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1 Introduction 
Belief systems that separate humans from nature have evolved alongside economic and 
technological progress. However, humanity remains fundamentally dependent on the 
biosphere, which is not external to society or the economy but forms the foundation 
upon which all civilization depends on. Today, humanity is the dominant force shaping 
the Earth’s system—driving climate change, biodiversity loss, rising inequality, and 
reduced resilience to unexpected challenges (Folke et al., 2021). In order to navigate a 
future marked by rapid change and uncertainty, building resilience is essential. However, 
traditional, efficiency-driven development models are insufficient. Instead, resilience 
strategies—such as fostering diversity, redundancy, adaptive governance, and social 
learning—are necessary to respond to tipping points and sustain human societies 
(Steffen et al., 2018). 

Global urbanization is one of the defining demographic trends of recent decades. 
Since 2007, more than half of the world’s population has lived in urban areas, and 
projections suggest this share will rise to 66% by 2050, when over six billion people are 
expected to reside in cities (United Nations, 2025). Urban growth is closely linked to 
economic development, access to employment and education, and the availability of 
public services. However, rapid urbanization also generates significant challenges, 
especially in high-density cities, where access to public spaces, green areas, and adequate 
housing is often limited, and where social and environmental pressures are intensifying 
(United Nation, 2025). Changes in urban land cover threaten biodiversity and reduce 
ecosystem productivity by diminishing habitat, biomass, and carbon storage. Although 
cities were historically compact, over the past 30 years their land area has expanded at 
twice the rate of population growth (Seto et al., 2012).  

Climate change presents growing challenges for contemporary cities. Its impacts are 
being felt more severely and earlier than previously anticipated, particularly in the form 
of extreme weather events such as heatwaves, droughts, wildfires, intense rainfall, 
floods, and storms (Folke et al., 2021). Public green spaces and vegetation are essential 
to mitigating climate impacts and supporting urban quality of life. Urban greenery reduces 
heat island effects, supports biodiversity, absorbs rainfall, and enhances ecological 
stability. However, poor maintenance, pressures of urban development, and inadequate 
monitoring have increased the vulnerability of these green infrastructures to climate 
stressors. 

Climate change also intersects with demographic trends and public health. As cities 
experience aging populations, the need for inclusive and climate-resilient outdoor 
environments, becomes increasingly urgent. Public spaces that support mobility, shade, 
and social interaction are critical to maintaining the health of older adults. Micro-scale 
adaptations—such as shaded seating, green corridors, and cooling shelters—are vital for 
thermal comfort, as shown in urban case studies (II; Tousi et al., 2025). 

A growing body of evidence shows that parks and green spaces provide substantial 
benefits, including improved health outcomes and reduced healthcare costs. These 
benefits are closely tied to accessibility and quality. Equity in access to such spaces is 
critical, as disparities persist in who benefits from urban greenery (Cohen et al., 2022). 
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1.1 Relevance of the Research Topic and Justification for the Choice of 
Topic 

The Estonian state has adopted several strategic documents to address these trends and 
challenges, aiming to ensure a high-quality living environment and to adapt to global 
changes. 

One such document, Estonia 2035, outlines the country’s long-term development 
priorities and was adopted by the Estonian Parliament on 12 May 2021. Developed 
through an inclusive co-creation process involving nearly 17,000 participants, the strategy 
defines five equally important goals. Three of these are particularly relevant to this 
dissertation: (1) Estonia is home to smart, active, and health-conscious people; (2) society 
is open, caring, and cooperative; and (3) the country provides a safe, high-quality living 
environment responsive to diverse needs. 

Some of the key identified development needs include the aging population and 
Estonia’s growing demographic reliance on migration. These trends call for coherent 
policies and supportive environments across sectors such as education, health, and 
family support. The strategy emphasizes the need for longer working lives and dignified 
aging. As Tallinn’s population continues to grow, Estonia 2035 calls for a knowledge-based, 
balanced approach to urban development. 

In relation to health, the strategy acknowledges the need to prepare for the impacts 
of climate change on well-being and living conditions. It highlights concerns about 
biodiversity loss, rising obesity and physical inactivity, increased mental health issues, 
and a growing elderly and disabled population—challenges that require more accessible 
and inclusive environments. Biodiversity loss, habitat fragmentation, and the need for 
improved soil protection are also recognized. Given that nearly 70% of Estonians live in 
urban areas, the strategy underscores the importance of both private and public spaces 
in ensuring quality of life. It promotes densification of historic urban centers and 
enhanced spatial literacy through better data and digital services. 

In the realm of governance, the strategy points to the importance of efficient human 
resource use, particularly in the light of a shrinking working-age population. It advocates 
for reducing administrative burdens and integrating research-based evidence into 
policymaking. Innovations in digital technology and real-time data exchange are seen as 
essential tools for enhancing governance. The vision for spatial development in Estonia 
2035 emphasizes accessible and comfortable physical, mental, and digital environments 
that preserve both biodiversity and cultural heritage. It also stresses innovation and 
knowledge use within governance structures and calls for improved quality and 
accessibility of local government services. 

Estonia’s broader digital strategy complements Estonia 2035, aiming to create a 
digitally empowered public sector. Despite Estonia’s reputation as a digital pioneer, 
the strategy notes that the complexity and limited user value hinder many services. 
In the increasingly competitive global environment, service quality is a decisive factor. 
Advances in digital technology offer opportunities to redesign services using intelligent 
solutions. A guiding principle of Estonia 2035 is the pursuit of optimal decisions through 
shared knowledge and collaboration. By 2030, Estonia aims to ensure that all government 
decisions are based on high-quality, timely, and interoperable data. However, challenges 
remain, including uneven data literacy, fragmented datasets, inconsistent metadata, and 
poor lifecycle management. These issues limit the reuse of data and the realization of 
the “once-only” principle. The potential of linked data to improve service delivery remains 
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underutilized. In order to address this, the strategy calls for strengthening the science of 
data and capacities for governance, and fostering innovation through collaboration with 
academia and startups. Similar goals are outlined in Estonia’s digital transformation 
roadmap for the public sector. 

Recognizing the interdependence of environmental, economic, and social systems, 
the Estonian Parliament also adopted the Environmental Strategy until 2030 on 
14 February 2007. While this strategy focuses primarily on energy and emissions, its 
treatment of climate change is not explored further in this thesis. The strategy also 
acknowledges the growing importance of urban forests and biodiversity. While nature 
conservation has traditionally focused on protected sites, current approaches emphasize 
the need for preserving habitat networks and cultural landscapes. Biodiversity is positioned 
as essential to well-being, and the strategy promotes public awareness of nature’s 
benefits. It also endorses evidence-based decision-making, advanced modelling tools, 
and cross-sectoral cooperation. 

Key challenges for the future include land-use change and landscape fragmentation, 
which threaten biodiversity. To address this, the strategy proposes protecting habitats 
throughout the national territory—not just in designated conservation zones. A balanced 
approach to forest management that considers ecological, social, and economic factors 
is promoted, including the development of a forestry monitoring system to support 
informed decisions. In landscape management, the goal is to preserve multifunctional, 
coherent landscapes, including governance systems outside protected areas to support 
suitable habitats and the survival of species. Finally, the strategy aims to ensure a healthy 
external environment that supports public health, with spatial planning and environmental 
governance playing a key role in mitigating health risks. 

1.2 The Aim of the Study 
A review of the development strategies of the Republic of Estonia and the City of Tallinn 
reveals several shared challenges, including urbanisation, adaptation to climate change, 
excessive bureaucracy, fragmentation of green and habitat networks, and issues 
concerning the quality of existing information systems and data, as well as their usability 
in decision-making. A standard solution identified across these documents is the utilisation 
of information systems and data to support informed decision-making, which requires 
the one-time collection of necessary data—using a range of technologies—followed by 
continuous updating, cross-utilisation, and the integration of different information systems. 

The benefits of open space and public parks within the built environment are 
recognized by scholars and practitioners alike. Benefits range from physical to emotional, 
and social to economic. As such, municipal governments are actively engaged in creating 
and maintaining public parks and green spaces within city limits. 

Sustainable management and planning of public space increasingly rely on data-driven 
approaches that integrate both ecological and social dimensions. While digital twins and 
3D models are becoming more common in urban planning, the integration of urban 
green infrastructure, dynamic ecological elements, and user-centered needs remains 
limited. The core problem lies in the lack of suitable data, inconsistent data quality and 
accessibility, and insufficient consideration of diverse user group needs.  

This doctoral thesis aims to explore how data-driven models and digital twins can 
support the sustainable planning and management of public space, with a focus on 
embedding ecological complexity, green infrastructure, and the diverse requirements of 
urban users into planning processes. The study investigates the types of data and 
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modelling techniques required, the challenges related to data quality and availability, 
and how different user groups—including urban planners, green space professionals, and 
citizens—perceive and utilize such data in the design and governance of public 
environments.  

1.3 Research Questions 
A critical question that arises is: what is needed to manage the city’s public greenery? 

RQ 1: To what extent is the data on urban green infrastructure collected sufficient and 
reliable to support management of public spaces? 
1.1 What types of data on urban greenery, particularly urban trees, have been collected 
and preserved in the past, and how accessible and usable have these datasets been for 
management?  
1.2 What challenges have emerged in using historical greenery data for long-term 
monitoring and decision-making in public space management?  

RQ 2: To what extent has existing data been utilized in the creation of inclusive public 
spaces in Estonia, and what design shortcomings—particularly in relation to universal 
design principles—could have been avoided through more effective data use? 

RQ 3: How can the digital twin, as a tool, enable evidence-based decisions for public 
space management? 
3.1 What types of data and modelling techniques are required to integrate dynamic 
ecological information into digital twins of public space, and what challenges arise in this 
process?  
3.2 What are the challenges and opportunities of using greenery in the digital twin for 
the management of urban public spaces?  

1.4 Methods Used to Answer Research Questions 
A threefold methodological framework was employed to examine public green space 
management across historical, contemporary, and future contexts: 

̶ Historical Methods in Publication I included archival research, which was 
carried out using historical maps, photographs, and dendrological surveys to 
reconstruct the landscape history of Kaarli Boulevard in Tallinn. Data were 
sourced from national and city archives, libraries, museums, and private 
collections. Although valuable, the materials were fragmented, inconsistent, 
and often incomplete, requiring critical evaluation. 

̶ Contemporary Methods in Publication II conducted fieldwork in ten Estonian 
town centers that were redeveloped under the “Great Public Space” 
program. When evaluating spaces as age-friendly parks, ten design principles 
(e.g., accessibility, safety, contact with nature) were adapted. A binary 
scoring system and team-based analysis produced detailed assessments of 
inclusivity and usability, especially for older adults. 

̶ Future-Oriented Methods consisted of a systematic literature review 
(PRISMA framework) that examined the role of digital twins in Publication III. 
Major database searches yielded 38 relevant studies, which were categorized 
into thematic areas (e.g., forest modelling, ecosystem preservation, 
microclimates, agronomy). Content analysis identified data challenges, gaps 
in interoperability, and opportunities for adaptive, evidence-based governance. 
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1.5 Theoretical and Practical Novelty of the Thesis 
A review of the content of the national and Tallinn development policy documents 
discussed in the Introduction chapter reveals that their sole explicitly shared objective is 
the use of necessary data, ensuring its currency, archiving, cross-utilisation, and, through 
these measures, the reduction of bureaucracy and the facilitation of data-driven 
decision-making. 

This thesis provides new theoretical perspectives on how data-driven approaches 
can support the sustainable planning and management of urban public green spaces. 
It expands the conceptual understanding of how diverse data types—historical records, 
spatial datasets, ecological indicators, and user feedback—can be integrated to reflect 
the dynamic and multifunctional nature of green infrastructure in cities. The research 
contributes to urban studies and digital twin development by exploring how living systems 
and social inclusivity can be represented in digital models for better decision-making. 

From a practical standpoint, the thesis identifies systemic barriers to using existing 
data for long-term monitoring, inclusive design, and adaptive management of public 
green areas. It highlights the fragmented nature of datasets, the lack of standardisation, 
and missed opportunities for interoperability. By examining use cases in Estonia and 
conducting applied evaluations, the research offers actionable recommendations for 
improving data governance, enhancing inclusivity through universal design principles, 
and embedding ecological complexity into digital platforms. These contributions support 
urban planners, landscape managers, and municipal decision-makers in designing more 
resilient and inclusive public spaces. 

The topic of this thesis has been addressed in the following publications: 
− Kristiina Kupper, Nele Nutt, Minea Kaplinski-Sauk. 2025. Data from Urban

Tree Surveys of the 19th-21st Centuries as Input for Planning the Maintenance
of Historical Tree Stands. Case Study of Kaarli Puiestee in Tallinn, Estonia.
BALTIC FORESTRY, 31 (1), 793. DOI: 10.46490/BF793.

− Mrosla, Laura; Fabritius, Henna; Kupper, Kristiina; Dembski, Fabian; Fricker,
Pia, 2025. “What grows, adapts and lives in the digital sphere? Systematic
literature review on the dynamic modelling of flora and fauna in digital twins”
Ecological Modelling, 504, 111091. DOI: 10.1016/j.ecolmodel.2025.111091.

