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Abstract
In this study the delivery of three regulatory ecosystem services (air purification, storm water
runoff mitigation and cooling) is quantified in two areas of the urban green infrastructure in
Utrecht, the Netherlands. The distinction between the two areas is mostly based on the
differences between type (e.g. trees, shrubs, hedges, etc.), structure (positioning of the
vegetation) and species composition on a neighbourhood scale. First neighbourhood has a
dominance of publicly managed green infrastructure (Zambesidreef, Overvecht), the
vegetation is characterized by street trees, trees in lawns (often high trees) and some
occasional public shrub stands. Second neighbourhood consists primarily out of privately
managed green infrastructure (Tuindorp), the green infrastructure generally consists of
private front and back gardens with a structural mix of trees, shrubs, hedges, climbing plants
and small grass lawns. Species compositions are completely different between the two areas.
Also the grey infrastructure is of another kind. The housing in Overvecht primarily consist out
of flats, while the housing in Tuindorp consists out of low-rise buildings.
Air purification was studied in the two neighbourhoods in relation to plant species composition
and vegetation structure. Storm water runoff mitigation was quantified in both neighbourhoods
using a conventional model combining the effect of interception and infiltration and cooling
was quantified using tree density as an indicator. The results of this study show that the
degree to which these regulatory ecosystem services are delivered principally depends on the
type, structure and location of green infrastructure. Regarding the atmospheric aspects, the
neighbourhood with mainly publicly managed green infrastructure (Overvecht) had a
substantial higher capacity for purification of nitrogen oxides than the privately managed
green infrastructural neighbourhood (Tuindorp). For the purification of atmospheric particulate
matter, the two neighbourhoods did not differ that much. The difference between the
neighbourhoods’ purification capacities of the two pollutants was a result of differing species
compositions. So both publicly managed and privately managed green infrastructure seem to
be important components in delivering air purification services. Total runoff mitigation was
estimated to be higher for Overvecht, primarily due to its lower percentage of sealed soils,
permitting storm water infiltration. This study showed that reducing the soil sealing in private
gardens would lead to a substantial increase in runoff mitigation (minus 15% soil sealing is
plus 24% runoff mitigation) in Tuindorp. The Overvecht neighbourhood also seems to have a
higher potential than Tuindorp in the provisioning of cooling services (cooling by shading and
evapotranspiration) due to its higher tree density. Although the potential of cooling seems
higher, the location of trees may indicate that in Tuindorp the cooling as a result of shading,
may be more effective per tree.
The results reveal importance of both public green infrastructure and domestic gardens in the
delivery of ecosystem services. Private gardens dominate the green infrastructure in Tuindorp
but public trees still represented a substantial amount of the total air purification capacity.
Even though, for most services the quantity delivery is slightly lower in private gardens, their
effect on human well-being and health, especially due to their close proximity to home, should
not be underestimated. Private gardens are often seen as unimportant because they are out
of the direct governmental influence. Local initiatives and policy in other counties do show
however that there are possibilities to increase the greening and enhance ecosystem services
delivery of domestic gardens. The maintenance and enhancement of ecosystem services in
private gardens is one of the major opportunities for improving the urban climatic environment
in the future.
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1 Introduction
Across Europe, widespread urbanisation, land-use change, intensification and other
developments have resulted in the loss and fragmentation of its green infrastructure,
associated biodiversity and ecosystem services (Mazza et al., 2011). These losses have had
a detrimental social and economic impact. To mitigate these impacts, the EU has developed
the green infrastructure strategy which includes a wide range of environmental, economic and
social objectives (including the implementation of the EU biodiversity strategy 2020)
(European Commission, 2013). The implementation must support the development towards
sustainable growth and is expected to help realizing resource-efficient and climatically
resilient economies (Mazza et al., 2011).
Urban areas are often looked upon as ecologically insignificant or uninteresting. Urban areas
and rich biodiversity are often regarded as antagonistic. The green infrastructure and its
biodiversity within cities is, however, often much richer than assumed (CBD, 2012). Urban
green spaces can provide a wide range of benefits to the urban citizens, also known as
ecosystem services. It is of critical importance to understand in what manner improvements to
urban green infrastructure can be made most efficiently to boost the delivery of ecosystem
services, to decrease the demand of urban areas on the environment and to improve the
interaction between urban residents and natural capital within the city. To make these steps,
we need to understand the relation between urban green infrastructure and the ecosystem
services delivery (F3UES, 2015).
Internationally a wide range of research is done on ecosystem services, which often focused
on developing a theoretical framework and methods for their quantification and valuation (e.g.
Bolund & Hunhammer, 1999; Costanza et al., 1997; Gómez-Baggethun & Barton, 2013;
Wurster & Artmann, 2014). The urban element in ecosystem service research is however,
underexplored. Monitoring of urban ecosystem services often demands different methods
than those applied for rural areas. The aim of this study is to identify and quantify ecosystem
services delivered by different green infrastructural areas in the city of Utrecht, the
Netherlands. The main research question is: in what quantity are selected ecosystem
services delivered by different types of green infrastructure?

1.1

Green infrastructure and ecosystem services
To describe and asses the concept of ‘green infrastructure’, the term firsts needs to be
defined. The definition by Naumann et al. (2011) covers the concept, in an analysis of green
infrastructure projects; the term was defined as;
“Green infrastructure is the network of natural and semi-natural areas, features and green
spaces in rural and urban, terrestrial, freshwater, coastal and marine areas, which together
enhance ecosystem health and resilience, contribute to biodiversity conservation and benefit
human populations through the maintenance and enhancement of ecosystem services.
Green infrastructure can be strengthened through strategic and co-ordinated initiatives that
focus on maintaining, restoring, improving and connecting existing areas and features as well
as creating new areas and feature” (Naumann et al., 2011)
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The underlying principle of green infrastructure is that a single area of land, when the
ecosystem is in a healthy functioning state, can offer multiple benefits for human populations
and nature itself (European Commission, 2015). The term ecosystem service has been
defined repeatedly in literature and most of the definitions partially overlap or do not fully
cover the concept. Fisher et al. (2009), after reviewing differing definitions of ecosystem
services, summarized three commonly used definitions of ecosystem services:
“The benefits human populations derive, directly or indirectly, from ecosystem
functions” (Robert Costanza et al., 1997).
2) “The conditions and processes through which natural ecosystems, and the species
that make them up, sustain and fulfil human life” (Daily, 1997).
3) “The benefits people obtain from ecosystems” (Millennium Ecosystem Assessment,
2005)
1)

In the first definition by Costanza et al. (1997), the term “benefits” refers to both services and
goods provided by ecosystems. In the definition by Daily (1997), ecosystem services are the
“conditions and processes” that help to maintain human live. In the definition of the MEA
(2005), services are described as the benefits for people. Fisher et al. (2009) reviewed the
differing definitions and came with an alternative one, combining the different aspects of
earlier definitions;
“Ecosystem services are the aspects of ecosystems utilized (actively or passively) to produce
human well-being” In this definition “services must be ecological phenomena” that “do not
have to be directly utilized”. (Fisher et al., 2009)
Defined in this manner Fisher et al. (2009) states that ”ecosystem services include ecosystem
organization or structure as well as processes and/or functions if they are consumed or
utilized by humanity either directly or indirectly. The functions or processes become services
if there are humans that benefit from them. Without human beneficiaries they are not
services”(Fisher et al., 2009). In this study, the definition of Fischer et al. (2009) is used as
the leading definition of ecosystem services.
1.2

The ecosystem service cascade
In order to accurately describe the logic that underlies the ecosystem service principle, in
other words; the benefits and values provided, the ecosystem services cascade (figure 1.1)
has been developed by Haines-Young and Potschin (2009). The diagram distinguishes
between the ecological structures and processes that deliver ecosystem services and the
benefits and values people derive in course of time. The cascade provides a schematic
representation that links the biophysical components and processes to the ultimately obtained
values. It is important to keep in mind that an ecosystem service is not a fundamental
property of the ecosystem itself (Haines-Young & Potschin, 2009). This is best illustrated with
an example. For instance, a tree can have the capacity to filter atmospheric particulate matter
(PM10) out of the air. This function can possibly help to improve the air quality in an urban
area. The function of filtering pollutants and the derived ecosystem service of air purification
is an entity that humans find useful, it is not a fundamental property of the ecosystem itself.
Whether a function is considered to be a service depends on whether it is thought of to be a
benefit for humans. Benefits can be valued differently depending on the time and place.
Insight in structure and dynamics of ecosystems are equally important as the understanding
of ecosystem functions, derived services and values, both in financial and non-financial terms
(Haines-Young & Potschin, 2009).
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Figure 1.1: The ecosystem services cascade (Haines-Young & Potschin, 2009).
1.3

Urban ecosystem services
In today’s world, the urban population accounts for 54% of the total global population (WHO,
2015). By the year of 2050, it is expected that more than 66% of the world population of more
than six billion people will live in cities (UN, 2014). As humanity is urbanizing, urban areas
increasingly claim ecosystem support of the urban area itself and its hinterlands. A study by
Folke et al. (1997) studying ecosystem support of 29 cities, estimated an ecosystem supportclaim of at least 500 to 1000 times the area of the city itself. Natural ecosystems and
associated ecosystem services within the boundaries of urban regions contribute to the
liveability of urban citizens (Bolund & Hunhammer, 1999). Like any other ecological system,
urban areas depend on ecosystems to maintain living conditions on the longer term, like
health, security and social relations (Gómez-Baggethun & Barton, 2013).
Ecosystem services in urban areas have increasingly been explored and evaluated in the
past decade, but compared to other ecosystems like forests and wetlands, they are
relatively understudied (Derkzen, van Teeffelen, & Verburg, 2015; Gómez-Baggethun &
Barton, 2013). Most studies in the field have focused on single ecosystem services or value
dimensions, like monetary currency. Other non-economical values, like cultural or symbolic
identity, continue to be rather unexplored (Chan, Satterfield, & Goldstein, 2012). GómezBaggethun & Barton (2013) concluded that there is still little knowledge for the valuation of
urban ecosystems and their services provided.
Because this study focusses on the urban dimension of ecosystem services a clear definition
must be given of the concept “urban ecosystem”. Urban ecosystems are defined as
ecosystems in which people live in high densities and/or where built-up infrastructure covers
a major proportion of the land surface. A city can both be seen as one big ecosystem, or as
multiple individual coexisting ecosystems. Bolud and Hunhammer (1994) analysed urban
ecosystems and came with a crude identification of seven individual, natural ecosystems, or
types of green infrastructure, that (co)exist within urban areas; “street trees, lawns/parks,
urban forests, cultivated land, wetlands, lakes/sea, and streams”. An eighth ecosystem,
namely domestic gardens, was added. In table 1, characteristics are given for each
ecosystem.
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Table 1.1: Urban ecosystems and characteristics (modified from Bolund &
Hunhammer,1999)
Ecosystem
Characteristics
Street trees
Standalone trees, in most cases surrounded by paved ground
Lawns and parks
Managed green areas with a possible mix of grass, trees and
other plants (including playgrounds and golf courses)
Urban forests
More dense, less managed and more forested areas than
parks
Cultivated lands
Gardens used for growing food items (allotment gardens)
Domestic gardens
Privately managed green areas with a mix of grass, shrubs,
trees and pavement.
Wetlands
Marshes and swamps
Lakes and sea
Open water areas
Streams
Flowing water
“The economics of ecosystems and biodiversity report” identified 22 ecosystem services
divided over four categories; habitat, regulating, providing, and cultural services (TEEB,
2010). Because each ecosystem type provides its own package of ecosystem services, the
general classification of the 22 ecosystem services is not completely suitable for urban
ecosystems, and therefore needs to be edited. In the context of urban ecosystems, most
crucial services are those that have a direct effect on urban citizens’ well-being, health and
security, like, storm water runoff mitigation, cooling, air purification or noise reduction (Bolund
& Hunhammer, 1999; Gómez-Baggethun & Barton, 2013). The most important ecosystem
services provided in an urban area depend on the particular socio-economic and
environmental characteristics of the specific location. A synthesis by Gómez-Baggethun and
Barton (2013) reviewing literature on ecosystem services delivery in urban areas resulted in a
classification of urban ecosystem services with associated functions, components and
indicators. Because their classification is rather incomplete compared to that given in the
TEEB report (2011), a combined overview of ecosystem services is given in table 2.
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Table 1.2: Ecosystem services in urban areas with associated functions and examples
Ecosystem service

Function

Example

Indicators

References

Energy conversion of plants

Food produced in urban

Production of foods (in ton

(Altieri et al., 1999;

into foods (photosynthesis)

allotments

per year)

