size of patches and the space for linking them through eco-
logical corridors must be defined. In an urban context, this ecological network 
also refers to a network of recreational areas for residents and an environment 
in which fauna can live and navigate. However, this approach may understate 
the ecological value of the third factor, the matrix, which covers all areas outside 
the corridors and patches. The matrix is the dominant land-cover type, and For-
man (1995) notes that it covers at least 50% of the total area.  

In an urban context, the areas of the matrix are typically man-made antropo-
cenes, which correspond mainly to buildings and the transport network, and 
whose ecological value is not always admitted. Francis and Chadwick (2013) 
claim that the PMC model considers the matrix background land use even if it 
is the most abundant form. Furthermore, Werner (2011) recognises two aspects 
of the urban matrix that are underestimated: the habitat it provides for flora and 
fauna and the permeability it provides for flora and fauna to move through the 
area. The unclear ecological role of the matrix arises when habitats are described 
in terms of fragmentation, for example, shrinkage, attrition, and increased iso-
lation, as these words imply an isolated matrix rather than a habitat  (Leitao & 
Ahern, 2002). However, Ignatieva and colleagues (2011) note that urban eco-
logical networks are defined differently in ecology, urban planning, and land-
scape ecology and that, therefore, the ecology of the urban matrix has recently 
garnered interest in several related disciplines. 

On broader scales, the characteristics of an area identified as a matrix depend 
on the current land-use qualities. Different land uses frame surface coverage 
patterns and, thus, the vegetation coverage and degree of soil sealing. These two 
indicators, vegetation coverage and soil sealing, generally describe an area’s 
ecological functioning. Werner (2011) argues that the amount of urban vegeta-
tion can be used as an indicator when evaluating the ecological characteristics 
of an urban matrix. Biodiversity is also a relatively well-studied factor of ecology 
in an urban matrix. Semi-natural areas, such as wetlands and abandoned indus-
trial areas, may foster richer biodiversity than some green areas (Lyytimäki, 
Petersen, Normander, & Bezák, 2008).  

Urban ecology is beginning to recognise the complex structure and function-
ing of an urban ecosystem and the role of a matrix in planning practices, man-
agement tools, and the identification of ecological functions. Urban planning 
with mono-functional land-uses needs to serve the space required for the main 
function of a given land-use category; however, it also defines the potential of 
GI as a secondary function and a cross-cutting theme. Furthermore, the entire 
urban area consists of a series of biotopes of different types and these areas are 
important for the urban matrix, even if they are unworthy of protection or if they 
are put to extreme use (Starfinger & Sukopp, 1994).  

An urban matrix is a man-made, constantly changing built-up environment 
that has a significant effect on the people who work and live within it (Miller & 
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Hobbs, 2002). These areas form an entity that could not be restored to its nat-
ural condition even if human activities and structures were removed. Marris 
(2011) claims that cities simply no longer have the option of disregarding these 
areas due to urbanisation, population growth, and the evident lack of ‘original’ 
or ‘natural’ habitats.  

However, the traditions and presentation techniques in urban planning do not 
fully support the represention of multifunctionality or the changes taking place 
in planned areas. Planning, as a process, aims to be completed at once, and as a 
tool, it is not meant to be reconsidered very often. Spatial plans in Finland are 
typically documents that are valid for 10–25 years. Multifunctionality and 
change pose challenges for planning processes and representation techniques, 
but they are necessary factors to consider with regard to the management and 
sustainability of an expanding urban structure.  

The nature of GI means that it provides significant possibilities for ecological 
urban planning. Patches and corridors may be supported by areas of the matrix 
that possess certain qualities. This ecological land-use complementation  was 
first presented by Colding (2007), who stresses the usefulness of the concept to 
support ecological resilience when building new developments. This approach 
is based on the ecological qualities in all land-use classes. Hence, it guides plan-
ners to consider tools and guidelines based on ecological functioning, even if 
urban green is not the land-use category’s current, primary function. This inte-
grates residents’ actions into areas of the matrix to improve the areas’ ecological 
functioning and, therefore, challenges conventional planning practices. The 
most traditional determinants, such as the use of an area, its location, or allowed 
housing density, do not directly control ecological qualities in GI. 

2.2.3 Green infrastructure on the site-scale: A water-based reflection  

The recent interest in GI from researchers includes conceptual research and 
practical applications (Mell, 2008). Water plays  a major role in site-scale GI in 
an urban context, where soil sealing generates runoff and climate change adap-
tation requires new tools for stormwater management. This section presents 
various stormwater-centric approaches to site-scale GI to demonstrate their rel-
evance for  the other components of GI’s core system, soil and vegetation. Soil 
and vegetation are less often regarded as playing the main roles in GI at this 
scale.  

Green infrastructure’s site-scale solutions for stormwater management are 
covered by the concept of sustainable urban drainage systems (SUDSs) or best 
management practices for water-sensitive cities. These approaches provide an 
alternative to conventional quantity management in centralised sewers in the 
form of a wide collection of standardised details. In general, these practices sus-
tain the existing local hydrology by emulating the natural hydrological cycle and 
are focused on above-ground solutions (Lähde, Khadka, Tahvonen, & 
Kokkonen, 2019).  

Based on their ability to operate as a substitute for conventional drainage, the 
role of vegetation or moisture provisioning for habitats was not initially consid-
ered a key issue for SUDSs. However, SUDSs are often mentioned as site-scale 
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GI solutions since the number of SUDSs is high, and there are a wide variety of 
related practices that provide local management with tools for sustainable 
stormwater management. To gain a general understanding of the uses and 
mechanisms of SUDSs, there are several possible ways to categorise them. First, 
SUDS can be classified according to the process of the water cycle they are em-
ulating (Figure 10). Charlesworth and colleagues (Charlesworth, Warwick, & 
Lashford, 2016) use the main themes of source control, infiltration, reten-
tion/storage, conveyance, and quality improvement. These basic processes may 
take place either above ground or under the surface, or they may follow more 
technical or NBSs. The common denominator in these themes is hydraulic pro-
cesses. This approach may integrate vegetation and soil in some SUDS, but the 
systemic nature of GI’s core system occurs mainly in bioretention, which refers 
to the infiltration, storage, evaporation and filtration of stormwater in a shallow 
depression that is vegetation covered and has modified soil layers. 

 

 

Figure 10. SUDS classified according to the main processes of the general water cycle and the 
individual processes they emulate. (Figure, O.Tahvonen) 

The second way to categorise SUDSs is according to their location in the drain-
age area or, more generally, the watershed (Figure 11). Typically the upper and 
lower parts of a watershed present different challanges. The upper parts only 
handle the precipitation they receive, whereas the lower parts also need to han-
dle the surface runoff received from the upper parts. Therefore, different meth-
ods are suitable in different locations of a drainage area or subwatershed. The 
choice and use of different SUDS should be based on their location within the 
drainage area or subwatershed alongside its planned main function (Figure 11). 
However, plot-scale stormwater management in an urban context is restricted 
to drainage at the origin or upper parts of the watershed as local regulations in 



Theoretical framework 

34 

Finland prohibit allowing surface water to run across boundary lines to neigh-
bours. In practice, this means that plot-scale designs must concentrate on 
source control, infiltration, retention, and storage rather than conveyance to 
other locations. In general, the set of management practices are combined 
somewhat differently when designing decentralised rather than centralised so-
lutions. Furthermore, decentralised practices are located primarily on private 
land, such as plots and their gardens, whereas centralised stormwater manage-
ment is more commonly located on public land in open spaces and streets.  

 

Figure 11. Different SUDSs fit different locations in a drainage network due to their different ca-
pacities to prevent runoff and manage runoff already generated. (Figure, O.Tahvonen) 

The third way to categorise SUDSs entails zooming out from a single SUDS. 
There seem to be two main approaches to wider entities. The first concentrates 
on combinations of single SUDSs as treatment trains, and the other is based on 
areal surface materials and the volume and water-holding capacity of their con-
struction layers (Figure 12). The latter approach is used as a green factor that 
aims to ensure there is a sufficient proportion of vegetation-covered surfaces in 
the building permit process (Skärbäck, 2007). The concept of green factor (GF) 
not only applies stormwater management, although there are criteria for SUDSs 
(Kazmierczak & Carter, 2010). However, GF includes the idea of valuing planted 
areas, and more points can be gained if more deep-growth media layers are used 
(Calvet-Mir, March, Nordh, Pourias, & Cakovska, 2016). This is connected to 
soil volume and, hence, an area’s capacity to hold storm-water. However, a com-
bination of single SUDSs is presented as a network of SUDSs, which is called 
stormwater a treatment train. The whole treatment train defines the site-spe-
cific functionality. Therefore, an individual SUDS does not exclusively deter-
mine the optimal functioning of the whole treatment train. This facilitates the 
integration of stormwater management with other design objectives. Thus, de-
sign by treatment trains uses different SUDS mainly for quality and quantity 
management, but they may, also include the components of soil and vegetation. 
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The role of soil and vegetation is more significant in the case of surface-area-
based scoring, such as Green Area Factor, especially if the scoring guides the 
design to maximise the vegetation coverage instead of generally identified non-
sealed surfaces. 

 

 

Figure 12. Plot-scale stormwater management approaches: SUDS arranged in band-like treat-
ment trains that consist of several SUDS (left) and GFin the form of surface-area-based scor-
ing factors based on landscaping choices and soil volumes (right). (Figure, O.Tahvonen) 

The fourth way to describe SUDSs is based on their capacity for multifunction-
ality or to provide multiple ecosystem services (Liquete et al., 2015). The British 
Construction Industry Research and Information Association (CIRIA) defines 
four objectives for the design of SUDS (Kellagher et al., 2007). The guidelines 
aim to support design practices that simultaneously provide water quality and 
quantity management, amenity, and biodiversity (Figure 13). However, site-
specific conditions or the objectives of land-use categories may require priori-
tising one of the objective over the others. This generates the fourth way to cat-
egorise SUDSs, based on the practices that prioritise quantity control, quality 
control, amenity, or biodiversity, although all these objectives are present at 
some level.  

 

 
 

Figure 13. Multifunctional stormwater management includes mutual objectives and functions that 
are described by the construction industry researchers and the information association CIRIA 
as quantity and quality control, provision of amenity, and support for urban biodiversity in 
SUDS. (Figure modified from CIRIA) 

In contrast to the initial and strictly hydrological approaches to SUDS, new 
approaches that aim at enhancing biodiversity and amenity highlight the role of 
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vegetation and soil. Otherwise, SUDSs seem to focus on water management, and 
the benefits related to soil and vegetation are regarden as secondary. This is 
aligned with the definitions and principles of GI at broader scales which demand 
more integrative and multifunctional approaches at site-scale and in storm-
water management since water is at the core of the GI system. 

2.2.4 The core system of green infrastructure from a bioretention per-
spective  

Biofiltrative SUDSs perform several processes involved in the natural water cy-
cle such as filtration, infiltration, storage, and evapotranspiration. However, 
they also offer an ideal vehicle for a more systematic study of the interactions 
between the key components of the core system of GI (water, soil, and vegeta-
tion). These processes take place in soil and through vegetation and are pre-
sented in stormwater management guidelines as rain gardens, street planters, 
pocket wetlands, and buffer/filter strips (Ellis, 2013). In these SUDSs, vegeta-
tion involves increasing evaporation as evapotranspiration produces a visible 
urban design element and has the potential to support urban biodiversity. The 
roots of plants also support water infiltration through the formation of root sys-
tems or prolong water flow rates in structures that collect water. These functions 
concern all vegetation-covered infiltration structures as they either follow or 
adopt the general idea of bioretention. 

As a concept, bioretention describes a vegetation-covered stormwater man-
agement structure that stores, purifies, infiltrates, and evaporates water, as well 
as increasing water delay and producing vegetation consisting of multiple plant 
species. This combines a ground filtration structure with vegetation growth in a 
depression under which mass transfers or soil amendments have been carried 
out in the layered soil structure. Thus the basic idea of bioretention is consider-
ably broad and can be applied to several management structures in which veg-
etation plays a key role in stormwater management. The functioning of biore-
tention lies in the interrelations between soil, water, and vegetation (Figure 14). 
These elements must be perceived not only as integrative but also equal and 
highly interdependent. Detailed design, therefore, balances separate qualities to 
form a functioning system. 
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Figure 14. Vegetation-integrated stormwater management encompasses the idea of interde-
pendent elements of water, vegetation, and soil. The system incorporating these factors oc-
curs, for instance, in bioretention-based SUDSs. (Figure, O.Tahvonen) 

 
There are several guidelines and schematic description of a bioretention struc-
ture. From top to bottom, the soil layers of the structure include the growth me-
dia, a filtration layer, and a drainage layer (Figure 15). In this structure, the most 
fine-grained soil types are located closest to the surface, and grain sizes in-
crease as the layers get deeper. Therefore, the structure drains via the force of 
gravity. Various transition layers are used to ensure that the fine aggregate is 
not carried with the water to the lower, rougher layers. 
 

 

Figure 15. Construction layers and general components of bioretention. (Paper 4, Fig.1) 

2.3 Low-density housing and private gardens 

The location, extend and density of LDH are defined in a hierarchical and three 
stage planning system in Finland. First, regional plans guide landuse at a re-
gional scale, but do not specifically differentiate between different housing den-
sities. Second, master plans continue to more specific definitions of the loca-
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tions of different urban functions, including the extent of LHD, within the mu-
nicipality. Third, local detailed plan locates different construction sites to local 
conditions and defines exactly what is allowed to be built. This land-use plan-
ning system is framed by nationwide land use goals and participatory processes 
at every stage. (Jalkanen, Kajaste, Kauppinen, Pakkala, & Rosengren, 2017). 