− Nutt, N.; Salmistu, S.; Kupper, K.; Kotval, Z. 2024. “Assessing age-friendliness
of contemporary urban outdoor places in Estonia” Quality in Ageing and
Older Adults, 25 (3), 204−219. DOI: 10.1108/QAOA-05-2024-0033.

− Tallinn, Tiina; Pent, Elle; Tuulik, Tiina; Abner, Olev; Kupper, Kristiina, 2024. Book 
“Parks and green areas of Tallinn” Tallinna Keskkonna- ja Kommunaalamet.

− Fabritius, Henna; Tuulik, Tiina; Kupper, Kristiina; Mrosla, Laura; Nummi, Pilvi; 
Prilenska, Viktorija; Yao, Chaowen. 2023. “Varying Data on Urban Trees
Complicates Meeting User Needs for Digital Twins of Urban Green
Infrastructure” CUPUM 2023 conference proceedings: The 18th International
Conference on Computational Urban Planning and Urban Management,
Montreal, QC, Canada, 20-22 June 2023. Center for Open Science, 1−14.

− Allik, Martin; Mrosla, Laura; Fabritius, Henna; Kupper, Kristiina. 2022. “Urban 
Digital Twins as a tool for multi-species approach in planning” AESOP Annual
Congress Space for Species: Redefining Spatial Justice - Book of Abstracts:
AESOP Annual Congress 2022. Space for Species: Redefining Spatial Justice,
Tartu, Estonia, July 25-29. Tartu, Estonia: AESOP Association of European
Schools of Planning, 148.
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− Kupper, K. 2014. Master thesis “Necessity and compiling of the development 
plan for green areas” Tartu College of Tallinn University of Technology

− Kupper, K. 2012.Bachelor thesis “Comparison of various research methods
of allees according to the example of the avenue on Vanapargi street in
Pärnu” Tartu College of Tallinn University of Technology

In addition, the development of public space in Tallinn, plans for its management, 
the necessary data sets and future trends have been presented at the following 
conferences: 

− Tartu X planning conference, Tartu 15-16. Mai 2025 “There is no question -
nature belongs in the digital world also!”

− Swedish Annual Tree Conference 2024, Kingdom of Sweden, Gävle 6-7
November 2024 “New city strategy” Tallinn 2035””

− Cities and Parish Days, Tallinn 12-13. April 2023. Kristiina Kupper, Andres
Maremäe “Public urban space, connecting greenery and people through
digital twin”

− UPE13, International Urban Planning and Environment Congress, Tartu,
Estonia, 29 July-01 August 2022. Kristiina Kupper “Comparison of different
tree research methods in Pärnu Vanapargi avenue”

− AESOP, Association of European Schools of Planning, Tartu, Estonia, 25-29
July 2022. Kristiina Kupper “Preservation and exhibition of the bastion zone
and the Old Town of Tallinn using a digital twin”

− 5th International Conference Urban E-Planning, Portugal, 7-10 September
2021. Kristiina Kupper, Martin Allik, Henna Frabritius “Review of Digital
Twins used for Urban Green-Blue Infrastructure”
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2 Background 

2.1 Description of the Study Area 
The Republic of Estonia, with Tallinn as its capital, is located in Northern Europe on the 
shores of the Gulf of Finland and the Baltic Sea. The area of Tallinn is 159 km², and as of 
1 June 2025, the city had a population of 460,986 (e-population register), accounting for 
33% of the national population. Greenery covers 55.5% of the area of Tallinn, and 22.2% 
of it includes publicly accessible green and landscaped areas. The largest category entails 
forest land, which encompasses a total of 3,121.44 hectares. 

In Tallinn, the ratio of vegetation-covered area (including both private and public 
green spaces, measured in square metres) per capita has been decreasing. In 2005, 
the indicator was 231.4 m² per resident (Tallinna haljastu tegevuskava aastateks 
2013–2025, 2013) However, by 2023, it had declined to 192.96 m² per resident (TAR), 
which represents a reduction of 38.44 m² per person. 

Tallinn is a city with a long history, having been granted town rights in 1248. Its 
landscape is diverse—in addition to its coastal location, the city is traversed by a river 
and includes several lakes as part of its water features. A significant green area is formed 
by an island located in the bay. The city’s topography is further enriched by bogs and the 
North Estonian Klint that runs through the urban area.  

The history of urban greenery in Tallinn dates back to the medieval period (Tallinn 
et al., 2024), when the city had three public gardens: the Rose Garden (Roosiaed), 
the Parrot Garden (Papagoiaed), and the Old Garden (Ammuaed). Records from the 
16th century provide the first evidence of private gardens located beyond the city walls, 
which evolved from orchards into ornamental gardens. In the 17th and 18th centuries, 
green spaces were established as protective zones for the city’s bastions; thus, 
the formation of the Ringpuiestee began—its remnants now form some of Tallinn’s main 
streets. 

In the 18th century, Peter I founded the baroque park of Kadriorg. During the 19th 
century, urban greenery became associated with public hygiene and health concerns: 
green zones were established around the bastion belt (Figure 1), and the first public parks 
were created in Toompea, the Falgi area, and along the city esplanades. The development 
of Kaarli Boulevard also dates from this period. Green areas in the Old Town, such as 
the Danish King’s Garden and Kitse Park, emerged later. By the end of the century, 
new parks were laid out in suburban garden districts, including in Nõmme. 

Park development continued in the 20th century: throughout the 1920s and 1930s, 
centrally located green areas and forest parks were introduced in residential garden 
suburbs. After World War II, many ruins were transformed into parks, contributing to the 
design of the so-called “green cross.” Cemeteries around Tallinn were converted into 
public parks. 

During the 1950s to 1980s, green areas were systematically developed in new housing 
districts. Following the restoration of independence, a number of smaller parks and 
green spaces were added alongside new developments. Forested areas have also played 
a significant role. In the 20th century, these forest zones were established through 
targeted planning, reaching over 36,000 hectares by the 1990s. Nevertheless, as of 2012, 
only about 1% of Tallinn’s total area was municipally owned forest land, despite the city’s 
efforts to bring forest areas into municipal ownership. In summary, the development of 
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greenery in Tallinn reflects a long and multi-layered history, in which green spaces and 
forests have played a vital role in shaping the city, enhancing the quality of the urban 
living environment, and preserving natural heritage. 

Figure 1. Development of the bastion zone – top map from 1825 (Tallinn, et al. 2024)) and below 
an extract from a 2025 orthophoto (Land and Spatial Development Board). 

In addition to its diverse landscape, Tallinn is a city of significant nature conservation 
value. The urban environment is characterized by exceptional ecological diversity, 
encompassing a wide range of landscapes and ecosystems, including forests, meadows, 
coastal areas, and marine habitats. These environments are vital for the preservation of 
numerous plant and animal species, some of which have become rare elsewhere in 
Europe (Tallinn European Green Capital 2023 application, 2023). In the context of 
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population growth, access to green spaces is of increasing importance, serving essential 
ecological, social, and recreational functions. 

The city contains 61 officially designated parks and 131 registered green areas, offering 
diverse opportunities for both nature conservation and the well-being of residents.  

The ecological and functional diversity of urban greenery is further reflected in 
the high proportion of protected areas—approximately 19.5% of Tallinn’s territory 
(3,106.8 hectares) is under protection at either the national or local level. Nearly one 
third of this consists of green areas under local protection, which underscores the city’s 
commitment to preserving natural values and strengthening ecological networks. 

Over the past decade, residential developments in Tallinn have covered approximately 
3% of the city’s total land area, and around 70% of this development was realized through 
the densification of the existing urban fabric. This pattern has manifested in construction 
on individual vacant plots and the subdivision of larger land parcels into smaller 
development units. In the central district, the population has increased by approximately 
25% during the same period, corresponding to more than 13,000 new residents. This 
population growth has been achieved primarily through a more compact spatial 
structure, while public green areas have been preserved. In new urban developments, 
green spaces are planned only to a limited extent, while pressure to build on existing 
green areas, including forests, is increasing. The most significant changes over the past 
decade have occurred in the districts of Pirita and Haabersti, where vegetated areas 
decreased by a total of 167.8 hectares between 2012 and 2020, averaging a loss of 
21 hectares per year (Kliimaneutraalne Tallinn. Tallinna säästva energiamajanduse ja 
kliimamuutustega kohanemise kava 2030, 2021). 

The responsibilities, organization, and relationships of local governments, including 
the City of Tallinn, other municipalities, and the state, are defined by the Local Government 
Organisation Act (Kohaliku omavalitsuse korralduse seadus, 1993). This legislation 
establishes key principles of local governance, including autonomous decision-making, 
legal compliance, citizen participation, accountability, transparency, protection of rights, 
and the efficient provision of public services. The Act mandates that municipalities 
organize a wide range of local services, such as social welfare, elderly care, cultural, 
sports, and youth programs; housing and utilities management; public order; waste 
management; water supply and sewerage; spatial planning; public transportation; and 
the construction and maintenance of roads. Additional responsibilities may be assigned 
through other legislative acts. Municipalities are also required to prepare a development 
plan and a budget strategy to guide cross-sectoral development. The development plan 
must analyse environmental and demographic trends, identify key challenges and 
opportunities, and define strategic goals along with the necessary actions to achieve them. 

At the end of 2020, the Tallinn City Council adopted the city’s new development 
strategy “Tallinn 2035” (Arengustrateegia Tallinn 2035, 2025). The document sets out the 
city’s vision—Tallinn, Green World City. The whole idea of the vision is strongly linked to 
greenery and the green transition. It sets out six strategic objectives and fourteen areas 
of action through which the city aims to achieve its goals.  

The ‘Cityscape’ strand contributes to the strategic objectives ‘A Friendly Urban Space’, 
‘A Healthy Tallinn Moves’, ‘Green Turnaround’ and ‘A Home that Starts at the Street’. 

In addition, one of the activities in the Urban Governance Action Programme is 
data-driven governance. In explaining this, the availability and use of key data, the one-off 
collection of data and the principle of collecting data on an as-needed basis are described 
as important. For this work, the principle that the city makes and explains decisions in a 
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data-driven way is important. The development of a 3D model of the city (the digital twin) 
and the availability of information for decision-makers in order to make management 
decisions are identified as lines of action. 

One of the principles for the implementation of the Urban Landscape policy area is to 
build on the integrity of the green life cycle. The action programme for this area is the 
Smart Green Life Cycle (Figure 2), and the action line is the intelligent management of 
green spaces and the collection and management of data on them. 

Figure 2. Life cycle of greenery. 

The need for data for decision-making or management to implement the Tallinn 
strategy is described in several places. Data, as decisions need to be based on them, 
are also necessary for the quality of the city's green life cycle management set out in the 
Urban Governance Action Programme. One of the principles of data collection is that 
only the necessary data are collected.  

In order to address environmental challenges, the Tallinn City Council adopted the 
Environmental Strategy of Tallinn until 2030 on 16 June 2011 (Tallinna keskkonnastrateegia 
aastani 2030, 2011). This strategy sets long-term sustainability goals and outlines actions 
to ensure a high-quality living environment and responsible use of natural resources. 

Biodiversity and Urban Greenery 
The strategy highlights that, while Tallinn contains valuable protected and green areas, 
insufficient research on ecological conditions and connectivity poses risks to biodiversity. 
The absence of systematic monitoring has resulted in a fragmented understanding of 
nature’s condition. Ecosystem services are often overlooked during decision-making, and 
biodiversity data remains scattered. Conservation efforts are mainly formal and weakly 
enforced. 

The city’s green areas—including forests, parks, residential greenery, street vegetation, 
and cemeteries—are unevenly distributed and vary in quality and connectivity. Many 
spaces have been neglected and underfunded. Key issues include undervaluation of 
greenery, inadequate maintenance and restoration, and insufficient data on optimal 
greening levels. Green infrastructure is often excluded from urban design, and new green 
areas are rarely planned. Current development further limits public access and fragments 
the green network. 

Urban Planning and Environmental Considerations 
Urban densification, particularly in the city center, has reduced space for greenery and 
contributed to suburban sprawl. Environmental impact assessments are conducted, but 
their influence on planning decisions remains limited. Car-centric planning has led to 
environmental degradation and further loss of greenery. Detailed plans frequently alter 
land use without adequate environmental consideration. However, there is growing 
recognition of the importance of early-stage environmental assessments and the 
protection of natural areas. 
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Strategic Vision for Greenery 
The strategy envisions treating urban greenery as infrastructure on par with built 
systems. Green areas should be cohesive, well-maintained, and promote a healthy, 
biodiverse urban environment. Strategic goals include maintaining environmental 
quality, promoting public health, and preserving biodiversity through a functional green 
structure. Key measures include: 

− conducting biodiversity inventories and drafting action plans;
− improving the maintenance of green infrastructure;
− enhancing environmental monitoring and awareness;
− integrating habitat protection into planning;
− developing area-based assessments and a greenery development plan.
− strengthening information systems and improving forest and park

management; and
− increasing street greenery diversity and quality.

The strategy also emphasizes the need for updated regulations, professional training, 
and public engagement to support effective green space management. 