Barthel & Isendahl,

Providing services
Food supply

2013; F. Ellis &
Sumberg, 1998; Martin
& Marsden, 1999) 1
Raw materials

Fresh water

Provisioning of a diversity of

Materials/ biofuel derived from

Wood, biofuels and plant

(Roe et al., 2002;

materials

urban trees as clippings

oils in tons/ litres

Springer, 2012)2

Provisioning fresh drinking

Ensuring the flow, storage and

Water production and water

(Higgins et al., 1997;

water

purification of water by an

quality

Jenerette & Larsen,

urban wetland

2006; Jenerette,
Marussich, & Newell,
2006)2

Medicinal resources

Plants can be used as

Provide raw materials for the

traditional medicines

pharmaceutical industry

Medicinal materials in tons

(Kaimowitz, 2005;
Verma, Kumar, &
Bussmann, 2007)2

Regulating services
Water flow regulation

Regulation and percolation of

Percolation of water by soil and

Soil infiltration capacity (%

(Booth & Jackson,

and runoff mitigation

runoff water

vegetation

soil sealed to the

1998; J. B. Ellis &

permeable surface in ha)

Marsalek, 1996;
Villarreal & Bengtsson,

2

Urban temperature

Shading and

Urban vegetation (e.g. trees)

Tree cover in m as index

regulation

evapotranspiration

provide shade, block wind and

for temperature decreasing

2005) 1
(Alexandri & Jones,
2008; Robitu, Musy,
Inard, & Groleau, 2006)1

create humidity
Noise reduction

Adsorption of sound by water

Reduction of traffic noise by an

Noise reduction in dB per

(Aylor, 1972; Ishii, 1994;

and vegetation

urban green belt

meter vegetation unit and

Kragh, 1981; Tyagi,

psychical noise reduction

Kumar, & Jain, 2006) 1

(placebo effect of
vegetation)
Air purification

Filtering and fixation of

Pollutant removal and fixation

Removal of pollutants (O3,

(Chaparro & Terrasdas,

gasses

by urban vegetation

SO2, NO2, CO and PM10)

2009; Escobedo,

multiplied by tree cover (m2)

Kroeger, & Wagner,
2011; Escobedo &
Nowak, 2009; C.Y. Jim
& Chen, 2009) 1

Moderation of

Physical barrier and

Buffering and adsorption,

Cover density of vegetation,

(R. Costanza et al., n.d.;

environmental

adsorption of kinetic energy

storms and floods by

barrier between water and

Danielsen et al., 2005) 1

vegetation

land

extremes

Waste-water

Removal and breakdown of

Wastewater filtering and

Nutrient values

(Lee & Scholz, 2007;

treatment

nutrients

nutrient fixation by urban

(P,K,Mg,and Ca in mgkg-1)

Vauramo & Setälä,

wetlands

compared to given

2010) 1

soil/water quality standards
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Pollination and seed

The movement of pollinators

dispersal

Habitat provision for pollinators

Species diversity

(insects and birds)

(Andersson, Barthel, &
Ahrné, 2007; Cheptou,
Carrue, Rouifed, &
Cantarel, 2008; Von Der
Lippe & Kowarik, 2008)
1

Carbon sequestration

Carbon sequestration and

Carbon sequestration by urban

Tree carbon multiplied by

(Mcpherson, Nowak, &

and storage

fixation in urban trees

trees

3.67 for conversion to CO2

Rowntree, 1994;
McPherson et al., 1997)

Soil fertility is essential for plant

1

Erosion prevention

Preventing soil erosion and

growth and agriculture and

Land use, soil

(Pimentel et al., 1995)2

and maintenance of

maintaining the fertility of

well-functioning ecosystems

characteristics and

(Benis Egoh, Evangelia

soil fertility

urban soils

supply soil

vegetation maps

G. Drakou, Martha B.
Dunbar, Joachim Maes,
Egoh, Drakou, Dunbar,
& Maes, 2012)

Biological control

Regulation of pests and

Predators and parasites. Birds,

Absence or presence of

(De Groote, Ajuonu,

vector borne diseases that

bats, flies, wasps, frogs and

parasites and predators

Attignon, Djessou, &

attack plants, animals and

fungi that act as natural

Neuenschwander,

people

controls

2003)2

Ecosystems with recreational

Urban parks provide

Recreational index value

(Chiesura, 2004; Maas,

values

recreational opportunities

per m2

Verheij, Groenewegen,

Cultural services
Recreation

de Vries, &
Spreeuwenberg, 2006) 1
Cognitive

Human experience of

Allotment gardening as

development

ecosystems

preservation of socio-ecological

Colding, 2010;

knowledge

Groening, 1995) 1

Aesthetic benefits

Ecosystems with aesthetic

Urban parks in sight of houses

No indicators identified

Hedonic pricing methods

benefits

(Barthel, Folke, &

(Cho, Poudyal, &
Roberts, 2008; Troy &
Grove, 2008; Tyrväinen,
1997) 1

Animal sighting

Habitat provision

Habitat provision for wildlife in

The abundance of animals

(Blair & Launer, 1997;

urban green spaces

valued for their aesthetic

Blair, 1996) 1

values

Note: Table and sources partially taken over and edited from (Gómez-Baggethun et al., 2013) indicated by
1
and partially taken over and edited from (TEEB, 2011) indicated by 2.
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1.4

Urban ecosystem disservices
Even though urban ecosystems provide many services from which human derive benefits,
they also generate disservices. The definition of ecosystem disservices is ‘functions of
ecosystems that are perceived as negative for human well-being’ (Lyytimäki & Sipilä, 2009).
Common examples of ecosystem disservices are the damage by urban biota to built
infrastructure, like tree roots that break up the pavements, damage by birds nesting in roof
gutters, or the emission of volatile organic compounds (VOCs) by urban tree species,
contributing to urban smog. In table 3 urban ecosystem disservices and examples are given.
Table 1.3: Ecosystem disservices, functions and examples (modified from GómezBaggethun and Barton, 2013)

1.5

Ecosystem disservice
Air quality problems

Function
Photosynthesis and
canopy coverage

View blockage

Tree growth through
biomass fixation

Allergies

Movement of floral
gametes

Example
Urban tree species emit
VOCs and trees capture
smog underneath their
canopy
View blockage by trees
close to buildings or roads
(traffic accidents)
Human hay fever by wind
pollinated plants

References
(Kesselmeier & Staudt,
1999; Owen, Mackenzie,
Stewart, Donovan, &
Hewitt, 2013)
(Gómez-Baggethun &
Barton, 2013)

Accidents
Fear and stress

Aging of vegetation
Dense vegetation
development

Falling branches of trees
Dark parks perceived as
unsafe at night-time

Damages to build
infrastructure

Root biomass fixation
and decomposition

Breaking up the pavement
by roots

(D’Amato & Liccardi,
2002; D’Amato, 2000;
Nicolaou, Siddique, &
Custovic, 2005)
(Lopes, 2007)
(Bjerke, Østdahl, Thrane,
& Strumse, 2006; Crewe,
2001)
(Jim, 1986; Wong, Good,
& Denne, 1988)

Animal-human habitat
competition

Habitat provision for
animal species

Insects and animals
perceived as disgusting or
scary, like wasps or rats

(Carpaneto, Mazziotta,
Coletti, Luiselli, & Audisio,
2010)

Public versus private green infrastructure
Most recent studies on the delivery of ecosystem services by green infrastructure focussed
on public green infrastructure. The specific contribution of domestic gardens in ecosystem
services delivery has rarely been researched, although domestic gardens are quoted to be a
significant component of the urban green infrastructure (Cameron et al., 2012; Loram,
Tratalos, Warren, & Gaston, 2007). It is evident that, like public green infrastructure, private
green infrastructure also provides ecosystem services. Cameron et al. (2012) state that
quantification and valuation of the exact contribution of domestic gardens in the wide context
of urban green infrastructure has been shown to be difficult. Due to the closeness to home,
domestic gardens are likely most favourable in human-health and well-being. Gardens can
provide ecosystem services like temperature regulation, storm water run-off mitigation, air
purification, aesthetic benefits and many more (Cameron et al., 2012).
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1.6

Ecosystem service demand in Utrecht
In order to select ecosystem services for further research. First, ecosystem service demand
within the municipality of Utrecht needs to be defined. In both an interview with the
municipality of Utrecht and in policy documents, three major issues stand out. These are the
issues of air pollution, the urban heat island effect and the direct runoff of storm water.
Ecosystem services that help mitigating these problems are therefore selected for further
research. These are air purification, runoff mitigation and cooling services. The next three
paragraphs go into more detail about the three issues and how green infrastructure helps
mitigating the issues.

1.6.1

Air pollution
Air pollution is often a major environmental problem in urban areas around the world (Nowak,
Crane, & Stevens, 2006). Air pollution is associated with decreased lung functioning, and
increased morbidity and mortality of urban citizens. Most important actors in the formation of
particles and other pollutants are increased motorized traffic and industrial activities (Van Der
Zee, et al., 1998). Air pollution can be subdivided into different types of chemical compounds,
such as ground-level ozone (O3), nitrogen oxides (NO + NO2), carbon monoxide (CO),
sulphur dioxide (SO2) and atmospheric particulate matter (PM10 & PM2.5). In Utrecht, air
pollution costs the average resident about 18 months of his live (Fischer et al., 2015; Mierlo,
2015; NMU, 2015). Because in Utrecht the air pollution problem is mostly caused by
atmospheric particulate matter (PM10) and nitrogen oxides (NO + NO2), this study will focus
on these two types of air pollution (Baggen, 2013).
Vegetation has the capacity to filter and fixate pollution out of the air (Bolund & Hunhammer,
1999). All vegetation does have an impact on the quality of air but differences in the capacity
of air purification exist depending on the plant species composition and the type of air
pollution (Hiemstra, Schoenmaker - van der Bijl, & Tonneijck, 2008). The difference in ability
to filter different types of pollutants between plant species is mostly driven by the structure
and quantity of leaves. For instance, coniferous trees are more efficient in capturing
atmospheric particulate matter than deciduous trees. Within the category of deciduous trees,
evergreen species with rough and hairy leaves are more efficient. Deciduous trees are more
efficient in filtering nitrogen oxides than coniferous trees. Within the deciduous species,
evergreen species with smooth leaves are more efficient in filtering nitrous oxides than
species with rough and hairy leaves (Hiemstra et al., 2008). For a schematic overview of
differences in tree species-group effectiveness see table 4.
Table 1.4: Relative efficiencies of air filtration capacity of tree groups
Type of air pollutant:
Type of tree:
Coniferous
Deciduous (rough and
hairy leaves)
Deciduous (flat and
smooth leaves)

Atmospheric particulate
matter (PM10)
High efficiency
Moderate efficiency

Nitrogen oxides (NO + NO2)

Low efficiency

High efficiency

Low efficiency
Moderate efficiency
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Air pollution by PM10, also known as atmospheric particulate matter, is an environmental
problem in Utrecht. In the city 55 to 65 days per year the emission standard of 35 µg/m³ is
exceeded, while the maximum limit for the Netherlands has been set at a maximum of 35
days per year exceeding the standard. So with exceeding the emission limit with 20 to 30
days per year, air pollution is a problem for the municipality of Utrecht which needs to be
solved or mitigated (Gemeente Utrecht, 2013). For the removal of particulate matter from the
atmosphere, particles need to come into direct contact with leaves, trunks or branches
(impaction). Particles are not taken up by vegetation as is it is the case with other gaseous
components, but are so to speak ‘captured’ and stick on the surface. In principle, it does not
matter if vegetation is dead or alive in capturing particulate matter. Most important aspects
are the total surface of leaves and the structure of the leaves. In this way trees capture more
particles than shrubs and coniferous trees are more efficient in capturing particles than
deciduous trees. After ‘capturing’, rain can wash away the particles and the matter is stored
and decomposed in the soil (Hiemstra et al., 2008). The recent measurements of nitrogen
oxides have shown that standards have not been exceeded for 2012, concentrations in the
city were expected to be higher for the new standards of 2015 (Boons, 2012). Green
infrastructure can help to decrease the concentration of nitrogen oxides in the air by the
absorption of the gasses through the stomata of vegetation. An important aspect in the
adsorption are the physical features of the leaves. Large, flat leaves that are in direct contact
with surrounding air are most efficient in adsorbing nitrogen oxides (Hiemstra et al., 2008).
Apart from the benefits of filtering and capturing air pollution by urban vegetation, urban trees
can also cause problems with air pollution by the ‘green tunnel effect’. This is the effect in
which trees trap polluted air flows underneath their canopy. Wind cannot diffuse the locally
emitted pollution, so that locally, at street level, air pollution can be high (Vos, Maiheu,
Vankerkom, & Janssen, 2013). To avoid the ‘green tunnel effect’, a minimal optical tree
porosity of 50% is needed within 100-150 meter of the emission source (e.g. cars on the
street) (Hiemstra et al., 2008).
1.6.2

