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like to thank Bas, Mart-Jan, Fabrice, and Victor, who made time for my questions and pointed
me in the right direction. I would also like to thank my fellow MSc students Michelle, Marc,
and Federico, with whom I frequently exchanged ideas and feedback. Lastly, I would like to
show my appreciation to my family and partner, who supported me throughout these
challenging times and without whom this research would not have been possible.
The idea for this thesis resulted from an interest in nature-based solutions that manifested
throughout the course of my studies. Tiny forests as a nature-based solution seemed to be a
particularly interesting and novel idea, due to their high diversity, special planting technique
and promising results in India and Japan. With this thesis, I wish to inform policy and decisionmakers about the possibilities of tiny forests when it comes to the climate resilience of cities –
an indispensable attribute in times of climate change.

ABSTRACT
There is a strong trend in people moving from rural to urban areas for improved living
conditions such as proximity and access to transport, energy supply, water supply and treatment,
and higher living standards that cities can offer them. In the Netherlands, 91.5% of all residents
were living in urban areas as of 2018, but this number is expected to rise. Despite the benefits
that living in cities can provide to citizens, cities are expected to experience higher pressures
than other types of landscapes in times of climate change due to the large proportion of sealed
surfaces and minimal natural components such as vegetation. Currently, cities already
experience challenges such as heat stress, flooding risk, air pollution, and droughts.
Vegetation in the form of a nature-based solution has recently emerged as a way to help tackle
several UCs due to the ecosystem services it provides. This research focused on the ecosystem
services provided by the novel nature-based solution known as “tiny forest”. These services
include carbon sequestration and temperature cooling as part of climate regulation, as well as
rainfall interception for natural hazard regulation.
This thesis aimed to identify and quantify the climate-relevant regulating ES effects of tiny
forests on urban areas in the Netherlands. By doing so, this research aimed to provide insights
to municipalities to assist them in solving climate-related urban challenges of Dutch cities.
To quantify the ecosystem services, this thesis made use of pre-existing formulas for CO2equivalent emission reductions, developed a model to quantify carbon sequestration for tiny
forests based on several factors, used formulas and energy balance physics to transform
evapotranspiration rates into units of energy and temperatures, and consulted literature to
quantify rainfall interception of tiny forests.
Tiny forests in the Netherlands were found to sequester an average of 414kg of carbon annually
during the first ten years. Their carbon sequestration peaked much earlier at an age of four
compared to regular forests (age 68) due to the higher than average mortality rate of 5%. The
average carbon sequestration of tiny forests during their first ten years was 3.5 times higher
than that of a regular forest. Despite the earlier carbon sequestration peak, tiny forests were
expected to grow similar to regular forests as they age. The main limiting factor for carbon
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sequestration of forests in times of climate change was found to be water access during the
summer months, which can be compensated through additional irrigation and maintenance.
If planted now, a tiny forest could cover 61% of the Dutch per capita GHG emission reduction
goal for 2030 and 79% of the goal for 2050. If left for longer, tiny forests could reach 100% as
they stabilize at around 12t of stored carbon.
The albedo effect was found to be negligible for both the reduction of CO2-equivalent emissions
and air temperature cooling due to the high dependency on the type of surface that the tiny
forest replaced and because of the limited mixing of air above and below the canopy in the
centre of the tiny forest.
Evapotranspiration and shading in combination were found to cool air temperature by 1°C1.48°C. No estimation of the precise contribution by shading and by evapotranspiration was
given due to the lack of understanding in literature of the exact cooling and water flow processes
in trees.
For ground temperature, a reduction of 6.4°C was found based on the shading effect and its
relation to the average LAI (5.12) of a tiny forest. This reduction was located on the lower end
of the spectrum compared to literature and could be explained by the high variability of
temperature reduction for different surfaces under the trees.
Furthermore, Dutch tiny forests were found to receive 200,000L of water per year based on
average annual precipitation levels. In the winter months, 76.7% of this rainfall reached deeper
soil layers while another 22.5% were lost due to evapotranspiration. However, during the
summer months, 18% of rainfall reached deeper soil layers and 81.4% ended in
evapotranspiration. Additionally, tiny forests were found to reduce run-off from precipitation
by 90% and increased percolation of water from rainfall into groundwater by 200% compared
to the predominantly sealed surfaces in cities. The differences between the summer and winter
months could be explained by the presence of leaves in summer months and their absence in
winter months.
While the intensity and amount of precipitation can substantially alter the interception rate of
trees, precise data is not yet available to estimate specific weather events. However, models
such as I-tree might be able to provide answers to the precise distribution and uptake of
precipitation once specific weather data is available for the Netherlands.

Keywords: tiny forest, ecosystem services, regulating services, carbon sequestration, albedo
effect, urban challenges, evapotranspiration, shading, cooling, urban heat island, water
retention, rainfall interception
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INTRODUCTION
Urbanisation and urban areas
Currently, over 55% of the world’s population lives in cities and this number is expected to rise
to 68% by the year 2050 (United Nations [UN], 2019a). The increasing trend of people moving
from rural areas to cities is referred to as urbanisation (Cambridge University Press, n.d.).
Specifically in the Netherlands, urbanisation has led to a total of 91.5% of all residents living
in urban areas as of 2018 (UN, 2019a), far higher than the European average of 74.5% in 2018
(UN, 2019a). Among other reasons, urbanisation in the Netherlands is driven by the younger
generations of the Dutch population, which are drawn to cities and usually settle in the suburbs
shortly after having children (Centraal Bureau voor de Statistiek, n.d.). As a result, the
population in smaller areas near the border is shrinking (Centraal Bureau voor de Statistiek,
n.d.).
Living in cities has become attractive to many people because it offers advantages such as
proximity and access to transport, energy supply, water supply and treatment, and higher living
standards (Ritchie & Roser, 2018). Additionally, city life can protect vulnerable and rural
ecosystems, increase efficient use of services and resources and stimulate technological
innovation (Samson, 2017). The urban built environment is therefore not only defined by
developed land with buildings and infrastructure but also by their benefits and utilities to society
(Cortesão, 2013).
Despite the benefits that living in cities can provide to citizens, cities also bring major setbacks
to the natural environment and is in turn heavily affected by it. For instance, it is expected that
urban areas will experience higher pressures than other types of landscapes in times of climate
change (Cortesão, 2013). One of the reasons behind this higher pressure is that cities have a
large proportion of sealed surfaces and minimal natural components such as vegetation
(Samson, 2017). According to Samson (2017), cities are densely populated, feature intensely
built street patterns and lack open, ventilated spaces. These characteristics contribute harmful
effects on the natural environment resulting from high volumes of anthropogenic (e.g. traffic,
construction, space heating and cooling, industrial processes). This dense concentration of
anthropogenic activity results in high pollution levels in water, soil and air (Samson, 2017).

Urban climate
Spatial characteristics of cities can have profound effects on local climate and microclimate,
two of four climatic scales commonly used in urban climatology (Cortesão, 2013) (see
Appendix A). According to Cortesão (2013), literature on climatic scales indicates that larger
scales including the macro- and mesoclimate (with a corresponding area of entire continents)
shape the urban climate along with the pre-existing physical environment. In turn, urban
climates take place at the local climate scale and the microclimate. The local scale is a smaller
spatial unit within the mesoclimate, broadly corresponding a city district or group of districts,
while the microclimate consists of the near-surface air layer and reacts primarily to the
immediate surroundings. The following section will describe in more detail how the urban
characteristics and urbanization affect the local climate.
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Urban challenges
Due to population growth, urbanisation, and increasing resource demand, existing urban
challenges (UCs) in relation to climate change and climate resilience are expected to increase.
Additional UCs are also expected to develop from this (Almenar et al., 2021). UCs in the
context of city resilience are “factors that limit the capacity of urban areas (including their
inhabitants, institutions and inner systems) to resist and adapt to environmental, social or
economic chronic stresses, and acute shocks” (Almenar et al., 2021, p. 1). This means that in
relation to climate resilience, especially factors that limit the resilience towards environmental
stresses apply. There are several examples of reduced climate resilience in cities.
Firstly, cities tend to trap heat due to absorption by (amongst others) hard-paving surfaces, such
as asphalt and concrete, which have replaced vegetation and sealed the soil. These surfaces
increase air temperature in cities comparative to rural areas, ultimately resulting in the “Urban
Heat Island” (UHI) effect (Dover, 2018). According to Oke (1973); (1982), the intensity of the
UHI effect can be affected by regional wind speed humidity, population growth, building
materials, road pavements, topography, the geometry of the urban fabric (e.g. infrastructure,
landscapes, lighting) and the buildings that compose it (e.g. tall buildings limiting the reflection
of radiation back into the atmosphere), as well as the predominant functions and size of the city.
Secondly, land-use changes have also made cities more vulnerable to extreme weather events
such as heatwaves, droughts and flooding (Rath & Panda, 2020). This can be observed on paved
surfaces, which hinder rainwater from being absorbed by the soil and lead to increased runoff
and flooding after precipitation (Avashia & Garg, 2020). Furthermore, climate change can
intensify the effects of land-use changes and urbanisation in cities and make them more
vulnerable (Avashia & Garg, 2020; Milliken, 2018).
Lastly, land-use changes and increased anthropogenic activity (e.g. industrial production and
transport) have resulted in the accumulation of pollutants in cities. Air pollutants, such as
nitrogen dioxide (NO2) and particulate matter (PM) from concentrated motor traffic, have
become a major health concern for cities (Milliken, 2018) along with pollution from industrial
activities. However, PM and NO2 levels have substantially dropped over the last two decades,
while ozone (O3) pollution has slightly increased in the Netherlands (European Environment
Agency, 2020). Nevertheless, air quality in the Netherlands remains a major issue due to regular
exceedances of critical loads for acidification of ecosystems and exceeding NO2 emissions set
by the World Health Organisation (European Environment Agency, 2020).

Ecosystem services
Regardless of the small amount of natural environment with vegetation in cities and the
artificial, manmade landscapes, cities should still be considered “urban” ecosystems in the same
way that humanity is considered to be a part of nature (Bolund & Hunhammar, 1999). Urban
citizens, as much as rural citizens, depend on the energy and material flows and other essential
services provided by ecosystems (Daily, 1997a). While both of these flows are more obvious
in natural landscapes, all ecosystems provide services to the environment. Ecosystem services
(ESs) can be defined as “the benefits people obtain from ecosystems” (Millennium Ecosystem
Assessment [MA], 2005a, p. 40). The widely used definition by the MA (2005) combines the
term “service” used by Daily (1997b) and acknowledges “both natural and human-modified
ecosystems as sources of ecosystem services” (MA, 2003, p. 55), following Costanza et al.
(1997).
10

To differentiate the types of ESs, three major frameworks have been established over the last
two decades. Frameworks include the MA, the Common International Classification of
Ecosystem Services (CICES), and The Economics of Ecosystems and Biodiversity (TEEB)
(European Commission [EC], 2013a). All three frameworks have identified several ES
categories with some ambiguity between them. However, the three main ES categories they all
have in common include (1) regulating services, (2) cultural services and (3) provisioning
services (Haines-Young & Potschin, 2018; MA, 2005a; TEEB, 2010).
Regulating services are defined as “the benefits obtained from the regulation of ecosystem
processes” (MA, 2005a, p. 40) and include factors such as atmospheric regulation, air quality
regulation, pollination, pest regulation and water purification (see Appendix C for full list).
Cultural services are defined as intangible benefits to people derived from ecosystems in the
form of recreation, aesthetic experience, education or spiritual enrichment (MA, 2005a).
Provisioning services are considered the tangible benefits provided to people by the ecosystem,
such as fresh water, food, fibre or genetic resources (MA, 2005a).
The term ES, among several others, is a metaphor for “the use of natural components and their
multiple functions to address the issues urban areas are facing throughout the world” (Escobedo,
Giannico, Jim, Sanesi, & Lafortezza, 2019, p. 3). Recently, the terms “green infrastructure”
(GI) and “nature-based solutions” (NBS) have been used in literature along with the term ES
(Escobedo et al., 2019). The EC defined NBS as
Solutions that are inspired and supported by nature, which are cost-effective,
simultaneously provide environmental, social and economic benefits and help build
resilience. Such solutions bring more, and more diverse, nature and natural features and
processes into cities, landscapes and seascapes, through locally adapted, resourceefficient and systemic interventions. (EC, n.d.)
On the other hand, GI is defined as a “strategically planned network of natural and semi-natural
areas with other environmental features designed and managed to deliver a wide range of
ecosystem services” (EC, 2013b).
This research focuses on the relationship between NBS and ESs, and more specifically, on the
relationship between one type of NBS and the regulating ESs it provides. These regulating ESs
may in turn help in dealing with specific UCs. NBS and ESs are distinguished in this thesis in
the sense that NBS enable the provision of ESs (Dover, 2018). Examples of NBS include (1)
architectural solutions for buildings, such as green rooftops or vertical green installations, and
(2) the provision of green spaces, such as street trees and parks (Kabisch, Korn, Stadler, &
Bonn, 2017). NBS help in creating multi-functional landscapes that meet the needs of growing
urban populations (Andersson et al., 2015).
In past decades, ESs have rarely been considered in urban and spatial planning (Hansen et al.,
2015) with the exception of reduced flooding risk regulating ESs in the Netherlands in relation
to the country’s surfaces below sea level and flooding near rivers in the past. As a result, landuse changes that altered and reduced the provision of ESs have made UCs increasingly
noticeable in urban areas. Next to this, policy-makers generally still tend to favour engineering
solutions for climate adaptation (Rizvi, Baig, & Verdone, 2015). Nevertheless, to increase the
integration of ESs in urban and spatial planning, two major barriers must be overcome. Firstly,
a change towards holistic thinking which links ecological, economic and social aspects is
needed. Secondly, a shift towards interdisciplinary thinking and coordination between the
various departments involved in urban planning should take place (Hansen et al., 2015).
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Regardless of the overall effects of NBS and their vegetation, Baró and Gómez-Baggethun
(2017) found that ESs provided by NBS have a limited impact on UCs on a city scale, yet
substantially higher impact on a site scale. This impact is especially relevant for local carbon
sequestration, avoided emission, local temperature regulation. However, uncertainty about the
magnitude and reach of the effects of ESs remains high overall (Baró & Gómez-Baggethun,
2017; Pataki et al., 2011) and experience from the Netherlands has shown that especially
flooding can be reduced considerably through the application of NBS.

Conceptual framework
A review paper of over 300 documents revealed that the most prominent UCs related to ESs
include physical health, mental health, climate change (and the sub-challenge of urban heat
islands and heatwaves) and water management (Almenar et al., 2021). In relation to climate
change, Baró and Gómez-Baggethun (2017) highlight UCs including increased coastal and
inland flooding, droughts (and the closely related aridity), heat stress and air pollution. Climaterelated UCs are summarised in Figure 1.