Climate Change and Resilience 
In order to further address climate change, the Tallinn City Council adopted the 
Climate-Neutral Tallinn: Sustainable Energy and Climate Adaptation Plan until 2030 
on 3 June 2021 (Kliimaneutraalne Tallinn. Tallinna säästva energiamajanduse ja 
kliimamuutustega kohanemise kava 2030, 2021). Aligned with the Tallinn 2035 strategy 
and the European Green Deal, the plan aims to achieve climate neutrality by 2050 while 
enhancing green infrastructure, biodiversity, and public health. Over the past 40 years, 
average temperatures in Tallinn have risen steadily, and the number of annual heatwaves 
has doubled. Although precipitation has not increased significantly, the growing extent 
of impermeable surfaces has caused urban flooding and stormwater management issues. 
The green network remains fragmented and unevenly distributed. If current development 
volumes proceed as planned, a substantial reduction in greenery is expected, including a 
projected 10% decline in tree canopy coverage—leading to reduced ecosystem services. 

The plan considers global trends such as urbanization, migration, technological 
advancements (e.g., AI in urban planning), and open data to enhance decision-making. 
It calls for both new and existing solutions in transport, construction, energy, and land 
use, which include: 

− green roofs and vertical greenery;
− increased tree planting;
− public awareness campaigns; and
− adaptive land use to improve the resilience of infrastructure.

Compact development can free land for nature, while impervious surfaces can be used 
for stormwater buffering, benefiting biodiversity. Key climate risks identified include 
heatwaves, heavy rainfall and flooding, and the spread of pathogens. Land use regulation 
plays a central role in adaptation, particularly through green space requirements and 
limits on impervious surfaces. Priority actions include: 

− expanding public green spaces and street greenery;
− applying minimum green area ratios in master plans;
− introducing the green factor concept and pilot areas;
− promoting permeable surfaces;
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− researching climate-resilient plant species; and 
− implementing strategies to mitigate the urban heat island effect. 

Ecosystem and Biodiversity Protection 
The plan underscores the importance of biodiversity and cohesive green networks for 
resilience. It calls for improved ecosystem data and monitoring through cost-effective, 
innovative methods like automated and image-based systems. Key actions include: 

− mapping habitats and species; 
− assessing green space connectivity and light pollution;  
− engaging citizens in biodiversity mapping and pilot projects. 

Under the Local Government Organisation Act, municipalities can prepare sectoral 
development plans. Tallinn adopted its first Urban Greenery Development Plan in 2005, 
followed by the Tallinn Urban Greenery Action Plan 2013–2025 (Tallinna haljastu 
tegevuskava aastateks 2013–2025. 2013.), led by the author of this doctoral thesis.  
This plan supports the broader Environmental Strategy until 2030 and the Tallinn 2035 
strategy, focusing on urban greenery, nature conservation, and spatial planning. 

Current Conditions and Key Challenges 
Analysis reveals a decline in vegetated areas: between 2005 and 2012, 273.85 hectares 
of green space were lost, and 169.7 hectares of impervious surface were added. 
Challenges include: 

− inadequate greenery in heritage areas; 
− privatization of municipal green spaces due to land reform; 
− biodiversity loss and degraded green infrastructure; 
− poor condition of protected parks and limited species monitoring; 
− ineffective Urban Greenery Information System due to data quality issues; 
− underfunded park renovations and aging street greenery; 
− limited expert involvement in planning and maintenance; 
− fragmented governance and unclear responsibility for greenery; and 
− chronic underfunding of maintenance and reconstruction. 

Vision for 2025 and Recommended Actions 
The 2025 vision presents Tallinn as a green, diverse, and aesthetically pleasing city 
supported by robust green infrastructure. Six long-term goals have been set: 

− coordinated governance; 
− a unified, transparent information system; 
− systematic and well-funded maintenance; 
− diverse and biodiverse urban landscapes; 
− healthy, attractive living environments; and 
− recognition of greenery as vital to urban life. 

The implementation plan includes 101 actions: several are aligned with this doctoral 
thesis. Key recommendations: 

− conduct governance analysis; 
− improve the greenery information system to enable public input; 
− create a public tree inventory; 
− develop service level methodologies for maintenance; 
− ensure district-wide consistency in maintenance commissioning; 
− draft management plans for key parks and allees; 
− develop a web-accessible database on habitats and species; 
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− promote universal design and assess mobility for people with special needs;
− monitor and manage plant diseases; and
− reconstruct parks and renew tree alleys.

The digital development of the City of Tallinn is guided by the forthcoming strategic 
document Digital Tallinn 2035, which builds on the digital objectives set out in the 
broader Tallinn 2035 strategy. The document focuses on two primary programme areas: 
human-centred service design and data-driven governance, along with the Smart City 
programme targeting the business environment. It is also aligned with the national 
Digital Agenda 2030, extending the concept of a digital state to address urban challenges. 

While Tallinn’s digital services are internationally recognized, an untapped potential 
to integrate more knowledge and solutions from the private and academic sectors into 
urban governance remains. Technologies such as chatbots, sensors, and real-time data 
enhance the delivery of public services. However, several challenges persist, including 
the partial implementation of information systems—many still rely on external tools for 
data collection or processing—and insufficient funding for development. Moreover, city 
systems depend heavily on national registries. Clear agreements are needed around 
open data management, data quality, storage, and inheritance to reduce administrative 
burden and ensure data accuracy. A critical issue concerns spatial data, particularly the 
lack of standardized rules for their collection, management, and use. One of the city’s 
main IT priorities is to ensure access to high-quality data and facilitate its use to support 
data-driven decision-making and the automation of workflows. 

In the environmental sector, the goal is to display current or real-time data on digital 
maps to enable environmentally sound, location-specific planning and project 
development. Digital construction and digital twins can enhance environmental 
protection by improving data interoperability, scenario modelling, and impact 
assessment—provided green infrastructure and protected species data are integrated 
into the system. In urban landscape planning, the objective is to base development and 
maintenance activities on the integrated spatial data, which requires linking various 
sectoral systems, such as the Tallinn City Repair, Maintenance and Landscaping 
Information System (HHHIS), Information System for Processing Permits for Excavation 
Work in Tallinn, Temporary Street Closures and Other Road Maintenance Work in the 
Area (OpInfo), and the Tallinn Spatial Data Register (TAR), to ensure all public space 
elements are represented. Digital construction and digital twins also enable more 
accurate spatial planning. A key issue in urban planning is the fragmentation of spatial 
data and the constant need for updates. By 2035, the city aims to make both surface and 
subsurface data readily accessible and to use digital tools more extensively for public 
engagement. The application of digital construction and digital twins is expected to 
improve the quality of spatial decisions and accelerate building permit procedures. In the 
domain of city governance, these tools will also support the green transition by enabling 
better planning for climate adaptation and mitigation—for example, modelling urban 
heat islands and flooding, or planning for greenery and infrastructure. 

The vision of Digital Tallinn is to become an innovative and efficient city that integrates 
physical and digital environments, supports the green transition, fosters innovation, and 
enables data-driven governance. A key principle is that all digital services are based on 
prior service design, and new solutions are developed only when they add real value and 
are user-friendly. Cooperation with the national government is essential to leverage 
state-maintained data systems effectively. The city follows a “collect once, use many 
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times” principle—gathering only necessary data with a clear understanding of its purpose, 
users, and timing. 

Under the Data-Driven Governance programme, the city emphasizes the need for 
up-to-date and well-structured overviews of data and metadata. Information systems 
must be interoperable and comply with the national interoperability framework. Spatial 
data should be used effectively to generate value and support decision-making, with best 
practices applied to data collection and use. Data should be collected purposefully and 
automatically to avoid redundancy while maintaining quality and timeliness. Key actions 
include mapping and harmonizing duplicate datasets across systems, updating the TAR, 
and piloting new solutions in collaboration with universities. Reducing spatial data 
fragmentation and integrating it with non-spatial data are also strategic goals. 

In digital construction and digital twin deployment, the objective is to digitize the city’s 
construction and urban development processes. The Building Information Model (BIM) 
and digital twins are central to this transformation. By 2035, Tallinn aims to make 
data-driven decisions, enable seamless collaboration across planning and related 
sectors, and implement projects efficiently. Planned actions include developing a digital 
construction concept, creating an integrated data environment, advancing automated 
data collection, building forecasting tools using digital twins for early risk detection, and 
gradually transitioning to BIM-based planning and permitting. 

Under the Smart City Programme, the city seeks to embed innovation into urban 
management and service development by 2035, which involves both technological 
advancement and broader change management. The city commits to agile development 
and collaborative models with universities and businesses. Automated system checks will 
reduce manual workloads, enabling more substantive decision-making and improved 
procedural efficiency. Priority activities include adopting new technologies, collaborating 
with universities to build digital expertise, raising awareness of new solutions, developing 
methodologies to integrate AI into service infrastructure, and systematically reducing 
digital waste.  

2.2 Availability and Use of Urban Data 

Strategic planning documents such as Tallinn 2035 and the Tallinn Digital Twin 
development framework emphasize the importance of data-informed decision-making. 
Effective urban management requires reliable, up-to-date information on vegetation 
growth, condition, required maintenance, and replacement planning. Accurate data is 
essential for efficient urban resource management. Both national and municipal 
information systems are used to manage public spaces. A key national platform is the 
Geoportal of the Estonian Land and Spatial Agency, which consolidates spatial data 
through a range of thematic map applications—including Land Information, Historical 
Maps, Engineering Geology, Legal Restrictions, Folklore Maps, Nature Conservation, and 
Urban Heat Islands. This publicly accessible tool is widely used by municipal staff, 
planners, architects, and landscape designers to obtain baseline spatial data. 

Statistics Estonia also provides critical demographic information, such as population 
size, age and gender distribution, and temporal trends—essential inputs for future public 
space planning. These datasets are integrated into the Geoportal via thematic layers, 
such as a forest felling map that visualizes permitted logging activity by county and forest 
type. For construction-related data, the national Building Register serves as a centralized 
platform for managing and disseminating information about buildings in all stages—
planned, ongoing, or completed. The register is publicly accessible and supports local 
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governments in processing building-related documentation, including technical 
specifications and legal records. Tallinn offers around 600 public services, of which about 
two-thirds are e-services accessible via digital channels like self-service portals, 
tallinn.ee, mobile apps, or email. All services are uniformly documented in the Tallinn 
Service Database, which also serves as a gateway to digital services. In order to support 
these services, the city operates nearly 60 information systems and 35 data registers 
(Digitaalne Tallinn 2035, 2025). 

In Tallinn, public green space data is distributed across multiple databases or collected 
in line with city regulations. One key repository is the Tallinn Spatial Data Database (TAR, 
s.a.), which supports the centralized collection, management, and sharing of spatial data
within the city. TAR ensures seamless cooperation between systems and users,
minimizes data duplication, and facilitates timely access to current information via
standardized formats. It also underpins the production of the official Tallinn city map.
The TAR metadata catalog includes information on public green areas (Table 1).
However, from the perspective of this doctoral research, limitations include infrequent
data updates and insufficient integration with other systems, which hinder effective data 
renewal.

Another important system is the HHHIS. Developed to support public procurement 
and monitor maintenance quality, HHHIS allows residents to access information about 
service areas, report issues, and submit complaints. It is a process-oriented system 
designed to improve workflow efficiency in public space management. Despite its utility, 
the system is hindered by the complexity of data entry and updates. Missing data cannot 
be easily added, preventing the initiation or management of corresponding tasks. 

A third relevant document is the City Government’s regulation, Procedure for Greenery 
Inventory (Haljastuse inventeerimise kord, 2020). This regulation aims to identify the 
locations of valuable and protected vegetation, as well as invasive species that threaten 
ecological balance, in order to guide decisions related to construction and infrastructure. 
The inventory must cover all areas affected by construction—public or private—where 
existing greenery might be impacted. Results are included in relevant planning and 
construction documentation and consist of tabular data and visual representations. Each 
object is assigned an ID number and categorized according to value classifications 
outlined in the regulation, enabling informed decisions in spatial planning and design to 
protect valuable vegetation. Inventory reports are stored in the Tallinn Planning Register 
or the National Building Register. 

The author of this doctoral dissertation co-authored the updated version of this 
regulation. Under the earlier version, inventories were submitted in PDF format, 
containing a drawing and an unstandardized table of inventoried objects. The revised 
regulation requires submission of tabular data in Excel and drawings in both CAD and 
PDF formats, enhancing compatibility with existing spatial databases. However, one 
notable shortcoming persists: while the drawings include tree canopy extents (as 
polygons), they do not contain point data representing trunk locations. This omission 
hinders the ability to link graphical and tabular data effectively, suggesting a need to revise 
the technical requirements. From an information systems perspective, the structure and 
content of tree inventory datasets present a further challenge. A single tree may appear 
in three different databases, each assigning slightly different geographic coordinates. 
This undermines data consistency and complicates integration and usability across 
platforms (Table 1). 
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Table 1. Compares tree-related data contained in the TAR, HHHIS and the greenery inventory reports. 