Urban heat island effect
In the Netherlands in 2006, during the heat wave, 1.000 people died due to the
consequences of heat stress (CBS, 2006). Urban areas absorb more heat than the
surroundings due to the large amounts of asphalt, brick, roof tiles and concrete. This is called
the ‘urban heat island effect’. Because heat is also more slowly transferred into the
atmosphere by built infrastructure, an urban area retains part of its heat during night time, so
that the urban heat island effect is the strongest during the night (UHI, 2011). Recent
research has shown that the maximum difference in temperature is 5,4 oC between the city
centre of Utrecht and the rural area of De Bilt (Brandsma, 2010).
The urban microclimate is regulated by vegetation in three ways: i) by altering heat exchange
and air movement, ii) through the evapotranspiration process and iii) by shading (Aertsens et
al., 2012; Bolund & Hunhammer, 1999; Dimoudi & Nikolopoulou, 2003; Doick & Hutchings,
2013; Jim & Chen, 2008). Evapotranspiration or, in other words, evaporative cooling is the
process in which energy is used by urban vegetation to convent water into vapour. Energy
transferred in that process cannot be transferred to heat anymore and as a result local air
temperature drops. Shading provides a cooling effect through the prevention of heating the
local environment and reflectance of solar energy makes that solar energy partially will not be
adsorbed by the local environment. The effects of shade and evaporation account for the
largest effect in cooling the urban microclimate and are stated to have approximately equal
effect in the temperate climate zones (Doick & Hutchings, 2013; Skelhorn, Lindley, &
Levermore, 2014). The exact effect of urban vegetation in regulating the local air
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temperatures depends on many factors, such as; type, structure, volume and species
composition of vegetation, special conjunction, background temperatures and seasonal fluxes
(Yuan & Bauer, 2007). Herbaceous plants, shrubs and climbing plants only provide ‘cooling’
through evapotranspiration, trees also provide shade. Therefore trees are the big driver for
the provisioning of the service of cooling in urban areas (Bowler, Buyung-Ali, Knight, & Pullin,
2010).
1.6.3

Direct storm water runoff
In urban areas, a large proportion of the soil is sealed by buildings, roads and tiles. In soil
sealed areas, rain cannot infiltrate into the soil and flows into the sewage system (direct
runoff). The peak load for the Utrecht sewage system is sometimes too high, which can cause
overflows and flooding (Gemeente Utrecht, 2013). Green infrastructure and the delivery of
storm runoff mitigation services can help to mitigate problems with direct runoff.
Runoff mitigation is provided by urban green infrastructure by two processes. First,
vegetation, (especially trees) can intercept precipitation within their canopy, which can later
either be evaporated or released to the ground. Second, urban green infrastructure mitigates
direct runoff by increasing the soil infiltration capacity and thereby reducing surface flow and
direct runoff over paved ground (Cameron et al., 2012; Gill, Handley, Ennos, & Pauleit, 2007;
Xiao & McPherson, 2002).The two processes reduce peak flows, reduce the volume of runoff
and reduce demands on urban drains (Xiao & McPherson, 2002). Trees, particularly large
evergreen individuals, contribute to this service the most due their large interception capacity.
Grasses mostly contribute to the service by infiltration (Aertsens et al., 2012).
Increased soil sealing because of pavements in private gardens is a growing trend
throughout Europe, which results in a substantial increase of direct runoff (European
Commission, 2012). Several explanations can be given for this growing trend. First
explanation is the increased car ownership in the past decades, which resulted in paved front
gardens for off street parking; particularly in neighbourhoods were car parking was limited
(Perry & Nawaz, 2008). Second explanation is the fashion of ‘low maintenance’ gardens.
Urban residents spend less time working in their gardens. Last reason of growing soil sealing
in domestic gardens is that the function of gardens is slowly changing. Gardens are more and
more seen as a secondary living room in which outdoor furniture, kitchens and barbecues are
present. The increasing trend of the outdoor living room is identified as a direct cause of the
increased soil sealing in gardens (Linssen, 2011; Zwaagstra, 2014). The trend can be turned
and soil sealing in private gardens can be reduced by initiatives and legislation.

1.7

Policy measures for reducing soil sealing in private gardens
Besides the policy that dictates that an environmental permit is required for paving front
gardens for the purpose of car parking, the Netherlands does not have legal instruments to
counteract soil sealing in domestic gardens. Although legal instruments do not exist in the
Netherlands, local initiatives to reduce soil sealing in gardens do exist. For instance the
initiatives ‘operation Steenbeek’, is already active in eight Dutch cities, using the BIMBYframework (biodiversity in my back yard) by Beumer and Martens (2014) and basically tries to
change the mind-set of urban residents towards their gardens, by making residents conscious
of the unfavourable effects of their own paved gardens (Steenbreek, n.d.). Urban residents
are often not aware of the detrimental effects of their own paved gardens and do not always
have a negative attitude towards change. Storm water that falls on pavements in domestic
gardens often runs off to the sewage system. In most of the older neighbourhoods nonseparated sewage systems are dominant, which makes that rain water and wastewater are
mixed in the sewer. A separated sewage system makes that the two water outflows will not
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mix and reduce the costs of wastewater treatment. A separation of the sewer does not
automatically mean an increased infiltration capacity. For instance, installing a rain barrel is a
way of separating the sewer and does not increase infiltration capacity. A study in the
Netherlands by van der Meulen et al. (2013) concluded that for persuading residents to install
a device for separation of wastewater and rain water, rewarding a subsidy itself is not
sufficient. When a municipality actively approaches residents to regulate and finance the
separation for them, a success rate of 90-95% can be achieved.
Internationally, policies to mitigate soil sealing or the consequences of it, vary considerably
per state, region and country. In Flanders, increased run-off due to increasing soil sealing in
domestic gardens is mitigated by current policy. New housing developments are required to
build with a separate wastewater and rain water sewer system. The separation lowers the
pressure on wastewater sewerage and thereby also prevents contamination of surface water
by overflows of the traditional sewerage. Also within private gardens a planning permit is
required in case of substantial pavement, with some exceptions (Verbeeck et al., 2011;
Zwaagstra, 2014). A study by Verbeeck et al. (2011) found that most pavements in gardens
are constructed near the street or near the house (which where they are permitted in the
Flemish legislation). The study found that legal instruments can have a significant impact on
citizens’ actions concerning pavement in their gardens. After 15 years of legislation in
Flanders, almost half the residential households have a rainwater well or butt; about one
fourth re-uses the water, most commonly directly inside and outside the house (de Mey &
Zwinkels, 2013). In some federal states in Germany, like Baden-Wuerttemberg and Hesse,
the split-wastewater-fee approach is applied. This basically means that wastewater bills are
separated in costs identified as wastewater disposal into the sewer based water consumption
and wastewater disposal by direct runoff of storm water over paved surfaces in gardens
(European Commission, 2012).
The European commission came with some relatively easy interpretations for citizens to
prevent direct runoff and increase infiltration. For car parking in front gardens for instance, the
report suggests to pave only the two strips needed for tire tracks. This measure considerably
increases infiltration. A more general recommendation for pavement in gardens is to use
more permeable pavement, a measure that is already widely used in the United Kingdom
(European Commission, 2012; Zwaagstra, 2014). A cluster of studies have shown that
permeable pavements do reduce direct runoff and increase the infiltration capacity
considerably (e.g. Balades, J. D., Legret, M., and Madiec, 1995; Bean et al., 2007; Hunt,
Bean, & Bidelspach, 2005; Pratt, Mantle, & Schofield, 1995).
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1.8

Research questions
In order to asses which and in what quantity, ecosystem services are provided in the urban
areas of Utrecht, the following research question has been formulated:
In what quantity, are selected ecosystem services (air purification, runoff mitigation
and cooling) delivered of different types of green infrastructure?
In order to quantify and compare ecosystem services, the following sub-questions have been
formulated:
Identification:

In what manner do different areas of green infrastructure deliver the
ecosystem services of air purification, runoff mitigation and cooling within
Utrecht, the Netherlands?

Quantification:

What are suitable methods for quantifying the ecosystem services air
purification, runoff mitigation and cooling within the different areas of green
infrastructure (public and private) of Utrecht?
What is the quantity of air purification, runoff mitigation and cooling
delivered by different areas of green infrastructure within Utrecht?

Comparison:

When comparing the quantity of air purification, runoff mitigation and
cooling between two different areas of green infrastructure within Utrecht,
which type of green infrastructure provides more of the services?
What is the relative importance of the ecosystem services delivery in both
the neighbourhoods?

Ecosystem services delivery by urban green infrastructure in Utrecht, the Netherlands

15 of 64

1220025-016-BGS-0001, 28 July 2015, final

2 Methodology
2.1

Research areas
Two neighbourhoods within Utrecht, the Netherlands, were selected for further research (see
figure 2.1). Both areas are districts in the Northern part of Utrecht and are distinctive in type
and structure of their green infrastructure. In one neighbourhood, part of the Zambesidreef in
Overvecht, the green infrastructure mainly consists out of public green areas, like lawns of
grass and trees. In the other neighbourhood, part of the residential area of Tuindorp, the
green infrastructure is dominated by private green infrastructure, or in other words, domestic
gardens. Paragraph 2.1.1 and 2.1.2 describe both areas in more detail.

Figure 2.1: Selected research areas within Utrecht
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2.1.1

Zambesidreef, Overvecht
The first research area that has been chosen for further research is a part of the
“Zambesidreef” within the suburb of “Overvecht”, Utrecht (see figure 2.2 & 2.3). The area of
Overvecht is a typical 1960s neighbourhood with flat buildings. The “Zambesidreef” was
chosen for further research because here the major part of the green infrastructure is publicly
managed. The south, east and west side of the area consists out of high apartment flats (10
storeys), lawns of grass with trees, parking lots and a playground for children. The northern
part consists out of lower apartment flats (4 storeys) with paved patios, a school, a lawn of
grass and parking lots.
The green infrastructure in the neighbourhood is dominated by grass, trees on grass, street
trees and shrub areas. The only private green infrastructure element that is present in the
neighbourhood is the vegetation in the patios of the flats in the northern part and vegetation
on the schools’ property. Because this is a very small percentage of the total vegetation, the
public shrubs and vegetation on private properties is joint in the category “other”. The area
has a total surface area of approximately 0,111 km2 (or 11 ha). In figure 2.3 a visual overview
the structure of the area is given.

Figure 2.2: Research area (Zambesidreef) in Overvecht, Utrecht
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Figure 2.3 Image of the composition of green infrastructure in the Zambesidreef,
Overvecht.
From left to right: (1) Lawn of grass and street trees in the northern part, (2) paved patios of
the lower residential flats in the northern part, (3) the children’s playground in the eastern part
with surrounding street trees and parking lots, (4) lawns of grass with trees between the high
apartment flats in the western part, (5) high apartment flats in the eastern part, with street
trees and parking lots.
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2.1.2

Tuindorp
The other research area that has been chosen for further research is a part of the suburb of
Tuindorp, Utrecht (see figure 2.4). Tuindorp is a typical 1930s residential neighbourhood, built
according to the “garden village model”. The model refers to urban residential areas with a
typical village character (Trouw, 2008). The residential area is dominated by low-rise
buildings/houses and domestic gardens. About half of the streets within the area have
patches with street trees within the sidewalk. The southern part of the area has a lawn of
grass with high trees and the western part borders a highway. The private property surface
areas differentiate between approximately 140 m2 – 190 m2 for middle properties and 200290 m2 for corner properties. The area has a total surface of approximately 0,130 km 2 (or 13
ha). Figure 2.5 gives an image of the structure of the area.

Figure 2.4: Research area in Tuindorp, Utrecht
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Figure 2.5: Image of the composition of green infrastructure in Tuindorp
From left to right: (1 & 4) domestic front gardens and street trees in the pavement, (2 & 3)
domestic front gardens without street trees in the pavement, (5) corner house bordering the
highway in the western part, (6) lawn of grass with high trees in the southern part of the area.
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2.2

Available data resources on green infrastructure
Some resources and information on green infrastructure were already available for both study
areas. Most important resources were; 1) the public tree geo database; containing information
about public trees in Utrecht, like coordinates and species. 2) High-resolution satellite images
of both areas. 3) The cadastral map. 4) Top10NL map; topographic map with scale 1:10,000
and information on land use, all acquired from the municipality of Utrecht and 5) the AHN
map; elevation map giving exact heights of all structures, trees, etcetera, acquired from the
ArcGIS online database.

2.3

Available and selected methods
For the quantification of the three ecosystem services investigated (air purification, runoff
mitigation and cooling) specific methodologies were required. This paragraph discusses the
different available and selected methods for the quantification of the different ecosystem
services within urban areas.
For the quantification of ecosystem services within urban areas, a computer based model has
been developed (UFORE), which is rather United States oriented. The software was designed
by the USDA forest service for assessing and managing community forests (I-Tree, 2015).
The UFORE (Urban Forest Effects) model calculates biogenic emissions and air pollutant
removal together with some other ecosystem services like carbon sequestration and building
energy consumption based on specific land use, shrub and tree information within randomly
located plots of one acre (Nowak et al., 2008). Because the data required for this model are
rather specific and very labour-intensive, requiring field data from many plots including (when
applying for Tuindorp) many inventories in private gardens, the model is not suitable for the
time available in this Master project. Therefore other methods have been applied in this study
in which satellite data combined with field data are applied to give an indication of the quantity
of selected ecosystem services provided (air purification, runoff mitigation and cooling).