In the range of land-use classes, residential areas provide a multifunctional, 
heterogenic platform for GI. The set of numerous plot owners and garden users 
continually modify the platform according to their individual needs, values, and 
aims. From the perspective of GI, residential areas and, specifically, LDH with 
detached houses, include private gardens, parks, and street vegetation. In this 
set of GI elements, the private gardens provide the most extensive proportion of 
LDH’s GI. 

The extent of LDH and, especially, its garden coverage has been mapped in a 
few studies, which mainly originate from Western countries. Loram and col-
leagues (2007) found that gardens in LDH cover 22% of the studied towns and 
cities in the UK, and Mathieu and colleagues (2007) found the share to be 36% 
in New Zealand. Overall, garden spaces in LDH were found to account for 35-
50% of coverage in these studies. 

The extent of private gardens can also be evaluated based on the population 
living in detached houses, semi-detached houses, and rowhouses. This ap-
proach (Table 3) shows the prevalence of house types that have adjacent private 
gardens in Finland. In the 10 largest Finnish cities and towns, 25–56% of house-
holds are in LDH areas if Helsinki, which is a dense capital area, is excluded. In 
the whole country, the proportion was 39% in 2017 (Statistics Finland). 

An obvious reduction in garden areas in Helsinki’s metropolitan area has been 
identified. In the case of Ylästö, the reduction in garden areas was 72–50% be-
tween 1998 to 2009 as infill practices targeted garden areas (Ojala, Niemelä, & 
Yli-Pelkonen, 2017) . 

Table 3. The proportion of single-family or row-house dwellers in the 10 largest towns in Finland 
in 2017. (https://www.stat.fi/tup/alue/kuntienavainluvut.html#?year=2017&active1=286). 

 
 

Urbanisation means that planning of contemporary cities must balance urban 
densification against urban sprawl. The aim of compact cities is to minimise 
land consumption, generally by promoting the densification of existing urban 
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areas or by planning new compact urban ones. Tools used for this purpose focus 
on multifunctional land use and more efficient land use in low-density areas. 
However, this tends to mean a reduction in the amount of urban green spaces, 
which, in turn, has shown to increase the number of second homes and the 
amount of travel to distant recreational areas (Arnberger, 2012; Sijtsma, de 
Vries, van Hinsberg, & Diederiks, 2012; Strandell & Hall, 2015). This stresses 
the need for the development of urban planning concepts that include private 
green spaces within the urban green on all scales. Although GI and green struc-
ture include private areas in the overall urban green, planning practices do not 
always acknowledge the potential of private gardens. The proportion of LDH is 
extensive, but managing private green spaces using municipal strategic plans 
seems to be difficult. Figure 16 presents the proportion and locations of LDH in 
Helsinki’s metropolitan area. 

 

   

Figure 16. The green area network in the metropolitan area of Helsinki (left) and the extent of 
low-density residential areas added in red (right). (Information based on open spatial data) 

 

2.3.1 The biophysical platform of LDH 

In the Finnish context, municipalities do not consistently collect information 
about the extent of private gardens or their development (Ojala et al., 2017). 
This practice arises from the common idea that owners control their own land. 
Currently, in the age of urban sprawl and densification, this private proportion 
of land has become one of the main elements in the network of urban areas, and 
statistics are needed to evaluate the development of this privately owned com-
ponent of GI. 

Private gardens are the main proportion of land that is available for GI in LDH 
and, thus, for water infiltration and plant growth, which, in turn, relates to the 
concepts of soil sealing and impervious coverage, as discussed in the previous 
chapter. Soil sealing is defined in plots, first, by the layout of houses and the 
main routes for cars and pedestrians, and, second, by the remainder of the plot 
as a garden space and by the choice of surface materials that provide various 
levels of permeability. This plot-scale layout defines the plot-scale garden area. 
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The former is controlled more carefully by regulations and authorities, whereas 
the latter may be more freely designed by residents and over time. 

One of the few studies on Finnish private gardens reveals that garden areas 
occupy 15% and 27%, respectively, of the total land area of the neighbourhoods 
of Ylästö and Paloheinä in Helsinki’s metropolitan area (Ojala et al., 2017). In 
these two areas, the average garden area of plots is 552 and 785 m2, while the 
garden area of detached houses was found to be, on average, 315 m2 in some UK 
cities (Loram, Warren, & Gaston, 2008) and 755 m2 in a study area in New Zea-
land (van Heezik, Freeman, Porter, & Dickinson, 2013).  

The use and meaning of garden areas depend on their residents, which means 
that individuals’ choices define garden area construction, paving, vegetation, 
and maintenance, and they, in turn, define a garden’s importance for LDH’s 
ecological qualities, its technical performance for improving microclimate and 
stormwater management, and its social value in terms of social inclusion, self-
esteem, and relaxation. The garden’s size and, therefore, the plot size, frame the 
possibilities for these activities. More specifically, the plot’s impervious cover-
age defines the proportion of the garden with the potential for soil-connected 
vegetation growth. However, this proportion does not equal the garden area be-
cause the garden area also fulfils a set of functions that require paved surfaces. 
Hence, contemporary leisure activities and gardening trends modify plot-scale 
imperviousness, and vegetation coverage. This type of management defines hu-
man well-being, urban ecological functioning, and the continued provision of 
ecosystem services.  

In general, garden resources seem to be well-documented in studies (Owen, 
1991; Vickery, 1995), although LDH has only recently been identified as a re-
source for biodiversity and ecological functioning (Ignatieva et al., 2011; Young, 
Jarvis, Hooper, & Trueman, 2009). Thus, the value of private gardens and back-
yards are recognised for their potential to provide ecosystem services, especially 
habitat provisioning, reduce heat-island formation, and provide public educa-
tion (Rudd, J, & Schaefer, 2002; Sperling & Lortie, 2010), all of which impacts 
the entire land-use class of LDH and its qualities for urban planning. 

However, individual homeowners effectively form a large group of LDH man-
agers, which adds unique features to land-use planning. Not all gardening prac-
tices have a positive effect on LDH’s ecological value. One of the most frequently 
mentioned challenges is the use of alien or invasive plant species that spread 
and take over the native species, not only in LDH but also in adjoining ecological 
patches and corridors (Marco et al., 2008). Other disadvantages mentioned are 
the use of fertilisers that can cause the mobilisation of nutrients, the use of herb-
icides and pesticides, the use of tap water for irrigation-dependent plants, and 
the design of large monocultural lawns (Dewaelheyns, 2013; Larson et al., 
2012). This set of ecological disservices is also called ‘the tyranny of small deci-
sions’ (Goddard, Dougill, & Benton, 2010) and is caused by the residents’ lack 
of skill and experience in biodiversity conservation. As Lyytimäki and Sipilä 
(2009) note, services and disservices are anthropogenic notions that arise from 
ecosystem functioning, but they are experienced in SESs that integrate individ-
ual factors into ecological functions (Tapio & Willamo, 2008). 
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2.3.2 Private domestic gardens as systems  

 What if gardens were considered systems instead of biophysical platforms? 
This section relates plots and their gardens to system thinking in a manner that 
integrates water, vegetation, and soil systems. System thinking is based on gen-
eral system theory, which defines a system as a set of interrelated elements that 
include different connections and feedback loops. This approach was developed 
to emphasise ‘wholeness’ instead of mechanical or reductionist ideas 
(Bertalanffy, 1969). System thinking has proven helpful in combatting a reduc-
tionist understanding of the environment (Pullin, Knight, & Watkinson, 2009). 

When gardens are considered through the lens of system thinking, it becomes 
necessary to define them either as closed or open systems. Because private land 
is based on property rights, it is a result of zoning practices and implies individ-
ual plots are generally understood as highly closed systems. This interpretation 
is supported by local Finnish regulations, which do not allow rainwater to run 
across borders and forbid plot owners from cutting tree branches growing from 
neighbouring plots. However, a plot and its garden, considered as soil water 
movement or corresponding to microbiological connections, is an open system 
as it includes both input and output flow. Water and vegetation need to be 
properly considered to enhance their benefits to society. Everest (2013) de-
scribes this kind of system as one that has a low-input but multiple-outcomes.  

The scalable and multifunctional nature of GI makes it suitable for system 
thinking. Although this study concentrates on GI, system thinking, at the very 
least, incorporates human factors. First, the benefits of GI and the processes it 
encompasses are described as ecosystem services. This concept demonstrates 
the tight connection between humans and nature; however, the benefits of na-
ture or, in this case, GI, are mainly valued in terms of one-way connections. This 
one-way process is also visible in the cascade model, which is used to identify a 
set of ecosystem services (e.g. Hansen & Pauleit, 2014). 

The concept of SESs also demonstrates system thinking that emphasises the 
feedback loop in ecosystem services in the field of GI. Green infrastructure not 
only provides services for humans, but also means that human-dominated func-
tions define, modify, improve, or weaken the functioning of the natural cycles 
taking place within GI. This feedback loop may have negative impacts, but re-
cently, it has been studied in terms of improvements and developments in novel 
ecosystems (Hobbs et al., 2014; Sack, 2013). This feedback loop is an important 
factor when addressing resilience in LDH. 

Calver-Mir and colleagues (2016) introduced a planning-related topic for scal-
able systems in identifying residents’ gardening motivations on the individual, 
garden community, neighbourhood, city, and regional scale. They claim that, in 
the context of allotment gardening, motivation related to psychological and 
physical health relates to the personal scale, but motivations related to learning 
and education apply to all scales up to the city scale. These motivations may be 
used to reinforce SESs and develop new connections between society and the 
environment in residential areas. 

Resilience is a phenomenon that is often linked to both system thinking and 
GI. It refers to the ability of a system to absorb disturbances and still retain its 
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basic functions and structure. Walker and Salt (2006, p. 9-10) claim, ‘At the 
heart of resilience thinking is a very simple notion – things change – and to 
ignore or resist this change is to increase our vulnerability and forego emerging 
opportunities. In so doing, we limit our options.’ Furthermore, they describe 
change as sometimes slow and sometimes fast. This supports the view of resili-
ence thinking as a framework for viewing a social-ecological system as one sys-
tem that incorporates many linked scales in time and space. 

Resilience includes the concept of adaptability, which can be transformed to 
learnability in an organisational or management context. This gives resilience 
an active role in LDH. Resilience is not something that comes from outside the 
system but is rather active work, in case of SESs, performed by residents. The 
ability to adapt to evident and forthcoming changes is, therefore, linked to 
transformations, such as climate change adaptation, in private gardens.  

System thinking includes the idea of multiple scales and a hierarchical order 
which corresponds to subsystems within systems or a network of different sub-
systems. In the case of GI in LDH, the core system is seldom defined. It is nota-
ble that the identification of a core system is not reductionist thinking but is 
rather the identification of the element that constitutes the basic layer for sys-
tem thinking. In the case of GI, it seems obvious that (storm)water, soil, and 
vegetation are three of the main elements in a garden-scale system, along with 
the human factor.  

A GI system based on these essential elements is contingent on the provision 
of the maximum amount of pervious surfaces, as GI depends on biological and 
ecological processes to provide ecosystem services (Abunnasr, 2013). This re-
quires the presence of soil, water, vegetation, and their interconnected flows and 
feedbacks, which is identified in this dissertation as the core system of GI. This 
raises the question of the minimum amount of space required for a self-sustain-
ing GI core system. In addition, this core system integrates ongoing ecological 
processes with residents’ purposeful and unintentional gardening activities in 
the case of LDH. The frame for this system is defined in the processes of urban 
planning and design. 

As ecological conservation is not the main function of LDH, more sensitive 
and flexible tools are necessary to influence the choices residents make. One 
possibility is to capitalise on contagious patterns in residential areas, such as the 
neighbour mimicry effect (Smyslony & Gagnon, 2000; 1998). This effect can be 
seen when people living on the same street mimic elements and practices ob-
served in their neighbours’ plots. These bottom-up practices may be essential 
when developing a household-scale mechanism of coupled natural and human 
systems (Nassauer et al., 2014). 

. 
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3. Materials and methods 

Landscape architecture is a relatively young academic discipline that incorpo-
rates concepts found in ecology, engineering, the social sciences, architecture, 
and design. Multidisciplinary studies are typical in landscape architecture, and, 
therefore, the spectrum of methods is wide. The selection of accepted or appro-
priate methods is discussed regularly. Swaffield and Deming (2011) highlight 
the importance of transparency and traceability and of adjusting to each situa-
tion rather than focusing on normative research methods in closed disciplines. 
Otherwise, the multifaceted, practice-orientated nature of landscape architec-
ture might disappear. 

Swaffield and Deming (2011) propose a classification system for describing 
research strategies in landscape architecture. They locate different research 
strategies along two primary axes: their relationship to epistemology and their 
relationship to theory (Table 4). They claim that this ‘classification provides a 
way to locate current, operational and potential research strategies within land-
scape architecture’ rather than re-inventing in research strategies already used 
in other disciplines (Swaffield & Deming, 2011, p. 35). 

Table 4. A classification of research strategies in landscape architecture (modified after Swaffield 
and Deming, 2011). 