Data Tallinn City 
Repair, 
Maintenance 
and 
Landscaping 
Information 
System 
(HHHIS) 

Tallinn 
Spatial 
Data 
Register 
(TAR) 

Procedure 
for Greenery 
Inventory 

General data 
ID X X X 
Location (address) X X X 
Type of tree (deciduous, coniferous) X 
Species name in Estonian and Latin, variety X X X 
Type of tree (street, park, alley) X X 
Age in years (0-10, 20-60, 60-unspecified) X 
Height in meters (0-5, 5-10, 10-15, 15-20, 
20-25, over 25)

X X 

Tunk diameter (cm) X X 
Crown diameter (m) X X X 
Trunk height (m) X X 
Conditions of the tree (very good, good, 
satisfactory, bad) 

X 

Value class (I, II, III, IV, V) X X 
Specialness (under nature protection, 
commemorative, remarkable copy) 

X X 

Inspection time X 
Planting data in addition to General data 
Time of planting X 
End of warranty period X 
Seedling origin (country, nursery) X 
Notes on the seedling X 
Data on the place of growth (volume of 
growing soil, bearing growing medium, 
origin of soil) 

X 

Irrigation system (existing/ non-existing) X 
Support (support poles existing/ non-
existing, metal or wooden) 

X 

Trunk protection (yes or no) X 
Mulching (yes or no, deciduous or conifer 
mulch) 

X 

Data of an existing tree, in addition to General data 
Root system (13 differences) X 
Stem (17 differences) X 
Crown (10 differences) X 
Notes X X 
Symbol 3D (unspecified, yes, no) X 
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Among the three, HHHIS provides the most detailed information, as it is specifically 
designed for the management of public spaces. It includes data on both existing and 
newly planted trees, as well as records of completed maintenance activities. TAR 
contains basic tree attributes, such as whether a tree is deciduous, coniferous, or a fruit 
tree. The inventory reports focus on detailed parameters of existing trees. As shown in 
Table 1, all three systems share overlapping fields—such as tree ID, type, species/variety, 
trunk diameter, and canopy extent—revealing significant redundancy across the datasets. 

2.3 The Intersection of Personal Motivation and Professional 
Experience in Defining the Research Focus 

The author of this thesis has over 30 years of professional experience in the management 
of public greenery, ranging from the organisation of maintenance for various landscape 
elements and the implementation of reconstruction and replacement projects for the 
preparation of strategic planning documents. While working as the city gardener in 
Pärnu, she came to understand that the efficient organisation of daily maintenance tasks 
in public space requires appropriate digital tools. However, such tools are only helpful if 
reliable data exist about what is present or growing in the public realm. 

Upon taking the position of city landscape architect for the City of Tallinn, the author’s 
first assignment was to develop a strategic document for public greenery. During the 
initial analysis of the existing situation, it became evident that although the city had 
created a Tallinn Green Areas Information System (HIS) and made it available for use by 
the city districts, the data were not usable, which was due to inconsistency in data 
updates—some districts updated information as changes occurred in the public space, 
while others did not use the database at all. As a result, although the system technically 
contained data, they could not be used for meaningful analysis. 

An analysis of greenery development in Tallinn revealed that many parks had been 
reconstructed in the past decade, yet the work remained incomplete in approximately 
half of them. Often due to overly ambitious design projects: once the reconstruction 
tender was carried out, it turned out that the city lacked sufficient funds to implement 
the whole project. Consequently, only part of the park would be rebuilt, and in the 
following year, resources would shift to a different green area. 

While moving through the city, the author also observed that several recently 
reconstructed areas were already experiencing maintenance issues—both in terms of 
vegetation and infrastructure. Tallinn City Government uses a budget planning tool called 
the 'product card', which, according to municipal regulations, records the proportion of 
green space maintained to standard and the proportion maintained below standard. 
In principle, this enables the city to identify funding gaps in green area maintenance. 
However, questions arose about the origin of the figures used in these product cards. 
It turned out that each city district had independently defined what and how to maintain, 
with some figures dating back as far as 2005, when the original HIS was established. 
These figures formed the basis for annual budget increase requests, yet there was no clarity 
on the actual scope and intensity of maintenance, nor on the efficiency of resource use. 

While preparing the strategic greenery document, the author came to the conclusion 
that in order to improve the overall quality of green space management, every stage 
of the greenery life cycle (Figure 2) needs quality enhancement. In the example of 
half-completed park reconstructions, this would have meant using the existing natural 
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conditions more effectively, aligning design ambitions with available construction 
budgets, and considering future maintenance needs. 

All of the above prompted the idea of redeveloping the HIS to meet practical needs 
better. However, it became clear that the existing system was outdated and had been 
developed in stages without a coherent goal. As a result, the City of Tallinn made the 
decision to create a new integrated information system—covering HHHIS, to consolidate 
all information related to public space and to support the full range of functions required 
for its maintenance, such as preparing procurements and monitoring service quality.  
One of the features developed in this system was a public reporting tool, enabling 
residents to report problems directly related to the urban environment. For efficiency, 
the reports would be forwarded directly to the responsible official and their service 
contractor, thus avoiding the need for phone calls or emails.  

Participating in the industrial PhD programme has provided a valuable opportunity to 
examine the challenges of urban greenery management critically and to propose at least 
one potential pathway toward more effective governance. One possible solution for 
better collection and cross-use of data related to landscaping emerged while working on 
the creation of dynamic models of trees, shrubs, and growth types within the Green 
Twins project. The solution for Tallinn to achieve its development goals would be as follows: 

The elements of public green areas can be divided into natural and artificial 
environments; the natural components are further categorized into individual plants and 
plant groupings. Plant identification is based on taxonomy and includes the species name 
(including the Latin name) and, where applicable, the cultivar designation. For plant 
communities, site types are used for characterisation, following in Estonia the classification 
developed by Paal (Paal, 1997).  

The artificial environment of public green areas includes elements such as roads, 
fountains, lighting fixtures, benches, and waste bins. These elements can already be 
managed within BIM (Building Information Modelling) environments and digital twins, 
and in Tallinn, such components are geolocated within the municipal HHHIS. Upon 
reviewing the CCI (Construction Classification International) classification system used in 
BIM environments in Estonia, it becomes evident that codes for artificial structures have 
been defined, as greenery and trees are included under natural elements. However, 
there is currently no coding scheme for the identification of planting material. Since most 
construction projects include both natural and built elements, it is not possible to fully 
implement such projects in BIM without accommodating natural components. 

To bring natural and artificial elements into the digital domain, including data 
collection, it is essential first to identify each object and assign it a unique identifier (ID). 
For natural components, this must also include the Estonian and Latin names of the plant. 
As a first step, it is necessary to develop an extension for the CCI coding system to cover 
both plants and site types. In the context of public space management, it is sufficient if 
the codes for plant species comprise the family, genus, species, and cultivar components. 
For site types, Paal’s classification provides a suitable basis, as it already includes codes 
for various site types. According to this classification, in addition to forest, meadow, mire, 
cliff, dune, and sandy vegetation types, urban environments also include ruderal and 
lawn site type communities. 

During the GreenTwins project, site type classification in the test areas revealed a 
challenge related to the categorisation of parks and orchards. In collaboration with 
experts, it was concluded that the site type “park” should be further divided into three 
subtypes: dry, moderately moist, and wet.  
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Once CCI coding systems have been developed for plants and site types, they can be 
integrated into BIM environments or the city’s digital twin. By examining the stages of 
the green infrastructure life cycle alongside the use of CCI codes (Figure 3), it becomes 
possible to incrementally collect accurate data and apply it consistently across different 
phases of the green space life cycle. Compared to other cities, Tallinn benefits from 
a regulatory advantage through the existence of the local ordinance “Procedure for 
Greenery Inventory”, which requires the preparation of a vegetation inventory for any 
area subject to a planning or design process prior to the development of the respective 
plan or project. As a result of this requirement, the city obtains accurate data regarding 
the presence and condition of existing vegetation, which can then be utilized throughout 
subsequent planning, design, and management processes. 

In the City of Tallinn, spatial data are collected, stored, and managed within the TAR. 
A review of the metadata catalogue and data structure of the register—including 
tree-related information (Table 1)—reveals that the available data and their level of 
precision are insufficient for managing the green infrastructure life cycle. Furthermore, 
there is currently no cross-utilisation of data between TAR, HHHIS and the results of 
greenery inventories. 

A situation has emerged in which, for example, adding or removing a tree from the 
map may require the involvement of up to three different individuals, even though 
accurate data are already available in the inventory reports or derived from service 
requests in the HHHIS (e.g., tree removal orders). Since the Tallinn base map is generated 
based on TAR, it does not require precise data. However, for the purpose of managing 
public spaces, the city requires more detailed information, which can technically be 
generalized for mapping purposes (e.g., different forest site types may be displayed 
collectively as “forest” on the map). 

The coding system developed for plants and site types can be applied across municipal 
institutions, such as the Tallinn Botanic Garden. The data collection and cross-utilisation 
framework illustrated in Figure 3 helps eliminate redundant data gathering and entry, 
and enables the city to make decisions based on continuously updated, high-quality 
information. 
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Figure 3. Possible solution for the movement of data related to landscaping in Tallinn. 

2.4 Literature Review 
The purpose of public green spaces in the city is not just to provide aesthetics, but they 
have an important connection to the health of citizens. The simplest links are between 
green spaces and physical health (Eichinger et al., 2015; Roemmich et al., 2018), but 
there is also evidence of a strong link between green space use and mental health 
(Gidlow et al., 2016; Wood et al., 2017) that foster social cohesion and community 
belonging (II; Peters et al., 2010) through exposure and participation. Natural environments 
support environmental health through air quality and climate adaptation (Cohen et al., 
2022). Studies show the economic links and benefits between the existence of green 
spaces, their accessibility and the health of the population (Bedimo-Rung et al., 2005; 
Buckley & Brough, 2017). 
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Urban planning needs to strike a balance between densification and the preservation 
of public green spaces to design a city that is resilient to climate change (Heidt & Neef, 
2008; Krueger et al., 2022). One of the challenges posed by climate change is the loss of 
biodiversity (Biodiversity Strategy for 2030. 2025) and with it a decline in the quality of 
life in cities (McKinney, 2008; United Nations, 2015). Public green spaces will enable the 
city to better cope with flooding from heavy rainfall (Cohen et al., 2022) and mitigate the 
effects of heat waves and islands (Depietri et al., 2012; Krueger et al., 2022). 

Cities compete to attract people, workers or businesses. One of the advantages for 
the competitors is the availability and quality of public green spaces (Trust for Public 
Land, 2024).  

The creation, reconstruction, and management of public spaces require fundamental 
data: where spaces are located, what they consist of, and the characteristics they exhibit 
(I). Over time, the methods of data collection and record-keeping have undergone 
significant transformation. Earlier efforts relied on manual surveys and static records (I), 
whereas today, advancements in technology have enabled more dynamic, high-resolution, 
and real-time data acquisition (III). With these developments, data has become a powerful 
tool in informing and enhancing the management of public spaces through evidence-based 
decision-making (Biljecki et al., 2015; Galle et al., 2019). It supports real-time monitoring, 
diagnostics, and forecasting, enables realistic behavior in simulations and ensures 
continuous bidirectional synchronization between the physical environment and its digital 
twin (Grieves & Vickers, 2017). 

In working with data, it is crucial to collect only what is necessary and to ensure its 
potential for cross-functional use (I). However, as technical capabilities continue to 
evolve, a key question persists: what types of data will be needed to fully leverage 
emerging technologies (III; Zhang et al., 2021)? Data collection frequencies also vary 
considerably, ranging from near real-time or continuous acquisition using technologies 
such as Radio-Frequency Identification (RFID), Internet of Things (IoT) devices, and the 
Global Positioning System (GPS) (III), to periodic annual updates (Tanhuanpää, 2016) and 
irregular ad hoc inputs (I; Mongus et al., 2021). 

The design of urban space must consider the multiple layers—technical, environmental, 
and social—that have developed over time. Longitudinal data is therefore essential for 
navigating these complexities and enabling informed planning and intervention (I). 
Moreover, diverse datasets are necessary to ensure urban spaces are inclusive. 
Understanding who the future users are and anticipating their needs is a critical component 
of the planning process (II). 

An increasing number of research articles are being published on digital twins (III). 
As a relatively new and evolving technology, digital twins are often described as 3D or 
digital models. In this thesis, the term digital twin refers to the concept described by 
Kritzinger (Kritzinger et al., 2018; III), where synchronization between the physical and 
digital worlds is achieved either through manual data input or the use of automatically 
collected data. 

Initially introduced in industry and manufacturing (Grieves & Vickers, 2017), digital 
twin technology has since expanded into various other domains, including agriculture 
(Purcell & Neubauer, 2023; Pylianidis et al., 2021), forestry (Hejtmánek et al., 2022), 
urban environments (Ferré-Bigorra et al., 2022; Lehtola et al., 2022), ecology (Trantas 
et al., 2023), and biodiversity (Khan et al., 2024; Sharef et al., 2022). 

Experts from a range of disciplines contribute to the development of digital twins. 
These include professionals in landscape architecture (Luka & Guo, 2021), urban planning 
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(Shu et al., 2022), geoinformatics, computer science (Shu et al., 2022), as well as 
representatives from agriculture (Majore & Majors, 2022), agronomy (Skobelev et al., 
2022), forestry (Buonocore et al., 2022) citizen engagement and education (Harrington 
et al., 2021). 