2.3.1

Air purification
For the delivery of air purification services by green infrastructure, most studies rely on tree
coverage to quantify the reduction of background air pollutant concentrations on a city wide
scale (e.g. Escobedo & Nowak, 2009; Jim & Chen, 2008). The drawback of these methods is
that they do not account for the different capabilities of species to purify air as well as they do
not take other vegetation ‘features’ into account, such as the presence of shrubs, hedges and
climbing plants; features which are also perfectly capable of purifying air (Kuypers & de Vries,
2007). The explanation for choosing this approach is easily made. Trees represent the major
biomass in urban areas, tree coverage is easily mapped in geometrical information systems
(GIS) using LIDAR data and for the purpose of quantifying air purification on a city-wide scale,
differences between individual species capacities will not result in strongly different results.
Because methods based on tree coverage do not incorporate the differences in species
capability to filter different types of pollutants, a new method has been developed in this study
to quantify air purification of trees, shrubs, hedges and climbing plants at street level.
Hiemstra et al. (2008) indexed tree, shrubs, hedges and climbing plant species based on their
relative capacity to filter atmospheric particulate matter, nitrogen oxides, ozone and the
capacity to emit volatile organic compounds (VOC’s). Because both atmospheric particulate
matter (PM10) and nitrogen oxides (NO + NO2) are the most important elements of air
pollution in Utrecht, this study focussed on those two components. In Hiemstra et al. (2008)
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for atmospheric particulate matter and nitrogen oxides, per species a value is given between
1 and 3, meaning that species with a value of 3 have the highest and species with a value of
1 have the lowest relative filtering capacity (see appendix 1). Because not every species
present in the study areas was represented in the table, some species were indexed, if
available, based on the genus and otherwise based on average values for deciduous or
coniferous species. Because the relative indexation of species does not incorporate the
volume of a vegetation ‘feature’, the indexation was corrected for the relative volume of
biomass. The resulting approach is indicated in table 2.1.
The scale is based on the tree crown volume estimation model, which is used to estimate tree
crown volume based on LIDAR (airborne data). The model calculates crown volume as a
function of crown height, crown diameter and a multiplier, which depends on the crowns’
shape (Changok, 2007). The equation given by Changok, 2007 is:
crown volume = crown height * (crown diameter)2 * multiplier.
In designing the scale the following was assumed; the crown of a tree is 70% of its total
length and the diameter of the crown is half the crown height, both based on an estimation of
trees in both neighbourhoods. The multiplier (.4581) was calculated as the average of the
values given for spheroid (.5236) and parabolic (.3927) tree shapes (the dominant forms in
Dutch urban area’s) by Changok, 2007. Hedge volumes were calculated by the equation of
calculating the volume of a beam: length * width * height

Figure 2.5: Tree parameters used for calculating crown volume
In table 2.1 the relative scale is given. Each unit has a weight that is multiplied by the index
number of the species given for the type of pollution (see appendix 1). Weights are based on
calculated volumes of vegetation units. Trees of 6-<10m (class 5) were given a weight of 1,
and all other classes were given a weight based on their volume compared to this class. So
for instance, when a tree of 16 m in height has a PM10-indexation of 2, the new value of the
tree for PM10 is 2*15.72= 31.44. For the exact calculation of the weights and explanations,
see appendix 2.

Ecosystem services delivery by urban green infrastructure in Utrecht, the Netherlands

22 of 64

1220025-016-BGS-0001, 28 July 2015, final

Table 2.1: Relative scale and weights of vegetation units
Category:

Structures:
Trees

Weight
Hedges

1

Shrubs

Climbing plants

Shrubs

climbing plants 0-<5m2
9,5 x 10-3

0.5-<1m
2

Hedges 4x1m

Shrubs

climbing plants 5-<15m

1-2m
3

Hedges 4x2m

4

Trees < 6m

5

Trees
6 -<10m

6

8

7,6 x 10-2
1,5 x 10-1
1,7 x 10-1
1

Trees
10-<14m

7

2

7,03

Trees
14- <18m

15,72

Trees =>18 m

23,99

Hedges units are counted as one per 4 meters in length because an average front garden in
Tuindorp is approximately 5 meters wide (5 meter minus 1 meter for the footpath). In the
neighbourhood within Overvecht, where most of the trees were public, purification was
quantified by adding up the index values of trees (multiplied by weight) and field results from
shrubs, hedges, climbing plants and resting trees. Public trees in the database were indexed
using the AHN map. Determining the effect for the other vegetation features (shrubs, climbing
plants, hedges and private trees), field work covering whole the research area was
performed. Calculation of all weighted index values resulted into a value that was used for
further reference in equations 1 and 2 (see below).
For Tuindorp, vegetation data of domestic gardens were added to the data of public trees to
get an indexation for the neighbourhood as a whole. Public trees are indexed the same way
as in Overvecht. Data from trees within domestic gardens in Tuindorp were obtained by field
measurements in three plots (see figure 2.6). Within the plots, per front garden all the trees,
hedges, shrubs and climbing plants were indexed. In each back yard within the plots, trees
were recorded based on species. As a general rule a tree needed to have a minimal height
that reached the rain gutter (about 6 m above street level) to be recorded within a backyard
because only these trees will fully capture air currents that flow over the gardens (see figure
2.7). Hedges within backyards are only recorded when they bordered the street and shrubs
within backyards were not recorded. This because air pollution from the streets will be very
diluted when reaching the enclosed backyards (see figure 2.7) (Weber & Weber, 2008). Apart
from that, getting access to domestic gardens would have taken too much effort and time for
the timeframe of this study. The data obtained in the plots was converted to a subtotal of all
private vegetation by multiplying for total surface area of domestic gardens. Public and private
vegetation data were then added up to calculate for the neighbourhood as a whole using
equations 1 and 2:
1. Total indexation = the sum of all recalculated index numbers (using table 5), of all
vegetation within the research area, per type of pollution (PM10, NO + NO2)
2. Average air purification per m2 = total indexation / research area in m
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Figure 2.6: Plotted housing blocks for field research
Because shrubs and low-rise vegetation in back gardens were not expected to have the same
effect in air purification, later on, different scenarios were tested to account for the purification
capacity of the back yards.
In the analysis the following scenarios were tested:
1) vegetation in the backyards has equal impact on air quality as front gardens
2) vegetation in the backyards has ¾ the impact on air quality as front gardens
3) vegetation in the backyards has half the impact on air quality as front gardens

Figure 2.7: Indicating the behaviour of air currents and the pollution in them (given by
blue arrows). The concentrations in the pale blue arrow are diluted (as is
explained in Weber & Weber, 2008)
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2.3.2

Soil sealing
Because soil sealing is both a very important element in direct runoff of storm water and the
urban heat island effect, public areas in both Tuindorp and Overvecht are mapped based on
land cover types (soil sealing, grass, shrubs, etcetera) using ArcGIS (results in appendix 3).
For the public area within both neighbourhoods the following equation was used:
1. Percentage soil sealing = (Total area of soil sealing in m2 / Total area in m2) * 100%
For the private properties in Tuindorp an average percentage soil sealed was estimated, by
measuring surface of soil sealing per property within three plots (145 properties, see figure
2.6), using cadastral maps and high resolution satellite images acquired from the municipality.
In the estimation of soil sealing within each cadastral property, the surface area of the house
itself and other constructions such as sheds were incorporated. Later on, the soil sealing of
the garden itself was calculated by correcting for the surface area of the house. The soil
sealing of the gardens still incorporated the sheds due to their absence in the Top10NL map.
Calculations of the percentage soil sealing for the whole neighbourhood were executed using
the following equations:
1. Total soil sealing within private properties in m2 = total area private property in m2 *
the average percentage soil sealed within the properties
2. Total soil sealing within the neighbourhood in m2 = total soil sealed area within private
properties in m2 + total public soil sealed area in m2
3. Percentage soil sealing neighbourhood = (total soil sealed area in m2 / Total area in
m2) *100%
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2.3.3

Storm water runoff mitigation
Runoff mitigation was quantified using a method of Tratalos et al. (2007), which combines the
effect of interception and infiltration. The method has its basis in research executed by the
Soil Conservation Service (1972), was further developed by Pandit & Gopalakrishnan, (1996)
and was later on used by Derkzen et al. (2015), Lyon et al. (2004), Weng (2001), Whitford et
al. (2001) and Zhan & Huang (2004). Derkzen et al (2015) used the method for the
quantification of ecosystem services in Rotterdam, the Netherlands and calculated runoff for a
10 mm event, which the authors indicated to be a typical ‘wet day’ in the Netherlands
(Derkzen et al., 2015; KNMI, 2012). Derkzen et al. (2015) adapted the runoff mitigation rates
for urban land types calculated by Tratalos et al (2007), see table 2.2.
Runoff mitigation is calculated by:
1.
2.

Pe =(P – 0.2S)2 / (P + 0.8S)
Rmc = 1 – Pe

Where:
- Pe represents surface runoff
- P represents precipitation in mm (in this case 10mm)
- S represents the maximum potential retention (in mm). Which is calculated as
2540/CN – 25.4, were CN is the curve number for the land cover type (table 2.2).
- Rmc represents runoff mitigation coefficient
The rates for domestic gardens in Derkzen et al. (2015), are based on 70 randomly selected
gardens in Sheffield calculated in the study of Tratalos et al, 2007, with an average soil
sealing of 33%. In Tuindorp an average soil sealing of 63% was estimated for domestic
gardens, so a new curve number (CN: 84.5, based on 63% sealed, 20.5% grass, 6.5% shrub,
5.5% herbaceous, 4.5% earth or gravel) was determined resulting in a lower runoff mitigation
rate for domestic gardens in this study.
Note: Both in the appendix of Derkzen et al. (2015) and in Tratalos et al. (2007) the formula
for calculating runoff retention is misspelled: Pe = (P – 0.2S)2 / (P - 0.8S) instead of Pe =(P –
0.2S)2 / (P + 0.8S). In other papers the correct formula is given, e.g.: Lyon et al. (2004), Weng
(2001), Whitford et al. (2001) and Zhan & Huang (2004)
Table 2.2 Curve numbers, runoff coefficients and mitigation rates for a 10 mm storm
event used by Derkzen et al. (2015) and based on Tratalos et al. (2007a)
Land type
Curve
Runoff
Runoff mitigation Runoff mitigation
number
coefficient*
coefficient**
rate (l/m2)
(CN)
Tree
58.0
0.16***
0.84***
8.4***
Shrub
66.0
0.27
0.73
7.3
Herbaceous
61.0
0.20
0.80
8.0
Garden
84.5#
0.60
0.40
4.0
Other
74.5
0.40
0.60
6.0
Note: Table was modified from Derkzen et al. (2015)
* Denotes the proportion that runs off a surface during a 10 mm storm event
**Denotes the combined proportion of interception and infiltration during a 10mm storm event
***Given per tree instead of per m2. Because the rate is based on a small canopy tree, the
rate probably underestimates the service and should therefore be seen as a minimal.
#
Curve number was recalculated for domestic gardens in Tuindorp, see appendix 2
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2.3.4

Temperature regulation
Studies that quantified the provisioning of ‘cooling’ by urban green infrastructure are varying
in extent and nature, mostly investigating the cooling effect of parks. For instance, some used
computer simulations (e.g. Grêt-Regamey, Celio, Klein, & Wissen Hayek, 2013; Qihao Weng,
Lu, & Schubring, 2004; Wilby, 2003), others used satellite imagery (e.g. Dousset &
Gourmelon, 2003; Feyisa, Dons, & Meilby, 2014; Tran, Uchihama, Ochi, & Yasuoka, 2006) or
quantified the temperature regulatory extent of parks using ground level data, comparing
inside and outside temperatures (e.g. Akbari, Pomerantz, & Taha, 2001; Hamada & Ohta,
2010; Tzoulas et al., 2007; Upmanis, Eliasson, & Lindqvist, 1998). Because most studies
concentrated on the cooling effect of parks, the methods are not fully applicable for studying
the effect of urban vegetation within neighbourhoods, domestic gardens, etcetera. Because
no thermal infrared satellite images were available for the study areas the infrared method
was not applicable in this research. Because the objective of this study was to quantify the
effect of green infrastructure at street level, local temperature measurements were also not
applicable. Temperature measurements would generate confusing data, not indicating the
direct cooling effect of the green infrastructure itself. In literature no values could be found
that couple different types of green infrastructure to some sort of “scale”, indicating the
cooling effect of different types of vegetation. Therefore the cooling effect of urban green
infrastructure was quantified at an abstract level, using the tree density as an indicator for
shade delivery. So within both areas all the trees were mapped.
To map private gardens and the trees within them, in Tuindorp, the AHN map (elevation map)
was used in combination with high resolution satellite images (AHN, n.d.). Also each garden
was mapped and given a category based on the number of trees in it. As each garden was
mapped, the total number of trees was calculated per neighbourhood as well as the tree
density per m2. The total number of trees was then calculated by adding up the surveyed
private trees to the available data of public trees. As each tree contributes to microclimate
within a neighbourhood the average tree density gave an indication for the potential of local
trees to cool the area. Also the tree density within private gardens was calculated which gave
an indication of the share of private trees in local temperature regulation.
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3 Results
3.1
3.1.1

Air purification
Species composition
The top 10 abundant species per subcategory (e.g. public trees, other vegetation) within both
research areas is given in table 3.1.The percentage represents the amount of the total
vegetation units per subcategory. For instance, 19.40% of the public trees within the
research area in Overvecht, are trees of the species; Alnus cordata. Species specified as
‘other’, are species that are not incorporated in Hiemsta et al. (2009).
Table 3.1: Top 10 abundant species of public trees and other vegetation in both
research areas. Percentages are given as the percentage of a species within the
group (Tuindorp pub. trees, Overvecht other veg. etc.)
Tuindorp public trees

Tuindorp other veg.