Figure 1: Causal diagram depicting the relationship between climate change, urbanisation and the urban
climate. A plus symbol indicates an increase; a minus symbol indicates a decrease.

NBS and their ESs have been shown to help tackle several UCs, and the importance of ESs for
urban environments has been discussed in literature (Baró & Gómez-Baggethun, 2017; Bolund
& Hunhammar, 1999; Dover, 2018; Kabisch et al., 2017; Milliken, 2018). While exposure to
vegetation and nature can reduce stress, anxiety and tension, vegetation also improves cognitive
development in children and improves general health (Dover, 2018). Additionally, vegetation
sequesters the climate-warming greenhouse gas (GHG) carbon dioxide (CO2) (Pataki et al.,
2011), intercepts pollutants such as PM (McPherson, 1992), and takes up other air pollutants
through the plant’s stomata (Milliken, 2018). Other regulating benefits of vegetation and NBS
also include temperature reduction via evapotranspiration and shading, flood reduction due to
rainfall interception and the slow release of water into the ground (Dover, 2018). The climaterelated ES benefits have been incorporated into Figure 1, along with the aforementioned drivers
that decrease the supply of ESs and lead to increased pressure on UCs.
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KNOWLEDGE GAP
Though urban planners show increasing interest in NBS (Pauleit, Zölch, Hansen, Randrup, &
Konijnendijk van den Bosch, 2017), there is a limited understanding of the connection between
NBS and the ESs they provide (Almenar et al., 2021), as well as the spatial elements and
dynamics on a site scale (Andersson et al., 2015)
Tools to quantify and evaluate ESs have been developed and successfully applied to city and
nationwide scales, such as the I-tree software (USDA Forest Service et al., n.d.). The software
is used to quantify stormwater reduction, pollution uptake, and carbon sequestration resulting
from urban trees, primarily in the US and increasingly in Europe (Milliken, 2018).
Nevertheless, application of the software is restricted outside of the US due to its limited
inclusion of European plant species (Baró et al., 2014) and data on weather (Kuijper &
Batenburg, 2019). Another tool called GI-Val (green infrastructure valuation) has focused
solely on monetary valuation for various types of NBS (Milliken, 2018), however, its use is
limited because of the pending research into the UC of heat stress.
Compared to other NBS, such as green rooftops and vertical green walls, urban trees and urban
forests are particularly interesting due to their potential to sequester carbon, stormwater
reduction and temperature cooling (Milliken, 2018). Trees have even been called
“environmental engineers” due to the vitality of their ES provision to humans and animals
(Samson, 2017).
While there are studies investigating the ESs of individual urban trees and herbaceous plants
(Milliken, 2018), a novel and understudied type of NBS called a “tiny forest” recently emerged
in the Netherlands. A tiny forest combines four components of vegetation, including larger and
smaller trees along with shrubs and herbaceous plants, as part of a small diverse urban forest.
According to the Institute for Education on Nature and Sustainability (IVN) (n.d.), who coined
the term, a tiny forest is typically the size of a tennis court (approx. 200-250m2) and consists of
a variety of densely packed plant tree and shrub species. Tiny forests adhere to strict rules in
terms of the plant density per square metre and the involvement of children and other residents
in their development (IVN, 2019). Akira Miyawaki, a Japanese tree expert, first came up with
the concept idea for tiny forests. The expert’s “Miyawaki method”, established in the 1980s,
was considered a novel reforestation approach aimed at rebuilding native ecosystems and
maintaining the balance of the global climate (Schirone, Salis, & Vessella, 2011). The concept
was then brought to Europe by the Indian engineer Shubhendu Sharma. Sharma translated the
concept originally intended for areas with high precipitation to Europe’s urban environment
and was able to present Europe’s first two tiny forest in 2015, as a result of a collaboration with
the city of Zaandam in the Netherlands, and the Institute for Education on Nature and
Sustainability (IVN, n.d.). Ever since, 111 tiny forests have been planted all over the
Netherlands (IVN, 2021a).
The tiny forest planting method by IVN and Sharma is claimed to enable forest growth
equivalent to 100 years in only ten years (IVN, 2019). Tiny forests typically include 600 trees
consisting of at least 25 solely native tree species upon planting (IVN, 2019). Native tree species
are generally preferred over exotic ones because they provide greater support for ESs and native
biodiversity (Tang et al., 2007). In regards to the impacts of tiny forests, only little information,
specifically scientific, is available since tiny forests were only introduced to Europe (and the
Netherlands) in 2015. There are a few published research papers on forests created through the
Miyawaki method. However, these forests usually grow in a different climate compared to that
in the Netherlands (IVN, n.d.). Available literature on forests predominantly focusses on single
13

components of a forest, such as trees (Jacob, Leuschner, & Thomas, 2010; Pérez-Cruzado,
Mansilla-Salinero, Rodríguez-Soalleiro, & Merino, 2012), shrubs (Lafleur, Hember, Admiral,
& Roulet, 2005), or herbaceous plants (Ferchaud, Vitte, & Mary, 2016) rather than evaluating
the integrated effect of all components present in a tiny forest.
When it comes to the ESs provided by tiny forests, only one research paper has been published
so far. The document by Wageningen Environmental Research (WENR) published in 2017
focussed on the biodiversity aspect of the first Dutch tiny forests planted in Zaanstad. By
monitoring the progress of the tiny forest with the help of a control patch that was planted next
to the tiny forest they found that both tiny forests increased biodiversity compared to a nearby
forest (Ottburg et al., 2017). While the tiny forest was planted according to the principles of
IVN, the control patch consisted of mostly fruit-bearing shrubs and small plants rather than
trees (Ottburg et al., 2017). According to the year-long research, both tiny forests had a higher
number of species and individuals than the nearby forest.
Regulating, provisioning, and cultural ESs, however, have not been investigated for tiny forests
in previous research. WENR currently monitors the effects of tiny forests on biodiversity,
thermal comfort (regulating ES), carbon sequestration (regulating ES) and water retention
(regulating ES) as well as the involved costs and associated risks for eleven tiny forests in the
Netherlands. The research on biodiversity will be conducted until the 31st of December 2021
and its findings will be available at the beginning of 2022 (IVN, 2021a). However, WENR’s
research is based on citizen science involving volunteers that help monitor the parameters and
is exposed to some data loss due to vandalism in the tiny forests that are monitored (IVN,
2021b).
Furthermore, there is limited information available about the growth of young forests and tiny
forests in the Netherlands (IVN, 2021c). Tiny forests in Europe and the Netherlands are younger
than 6 years old because the first tiny forest was planted in 2015 (IVN, n.d.), therefore, current
and future ESs potential is not yet fully assessed.

Significance of the research
According to Haase et al. (2014), regulating ESs are the most frequently explored ES category
for urban areas, but the current and potential influence of regulating ESs “on climate change
mitigation and adaptation policies is often overlooked in these evaluations, and therefore
unknown to local authorities” (Baró & Gómez-Baggethun, 2017, pp. 140-141). Once the
magnitude and spatial scale of ESs for specific NBS are identified, it can be assessed to which
extent regulating ESs can contribute to climate adaptation in urban areas (Baró & GómezBaggethun, 2017; Pataki et al., 2011).
The quantification (and eventually monetization) of ESs provided by tiny forests in relation to
climate adaptation of urban areas can help municipalities and urban planners make informed
decisions about NBS for climate adaptation policies. This is also in line with the cascade model
by Potschin and Haines-Young (2011), which first identifies ESs, then their benefits to
humanity, and finally their value.
ESs play a vital role in Earth’s life support system and contribute largely to human wellbeing
(Costanza et al., 1997). Therefore, the introduction of tiny forests in the urban built environment
is of significance to the preservation of the natural environment and the wellbeing and health
of urban dwellers.
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RESEARCH
Research objective
The objective of this research is to identify and quantify the climate-relevant regulating ES
effects of tiny forests on urban areas in the Netherlands.
By doing so, this research can provide insights to municipalities and assist them in solving
climate-related urban challenges of Dutch cities.
In order to achieve the research objective, the following research questions were constructed
and answered in this thesis.

Research questions
Main research question: What effects do climate-relevant regulating ecosystem services
provided by tiny forests have on the urban climate challenges in the Netherlands?
Sub-questions:
1. What are the integrated effects of tiny forest components on climate regulation overall?
2. What are the integrated effects of tiny forest components on climate regulation locally?
3. What are the integrated effects of tiny forest components on local natural hazard regulation?

Assumptions
Based on literature research, regulating ecosystem services provided by tiny forests appear to
have an influence on the urban climate challenges of the Netherlands. This relationship is causal
and lacks investigation on how strong the impact of the former is on the latter.
In the projections of the ESs provided by tiny forests, it is assumed that the tiny forests receive
an optimal amount of nutrients and water, which is likely not always the case. However, the
aim of this research is not to provide the most realistic scenario, but the potential that tiny forests
have under good growth conditions.

Thesis outline
Having introduced the topic of this research along with the knowledge gap, significance of the
research, research questions, assumptions and limitations, this thesis begins with the research
methodology. The methodology provides insights into how each sub-question was researched
and encompasses aspects such as research scope and approach, location, research outline,
research design and the timescale. The following chapter provides the research results in the
form of text, graphs and tables per research sub-question. The results are followed by a
discussion, which evaluates the results and places them into a broader context. Lastly,
conclusions are provided along with some suggestions for further research.
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RESEARCH METHODOLOGY
Scope
For this research, three types of regulating ESs have been identified with a direct link to the
most common climate-related UCs in the Netherlands (see Figure 1). The terms for categories
differ slightly between the three frameworks (see Appendix B). While TEEB uses simplified
terms and broad categories, it also omits the category of atmospheric regulation or composition
mentioned by the other two frameworks. The CICES framework differentiates all its categories
between biotic (living) and abiotic (non-living) processes, a differentiation that is challenging
to undertake in reality (Haines-Young & Potschin, 2018) and complicates quantification.
Despite the detailed categorization, the CICES framework contains complex terminology and
description of the categories, which makes is difficult to comprehend for non-experts. In
contrast, the MA framework has a well-balanced mixture of simple terminology and thorough
categorization and therefore is used as a guide in this research.

Figure 2: Climate-relevant regulating ESs of tiny forests are linked to UCs via the effects of ESs on climate
resilience related challenges. The knowledge gap contains the quantification of these effects. Atmospheric
cleansing-related ESs and drought-related ES are displayed in a light grey shade because they were excluded
from this research.

The MA identifies nine different regulating ESs (see Appendix C) of which three have been
identified as climate-relevant regulating ESs that directly link to the UCs related to climate
resilience (see Figure 2). However, the regulating ES of air quality regulation was excluded
from this research, as there is a lack of consensus in the scientific community. Specifically,
concerns were raised about the net effect of beneficial services due to the existence of harmful
“disservices” provided by trees concerning to air quality regulation (Pataki et al., 2011).
Additionally, the potential magnitude of the ES air quality regulation has been categorized as
low (Pataki et al., 2011). Apart from the ability to filter particulates and absorb pollutants
(McPherson, 1992; Milliken, 2018; Pataki et al., 2011), trees also release volatile organic
compounds that can contribute to O3 formation in the troposphere (Fulton, Gillespie, Fuentes,
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& Wang, 1998). O3 is beneficial in the stratosphere but can lead to crop and material damage
as well as human health issues when it forms in the troposphere (Fulton et al., 1998). The ability
of trees to regulate air quality is complex and dependent on various factors including tree
species, air temperature, length of in-leaf season (the period when trees carry leaves), wind
patterns and canopy cover percentage amongst others (Churkina et al., 2017; Nowak, Crane, &
Stevens, 2006). Furthermore, the ES water storage, concerning reduced drought risk, was
excluded from this research due to a lack of consensus in research. The scientific community is
still debating whether trees can contribute to reduced drought risks. For instance, the European
Environment Agency (2015) claims that forests can mitigate the effects of droughts by releasing
previously stored water during dry seasons. However, Anderegg, Trugman, Bowling, Salvucci,
and Tuttle (2019) found that the water transport mechanisms of trees can intensify droughts.
Anderegg et al. (2019) also acknowledge that the feedback framework between soil moisture
and drought intensification is not yet well understood.
In summary, this thesis focuses on six effects of tiny forests (carbon sequestration, albedo
cooling effects, CO2-equivalent emission reduction, evapotranspiration cooling effects, shading
cooling effect, and reduced flooding risk) under two ESs, of which one has been split into local
and overall regulation.

Research approach
Following the selection of three regulating ESs (overall climate regulation, local climate
regulation, and natural hazard regulation) provided by tiny forests concerning climate-related
UCs,
Table 1 provides an overview of the indicators used and units assigned to each ES and UC. The
units refer to an average tiny forest of 250m2. Climate regulation ESs have been divided into
overall and local categories due to the different impact scales of tiny forest’s ESs.
Table 1: Operationalization of regulating ESs and related UCs with indicators and units.
Regulating ESs
Climate regulation
(overall)

Indicators
GHG uptake of tiny forest
Change in albedo effect of
tiny forest & equivalent
reduction in CO2 emissions

Climate regulation
(local)

Cooling through albedo
effect of tiny forest

Cooling through
evapotranspiration of tiny
forest
Cooling through shade
provision

Natural hazard regulation

Protection from floods
through water
uptake/storage

Unit
Carbon sequestration by a tiny
forest in kg yr-1
Change in CO2-equivalent
emissions through change in
albedo from 250m2 of a
specific surface to a tiny forest
in kg 50yr-1
Difference between measured
air temperatures and ground
temperatures in a tiny forest
on a hot summer day in °C
Difference between measured
air temperatures and ground
temperatures in a tiny forest
on a hot summer day in °C
Difference between measured
ground temperatures in a tiny
forest on a hot summer day in
°C
Percentage of avoided run-off
water from precipitation in a
Dutch tiny forest per year

Related UC
Heat stress
(overall)

Heat stress (local)

Flooding
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Research outline
This thesis follows a mixed-methods approach consisting of quantitative and qualitative
research. It is quantitative in the sense that the three sub-questions are concerned with the
quantification of the regulating ESs provided by tiny forests. The research is also qualitative
due to the interviews that were conducted with experts throughout the research. Appendix D
gives an overview of the experts that were interviewed. The interviews served as feedback
moments, guidance, and evaluations of results, and not as a direct method to retrieve primary
data. Therefore, no transcripts or recordings were made.
To answer the sub-questions, a biophysical quantification (BQ) was conducted with a focus on
the regulating ESs of climate regulation and natural hazard regulation. The BQ aimed to
measure the structures, processes, functions, and service flows of ecosystems by separating
them into quantifiable biophysical units (see
Table 1). The focus of the BQ is featured on the left side of the aforementioned cascade model
by Potschin and Haines-Young (2011) (see Appendix E). The right side of the cascade model
including benefits and values of ecosystems is usually assessed through economic or social
valuation methods (Vihervaara et al., 2017) that can follow the BQ. In the case of tiny forests,
the forest was the biophysical structure or process and the functions (e.g., evapotranspiration or
carbon sequestration) were the aspects that needed to be quantified. From the functions, services
such as cooling effects from evapotranspiration were derived. To make the functions of tiny
forests more tangible, the tiny forest had to be separated into its four main layers (see Figure
3). Afterwards, the indicators including carbon sequestration, albedo effect, evapotranspiration
and shading, and natural hazard regulation could be identified for specific forest layers and then
integrated.