 

Following the classification presented in Table 4, this study uses different re-
search strategies to respond to qualitatively different aims and research ques-
tions. The set of research strategies used are description, modelling, experimen-
tation, and design projection. These were selected to ensure a multidisciplinary 
approach to the production of new knowledge that meets the needs of both ac-
ademia and practitioners in the field of landscape planning, design, and con-
struction. 

Although the research strategies and methods utilised in this dissertation are 
aligned with the multidisciplinary nature of landscape architectural research, 
some of the methods build upon the author’s background in horticulture and 
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environmental sciences. This kind of utilisation of established practices from 
neighbouring disciplines is also emphasised by Swaffield and Deming (2011) 
when describing appropriate methods in landscape architecture. Therefore, one 
outcome of this dissertation is the development of methods that meet the needs 
of landscape architecture. These methods are a) Experimentation: heavy rain 
simulations in an experimental field and b) Design projection: detailed devel-
opment of the practical implementation of research by design. 

Table 5 illustrates the research strategies and methods utilised in relation to 
the overall aims and research questions. This presentation follows the classifi-
cation of research strategies by Swaffield and Deming (2011), and the numbers 
after each method refer to the published papers.   

Table 5. Methodological strategies and methods used in relation to overall aims and research 
questions. P1, P2, P3, P4, P5, and P6 refer to published papers presented after the abstract in 
this dissertation.  

Aims Research       
questions 

Research strategy 
and methods 

Expected       
results 

AIM A: To present 
the state-of-the-art 
of private domestic 
gardens for green 
infrastructure  

 

RQ 1: What is the role of 
private domestic gardens 
in green infrastructure 
within the framework of 
sustainability?  
RQ 2: How is the non-
sealed area of Finnish 
domestic gardens gener-
ated on the plot scale?  

 
Description and classi-
fication: 
o Review (P1) 
o Document analysis 

(P2) 
o Case (P3) 

 
Plot-scale characteris-
tics showing the na-
ture of their multi-
functionality and sur-
face coverage/soil 
sealing 

AIM B: To develop 
detail-scale inte-
gration between 
water and vegeta-
tion for local con-
ditions 

RQ 3: How should the in-
teraction between soil, 
water, and vegetation be 
optimised in Finnish pri-
vate gardens? 
a) How should this inter-
action in the form of bio-
retention be adopted in 
local practices?  
b) What are the con-
struction details and cri-
teria for plant selection?  

Modelling and experi-
menting: 
o Modelling and devel-

opment of prototypes 
(P5) 

o Field experiments us-
ing the prototypes:  
short interval flooding 
test (P4) and heavy 
rain simulation (P5) 

 
 
Models for soil, water, 
and vegetation inte-
gration in the case of 
bioretention 
Data from functioning 
of prototypes 

AIM C: To improve 
garden-scale GI to 
enhance up-scaled 
GI 

RQ 4: How can plot-scale 
GI be improved to en-
hance GI on the block 
and neighbourhood 
scales? 

 
Design projection: 
o Conceptual develop-

ment of scalability (P1) 
o Research by design 

(P6) 
 

 
Identification of the 
potential benefits of 
systemic approaches 
in upper scales. 

3.1 Methods for identifying the plot-scale potential for green in-
frastructure  

The first aim was to describe the current state of private plots and was ad-
dressed by a literature review in Paper 1 and document analysis in Paper 2. The 
literature review collected and categorised scientific articles on the function, 
use, and meaning of private yards and gardens. The articles were selected using 
the keywords ‘garden’ and ‘yard’ and focusing on definitions of ‘domestic’ and 
‘private’. These articles mainly originated from and addressed Europe, the US, 
and Australia. The set of reviewed articles was analysed based on their main 
content and re-organised under five main themes. These five themes were then 
outlined based on their contribution to the schematic pillars of sustainability. 
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The description of private gardens was further refined by examining the extent 
of the plots’ surface coverage in a selection of Finnish contemporary plot-scale 
designs through systematic document analysis in paper 2. Different stages in 
the planning and design process determined the plots’ impermeability, which, 
in turn, defined the extent of permeable surface coverage and, thus, the possible 
proportion of GI built on open soil-surfaces. Here, a set of garden designs pre-
sented in Finnish housing fairs was used as data. The plans were scanned and 
different covers were measured using a CAD-based software. These designs 
demonstrated professional designers’ views on the fairs’ themes, and the fairs 
provided content that offers visions and ideas for detached home builders in 
Finland. These fairs were held in Tampere, Jyväskylä, and Hyvinkää and had 
the same main themes. The common themes were sustainability and the man-
agement of stormwater in the context of sustainable construction. The plot lay-
outs and their associated buildings and private gardens illustrate the key char-
acteristics of future detached houses, which are commercially targeted at resi-
dents planning to build a detached house. Garden designs were collected from 
fairs in Tampere in 2012, Hyvinkää in 2013, and Jyväskylä in 2014. These de-
signs (N=63) were used for a document analysis, which measured impervious 
and pervious surfaces in contemporary Finnish plots and gardens (Figure 17). 

 

   

Figure 17. The used classification of pervious and impervious coverage in Finnish single-family 
plots in paper 2. (Paper 2, Fig. 2) 

The document analysis presented some inconsistencies as the size of gardens 
was not determined directly by subtracting the size of buildings from the plot’s 
size. Garden sizes were measured as the area between the plinth and the plot 
boundary rather than the area outside the roof in the plot. Thus, the share of 
eaves and shelters were included in the area of impermeable surfaces even 
though the garden area and garden-related functions also exist under these shel-
ters and eaves (Figure 18). 
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Figure 18. The proportions of plot-scale impervious coverage in one of the analysed gardens in 
Paper 2. Classification is presented in Fig. 17. (Paper 2, Fig. 3) 

These two methods provided the backbone to describe the current situation of 
private gardens, first, in general as a multifunctional platform for GI and, sec-
ond, in more detail as expressions of different levels of surface coverage. These 
methods also had constraints. The literature review only produced a general de-
scription based on scientific publications, and it seemed that the topic of private 
gardens was an emerging area of research. The document analysis used garden 
designs created by professionals, and, therefore, the more typical choices made 
by owners were not included in this study. Although the choice of designs and 
their analysis provided a less frequently used dataset to study garden-scale GI, 
they failed to provide city-specific statistics of LDH and its coverage types.  

3.2 Methods for examining detailed bioretention construction 

The second aim was to study detail-scale integration of water, soil, and vege-
tation using the bioretention construction details of Finnish practices as an ideal 
prototype to understand the mutual relationships. The development of proto-
types began with the study of literature presenting optimal construction 
schemes. First, the construction elements, materials, and functioning were 
mapped, and then the specific recommendations for cold climates were identi-
fied. Based on these findings, a schematic diagram of a bioretention cell was 
drawn following recommendations from the literature to facilitate its construc-
tion, maintenance, and repair in practice. The development of the prototypes 
required research on and definition of two critical factors: the materials of the 
growth media and the depth of the total construction of the bioretention cell. 
These two factors, or variables, became the main focus of the research, and 
changes in comparable factors drove the definition of prototypes, which were 
subsequently constructed and tested. 

The experiment was performed in two stages, which took place on an outdoor 
test field. First, a short-interval flooding test was carried out during the growing 
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season of 2015. This identified the plant species that withstood both drought 
and standing water, which are typical growing conditions in a bioretention cell. 
The method itself follows the concept of short-interval flooding tests described 
by Dylewski, Wright, Tilt, and Le Bleu (2011) and Jernigan and Wright (2011). 
The short-interval flooding experiment provided knowledge on plant species’ 
survival in the conditions of bioretention, but it also provided information on 
the performance of different growth media as it used a mixture that was in ac-
cordance one line of recommendations defined in detail in the bioretention con-
struction literature. 

The experimental field was constructed on the Häme University of Applied 
Sciences’ Lepaa campus, 100 km north of Helsinki. It had five cells to compare 
two different mixtures of growth media and two different construction depths, 
80 cm and 120 cm. The bottom size of all cells was 2 x 2 m, and they allowed a 
ponding depth of 20 cm. The fifth cell was a sand filter without vegetation, 
which served as a control. Studies for this dissertation included observations of 
hydrological functioning during the first year after implementation and obser-
vation of vegetation coverage during the first two years. Thus, this dataset also 
included functioning during the first winter and its effects on vegetation. It 
should be noted that the results here only relate to functioning just after the 
construction phase and do not relate to other phenomena, such as glogging, or 
a decline in hydraulic conductivity, which have been reported as common mal-
functions. 

Cells in the experimental field were located below the surface level and iso-
lated from the surrounding ground to collect all the infiltrated water at the bot-
tom of the construction layers. A drainage pipe installed at the bottom of the 
cells channelled the infiltrated water to a measuring station that collected dis-
charge (L/s), conductivity (μS/cm), and temperature (°C) data every 10 
minutes. However, the surface levelling around the cells prevented natural sur-
face runoff into cells, and, therefore, the quantity of input water was known 
based on either irrigation or direct precipitation from the nearby weather sta-
tion. All the bioretention cells had the same vegetation combination and the 
same plant size. 

The functioning of the cells in the experimental field was studied based on 
three main elements. Hydraulic functioning was studied using heavy rain sim-
ulations, which were organised by irrigation repeated at certain intervals and 
water quantities. This method allowed the simulation of heavy rain conditions 
even when there was no natural precipitation, and, therefore, the functioning of 
cells in extreme conditions could be measured. The continuous collection of out-
flow data also enabled the cells’ functioning during winter to be studied. The 
growth of vegetation was monitored by photographing the surfaces and then 
measuring the change in green coverage from photographs.  

The heavy rain simulation method included six irrigation events. There was 
one irrigation per day for three consecutive days, and this pattern was repeated 
during the following week. Natural precipitation was avoided, especially during 
and just before the first irrigations to ensure non-saturated conditions. The sec-
ond half of the irrigations generated moist and, later, fully-saturated conditions 
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for simulations to demonstrate changes in infiltration rates. The presentation of 
these simulations was accommodated to cumulative outflow curves as a func-
tion of time. This presentation type had the distinct benefits of a) demonstrating 
the general graphical outflow pattern; b) providing data to study temporal 
changes, such as comparisons of lag times and peak flow reduction; and c) 
providing data to study water quantity observations, such as total volume re-
duction in saturated and unsaturated conditions. 

The research strategy of modelling and experimentation provided an appro-
priate combination of methods at this stage. The development of construction 
details and the mixture of growth media did not appear in the methodological 
choices, although these two stages were crucial in setting up the experiment. 
Later, these two precise developments proved to be the most essential compo-
nents for practical operation and commercialisation. 

The construction of the entire experimental field consumed a significant por-
tion of the resources for this study, but it will serve as a valuable study environ-
ment for future research. The coming years will provide opportunities to moni-
tor and compare the now-established cells as they change while maturing. The 
disadvantage of the chosen time period for monitoring is clear; however, the 
investments made during the research for this dissertation allows for further 
developments in the upcoming years. 

3.3 Methods to improve plot-scale green infrastructure by up-
scaling  

The third aim was to examine how improved GI on the plot scale could improve 
and support up-scaled GI on the block and neighbourhood scales. The method 
involved adapting the idea of research by design (RbD), where the researcher is 
also engaged in the design process (Figure 19). The method explores practical 
design processes through several iterative and scientific reflective cycles 
(Roggema, 2016) and systematically combines research inquiry and design 
thinking (De Jong & Van der Voordt, 2002). The author, as the researcher of 
this study, performed the analysis, redesigning, and scaling-up. As the main fo-
cus was on the improvement of garden-scale GI, RbD was framed to use existing 
garden designs as a starting point for re-designing the design of the integration 
of water and vegetation. This limited the garden-scale possibilities but also re-
vealed the practices and challenges involved in moving from the detail to the 
plot scale. in the design process. The author was educated as a garden designer 
and had experience in that profession. Hence, this study provides a view of both 
the general process of garden design and garden designs as a product. This made 
it possible to achieve the dual outcome of identifying how the design process 
could be developed and what the outcome might be for different urban planning 
scales. 
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Figure 19. The improvement of plot-scale GI used a method of iterative design process. (Paper 
6, Fig. 3) 

Here, the RbD incorporated some elements of grounded theory. First, a set of 
garden designs were systematically analysed to identify how stormwater man-
agement practices have been integrated into vegetation and vice versa.  The 
ruslts were coded and grouped to formulate common themes in water and veg-
etatation integration. This first step provided knowledge of the current situation 
in garden designs usings designs from the Tampere housing fair in 2012 (N=24). 
This is one of the fairs examined in the context of impervious coverage on the 
plot scale. Then, in the second step, the garden designs were re-designed to bet-
ter integrate stormwater management and vegetation while respecting the form 
and function of the original designs (Figure 20). This was repeated with all the 
designs, first on the plot scale and then when scaling the solutions to the block 
and neighbourhood scales. The outcomes were analysed first by coding and then 
by categorising them. The main focus was on modifications concerning the in-
tegration of water and vegetation. Coding mapped all the main changes in the 
re-designs. This transformed the information from the drawings into written 
form. There were 2–8 coded changes or observations per plot related to the de-
sign process. These codes were then organised under more general categories 
that were presented as results from the improved garden designs.  