Prunus serrulata
'Hizakura'
Tilia xeuropaea
'Pallida'
Prunus serrulata
'Kanzan'
Prunus serrulata

20.72%

Other spec. shrub

13.96%

Ligustrum

13.06%

Other spec.
deciduous tree
Hedera

7.25%

5.60%

12.16%

Overvecht public trees

Overvecht other veg.

31.81%

Alnus cordata

19.40%

35.60%

16.03%

Acer platanoides

13.10%

Other spec.
shrub
Ligustrum

10.06%

5.85%

Sorbus intermedia

9.01%

Sorbus aria
'Lutescens'
Crataegus xmedia
'Paul's Scarlet

8.56%

Other spec.
coniferious tree
Fagus

6.76%

Ilex xmeserveae

2.80%

Ulmus xhollandica
'Vegeta'
Tilia americana

3.15%

Lonicera

2.54%

1.80%

Rosa

2.42%

Ginkgo biloba

1.80%

Mahonia

2.29%

Prunus subhirtella
'Autumnalis'

1.80%

Taxus

2.04%

4.33%

14.40%

Robinia
pseudoacacia
Tilia xeuropaea

8.06%

Mahonia

7.05%

8.82%

Ulmus xhollandica
'Vegeta'
Tilia platyphyllos
'Úrebro'
Sorbus intermedia

7.05%

Carpinus
betulus
Other hedge
spec.
Spiraea

3.72%

Ulmus xhollandica
'Commelin'
Robinia
pseudoacacia
'Bessonia'
Aesculus carnea
'Briotii'

3.27%

Other spec.
coniferous
tree
Ilex
xmeserveae
Acer
platanoides

2.01%

Pyrus calleriana
'Chanticleer'

2.77%

Other spec.
deciduous
tree
Lonicera

4.28%
4.03%

3.02%

3.02%

6.50%
4.64%

2.48%
2.17%

1.24%

Most abundant species were Prunus serrulata (20.72%), other shrub species (21.81%), Alnus
cordata (19.40%), and other shrub species (35.60%), within the categories of “Tuindorp public
trees”, “Tuindorp other vegetation”, “Overvecht public trees” and “Overvecht other vegetation”
respectively. The species composition of public trees differentiated between the areas. Tilia x
europaea (1.80%, 7.05%) and Ulmus x hollandica (3.15%, 3.27%), are the only tree species
that are present in both top 10’s. Noticeable is that the most abundant vegetation in the
private gardens of Tuindorp and other vegetation in Overvecht consisted out of shrub species
that are not incorporated in the table by Hiemstra et al, 2009, given by “other spec. shrub”.
The complete table is given in appendix 1.
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3.1.2

Air purification overview

As described in the methods section, the quantification of air purification capacity of
vegetation at street level was performed on a relative scale. So the numbers in this
paragraph do not represent any exact amount of air pollutants filtered by the vegetation,
but give an indication of the relative differences between the research areas.
Table 3.2: Capacity to filter pollutants per neighbourhood. Numbers represent relative
differences between areas
Tuindorp
Overvecht
PM10 NO + NO2
PM10
NO + NO2
Public trees
754.68
1525.72
1592.02
3058.24
Private / other vegetation
804.51
845.50
127.30
184.21
Total value
1559.19
2371.22
1719.32
3242.46
Total surface of research area m2
136 506
136 506
111 037
111 037
2
Value per 100m
1.14
1.74
1.55
2.92
2
Value public trees per 100 m
0.55
1.12
1.43
2.75
Value other vegetation per 100 m2
0.59
0.62
0.11
0.17

Table 3.2 showcases the total indexation of all vegetation in both neighbourhoods
converted by the scale of relative differences between species for atmospheric particulate
matter (PM10) and nitrogen oxides (NO + NO2). One can see noticeable differences
between neighbourhoods when comparing the indexation of public trees and private/
other vegetation. The total indexation for atmospheric particulate matter (PM10) was 1.14
and 1.55 per 100 m2 for Tuindorp and Overvecht, respectively. The total indexation for
nitrogen oxides (NO + NO2) was 1.74 and 2.92 for Tuindorp and Overvecht, respectively.
Subparagraphs 3.1.3 (PM10) and 3.1.4 (NO + NO2) elaborate on the relative differences
between the two research areas.
3.1.3

Atmospheric particulate matter (PM10)
In table 3.3 one can see the relative differences between vegetation in the
neighbourhoods in the capacity to filter PM10. The results show that at a grand total the
research area in Tuindorp has 74% the air purification capacity of Overvecht, this mainly
due to the high differences in purification capacity of the public trees (0.55 vs. 1.43). In
figure 3.1 and 3.2 the distribution of the different categories per research area is given.
The distribution specifies how the total indexation for PM10 per neighbourhood is
composed.
Table 3.3: Indexation per 100 m2 of PM10 purification capacity and ratios between
neighbourhoods
Tuindorp Overvecht Ratio T-O
Public trees
0.55
1.43 39%
Private/other
0.59
0.11 514%
Total
1.14
1.55 74%
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Tuindorp PM10 filtering capacity
per category
1% /812
6% /2

Overvecht PM10 filtering capacity
per category
1% /254

10%
/1088

2%
/280
6% /2

1% /58

1% /40
3% /196
1% /10

15% /8
8% /101

11% /485

1% /3

27% /18
7% /382
20% /39
12% 102
3% / 133

49% /80

10% / 7
5% /40

Figure 3.1: Tuindorp (Left) & Figure 3.2: Overvecht
(right): Percentages per category of the total
capacity to remove PM10 out of the air in the
research areas by public trees and resting
vegetation. The /# behind the percentages
represent the number of units per category. In
the legend, S represents shrubs, C represents
climbing plants, H represents hedges, T
represents trees, ‘other’ represents other
vegetation and ‘pub.’ represents public trees.

When comparing figures 3.1 and 3.2, one can easily
see that the composition of unit categories that
contribute
to
air
purification,
within
both
neighbourhoods, is totally different. The composition of the total filtering capacity of
atmospheric particulate matter in the research area in Tuindorp in figure 3.1 shows that
the capacity per unit category ranges between 1 and 20 per cent. The diagram also
shows the amount of vegetation units that provide the share in air purification capacity in
the area, given by /#. For instance, in Tuindorp, category 2 private, consisting out of 1088
units of shrubs, climbing plants and hedges, provides the same capacity of air purification
as the 7 private trees in category 6 (both 10%). The distribution of PM10 filtering capacity
in the research area in Overvecht in figure 3.2 shows that the capacity per category
ranges between 1 and 49 per cent. Noticeable is that the two categories of “6 and 7,
public trees” together provide 76 per cent of the total air purification capacity.
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3.1.4

Nitrogen oxides (NO + NO2)

In table 3.4 the relative differences between vegetation in the neighbourhoods in the
capacity to filter NO + NO2 out of the air are given. The results show that at a grand total
the research area in Tuindorp has 59% the air purification capacity of Overvecht, this
mainly due to the high differences in purification capacity of the public trees, as it the
case for PM10. In figure 3.3 and 3.4 the distribution of the different categories per
research area is given.
Table 3.4: Indexation per 100 m2 of NO + NO2 purification capacity and ratios between
neighbourhoods
Tuindorp Overvecht Ratio T-O
Public trees
1.12
2.75
41%
Private/other
0.62
0.17
373%
Total
1.74
2.92
59%
Tuindorp NO + NO2 capicity per
category

Overvecht NO + NO2 filtering
capacity per category
<1% / 254

1% /812
6% /2

16% /8

7%
/1088

4% /2
7%
/485

2% /280
1% /58

1% /40
3% /196
1% /10

9% /101

2% /3

7% /383
3% /133

26% /18

11% /102
35% /39
51% /80
5% /40
2% /7

Figure 3.3: Tuindorp (Left) & Figure 3.4: Overvecht
(right): Percentages per category of the total
capacity to remove NO + NO2 out of the air in the
research area by public trees (pub) and resting
(rest) vegetation. The /# behind the percentages
represent the amount of units per category. In the
legend, S represents shrubs, C represents
climbing plants, H represents hedges, T
represents trees, ‘other’ represents other
vegetation and ‘pub.’ represents public trees.

The distribution of filtering capacity in the research area in
Tuindorp in figure 3.3 shows that the capacity per
category ranges between <1 and 35 per cent. Noticeable
is the difference between the capacity to filter PM10 and NO + NO2 by trees in category 6
in Tuindorp. Where trees in category 6 reflect about 20% (public) and 10% (private),
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respectively of the filtering capacity for PM10, this is 35% (public) and 2%, (private)
respectively for NO + NO2. The difference is species driven. Public trees in the categories
in Tuindorp were dominated by Tilia species, which are more effective in filtering nitrogen
oxides (NO + NO2). Private trees in the category were dominated by coniferous species,
which are more effective in filtering atmospheric particulate matter (PM10). The distribution
of filtering capacity in the research area in Overvecht in figure 3.4 shows that the capacity
per category ranges between <1 and 51 per cent. Noticeable differences between
categories of PM10 and NO + NO2 as mentioned for Tuindorp, are not present for
Overvecht.
3.1.5

Backyard analysis
Because the results above do not incorporate the air purification capacity of backyard shrubs,
hedges and climbing plants an analysis has been done to investigate what capacity the
backyard vegetation needs to have to reach the turning point over the capacity of Overvecht.
Following scenarios were tested, see table 3.5:

vegetation in the backyards has equal capacity as front gardens

vegetation in the backyards has ¾ of the capacity of front gardens

vegetation in the backyards has half the capacity of front gardens

PM10

Initial analysis
Assuming scenario 1 (1)
Assuming scenario 2 (0.75)
Assuming scenario 3 (0.50)

1,14
1.68
1.55
1.41

1.55
1.55
1.55
1.55

NO + NO2

Table 3.5: Analysis of total indexation per 100 m2 of PM10 purification capacity and
ratios between neighbourhoods assuming different scenarios
Tuindorp Overvecht

Initial analysis
Assuming scenario 1 (1)
Assuming scenario 2 (0.75)
Assuming scenario 3 (0.50)

1.74
2.28
2.14
2

2.92
2.92
2.92
2.92

The results in table 3.5 indicate that the air purification capacity of Tuindorp’s backyard
vegetation is of importance in the comparison of the two neighbourhoods. For PM10 the
different scenarios show that the backyard vegetation can lead to a higher or equal air
purification capacity as that of Overvecht. For nitrogen oxides the analysis indicates that the
capacity of Tuindorp is under all scenarios considerably lower than that of Overvecht.
3.1.6

Green tunnel effect
No “green tunnels” have been identified in both research areas as there were no places that
had lower optical porosity then 50% within 100-150 meter of the emission sources.
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3.2

Soil sealing
Because soil sealing is the most important factor in direct runoff of storm water and also one
of the most important factors in the urban heat island effect, this paragraph is included to
provide information on the percentages and type of soil sealing in both the research areas.