Research design
To ensure reliability and validity in the research design, several measures were taken. Firstly,
the AAOCC (authority, accuracy, objectivity, currency and coverage) criteria (see Appendix F)
were applied to all online sources to ensure that only legitimate sources were used. Whenever
websites were used, clear preference was given to government websites and the website of IVN
to retrieve reliable and original information. Secondly, all journals used for this research were
screened for predatory behaviour. Lastly, in terms of the quality and relevance of scientific
articles used for this research, preference was given to articles with high citation rates, recent
years of publication, matching geographical scope (relevance for NL or at least western
European countries with a similar climate) and relevance in terms of the search terms used to
find literature whenever possible. Appendix G gives an overview of the search terms, databases
and Booleans used to find relevant literature.

Timescale
The time scale applied differs for each sub-question. For the first sub-question on climate
regulation overall, the timescale was set to one year for carbon sequestration rates and stock
rates. This helped in the comparability with other study results by Ottburg et al. (2017), Ramírez
and Muñoz (2012), and Boosten, van den Briel, Lerink, Lokin, and Schelhaas (2020). For the
climate regulation overall in regards to CO2-equivalent emission changes in through the albedo
effect, the timescale was set to 50 years, to visualize long-term effects. For the second sub18

question on local climate regulation, short-term cooling effects were in the focus to put the
urban (seasonal) challenges into perspective. Therefore, all regulating services regarding
temperature changes were set to a daily or seasonal time-scale. In the third sub-question on
natural hazard regulation, the timescale was set to annual and seasonal levels, to give a longterm vision of the effects of the tiny forest on annual water uptake.

SQ1: Climate regulation (overall)
Carbon sequestration
With the pressing issues of climate change becoming increasingly visible each year, the role of
trees in carbon storage has been recognized as an important tool for climate change mitigation
in recent years (Canadell & Raupach, 2008; Zhang, Fang, & Jing, 2020). According to Alvarez,
Ortiz, Díaz-Pinés, and Rubio (2016), forests store between 40% and 60% of all terrestrial
carbon. Trees and plants in the forests sequester carbon by taking up CO2 during photosynthesis
and storing carbon mainly in their stems and roots but also branches and leaves (Ouden, Muys,
Mohren, & Verheyen, 2016). However, carbon sequestration rates can differ between species
(Kirby & Potvin, 2007) and between climate types (Price, Bradford, & Ashton, 2012).
Additionally, there is an ongoing discussion on whether carbon storage differs significantly
between diverse forests and monoculture forests (Jacob et al., 2010; Pérez-Cruzado et al., 2012)
and to what extent forest management can improve carbon storage (Alvarez et al., 2016; Kirby
& Potvin, 2007; Pérez-Cruzado et al., 2012).
To calculate the amount of carbon a tiny forest can sequester, the typical species planted in a
tiny forest were analysed in terms of their layer and occurrence. Additionally, the tiny forest
was divided into layers to help differentiate the carbon sequestration for different species in a
layer (see Figure 3).

Figure 3: Visualization of the four layers and typical plant species that make up a tiny forest per layer.
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As such, the tree, understory, and shrub layers were combined for calculations since the same
method for biomass estimations is used and it can be difficult to distinguish between the layers.
For carbon sequestration estimations, only trees with a minimum height of 1.3m are considered
because the estimations are based on the biomass and volume of the trees, which is commonly
measured as diameter at breast height (Ottmar, 2020).
Currently, public data is only available for the two tiny forests in Zaandam in regards to the
species that were planted there. All other data regarding the tiny forest species was provided by
Fabrice Ottburg, a researcher from Wageningen University and Research, who has conducted
previous research on eleven tiny forests in the Netherlands. Based on the data of ten of those
tiny forests, the most commonly occurring 25 canopy, understory and shrub species were
identified (see Appendix H). With these 25 species (see Table 2), the carbon sequestration rates
were calculated for 600 hypothetical trees in an area of 250m2 over a time span of 50 years. The
600 trees were evenly distributed among the 25 tree species, resulting in 24 trees per species.
Table 2: Ranking of the 25 most commonly used tree species in Dutch tiny forests.
1
2
3
4
5
6
7
8
9
10

Quercus robur
Ulmus glabra
Alnus glutinosa
Tilia cordata
Ulmus laevis
Populus nigra
Sorbus aucuparia
Salix alba
Fagus sylvatica
Betula pendula

11
12
13
14
15
16
17
18
19
20

Acer campestre
Prunus avium
Crataegus monogyna
Ilex aquifolium
Populus tremula
Prunus padus
Salix caprea
Carpinus betulus
Tilia platyphyllos
Ribes rubrum

21
22
23
24
25

Betula pubescens
Malus sylvestris
Fraxinus excelsior
Quercus petraea
Ribes nigrum

The analysis also looked at and an additional tiny forest (Gouwse Bos) for the herbaceous layer
(see Figure 3 for examples of species). The data for the additional tiny forest was provided also
by Ottburg and used because it was the only tiny forest with data on herbaceous plants used in
the forest.
For the tree layer, the carbon sequestration rates needed to be identified per tree species for a
tiny forest because it is a small and site-specific ecological process. Most databases only
provide large-scale data for land cover with a resolution that in most cases does not cover square
metres but only square kilometres (EC, 2012). For a tiny forest of merely 250m2, this is not fine
enough to deliver accurate results.
The seeds used to grow the herbaceous layer in the tiny forest “Gouwse Bos” in Zaandam came
from various species. Most of the seeds distributed there belonged to annual or biennial species.
Annual plants go through the cycle of life stages of germination, growth, flowering, seed
dispersal and death within one year (Sakai, 2001). Biennial plants take two years to run through
the same cycle, while perennial plants take more than two years.
In annual and biennial plants, carbon is stored during the growth phase of the plant, then
decomposed in the soil, and finally released back into the atmosphere when the plant dies
(Mathew, Shimelis, Mutema, & Chaplot, 2017). Perennial plants, however, can have extensive
root systems that store carbon throughout the years (Ferchaud et al., 2016; Mathew et al., 2017).
Due to the short-term storage and release of carbon in the dominant annual and biennial plants
of tiny forests, the carbon sequestration stemming from the herbaceous layer is negligible
compared to the other three layers.
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Similar to perennials, trees store carbon in above-ground biomass such as the tree trunk and
below-ground biomass such as the roots (Genet, Bréda, & Dufrêne, 2010). This study estimates
both above-ground and below-ground carbon storage in biomass. However, a differentiation is
made between annual carbon uptake and production (carbon “flow”) and long-term carbon
storage in the trees (carbon “stock”). Carbon flow refers to all the annual processes a forest
ecosystem goes through from photosynthesis, carbon storage, respiration and decay of leaves
(see Figure 4). Carbon stock refers only to the CO2 assimilation that leads to carbon being stored
in the biomass. The carbon enters the forest ecosystem’s carbon pool where it accumulates over
time until the death and decay of the plant that stored it (Lorenz & Lal, 2010).

Figure 4: Visualization of the carbon flows in forests from photosynthesis to ecosystem respiration (SOM = soil
organic matter) (adapted from Lorenz and Lal (2010)).

To estimate the annual carbon fluxes and long-term carbon storage of tiny forests, carbon
sequestration rates for tree species used in a tiny forest were needed. Carbon sequestration rates
change throughout the age of the forest (Köhl, Neupane, & Lotfiomran, 2017; Zhou et al.,
2015), however, data on carbon sequestration rates for specific age of a tree or forest was very
limited. To project carbon stocks and flows, firstly, carbon sequestration rates for mature trees
of seven of the 25 tiny forest tree species were identified and the average carbon sequestration
of those species was determined (see Table 3).
Table 3: Carbon sequestration rates for seven Dutch tree species at a mature age along with the average of those
rates (adapted from Lerink et al. (2020)).
Tree species
Alnus glutinosa
Fagus sylvatica
Populus nigra
Populus tremula
Betula pendula
Fraxinus excelsior
Quercus robur
Average

Carbon sequestration in tonnes / hectare / year
7.3
11.8
5.4
3.7
3.2
10.9
7.5
7.1
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Based on the mix of tree species, although not all 25 species are represented due to limited data,
one hectare of trees consisting of those species would sequester 7.1t ha-1 yr-1 on average. This
is comparable to the six tonnes per hectare of forest per year with a variation of two to three
tonnes mentioned by Boosten et al. (2020) for a regular forest. Translated into the sequestration
per tree, this would be 1.42kg yr-1 (the hectare consisted of 5000 trees). However, since this
rate for individual trees only applies to a certain age group of trees, another factor was needed
to account for the changes in sequestration potential throughout the life of a tree. According to
Tyrrell, Ross, and Kelty (2012), net primary productivity (NPP) or the sum of CO2 taken up by
a plant during photosynthesis minus the CO2 released by the plant during respiration, can be
used as an indicator for carbon sequestration rates. Tyrrell et al. (2012) underline that younger
forests have higher carbon sequestration rates than mid- or older-aged forests and that the rates
peak at an age of 11-30 years. A function for NPP was developed by Tang, Luyssaert,
Richardson, Kutsch, and Janssens (2014) (see Equation 1), where y is the NPP (in grams of
carbon per square meter per year), t is the forest age (in years) and k0, k1 and k2 are parameters
for different types of forests (k0= 339.61, k1= 0.243 and k2= −0.0036 for a regular temperate
forest). In the case of carbon sequestration, y would indicate the carbon sequestration rate for a
given age of a forest.
𝑦 = 𝑘0 𝑡 𝑘1 𝑒 𝑘2 𝑡 (1)
Overall, carbon sequestration rates for the individual trees in the tiny forest alone do not suffice
to draw a representative picture of how carbon storage changes over time. In addition to the
varying carbon sequestration rates, tree mortality rates should be taken into account for
quantification.
The annual tree mortality rate chosen for the carbon sequestration calculations was 5%. The
estimation of the annual tree mortality rate was first based on an average of rates from several
studies (see Table 4) and then corrected for multiple factors. It was expected that mortality rates
would be comparable to those of urban street trees or forests.
Table 4: Comparison of mortality rates from different forest studies.

Source
Smith, Dearborn, and Hutyra (2019)
(Nowak, Kuroda, & Crane, 2004)
(Larson et al., 2015)
Average

Mortality rate/net change in live trees per year
3.1%
6.6%
4.4%
4.7%

The first study by Smith et al. (2019) studied mortality rates in street trees per year in a US
climate with slightly more precipitation than in the Netherlands. However, the net change in
live trees might differ in tiny forests due the germination of new trees from seeds (which
repopulate the forest) compared to the sealed surfaces typically found near street trees. For
instance, a second study of urban trees and forests found an annual mortality rate of 6.6% but
an overall net change in live trees of -4.2% yr-1 (Nowak et al., 2004). Lastly, a third study of
tree mortality in young (<60 years) and old (>300 years) forests found annual mortality rates of
4.4% and 0.6% respectively for American forests located in areas with slightly more
precipitation than in the Netherlands (Larson et al., 2015). However, the mortality rate in old
trees does not yet apply to the young tiny forests.
A mortality rate of 5% was chosen over the net change rate of -4.2% and the average of all three
rates (4.7%) because of two factors: (1) to compensate for the slightly drier climate in the
Netherlands compared to the US and (2) the higher density of trees. Larson et al. (2015) showed
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that tree mortality in young forests was strongly influenced by tree density while Chen et al.
(2019) and Suresh, Dattaraja, and Sukumar (2010) suggested a relationship between tree
mortality rates and annual rainfall.
Albedo effect
Different types of surfaces reflect the solar radiation (and, therefore, energy) they receive back
into the atmosphere in varying amounts. For each type of surface (e.g. wood, snow, asphalt), a
percentage can be determined expressing how much of the total incoming radiation is reflected
into the atmosphere (Lenzholzer, 2015). The reflectivity phenomenon of the earth’s surfaces is
also called the “albedo effect” (Yu & Lu, 2014). The albedo values for surface reflectivity can
range between 0 and 1, where lighter surfaces are closer to 1 and darker surfaces closer to 0, as
they absorb more radiation (and energy) than lighter surfaces (Taha, Akbari, Rosenfeld, &
Huang, 1988).
Table 5 shows that albedo values for urban areas range between 0.10 and 0.27. This means that
10-27% of the incoming radiation is reflected by the surfaces present in the area. The other 7390% are absorbed during the day and transformed into longwave radiation (or heat), which is
released at night and prevents the air from cooling off. The albedo value for a deciduous forest
(such as in a typical tiny forest) has a similar range of 0.10 to 0.20. If a specific surface is
present at a location where a tiny forest is set to be planted, a more accurate change in albedo
can be calculated. For instance, a typical square in a Dutch city usually features large brick,
concrete, granite or asphalt surfaces (Lenzholzer, 2015). Replacing a red brick surface with an
average albedo of 0.3 (see Table 6) on a square with a tiny forest (average albedo 0.15) decrease
albedo by 0.15 for the 250m2 area where the tiny forest would be planted. Turning an asphalted
surface into a tiny forest would change the albedo from 0.10 to 0.15, and turning concrete tiles
into a tiny forest would translate into a change from an average of 0.23 for concrete to 0.15 for
a tiny forest. By replacing a granite surface with a tiny forest, the albedo would change from
0.40 to 0.15.
Table 5: Typical albedo values and ranges for selected land uses.
Land use
Low-density residential
Medium-density residential
Heavy density residential
Office buildings
Park/green area
Urban areas
Industrial
Freeway/streets
Open green surfaces
Seasonal parks

Albedo
0.20
0.23
0.25
0.22
0.16
0.10-0.27
0.26
0.30
0.35
0.15

Source
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
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Table 6: Typical albedo values and ranges for selected land cover types.
Cover
Water (large altitude)
Desert
Fresh snow
Bare, dry soil
Deciduous forest
Coniferous forest
Crops
Concrete/buildings
Granite

Albedo
0.09
0.34-0.52
0.80
0.30
0.10-0.20
0.05-0.15
0.15-0.25
0.10-0.35
0.40

Streets
Asphalt pavement
White concrete
Red brick wall
Natural stone, bright
Roof tiles
Grass/lawn
Gravel paving

0.14
0. 10
0.71
0.20-0.40
0.20-0.35
0.10-0.35
0.15-0.25
0.72

Source
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Taha et al. (1988)
Karimi, Sanaieian, Farhadi, and NorouzianMaleki (2020)
Taha et al. (1988)
Taha et al. (1988)
Lenzholzer (2015)
Lenzholzer (2015)
Lenzholzer (2015)
Lenzholzer (2015)
Lenzholzer (2015)
Lenzholzer (2015)

According to Muñoz, Campra, and Fernández-Alba (2010), changes in albedo due to land cover
changes contribute toward changes in Earth’s energy budget. Muñoz et al. (2010) suggest a
method that enables the conversion of albedo changes through radiative forcing in CO2equivalent emissions or offsets. This method was adapted by Yu and Lu (2014) and is explained
further in the following paragraphs.
The albedo effect of a tiny forest and the CO2-equivalent emissions or offsets can be determined
by using the formula by Yu and Lu (2014). The formula was used by inserting the individual
incremental albedo values from Table 7 along with the size of the tiny forest (250m2) for a time
span of 50 years (see Equation 2).