        

Figure 20. The set of studied garden designs located in Tampere, Vuores. Plots situated between 
park (indicated in green color) and apartment houses (indicated in brown).  An example of 
the layout of a single plot used in RbD to study the possibilities to enhance the scalable GI. 
(Paper 6, Fig. 2 and Fig. 4a) 
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Studying the design process itself provides tools to improve it. However, the 
methods for examining design processes are not well established. The method 
of RbD describes the designer’s choices during the design process. It does not 
differentiate between general ‘good’ and ‘bad’ choices or evaluate the outcomes 
compared to general qualities. 
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4. Major findings 

This chapter presents a brief summary of the published papers. The main find-
ings are presented by grouping the results of different papers according to the 
overall aims of the dissertation (Figure 22): 4.1 corresponds to aim A, 4.2 to aim 
B, and 4.3 to aim C. A discussion of these findings is presented in Chapter 5. 
  

 

Figure 21. Summary of the key findings in relation to the aims presented in Figure 1. (Figure, 
O.Tahvonen) 

4.1 Plot scale conditions for green infrastructure 

4.1.1 The impermeability of plots defines the green infrastructure poten-
tial of gardens 

While urban planning cannot exhaustively determine the GI of LDH plots, two 
main planning tools indirectly define ground-connected GI opportunities on the 
plot scale. The first planning tool relates the plot’s  housing density and the gen-
eral allowed layout of buildings and driveways. These factors affect the overall 
impervious coverage, which, in turn, defines the proportion of the pervious area. 
Ground-connected GI is located on the pervious proportion of plots; however, 
some of the pervious areas do not serve GI (Papers 2 and 6). The second plan-
ning tool concerns general guidelines and professional practices for plot-scale 
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plantings and vegetation and stormwater management practices (Papers 2 and 
5). 

Potential areas for plot-specific GI can be determined in progressing steps. 
After devising a zoning scheme, urban planners begin designing the placement 
of the buildings on plots. According to Paper 2, design work by architects deter-
mines a significant share of the impervious surfaces of a plot, even though the 
building's indoor floor area, which is the main function of an LDH plot, only 
covers 62% of the impervious surfaces on the plot. The other shares included 
covering, pentices and eaves (15%) and garages and related storage spaces 
(13%). The remaining impervious surfaces (38%) on a plot correspond to out-
door areas, comprising mostly of walkways, parking, and patios (Figure 22). 
 

 

 

Figure 22. Average impermeable coverage in single-family house plots in three housing fair ar-
eas in Finland. (Paper 2, Fig. 7) 

Paper 2 also examined the emergence of impervious surfaces on plots of var-
ying density. According to its findings, the architectural designers placed build-
ings and garages or car sheds according to what was permitted by the zoning 
scheme and related instructions. In turn, the respective placement of these 
buildings determined the walkways between the parking area and the building’s 
main entrance. For the sake of assumed amenity, pentices and canopies were 
included on plots, resulting in sheltered spots in the garden. On the other hand, 
patios were often located close to the building, adjacent to a secondary entrance 
to the building’s kitchen or living room. These architectural decisions were crit-
ical in determining the possibilities for garden design, as well as the impervious 
surfaces required for the garden design (Figure 23). 

 

   

Figure 23. The impermeable coverage includes components from buildings and garden surfaces. 
However, the actual garden area may continue under eaves and shelters. The extent of 
ground-connected vegetation follows the area omitted from impermeable surfaces. (Figure, 
O.Tahvonen) 
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According to Paper 2, an increase in plot density only results in minor growth 
in the footprint of residential spaces, while the area of recreational shelters re-
mains nearly unchanged. This means that while the increase in plot density re-
sulted in the construction of housing all or part of which had two floors, the area 
of pentices and canopies remained the same. Some covering comprised eaves, 
which contributed to protecting the building's façade, and there was no reason 
to reduce the area covered by these. However, some of the ground covering re-
lated to amenities should be critically considered as, given Finland’s climate, 
spending time outdoors when it rains is not attractive even if the leisure areas 
are covered. 

Plot density did not appear to directly affect the area of impervious surfaces in 
a garden. In fact, the available space on plots with lower density, i.e. in the cat-
egory of plot density below 0.2, appeared to produce a wide range of design so-
lutions. Housing density categories based on density rates describe the ratio of 
planned building volume to the square area of the same plot area. In the cate-
gory of below 0.2, the total amount of impervious surface in gardens varied be-
tween approximately 45 square metres and almost 360 square metres, with an 
average surface size of slightly over 160 square metres. The largest impervious 
surfaces were found within the 0.2–0.29 range on the plot density scale, while 
there was a steady decline in the amount of impervious surface in the gardens 
of LDH when plot density was higher (i.e. within the categories 0.3–0.39 and 
over 0.4). Nonetheless, there was considerable variation in the amount of im-
pervious ground covering in gardens across density categories, which served as 
proof of how garden design can affect the amount of impervious surface on the 
entire plot.. 

Conversely, plot density appeared to clearly influence the extent of planting 
areas, as these areas covered a lower number of square metres once density in-
creased. In the examined density categories, the number of square metres re-
served for planting areas was around 200 m2 in the below 0.2 category and de-
creased to 75 m2 in the over 0.39 category. The number of square metres re-
served for planting areas can be seen as playing a key role in the GI of an area 
with LDH as this lays a foundation for multi-layer vegetation, which has been 
found to play a key role in constructing biodiversity and other ecosystem ser-
vices. Another factor affecting vegetation is that, along with an increase in plot 
density, the opportunities for retaining existing vegetation are reduced. Accord-
ing to this study, vegetation areas were no longer retained with a plot density 
above 0.3. 

Residents of LDH plots tend to favour lawns for recreation, as well as for aes-
thetic purposes. While the use of lawns is based on a cultural tradition and on 
functional aspects of a garden, lawns are not considered to have a significant 
ecological value. On the plots included in the study, the number of square me-
tres covered by lawns was reduced along with an increase in plot density as 
would be expected; however, a plot density of 0.3 emerged as the threshold 
value for this reduction. On plots with lower density, lawns covered, on average, 
nearly 250 m2 while contributing to around 80 m2 on plots with higher density, 
although there was considerable variation in the share of lawns between plots. 
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However, the results indicated that a smaller plot size produced a more sensible 
scope of lawn areas. Instead of sowing lawns in smaller gardens at random, the 
placement and extent of the lawns in small gardens were more carefully consid-
ered. However, the wide lawn areas on large plots could still be presumed to 
result from poor planning or a complete lack of planning, which begins by sow-
ing lawn on the entire area and thinking about alternative garden use at a later 
point in time. Zoning does not typically take a stand on the placement or amount 
of vegetation in an area, except for individual trees or property boundaries. 

Summary: Due to the spatial dimension of the GI concept, the land available 
for GI in detached housing is highly influenced by plot density and plot layout. 
In particular, the results of the conducted research reveal that plot density might 
not directly influence the amount of land covered by roofs but reduces the size 
of gardens, especially the fraction of pervious and, therefore, vegetated areas. 
Interestingly, vegetated areas (plantings and lawns) might cover a significant 
part of those gardens and tend to keep a minimum amount of square metres 
even when plot densities increase. In general, the proportion of lawns decreases 
in favour off planting areas as the density increased. 

Since GI provides at spatial and biophysical platform for the generation of eco-
system services, including stormwater management (SWM), and for the devel-
opment of more intense SESs, the findings of this subsection frame the potential 
of garden-scale GI for the following subsections. 

4.1.2 Gardens have ecological, social, and economic functions 

The outdoor spaces of LDH plots are considerably multifunctional. Paper 1 re-
views a set of articles on gardens to recognise general garden-scale multifunc-
tionality as this provides the background for GI enhancement and for the in-
crease of ecosystem services. Some of the mapped functions and benefits were 
directly related to GI, while others may only provide the potential for a later 
reconsideration of mutual functions. Paper 1 identifies 6 main themes or aspects 
in the set of articles: an anthropocentric approach, a morphological set, prop-
erty value, surface cover, ecology-related equipment, and vegetation. 

From an anthropocentric perspective, gardens have been explored as both 
physical places as well as as well as arenas for activity involving gardening as a 
hobby. As environments, gardens produce complex forms of physical and men-
tal well-being for residents. In this context, morphology refers to the size and 
shape of the garden or its division into a front and back yard. Plots have also 
been examined in terms of their commercial value. Studies have also explored 
the possibilities for food production on plots. Most of the available research ad-
dressed surface cover, with a focus on examining the formation of impervious 
surfaces and their effects on stormwater, as well as land-cover richness. Previ-
ous studies investigating ecological significance have involved measuring the 
extent of vegetation-covered areas. Ecological aspects were also examined based 
on the number of separate and transferable additional elements, such as nest 
boxes or SUDSs, as well as by determining the vegetation included on plots. The 
previous studies on vegetation were conducted by defining the floor area, based 
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on the multitude of species, and by measuring the three-dimensionality of plant 
stands (Paper 1). 

The variety of functions of the gardens of LDH plots have considerable poten-
tial for urban planning as knowledge of the details on the plots would enable the 
production of some of a city’s ecosystem services on private plots. However, 
LDH plots and their gardens are prone to change. Increasing the density of 
housing and, specifically, infill construction reduces garden sizes, which means 
that careful redesign is required. In fact, enhancing the density of an LDH area 
in the interest of sustainable development does not always result in overall sus-
tainability as it appears that some ecological processes are hindered, and resi-
dents of these areas might be more likely to take overnight trips for recreational 
purposes and own a second home (Paper 1). 

Summary: Domestic private gardens may be interpreted as small SESs. 
These SESs can be studied with a human-centred approach that can be con-
nected to the concept of ecosystem services, which are highly influenced by the 
morphological or design qualities of the garden. This approach also highlights 
the economic dimension of gardens (e.g. property value) and its ecological and 
performative dimension, which is highly determined by surface cover, ecology-
related equipment, and vegetation, which, in turn, influences the water cycle, 
SWM and the potential use of SUDSs. The complex set of resident’s choices and 
activities constantly modifies gardens either improves or weakens the function-
ing of ecosystem servises and stormwater performance.  

4.1.3 Water and vegetation need to be integrated  

In the urban context, the integration of water and vegetation is both a signifi-
cant potential for GI and a risk for technical constructions. The integration of 
water and vegetation allows multifunctionality and, therefore, the efficient use 
of space, but stresses discipline-specific approaches that have a strong back-
ground of focusing only on one of the elements. Traditional construction engi-
neering may have aimed to drain and protect foundations from moisture and 
frost, whereas agricultural biomass production has focused on ensuring contin-
uous water availability in the soil to meet the needs of plant growth. Paper 3 
defined these two clearly distinct approaches to water, which have gradually 
emerged in urban stormwater management. However, as urbanisation has pro-
gressed, these two professional perspectives have come into contact as there has 
the need arisen to assess the condition of water bodies as receiving streams of 
stormwater drainage systems in increasingly densely built areas. It is clear that 
there is a need for joint tools, indicators, and concepts to foster the development 
of joint interest and discussion (Paper 3).  

Similar differences in professional perspectives have also emerged in the con-
text of urban vegetation, particularly between the different scales of urban plan-
ning. Conservation ecology perceives urban vegetation as shrinking patches and 
corridors that are losing their continuity in places where vegetation has primar-
ily consisted of a forest area that was on the site prior to construction. By con-
trast, the horticultural view of urban vegetation is based on constructed, 
planted, and managed planting areas and trees in parks, along streets, and on 
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plots. Despite this dichotomy, increasingly dense cities must, nonetheless, be 
able to examine vegetation as an entity, including both of the aforementioned 
components in a complementary interaction. Such a balanced approach re-
quires examining the topic from the perspective of cities and neighbourhoods, 
as well as the characteristics of an individual growth site and its ecological po-
tential, which affects the former (Paper 6).  

Water and vegetation are interlinked through a slightly less visible factor: ur-
ban planning. Specifically, impervious surfaces prevent water infiltration into 
the ground, resulting in stormwater. However, these impervious surfaces also 
prevent the development of vegetation on the ground as sealed surfaces prevent 
light and nutrients from entering the ground surface and restrict microbiologi-
cal life in the soil. Moreover, impervious surfaces cause stormwater and prevent 
the growth of plants in the ground. As a result, areas where more water is accu-
mulated emerge along the sides of the impervious surfaces if runoff is directed 
to these areas. A heavy rain event will result in excessive water and flooding, 
although with light rain, impervious surfaces may significantly contribute to col-
lecting water for plants (Paper 6). Therefore, impervious surfaces cannot be per-
ceived as simply ‘good’ or ‘bad’ but might contribute to the generation of favour-
able growing environments on a plot without a particular value judgement. This 
means that, in an urban environment, impervious surfaces and vegetation are 
interconnected and form a green-grey continuum whose parts cannot be exam-
ined as disconnected elements but might be designed together to provide mu-
tual benefits. 

Plot-scale conditions for water, soil, and vegetation identified in Paper 2 and 
Paper 6 are summarised in Figure 24. It demonstrates the polarity of the plot 
constructions with regard to soil qualities and hydrological conditions. Here, 
the demand for different kinds of plantings is based on the results presented in 
Paper 6, which were generated from a set of 27 housing fair gardens in Tampere, 
Finland. 
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Figure 24. Plot-scale conditions and objectives for managing soil, water, and vegetation during 
the implementation phase. The figure integrates knowledge from Paper 2 and Paper 6. (Fig-
ure, O.Tahvonen) 

Sustainable urban drainage systems initially appear to make it possible to 
bring (storm)water and vegetation together. The most recent descriptions of 
SUDSs have emphasised the simultaneous implementation of four factors in the 
multifunctionality of stormwater structures: managing the volume and quality 
of stormwater, increasing biodiversity, and creating comfort for users. However, 
vegetation only plays a key role in some SUDSs. Paper 3 identifies differences 
between stormwater planning based on drying technology and that based on 
vegetation. This work reveals that water is regarded rather differently in these 
environments. Thus, one perceives water as a key growth factor, in which case, 
the design of the growing site aims at improving the ground’s water retention 
capacity while ensuring that the ground will dry between rains so that plants 
will not be drowned by water standing in the macropores of the soil. However, 
drying technologies support the downward movement of groundwater and pre-
vent capillary action to keep the foundation of constructions dry. This duality of 
approaches and, particularly, in the order of their use in the education of urban 
planners and designers, determine the vocabulary used by those designing the 
applied solutions, as well as their general approach to achieving the main objec-
tive of stormwater management. 