The integration of vegetation into digital twins is an emerging trend (III). Within the 
context of the greenery life cycle (Kupper, 2014), digital twins can support the management 
of urban public spaces. For example, they can be used to generate dynamic tree models 
that incorporate species-specific characteristics (Gobeawan et al., 2018, 2019, 2021),  
to monitor and maintain tree or forest attributes (Mongus et al., 2021; Tanhuanpää, 
2016), and to address issues related to tree root systems (Luka & Guo, 2021). 

When examining digital twins of greenery, the user base is notably diverse. Dynamic 
models are utilized by researchers (Shu et al., 2022), municipal authorities (García-Granja 
et al., 2020), architects, landscape architects, urban planners (Fabritius et al., 2023; 
Fernández-Alvarado et al., 2022), as well as by citizens (Johannsen et al., 2021) and 
learners (Harrington et al., 2021). 

Based on written sources, the founding of Tallinn can be traced back to 1219 (Alttoa 
et al., 2019). However, the history of the city’s public green spaces extends even further, 
with origins in the medieval period (Kala et al., 2019; Tallinn et al., 2024). The evolution 
of Tallinn’s urban form has long involved the preservation and use of varied landscapes, 
as evidenced by historical maps dating back centuries (Raid, 2011). A particularly 
significant example is the bastion belt surrounding the Old Town, which, along with 
associated defensive structures, has been preserved as an integral part of the city’s green 
heritage (Vilbaste & Kenkmaa, 1965). 

The first extensive written overview of public green areas in Tallinn, including 
photographic documentation, was published in 1932 (Viirok, 1932). Since then, the Tallinn 
Botanic Garden has played a leading role in conducting multi-scalar assessments of the 
urban environment. Key efforts include evaluations of urban ecosystem health (Tallinna 
ökosüsteemide seisund, 1981) and planning studies for areas such as the Old Town 
(Uurimistöö Tallinna Vanalinna haljasalade planeerimiseks, 1982) and Lasnamäe’s 
residential greenery (Uurimistöö Lasnamäe elurajooni haljastuse planeerimise aluste 
kindlaksmääramiseks, 1983). In 1996, the city established guiding principles for 
developing a coherent green space system (Levald, 1996), advocating for a holistic and 
interconnected approach that aligns with Tallinn’s structural, cultural, and natural 
heritage. These principles emphasize responsiveness to recreational and demographic 
needs while remaining flexible and compatible with regional development strategies. 

Studies on Tallinn’s woody vegetation have become increasingly granular, tracking 
spatial patterns and botanical diversity across districts. In 1991, researchers documented 
637 woody plant taxa in the city; this number rose to 840 by 1996 (Sander et al., 1991, 
1996). Subsequent investigations have examined the composition and distribution of 
urban flora in specific districts and neighborhoods, including the Old Town (Sestakov, 
1986), Toompea (Kukk, 1996), the Süda and Kalamaja areas (Elliku & Tarand, 1986), the 
Nõmme forest (Ploompuu & Soekov, 1996), and suburban manor sites within city limits 
(Tamm, 1986). A significant update to this line of inquiry was the 2021 survey of the 
bastion green belt, aimed at identifying preserved landscape architectural and ecological 
values (AB Artes Terrae OÜ, 2020). Complementary studies have explored the 
development, condition, and spatial configuration of Tallinn’s urban forests, providing 
management recommendations grounded in ecological assessment (Pärn, 1990; Pärn & 
Martin, 1996; Ratas, 1986; Rauk, 1996). 
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Parallel research efforts have examined the condition and health of Tallinn’s trees, 
including assessments of vitality, disease, and age structure (Normet, 1986b, 1986a). 
Given that the planting dates of older specimens are frequently undocumented, methods 
for estimating tree age have been developed (Sander & Läänelaid, 2008). Other studies 
have investigated the health and species composition of trees along central streets 
(Tarand, 1986), while specific attention has been given to the historically significant tree 
alleys surrounding the Old Town (Tamm, 1981). Notably, species-level studies have 
included work on ornamental cultivars such as the Chinese poplar ‘Fastigiata’ (Populus 
simonii) (Sander & Eensaar, 1990). 

The topic of tree felling and replanting has also received long-standing attention. 
Research has documented both the spatial distribution of tree removal and the 
underlying motivations (Sander, 1986). In 1991, Reinvald proposed a method for the 
economic valuation of trees, which later informed the city’s current regulation on 
compensatory planting (Raie- ja hoolduslõikusloa andmise kord, 2021). Meanwhile, 
Tallinn joined the “Pesticide-Free Towns” initiative in 2018 (Pesticide Free Towns, s.a.), 
building on earlier efforts to understand species interactions in urban planting schemes 
(Kruus, 1986). A recommended list of tree and shrub species suited to urban conditions, 
first published in 1991 (Aaspõllu, 1991), was updated and institutionalized through the 
city’s planting guidelines (Avalikule alale puude istutamise kord, 2011). 

Other aspects of Tallinn’s vegetation have also been studied, including vertical surfaces 
and herbaceous plant communities. For instance, the number of climbing plant species 
used in the city rose from two to thirty-three over time (Elliku, 1986), while multiple 
investigations have addressed patterns in herbaceous flora and plant community 
succession (Saar, 1986; Saar & Zernask, 1986; Zernask & Liik, 1986).  

However, lifecycle management of urban greenery remains underdeveloped as a field 
of academic research. Although the Urban Greenery Design and Construction Handbook 
(Tuul, 2006) addresses elements of public space design, it largely omits maintenance 
considerations. A more practice-oriented guide (Jürisoo et al., 2014) offers definitions, 
typologies, and maintenance guidance for green spaces, but does not provide an 
overarching framework for the organizational management of maintenance activities. 

Recent attention has turned to climate resilience and its implications for urban 
planning in Tallinn. The Tallinn Urban Heat Island Mapping 2021 study underscores the 
growing importance of mitigating urban heat risks, particularly as climate change is 
projected to increase the frequency and severity of heatwaves. By the end of the century, 
such events could lead to an estimated 1,000 premature deaths annually, primarily 
concentrated in Tallinn due to urban density (Sammul et al., 2015). One of the main 
contributors to the urban heat island effect is artificial ground cover, and between 2014 
and 2021, related conditions have worsened in districts such as Haabersti, Mustamäe, 
Lasnamäe, and the Central District (Sepp & Sagris, 2021). 

Closely related to these environmental concerns is the digitalization of urban planning 
processes. Studies have shown that building lifecycle data and digital infrastructure are 
vital for improving urban governance. Effective planning requires that facility management 
data be reintegrated into the early design and planning stages, a feedback loop made 
possible through open data and digital twin systems. Nevertheless, this bidirectional flow 
remains poorly implemented. Most existing research isolates lifecycle phases, contributing 
to inefficiencies and data loss. A more integrated alternative involves the adoption of 
a central digital twin—a real-time data hub that enhances transparency, regulatory 
compliance, and operational efficiency throughout a building’s lifecycle. By drawing on 
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public registers, digital twins can support accurate and timely planning, construction, and 
maintenance processes. However, significant barriers remain, particularly in integrating 
legacy data with newer digital systems (Raitviir & Lill, 2024). 

Recognizing the potential of digital tools in managing urban green infrastructure, 
a recent survey involving Tallinn city officials identified eight key user groups of digital 
green infrastructure models—including planners, landscape architects, and citizen 
activists—each with distinct but overlapping needs (Fabritius et al., 2023). Some 
stakeholders require simulation models for plant growth and environmental response, 
grounded in localized empirical data. Others prioritize seasonal visualization or real-time 
updates, which depend more on robust data structures than on forecasting. Overall, 
dynamic, data-driven approaches are increasingly recognized as essential for inclusive, 
adaptive, and evidence-informed urban planning. 

Tallinn city officials participated in a survey regarding the use of a digital twin (Fabritius 
et al., 2023). The study identifies eight main user groups of digital urban green 
infrastructure models—such as planners, landscape architects, and citizen activists—
with overlapping but varied needs. Many needs require simulation models for growth 
and environmental response, relying on localized empirical data. Others, like seasonal 
visualization or real-time updates, need better data structures but not predictions. 
Overall, dynamic, data-driven models are key to informed and inclusive urban planning. 
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3 Methodology 
This chapter presents methods in three focus areas corresponding to the published 
articles and explores appropriate data needs, usage and analyses for past, present and 
future outdoor spaces. 

3.1 Methods for Studying Historical Areas 
To explore historical public urban spaces, historical sources were consulted to gather 
information on the establishment and development of specific sites. For areas such as 
parks, squares, streets, and villages, historical maps served as particularly important 
research tools. Many Estonian scholars specializing in outdoor spaces and landscapes 
(Kaplinski-Sauk et al., 2023; Nurme, 2019; Nutt, 2008) have relied on historical map 
materials preserved in the National Archives. These cartographic sources provide crucial 
spatial and locational information regarding features such as buildings, roads, and tree 
stands. 

This dissertation focuses on Kaarli Boulevard, located in central Tallinn, as the selected 
historical case study. Relevant maps were sourced from the Estonian Historical Archives, 
the National Library of Estonia, the Tallinn City Archives, and the Tallinn City Museum. 
In addition to maps, photographic materials were analysed to clarify aspects that were 
unclear or missing from the maps. 

Photographs were obtained from the Estonian Historical Archives, the Estonian 
History Museum, and historical newspapers. While these materials offered insights into 
the origin, location, and spatial development of the site, dendrological information was 
analysed through existing tree inventory studies. As one of Tallinn’s oldest alleys, 
situated in the city’s historical core, Kaarli Boulevard has drawn considerable attention 
over time. It was assumed that numerous dendrological surveys conducted during the 
Soviet period would provide valuable information and allow for the reconstruction of the 
site’s landscape history. These materials mainly were handwritten and dispersed across 
various archives and libraries (e.g., Tallinn Botanic Garden, Tallinn City Government) or 
preserved in private collections (e.g., by the study’s author or their descendants). 
Consequently, compiling these materials was time-consuming. Upon review, it became 
evident that, despite promising titles, most studies were not comprehensive inventories. 
Instead, they focused on select features, such as the diameter of the largest tree or 
records of tree removal during tunnel construction. Based on the materials collected, 
an overview of the historical development of Kaarli Boulevard was constructed. 

More recent studies, housed in the Tallinn City Government archives, are more detailed 
and contain tree-level data. However, inconsistent methodologies prevent these studies 
from being used for longitudinal analysis. Some assessments were subjective and 
dependent on the individual author’s experience and knowledge, resulting in varying 
evaluations (e.g., the health condition of certain trees was reported to have improved 
over time). 

Their titles guided the preliminary selection of written sources. Sources chosen for 
further analysis included keywords such as: vegetation, trees, trees in the city centre, 
felling, and tree stands. The analysis focused on discussions of Kaarli Boulevard, tree 
health, and influencing factors. During dendrological studies, the date, author, and 
methods used were documented. Since inventory reports often contain both textual 
descriptions and site plans with tree ID numbers, it was possible to associate descriptions 
with individual trees in the field. In the final stage, all relevant data on the condition of 
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trees along the boulevard were analysed to assess whether these datasets could support 
accurate monitoring of individual tree health. The structure of tree-related data in the 
city was assessed based on the HIS, HHHIS and Greenery Inventory Procedures. 

In summary, while historical public spaces have garnered considerable attention, the 
number of suitable sources was lower than initially expected, and their quality varied 
significantly. Furthermore, the historical record is incomplete, requiring researchers to 
be critically evaluative and mindful of informational gaps. 

3.2 Methods for Studying Contemporary Public Spaces 
Historical methods are not applicable to newly constructed public spaces. For 
contemporary areas, fieldwork proved to be the most effective research method and was 
accordingly employed in this study. Field investigations were conducted on site with the 
aim of evaluating how well newly developed public spaces meet the needs of the target 
population. 

The study focused on ten Estonian town centres that were redeveloped under the 
“Great Public Space” architecture programme, initiated to celebrate the Republic of 
Estonia’s centenary. The competition, held between 2014 and 2017 across 15 towns, 
aimed to revitalize central public urban spaces by 2020. Ten completed sites—squares 
and/or streets—were selected for evaluation. In preparation, a fieldwork methodology 
was developed, including a checklist and evaluation criteria. Given Estonia’s aging 
population, especially in rural and small urban areas, the central research question was 
whether these newly developed public spaces accommodate the needs of older adults. 

The method Placemaking for an Aging Population: Guidelines for Senior-Friendly Parks 
(Loukaitou-Siders et al., 2014) was adapted to the Estonian context and supplemented 
with age-friendly city principles (Gamme & Anne Berit, 2020). Ten design principles were 
used: control, choice, safety and security, accessibility, social support, physical activity, 
contact with nature, aesthetics, and sensory enjoyment. A binary scoring system was 
applied: “1” (yes), “0” (no), or “NA” (not applicable). Assessments were carried out during 
the summer by two landscape architects. Results were analysed through team discussions. 
Field data were recorded in tables, supplemented with notes and photographs, and 
entered into an Excel spreadsheet for analysis. Comparative analysis identified the most 
problematic thematic areas. Although time-intensive, this method produced accurate 
and comprehensive insights, making it well-suited for evaluating contemporary public 
spaces. 