𝑘𝑔 𝐶𝑂2 =

(𝛼𝑁𝑒𝑤 − 𝛼𝐼𝑛𝑖𝑡𝑖𝑎𝑙 )
0.01

∙

1.087∙(𝑅𝐹)∙𝑡∙𝐴
𝑡
−
(0.217∙𝑡−44.78∙𝑒 172.9

𝑡

𝑡

−
−
−6.26∙𝑒 18.51 −0.22∙𝑒 1.186 +51.26)

(2)

The 50-year timespan (t) was chosen to increase the comparability with the literature mentioned
by Yu and Lu (2014). In Equation 2, A represents the surface area affected by the albedo
change. In the case of a tiny forest, that would be 250m2. Radiative forcing (RF) was linked to
the albedo in Equation 5 and was set to -1.54 W m-2 by Yu and Lu (2014). The change in albedo
value (New - Initial) varies depending on the initial surface type (see Table 7), while the albedo
value for the tiny forest (New) remains the same at 0.15 as previously explained.
The formula by Yu and Lu (2014) is based on the pre-existing relationship between radiative
forcing and CO2 as presented by Muñoz et al. (2010) (see Equation 3).

𝐶𝑂2 (𝑡) =

𝐴∙𝑅𝐹 ∙ln 2 ∙𝑃𝑐𝑜2 ∙ 𝑀𝑐𝑜2 ∙ 𝑚𝑎𝑖𝑟
𝐴𝑒𝑎𝑟𝑡ℎ ∙ ∆𝐹2𝑥 ∙ 𝑀𝑎𝑖𝑟 ∙𝐴𝐹(𝑡)

(3)
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In Equation 3, Yu and Lu (2014) explain that:
PCO2 is the reference CO2 partial pressure (383 ppmv); MCO2 is the molecular weight of CO2
(44 g/mol); mair is the total mass of atmosphere (5.148 × 1015 Mg); Aearth is the surface area
of the earth (5.1 × 1014 m2); the change in F2x is the RF due to the doubling concentration
of CO2 (+3.7 W/m2); Mair is the molecular weight of dry air (28.95 g/mol); [and] AF (t) is a
time-dependent variable, through which the time-dependent effect is assigned. (p.307)

To obtain Equation 2, Yu and Lu (2014) “replaced the default values of involved variables” (p.
307) and Equation 4 through Equation 5 into Equation 3.
𝑓(𝑡) = 0.217 + 0.259𝑒 −𝑡/172.9 + 0.338𝑒 −𝑡/18.51 + 0.186𝑒 −𝑡/1.186 (4)
+0.01𝛼 = 𝑅𝐹[𝑊/𝑚2 ] (5)
Equation 2 was used to determine how the change in albedo affects the CO2-equivalent
emissions for red brick, concrete, asphalt and granite compared to the albedo effect of a tiny
forest.

SQ2: climate regulation (local)
Temperature reduction through albedo effect
The albedo effect of a tiny forest on air temperature was determined by comparing typical
above-canopy air temperatures with below canopy air temperatures. Currently, no public
information is available on such temperatures specifically for tiny forests. Ongoing research by
IVN and WENR included air temperature and ground temperature measurements inside the tiny
forests (below the canopy) and on a nearby street (IVN, 2021c). They found that air temperature
differed by 1°C. Tiny forests have characteristics of both street trees and forests, as the trees on
the outskirts have more exposure to the wind, while the trees near the centre of the forest have
a dense canopy surrounding them. Since no above-canopy air temperature measurements were
available yet for tiny forests, this sub-question was answered using literature estimates of the
net effect of street trees compared to forests.

Temperature reduction through evapotranspiration and shading
The cooling effect of trees originates from two processes, the shading effect and the
evapotranspiration effect, which cannot be measured separately (Gkatsopoulos, 2017). While
both components affect air temperature, it is primarily the shading component that affects the
ground and near-ground temperatures (Oke, 1987). Trees intercept the incoming radiation and
prevent it from reaching the ground and being absorbed and transformed into heat. As a result,
trees prevent the ground and surrounding air from heating up. The influence of trees on urban
temperatures can be estimated using the leaf area index (LAI) (Kuijper & Batenburg, 2019;
Pace, 2020). The LAI is defined as “the total one-sided foliage area per unit ground surface
area” (Thimonier, Sedivy, & Schleppi, 2010, p. 543) and provides important information about
the tree canopy structure. LAI is expressed in square metre per square metre, where “one unit
of LAI is equivalent to 10,000m2 of leaf area per hectare” (Waring & Running, 2007, p. 30).
LAI has been used to estimate light and precipitation interception, evapotranspiration, above25

ground biomass, and carbon sequestration rates, among others (Parker, 2020; Thimonier et al.,
2010).
Evapotranspiration is a crucial part of the hydrologic cycle (see Figure 5). During precipitation
events, a part of the rainfall is intercepted by the tree’s canopy and evaporated from the leaves,
branches, and twigs as they dry (Ouden et al., 2016). Further evaporation can come from the
soil, surface water, and smaller plants under the canopy layer. In addition to evaporation, trees
can also dispose of excess water through transpiration, in which water is discarded through
small openings in the leaves (Ouden et al., 2016). The combination of transpiration and
evaporation is referred to as evapotranspiration.

Figure 5: Simplified depiction of the hydrologic cycle for a tree (adapted from Ouden et al. (2016)).

According to Ouden et al. (2016), a differentiation is made between potential and actual
evapotranspiration. He explains that the potential evapotranspiration, also called reference
evaporation, can be determined through meteorological data, such as wind speed, air
temperature, and humidity. The potential evapotranspiration is measured through a reference
value of mowed grass with sufficient access to water. Actual evapotranspiration is usually lower
than potential evapotranspiration because it depends on the atmospheric demand for water
evaporation, in relation to the moisture in the soil that is available for plant uptake. When the
former is larger than the latter, trees can close the stomata of the leaves to regulate their
transpiration. The actual evapotranspiration is more difficult to determine than the potential
evapotranspiration (Kolka & Wolf, 1998), but studies showed that European forests transpire
approximately 300-400mm yr-1 with only very little differences between tree species and
regions (Van Der Salm, Reinds, & De Vries, 2004). A study by Verstraeten et al. (2005) showed
that Belgian forests in the Flanders region evaporated ca. 60% of the yearly precipitation, with
26

38% transpiration, 15% interception evaporation, and 6% soil evaporation of the annual
precipitation. According to Ouden et al. (2016), the rates for evaporation, evapotranspiration,
run-off, and percolation differ considerably between different types of landscapes (see Figure
6). Ouden et al. (2016) found that forests’ evapotranspiration rates are approximately 50% of
the annual precipitation.

Figure 6: Simplified water balance of city, agricultural area and forest (translated by the author from Ouden et
al. (2016)).

To quantify the cooling effects of both ES components, shading and evapotranspiration, on air
and ground temperatures, several steps were taken.
Firstly, the average LAI of the trees in the tiny forest was estimated. This was done by
researching the LAI values of adult trees from the tiny forest species and taking the average of
those values. All but one LAI value came from a global dataset of field-observed LAI values
published by the Oak Ridge National Laboratory (Iio & Ito, 2014), the single LAI value of “4”
for the Ulmus laevis species was provided by Šrámek and Čermák (2012). The data of 2,653
trees were imported to excel and filtered for all the available tree species from Table 2, which
left LAIs for 314 individual trees and 12 relevant species. While most tree species only had a
few sets of LAIs tree data available (primarily from Scandinavia), it was possible to filter for
more relevant country data for the tree species Quercus robur, Fagus sylvatica and Quercus
petraea to only include the country data from Belgium, Germany and the Netherlands, as they
share a similar climate. Based on all average LAI values per tree species, it was possible to
determine an overall average for a tiny forest based on the available data for 13 of the 25 tree
species.
A Dutch pilot study carried out with the tree modelling tool I-tree Eco showed that for each
increase by one point in LAI, the ground temperature decreases by 1.2°C (Kuijper & Batenburg,
2019). A similar result of a 1.3°C surface temperature reduction per LAI unit was also found in
a case study by Hardin and Jensen (2007). Once the average LAI for the tiny forest was
determined, it was possible to estimate a temperature reduction by multiplying the LAI with a
1.25°C temperature decrease found in literature (on average).
Secondly, the evapotranspiration rate was estimated to be 55% of annual precipitation (the
average between the two aforementioned sources for evapotranspiration) and was then applied
to the Dutch tiny forests to estimate the cooling effect on air temperatures along with the
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shading effect. With the help of energy balance physics and case studies, it was possible to
translate the evapotranspiration of 55% of annual precipitation into released energy.
Afterwards, the energy was compared to (1) the total incoming solar irradiation as a percentage
and (2) the albedo effect. Finally, it was possible to determine a cooling effect in degrees Celsius
based on the measurements of a tree cooling a 10m3 air column from a case study by Yan et al.
(2019).

SQ3: Natural hazard regulation
Reduced flooding risk
Natural hazards are harmful elements of the physical environment that humankind has no
influence on (Burton, Kates, & White, 1978). Such hazards in urban environments are usually
characterized by extreme weather events, which cause droughts, heatwaves and extreme
rainfall, among others (Bokwa, 2013). Trees and forests have shown the potential to intercept
rainfall and slow the runoff and water uptake by soil (Ouden et al., 2016). Trees also retain
moisture and, through transpiration, cool their surrounding air (Kurn, Bretz, Huang, & Akbari,
1994).
The portion of the precipitation falling onto vegetation (such as a tiny forest) is intercepted by
plants before the water reaches the ground (Ouden et al., 2016). This interception is part of a
hydrologic cycle in which water from the total incoming precipitation takes different pathways,
according to Ouden et al. (2016) (see Figure 5).
After identifying the annual precipitation rates in the Netherlands, water pathways (as part of
the hydrologic cycle), such as interception evaporation, throughfall (precipitation falling
through the leaves) and stemflow (precipitation running down the tree stem) can be determined.
The sum of throughfall and stemflow is also referred to as net precipitation. 60-80% of the
incoming precipitation reaches forest layers below the trees as throughfall and 2-5% as
stemflow (Ouden et al., 2016). Trees intercept the rest of the incoming precipitation, with
coniferous forests intercepting 20-30% and deciduous forests intercepting 15-25%. Coniferous
forests tend to intercept more precipitation than deciduous forests due to their higher LAI
(Ouden et al., 2016). However, interception rates are strongly influenced by other factors, such
as tree density, season and the amount of rainfall during a given time. During the winter months,
transpiration and interception are much lower than in the summer months (especially in
deciduous trees, which lose their leaves in winter), while stemflow and throughfall are higher
than in the summer months (Ouden et al., 2016). When the intensity and volume of rainfall
increases, the interception rate of trees decreases (Ouden et al., 2016). In conclusion, the
hydrologic cycle model by Ouden et al. (2016) predicting water flow in trees and forests on an
annual basis was used to estimate how tiny forests intercept rainfall.
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RESULTS
In the following sections, the results to each sub-question are presented in the form of tables,
graphs and texts. The underlying assumptions, equations and rates were previously explained
in the methodology section.

Quantified climate regulation (overall)
Carbon sequestration
Previous research carried out by Ottburg et al. (2017) found that all three tree layers combined
sequestered 127.5 kg of CO2-equivalents, in a tiny forest aged 1-5 years. This amount of CO2equivalents was based on a one-time measurement of transects in eleven tiny forests used to
determine the amount of living woody biomass. The researchers used an expansion factor to
estimate below-ground biomass.
Ottburg’s calculations are also in line with Boosten et al. (2020), who estimated that a young
forest with trees under the age of 10 sequestered 4.6t of CO2 ha-1. Translated into the size of a
tiny forest (250m2), this would be 115kg CO2 yr-1. After ten years, the carbon sequestration
increases to 9.1t of CO2 ha-1 yr-1 on average (Boosten et al., 2020). This translates to 227kg of
carbon sequestration per year for a tiny forest.
Following the methodology outline, carbon sequestration rates were calculated for different
ages of the tiny forest, taking into account the mortality rates of trees (5% yr-1) (see Table 4).
Using Equation 1, NPP was found to steeply increase in the early years of the tiny forest, peak
at 68 years (at 741g of carbon per square metre per year) and gradually decline thereafter. By
setting 741g of carbon equal to a carbon sequestration rate of 100%, the NPP rate was translated
into a carbon sequestration rate and linked to the trees in the tiny forest.

Carbon sequestration in kg

By multiplying the yearly amount of surviving trees (starting with 600 upon planting with a
survival rate of 95%) with the average carbon sequestration rate of 1.42kg yr-1 (see Table 3 but
in kg) and the age-related carbon sequestration potential a projection of annual carbon
sequestration for a tiny forest could be estimated (see Figure 7). The projection showed that
annual carbon sequestration peaked at age four for a tiny forest with 440kg of carbon
sequestered in that year (see Appendix I). The average carbon sequestration rate for the first ten
years is 418kg yr-1.
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Figure 7: Line chart of the age-related carbon sequestration in kg per tiny forest per year, which increases steeply
during the first 4 years and then slowly decreases.
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Carbon stock in tonnes

By adding up the annual carbon sequestrations, a projection of the annual carbon stocks was
estimated (see Figure 8). The projections showed that the carbon stock began to start stabilizing
around the age of 50 years with ca. 11.7 tonnes of carbon. Longer projections of more than 50
years showed that carbon stock fully stabilized at ca. 12.9 tonnes (see Appendix I).
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Figure 8: Line chart of the age-related carbon stock in tonnes per tiny forest per year, which increases at a slowing
rate.