Moreover, stormwater management may also have been considered to consist 
of a standard list of SUDSs. Sustainable urban drainage systems may have been 
placed on plots as isolated elements without any integration with conventional 
garden functions or without any systemic meaning, in which case, these mostly 
correspond to retrofitted decorative features or the replacement of single inlets 
in designs. In the context of the Vuores neighbourhood (Papers 3 and 6), vege-
tation integration was not clearly used as part of SUDS; instead, stormwater 
management was either based on distinct processing systems (end of pipe) or 
combinations thereof. The selected SUDS favoured visible water in hard ele-
ments, for example, in gutters and tanks, in which case, joining vegetation to 
the structures did not serve a specific purpose. 

As explained before, planted vegetation and pervious areas can play a crucial 
role in SWM, which can be increased by the smart combination of soil, water, 
and vegetation and with the support of SUDS. Water cycles are normally in-
cluded as a regulating and supporting ecosystem services, the provisioning of 
which can be increased through the design and use of SUDSs. Water is at the 
core of the functioning of many ecosystem services. Therefore, sustainable SWM 
in general and the systemic use of SUDSs in particular can generate synergies 
between social and ecological systems as SESs on the plot scale. 

Moreover, since water works in a systemic way, this suggests a need for a sys-
temic way of working with SWM and SUDSs as well. It is not enough merely to 
distribute SUDS on the plot. If water is to be managed as a multi-scalar system, 
SWM and the use of SUDSs on the plot scale should be defined in relation to 
garden-specific functions and to other scales: micro scales, such as bioretention, 
and macro scales, such as neighbourhood or city. 
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4.2 The development of vegetation-integrated stormwater man-
agement through bioretention 

To improve plot-scale GI and the provisioning of ecosystem services, the func-
tioning of details needs to be ensured. This connection between the detail and 
plot scale was achieved by examining and experimenting with bioretention cells. 
Bioretention is an SUDS that integrates water, vegetation, and soil, and, there-
fore, includes the elements of GI’s core system (Figure 9). However, the guide-
lines for bioretention constructions are numerous. To address the need for local 
adaptation of bioretention construction details, Paper 5 presented the develop-
ment work on bioretention, first, through the literature-based development of 
details for bioretention construction layers and, in Papers 4 and 5, through the 
specifications for growth media. The development work included experiments 
on the functioning of two soil mixtures and construction depths on the meso-
cosm scale in the test field. The development of the vegetation combination is 
presented in Papers 4 and 5. 

4.2.1 Integration demands the development of construction details  

The development of construction details aimed to provide a scheme that incor-
porates local construction practices and utilises local materials. This led to a 
single-filter structure using as few layers as possible to be implemented and su-
pervised in practice and to be repaired in the future. It is practically impossible 
to repair a structure consisting of 10 cm thick layers (e.g. after cable- or wire-
installation work), although these layer combinations seem to function fine in 
laboratory tests. 

Construction layers 
The proposed construction of bioretention was a single-filter construction (Fig-
ure 24), which combines layers of filtering and growth media (hereinafter re-
ferred to as growth media). This allowed the provision of more available soil 
volume for root systems than was achievable with separate layers of sand filters. 
Despite the aim of avoiding separate transition layers, one transition layer was 
included in this structure type to separate the growth media and filtration layer 
from a drainage layer. In some contexts, the transition layer can be replaced by 
filtering with textile material; however, in this type of SUDSs, the use of these 
materials is considered questionable as they can become clogged and are diffi-
cult to replace. The structure presented in Paper 5 did not include geotextiles. 

 

 

Figure 25. Single-filter layer construction details combining a filter and growth media layer. (Pa-
per 5, Fig. 3) 
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The adaptation of the structure resulted in the construction shown in Figure 
25. In this structure, the first layer from top to bottom consisted of vegetation 
and a ponding area. The ponding area and its volume were part of stormwater 
retention strategy, the purpose of which was to delay peak flow. This experiment 
used a maximum ponding depth of 20 cm as the weight of thicker water layers 
would have led to unnecessary compression in the lower soil layers, thus reduc-
ing their pore volume. The ground surface was covered by an organic mulch 
layer with the purpose of both reducing weed growth and supporting microbio-
logical functions and regulating moisture conditions in the surface layer. 

The layer of growth media was identified as the key material of this struc-
ture, and its development process is presented in a separate section. This layer 
combined two opposite aims set for the functions of this structure: hydraulic 
conductivity and water retention capacity. The materials sought for the aggre-
gate at the bottom of the structure included soil materials generally available for 
construction sites. These were screened based on the Finnish sieving criteria for 
determining grain size distribution. Crushed stones and gravels (i.e. aggregates) 
are typically readily available. The transition layer in this structure included 
chipping with a grain size of 3–6 mm, which is commonly used as gritting ma-
terial and in a 5–15 mm drainage layer, which corresponds to the typical grain 
size of chipping used for drainage. Drainage chipping was used to fill the sur-
roundings of all subsurface drains. 

According to the literature review, there was no unambiguous definition for 
the total depth of the structure and, therefore, the strengths of the different lay-
ers. Thus, this study compared two different total depths at the test site. A low 
structure may end up above the growing ice layer and, therefore, be subject to 
freezing. However, deeper structures require considerable land mass relocation, 
which may pose challenges in practical implementation as groundwater is rela-
tively close to the soil surface in many places in Finland. Therefore, low struc-
tures reduce the need for moving moving land masses. In addition, water con-
ductivity may be retained if the frost heaving type is porous or granular in a 
frozen layer. This is facilitated by the use of coarse soil textures, which reduce 
the amount of time it takes for water to absorb into the deeper layers and pre-
vents it from freezing. 

Growing media 
Papers 4 and 5 involved developing the layer of growth media. A short-interval 
flooding test was carried out in 2015, which involved determining the success of 
different plant species in various humidity conditions (Paper 4). While the main 
emphasis was on plant species, this test using a particular growth media served 
as a preliminary study of the construction of a test site and the initial phase of 
iterative product development. 

A growth media mixture was developed for the short-interval flooding test in 
collaboration with a local soil material supplier (Figure 22). This initial version 
had high sand content. In the short-interval flooding test, plants, particularly 
those with large crowns, were incapable of staying anchored in the growth me-
dia as the movement caused by wind during the period of standing water was so 
considerable that the plantlets could not take root in the medium. The mixture 
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used in the initial phase was developed for the following implementation by 
adding fine aggregate. However, its share was kept below 5% in compliance with 
general guidelines. The grain-size distribution of the sandy growth media is pre-
sented as a cohesive blue line in Figure 26. 

The OM in this sandy growth media was constructed of decomposed tree bark, 
which is a commonly used component in a growth media mix sold in Finland as 
it does not include peat and thus adheres to the general Central European guide-
lines for conserving peatland habitat. In addition, decomposed tree bark was 
considered to bring more biological activity to the mixture compared to peat. As 
a result, the decomposed tree bark served as a kind of a microbiological ‘starter’ 
in the mixture. 

The guidelines on the growth media layer for bioretention also used more 
broadly interpreted instructions, based on which, the layer comprised a mixture 
of sand, compost, and local topsoil. No previous comparative studies have been 
conducted on the functionality of these two clearly distinct growth media; how-
ever, both of these types are recommended for bioretention. 

 

 

Figure 26. Grain-size distribution of the sandy growth media in the preliminary test (the blue dot-
ted line) and at the field test site (blue line). The other type of recommended growth media 
contained a mixture of sand, compost, and local topsoil (red line). Sandy growth media in-
cluded 2.2% OM by mass and the sand-compost-topsoil included 5.3% OM by mass. (Paper 
5, Fig. 4) 

Vegetation  
The plant selection was developed in two different phases. The initial phase in-
volved carrying out a short-interval flooding test for one growing season. The 
test included determining how well 15 different plant species coped with varying 
conditions (Paper 4). The second phase involved specifying the selection of 
plants and following the development as vegetation cover. Therefore, monitor-
ing conducted during the second phase examined vegetation as a whole instead 
of the success of individual plant species (Paper 5). 

Sustainable, frequently available species commonly used in a built environ-
ment were selected for the preliminary test. The purpose of this criterion was 
not to overlook the significance of native plants but to ensure the success of the 
plant species in an urban environment. When selecting plants, it was ensured 
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that the individual plants could be combined to construct a multi-layer plant 
community to serve as a design element and support biodiversity.  

According to the results of the short-interval flooding test, Geranium macror-
rhizum, Ribes glandulosum and Ribes alpinum could not withstand cyclic hu-
midity conditions, and based on this study, they should not be used in bioreten-
tion. The results for Acer platanoides, Sorbaria sorbifolia, and Syringa vul-
garis demonstrated weak growth in the most extreme conditions; however, 
their usability depends on the allowed periods of standing water. The poor suc-
cess of Ribes alpinum came as a surprise as it is generally considered to thrive 
in both moist and dry conditions. Based on this experiment, the plant is incapa-
ble of withstanding constantly changing humidity conditions even if it does well 
in one of the extreme conditions.  

Individual plant species that flourished in the conditions included Alnus glu-
tinosa, Iris pseudocorus, Betula pubescens, Cornus alba ’Coughaultii’, Salix 
purpurea ’Gracilis’, and Rhododendron canadense. The results indicate that 
some species suffered more from the dry periods than from being left in stand-
ing water. Based on changes in their size index, these species included Rhodo-
dendron canadense, Iris pseudocorus and, most clearly, Lythrum salicaria, 
which demonstrated a more than a two-fold change in its size index in the most 
extreme conditions (6 days standing water + 6 days without irrigation) com-
pared to moderately extreme conditions (3 days standing water + 6 days without 
irrigation). Based on the short-interval flooding test, the selection of plant spe-
cies was adjusted to the needs of the test field. At this point, the selection process 
involved considering the different strategies plants use to spread to allow the 
vegetation in the construction to also develop as a dynamic plant community.  

The conditions of vegetation-covered SUDSs can vary considerably despite 
careful planning and measurement calculations. Therefore, there are grounds 
for constructing planting areas with multiple species that spread appropriately, 
so other species can replace a species that has declined or died. In the context 
of plant selection, this means there is a demand for a new kind of competence 
as there should a mutual balance between the plants in terms of their spreading 
potential, but the plants should also be able to withstand varying moisture con-
ditions.  

4.2.2 Construction details define functioning  

For the purposes of examining the water, vegetation, and soil integration, a five-
cell test field was constructed with the aim of comparing the functionality of the 
structure in Finland’s conditions. The construction layers of the bioretention 
cell base on the description in the prevous section, and the surface size of the 
cells covered an approximately 5 x 5-metre area. The test field had five experi-
mental cells with two construction depths and two growth media mixtures. The 
fifth cell was a sand filter used to compare the general differences between veg-
etation-covered bioretention structures and a sand filter. The results of this sec-
tion are presented in Paper 5. 
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Heavy-rain simulations  
For managing water volumes, the functionality of the test field cells was com-
pared using a heavy rain simulation. The results were used as the basis for eval-
uating their differences in ponding time, water retention, and peak flow reduc-
tion in event-based precipitation. The biggest difference between the materials 
of the growth media and filter layers was their outflow in the first 8–10 hours as 
the outflow from the sandy mixture had not even properly begun by the time 
70% of the water had already drained from the media-containing compost ma-
terial. However, in the context of this finding, it must be noted that the results 
are based on activities in the cells within the first year. At this point, it can be 
assumed that the soil layers had not yet compacted and settled into their final 
form. 

Ponding time turned out to be an interesting factor in the compared structures 
as the maximum amount of time a puddle remained visible was 8 hours. How-
ever, both international and local instructions determine the maximum time as 
24–72 or even 96 hours. It appears that accomplishing such long-term puddling 
is difficult using the growth media materials included in the comparison. Ex-
tending the puddling period over several days would require a considerable in-
crease in the proportion of fine aggregate in the mixtures used.   

The outflow pattern between single, repeated simulations revealed the effects 
of growth media types on outflow speed and volume when rain simulations were 
repeated on several consecutive days. In the saturated structure, the sandy 
growing layer mixture worked nearly the same way, whereas the growth media-
containing compost proved far more efficient at water retention during the ini-
tial days of the rain simulation. Subsequently, its retention capacity changed, 
but then remained the same for an additional (i.e., third) day. During the first 
day and the rain simulation days that immediately followed this, the outflow 
doubled from 175 litres to 350 litres at the 6-hour mark. In contrast, there was 
no significant change in the lag time as the number of rain simulations in-
creased. Based on the results, it can be noted that, from the perspective of 
stormwater volume management, the material used in the growth medium and 
filtering layer is more important than the depth of the structure. Filtering ma-
terial adjusted to the needs of vegetation cover with grain size and OM content 
suitable for plants also performs better at managing stormwater volumes com-
pared to a sand filter.  