3.3 Methods for Studying Future Public Spaces 
To investigate the future of urban spaces, this study examined how data-driven tools 
and digital twins can support sustainable planning and management—particularly by 
integrating ecological complexity and diverse user needs into urban decision-making. 
A systematic literature review was conducted following the PRISMA 2020 framework 
(Page et al., 2021). 

In the first stage, search terms were defined. Given the relative novelty of the digital 
twin concept, “3D city model” was used alongside “digital twin” to capture relevant 
studies not labelled explicitly as such. Additional keywords included: biodiversity, ecology, 
greenery, green area, green infrastructure, species, urban landscape, vegetation, and 
wildlife. The ambiguous term “green” was excluded. Searches were conducted on 
18 May 2022 and 28 February 2023 across three databases: Web of Science, 
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ScienceDirect/Scopus, and Google Scholar. Google Scholar results were downloaded 
using the “Publish or Perish” software (Harzing, 2010), and the top 250 results were 
selected for further analysis. Articles were time-limited to appear after 1.01.2015. 

After removing duplicates, the remaining records were compiled in Excel. Non-English 
entries, videos, and websites were excluded. Studies discussing 3D models with digital 
twin characteristics were retained. The analysis proceeded in three stages: title screening, 
abstract screening, and full-text analysis using the web-based software Atlas.Ti. 

A total of 38 articles were selected for in-depth review. In order to answer the research 
questions, the following aspects were analysed: annual publication trends, authors’ 
countries, disciplinary focus, and potential user groups. Articles were categorized into 
the following areas: 

− trees and Forest Modelling;
− natural Environment and Ecosystem Preservation;
− virtual Interaction and Education;
− vegetation-related Microclimates and Aerobiological Exposure Risk;
− open-Field Agronomy;
− controlled-Environment Agronomy; and
− vegetation Data and Information Management.

Content analysis, performed using Atlas.Ti and a code system based on the research 
questions revealed how data are collected and used, existing challenges, instances 
of cross-application, and the types of models developed and by whom. Although 
time-consuming, this systematic review provided a comprehensive understanding of the 
digital twin concept, its current state, and its potential applications in future urban space 
governance. 

This doctoral study employed a range of methods to analyse the management of 
public green spaces across historical, contemporary, and future contexts. Despite the 
breadth of the approach, several methodological challenges emerged, affecting the 
usability of data and the generalisability of results. Historical data—such as tree inventories 
and maps—were fragmented, often incomplete, and lacked standard formats or spatial 
references. Fieldwork on contemporary public spaces was time-consuming and relied on 
expert assessments, introducing a degree of subjectivity. In the forward-looking analysis, 
conceptual ambiguity and a lack of standards in modelling ecological information digitally 
became apparent. Data interoperability was limited, with no common framework in 
place. 

The main barrier was the lack of institutional collaboration and data harmonisation, 
which hindered evidence-based decision-making. Nevertheless, the study identified key 
data gaps and proposed directions for improved urban public space management. 
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4 Results and Discussion 
This chapter outlines the study’s principal results, discussing how they respond to the 
research questions and contribute to existing knowledge on sustainable public space 
management and digital tools. 

RQ 1: To what extent is the data on urban green infrastructure collected sufficient and 
reliable to support management of public spaces? 
The case of Kaarli puiestee shows that data on urban trees has been collected over time 
through maps, photos, and dendrological surveys. However, this data is scattered across 
archives, varies in format, and is often difficult to access. Methodological inconsistencies 
and subjective assessments limit comparability between surveys, making it challenging 
to use historical data for long-term monitoring or management decisions. 

RQ 1.1 What types of data on urban greenery, particularly urban trees, have been 
collected and preserved in the past, and how accessible and usable have these datasets 
been for management?  
The research question is answered in Article I. 

Results 
The case of Kaarli Puiestee in Tallinn provides a valuable longitudinal view into the ways 
urban tree data has been collected, stored, and applied over time. This boulevard, 
situated in the heart of the city, has been the focus of repeated dendrological and 
planning investigations, making it one of the most well-documented public green areas 
in Estonia. The historical and contemporary records related to this site reveal the 
richness, diversity, and complexity of urban tree data collected over more than a century. 

Data sources identified in the study include: 
̶ Historical maps and photographs from the 19th and 20th centuries provide 

visual and contextual information about tree locations and planting schemes. 
̶ Written reports and site plans from Tallinn Botanic Garden and city 

departments, some dating back to the Soviet period, often include 
descriptions of species, planting intentions, and changes due to urban 
infrastructure projects. 

̶ Dendrological inventories were conducted in various periods, particularly in 
1999, 2003, 2011, and 2021. These more recent surveys document individual 
tree data, such as species, trunk diameter, crown width, and visible health 
indicators. Each inventory differed in scope and method. While earlier 
surveys focused on aesthetic and compositional elements, later reports 
incorporated more structured data collection, including technical health 
assessments using resistographs and tomographs. Most importantly, trees 
were given unique identifiers and mapped with increasing spatial precision. 

Despite these improvements, data were not consistently collected using consistent 
methods. The indicators used to assess tree health or structure varied across inventories. 
In some cases, trees identified as declining in one survey were later considered in good 
health, suggesting inconsistencies in assessment protocols or subjective judgment. 
Furthermore, some data exist in digital format (e.g., Excel tables or PDFs), but earlier 
inventories are still in analog form—stored in scattered locations such as the Tallinn City 
Archives, Tallinn Botanic Garden, municipal offices, or even in private collections. 
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Discussion 
The findings highlight both the potential and the limitations of historical and contemporary 
urban tree datasets for supporting sustainable public space management in Tallinn. 
The city has a long-standing tradition of urban greenery documentation, particularly for 
prominent public spaces like Kaarli Puiestee. The continuity of inventories and planning 
documents provides a rare opportunity for longitudinal analysis of tree growth, 
composition, and health in an urban context. 

However, the usability of these datasets for practical management remains constrained 
by several factors: 

− Data fragmentation: Information is dispersed across different formats,
storage locations, and institutional domains, making it difficult to access or
synthesize in a timely manner.

− Lack of standardization: Variations in methods, indicators, terminology, and
technologies used across inventories hinder long-term comparison and
integration into digital systems.

− Limited interoperability: Although Tallinn has developed modern information
systems (e.g., TAR, HHHIS), these systems operate almost entirely
independently from historical inventory records. As a result, valuable
longitudinal data are underutilized in current maintenance or planning
activities.

− Incomplete digitization: Much of the older data remains in physical archives
or in formats not easily integrated into geospatial or analytical tools, which
undermines their potential use in digital twin applications or other forms of
dynamic modelling.

The article also underscores a tension between the growing capacity for tree-level 
monitoring and the need for institutional coordination. While contemporary 
technologies allow for increasingly detailed data collection, these efforts must be 
harmonized through shared protocols and infrastructure to realize their full value. 
Improving the accessibility and usability of tree data requires a multi-pronged approach: 
comprehensive digitization of legacy records, development of shared metadata 
standards, and creation of interoperable systems that link planning, maintenance, and 
monitoring functions. These actions would support more evidence-based urban 
management and could serve as a foundation for integrating ecological data into broader 
digital twin environments. 

RQ 1.2 What challenges have emerged in using historical greenery data for long-term 
monitoring and decision-making in public space management?  
The research question is answered in Article I. 

Results 
The evaluation of historical data usage for long-term urban greenery management 
revealed multiple technical and organisational barriers. Methodological inconsistencies 
across time periods were evident; the tree surveys lacked standardized assessment 
criteria, especially in evaluating tree health. This inconsistency hinders the ability to track 
vegetation change longitudinally. 

Furthermore, incomplete or selective data collection reduced the value of inventories 
as comprehensive baselines. Many assessments only focused on a subset of trees—often 
those affected by nearby developments—rather than documenting entire stands. 
Spatial ambiguity also emerged as a significant issue. While some surveys included basic 
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spatial diagrams, these were often not aligned with official geospatial systems, making it 
challenging to match historical trees with current digital twin environments or GIS 
platforms. 

From a governance perspective, the absence of a unified data policy and  
cross-departmental coordination created institutional silos. Data remains difficult to 
retrieve, often stored in incompatible formats or held in non-municipal repositories. 
There is also a legal gap regarding ownership and responsibility for archiving and 
updating historical greenery data. 

Finally, the records are not systematically integrated into municipal data systems.  
For example, the tree-level information from dendrological inventories is not directly 
connected to the TAR or the HHHIS, even though these platforms are used to manage 
ongoing greenery maintenance. 

Discussion 
The findings indicate that Tallinn’s urban greenery data, particularly for tree populations, 
offers valuable historical insight, but its current applicability is hindered by inconsistent 
recording practices and insufficient standardisation. The challenges identified illustrate 
how historical data, while rich in content, is complex to utilize effectively for ongoing 
urban greenery management. The lack of methodological coherence between surveys 
prevents reliable tracking of change, which is especially problematic for planning 
interventions in culturally or historically valuable sites like Kaarli Puiestee, where decisions 
must balance conservation and ecological functionality. 

This gap reflects broader issues in urban environmental data governance: decentralized 
collection practices, minimal investment in digitisation, and limited alignment with 
modern data infrastructures. There is a missed opportunity to leverage past data for 
longitudinal ecological monitoring and predictive maintenance of urban green 
infrastructure. To move forward, public administrations would benefit from systematic 
efforts to recover, digitize, and harmonize these records. Incorporating such data into 
dynamic digital platforms—like city digital twins—could transform fragmented historical 
surveys into usable intelligence for adaptive green space management. 

Spatial referencing gaps further limit the operational use of historical data in 
contemporary planning tools that rely on precise geolocation. Without accurate mapping 
or consistent identifiers, integrating old data into BIM or GIS systems becomes 
technically cumbersome and error-prone. From a systems perspective, the challenges 
point to the need for institutional reform. Historical data use requires not only technical 
tools but also policy frameworks that ensure systematic archiving, versioning, and 
interdepartmental data sharing. Furthermore, developing interoperability standards for 
legacy and modern data formats is essential to bridge temporal gaps. Ultimately, while 
historical greenery data holds significant value for understanding long-term ecological 
and management trends, it requires careful curation and digital translation to become 
actionable in present-day decision-making contexts. 

 

RQ 2: To what extent has existing data been utilized in the creation of inclusive public 
spaces in Estonia, and what design shortcomings—particularly in relation to universal 
design principles—could have been avoided through more effective data use? 
The research question is addressed in Article II. 
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Results 
The article assessed ten contemporary public urban spaces developed through the “Great 
Public Space” programme in Estonia, using a structured age-friendliness assessment tool. 
Findings show that although most spaces performed well in general design and cleanliness, 
they only partially met the specific needs of older adults. 

On the positive side, all spaces were clean, well-maintained, and equipped with 
diverse seating options. These features are particularly significant for older adults, 
as they support resting, enhance feelings of safety, and allow for extended time spent 
outdoors. Most spaces also included varied greenery—such as trees, shrubs, perennials, 
and flowerpots—which offered aesthetic and sensory benefits and supported interaction 
with nature. Pavement materials were generally non-slip, contributing to physical safety. 
Central locations and adjacent public institutions further enhanced usability for all age 
groups, including seniors. 

However, only a limited number of sites provided design elements explicitly aligned 
with the principles of universal or age-friendly design. Notably absent were schematic 
maps or directional signage to support navigation—an important element for those with 
mobility or cognitive challenges. Exercise equipment suitable for older adults was missing 
from all locations, while public restrooms were limited or absent entirely. While younger 
age groups were accommodated through features like playgrounds or sports facilities, 
older users were typically left with passive activities such as sitting or watching. 
Opportunities for quiet recreation—such as sensory installations, reading nooks, or 
shaded areas—were also scarce. 

Discussion 
The findings suggest that while the public spaces built under the “Great Public Space” 
initiative incorporated general design improvements, there was a lack of detailed 
attention to inclusive planning based on empirical user data—particularly concerning 
older adults, which highlights a gap in the application of universal design principles. A key 
issue was the top-down design process and the lack of meaningful community 
engagement. While competition-based design may foster innovation, it often fails to 
reflect the lived experiences and daily needs of users—especially those from vulnerable 
groups such as the elderly. As the article notes, participatory planning—an essential 
component of age-friendly design—was largely absent. Consequently, critical user data 
that could have informed better outcomes remained unused. 

Moreover, design continuity issues were identified. Several projects deviated from 
their original plans during construction, with age-friendly elements potentially lost due 
to cost or oversight. This fragmentation highlights the need for stronger integration of 
age-friendly guidelines not just in design, but also in implementation and maintenance 
stages. The lack of basic infrastructure, such as restrooms and exercise features, reveals 
a broader underestimation of older adults as active public space users. These oversights 
could have been mitigated through systematic data collection on user demographics, 
behaviours, and preferences—data which is often either missing or unused in Estonia’s 
urban development processes. 

In conclusion, the study underscores the importance of embedding inclusive, 
evidence-based approaches into public space design. Better use of data—collected 
through participatory methods, statistics available to the public and post-occupancy 
evaluations—could prevent many of the shortcomings observed and lead to more 
universally accessible, age-inclusive environments. 
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RQ 3: How can the digital twin as a tool enable evidence-based decisions for public 
space management? 
Digital twins enable real-time simulation of ecological and user-related processes, 
supporting informed and adaptive governance. Their practical application requires high-
quality, interoperable data, yet challenges such as data fragmentation, lack of standards, 
and limited ecological modelling persist. This research question is answered in Article III. 