Albedo effect
A change in albedo is closely linked to CO2 concentrations on earth due to the effect of albedo
on radiative forcing (Yu & Lu, 2014).
Using Equation 2 developed by Yu and Lu (2014) based on Muñoz et al. (2010) and Joos et al.
(2001), the calculations show that a 0.01 increase of surface albedo per square metre of the
surface area produces a reduction of 3.15kg CO2-equivalent emissions for a period of 50 years.
For a tiny forest of 250m2, the change in CO2 concentrations caused by the change in surface
and albedo ranges between a decrease of 3.72t of CO2 and an increase of 18.58t. This was the
result for a period of 50 years depending on the surface that was replaced by the tiny forest (see
Table 7).
𝑘𝑔 𝐶𝑂2 =

(𝛼𝑁𝑒𝑤 − 𝛼𝐼𝑛𝑖𝑡𝑖𝑎𝑙 )
∙
0.01

1.087 ∙ (−1.54) ∙ 50 ∙ 250
50

50

50

(0.217 ∙ 50 − 44.78 ∙ 𝑒 −172.9 − 6.26 ∙ 𝑒 −18.51 − 0.22 ∙ 𝑒 −1.186 + 51.26)

Filling in the values for all variables provides the results listed in Table 7.
Table 7: Changes in CO2 concentrations after 50 years caused by changes from one surface type to another and
their respective albedo values.
Initial surface type

Initial
albedo

New surface type

New
albedo

Albedo
change

Red brick
Asphalt
Concrete
Granite

0.30
0.10
0.23
0.4

Tiny forest
Tiny forest
Tiny forest
Tiny forest

0.15
0.15
0.15
0.15

-0.15
0.05
-0.08
-0.25

Change in CO2equivalent emissions for
a time span of 50 years
11.15t CO2
-3.72t CO2
5.57t CO2
18.58t CO2
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Quantified climate regulation (local)
Temperature reduction through albedo effect
City-scale research has shown that cities suffering from severe heatwaves in warmer climates
can benefit from increasing surface albedos through white rooftops or tree shading due to the
reduced energy cooling costs for housing (Levinson, 1997). However, a study by Shen et al.
(2015) showed that a change in albedo from a lighter to a darker surface (such as a from granite
to a tiny forest) could lead to a temperature increase of 0.16°C, showing a similarly negative
effect as the respective changes in CO2 from Table 7.
Both, air cooling and heating through a change in albedo, is also found on a smaller street-tree
scale. Levinson (1997) argues that a tree’s potential to cool surrounding air is dependant upon
on how well the heated air by the tree canopy mixes with air underneath the canopy. This mixing
effect is also referred to as the canopy-to-air convection. According to Levinson (1997), the
typical canopy-to-air convection is comparable with the critical mixing percentage of 45%. At
this percentage, the shade cooling effect near the ground cancels out the heating at the canopy
level. Under such conditions, there is only a small net effect on near-ground air, which can be
positive or negative (Levinson, 1997).
De Frenne et al. (2019) showed that forests (as opposed to street trees) “function as a thermal
insulator, cooling the understory when ambient temperatures are hot and warming the
understory when ambient temperatures are cold” (p. 744). Since tiny forests are substantially
smaller than regular forests, only the core of the tiny forests will likely act as a thermal insulator.
The trees in the core have less exposure to the elements and are characterized by a dense tree
canopy. This dense canopy lets little above canopy air mix with the air below the canopy. The
trees on the outskirt of the tiny forest may have similar canopy-to-air convections as street trees,
due to their exposure to the surroundings. Therefore, the overall effect of the albedo effect is
expected to be larger inside the forest than on the outskirt. A similar temperature difference was
also observed between urban street trees and trees in the interior part of an urban forest (Long,
D'Amico, & Frank, 2019), however, the effect was decreased in areas with higher latitudes,
such as temperate climates.
Due to the overall small effects of albedo changes on air temperature and the potential of air
circulation effects cancelling each other out, it is assumed that the overall effect on temperature
stemming from the albedo effect is negligible for this research.

Temperature reduction through evapotranspiration and shading
Air temperature reduction
Based on the average precipitation rate of 800mm yr-1 in the Netherlands, a 55% evaporation
rate of annual precipitation is the equivalent of 440mm yr-1. Annual evapotranspiration of
440mm yr-1 would translate into 1.24mm day-1. This is also in line with a study that found a rate
of 1.3mm of evapotranspiration per day for a single urban tree (Yan et al., 2019). However,
evapotranspiration rates for trees in temperate climates differ substantially between the summer
and winter seasons due to the variability in leaf size and presence (Ouden et al., 2016).
According to Ouden et al. (2016), a Dutch oak forest can transpire almost 80% of the annual
evapotranspiration during the summer season (May – October), and 20% during the winter
season (November – April). In this case, daily average evapotranspiration during the summer
is 1.93mm. However, during annual peak evapotranspiration in June and July, daily
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evapotranspiration rates can be higher, up 2.2mm - 3.3mm (Lafleur et al., 2005), or around
3mm daily (Kurn et al., 1994) if potential water shortages are left aside. Taking the average of
both sources translates into daily evapotranspiration of 2.83mm during the peak of the summer
season.
According to the Food and Agriculture Organization of the United Nations (1998), 1mm of
evapotranspiration is equal to 2.45MJ m-2, therefore, 2.83mm of summer peak daily
evapotranspiration are equal to 6.9335MJ m-2. Furthermore, 1W m-2 is equivalent to 0.0864MJ
m-2 (Food and Agriculture Organization of the United Nations, 1998), which would equate to
an energy release of 80.25W m-2 for 2.83mm of evapotranspiration. For a surface of 250m2,
that translates into an energy release of 20,062W day-1 during peak evapotranspiration in
summer. On an annual basis, 440mm of evapotranspiration translate into released energy of
12,477W m-2, or for the size of a tiny forest, into 3,119,213W yr-1.
The Netherlands receive 2.5kwh m-2 of solar irradiation per day on average (The World Bank
& Solargis, 2021). This is the equivalent of 9.01MJ m-2 or 104.28W m-2 day-1. However, during
the summer months, the average daily solar irradiation can be much higher with nearly 850W
m-2 during midday solar irradiation peaks in July on a day with clear skies and an average of
320W m-2 day-1 (European Commission, 2019). When the tiny forest releases 80.25W m-2
during a clear sky summer day in July, it has the equivalent effect as a change in albedo value
of 0.25 (as 80W divided by 320W is 0.25). This follows the idea of Kurn et al. (1994) that both
high-albedo surfaces and present vegetation “cool” the air by “replacing the strong heat sources
with lesser ones” (p. 5). Nonetheless, the albedo effect of tiny forests only has a cooling effect
on overall temperatures if it replaces an otherwise lower-albedo surface and would be
negligible.
The aforementioned study of urban trees by Yan et al. (2019) found that a tree consumed
32.52% of the net radiation in form of latent heat flux and cooled a 10m3 air column at a rate
of 0.44°C min-1 m-2. For a tiny forest with 2.4 trees per square metre (upon planting), that would
translate into approximately 1°C min-1 m-2. Since the consumption of the net solar irradiation
was in fact only 25% (80W absorbed from the incoming 320W), a single tree per square metre
would cool the air column by 0.31°C min-1 m-2. A tiny forest with 2.4 trees per square metre
would cool the air column by 0.74°C min-1 m-2. However, it is unknown, how much of this air
temperature cooling is exactly attributed to the shading effect and how much to the
evapotranspiration effect.
The air cooling effect for evapotranspiration is entirely dependent on the evapotranspiration
rate for a given day, as this is translated into the energy release in watts. Evapotranspiration, in
turn, is highly influenced by the water availability in the soil (Food and Agriculture
Organization of the United Nations, n.d.). Therefore, the cooling effect of 0.74°C min-1 m-2 for
an air column of 10m3 is only an example for a cloudless summer day in July and could vary in
reality. Additionally, shading also affects the air temperature. However, since no measurements
of air temperature in and around tiny forests have been conducted so far, it is impossible to say,
how much the shading effect could further contribute to the overall cooling effect. If the
majority of the cooling effect is indeed attributed to shading, as Wang, Zhao, Yang, and Song
(2016) claim, then shade cooling alone should be higher than 0.74°C min-1 m-2 for an air column
of 10m3 and the total should therefore be higher than 1.48°C min-1 m-2. Nevertheless, studies
(Berry, Livesley, & Aye, 2013; Bowler, Buyung-Ali, Knight, & Pullin, 2010; Lenzholzer, 2015)
suggest that overall air temperature reduction by trees is around 1°C. Therefore, it is expected
that the overall cooling effect of the tiny forest is closer to 1°C, than 1.48°C while keeping in
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mind that clusters of trees, such as tiny forests, have been found to cool air temperature by
0.1°C more than single trees (Streiling & Matzarakis, 2003).
Ground temperature reduction
In regards to the shading effect on ground temperature, Table 8 gives an overview of the
determined LAI values calculated based on the database from the Oak Ridge National
Laboratory (Iio & Ito, 2014). The single LAI value provided by Šrámek and Čermák (2012) for
the Ulmus laevis species is also listed.
Table 8: Calculated average LAI values per tree species and overall average LAI. A minus symbol indicates
missing data for certain tree species.
Species
Quercus robur
Ulmus laevis
Ulmus glabra
Alnus glutinosa
Fagus sylvatica
Sorbus aucuparia
Populus nigra
Populus tremula
Salix alba
Tilia cordata
Acer campestre
Betula pendula
Crataegus monogyna
Average

LAI values
5.52
4
5.69
6.70
3.26
6.1
3.24
5.12

Species
Ilex aquifolium
Prunus padus
Carpinus betulus
Tilia platyphyllos
Prunus avium
Ribes nigrum
Fraxinus excelsior
Salix caprea
Quercus petraea
Betula pubescens
Malus sylvestris
Ribes rubrum

LAI values
5.62
6.93
6.55
4.94
5.22
2.76
-

As depicted in Table 8, the average LAI for a tiny forest planted with the 25 most common
species is 5.12. The LAI is expressed in 10,000m2 of leaf area per hectare. With an average
decrease of 1.25°C per point for LAI, this would amount to an average temperature reduction
on the ground surface of 6.4°C.

Quantified natural hazard regulation
Reduced flooding risk
In the Netherlands, the average annual precipitation is 800mm (Buishand, Jilderda, &
Wijngaard, 2010). Transformed into litres per tiny forest (by multiplying 800mm with the
250m2 area of a tiny forest), this means that a tiny forest receives 200,000L of water per year
on average. These 200,000L of rainfall distribute among the canopy, stems, and leaves. Firstly,
15-25% of annual precipitation evaporates from the trees. This process is referred to as
interception loss because the water never becomes available for the roots to take it up (Ouden
et al., 2016). From the remaining precipitation, 60-80% reach the lower layers of the tiny forest
as throughfall (see Figure 9). From the throughfall, some water reaches the lower vegetation
layers of the tiny forests, where it evaporates, while some water also reaches the ground, where
it infiltrates the soil. Another pathway of rainfall is along the stem as stemflow (approximately
2-5% of annual precipitation). As stemflow, the water easily reaches the soil and infiltrates it.
From all the rainwater, which infiltrates the soil, only a small amount reaches deeper soil levels
and eventually flows into the groundwater.
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Figure 9: Average annual water balance of a Dutch tiny forest. P: Precipitation; Sf: Stemflow; Tf: Throughfall;
I: Infiltration; D: Percolation to deeper soil layers; ET: Evapotranspiration; Et: Evaporation from trees; Eh:
Evaporation from the herbaceous layer; T+Es: Transpiration + Evaporation; Ws: Change in soil moisture; Wb:
Change in water storage of biomass; W: Change in total water storage in the ecosystem (adapted from Ouden et
al. (2016)).

Rates for evapotranspiration, throughfall, and stemflow vary strongly throughout the year due
to the presence of leaves in summer months and their absence in winter months. A study of oak
trees showed that in winter months, 76.7% of rainfall reached deeper soil layers and 22.5% was
lost due to evapotranspiration (Ouden et al., 2016). In summer months only 18.3% of rainfall
reached deeper soil levels, while 81.4% were lost due to evapotranspiration (Ouden et al.,
2016). Oak trees are the most commonly found tree species in tiny forests (see Table 2). By
using their percentages for rainwater flow, it is expected, that from the initial 200,000L of
annual rainfall are distributed as presented in Table 9. According to GEO (2018), rainfall is
virtually evenly between the summer and winter months (51.3% and 48.7% respectively). For
simplification of the calculations, 100,000L were assigned per half-year (see Table 9).
Table 9: Difference in distribution of rainfall pathways for trees between the winter and summer months.

Total precipitation
Interception and
evapotranspiration
Percolation into deeper soil

Summer months
100,000L
81.4% or 81,400L

Winter months
100,000L
22.5% or 22,500L

18.3% or 18,300L

76.7% or 76,700L
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The missing percentages to reach 100% of the 100,000L of water in Table 9 are taken up into
the water storage of the ecosystem.
Finally, compared to other landscapes, substantially more water infiltrates the soil in forests,
reducing surface water run-off. In comparison to cities, forests reduce run-off from precipitation
by ca. 90% (from 55% of annual precipitation to 5%) and increase percolation of rainwater into
groundwater reserves by 200% (from 15% of annual precipitation to 45%) (see Figure 6).
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DISCUSSION
Limitations
Although ESs provided by NBS benefit physical health, mental health, and climate change
adaptation, this research is limited to the quantification of regulating ESs due to their potential
to help municipalities and urban planners make informed decisions about spatial planning. The
focus on regulating ESs does not undermine the importance of biodiversity but simply narrows
the scope of the research. Once quantified, regulating ESs could be evaluated in monetary terms
to show their economic impact on the city compared to other investments or technologies used
for climate adaptation (McPherson, 1992). Because the research did not take all types of
regulating services and ecosystem services into account, it is difficult to draw conclusions over
the total effect of tiny forest’s ESs. If only one category of ESs is considered in decisionmaking, the impact of the tiny forests would be substantially undervalued as they provide ESs
in many shapes. Therefore, this research should be seen as part of a bigger picture that needs to
be considered holistically by decision-makers.
Additionally, individual tiny forests planted in the Netherlands can differ from the average tiny
forest used in this thesis in terms of size, location and species variety. This means that not all
tiny forests in the Netherlands provide the same quantities of ESs as estimated in this thesis.
However, this thesis aimed to provide a quantification of ESs that an average tiny forest would
provide under normal growth conditions. This decision was made to provide municipalities and
urban planners with reliable figures they can use in their decision-making.