Vegetation coverage  
All bioretention cells had the same plant selection, but the plants were pre-

grown in the specific soil mixtures in the test field. There were distinct differ-
ences in vegetation coverage between the growth media mixtures. However, the 
depth of the growth media appeared to have no impact on the vegetation cover-
age. 

The general objective of this test field was to provide comparable information 
regarding vegetation-covered SUDSs and traditional sand filters. This objective 
demanded fostering plant growth to the appropriate level in terms of multi-lay-
ered urban vegetation, and therefore, the aim of maintenance during these first 
few years was to ensure proper growth in all the bioretention cells. The growth 
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of the vegetation in the sandy growth media had to be already supported by ad-
ditional fertiliser during the first growing period to achieve growth characteris-
tic of the species. This may conflict with stormwater quality management where 
the role of bioretention cells is considered to involve filtering out excess nutri-
ents from stormwater. Nevertheless, the starting point for the test setting was 
to also examine the biofiltering structure as a design element, which makes fa-
cilitating multi-layer and vital growth a fundamental premise. Additionally, all 
of the plants in this experiment were small plantlets.  

For the purposes of this study, vegetation coverage and related changes were 
followed for two growing seasons to make the effect of winter visible. The inten-
tion was to follow good gardening practices by fertilising the plants but avoid 
overfertilisation to prevent unnecessary nutrient emissions from being released 
in the outflow. Finding such a balance between the nutrients vital to plants and 
the quality of stormwater emitted from the cell is one of the key differences be-
tween the practical context and academic research. While the aim of bioreten-
tion is to retain nutrients as efficiently as possible, vegetation growth may not 
be of secondary importance, particularly in an urban environment. The sandy 
growth medium used in this experiment appears to be vulnerable to trampling; 
thus, ordinary urban living may easily prevent the vegetation in the cell from 
growing. The surface of the bioretention may also be mixed as a result of expo-
sure to children’s play, dog-walking, and shortcuts made in everyday walking, 
and thick and multi-layer vegetation plays a key role in guiding people’s move-
ment. 

After planting the seedlings, the growth and development of the green cover-
age was uniform for approximately one month, followed by green coverage 
forming more rapidly in the cells using the compost mixture. Although the 
sandy growth media cells were fertilised in accordance with good gardening 
practices at this stage, their green coverage did not start developing at the same 
rate as in the areas where compost was used before the autumn. Hence, the ini-
tial situation for the two different growth media was different at the beginning 
of the second spring. In early summer, the green coverage of the areas with me-
dia containing compost was 70–80%, and it was approximately 25% in the cells 
with sandy growth media. However, it must be noted that good gardening prac-
tices resulted in an approximately 80% increase in green coverage at the end of 
the summer, following by 100% coverage in the cells using compost. In the cells 
with sandy growth media, 100% green coverage was not accomplished during 
the examination period. 

Functioning in cold conditions  
While there was lower than average rainfall during the winter following the im-
plementation, the winter period included two separate thawing periods at the 
end of November and December. Overall, the sand filter appeared to work 
throughout the entire winter season. The outflow from all of the cells began be-
fore the snow coverage melted, as soon as the temperatures climbed above zero. 
While there was outflow from all of the cells during the initial melting period 
that occurred in the winter, only the sand filter was clearly working during the 
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second melting period. Nonetheless, no plants were observed to have died be-
cause of frost heave in any of the cells during the following growth period. These 
results concerning activities occurring during the winter describe the functions 
of individual cells on a mesocosm scale during an individual winter. The results 
in this area are mostly indicative descriptions of the differences between the 
cells during the first winter after their construction. 
Summary: The field experiment provided a deeper, empirical and scientific 
understanding of bioretention, particularly, but also of the functioning of the 
GI’s core system. The cells used a single-filter structure and the main compari-
son was between growth media specifications and construction depths. The con-
struction depth seemed not to have an effect on vegetation coverage, although 
the growth media used did. Organic matter and fines are needed for water- and 
nutrient-holding capacity and, therefore, these qualities supported vegetation 
growth. If plant growth is not the main aim of bioretention design, the sandy 
growth media seemed to be more suitable for stormwater quantity and quality 
management. Although these results were developed in the context of bioreten-
tion, they also apply to the system of water, vegetation, and soil as GI’s core 
system. 

The results are useful for the optimisation of bioretention cells in Finland, the 
optimisation of substrates, plant selection purposes and, in general, the im-
provement of GI’s core system in Nordic environments. The outcome of this ex-
periment stresses the need for a case and site-specific adaptation of standard-
ised SUDSs and consideration of the design details of the growing conditions of 
urban vegetation and the ecosystem services it provides. 

4.3 Improved plot-scale green infrastructure for up-scaling 

If GI and the water system are considered as open systems, integration or con-
sideration of the different scales where these systems are present becomes nec-
essary, especially if the design of plot-scale GI is expected to have a systemic 
effect, exceeding the aggregation of plot-scale benefits and functions.  

4.3.1 The integrative design process improves plot-scale green infra-
structure 

Paper 6 studied the practical implications of the integration of water and veg-
etation systems in a design process, first, to improve plot-scale GI and, second, 
to use the potential of plot-scale GI for enhancement of blocks and neighbour-
hoods. This section presents the results for how vegetation-integrated storm-
water management can be optimised or improved through the design process. 
Papers 3 and 6 explored how garden designs may include SUDSs and vegetation 
areas as isolated entities. Soakaways could be placed in the middle of a lawn, 
even if there was a wide mass planting area next to it. Such design solutions 
appear to be based on separate thinking processes from those concerning the 
placement of vegetation and stormwater management. Paper 6 presented an in-
tegrative design process, which integrated the regular uses of vegetation in a 
garden with the goal of balanced stormwater management (Figure 27). 
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Figure 27. The steps of an integrative design process and the main objectives of each step. 
(Summarized from Paper 6) 

Hence, the integrative design process did not start with determining the 
stormwater management treatment train but, instead, involved giving shape to 
the conventional garden design process, the mutual placement and dimensions 
of different functions, and the divisions and series of spaces. This conventional 
garden design approach was adopted because LDH gardens include a vast vari-
ety of different functions, needs, and locally varying conditions (Paper 1), which 
must be respected when integrating GI into them. At this stage, which involves 
determining the design layout and spatial structure, vegetation is simply used 
as one of the design elements, which does not dominate other design elements. 

During the second stage, vegetation on the plot is examined through different 
planting types in an integrative design. According to Paper 6, five different 
planting types were identified on studied LDH plots: a) screening and border 
fences, b) inner space dividers, c) ornamental plantings and decorations, d) veg-
etable gardens and greenhouses, and e) lawns. Of these planting types, b) and 
c) required revising the growth media volume as they were located at the con-
cavity of the impervious surfaces draining their environments. In addition to 
checking the growth media volume, this second design phase also included 
checking and redesigning the location of planting types b), c), and d) on the plot 
as the watering of these plant types can be managed with stormwater. In prac-
tice, this means examining the appropriateness of the mutual placement of the 
sites from which stormwater originates and the planting types with a high water 
demand. Stormwater is generated both at downspouts and at the ends of gutters 
leading from these, as well as from all level surfaces, such as parking spots, pa-
tios, and walkways, and the roofs of garden sheds and greenhouses. However, 
water needs in these vegetation areas vary; hence, water storage tanks must be 
placed in these areas to secure a sufficient water supply for a vegetable patch. In 
contrast, more standard flower beds can benefit from infiltrating stormwater 
management solutions. 

Treatment trains were examined during the third stage. Instead of construct-
ing band-like ditches, the purpose was to utilise the vegetation-covered surfaces 
as a functional part of the treatment train. The aim was to use the treatment 
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chains to connect the different vegetation areas determined in the previous 
stage. While it is clear that these chains must be supported by traditional, clearly 
defined SUDSs, these and the planting areas must together form a chain that 
does not come across as an end-of-pipe solution. Slightly wider, lush vegetation 
areas emerged at the lowest points of these solutions on the plots examined in 
Paper 6. In practice, the stormwater in this area originated from the roof of a 
building on the other side of the plot and from surfaces used for parking and 
amenities, where water had to pass through a lawn area used for recreation. 
Thus, the lawn served as a key management element for conveying and partly 
filtering stormwater in this block model, although it has not been categorised as 
a SUDS. Depending on the design solution, similar surfaces that gradually con-
vey and infiltrate water at the same time include perennial flower beds and mass 
planting areas on the borders of plots and around ramps. 

The fourth stage included designing the structure on the detail level to find a 
balance between water management and the potential for vegetation to thrive. 
This balance was sought by detailed definitions of the growth media and the 
structures directly below and adjacent to the media. This integrative design pro-
cess combines impervious and pervious areas together to take full advantage of 
the collected runoff for the use of vegetation. Sustainable urban drainage sys-
tems play a supportive role in this integrative design process rather than being 
the indisputable main components. 

As a result of this approach, stormwater management involves finding a bal-
ance between different surface materials and functional areas. Hard surfaces 
can contribute to the collection of stormwater, and the locations of planting ar-
eas can be adjusted to ensure that they can utilise the water collected in imper-
vious areas in an appropriate manner. The continuum is visible when examining 
water movement and storage in the soil surface structure. From this perspective, 
stormwater management also concerns water infiltration, conveyance, and stor-
age for later or further use at the plot scale.  

4.3.2 Constructing multi-scalar GI and habitats in LDH areas  

Garden-scale design and locations of plantings form block-scale habitats. The 
pattern of these habitats together with sealed surfaces form the biophysical plat-
form of LDH. According to paper 6, this platform consists of five habitat types: 
a dry habitat next to buildings, a dry habitat with screening plantings that de-
pends on irrigation during dry periods, garden vegetation with a high capacity 
for stormwater management, fertile growing depending on irrigation, and a 
multi-layered vegetation (Figure 28).    
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Figure 28. The block-scale habitat types evolving from plot-scale designs.(Paper 6, Fig. 5) 

The GI of plots also plays a key role on the block scale and in the entire LDH 
area. Paper 6 used scaling solutions to the block and neighbourhood scales as a 
tool for improving GI. When examined on the neighbourhood scale, the green 
spaces on plots created various habitats, which were based on the aforemen-
tioned continua of surface-layer water balance. In the blocks included in Paper 
6, the building masses were designed to be placed along the street-side plot bor-
ders. As a result, the building masses and their elevations formed a block-spe-
cific micro watershed, dividing the plots into a front and back yard. The mutual 
placement of building masses also determining which parts of the plot were kept 
dry as a result of building foundation drainage, which also formed a dry, band-
like area across the entire block.  

This need for drainage with the means of construction technology was also 
visible on roads, parking areas, and all garden structures protected against frost 
heave, including walls, pathways, sheds, and greenhouses. These areas had been 
drained with construction technology solutions and also had to be kept as dry 
growth sites. This forms the first habitat type for blocks. However, it was noted 
that a densely built LDH block would inevitably encounter situations where veg-
etation is planned for these dry areas for various purposes, such as to provide 
screening on the plot borders and, according to Paper 6, this forms the second 
habitat type. Paper 6 suggested using shared soil volume in such areas, which 
involves planting vegetation along the same plot border on neighbouring plots, 
as this provides the vegetation with more growth media volume than is typically 
available for vegetation on the plot’s borders. This additional volume ensures 
sufficient water and nutrient retention in the growth media without unneces-
sary drying caused by the surrounding areas being drained with construction 
technology solutions. Although this is a dual situation, vegetation often plays an 
important role in dividing spaces, providing protective screening, and increas-
ing amenity on these spots. Properly planning the growth media factors con-
cerning these areas significantly affects the potential for vegetation to thrive.  

Areas of garden vegetation with good capacity formed the third habitat on the 
block scale. While these areas were located far from the buildings in the exami-
nation on the block scale, they were not designed as such for multi-layer vege-
tation. These areas had the potential for diverse stormwater management and 
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no limitations concerning infiltration. In the neighbourhood investigated in Pa-
per 6, these areas were mainly comprised of lawns or space-dividing planting 
areas, and this use of space related to stormwater management or planting areas 
was less dense than in the front yards of the plots.  

The fourth habitat type included the areas used for intense growth and culti-
vation, such as vegetable patches, crate gardening, and greenhouses. These ar-
eas, designed for food production, were based on the cultivation of annual food 
crops, which requires regular irrigation and the availability of nutrients to en-
sure constant food production. The location of these areas was more random 
compared to the block-scale habitats described above as not all plots necessarily 
included cultivated areas. However, in blocks with cultivated areas, there were 
good grounds for placing these on the same spots on plot borders to ensure an 
adequate shared growth media volume and optimal light conditions. Cultivated 
areas need as much unobstructed sunlight as possible. This, in turn, increases 
evapotranspiration, resulting in higher irrigation needs.  

The fifth habitat type consisted of eutrophic multi-layer vegetation, which 
emerged as separate LDH plots planted with similar vegetation on the corners 
of plot borders. This creates a shared growth-media volume and a eutrophic, 
block-specific habitat when the area is located on the lowest point of the block. 
Working with the growth-media volume shared between neighbours is essential 
to the formation of all of the above habitat types. Block-specific habitats are 
fragmented as a result of small, unauthorised solutions, such as the addition of 
a greenhouse to a vegetable patch. However, overall, a variety of habitats bene-
fits diversity, and developing and appreciating drier habitats on the block scale 
should, therefore, be emphasised. 