RQ 3.1 What types of data and modelling techniques are required to integrate dynamic 
ecological information into digital twins of public space, and what challenges arise in 
this process? 
The research question is answered in Article III. 

Results 
The systematic literature review revealed that while digital twins (digital twin is defined 
as a dynamic system that enables continuous, bidirectional automatic data exchange, 
allowing real-time interaction and feedback between the physical entity and its digital 
counterpart (III)) of urban systems are increasingly incorporating green infrastructure, 
the modelling of dynamic ecological processes—such as plant growth, phenological 
cycles, or biodiversity interactions—remain underdeveloped. Most current models rely 
on static representations or simplified indicators (e.g., indices or tree canopy size) rather 
than on continuous and responsive simulations of ecological change. Data inputs 
predominantly include remote sensing data (satellite and drone imagery), point cloud 
scans (e.g., LiDAR), and urban tree inventories. However, there is little standardisation 
across case studies. Only a limited number of projects incorporate real-time or 
sensor-based data, and very few accounted for long-term ecological feedback. The types 
of modelling techniques identified include rule-based simulations, parametric growth 
models, environmental response models (e.g., light, temperature), and increasingly, 
machine learning algorithms. 

The systematic literature review reveals that integrating dynamic ecological information 
into digital twins of public space requires a wide array of data types and modelling 
techniques. The most common data types include: 

− remote sensing data (e.g., LiDAR, UAV imagery, satellite data);
− in-situ sensor data (e.g., soil moisture, temperature, air quality);
− biodiversity and functional trait data;
− crowdsourced or citizen science contributions; and
− geospatial data (e.g., point clouds, GIS layers).

Regarding modelling, both mechanistic and data-driven models are used to simulate 
ecological phenomena. Mechanistic models draw on established biological functions 
(e.g., plant growth or evapotranspiration), while data-driven models—often using machine 
learning or AI—allow dynamic updates based on real-time data streams. Additionally, 
3D plant models and visualisation tools are increasingly applied to represent vegetation 
with spatial and morphological accuracy. 

Discussion 
Despite technological advances, significant challenges hinder the effective integration of 
ecological data into urban digital twins. These include: 

− Data heterogeneity: inconsistent formats and variable spatial/temporal
resolutions complicate model harmonisation.
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− Interoperability gaps: ecological datasets often lack alignment with built
environment standards such as IFC or CityGML.

− Lack of standard protocols: diverse data sources require harmonisation to
support meaningful integration into predictive models.

− Computational complexity: high-resolution and high-frequency data place
computational demands on systems, limiting their responsiveness and
scalability.

A critical bottleneck is the limited ecological understanding that underpins models; 
without robust empirical grounding, projections risk oversimplification or misrepresentation 
of dynamic ecological processes. To enable meaningful simulation of vegetation 
responses, models must be calibrated with locally contextualized ecological data, which 
is often missing or incomplete. 

RQ 3.2 What are the challenges and opportunities of using greenery in the digital twin 
for management of urban public spaces?  
Addressed in Article III. 

Results 
Several challenges were identified regarding the use of greenery in urban digital twins. 
A central issue is the technical complexity of integrating botanical data into spatial 
modelling systems (e.g., BIM, GIS) that were not initially designed for biological entities. 
Spatial referencing inconsistencies, limited historical records, and varying levels of detail 
across datasets hinder interoperability. Furthermore, the dynamic nature of plant systems 
presents difficulties for model calibration and validation, especially in the absence of 
continuous ecological monitoring. 

However, the review also highlighted substantial opportunities. Incorporating greenery 
into digital twins enhances the ability to model urban microclimates, simulate stormwater 
absorption, evaluate habitat connectivity, and guide adaptive maintenance strategies. 
For instance, simulations of tree growth and canopy shading can be used to optimize 
pedestrian comfort or assess heat island mitigation potential. The review showed 
growing interest in leveraging DTs for participatory planning and monitoring, with some 
projects engaging citizens to validate vegetation data or report maintenance needs. 

The reviewed literature identifies greenery as a particularly challenging component in 
digital twins due to its living, growing, and reactive nature. Challenges noted include: 

− Limited inclusion of non-static biological components in digital
representations.

− Scarcity of species-level data and plant functional traits required for realistic
simulations.

− The low frequency of longitudinal ecological monitoring, making predictive
modelling difficult.

− Difficulty linking ecological services (e.g. shade, cooling, biodiversity) to
specific vegetation elements in digital platforms.

Despite these limitations, opportunities emerge through advances in: 
− sensor technology and real-time environmental monitoring;
− AI-driven modelling techniques (e.g., predictive maintenance, stress

detection);
− cross-disciplinary collaborations that integrate ecology, informatics, and

urban planning; and
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− development of closed-loop digital twins capable of feedback-based
ecosystem management.

Discussion 
The integration of dynamic ecological information into digital twins is both a technical 
and conceptual challenge. The review confirmed that digital twin development in the 
urban ecological domain is still at an early stage, with fragmented approaches and 
minimal standardisation across data structures or modelling methodologies. The dominant 
reliance on static datasets and one-time inventories limits the responsiveness and 
usefulness of digital twins for evidence-based public space management. From a 
planning and governance perspective, this fragmentation reflects broader issues in urban 
environmental data governance—including siloed data collection practices, unclear 
ownership, and insufficient institutional collaboration. Digital twins that aim to support 
green infrastructure must evolve toward more open, modular, and interoperable 
architectures. For this, standardized ecological data formats and cross-sector data 
exchange protocols are critical. The use of greenery in DTs is particularly promising for 
improving the adaptiveness of public space management. By simulating vegetation 
response to stressors (e.g., drought, pruning, compaction), municipalities can plan 
interventions more proactively. However, this potential remains untapped mainly due to 
technical constraints and a lack of suitable ecological metadata. Future development 
efforts should therefore focus on the inclusion of physiological plant parameters, 
modular growth libraries, and interface tools that allow landscape architects and 
maintenance workers to interact with living systems digitally. Nevertheless, several 
conditions must be met: 

− ethical data governance and privacy safeguards (especially with citizen-
sourced data);

− institutional support for systematic data archiving and versioning;
− standardisation across sectors to ensure data interoperability and long-term

usability; and
− user-centred design to ensure digital twin applications meet the actual needs 

of landscape managers, planners, and citizens.

The shift toward automated and AI-enhanced data collection offers promise to close 
existing data gaps. However, the transition from static models to adaptive ecological 
twins will require iterative calibration, ongoing data collection, and strong cross-domain 
collaboration. The Tallinn and Helsinki-based GreenTwins project, referenced in the 
article, provides a relevant applied example: by integrating dynamic tree models into the 
city’s digital planning tools, it demonstrated both the practical benefits of visualising 
growth and the limitations posed by data gaps and modelling uncertainty. It also showed 
how collaborative development between researchers and municipal departments can 
help refine use cases and identify realistic thresholds for model complexity and update 
cycles. 

In conclusion, while challenges persist, the strategic integration of ecological data into 
digital twins offers a powerful avenue for advancing sustainable urban public space 
management. Ensuring data interoperability, ecological accuracy, and user-centred 
design are key to unlocking this potential.    
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5 Conclusion 
A growing challenge for cities is coping with urbanization and climate change, alongside 
competition with other cities for residents. An integral component of a high-quality living 
environment is an inclusive public space, which supports population health and serves 
as a habitat for birds, animals, and other living organisms. These issues and objectives 
are addressed in various development documents of the Republic of Estonia and the City 
of Tallinn. Achieving related goals—such as reducing bureaucracy, making informed, 
data-based decisions, engaging the population, and ensuring habitat connectivity—
requires the availability of up-to-date, high-quality data. 

This doctoral dissertation examines the requirements for effective management of 
urban public greenery within the framework of sustainable urban development. It focuses 
on data-driven tools and digital twins, analyzing the reliability, usability, and potential of 
green infrastructure data to support evidence-based planning and maintenance of public 
spaces. 

Generations of residents have left their mark on the urban landscape, creating 
features valued for their cultural or natural heritage. However, it is not only officially 
protected natural landscape elements that are important—any feature that poses no 
danger can enhance a city’s capacity to adapt to change. Old trees are one such example: 
their canopies slow stormwater runoff, provide shade on hot days, lower urban ground 
temperatures, and create habitats for numerous species. 

The analysis of tree data and the Kaarli Boulevard case study demonstrate that 
managing valuable trees requires longitudinal data on their health status. The study also 
found that, even when data exist, they are often difficult to access, as they may be 
recorded on paper, dispersed across archives (including personal collections), or not 
preserved at all. Moreover, existing records are often general, descriptive, and—especially 
in older documents—not linked to specific trees. Renewal or removal of valuable trees 
in public spaces requires decisions supported by data. Since tree removal attracts high 
public interest, data-based explanations can help communicate such decisions more 
effectively. 

Public space must meet the needs of all citizens while fulfilling broader city objectives 
and addressing its challenges. The “Great Public Space” programme, launched to mark 
the 100th anniversary of the Republic of Estonia, sought to modernize central areas in cities 
and towns through architectural competitions in cooperation with local governments and 
the Estonian Association of Architects. Ten central areas were reconstructed by 2023 
based on winning designs. 

Analysis of the completed projects revealed that while aesthetic and architectural 
improvements were prioritized, the needs of diverse user groups—particularly older 
adults—were often insufficiently addressed. This gap persists despite the Estonia 2035 
national development strategy emphasizing the growing proportion of older adults in 
society and the need to consider them in spatial design. In reconstructed outdoor spaces, 
measures to ensure physical accessibility, comfort, and safety for older adults were 
applied inconsistently, reflecting a missed opportunity to incorporate user-centred and 
demographic data during the planning stage. 

Technological advances are creating new opportunities for managing public spaces. 
A systematic literature review indicates that while digital twins are increasingly used in 
urban contexts, dynamic modelling of ecological processes remains underdeveloped 
compared to built-environment modelling. Most current systems rely on static vegetation 
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representations and limited ecological data, hindering simulations of growth, biodiversity 
changes, or environmental feedback. 

Integrating nature into the digital domain requires data. While digital twins exist in 
agronomy and forestry, urban vegetation grows under different conditions, and relevant 
datasets are scarce. Nonetheless, real-time, sensor-based technologies hold promise for 
collecting data on urban plants and growth conditions. Beyond improving digital literacy 
or public engagement, AI-based simulations and geospatial visualization tools in urban 
digital twins can help residents explore dynamic, plant-specific scenarios—such as 
whether a tree might obstruct a landmark or traffic signal, contribute to cooling urban 
heat islands, or maintain habitat connectivity. 

Achieving national and municipal strategic objectives often depends on high-quality 
data. This dissertation examines historical and current datasets, as well as the data 
needed to integrate emerging technologies. Effective public space management requires 
digitizing existing datasets—ideally with geolocation—and understanding the context 
in which data were collected. Digital twin applications for public space also require 
more detailed and integrated ecological information. Challenges persist, including 
heterogeneous data formats, a lack of standardization, and limited interoperability 
between ecological and built-environment datasets. 

The dissertation concludes that sustainable and inclusive management of urban 
greenery depends on consistent, long-term data management practices, inclusive design 
processes, and modelling tools grounded in digital technologies. To realize the potential 
of digital twins for adaptive green infrastructure management, cities must address: 

− technical challenges – interoperability between systems and cross-utilization
of data;

− organizational challenges – strengthening public-sector digital competencies 
and improving service design; and

− governance challenges – securing funding for system development and
maintenance, and creating appropriate legal frameworks.
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Abstract 
Management of Urban Public Spaces: Challenges and Future 
Directions from a Municipal Perspective 
This doctoral thesis examines how data-driven approaches and digital twin technologies 
can enhance the sustainable planning and management of urban public green spaces. 
The motivation lies in the growing need to integrate ecological complexity and diverse 
user requirements into municipal decision-making, particularly as cities confront climate 
change, biodiversity loss, and demographic shifts. The study identifies significant gaps in 
existing urban greenery data—fragmentation, inconsistent quality, limited spatial 
precision, and poor interoperability—that constrains long-term monitoring, inclusive 
design, and adaptive management. 

The research introduces novelty by combining historical analysis, contemporary field 
assessments, and a systematic literature review of digital twins to form an integrated 
perspective on past, present, and future public space governance. It addresses the 
problem through three case-based research streams: reconstructing historical greenery 
data and assessing its management usability; evaluating inclusivity in newly redeveloped 
public spaces using age-friendly design criteria; and reviewing global practices for 
integrating dynamic ecological information into digital twin platforms. 

Methodologically, the study employs archival analysis of historical maps, photographs, 
and inventories; fieldwork-based evaluations of public spaces; and a PRISMA-guided 
literature review of ecological digital twin applications. Results reveal that, although 
historical inventories offer valuable insights, methodological inconsistencies hinder 
comparability. In contemporary projects, aesthetic and architectural goals often 
overshadow systematic use of demographic and behavioural data, limiting inclusivity. 
Digital twin applications for greenery remain at an early stage, dominated by static 
models with limited ecological parameters; however, advances in sensor technology, AI 
modelling, and cross-sector collaboration hold substantial potential. 