Tiny forests’ effects on climate regulation (overall)
Carbon sequestration
The average annual carbon sequestration rate of 414kg found for the first ten years of a tiny
forest’s life, is more than 3.5 times higher than the estimation of carbon sequestration by
Boosten et al. (2020) for young forests. However, it fits within the carbon sequestration range
of tiny forests monitored by Ottburg, which ranged between 4.3kg and 631.2kg yr-1 (IVN,
2021c). Nevertheless, the difference between the average of 127.5kg of CO2 identified by
Ottburg (IVN, 2021c) and the sequestration rate identified in this thesis could be partially
explained by the fact that multiple of the tiny forests observed were subject to vandalism and
destruction, therefore sequestering less than other tiny forests. Additionally, the annual carbon
sequestration of the tiny forest in this thesis was projected under the assumption of average
weather conditions for a tiny forest, including sufficient sunlight, water, and nutrients. Yet,
these conditions may not always be present throughout the year, especially in times of climate
change. Still, research has shown that the main limiting factor for carbon sequestration of forests
in times of climate change is water access during the summer months (Belyazid & Giuliana,
2019), which can be compensated through additional irrigation and maintenance.
Overall, the research results support Sharma’s claim that tiny forests grow faster than regular
forests in terms of carbon sequestration and growth (IVN, 2019). Nevertheless, the claims of
10-fold growth could not be validated, as carbon sequestration rates were 3.5 times higher than
expected for a regular forest. Despite this discovery of early, fast growth, tiny forests were
projected to grow similar to regular forests as they age. This could be explained by the high
competition for light and space with higher than usual mortality rates in tiny forests, which will
decrease the number of trees over time to match the number of trees in a regular forest.
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Therefore, the carbon sequestration is expected to compare more to that of a regular forest with
time. Yet, due to spatial planning and the urgency of the climate crisis, fast tree growth and
high carbon sequestration rates are in high demand and could be part of a short-term solution
for climate change.
The Netherlands has committed to several measures to curb climate change, in which the
reduction of GHGs, such as CO2, plays a vital role. As such, the Dutch government has
committed to reducing GHG emissions by 49% (compared to the 1990 levels) until 2030 and
by 95% until 2050 (Government of the Netherlands, 2019). In 1990, the Netherlands emitted
220.5Tg of CO2-equivalent GHGs. In order to reach the climate goals, the Netherlands would
have to reduce the CO2-equivalent GHGs by 108.0Tg and 209.5Tg respectively (National
Institute for Public Health and the Environment, 2021). With a total population of 17.5 million
as of July 202 (Centraal Bureau voor de Statistiek, 2021), these greenhouse reductions would
come down to 6.17t and11.97t respectively per person. The projections of the carbon stock in
tiny forests showed a carbon storage of 3.78t after 9 years and 9.40t after 29 years. If planted
now, a tiny forest could therefore cover 61% of the per capita GHG emission reduction goal for
2030 and 79% of the goal for 2050. If left for longer, tiny forests could even reach 100% as
they stabilize at around 12t of stored carbon. Therefore, the contribution of tiny forests towards
the Dutch climate goals could be noteworthy.
Albedo effect
In regards to the albedo effect, it is important to consider that a reduction in CO2-equivalent
emissions only takes place if the tiny forest (with an albedo of 0.15) replaces a darker surface
(with a lower albedo). In this research, this was only the case for a tiny forest replacing an
asphalt surface (with an albedo of 0.10). In all other scenarios for typical surfaces on Dutch
squares, the replacement with a tiny forest increased CO2-equivalent emissions. Therefore, the
albedo effect decreased in three out of four cases when a tiny forest replaced other surfaces.
The overall CO2-equivalent emission reductions or increases for a time span of 50 years ranged
between -3.72t CO2 and 18.58t CO2. In the best-case scenario of the four selected surface
replacements, a tiny forest would avoid 3.72t CO2 over 50 years, which is even less than the
Dutch annual per capita CO2 emissions of 4.66t CO2 (Global Carbon Project, 2020). The albedo
effect on CO2-equivalent emissions on the scale of a tiny forest is, therefore, relatively minor
compared to annual per capita emissions and can be excluded by decision-makers and urban
planners when considering the ESs of tiny forests.
Strengths and uncertainties related to overall climate regulation
One issue with tree mortality is its high sensitivity to tree density and competition for light,
which make it hard to predict. Additionally, due to the long periods it takes to observe mortality
and succession in trees, few estimates are available (Lorenz & Lal, 2010). As a solution, an
average of multiple sources was taken to minimize room for error. Additionally, a sensitivity
analysis (see Appendix J) with a 25% increase or decrease in mortality rate (from 5% to 6.5%
and 3.5% respectively) showed only a minimal difference at the peak of the carbon
sequestration curves. Nevertheless, a much lower tree mortality rate (e.g. 0.1%) could explain
the difference between the peak in carbon sequestration for regular forests (68 years) and that
of tiny forests (at an age of four years).
Regarding the carbon sequestration rate for trees, the calculated average was based on a sample
of seven of the 25 total species. If it had been possible, a larger sample or even the entire 25
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species’ carbon sequestration rates would have been used to determine the forest’s annual
carbon sequestration. However, only limited data regarding carbon sequestration rates for
specific tree species was available. Most studies focus on one or two tree species at a time,
which made it difficult to retrieve data for trees of a similar age. It was important to collect
carbon sequestration rates for the tree species at a similar age because carbon sequestration rates
differ considerably between different age groups. The data on the selected seven tree species
was the largest dataset available for trees of a similar age and, therefore, was used in this
research.
Furthermore, models such as I-tree Eco and CO2FIX could have also estimated carbon
sequestration rates and stock levels, but they are entirely dependent on the specific tree and
location data including tree diameter sizes, tree height, percentage of missing tree canopy and
tree canopy diameter. Such data is currently not publicly available for tiny forests. To
circumvent this shortage of literature for the use of models, this research focused on established
formulas on the one side and estimations based on literature reviews on the other side.

Tiny forests’ effects on climate regulation (local)
Temperature reduction through albedo effect
The effect of a change in albedo on air temperature was found to be negligible. This was based
on (1) the fact that the surface with which the albedo effect of a tiny forest is compared to or
which surface it replaces upon planting can either increase or decrease surrounding air
temperature and (2) the rather small insulation effect of a tiny forest. This result is in line with
Terpstra, Huizinga, Hurkmans, and Jacobs (2019), who argue that albedo has no significant
correlation with the UHI and air temperature in comparison to factors such as anthropogenic
heat, population density, built environment, and sealed surfaces, which can all considerably
increase the UHI.
Temperature reduction through evapotranspiration & shading
In regards to air temperature reduction effects from tiny forests, it was impossible to distinguish
between the individual effects of shading and evapotranspiration. However, a distinction was
made between air and ground temperatures, as they are differently affected by shading and
evapotranspiration. Ground temperature was found to be affected predominantly by shading,
while air temperature is affected by both, shading and evapotranspiration. Air temperature was
found to be reduced by 0.74°C min-1 m-2 for an air column of 10m3 by a tiny forest through
evapotranspiration. The overall cooling effect was determined to be in the range of 1°C to
1.48°C but it was not possible to estimate precisely how much of this was contributed by
shading. In the literature, a lack of understanding for the exact cooling and water flow processes
in trees remains, which made any further temperature cooling attribution impossible
(Gkatsopoulos, 2017). Therefore, the given range was the most accurate estimation possible at
this point.
For ground temperature, a temperature reduction of 6.4°C was found based on the shading effect
and its relation to the average LAI (5.12) of a tiny forest. The average LAI for the tiny forest
fits in with findings from literature. An extensive study on average LAIs (Asner, Scurlock, &
A. Hicke, 2003), for instance, found that temperate deciduous forests (such as the tiny forests)
have an LAI of 5.1. Since the trees in tiny forests are planted more densely than in regular
forests, LAI may be slightly higher than in an average forest. This is underlined in a study by
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Tamai (2015), who showed that LAI increased with stem density per hectare of land. However,
even at the higher end of the measured stem density, LAI was found to be approximately 5
(Tamai, 2015).
The quantified temperature reduction of 6.4°C was found to be on the lower end of the spectrum
when compared to literature. Berry et al. (2013) found a temperature reduction of 9°C through
shading of trees, while Bau-Show and Yann-Jou (2010) found a reduction of 3 to 8°C (albeit in
a sub-tropical climate). However, temperature reduction appeared to be highly variable for
different surfaces under the trees. For instance, an Italian study of 10 common urban tree species
measuring the shading effect of LAIs on surface temperatures (Napoli, Massetti, Brandani,
Petralli, & Orlandini, 2016) found that temperature reduction through tree shading ranged
between 13.8 and 22.8°C for asphalt surfaces and between 6.9 and 9.4°C for grass surfaces.
The latter relationship was likely weaker due to the combined effect of shading and
evapotranspiration of the grass. Another study found that surface temperature may be reduced
by 2-13°C for higher albedo surfaces and 15-25°C for lower albedo surfaces through trees and
vegetation (Akbari, Kurn, Bretz, & Hanford, 1997).
Based on the differences in temperature reductions between literature and findings from this
thesis, it is likely that the average temperature reduction of 1.25°C per LAI point applies to
surfaces with a lighter albedo. However, both studies on which the temperature reduction per
LAI was based, do not clarify for which type of surfaces the reduction applies. Preliminary
findings of measurements in tiny forests by Ottburg also indicate a higher temperature
difference between the ground of a tiny forest and that of an asphalt street (20°C difference)
than between a tiny forest ground and a grass surface (10°C difference) (Institute for Education
on Nature and Sustainability, 2021c). With another estimate for the effect of shading in relation
to LAI on darker surfaces, a temperature reduction range could be given for various surfaces
that would likely cover more of the spectrum found in literature.
Strengths and uncertainties related to local climate regulation
The differences between the quantified temperature and the average temperature decreases
found in literature could be explained by other cooling attributed to factors such as wind, solar
radiation angle, and humidity. However, these factors were not taken into consideration for the
quantification due to time and scope constraints for this thesis. Nonetheless, they could be
considered in future research to give additional insights into temperature dynamics and human
thermal comfort, as both humidity and wind are important factors affecting thermal comfort
(Karimi et al., 2020).
Lastly, the reach of the cooling effect depends on wind direction and flow as well as the size of
the green space, among other factors (Lenzholzer, 2015). According to Lenzholzer (2015),
Swedish scientists measured a temperature difference of 6°C 1100 metres away from a 150hectare large park and a Canadian study showed a cooling effect up to 100 metres away from
neighbourhood parks on their leeside (the most wind-sheltered side). Considering the relatively
smaller size of tiny forests, they are likely to have a more limited reach for their cooling effect.
However, for the surrounding neighbourhood, it offers a place for city dwellers to cool
themselves and experience the cooling effect of vegetation first-hand.
In regards to the temperature reduction through evapotranspiration, one study argues that
evapotranspiration of trees alone contributes 3.1-5.8°C in temperature reduction and that a nontranspiring tree can also increase temperatures by 1.6-2.1°C during certain hours (Meili et al.,
2021). In principle, it is true that trees regulate their transpiration rate, and that when trees stop
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evapotranspiration entirely, nearby air temperature can increase due to the exchange of sensible
heat from the tree. When the tree does not transpire, it heats up throughout the course of a sunny
day and releases this heat as sensible heat to the surrounding air (Meili et al., 2021).
Nevertheless, the event of non-transpiring trees can be avoided if the trees are provided with
sufficient water in times of drought. For instance, municipalities in the Netherlands regularly
water young trees in urban areas as part of their routine maintenance until the trees grow deep
roots and can reach water in the ground even during droughts (Gemeente Drimmelen, 2020;
Gemeente Utrecht, n.d.). Therefore, an event of non-transpiring trees in a tiny forest becomes
unlikely with some maintenance.

Tiny forests’ effects on natural hazard regulation
Reduced flooding risk
Taking into account the Dutch average annual precipitation, a tiny forest in the Netherlands was
found to receive a total of 200,000L of water per year. In the winter months, 76.7% of this
rainfall reaches deeper soil layers, where it joins the groundwater. Another 22.5% are lost due
to evapotranspiration. However, during the summer months, 18% of rainfall reaches deeper soil
layers and 81.4% of rainfall ends in evapotranspiration. Additionally, tiny forests were found
to reduce run-off from precipitation by 90% compared to the predominantly sealed surfaces in
cities. Tiny forests also increase percolation of rainwater into groundwater reserves by 200%
compared to cities. The differences in rainfall distribution can be explained by the presence of
leaves in summer months and their absence in winter months (Ouden et al., 2016). Additional
foliage in the summer substantially increases the evapotranspiration of trees and other
vegetation and contributes to the cooling effect.
Strengths and uncertainties related to natural hazard regulation
While the findings related to reduced flooding risk provide insights into annual and seasonal
rainfall distribution, they do not include information on specific rainfall events. However, in
times of climate change, extreme weather events such as droughts and extensive rainfall are
expected to occur more frequently (Intergovernmental Panel on Climate Change, 2014). While
this research has shown that tiny forests substantially reduce water run-off and water uptake by
the soil, it is not yet clear how this process could change during extreme weather events. It is
known that relative interception (as a percentage of the incoming precipitation) of trees
decreases with an increase in intensity and amount of precipitation (Ouden et al., 2016).
However, the aim of this research was to provide municipalities and decision-makers with
quantified ESs that could easily be translated into monetary values of ESs. For the case of
natural hazard regulation, annual water uptake by a tiny forest was deemed to be a more holistic
view of ESs provided by a tiny forest and the potential saving of costs involved than just the
ESs provided during a single event. Additionally, the analysis of a single event would have
required specific weather and precipitation data for a single date along with the use of a water
distribution model and specific tree data. Such data was not readily available and would have
required extensive fieldwork, which was considered to be outside the scope of this thesis.
Nevertheless, fieldwork with specific measurements in tiny forests is currently being conducted
by Wageningen University and will be published in a report in early 2022.
In the future, models such as I-tree might be able to provide answers to the precise distribution
and uptake of precipitation once specific weather data is available for the Netherlands.
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CONCLUSIONS
Answering the research question and sub-questions
Effects of tiny forests on climate regulation overall
Tiny forests in the Netherlands are found to sequester an average of 414kg of carbon annually
during the first ten years. Their carbon sequestration peaks much earlier at an age of four
compared to regular forests (age 68) due to the higher than average mortality rate of 5%.
Furthermore, the average carbon sequestration of tiny forests during their first ten years is 3.5
times higher than that of a regular forest. This is found to be in line with previous field
measurements carried out by Wageningen University and Research (IVN, 2021c). Despite the
earlier carbon sequestration peak, tiny forests are expected to grow similar to regular forests as
they age. Yet, due to spatial planning and the urgency of the climate crisis, fast tree growth and
high carbon sequestration rates are in high demand and could be part of a short-term solution
for climate change.
The research has also shown that the main limiting factor for carbon sequestration of forests in
times of climate change is water access during the summer months (Belyazid & Giuliana, 2019),
which can be compensated through additional irrigation and maintenance.
In regards to the Dutch climate commitments to reducing GHG emissions by 49% (compared
to the 1990 levels) until 2030 and by 95% until 2050 (Government of the Netherlands, 2019),
the research shows that if planted now, a tiny forest could cover 61% of the per capita GHG
emission reduction goal for 2030 and 79% of the goal for 2050. If left for longer, tiny forests
could even reach 100% as they stabilize at around 12t of stored carbon, which would be a
considerable contribution towards the Dutch climate goals.
The albedo effect, on the other hand, only has a positive impact on the reduction of CO2equivalent emissions if a tiny forest replaces a darker surface with an albedo lower than that of
a tiny forest (0.15). Even then, the reduction of CO2-equivalent emissions for a tiny forest over
the course of 50 years is still lower than the Dutch annual per capita CO2 emissions of 4.66t
CO2 (Global Carbon Project, 2020) and should not play a major role in urban planning for ESs.
Lastly, the use of models such as I-tree Eco and CO2FIX might be suitable in the future to
estimate carbon sequestration rates and stock levels once data on specific tree species and
locations in the Netherlands becomes available to the public.