Tuindorp
28%

22%

Overvecht
Unpaved

Unpaved

33%
Houses

30%

Roads

Roads

27%

23%

Other
pavement

Buildings

17%

Other
pavement

20%
Figure 3.5: (Tuindorp) (Left) & Figure 3.6: (Overvecht) (right): Percentages of paved
areas in the neighbourhoods
Figure 3.5 and 3.5 give a general overview of soil sealing in Tuindorp and Overvecht. In table
3.4 the underlying numbers are given. The total soil sealing in Overvecht (69.7%) is about 8%
lower than in Tuindorp (77.77%). When comparing the percentages of sealed surfaces
between neighbourhoods, one can see that Overvecht has a lower percentage in roads (this
includes the road itself and the sidewalk) and buildings (including all buildings in Overvecht
and the houses in Tuindorp). Sheds in the residential properties within Tuindorp are
incorporated in the category; “other soil sealing” because they were not incorporated in the
TOP10NL map of which the building/house data was obtained. The category of “other soil
sealing” is higher for Overvecht (47.33%) than Tuindorp (36.51%), mostly consisting out of
parking lots in Overvecht and pavements within the residential properties in Tuindorp. The
soil sealing within private properties in Tuindorp is given table 3.5 and figure 3.7.
Table 3.5: Comparison of soil sealing in the two research areas
Factor
Tuindorp
Total surface
136 507
Pervious area
30 345
Soil sealing area
106 162
Percentage pervious
22.23
Percentage soil sealing
77.77
Surface area road
36 235
Percentage road of soil sealing
34.13
Percentage road of the total area
26.54
Surface area buildings
31 172
Percentage buildings of soil sealing
29.36
Percentage buildings of the total area
22.84
Surface area other soil sealing (parking lots, etc.)
38 755
Percentage other soil sealing of the total area
28.39
Percentage other soil sealing of the total soil sealing
36.51
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Overvecht
111 037
33 641
77 396
30.30
69.70
22 078
28.53
19.88
18 683
24.14
16.83
36 635
32.99
47.33

m2
m2
m2
%
%
m2
%
%
m2
%
%
m2
%
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Within the private properties in Tuindorp (see figure 3.5), houses account for 33% of the total
surface, pavement in gardens (including sheds) account for 52% of the total surface and
permeable areas account for 25% of the total surface.
Table 3.6 Soil sealing within private
properties in Tuindorp

Tuindorp private
properties

Proportion in private properties

25%

33%

93506

m2

68.5

%

Paved surface area in private properties

69927

m2

Percentage paved in private properties

74.78

%

Percentage houses in private properties

33.34

%

Total surface area private properties

Houses

Percentage private properties of the total area

Paved
Unpaved
42%

Figure 3.7: Soil sealing within private properties in Tuindorp
The soil sealing within private properties in Tuindorp was estimated in a sample survey in
three randomly selected blocks (a total of 145 properties) and ranged between 55% and 95%
(including the sealed surfaces of houses). This averaged in a soil sealing surface of 74.78%
for private properties. Excluding the houses the soil sealing of the gardens itself, ranged from
25% to 92%. In table 3.7 the properties per percentage soil sealing are given as well as the
soil sealing in gardens. In figure 3.6 one can see the differences between percentages paved
within private properties in “research block 2” in Tuindorp. For maps of soil sealing in both
areas see Appendix 3.
Table 3.7: Number of properties and gardens per percentage soil sealing for the
sample survey, total area and percentage of total
Percentage soil
sealed of total
property
(percentage soil
sealed in garden)
50% (25%)

Sample
survey

Total area

Percentage
of total

3

11

2%

55% (33%)

4

15

3%

60% (40%)

10

37

7%

65% (48%)

14

51

10%

70% (55%)

29

107

20%

75% (63%)

21

77

14%

80% (70%)

25

92

17%

85% (77%)

26

96

18%

90% (85%)

8

29

6%

95% (92%)

5

18

3%

Grand total

145

533

100%

Figure 3.8: Percentage soil sealing within
research block 2, Tuindorp
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3.3

Storm water runoff mitigation
Over the total area during a 10 mm storm event (10L/m2) a total of 2.17 and 2.38 litres can be
mitigated per m2 for Tuindorp and Overvecht, respectively. Looking into the different aspects
of the total runoff mitigation, one can see that Overvecht has higher runoff mitigation than
Tuindorp in grass (202335 L vs. 3453 L), shrubs (53151L vs. 7276 L) and other surfaces
(4950 L vs. 825 L). The total runoff mitigation however only differs 0.21 L/m2 as result of the
big differences in total garden runoff mitigation.
Table 3.8: Mitigation of a 10 mm storm event in Tuindorp and Overvecht
Area in m2
Runoff mitigation in L
Tuindorp Overvecht RMR*
Tuindorp
Overvecht
Gras
4317
25292
8
34535
202335
Shrubs
997
7280
7.3
7276
53141
Other
138
825
6
825
4950
Gardens
62334
0
4**
249937
0
Number of trees
440
429 8.4***
3696
3604
Total litres mitigated
264031
296275
Mitigation per m2
2.17
2.38
*Runoff mitigation rates derived from Derkzen et al. (2015).
**Runoff mitigation rate recalculated for gardens in Tuindorp (see methods/ appendix 3)
*** Expressed per tree instead of per m2. Because the number is based on small street trees,
the number is likely to underestimate the service
Calculations for gardens in Tuindorp in table 3.9 show the litres mitigated in ‘hypothetical’ new
situations with increased or decreased soil sealing. For instance, the results show that
decreasing the soil sealing in gardens with 15% would lead to an average increased runoff
mitigation of 0.51 L/m2 or 24% for the total neighbourhood of Tuindorp.
Table 3.9 Mitigation of a 10mm (10 l/m2) storm event in Tuindorp with increasing and
decreasing average soil sealing percentages in gardens
Average soil sealing
%
Litres
Difference with current situation in
in gardens*
Decrease/
mitigated
L/m2
%
2
increase
per m
63% (current situation)
0%
2.17
0
0
Decease
58%
-5%
2.36
+0.19
9%
53%
-10%
2.52
+0.35
16%
48%
-15%
2.68
+0.51
24%
Increase
68%
+5%
1.99
-0.18
8%
73%
+10%
1.79
-0.38
18%
78%
+15%
1.59
-0.58
27%
*New curve numbers were calculated for each new soil sealing situation in gardens
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3.4

Cooling
This paragraph concentrates on the number of trees in both areas. In table 3.10 the numbers
per neighbourhood are given. The total number of trees in Tuindorp (440) is a little higher
than in Overvecht (429), but because the area in Tuindorp is somewhat bigger, the total tree
density is higher for Overvecht (0.32 versus 0.39 trees per 100 m2). The tree density indicates
that the total evapotranspirative cooling and cooling by shade of trees is higher in Overvecht.
Table 3.9: Trees in the research areas
Tuindorp Overvecht
Number of Public trees
221
396
Number of Private trees
219
33
Total number of trees
440
429
Proportion public / private
1/1
13/1
2
Tree density / 100m
0.32
0.39
The number of trees (>6 m in height) per private property in Tuindorp was determined using
satellite images, see figure 3.11. Numbers ranged between 0 and 8 trees per residential
property. The table points out that the majority
of the properties does not accommodate a tree
(370 of 533)
Tabel 3.10 Number of trees per on private
properties
Nr. Of trees Nr. of
properties
0
370
1
123
2
34
3
4
4
1
8
1
Grand
533
Total

Figure 3.9: Positions of trees in Tuindorp and the amount of three per residential
property
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3.5

Overview
Each ecosystem service is presented separately in the prior paragraphs, this paragraph gives
an overview of services provided by the green infrastructure in the areas as a total.
Table 3.11: Overview of services per research area (relative)
Indicator
Tuindorp
Overvecht
PM10 purification capacity
1.14
1.55
NO + NO2 purification capacity
1.74
2.92
Soil sealing
77.77
69.70
Runoff mitigation 10mm storm
2.17
2.38
Tree density
0.32
0.39

Unit
per 100m2
per 100m2
%
l/m2
Tree/100m2

As shown in table 3.10, Overvecht has a relatively higher air purification capacity for PM10
(1.55 versus 1.44) and for NO and NO2 (2.92 versus 1.74) in the initial analysis. In assuming
different scenarios for backyard purification capacity (see paragraph 3.2), PM10 purification
capacities of Overvecht and Tuindorp do not differ substantially (1.55 vs. 1.41, 1.55 and
1.68). For nitrogen oxides purification, Overvecht had a higher capacity under all scenarios
(2.92 vs. 2, 2.14 and 2.28). Overvecht also had a higher tree density (0.39 versus 0.32) and a
lower soil sealing (69.7% versus 77.77%), resulting in a lower direct runoff and a higher runoff
mitigation (2.38 versus 2.38). Figure 3.10 shows the relative capacities of ecosystem services
(and indicators) of Tuindorp as the percentages of Overvecht services as a total. The different
scenarios represent the different backyard analysis scenarios.

Capacity of Tuindorp in comparison with Overvecht
PM10 purification
120%
100%
80%
60%
40%
20%

Cooling (tree density)

0%

NO + NO2 purification
Assuming scenario 1 (1)
Assuming scenario 2 (0.75)
Assuming scenario 3 (0.50)
Initial analysis

Runn-off mitigation

Figure 3.10 Capacity of ecosystem services and indicators of Tuindorp relative to
Overvecht’s services and indicators (Overvecht = 100%). Scenarios represent
different backyard effects.
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4 Discussion
4.1

Urban ecosystem service research
Ecosystem services have increasingly received attention in literature, most studies focusing
on a theoretical framework or methods for the quantification and or validation of the services
(e.g. Costanza et al., 1997; Crossman et al., 2013; Gómez-Baggethun, de Groot, Lomas, &
Montes, 2010; Wurster & Artmann, 2014).The urban element in ecosystem services research
is however, underexplored. Human well-being problems like the increasing urban heat island
effect or increased urban air pollution make that ecosystem service supply is nowhere as
indisputable as in urban areas (Derkzen et al., 2015; Doick & Hutchings, 2013; Jim & Chen,
2008). Urban green infrastructure can moderate the human well-being challenges, help cities
towards a climate-proof future and provide multiple other services as well (e.g. aesthetic
benefits, biodiversity, food production) (Armour, Luebkeman, & Hargrave, 1996; Bolund &
Hunhammer, 1999; Gill et al., 2007). Because the urban aspect in ecosystem services
research is rather unexplored, conventional methods for quantifying ecosystem services
delivery often lack detail to account for the effect of the different green infrastructure
‘elements’ that provide urban ecosystem services (Crossman et al., 2013; Derkzen et al.,
2015).This study, focussing on three regulatory ecosystem services (air purification, runoff
mitigation and cooling) delivered by two different urban green infrastructural areas, found that
the vegetation type, structure and species composition of green infrastructure elements are
the most important aspects for quantitative service delivery.
The dissimilarity between the two different green infrastructural neighbourhoods studied in
Utrecht is reflected in the differences between type, structure and species composition on a
neighbourhood scale. In the Overvecht neighbourhood with a primarily publicly managed
green infrastructure, the vegetation mainly consists of street trees, trees in lawns (often high
trees) and here and there some public shrub stands. The hard, soil sealing structures in the
neighbourhood are mostly big joint surfaces of impermeable and semi-permeable pavements,
like parking lots and broad sidewalks. In the Tuindorp neighbourhood with a primarily private
green infrastructure the main structure elements are private front and back gardens with a
structural mix of trees, shrubs, hedges, climbing plants and small lawns of grass. Soil sealing
in this neighbourhood can be best described as a scattered stamp design, with mosaics of
small and big surfaces of permeable and impermeable pavements within the private
properties.
Interesting results are that although the different neighbourhoods have a completely different
spatial composition and structure of both their ‘green’ and ‘grey’ infrastructure , their capacity
of filtering atmospheric particulate matter (PM10) and their tree density, which was used as the
indicator for cooling, did not differ that much. Also a noteworthy result is that reducing soil
sealing in the domestic gardens of Tuindorp would increase runoff mitigation substantially. An
average reduction of 15% soil sealing would lead to an increased runoff mitigation of 24%.
The results in this study support that ecosystem services delivery should be incorporated in
the planning of urban green infrastructure. Urban vegetation can provide citizens much more
benefits than the aesthetic benefits it is used for present-day.

4.2

Air purification
For the delivery of air purification services by green infrastructure, most studies rely on tree
coverage to quantify the reduction of background air pollutant concentrations on a city wide
scale (Escobedo & Nowak, 2009; Jim & Chen, 2008). Because this research project
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especially focussed on the type of green infrastructure linked to the quantity delivery of the
regulatory ecosystem services, it was of importance to develop a more detailed method to
encompass effects of species composition as well as the other vegetative features apart from
trees (shrubs, hedges and climbing plants), especially because this study emphasises the
dissimilarity between private versus public green infrastructure. As the results shown, most
residential properties in Tuindorp do not accommodate a tree. But almost each garden does
accommodate other vegetation (mostly shrubs and hedges), which contributes to a
substantial degree to the total biomass in the neighbourhood, which therefore has a higher air
purification capacity than supposed under conventional methods using tree coverage. The
new approach for air purification quantification builds on the work of Hiemstra et al. (2008),
which categorises species based on relative effectiveness to purify air has shown to work well
to more precisely assess relative differences between species corrected for volume, and
therefore to result in more reliable estimates of relative differences between neighbourhoods
in air purification capacity. Drawback of the new approach is that many species present in
private gardens are not incorporated in the table by Hiemstra et al. (2008) and were given an
average value.
The results of the initial analysis show that the study area of Overvecht had a higher air
purification capacity than Tuindorp, a result that certainly also would be similar in a tree
coverage approach. The difference is mainly driven by the considerable higher tree volume.
Since the exact balance between volume and species is unknown, an evenly distributed
balance was assumed. The analysis shows that vegetation in private gardens in Tuindorp has
a substantial contribution in the total air purification capacity (52% for PM10 and 35% for NO +
NO2). When considering shrubs, hedges and climbing plants in private gardens in Tuindorp,
the capacity accounts for 22% for PM10 and 15% for NO + NO2. The results give a really clear
indication that private green infrastructure is of great importance in providing the ecosystem
service of air purification. Although the total capacity of Tuindorp may be somewhat lower
than Overvecht for PM10 and NO + NO2, the contribution of private vegetation is still
substantial. The initial analysis excluded vegetation within gardens apart from trees. To
account for the effect a backyard analysis was performed. The results show that total capacity
of filtering PM10 do not deviate that much between the two neighbourhoods. This is notable,
since the spatial type and structure of green infrastructure is completely different between the
two areas. For nitrogen oxides the results show that Overvecht has a considerable higher
capacity under all scenarios. When comparing the average capacity for filtering PM10 in the
area two areas to the relative base values, the value is comparable to one deciduous tree of
6-9 meters in height, per 100 square meters (1.55 vs. 1.6). For nitrogen oxides the area in
Overvecht is also comparable with one deciduous tree of same size per 100 square meters
(2.92 vs. 2.9). The purification capacities for Overvecht can therefore be named substantial
but improvable. This means that the area is represented well in biomass terms and therefore
purification capability, but enhancing vegetation ‘features’ for air purification in planning,
would lead to an extra improvement. For Tuindorp, especially for nitrogen oxides purification,
enhancing greening in gardens would greatly benefit the moderate capability.
A modelling study by Bealey et al. (2007) in five UK cities, found that reductions of 2.5–7%
the total PM10 concentration can be achieved if a quarter of every available space within cities
were planted with trees. Considering the substantial cover of domestic gardens in urban
areas worldwide, different studies found numbers between 21.8% and 36% coverage (Loram,
Tratalos, Warren, & Gaston, 2007; Mathieu, Freeman, & Aryal, 2007; Pauleit, Ennos, &
Golding, 2005), the importance and potential of domestic gardens in the delivery of air
purification services is substantiated. The benefits of urban vegetation for the air quality can
be supported and incorporated in the planning of urban green space by “aiming at maximizing
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the benefits and minimizing the negative impacts of urban trees” (Jim & Chen, 2008). Air
purification services and reduction of pollution levels have hardly been considered in
designing urban green infrastructure (Jim & Chen, 2008). When designing green
infrastructure it is important to choose for the right vegetation ‘features’ at the right place.
Make sure that the trees do not trap air pollution underneath their canopies by keeping an
optical porosity of at least 50%. This prevents that air pollution is trapped at street level, the
so called ‘green tunnel effect’ (Hiemstra, 2012). In narrow street canyons it is better to choose
for a tree here and there or espalier trees replenished with climbing plants and other
vegetative features to support air purification (Vos et al., 2013). Also choose species that
have high capacities of filtering pollutants and have no or limited negative impacts on air
quality due to the emission of biogenetic VOC’s (Benjamin, Sudol, Bloch, & Winer, 1996;
Kesselmeier & Staudt, 1999).
4.3