Habitats on the block scale, as kinds of meta-planting areas, can further take 
on a further role on the neighbourhood scale. At this scale, the most eutrophic 
areas may function as stepping stones joining two separate forest patches or 
parks or support the corridor-like role of urban green spaces. The watershed 
presented on the LDH neighbourhood scale helped to bring attention to the 
blocks and neighbourhoods that can construct eutrophic habitats emerging as a 
result of the combined effect of stormwater and vegetation. Thus, there are 
grounds for urban planning on the neighbourhood scale to also determine eco-
logical tasks for plots as these may play a key role as the aforementioned step-
ping stones or in supporting an ecological network. If LDH plots and their gar-
dens are perceived as mere white zones, the system formed out of them cannot 
be utilised on the neighbourhood scale. An idea that a neighbourhood could in-
dependently gain and manage the tasks of GI on the city scale could be derived 
from this. If this were achieved, instead of merely randomly producing GI in 
each plot or block, the neighbourhood would produce it in a predetermined 
manner, corresponding to an actual need. In this context, the core system would 
consist of a balance between soil, vegetation, and water on the operative level. 
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4.3.3 Six criteria to improve the planning and design of scalable GI 

Six multi-scalar and hierarchical key criteria (Figure 29) were identified for 
the design and planning of scalable GI: a) adapting to local conditions (Papers 
2, 4, 5, and 6), b) balancing between multiple functions and increasing the pro-
visioning of ecosystem services (Paper 1, 5, and 6), c) controlling impervious-
ness as a precondition for GI, d) integrating water, soil, and vegetation (Papers 
3, 4, 5, and 6), d) maximising the block-scale performance and the proportion 
of ecosystem services (Papers 1 and 6), and recognising the dynamic character 
of nature as an asset (Papers 1 and 6). 

 

 

Figure 29. The enhancement of garden-scale and block scale GI builds on six interdependent 
and hierarchical criteria. (Figure, O.Tahvonen) 

The first criterion stresses planning and design practices that adapt to local 
conditions. This criterion entails two approaches, the first of which relates to 
the site and its location in the landscape ecological system and the conditions it 
provides for gardens. Second, local adaptation refers to the utilisation of locally-
sourced materials in different stages of landscape construction. This perspective 
emerges from sustainable development goals. It involves making use of the 
landmass available on the site in construction and improving these for the in-
tended purpose or feature. For stormwater management services, the measure-
ments of the structures must be applied to suit the local rain conditions and the 
soil’s infiltration capacity. 

The second criterion concentrates on balancing between multiple func-
tions in gardens. The premise is to identify the multifunctional nature of LDH 
and its gardens as this supports provisioning of ecosystem services. To ensure 
multifunctionality, Paper 1 presented a checklist for urban planners based on 
what the dimensions of multifunctionality mean in the context of designing the 
biophysical environment of gardens. The list brought attention to plot size, the 
openness of main views, enabling gardening as a hobby with a connection to the 
subsoil, and the sufficient availability of light as sociotechnical viewpoints. So-
lutions presented for retaining ecological potential on the plots included re-
stricting the proportion of impervious surfaces, reserving enough space for large 
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trees, and enabling intact growth media layers. The checklist enabled the con-
ditions for multifunctionality to be made more evident to urban planners on the 
plot scale, which means that the topic was examined from the bottom to the top 
scale. 

In addition, Paper 1 examined scaling the multifunctionality of gardens on the 
block and neighbourhood scale. Up-scaling aimed to examine what happens to 
multifunctionality on the higher scales. According to this paper, the size of LDH 
plots could be compensated for by moving certain garden functions to the block 
scale. However, caution should be used in predetermining these functions. Pa-
per 1 described this phenomenon as an emergence of system theory, in which 
the multiple phenomena on a lower scale produce new phenomena at a higher 
scale. The study described these to include, for instance, the joint ownership or 
of gardening tools or premises, such as equipment or a specialised greenhouse. 
In turn, these contributed to laying a foundation that could be utilised in build-
ing communality or socioecological sustainability in the LDH area. Therefore, 
combinations of the different pillars of sustainable development occurring on 
the neighbourhood scale can also be introduced to the block and plot scales. 
However, it must be noted that the scaling described in Paper 1 has been carried 
out from the bottom to the top, and reverse scaling might not produce the same 
results. 

The third criterion is control over impervious coverage as the proportion 
of pervious areas is a precondition for GI. Impervious surfaces limit soil-con-
nected GI potential on the plot scale as impervious surfaces prevent direct water 
infiltration and separate the soil from vegetation. However, impervious surfaces 
can have a beneficial effect on the plot scale because they can be used to collect 
water and convey the resulting surface runoff to vegetation. This can be done if 
the impervious surfaces on an LDH plot are not extensive, no surface runoff is 
directed to the plot from outside areas and if the location of the planting areas 
in relation to the areas from which water originates serves this purpose. 

The impervious surfaces on an LDH plot are determined in three stages (as 
presented in Section 4.1.1): urban planning, architectural design, and garden 
design, as well as use changes over time. While use change results in changing 
and reshaping the vegetation areas, it also appears to lead to a gradual increase 
in impervious areas. These factors form a frame for the selections made in gar-
dens contribute to 38% of the impervious surfaces on plots. This foundation for 
impervious surfaces in a garden is determined by the locations of the residential 
building, garage/parking spot, and entryways. When the distances between 
these are short, the share of paved pathways is smaller. In addition to these fac-
tors creating basic functionality on the plot, impervious surfaces emerge as a 
result of recreational areas, other pathways in the garden, and garden sheds. In 
itself, gardening also contributes to adding impervious surfaces in LDH gar-
dens. Nevertheless, there are few instructions in urban planning following the 
currently utilised practices in Finland concerning the generation of impervious 
surfaces on a plot; instead, the main focus is on determining plot density.  

Another factor involved in retaining the GI potential of gardens is control over 
imperviousness, which is discussed in Paper 2, as impervious surfaces prevent 
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vegetation from connecting to the soil and generate stormwater. The new ap-
proach to this equation was based on an examination of  the continuum created 
by different surface materials. A similar approach is also presented in the de-
scription of the habitat transect on the block scale. According to Paper 2, plot 
size did not directly determine the scope of vegetation-covered areas in a garden 
as green areas were retained even on the most densely built plots. This suggests 
that living in a detached house is connected to gardening and that people wish 
to have green areas on their plots regardless of its size. If necessary, residents 
are even willing to compromise on other impervious surfaces to ensure that 
their plot includes vegetation coverage.  

The fourth criterion is the integration of vegetation, soil, and storm-
water, which requires knowledge and skills at the detail scale to apply standard 
SUDSs to local objectives and conditions. From a GI perspective, planning a 
stormwater management system and vegetation as two distinct entities is prob-
lematic because these measures may result in solutions that involve conveying 
water in a gutter through a planting area suffering from drought. Moreover, 
strict and partial guidelines and regulations might prevent designers from 
thinking systemically and holistically. This may, therefore, reduce the opportu-
nities for adapting designs to the local conditions and the availability of soil ma-
terials and for optimising soil transfers based on the local mass balance. Stand-
ard SUDSs may also guide designers towards designing separate, isolated man-
agement solutions. Based on Paper 3, two general professional approaches to-
wards SUDS designs can be identified: promoting the ultimate use of runoff by 
vegetation or conveying the runoff to outside the plot. The use of runoff for the 
needs of vegetation is supported by findings on bioretention, both in the case of 
SUDS and in the areas of conventional plantings. 

On the plot scale, developing GI requires an equal, simultaneous design of 
vegetation and stormwater solutions as part of all other features and functions 
typically included on a plot. This requires designers to have an ability to adapt 
and modify their detail-level solutions regarding regular growth media, soil 
amendments, and infiltration structures. These surfaces and land mass volumes 
can be used as the basis for managing surface-layer runoff and designing soil 
structures for water infiltration, storage, and capillary action that are safe for 
the structures on the plot and available to the roots of vegetation. 

In designing GI on the plot level, designers must also examine the entity 
formed on the block level and how independent plots can up-scale to the block, 
neighbourhood, and city scales. This fifth criterion challenges designers to con-
sider the factors outside the property borders and consider the plot as part of a 
wider open system and network. The planting areas designed on both sides of 
borders maximise the volume of growth media. Together, these improve the wa-
ter- and nutrient-storage capacity of the planting areas and the potential for mi-
crobiological activity in the soil and are likely to produce vegetation with more 
diverse species. Hence, successful designs on the plot scale may contribute to 
building habitats on the block level. In addition to containing vegetation rich in 
nutrients and biomass, these habitats can also be dry. 
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However, in the context of such block-scale habitats, it is worth noting that 
choices made during the design stage on private plots may be changed as a result 
of changes to the inhabitants’ life stages. Indeed, change and a constant state of 
transformation are factors intrinsic to an LDH area, which means an improved 
GI can also be reversed, even within a short period of time. Each LDH has its 
individual location in the city-scale ecological and functional network, and that 
affects the potential of the GI that it contains. This location and the dynamic 
character of nature are a potential asset for urban planning. 

The sixth criterion is to enhance garden-scale GI focus on the dynamic char-
acter of nature as an asset. Ownership entitles people to manage their plots, 
and owners may even perceive adjustments to their plots as a means of self-
expression. Similarly, residents’ preferences continue to change, fashion and 
gardening trends inspire people to constantly modify their gardens, and 
changes in income level and solutions chosen by neighbours affect the selections 
made on individual plots. This tendency towards change can also be understood 
as a positive resource in building sustainability. The constant change in resi-
dents’ gardens might be studied using the concept of an SES. In practice, man-
aging this change or steering it, at least on some level, requires new tools for 
urban design and education. Socioecological system management in LDH areas 
requires participatory workshop activities, a bottom-up approach in coopera-
tion with non-governmental organisations, and various regional development 
programmes, examples, competitions, events, education, and guidelines. There-
fore, maintaining the gardening potential of LDH areas is not only achieved by 
traditional methods of urban planning since it requires a combination of meth-
ods and approaches. 
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5. Discussion 

 

5.1 Theoretical implications 

Urbanisation demands more accurate recognition and use of all urban green 
spaces. The importance and role of LDH and, in particular, its private domestic 
gardens have been vague. The overarching aim of this dissertation was, first, to 
recognise the role of private domestic gardens and, second, to develop their po-
tential to better support city-scale GI in the practices of urban and landscape 
planning and garden design. A significant proportion of urban residents live in 
areas of LDH in Finland, and, therefore, the potential of LDH needs to be iden-
tified in order for it to be put to better use in urban and landscape planning. 

The improvement of garden-scale GI depends on details that integrate water 
and vegetation through the soil. This dissertation claims that the core system of 
GI is exactly this interconnected system of water, vegetation, and soil, a claim 
that is in line with the findings of Pitman and colleagues (Pitman et al., 2015). 

When applying this core system to the garden scale, different conditions along 
the plots that affect the core system’s functioning emerge. This causes the core 
system to modify along the continuum of green and grey, or impervious and 
pervious surfaces, throughout the garden space. The core system includes both 
green and gray spaces and exists in all parts of the plot. It exists in planted areas, 
which provide the vegetation component of GI, and sealed areas, which provide 
restricted growing conditions but generate water for vegetation. These surface 
coverages both enable and limit the functioning of different degrees of the GI’s 
core system.  

This core system of GI builds on water flows and plant growth, as well as the 
existence of vegetation and the characteristics of soil as a medium and site-spe-
cific regulator. It exists even if the land surface is designed not to have vegeta-
tion (e.g. gravel or sand surfaces). In this context, gardeners maintain the land 
surface and remove vegetation by weeding. A continuous need for weeding in-
dicates that the process of growing exists even though vegetation is removed. In 
multi-species and multi-layer plantings, the aim of the system is to generate 
growth, and this objective is supported by horticultural maintenance processes, 
such as irrigation, plant selection, fertilisation, and soil improvement. At the 
other end of this continuum is hardscaping, of which the growth of plants is not 
a goal. Nonetheless, the joints of bricks (on sand bed foundations) create a 
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scarce, dry growth environment for specific plant species. As a whole, this con-
tinuum creates a diverse habitat that is apparent in the private gardens of LDH 
and represents, in most cases, built biodiversity ranging from a building’s wall 
base to the plot’s border. The core system of GI modifications is found through-
out the surface continuum in private gardens. 

This idea of a continuous system also applies to vegetation integrated with 
buildings, such as green facades and green roofs. In these environments, soil 
volume and the water-holding capacity of the system are limited. To ensure suf-
ficient conditions for growth, the flows of the core system of GI are supported 
by external technology and energy (e.g. by drip irrigation, where liquid fertilis-
ers are automatically added). Consequently, this end of the continuum is de-
pendent on technology and energy, while, on the other end, there is planted veg-
etation connected to the ground with more flexible dimensions of soil volume. 
In this sense, the continuum implies the degree of the GI’s dependency on tech-
nology. 

Impervious coverage and more detailed surface qualities define the existence 
of the core system. The idea of a continuum or transect has also been used in 
earlier publications in the context of GI, such as that by Bartesaghi Koc and col-
leagues (2017). They identify four categories of GI: tree canopy, green open 
spaces, green roofs, and vertical greenery systems. The approach to GI as a con-
tinuum is also presented by Abunnasr (2012) as GI transects including the land-
use forms of peri-urban, suburban, transitional, urban, urban core, and coastal. 