Effects of tiny forests on climate regulation locally
The albedo effect on air temperature cooling is found to be negligible due to the high
dependency on the type of surface that the tiny forest replaces (similar to the first sub-question)
and due to the limited mixing of air above and below the canopy in the centre of the tiny forest.
Other factors such as anthropogenic heat, population density, and sealed surfaces tend to have
a larger effect on heat build-up and temperatures in the urban environment (Terpstra et al.,
2019).
In contrast, evapotranspiration and shading in combination can cool air temperature by 1°C1.48°C. No estimation of the precise contribution by shading and by evapotranspiration is given
due to the lack of understanding in literature of the exact cooling and water flow processes in
trees. Therefore, the provided range is the most accurate estimation possible at this point.
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For ground temperature, a temperature reduction of 6.4°C is found based on the shading effect
and its relation to the average LAI (5.12) of a tiny forest. The average LAI for the tiny forest
fits in with findings from literature, where one point increase in LAI translates into a
temperature reduction of 1.25°C on average. However, the quantified temperature reduction of
6.4°C is placed on the lower end of the spectrum when compared to literature. This can be
explained by the high variability of temperature reduction for different surfaces under the trees.
For instance, studies found that surface temperature may be reduced by 2-13°C for higher
albedo surfaces and 15-25°C for lower albedo surfaces through trees and vegetation (Akbari et
al., 1997). It is likely that the 1.25°C average temperature reduction per point in LAI applies to
lighter surfaces. With another estimate for darker surfaces, a temperature reduction range could
be given for various surfaces that would likely cover more of the spectrum found in literature.
Furthermore, the event of non-transpiring trees that could potentially decrease the cooling effect
can be avoided if the trees are provided with sufficient water in times of drought. To some
extent, this is already done by Dutch municipalities for younger and more vulnerable trees.

Effects of tiny forests on natural hazard regulation
Dutch tiny forests are found to receive a total of 200,000L of water per year based on average
annual precipitation levels. In the winter months, 76.7% of this rainfall reaches deeper soil
layers, where it joins the groundwater. Another 22.5% are lost due to evapotranspiration.
However, during the summer months, 18% of rainfall reaches deeper soil layers and 81.4% of
rainfall ends in evapotranspiration. Furthermore, tiny forests reduce run-off from precipitation
by 90% and increase percolation of water from rainfall into groundwater by 200% compared to
the predominantly sealed surfaces in cities. The differences between the summer and winter
months are explained by the presence of leaves in summer months and their absence in winter
months (Ouden et al., 2016).
While the intensity and amount of precipitation can substantially alter the interception rate of
trees, precise data is not yet available to estimate specific weather events. However, models
such as I-tree might be able to provide answers to the precise distribution and uptake of
precipitation once specific weather data is available for the Netherlands.

Synthesis of the research objective
In order to achieve the objective of this research, namely to identify and quantify the climaterelevant regulating ES effects of tiny forests on urban areas in the Netherlands, a research
question and three sub-questions were developed and answered. The answers to these research
questions provide municipalities with crucial information that enables them to evaluate the
contributions of regulating ESs of tiny forests. The findings consist of concrete numbers based
on literature and calculations, which will eventually help in urban planning and decisionmaking and assist the municipality in solving climate-related urban challenges of Dutch cities.
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Suggestions for further research
Despite the answers that this thesis provided for the given research questions, several topics
that were touched upon during this research could benefit from further research.
For instance, further research could be useful especially for the second category of ecosystem
services, namely cultural services. IVN has already recognized the importance of cultural
ecosystem services and is currently working together with schools and residents to bring nature
closer again to people living in urban areas. Literature (Keniger, Gaston, Irvine, & Fuller, 2013;
Milliken, 2018) supports this importance by underlining that accessible green spaces in
neighbourhoods can improve mental health and alleviate symptoms such as stress and anxiety.
According to Milliken (2018), research concerning cultural ESs should be a top priority in the
ESs domain. The author argues that cultural ESs contribute to a multi-layered approach in
understanding which NBS are desirable, how they are perceived by residents, and ultimately
ensure that the decision-making and urban planning is suitable for the social context in which
NBS are placed.
Additionally, more research regarding the growth and development of young forests in the
Netherlands could be useful as it is crucial to enhance the understanding of processes such as
carbon sequestration. In the long term, this understanding could help in combatting and
mitigating the effects of climate change.
Furthermore, additional quantification of regulating services can be done through in-situ
measurements over longer periods to improve the precision. In fact, this is currently underway
in the Netherlands (by Fabrice Ottburg for IVN and WENR) and in the UK (by Victor Beumer
for Earthwatch) but only for a limited number of tiny forests.
In addition to in-situ measurements, further research in the form of case studies could be useful
in applying the knowledge generated with the present research into a specific location. Case
studies could help in characterising the precise effects described in this thesis and evaluating
their use in reality.
In the near future, it might also be possible to run the CO2FIX (for carbon sequestration only)
and I-tree models on tiny forests with some small adaptations for weather and tree species data.
This could help in the valuation of ecosystem services provided by tiny forests and could
additionally deliver important insights on air pollutant removal.
Further research could also take factors such as wind, solar radiation angle, and humidity into
account when assessing the regulating ESs of tiny forests on air and ground temperatures.
Additionally, these temperature differences could also be put into context by translating them
into the physiological equivalent temperature, a measure of human thermal comfort linked to
the heat exchange between the human body and its environment (Lai et al., 2018). Translating
the temperature into a measure of thermal comfort could be especially interesting since thermal
comfort is strongly impacted by humidity and wind (Karimi et al., 2020).
Finally, the logical next step based on the findings of this research would be the monetary
evaluation. Such an evaluation could link prices for CO2 emissions to the carbon storage
capacity of tiny forests, air conditioning and energy costs to the temperature cooling services
provided by tiny forests, and costs for run-off surface water and sewage costs to the litres of
water taken up by the tiny forests. With this final step, a precise benefits and costs overview
can be provided to decision-makers and urban planners to make informed decisions over tiny
forests.
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APPENDICES
Appendix A : Climatic zones

Figure 10: Differentiation between scales used in climatic studies (Cortesão (2013) adapted from Cuadrat and
Pita (2009)).
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Appendix B : Differences between ecosystem services frameworks
Table 10: Comparison between ecosystem services categories of CICES, MA and TEEB frameworks (adapted from
Haines-Young and Potschin (2010)).

59

Appendix C : MA framework for regulating services

Figure 11: The nine regulating services according to the MA framework (adapted from MA, 2005a).

Appendix D : Contact list
Table 11: Identified experts available for interviews/questions.
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Bas Lerink

Researcher (Vegetation, Forest
and Landscape Ecology)

WUR

Peter van der Sleen

Researcher and Lecturer (Forest
Ecology and Forest Management)

WUR

Jelle Hiemstra
Mart-Jan Schelhaas

WUR

Information
Wrote WUR paper on Tiny
Forests
Expert on Tiny Forests in
NL and UK
I-Tree Eco Expert
Expert in Forestry, Carbon
sequestration, Simulation
models
Expert in Forestry, Carbon
sequestration, Simulation
models
Expert for forest life cycles
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Appendix E : Cascade model

Figure 12: Cascade model with six different aspects of ESs (adapted from Haines-Young and Potschin (2010)).
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Appendix F : AAOCC criteria
Table 12: Aspects to consider when using the AAOCC criteria per criterion (adapted from Kapoun (1998)).

AAOCC criteria to evaluate web pages
1. Accuracy of Web Documents
 Who wrote the page and can you contact
him or her?
 What is the purpose of the document and
why was it produced?
 Is this person qualified to write this
document?
2. Authority of Web Documents
 Who published the document and is it
separate from the “Webmaster?”
 Check the domain of the document,
what
institution
publishes
this
document?
 Does the publisher list his or her
qualifications?
3. Objectivity of Web Documents
 What goals/objectives does this page
meet?
 How detailed is the information?
 What opinions (if any) are expressed by
the author?
4. Currency of Web Documents
 When was it produced?
 When was it updated?
 How up-to-date are the links (if any)?
5. Coverage of the Web Documents
 Are the links (if any) evaluated and do
they complement the documents’
theme?
 Is it all images or a balance of text and
images?
 Is the information presented cited
correctly?

Aspects to take into consideration
Accuracy
 Make sure author provides e-mail or a
contact address/phone number.
 Know the distinction between author and
Webmaster.

Authority
 What credentials are listed for the
author(s)?
 Where is the document published? Check
URL domain.

Objectivity
 Determine if page is a mask for advertising,
if so information might be biased.
 View any Web page as you would an
infomercial on television. Ask yourself
why was this written and for whom?
Currency
 How many dead links are on the page?
 Are the links current or updated regularly?
 Is the information on the page outdated?
Coverage
 If page requires special software to view the
information, how much are you missing if
you do not have the software?
 Is it free, or is there a fee, to obtain the
information?
 Is there an option for text only, or frames,
or a suggested browser for better viewing?
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Appendix G : Search method
Table 13 gives an overview of the search term and alternatives used to find literature.
Table 13: (Key) search terms and synonyms for research questions.

Ecosystem
services
Regulating services
Climate regulation

Tiny forest

Urban

Climate

Netherlands

Effect

Micro forest
Mini forest

Metropolitan
City

Dutch
Holland

Impact
Influence

Temperature
regulation
Temperature
cooling
Carbon
sequestration
Albedo effect

Miyawaki
forest
Urban forest

Built
environment

Environment
Urban Heat
Island effect
Temperature

Affect

Water retention

The
Netherlands
Nederland

Tree

Climate change

Europe

Increase

Forest

Thermal
comfort
Flooding
Heatwave
Heat stress
Radiation
reflection

Temperate
climate
Belgium
Germany
temperate

Water uptake
Evapotranspiration
Shading
Flooding risk
reduction

Reduction

Databases and Booleans
Both Scopus and Google Scholar were used for literature search. The Booleans for the searches
were based on search terms from Table 13 and used in different combinations for each subquestion.
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Appendix H : Most common tree species for tiny forests in the Netherlands
Table 14: All tree species and their amounts planted
across ten tiny forests in the Netherlands.(adapted
from Ottburg and Lammertsma (In preparation)).
Individual species used
in 10 tiny forests
Sorbopyrus auricularis
Acer campestre
Acer campestre
Acer campestre
Acer campestre
Acer campestre
Acer campestre
Acer campestre
Acer campestre
Acer campestre
Acer campestre
Acer pseudoplatanus
Agastache rugosa
Akebia quinta
Akebia quinta
Akebia trifoliata
Akebia trifoliata
Alnus cordata
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus indicana
Alnus indicana
Alnus indicana
Artemisia abrotanum
Betula pendula
Betula pendula
Betula pendula
Betula pendula
Betula pendula
Betula pendula
Betula pendula
Betula pendula
Betula pendula
Betula pubescens
Betula pubescens
Betula pubescens
Betula pubescens
Betula pubescens
Betula pubescens
Carpinus betulus
Carpinus betulus
Carpinus betulus
Carpinus betulus
Carpinus betulus
Carpinus betulus
Castanea sativa
Castanea sativa
Cornus mas
Cornus mas
Cornus mas
Cornus mas
Cornus sanguinea
Cornus sanguinea
Cornus sanguinea
Cornus sanguinea

Amount
3
15
30
5
15
15
24
15
12
12
27
15
20
2
2
1
2
25
68
35
25
30
10
6
6
118
5
6
6
20
15
30
35
10
15
20
6
6
35
30
10
25
5
6
6
30
30
25
20
6
6
15
2
5
10
15
6
5
6
15
6

Name of tiny forest
Bosplein
Muziekplein
Eigenwijze Artan
Bostimist
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Harendonksplekske
Bosplein
Bosplein
Bosplein
Bosplein
Bosplein
Maathaaibos
Muziekplein
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Harendonksplekske
Kristalbos
Groene Woud
Bosplein
Muziekplein
Eigenwijze Artan
Bostimist
Bostimist
Maathaaibos
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Eigenwijze Artan
Bostimist
Maathaaibos
Harendonksplekske
Kristalbos
Groene Woud
Eigenwijze Artan
Bostimist
Maathaaibos
Harendonksplekske
Kristalbos
Groene Woud
Maathaaibos
Bosplein
Bostimist
Bostimist
Maathaaibos
Bosplein
Muziekplein
Eigenwijze Artan
Maathaaibos
Cascadepark

Cornus sanguinea
Cornus sanguineus
Corylus avellana
Corylus avellana
Corylus avellana
Corylus avellana
Corylus avellana
Corylus avellana
Corylus avellana
Corylus avellana
Crataegus laevigata
Crataegus laevigata
Crataegus laevigata
Crataegus monogyna
Crataegus monogyna
Crataegus monogyna
Crataegus monogyna
Crataegus monogyna
Crataegus monogyna
Crataegus monogyna
Crataegus monogyna
Cydonia oblonga
Elaeagus umbellata
Euonymus
Euonymus
Euonymus europaeus
Fagus sylvatica
Fagus sylvatica
Fagus sylvatica
Fagus sylvatica
Fagus sylvatica
Fagus sylvatica
Fagus sylvatica
Ficus carica
Foeniculum vulgare
Fragesia moschata
Frangula alnus
Frangula alnus
Frangula alnus
Fraxinus excelsior
Fraxinus excelsior
Fraxinus excelsior
Fraxinus excelsior
Fuchsia spp
Hibiscus syriacus
Humulus lupulus
Hyssopus officinalis
Ilex aquifolium
Ilex aquifolium
Ilex aquifolium
Ilex aquifolium
Ilex aquifolium
Ilex aquifolium
Ilex aquifolium
Ilex aquifolium
Ilex aquifolium
Juglans regia
Levisticum officinale
Ligustrum vulgare
Ligustrum vulgare
Ligustrum vulgare
Ligustrum vulgare
Ligustrum vulgare
Lonicera carulea
Malus
Malus pumila
Malus sylvestris
Malus sylvestris

10
15
5
10
15
5
6
6
15
10
10
12
12
20
30
10
15
25
20
15
27
2
2
10
15
15
24
30
30
25
15
24
24
3
20
40
20
6
26
30
20
24
24
5
2
5
20
15
30
15
25
10
15
12
12
26
15
20
5
10
15
6
5
20
10
15
5
30