Storm water runoff mitigation
Storm water runoff mitigation was quantified using the technique of Tratalos et al. (2007),
combining the effect of interception and infiltration. Calculations were made for a 10 mm rain
event, which Derkzen et al (2015) and KNMI (2012) indicated to be a typical ‘wet day’ in the
Netherlands. The total runoff mitigation for Tuindorp was somewhat lower than for Overvecht,
a logical effect of the 8% differing soil sealing. A drawback of the method used, is that it does
not differentiate between types of pavements. Asphalt and rooftops have the same runoff
coefficient as permeable pavements. Also the redefined curve numbers for gardens are
based on the composition of the gardens and the percentages of paved surfaces. But as one
can image a square meter of parking lot or road will have higher direct runoff due to their
connection with the sewer system than scattered permeable and impermeable surfaces in
private gardens, at which runoff to bordering grass or open ground and infiltration is possible
(Bean, Hunt, & Bidelspach, 2007; Gemeente Rotterdam, 2011). The soil sealing grade found
in both areas are remarkably alike the soil sealing grade found by Zwaagstra (2014), who
studied soil sealing in Groningen, the Netherlands. The soil sealing of Tuindorp is the same
as in ‘de professoren buurt’ in Groningen (77.77% vs. 77.80%), neighbourhoods which were
built in the same time period (the 30’s). The soil sealing in the area in Overvecht of 69.7% is
close to the soil sealing found in Selwerd, Groningen (70%). Selwerd was built in the same
time period as Overvecht (the 60’s). Zwaagsta found an increased soil sealing of multiple
percentages (between 2.7%-6% for ‘de proffesorenbuurt’ and 2.8%-3.6% for ‘Selwerd’) in
both neighbourhoods over a period of 5 years. Thus soil sealing’s in both research areas are
very comparable with similar neighbourhoods in Groningen and can therefore not be defined
as low or high for the type of neighbourhood. Soil sealing is however increasing, which
requires a course of action to stagnate and reverse this trend.
Emphasizing the importance of reducing soil sealing and direct runoff in urban domestic
gardens, it is important to mention that direct runoff and therefore a limited interception and
infiltration capacity is mainly a problem in neighbourhoods with a high housing density and
small lot sizes (European Commission, 2012). Garden size and the pervious area are
positively correlated, meaning that the bigger the garden, the bigger the pervious area (Perry
& Nawaz, 2008; Stone, 2004; Verbeeck, Van Orshoven, & Hermy, 2011). Taking actions that
lead to a reduction of the soil sealing in gardens, like policy measures or initiatives, would
favour the runoff mitigation rate of the total neighbourhood. ‘Operatie Steenbreek’ is Dutch
initiative that uses the BIMBY (biodiversity in my backyard) method by Beumer & Martens
(2014) to reduce soil sealing in domestic gardens. The method is a form of citizen science in
which residents are assisted by a scientist to gather information about their own garden. By
this self-engagement, residents are challenged to observe their garden from another
‘ecosystem perspective’. When actions like this could lead to a hypothetical decrease of 15%

Ecosystem services delivery by urban green infrastructure in Utrecht, the Netherlands

40 of 64

1220025-016-BGS-0001, 28 July 2015, final

soil sealing within the domestic gardens in Tuindorp, averaging in a garden soil sealing of
48%, the average runoff mitigation would improve by 24% for the total neighbourhood.
Because urbanization and associated increased soil sealing is a trend that will continue in the
future it is of great importance that the exact extent of soil sealing in private gardens and the
reduced infiltration effect are quantified. The focus on private gardens is important because
urban domestic gardens cover a substantial part of urban areas and have a relatively low
runoff mitigation rate due to their relatively high soil sealing. Quantification could support legal
measures for the mitigation of negative impacts of soil sealing on the liveability of urban
citizens (Zwaagstra, 2014). For public green infrastructure design it is also important to
consider infiltration capacity in planning. Use permeable pavements were possible, minimize
impermeable pavements and try to prevent pavement were this is not essential, such as
unnecessary broad sidewalks and complete paved squares without the pavement having any
function. Measures like this are directly applicable for Tuindorp and Overvecht, as the water
storage capacity of the subsurface is between 100 to 500 mm (DANK, 2014). Also street
trees are often planted in standardized sizes patches of ground which often limed tree growth.
For instance Rotterdam has set the challenge to establish at least 6 m2 of unsealed soil
around street trees to optimize its infiltration capacity. Last but not least kerbstones often
prevent runoff from paved area to open ground for infiltration. It is of vital importance to
design green infrastructure in a manner that precipitation, falling on neighbouring paved
areas, can runoff and infiltrate in to the green infrastructural patches (Gemeente Rotterdam,
2011).
4.4

Cooling
Urban microclimate is regulated by urban green infrastructure in three ways: i) by altering
heat exchange and air movement (not covered in this study) ii) through the evapotranspiration
process and iii) by inception of the incoming solar radiation, in other words shading (Aertsens
et al., 2012; Bolund & Hunhammer, 1999; Dimoudi & Nikolopoulou, 2003; Jim & Chen, 2008).
Evapotranspiration and shading account for the largest effect in cooling the urban
microclimate (Skelhorn et al., 2014). The exact cooling effect of urban green infrastructure
depends on multiple factors like; type, structure, volume and species composition of
vegetation, spatial conjunction, background temperatures and seasonal fluxes (Derkzen et
al., 2015; Yuan & Bauer, 2007). Were herbaceous plants, shrubs and climbing plants only
provide ‘cooling’ regionally trough evapotranspiration, trees thereby provide shade. Trees are
therefore a big driver for the provisioning of the service of cooling in urban areas.
This study found a slightly higher tree density in Overvecht, indicating a slightly higher cooling
potential. But since the location of the trees is also very essential in microclimate regulation,
the service quantity delivery of urban trees might give a somewhat distorted image
(Mcpherson, Nowak, & Rowntree, 1994). The combination of tree density and the structural
component of the neighbourhoods would give a better image. In comparison, generally a
street tree of same size and species will have a larger cooling effect in Tuindorp, as the
surroundings will radiate more heat (higher soil sealing) and the trees’ shade is more likely to
hit a place where residents will actually reside (back yards). One can image that in Tuindorp,
the evapotranspirative cooling by other vegetation than trees is more important than in
Overvecht. Most residents would like to have some sunlight in their private garden while still
keeping a comfortable microclimate on hot summer days and nights. Evapotranspiration
cooling from shrubs, hedges and climbing plants is therefore possibly a major factor in the
regulation of the urban microclimate in Tuindorp. Garden vegetation will also have an impact
on the energy load of individual houses, but how this contributes to the wider urban
environment is still not clear (Cameron et al., 2012).
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Derkzen et al. (2015) recently quantified the effect of different urban green spaces in
Rotterdam, the Netherlands, and came with weights for different urban green space cover.
The method includes gardens, trees, shrubs and herbaceous vegetation. Drawback of the
method is that trees, woodland, tall shrubs and short shrub have the same cooling potential
per square meter surface area. A debateable interpretation of quantification, considering the
physiological aspects of urban vegetation. Trees provide cooling trough evapotranspiration
and shading, with approximately equal effect in the temperate zone(Doick & Hutchings,
2013). For instance short shrubs do not provide shade, so one square meter cover area of
short shrub can never have the same cooling potential as one square meter cover area of
tree. Even within tree cover itself, large differences in cooling effect have to be present. One
can image that one square meter of tree cover of a high street tree has more leaf volume, and
therefore higher evapotranspiration than one square meter of tree coverage of a small street
tree. Method development is needed to quantify the exact cooling delivery by urban green
infrastructure, incorporating the all the aspects which determine the cooling effect, such as,
type, structure, species and special conjunction.
4.5

Public versus private parts of urban green infrastructure
So what does that mean for the delivery of the three ecosystem services by private and public
urban green infrastructure? Domestic gardens cover a substantial part of the total urban area,
for instance research in New Zealand found a 36% garden cover of the total urban space
(Mathieu, Freeman, & Aryal, 2007), a study in the United Kingdom (Edinburgh, Belfast,
Leicester, Oxford and Cardiff) found a coverage of 21.8% to 26.8% of the total urban space
(Loram, Tratalos, Warren, & Gaston, 2007) and another study in Merseyside, United Kingdom
found a coverage of 26.24% of the total urban space (Pauleit et al., 2005). Therefore, it is of
vital importance to define their role in ecosystem service delivery precisely (Cameron et al.,
2012). This study tried to define their role within the wider context of green infrastructure. The
results showed that for the three regulatory ecosystem services that have been assessed in
this study (air purification, cooling and runoff mitigation), public green infrastructure overall
has a higher delivery than private green infrastructure.
In Overvecht air purification and cooling services are for the biggest part delivered by trees
because they cover a large amount of the total biomass volume. The ecosystem service
delivery in Tuindorp is for a considerable share driven by other structures, like shrubs and
hedges. PM10 purification capacities were about similar in both neighbourhoods, nitrogen
oxides purification capacity was higher for the publicly managed green infrastructural area
(Overvecht). The notable difference between the two neighbourhoods and pollutant filtering
capacities is a direct result of differing species compositions. Gardens in Tuindorp have a
higher percentage of coniferous species, making that the filtering of atmospheric particulate
matter is increased. A majority of Overvechts’ trees were Alnus and Acer species, highly
efficient in adsorbing nitrogen oxides. Runoff mitigation was also higher in Overvecht, but
results indicate that a moderate reduction of soil sealing in private gardens of Tuindorp would
increase the runoff mitigation considerably. The delivery of ecosystem services by domestic
gardens should not be underestimated, especially because they might greatly benefit the
human health and well-being (Cameron et al., 2012). Enhancing ecosystem services in
domestic gardens is one of the major chances of improving the urban climatic environment.
Reducing soil sealing by legislation or other initiatives, for examples see paragraph 1.7, and
thereby increasing the runoff mitigation seems to have the most direct effect and will enhance
other ecosystem services as well, as reduced soil sealing is often associated with increased
biomass and biodiversity (Wilson, 2008).
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5 Conclusion and recommendations
5.1