 
 

 

Figure 30. The main outcome of this thesis is the definition of GI’s core system and the continuum 
it builds on plot-scale conditions based on construction practices and possibilities for enhanc-
ing GI’s core system. In turn, this continuum generates block-scale habitats that define the 
nature of overall LDH. (Figure, O.Tahvonen) 

Green infrastructure’s core system constitutes an ongoing process that urban 
planning, design, and residents modify either purposefully or unintentionally. 
In addition, the concept of a GI continuum helps both residents and designers 
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consider water, soil, and vegetation as an integral component of GI rather than 
separate elements of gardens (Figure 30). In this sense, sealed surfaces that are 
not connected to the stormwater sewage system to collect water for plantings 
and lawns are one part of a functioning garden-scale GI system. Furthermore, 
lawns may be considered SUDSs if they receive runoff from nearby paving. The 
intended purpose of lawns is not stormwater management, but they can infil-
trate a significant portion of runoff. Byrne (2007) argues that homogenous 
lawns do not provide ecologically interesting habitats, but if gardens are consid-
ered systems, they do have a clear role in the continuum of GI’s core system. 

Plot-scale GI also requires the consideration of changes that modify the 
green and grey continuum on plots, garden areas, and surfaces. The uses and 
needs of residents include the idea of change, and gardening is constantly 
changing and taking on new forms of gardening. The nature of these multiple 
ongoing changes throughout LDH areas may be better understood by system 
thinking. System thinking aims to see the whole instead of separate elements 
and pays attention to the connections and feedback between separate elements 
or networks that form the overall system.  

Decentralised SWM should not follow mechanistic or reductionist thinking, 
which only provides a network for water management; rather, it should follow 
system thinking, which, in the case of LDH, is strongly influenced by residents 
and gardening preferences in allowed spaces and by the relationships between 
plots. The plot-scale space is needed for multiple functions, and in the case of 
gardens, water, soil, and vegetation are only three elements. However, they form 
the core system of GI, which generates ecosystem services for residents. There-
fore, it is the interface between the demand and the provided benefits. 

Regarding SWM, system thinking modifies the design process from mono-
functional to integrative design. If garden design includes stormwater manage-
ment as a separate stage, it may result in well-detailed SUDSs, and their capacity 
may be calculated for water quantity or quality management. At its best, this 
way of working generates a network of SUDSs that are optimised by careful de-
sign but might fail to serve the amenity and biodiversity goals of garden design. 

Garden-scale improvement of GI also provides focused possibilities for the 
block, neighbourhood, and city scales. At the plot scale, GI may be enhanced by 
following the green-grey continuum; it may also affect habitat provisioning on 
the block scale and make each LDH work in a specialised way at the city scale. 
Thus, blocks may support functional vegetation-covered habitats instead of sep-
arate plantings. 

If McHarg’s ecological model is used, urban planning could determine more 
specialised characteristics for different LDHs, which means ecological functions 
and aims could be more carefully defined, tutored, and monitored based on an 
area’s location within the landscape’s ecological system. In practice, this could 
imply defining the maximum EIAs to reduce stormwater in the sewage network 
while also allowing future changes in garden layout, defining the minimum 
number of trees to increases canopy coverage for the movement and nesting of 
avian species, and ensuring sufficient garden space to allow multifunctionality 
to support resilience on the neighbourhood scale. 
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Private plots of LDH and their constantly evolving gardens form man-made 
urban nature. It is regenerated by humans who develop a relationship with na-
ture, foster their piece of garden habitat, and express their values or status in 
their plots. This makes LDH and its gardenscapes diverse and dynamic when 
considered these from a bottom-up perspective, and this potential could be bet-
ter included when defining specialised roles for LDH in the planning process 
(Figure 31). The system of LDH contains rapid, agile changes on the plot and 
detail scale, but changes are slow and unpredictable on the block and neigh-
bourhood scales, which are typically managed by planners and municipalities. 
Low-density housing is, therefore, a challenge for the planning and manage-
ment of GI and its ecosystem services. Urban planning needs to incorporate the 
bottom-up-based dynamics that may turn the development of GI in any direc-
tion and that might have an enormous potential for city-scale GI.  

 

 

Figure 31. LDH (in red) in relation to public green areas (left); LDH in relation to topography wa-
tersheds (right) in Helsinki’ metropolitan area. The ecological functions and aims could be 
more carefully defined when planning focuses on multifunctional and multi-scalar aims for 
LDH. (Information based on open spatial data) 

Low-density housing and its gardenscapes constitute a significant proportion 
of the urban green space system. This privately owned and managed GI serves 
ecosystem services not only for its owners but also its citizens. It requires up-
dating planning practices in order to incorporate new methods and tools work-
ing on multiple scales, comprehend and incorporate the evidence of change, bet-
ter define and locate the specific nature that GI holds, and manage and guide 
grassroots gardeners for specified aims. This provides a basis for novel LDH that 
evolves from socioecological functioning. 

However, urban planning is limited by traditional zoning practices that rely 
on the correlative placement of functions, which involves determining different 
functions based on their main purpose. In the context of LDH, the main function 
is housing, and the most typical metric is population density or square metre 
floor area. Nonetheless, today’s cities include a number of features percolating 
a number of land-use categories. One of the elements penetrating all land-use 
categories is urban green spaces. Thus, urban planning faces the challenge of 
finding representation schemes that cover the multifunctionality of an area, as 
well as expected changes. 
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There is a need to present the multifunctional aspects of GI to allow people to 
properly perceive the nature of GI on the scale of an entire city. Monofunctional 
urban green space representation schemes usually present areas with LDH as 
blank areas, although private plots within LDH significantly contribute to the 
entire city’s GI. Low-density housing, as part of the city's entire GI, can serve as 
a matrix of well-functioning urban ecology systems. 

5.2 Practical and methodological implications 

This dissertation provides practical implications for urban planners, garden de-
signers, and construction practitioners. For urban and landscape planning, this 
study formulates two check-lists. The first checklist (Paper 1) relates to the di-
mensions of multifunctionality in domestic private gardens and aims to link an 
urban form to the meanings and functions that a garden space provides for its 
owner. The second checklist (Figure 25) concentrates on enhancing garden-
scale GI and its scalability potential. 

The improved garden design process provides procedural knowledge for de-
signers. A water-integrated design process should not begin by defining treat-
ment trains or separate SUDSs but by considering the form and function typi-
cally found in gardens. If this fundamental meaning of garden design is ignored 
during the first phase, SWM is not fully integrated into the conventional use of 
vegetation as space dividers, ornamentals, or border fences. These profound 
functions of vegetation are then combined with SWM by using, for example, bi-
oretention with multi-layered vegetation. The main consideration is to ensure 
soil volume that balances water, vegetation, and soil systems in all parts of the 
garden area, not only within SUDSs.  

For urban and landscape planners, this dissertation provides six criteria to 
enhance multi-scalar planning and design practices. These criteria apply both 
to garden-scale design and upper-scale planning in LDH. The dynamic nature 
of LDH and its gardens presents significant ecological potential. This potential 
may be considered a threat for urban ecology in some cases, but with clever use 
of still-unknown bottom-up tools, this potential may support also ecological 
networks. 

Alongside the methodological improvement of multi-scalar GI enhancement 
described above, this dissertation develops construction details and material 
specifications for the needs of practical landscape construction. For the fields of 
landscape industries and construction practices, this dissertation provides ap-
plicable knowledge for the development of soil mixtures in bioretention and 
construction details for the use of local materials and for layer depths in man-
aged soils. This knowledge will be further developed over the coming years when 
data from mature bioretention cells are obtained. Currently, two companies are 
engaged in product development of appropriate soil mixture and plant type 
specifications and combinations based on parts of this dissertation.   
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5.3 Limitations and proposed further research  

The focus of this dissertation is private gardens in LDH and scalable GI sys-
tems. As this land-use category is heterogeneous and undergoes continuous 
change, it is challenging to study it fully in this context. However, the generated 
results describe the multifunctional nature of LDH and reveal the potential for 
developing scalable GI in LDH areas. 

This dissertation uses data from sites in Finland, which restricts the applica-
tion of the results to local conditions in Finland. This was essential for the de-
velopment of bioretention practices and, therefore, may be considered one of 
the advantages of this work. However, the idea of a green-grey continuum can 
be applied to a wider context. 

The research conducted for the dissertation involved triangulation which re-
fers to the use of different methods. The test field provided conventional scien-
tific data regarding the functioning of experimental cells, whereas RbD concen-
trated on designers’ choices during the design process. These methods aimed to 
map the terrain around vegetation-integrated SWM in practice in an uncom-
mon combination. However, all the data describing private gardens originated 
from housing fairs. These data describe the ‘ideal’ designs commercially pro-
vided to private homebuilders and are, therefore, not representative of all the 
Finnish private gardens. These garden designs were created by professional de-
signers who wanted to show possibilities for future homes. The selection of 
methods and, partly, the development of methods, provides new possibilities for 
the field of landscape architecture. 

Based on this dissertation, there are two main avenues for further research. 
First, the approach to private gardens and plots as a micro SESs requires further 
description and research. The set of individual choices and the set of factors af-
fecting these choices should be known in greater detail to develop tools to man-
age the overall characteristics of plots and LDH areas. This system absorbs and 
evolves in multiple ways relatively quickly, and this potential could be better 
used in urban planning. The second avenue involves applying the green-grey 
continuum concept to other land-use classes. Low-density housing presents het-
erogeneous surface coverage whereas industrial or car-dependent commercial 
areas have fewer property owners and, often, more extensive impervious cover-
age. This raises the question of how the idea of GI’s core system and the green-
grey continuum would provide enhanced GI in LDH or any other land-use cat-
egory. 
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6. Conclusions and Recommendations 

This dissertation concentrates on scalable GI in LDH areas and in their associ-
ated gardens. Private domestic gardens form the backbone of LDH areas’ GI po-
tential. This dissertation recognizes the dynamic system of water, soil, and veg-
etation as the GI’s core system. The functioning of this core system was studied 
by developing bioretention details for local conditions that provided technical 
details for the practices of stormwater management but also a more conceptual 
knowledge on the GI’s core system that is essential for the development and 
management of GI at all scales. The dissertation proposes that garden scale GI 
may be enhanced by approaching the GI’s core system as a continuum to better 
integrate green and grey components of the urban environment. 

The first aim was to investigate the functions and surface coverage of private 
domestic gardens at plot scale. Gardens have an interconnected set of ecologi-
cal, economic, and social roles in GI (RQ1). This multifunctional role can sup-
port the design and management of gardens and the locations of pervious and 
impervious areas both during the planning and design phases but also during 
the on-going choices made by garden owners as part of their maintenance 
works. This makes of LDH areas and their embedded gardens a specific SES that 
can either weaken or improve the performance of local GI and the generation of 
associated ESS. 

The impervious coverage of Finnish single-family house plots (RQ2) is deter-
mined in urban planning through the definition of housing densities and the 
locations of buildings; in architectural design through roof size and entrances 
defining the required passages; and in garden design through the selection of 
surface materials in the garden area and the design of the garden itself. Increase 
in housing density decreases pervious coverage that relates to soil connected 
vegetation coverage. However, the type of vegetation seems to change when 
housing density increases as the proportion of lawns decreases in favour of 
plantings. 

The interaction between soil, water, and vegetation (RQ3) may be improved 
by approaching these elements in a more integrative way and by system think-
ing. Thus, the system integrated by soil, water, and vegetation takes place in all 
parts of the garden and not only in specially designed constructions such us 
SUDS. However, specific devises or techniques, such as bioretention, can pro-
vide particular solutions for site specific problems such as a more intense man-
agement of water. Nevertheless, in all cases, the design of the garden needs to 
be tailored to benefit local soil and gravel materials, to support vegetation 
growth, and most importantly perceive the garden as part of a bigger system. 
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According to these principles, this dissertation argues for the integrative design 
of stormwater management and plantings at plot scale instead of dividing its 
design in disconnected phases between uncoordinated specialists.  

Moreover, system thinking and the integration of water and vegetation in the 
garden design process improve scalable GI (RQ4) at garden scale as it recog-
nizes the Core System of GI in all parts of the plot. At garden scale, all types of 
vegetation should have a role in stormwater management and impervious cov-
erage might act, if adequately designed, as a runoff collector providing water to 
the plants. This continuum of soil, water and vegetation (Core System of the GI) 
can also work at a block or neighbourhood scale, supporting the formation of 
block scale vegetation patches including both dry and more humid microhabi-
tats. These garden scale choices define the up-scaled nature of GI and therefore 
determinates the performance of LDH areas as part of the urban matrix and 
their ecological networks. However, the aim of the overall urban GI should be 
planned, managed, and evaluated in the process of urban planning in order to 
be effectively supported by private gardens in LDH areas. 

The core system takes place along the continuum of impervious and pervious 
surfaces. Plot-scale design concentrates on this continuum and, for the purpose 
of enhancing scalable GI, this dissertation proposes an integrative design pro-
cess to better combine water, vegetation, and soil, and six multi-scalar design 
and planning criteria for enhancing the potential of LDH areas and their gar-
dens. The concept of GI and its core system can be used to develop the biophys-
ical platform of LDH and its gardens. This biophysical platform then enables 
cyclic processes, such as water, nutrient, and carbon cycles, that provide ecosys-
tem services. In the case of LDH, residents have an ongoing effect on this sys-
tem, and the management of this SES in LDH may provide a new and interesting 
set of research avenues.  
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