Schoemaker Eiland
Harendonksplekske
Muziekplein
Bostimist
Maathaaibos
Bostimist
Eigenwijze Artan
Cascadepark
Harendonksplekske
Schoemaker Eiland
Harendonksplekske
Kristalbos
Groene Woud
Muziekplein
Eigenwijze Artan
Bostimist
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske
Schoemaker Eiland
Bosplein
Bosplein
Bostimist
Maathaaibos
Harendonksplekske
Eigenwijze Artan
Bostimist
Bostimist
Maathaaibos
Harendonksplekske
Kristalbos
Groene Woud
Bosplein
Bosplein
Bosplein
Muziekplein
Eigenwijze Artan
Schoemaker Eiland
Eigenwijze Artan
Harendonksplekske
Kristalbos
Groene Woud
Bosplein
Bosplein
Harendonksplekske
Bosplein
Muziekplein
Eigenwijze Artan
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Maathaaibos
Bosplein
Bostimist
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske
Bosplein
Bostimist
Maathaaibos
Muziekplein
Eigenwijze Artan
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Malus sylvestris
Malus sylvestris
Malus sylvestris
Malus sylvestris
Malus sylvestris
Malus domestica
Matteuccia struthiopteris
Melissa oficinalis
Menta spp
Mespilus germanica
Mespilus germanica
Mespilus germanica
Mespilus germanica
Morus nigra
Morus rubra
Myrica gale
Populus nigra
Populus nigra
Populus nigra
Populus nigra
Populus nigra
Populus nigra
Populus nigra
Populus tremula
Populus tremula
Populus tremula
Populus tremula
Populus tremula
Populus tremula
Prunus avium
Prunus avium
Prunus avium
Prunus avium
Prunus avium
Prunus avium
Prunus avium
Prunus avium
Prunus avium
Prunus avium
Prunus domestica
Prunus domestica 'Opal'
Prunus dulcis
Prunus padus
Prunus padus
Prunus padus
Prunus padus
Prunus padus
Prunus padus
Prunus padus
Prunus spinosa
Prunus spinosa
Prunus spinosa
Prunus spinosa
Prunus spinosa
Prunus spinosa
Pyrus
Pyrus
Pyrus communis
Pyrus communis
Pyrus communis
Pyrus pyraster
Pyrus pyraster
Pyrus pyraster
Pyrus pyraster
Pyrus pyrifolia
Quercus petraea
Quercus petraea
Quercus petraea
Quercus petraea
Quercus petraea
Quercus robur

10
15
12
12
26
4
20
20
20
20
12
12
2
1
1
10
15
10
24
15
48
48
35
15
24
5
15
48
48
15
20
10
25
24
10
12
12
2
35
3
15
3
15
48
10
15
15
15
27
5
6
5
20
15
10
10
15
20
18
18
5
30
10
26
5
20
12
15
24
24
68

Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Bosplein
Bosplein
Bosplein
Bosplein
Harendonksplekske
Kristalbos
Groene Woud
Bosplein
Bosplein
Bosplein
Bostimist
Muziekplein
Bostimist
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Muziekplein
Eigenwijze Artan
Bostimist
Harendonksplekske
Kristalbos
Groene Woud
Muziekplein
Bostimist
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Bosplein
Schoemaker Eiland
Bosplein
Maathaaibos
Bosplein
Muziekplein
Eigenwijze Artan
Bostimist
Bostimist
Cascadepark
Harendonksplekske
Schoemaker Eiland
Muziekplein
Eigenwijze Artan
Bostimist
Cascadepark
Harendonksplekske
Schoemaker Eiland
Bostimist
Maathaaibos
Harendonksplekske
Kristalbos
Groene Woud
Muziekplein
Eigenwijze Artan
Cascadepark
Schoemaker Eiland
Bosplein
Muziekplein
Eigenwijze Artan
Harendonksplekske
Kristalbos
Groene Woud
Muziekplein

Quercus robur
Quercus robur
Quercus robur
Quercus robur
Quercus robur
Quercus robur
Quercus robur
Quercus robur
Quercus robur
Quercus robur
Rhamnus
Rhamnus cathartica
Rhamnus cathartica
Rhamnus cathartica
Rhamnus cathartica
Rhamnus cathartica
Rhamnus catharticus
Rhamnus catharticus
Rhamnus frangula
Rhamnus frangula
Rhamnus frangula
Rhamnus frangula
Ribes nigrum
Ribes nigrum
Ribes nigrum
Ribes nigrum
Ribes nigrum
Ribes nigrum
Ribes nigrum
Ribes nigrum
Ribes nigrum
Ribes rubrum
Ribes rubrum
Ribes rubrum
Ribes rubrum
Ribes rubrum
Ribes rubrum
Ribes uva-crispa
Ribes x culverwellii
Rosa (o) canina
Rosa (o) canina
Rosa (o) rubiginosa
Rosa (o) rubiginosa
Rosa canina
Rosa canina
Rosa canina
Rosa corymbifera
Rosa rubiginosa
Rosa rubiginosa
Rosa rubiginosa
Rosa rubiginosa
Rosa rugosa
Rosa tomentosa
Rosmarinus officinalis
Rubus fruticosus
Rubus idaeus
Rubus ideaeus
Rubus fruticosus
Rubus nepalensis
Salix alba
Salix alba
Salix alba
Salix alba
Salix alba
Salix alba
Salix alba
Salix aurita
Salix aurita
Salix aurita
Salix caprea
Salix caprea

24
30
35
10
25
80
15
24
24
119
25
5
10
15
15
10
6
6
20
20
6
6
5
6
5
10
25
6
15
30
10
5
6
10
25
30
10
30
10
5
5
5
10
6
6
15
15
6
10
6
15
10
15
20
25
25
14
10
50
15
5
24
15
48
48
35
10
6
6
20
30

Eigenwijze Artan
Bostimist
Bostimist
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Maathaaibos
Muziekplein
Bostimist
Bostimist
Cascadepark
Schoemaker Eiland
Kristalbos
Groene Woud
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Muziekplein
Eigenwijze Artan
Bostimist
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske
Bosplein
Schoemaker Eiland
Muziekplein
Eigenwijze Artan
Bostimist
Maathaaibos
Bosplein
Schoemaker Eiland
Bosplein
Bosplein
Muziekplein
Schoemaker Eiland
Muziekplein
Schoemaker Eiland
Eigenwijze Artan
Cascadepark
Harendonksplekske
Harendonksplekske
Eigenwijze Artan
Bostimist
Cascadepark
Harendonksplekske
Bostimist
Harendonksplekske
Bosplein
Maathaaibos
Maathaaibos
Bosplein
Bosplein
Bosplein
Muziekplein
Bostimist
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Harendonksplekske
Kristalbos
Groene Woud
Muziekplein
Eigenwijze Artan
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Salix caprea
Salix caprea
Salix caprea
Salix caprea
Salix caprea
Salix cinerea
Salix cinerea
Salix cinerea
Salix cinerea
Salix daphnoides
Salix daphnoides
Salix fragilis
Salix fragilis
Salix pentandra
Salix pentandra
Salix pentandra
Salix purpurea
Salix purpurea
Salix purpurea
Salix triandra
Salix triandra
Salix triandra
Salix triandra
Salix viminalis
Salix viminalis
Salix viminalis
Salix viminalis
Salix viminalis
Salix viminalis
Salix viminalis
Salix viminalis
Salvia officinalis
Sambucus canadensis
Sambucus nigra
Sambucus nigra
Sambucus nigra
Sambucus nigra
Sambucus nigra
Sambucus nigra
Sambucus nigra
Sambucus nigra
Sambucus nigra
Schisandra sphenanthera
Sorbus aucuparia
Sorbus aucuparia
Sorbus aucuparia
Sorbus aucuparia
Sorbus aucuparia
Sorbus aucuparia
Sorbus aucuparia

12
10
12
12
26
20
6
6
26
12
12
6
6
10
12
12
10
12
12
10
15
12
12
5
5
10
6
10
12
12
10
20
3
5
6
10
10
15
6
15
3
10
5
15
30
10
15
25
15
15

Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Muziekplein
Kristalbos
Groene Woud
Schoemaker Eiland
Kristalbos
Groene Woud
Kristalbos
Groene Woud
Harendonksplekske
Kristalbos
Groene Woud
Bostimist
Kristalbos
Groene Woud
Bostimist
Cascadepark
Kristalbos
Groene Woud
Muziekplein
Bostimist
Bostimist
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Bosplein
Bosplein
Muziekplein
Eigenwijze Artan
Bostimist
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske
Bosplein
Schoemaker Eiland
Bosplein
Muziekplein
Eigenwijze Artan
Bostimist
Bostimist
Maathaaibos
Cascadepark
Harendonksplekske

Sorbus aucuparia
Sorbus aucuparia
Sorbus aucuparia
Taxus baccata
Taxus baccata
Taxus baccata
Taxus baccata
Tilia cordata
Tilia cordata
Tilia cordata
Tilia cordata
Tilia cordata
Tilia cordata
Tilia cordata
Tilia cordata
Tilia platyphyllos
Tilia platyphyllos
Tilia platyphyllos
Tilia platyphyllos
Tilia platyphyllos
Tilia platyphyllos
Tilia platyphyllos
Toona sinensis
Ulmus glabra
Ulmus glabra
Ulmus glabra
Ulmus glabra
Ulmus glabra
Ulmus laevis
Ulmus laevis
Ulmus laevis
Ulmus laevis
Ulmus laevis
Ulmus laevis
Ulmus minor
Ulmus minor
Ulmus minor
Ulmus minor
Vaccinium corymbosum
Vaccinium cylindraceum
Viburnum opulus
Viburnum opulus
Viburnum opulus
Viburnum opulus
Viburnum opulus
Viburnum opulus
Viburnum opulus
Vitis vinifera
Zantoxylum simulans

18
18
26
5
6
12
12
68
24
10
15
15
6
6
118
46
24
10
15
10
6
6
2
15
80
48
48
118
15
80
20
48
48
35
15
30
12
35
7
5
5
6
10
10
15
6
10
3
2

Kristalbos
Groene Woud
Schoemaker Eiland
Muziekplein
Cascadepark
Kristalbos
Groene Woud
Muziekplein
Eigenwijze Artan
Bostimist
Maathaaibos
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Muziekplein
Eigenwijze Artan
Bostimist
Maathaaibos
Harendonksplekske
Kristalbos
Groene Woud
Bosplein
Muziekplein
Cascadepark
Kristalbos
Groene Woud
Schoemaker Eiland
Muziekplein
Cascadepark
Harendonksplekske
Kristalbos
Groene Woud
Schoemaker Eiland
Muziekplein
Eigenwijze Artan
Cascadepark
Schoemaker Eiland
Bosplein
Bosplein
Muziekplein
Eigenwijze Artan
Bostimist
Bostimist
Maathaaibos
Cascadepark
Schoemaker Eiland
Bosplein
Bosplein
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Table 15: Ranking of the most occurring tree species in ten tiny forests.
Ranking of most
occurring species based
on all 10 tiny forests
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Species name

Common name

Total amount occurring
across all 10 tiny forests

Quercus robur
Ulmus glabra
Alnus glutinosa
Tilia cordata
Ulmus laevis
Populus nigra
Sorbus aucuparia
Salix alba
Fagus sylvatica
Betula pendula
Acer campestre
Prunus avium
Crataegus monogyna
Ilex aquifolium
Populus tremula
Prunus padus
Salix caprea
Carpinus betulus
Tilia platyphyllos
Ribes nigrum
Betula pubescens
Malus sylvestris
Fraxinus excelsior
Quercus petraea
Ribes rubrum

Common oak
Scots elm
Black alder
Small-leaved linden
European white elm
Black poplar
Mountain-ash
White willow
Common beech
Silver birch
Field maple
Wild cherry
Common hawthorn
Common holly
European aspen
Hackberry
Pussy willow
European hornbeam
Large-leaved linden
Blackcurrant
White birch
European crab apple
Common ash
Cornish oak
Redcurrant

454
309
298
262
246
195
187
175
172
172
170
165
162
160
155
145
122
117
117
112
112
110
98
95
86
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Appendix I : Carbon sequestration and stock projections for a tiny forest
Table 16: Relationship between tiny forest age, tree survival rate, annual carbon sequestration, carbon stock,
sequestration potential and NPP.
Tiny
forest
age
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Amount of
surviving
trees per year
600
570
542
514
489
464
441
419
398
378
359
341
324
308
293
278
264
251
238
226
215
204
194
184
175
166
158
150
143
136
129
122
116
110
105
100
95
90
85
81
77
73
70
66
63

Age-related carbon
sequestration in kg
yr-1 per tiny forest
0.0
370.2
414.8
433.3
439.8
439.5
434.9
427.4
417.9
407.1
395.3
383.0
370.2
357.4
344.4
331.5
318.8
306.2
293.9
281.9
270.2
258.8
247.8
237.1
226.8
216.8
207.2
197.9
189.0
180.4
172.2
164.3
156.7
149.5
142.5
135.9
129.5
123.4
117.6
112.0
106.7
101.6
96.7
92.1
87.6

Age-related carbon
stock in t yr-1 per
tiny forest
0.00
0.37
0.79
1.22
1.66
2.10
2.53
2.96
3.38
3.78
4.18
4.56
4.93
5.29
5.64
5.97
6.29
6.59
6.89
7.17
7.44
7.70
7.94
8.18
8.41
8.62
8.83
9.03
9.22
9.40
9.57
9.74
9.89
10.04
10.18
10.32
10.45
10.57
10.69
10.80
10.91
11.01
11.11
11.20
11.29

Age-related carbon
sequestration
potential
0.000
0.457
0.538
0.592
0.633
0.665
0.693
0.717
0.738
0.757
0.773
0.789
0.803
0.815
0.827
0.838
0.848
0.858
0.867
0.875
0.883
0.890
0.897
0.904
0.910
0.915
0.921
0.926
0.931
0.935
0.940
0.944
0.948
0.952
0.955
0.958
0.961
0.964
0.967
0.970
0.972
0.975
0.977
0.979
0.981

NPP in g
carbon
m-2 yr-1
0.0
338.4
399.0
438.8
468.8
493.2
513.7
531.4
546.9
560.8
573.3
584.6
594.9
604.4
613.2
621.3
628.9
635.9
642.5
648.7
654.4
659.9
665.0
669.8
674.3
678.6
682.6
686.4
690.0
693.4
696.7
699.7
702.6
705.3
707.9
710.3
712.7
714.8
716.9
718.8
720.7
722.4
724.0
725.6
727.0
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45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
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Appendix J : Sensitivity analysis for mortality rate in carbon sequestration of a
tiny forest
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Figure 13: Carbon sequestration rates at different mortality rates. Yellow = carbon sequestration at a mortality
rate of 3.5%. Orange = carbon sequestration at a mortality rate of 5.0%. Grey = carbon sequestration at a
mortality rate of 6.5%.
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