Conclusions
The results in this study show that the quantitative delivery of the three studied ecosystem
services (air purification, runoff mitigation and cooling) principally depends on the type,
structure and location of green infrastructure. In the area with a dominance of publicly
managed green infrastructure (Zambesidreef, Overvecht), the vegetation is dominated by
street trees, trees in lawns (often high trees) and some occasional public shrub stands. In the
area with primarily privately managed green infrastructure (Tuindorp), the green infrastructure
generally consists of private front and back gardens with a structural mix of trees, shrubs,
hedges, climbing plants and small grass lawns.
Air purification services are delivered by vegetation by two mechanisms; adsorption of
gaseous components and fixation of particles. The service was quantified using a new
approach using a combination of relative species effectiveness to purify air and biomass
volume. For the purification of nitrogen oxides, Overvecht had a substantial higher capacity
than Tuindorp, mainly due to the high volume of trees and the differing species composition.
For the purification of atmospheric particulate matter the two neighbourhoods did not differ
that much in capacity. Storm water runoff mitigation services are delivered by urban green
infrastructure in two processes; interception by leaves and infiltration in non-sealed or semisealed surfaces. For the quantification of storm water runoff mitigation services a
conventional runoff method was used that combines the effect of interception and infiltration
of different land types. Total runoff mitigation was higher for Overvecht, primarily due to its
lower percentage of soil sealing. The results show that reducing the soil sealing in private
gardens would lead to a substantial increase in runoff mitigation services (minus 15% soil
sealing is plus 24% runoff mitigation) in Tuindorp. Cooling services by urban vegetation are
mainly delivered by two mechanisms; evapotranspiration and shading. Since trees are the
biggest driver of cooling services and quantifying of cooling by all vegetation ‘features’ turned
out to be impractible for this study, tree density was used as an indicator for cooling. The
results indicated that Overvecht has a higher potential in the provision of cooling services by
trees (cooling by shading and evapotranspiration) due to its higher tree density. But because
other vegetative features and the location of trees were not incorporated, the cooling potential
of Tuindorp may be underestimated this study.
The results emphasize the relative importance of both public green infrastructure and
domestic gardens in the delivery of ecosystem services. For cooling by trees and air
purification services in Tuindorp, public green infrastructure still represented a large amount
of the total capacity. Although for most services the quantity delivery of domestic gardens is
lower than for public green infrastructure, their effect on human well-being and health,
especially due to their close proximity to home, should not be underestimated. Private
gardens are often seen as unimportant because they are out of the legal scope. Local
initiatives and legislation in other counties do show however that there are ways to increase
the greening and enhance ecosystem services in domestic gardens. The enhancement of
ecosystem services in private gardens is one of the major chances of improving the urban
climatic environment in the future.
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5.2

Recommendations for planners
In planning public urban green infrastructure it is an evident priority to incorporate ecosystem
services in the design to reach the goal of healthier and climate-resilient cities. Choose for the
most suitable vegetation structures at the right locations. Make sure that the trees do not trap
air pollution underneath their canopies by keeping an optical porosity of at least 50%. For
instance in narrow streets it is best to choose for scattered trees combined with climbing
plants on the walls of the street canyon. This will result in a better air quality in the street
itself, while still supporting other ecosystem services by the vegetation. When more space is
available consider to plant a mix of trees, shrubs and herbaceous plants effective in filtering
pollutants while still maintaining an open structure and a diverse species composition. Paved
areas could best be designed in a way that water can run off to neighbouring patches of
unpaved ground and infiltrate there. In each new design it is important to keep the services
delivery in mind, it is essential to choose for the right green infrastructure in the right place to
deliver the optimum combination of ecosystem services. The challenge of reducing soil
sealing and increase greening in private gardens needs to be adopted by policy makers,
examples from abroad show that legal instruments can have a significant impact on citizens’
actions concerning soil sealing in their gardens.

5.3

Recommendations for further research
The results in this study provide indications of the contribution of different urban green
infrastructure to the mitigation of urban environmental challenges such as air pollution, the
urban heat island effect and problems with direct runoff. Further urban ecosystem service
research is needed for further methodology development to get insights in the exact quantity
of services delivery. Available methods for the quantification of air purification and cooling
services do not take the mixed patterns, structures and species compositions across the
urban environment into account that are needed to more completely fathom ecosystem
service supply in the urban environment. Apart from the quantity delivery research, valuation
of the services is also of importance. Green infrastructure can deliver a service in high
quantities, but if the service is barely or not utilised, it has little value. Services need to be
expressed in a perceptible value to increase justification and convince policymakers to
incorporate urban ecosystem service supply in urban planning and legislation.
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Appendix 1: Air purification capacities
In the table in this appendix the indexation per species is given (Hiemstra et al., 2008).
Indexation per species (Hiemstra et al., 2008)
Species

Atmospheric
particulate
matter

Nitrogen
oxides

PM10

NO+NO2

Amelanchier lamarckii

1

1

Berberis xfrikartii *

2

2

Chaenomeles

1

2

Corylus colurna

2

2

Euonymus (loosing leaves during
winter)
Euonymus (keeping leaves during
winter)
Hedera

1

3

2

3

2

1

Ilex xmeserveae

2

2

Lonicera (loosing leaves during
winter)
Lonicera (keeping leaves during
winter)
Mahonia

1

1

2

1

2

2

Potentilla fruticosa

2

2

Rosa

2

2

Spiraea

1

2

Clematis

1

1

Fallopia

1

3

Hedera

3

1

Lonicera

1

2

Parthenocissus

1

2

Pyracantha

2

3

Rosa

2

2

Wisteria

1

2

Ginkgo biloba *

1

3

Metasequoia glyptostroboides

3

1

Pinus nigra

3

1

Pinus sylvestris *

3

1

Taxus

3

1

Carpinus betulus

2

3

Fagus

2

3

Shrubs

Climbing plants

Coniferous trees

Hedges
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Ligustrum

2

3

Acer platanoides *

1

3

Acer pseudoplatanus *

1

3

Aesculus

2

3

Ailanthus altissima

1

3

Alnus cordata

1

3

Alnus glutinosa *

1

3

Alnus xspaethii

2

3

Betula ermanii *

2

3

Betula nigra

2

3

Betula pendula

2

3

Betula utilis *

2

3

Carpinus betulus *

2

3

Crataegus xpersimilis *

1

3

Fagus sylvatica *

2

3

Fraxinus angustifolia *

1

3

Fraxinus excelsior *

1

3

Fraxinus ornus *

1

3

Fraxinus pennsylvanica

2

3

Gleditsia triacanthos *

2

3

Koelreuteria paniculata

1

2

Liquidambar styraciflua

2

3

Liriodendron tulipifera

1

3

Magnolia kobus

1

2

Malus *

2

3

Parrotia persica

2

1

Platanus xhispanica *

2

3

Populus *

2

3

Prunus *

2

3

Pyrus calleryana *

1

3

Quercus palustris

2

3

Quercus robur *

1

3

Salix alba *

2

3

Sophora japonica

2

3

Sorbus

2

3

Tilia cordata *

2

3

Tilia europaea *

1

3

Ulmus *

2

3

Deciduous trees
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For all species that were not incorporated in the table by Hiemstra et al. (2008) average
values were used. The values were calculated based on species group (coniferous and
deciduous). The following values were used:
Average index deciduous trees/hedges not incorporated in the table: PM10: 1.6, NOx: 2.9
Average index coniferous trees/shrubs not incorporated in the table: PM10: 3, NOx: 1
Average index deciduous shrubs not incorporated in the table: PM10: 1.6, NOx: 1.9
Average index deciduous climbing plants not incorporated in the table: PM10: 1.5, NOx: 2
Calculations:
Average index values of deciduous trees were calculated by:
PM10: (15x1)+(22x2) = 59 (total indexation over 37 species)
59/37= 1.6 Average value
NOx:

(1x1) + (2x2) + (34x3) = 107 (total indexation over 37 species)
107/37=2.9 Average value

Average index values of coniferous trees/ shrubs were calculated by:
PM10: (4x3) = 12 (total indexation over 4 species)
12/4= 3 Average value
NOx:

(4x1) = 4 (total indexation over 4 species)
4/4 = 1 Average value

Average index values of deciduous shrubs were calculated by:
PM10: (5x1)+(9x2) = 23 (total indexation over 14 species)
23/14= 1.6 Average value
NOx:

(4x1) + (8x2) + (2x3) = 26 (total indexation over 14 species)
107/37=1.9 Average value

Average index values of deciduous climbing plants were calculated by:
PM10: (5x1)+(2x2) + (1x3) = 12 (total indexation over 8 species)
12/8= 1.5 Average value
NOx:

(2x1) + (4x2) + (2x3) = 16 (total indexation over 8 species)
16/8=2 Average value
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Appendix 2: Calculations
Calculations for air purification weights
Because the capability to purify air depends on the volume of the vegetation, the indexation in
appendix 1 needs to be converted for volume. Therefore, weights were calculated as a result
of tree crown volume. Volume was calculated by converting the tree length, into crown length
(70% of total tree length), into total volume. For the purpose of inventorying vegetation during
field work, classes were made in which each vegetation unit is scaled according to their
volume. Trees of 6-<10m were determined to have weight of 1 and all other classes weights
were calculated in comparison with this class. Trees of 6-<10m were given the weight of 1
because most of the trees were expected to be in this range.
For the calculation of crown volume, the tree crown volume estimation model by Changok,
2007, was used. The model is used to estimate tree crown volume based on LIDAR (airborne
data). The model calculates crown volume as a function of crown height, crown diameter and
a multiplier, which depends on the crown shape (Changok, 2007). The equation given by
Changok, 2007 is; crown volume = crown height * (crown diameter)2 * multiplier. In designing
the scale the following was assumed; the crown of a tree is 70% of its total length and the
diameter of the crown is half the length of the crown length. The multiplier (.4581) was
calculated as the average of the values given for spheroid (.5236), parabolic (.3927) tree
shapes (the dominant forms in Dutch urban area’s) by Changok, 2007.
For the calculation of shrub volumes, the total height was used as “crown height”. So a shrub
of 2 meters in height has a radius of 1 meter, making the volume 2 * 12 * 0.4581. For hedges
the volume was calculated as volume of a beam (e.g. 4 * 1 * 0.33 = 1.32). Climbing plants
were placed in the categories according to their surface area with respect to the surface
areas of the vegetation units (calculated as the surface of a sphere). It is of importance to say
that both the assumed weights of hedges and climbing plants are minimums. Their effect in
air purification capacity is probably higher.
Calculations of crown volume
Category

Type

Calculation

1

Shrub

1 * 10,52 * 0.4581

2

Shrub

Volume in m

0,11

2

2 * 1 * 0.4581

0,94

3

Hedges

2 * 0,94

4
5

Tree
Tree

3,5 * 1,752 * 0.4581
6,3 * 3,15 * 0.4581

4,91
28,63

6
7

Tree
Tree

9,1 * 4,552 * 0.4581

86,30

11,9 * 5,952 * 0.4581

192,99

8

Tree

3

Climbing plants
placed in the
category
climbing plants 0<5m2
climbing plants 5<15m2

1,88
2

2

14,7 * 7,35 * 0.4581

294,49
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Structures plus volumes and weights
Category:

Structures:
Trees

Hedges

1

Mean value
used for
calculation

Shrubs

Climbing plants

Shrubs
0.5-<1m

climbing plants
0-<5m2

1m(shrub)

Shrubs of
1-2m

climbing plants
5-<15m2

2m(shrub)

Diameter
of crown
(70%) in
m
x

Radius
in m

Volume
in m3

Weight

0,5
0,11
0,01

2

Hedges
4x1m
2
(10m )
Hedges
4x2m
(20m2)

3

4
5
6
7
8

X

1
0,93
0,07

X

x
1,87

Trees < 6m
Trees
6 -<10m
Trees
10-<14m
Trees
14- <18m
Trees =>18 m

5m
9m

3,5
6,3

1,75
3,15

13m

9,1

4,55

17m

11,9

5,95

21m

14,7

7,35

4,91
28,63
86,30
192,99
294,49

0,15
0,17
1
7,03
15,72
23,99

Surface areas of climbing plants
Category

Type

Calculation

1

Shrub

4 × π × 0.5

2

Surface area (in
2
m)

Climbing plants
placed in the
category

3.15

climbing plants 0<5m2

2

Shrub

4×π×1

2

12.57

climbing plants 5<15m2
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Calculations for garden runoff mitigation curve numbers

Situation
Tratalos et al.
(2007)

63%
(current)

48%

53%

58%

% Soil sealed

33,00

63,00

48,00

53,00

58,00

% Grass

37,00

20,43

28,72

25,96

23,19

% Shrub

12,00

6,63

9,31

8,42

7,52

% Herbaceous

10,00

5,52

7,76

7,01

6,27

8,00

4,42

6,21

5,61

5,01

100

100

100

100

% Earth or gravel
Total:

Increased soil sealing
Distribution of
soil sealing

63%
(current)

78%

73%

68%

% Soil sealed

33,00

63,00

78,00

73,00

68,00

% Grass

37,00

20,43

12,15

14,91

17,67

% Shrub

12,00

6,63

3,94

4,84

5,73

% Herbaceous

10,00

5,52

3,28

4,03

4,78

8,00

4,42

2,63

3,22

3,82

100

100

100

Total:

63%
(current)

48%

53%

58%

61,74

47,04

51,94

56,84

12,46

17,52

15,83

14,15

4,37

6,15

5,56

4,96

3,20

4,50

4,07

3,64

New
total
CN:

Assuming soil sealing scenarios

Situation
Tratalos et al.
(2007)

% Earth or gravel

New Curve numbers

100

2,69

3,79

3,42

3,06

84,48

78,99

80,82

82,65

New Curve numbers
63%
(current)

78%

73%

68%

61,74

76,44

71,54

66,64

12,46

7,41

9,10

10,78

4,37

2,60

3,19

3,78

3,20

1,90

2,34

2,77

2,69

1,60

1,97

2,33

84,48

89,96

88,13

86,30

CN per land type

Distribution of soil
sealing

Assuming soil sealing scenarios

CN per land type

Reduced soil sealing

New
total
CN:
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Appendix 3: Maps
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