The thesis concludes that effective and inclusive urban greenery management 
requires consistent long-term data practices, robust interoperability, integration of 
universal design principles, and digitally enabled modelling tools. Realising the potential 
of digital twins will necessitate overcoming technical and institutional barriers, 
establishing ecological data governance, and fostering collaboration among planning, 
ecological, and information technology domains. These findings contribute theoretically 
to urban studies and offer practical recommendations for planners, landscape managers, 
and policymakers seeking resilient, adaptive public space solutions. 
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Lühikokkuvõte 
Linnaliste avalike alade korraldus. Probleemid ja 
tulevikusuunad omavalitsuse vaates 
Käesolev doktoritöö uurib, kuidas andmepõhine lähenemisviis ja digikaksiku tehnoloogia 
saavad aidata kaasa linnade avalike rohealade jätkusuutlikule planeerimisele ja 
korraldamisele. Linnade väljakutsed seoses kliima- ja demograafiliste muutuste ning 
elurikkuse kaoga on tekitanud järjest kasvava vajaduse põimida kohalike omavalitsuste 
otsustusprotsessi loodussüsteemide ökoloogiline keerukus ja ruumi kasutajate 
mitmekesised vajadused. Uurimus toob esile olulised lüngad linnahaljastust käsitlevates 
andmestikes. Andmete killustatus, ebaühtlane kvaliteet, piiratud ruumiline täpsus ja 
vähene ristkasutatavus – kõik see takistab pikaajalist seiret, kaasava disaini kasutamist 
ning linnaruumi andmepõhist korraldamist. 

Uurimistöö teaduslik uudsus peitub ajaloolise analüüsi, tänapäevaste välitööde ning 
digitaalkaksikuid käsitleva süstemaatilise kirjanduse ülevaate ühendamises, et tuua 
avalikku haldusesse terviklik minevikku, olevikku ja tulevikku ühendav vaatenurk. 
Probleemi käsitletakse kolme juhtumipõhise uurimissuuna alusel: ajalooliste 
haljastusandmete taastamine, et selgitada välja, kas neid saab kasutada haljastuse 
korraldamise otsustes; hiljuti ümber kujundatud avalike linnakeskuste hindamine 
easõbralikkuse ja kaasava disaini vaatest; ning ülevaade digikaksiku platvormidele 
dünaamilise keskkonnateabe integreerimise rahvusvahelistest praktikatest. 

Metoodiliselt rakendati teadustöö läbiviimisel ajalooliste kaartide, fotode ja 
inventuuride arhiiviuuringuid, välitöödel põhinevat avaliku ruumi hindamist ja 
PRISMA-metoodikast lähtuvat kirjanduse ülevaadet keskkonnaandmeid kasutavatest 
dünaamilistest digikaksikutest. Tulemused näitavad, et kuigi ajaloolised inventuuriandmed 
pakuvad väärtuslikku taustainfot, on andmete võrreldavus metoodiliste ebajärjepidevuste 
tõttu raskendatud. Tänapäevastes projektides seatakse esteetilised ja arhitektuurilised 
eesmärgid sageli demograafilise ja käitumuslike andmete süstemaatilisest rakendamisest 
kõrgemale. Digikaksikute haljastusrakendused on endiselt varases arenguetapis ning 
lähtuvad valdavalt staatilistest mudelitest, millesse on integreeritud vaid üksikud 
keskkonnaparameetrid; siiski pakuvad arengud sensortehnoloogias, tehisintellektil 
põhinevas modelleerimises ja valdkondadevahelises koostöös märkimisväärset 
tulevikupotentsiaali. 

Doktoritöö lõppjäreldus kinnitab, et efektiivne ja kaasav linnahaljastuse korraldus 
eeldab järjepidevaid andmehalduse tavasid, tõhusat koostalitusvõimet, universaalse 
disaini põhimõtete rakendamist ja digitaalselt toetatud modelleerimisvahendite 
kasutust. Digikaksikute potentsiaali täielikuks elluviimiseks tuleb ületada tehnilised ja 
institutsionaalsed tõkked, kehtestada linnaruumi keskkonnaandmestiku ülesehitust ja 
haldamist reguleeriv raamistik ning toetada planeerimise, ökoloogia ja infotehnoloogia 
valdkondade vahelist koostööd. Uurimistöö tulemused annavad panuse linnauuringute 
teoreetilisse pagasisse ning pakuvad planeerijatele, linnahaljastuse korraldajatele ja 
poliitikakujundatele praktilisi soovitusi vastupidavate ja kohanemisvõimeliste avalike 
ruumide loomiseks 
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Appendix 1 

Publication I 
Kristiina Kupper, Nele Nutt, Minea Kaplinski-Sauk. 2025. Data from Urban Tree Surveys of 
the 19th-21st Centuries as Input for Planning the Maintenance of Historical Tree Stands. 
Case Study of Kaarli Puiestee in Tallinn, Estonia. Baltic Forestry, 31 (1). 
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
Nutt, N.; Salmistu, S.; Kupper, K.; Kotval, Z. 2024. Assessing age-friendliness of 
contemporary urban outdoor places in Estonia. Quality in Ageing and Older Adults, 25 
(3), 204−219, August 2024. 
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'� Ĥ67BI>B<Y84B<8 6<A _7A49YAH7IJ�R� �LU����$$��K�OO�
��%������N/��L�LLM����K����P�U����U��T���� �̀�����
�T���
	� ��
���	���������a*�����#�
�������#
�!�� ��$��
���������*������

�!�� !�$��� ���"�����#��
���"*+��*��
���$�
��
�!�� �
�!������V
�����'�296]4JbX?H9<67?CI34cH]6<BIB4J6<Ad?=B67d=B4<=4J�R� ��PU����$��P��
��%���O�LK/��������������*�  �$
���)���
1�����������������(�+�����������
�"���"%�"��
�����e�� ������
�*�#������#f�"��#����
 �g!����
'�D<B:49JBI>?C2?9?<I?̂ H69I497>�R� �M�U����$$���P�����
��%���O�ON/��e�M���������+ �!S�� �*�"��!��#)���
�����P����"��#����
 �!���������
��� ������"��
�%�
��"��
�!����
�����
���$��"��

'����� �+ ���%*��$%//$�+ �!�����
�"!�!�/!�  �!����
/!�  �!����Q���K/�
$!�$*�!/S�OP�PL����P���"�$
#	� ��
���	���
T���� �̀�����O���	$���� ������������
��
+�� ������������#������
��
��� �$��"�"��#����
 �!���������
#��� �*�$��
$�!�����#��+��$ �����"��

�
�"�'�WBIB4J�R� �����$������L�
��%������K/h�!����
����O������L�	������.�����L���V�������h�
�
��"�����
��������
����� ���� �
���h��
�
�
$��"�������*����� ���������i��� j!��
�
����"�*����

�#�*�� 
�� ���
�
�"���"V
������$�+ �!
$�!�
-��*�*��k��$ ��#��*����� ���������!*���!���� $��"���l'���
���a*�
�
�a�  ���(�����
����#a�!*�� �"��	!*�� �#V�"�������"�a����)�  �"��	�-��������
���"*��T�����L��234Y==4JJm6<H67nYHABIB<86<Am6<68B<8o<=7HJB:4pHB7I;<:B9?<]4<IJ���
�
��� �!�-�  ��+ �
*������
���	����i ��	�$$��"�S��a��  �V������
	� ��
���	�����O���	$���� $ �����"��
����� -�  +���"%S�-����
�!�
�!�� �
� �������
 ��� ���

����+�������������
'���	�
�
�����T��
��+� �T��T��
���q��	����i ��	�$$��"�S��a��
��+��"�T���
��i����T��V

��;JI?<B6<cH]6<r4:47?@]4<IF4@?9Istsubm4<I67c467I36<Av477wp4B<8�V
������)��$��������

��+ ��$$�$$�O�M��O������� �+ ���%*��$
%//��������"���/��/P�O�
$���� �$ �����"���
������ �-�  �+���"�*�-������
�!��
�!�� ��
� ��������
� ��� ���

������+��������������
/	����
��!
V
���������M�����$� �����$��h�!�����������N�+�!�������

�k�.R�NN�'����� �+ ���%*��$
%//��
��
�
������/��/
���/��*��
���QQ��*��
���������h�
�h�����

��
QQ��*������h����*��
��������

��
/.R�NN	����
��!
V
���������O�����$� �����+������!������
�k��
�"�"���$��0�������.R���(�'����� �+ ���%*��$
%//��
��
�
������/��/
���/��*��
���QQ��*��
���������h�
�h�����

��
QQ��*������h����*��
��������

��
/.R���(	��� 
�	�����P���T��!*���!����
��!
�#�"��#����
 �!����
��
!���������
%������-'�WBIB4J�R� ��L�$$��P�P��
��%������K/h�!����
����P��������R��S��#�0��R��q��S�����.�&����S�

����R��	��� 
������x�S��S� 
�+�
!*�0��

�������a���
q������0���������S�-� 
��$��$ ��k$�����!��*��"��#����
 ���

�#�*�S�"��%�e�����������
��
�'�WBIB4J�R� �����$���OPKN�
��%������K/h�!����
��������OPKN�x��"�	��y��"�V�S�T���
	���y���������V##�!�
�#�$��
$�!��!!�

�+� �����
e�� ������ 
���
� �
g��
��%$ �����"��-��

�e�� ��"*����*�!���'�WBIB4J�R� ���P�$���OK���
��%������K/h�!����
��������OK���xSz.�"���� z##�!�#��V���$�����N����"��#����
 ������������
��V���$�%��
�!����
����������"��
�

�

����
'����� �+ ���%---������-*�����/��/*�� �*���$�!
/��#��
��"�
/*�� �*���"���"/$�+ �!�����
/���N/�"��#����
 �������������
��������$����
�!����
�����������"���
��

�

����
����NxSz����L���)*�!� �
��#�

����� #������
�#�"��#����
 �!����
'����� �+ ���%*��$
%//�k�������-*�����/�"�#����
 �-�� 
/-$�!������/�$ ��

/���N/��/�"��&����
 ��)*�!� �
��xSz�
���$
# {|}~������~�����~�������~�}���{



��������	
��
���������
��
����
�����
��������
�������
����������
�����������
������ �
���!!!"!��"���#$� ���������#�#��
%#&'(&�)���&*&�+����
,"
����
�
�"-"���.��
����

/"����&	
���
���%��� ����
�������� ����0��������
������������0����
1
0�
234567856696:
;��")<�"�
$$"=��)�
������"�'*)�#�$"�)��"�(&�"+���
>"
?���0
/"@"���A��
� 
��
�"�"����=	
�@�
�������
��$
�����$��
������
$� ����
��
��0
B
����
�����
��
������ ��@�����
23456CDE:35FGH
;��"))<�"�
$$"�&�(�
������"��(�#��'�=*=("����"�&'&�()"IJKKLMNJOPQORSTUVJK+
���W�������� 
�������
����1�����X%��"
��

.������������������!�����
��
$�����������������

$�
��
��������!
 ���
�!!!"
%
��������$$� �������"��%#���
�����#�
$�����"��%�������������������
��
������$
�%�������X
%
�����������"��%YZ[\]̂_̀ â\bĉab\ade]dcf\d[]_gY
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Publication III 
Laura Mrosla, Henna Fabritius, Kristiina Kupper, Fabian Dembski, Pia Fricker. What 
grows, adapts and lives in the digital sphere? Systematic Literature Review on the 
Dynamic Modelling of Flora and Fauna in Digital Twins. Ecological Modelling, 504 article 
111091, January 2025. 





��������	
�����
�
���������
����������������

������������������������������ ��!�"#��$��%�#������"%����#&�"'�("����#%�'��#���#�%�&������!�#�)�����*�"����+,+%+- +�.�##��/�,�������+�0������#��0�11���+%+�/�,��#�2��,�3�%+�4���/���3��,�5��6
��7������8���9:����7����
��;�������<�����
��=��8�;�>������=��6����?��������@��ABCAC�;��������6
�����,D�
���:�����8�E�>����>�F����9>������8�E��
��D�
��������E�>����>�F����E�����<�����
��=��G�����:������AH��IBA@I�6

����5�������;�������<�J���6������:��������KFJ��>����L
�D�
���:�����M�J��F
���N��?�L�O��A@APP�;��������6
�����%D�
���:�����8�7�����6���������������E�>����>�F����;�������<�����
��=��8�;�>������=��6����?��������@��ABCAC�;�������6
�����QRSTU)V�TW/XY�=	���
Z2�&������!�#2�#������"%����#&/�"����#%�'��#�W��������# ��"#��#������������������������� ��!V�"�"&�
Q[�SRQUSS$���"%����#&�"'�("����#%�'��#����� �����'"���#%�����#%�#&��#%�%�&���������1����#��#&�"����# ��"#��#�+������$����%�#������"%����#&��#�%�&������!�#����&��,�$�#%�$���#\��%���# �#��"#����3����#�'������#&��#%��$��,������# ��"#��#�]�S$���#���%����1��#����#������"'��$����������$��"�1������������3�#&��% �#����#��+��#%�#"��"�1��$�#�� ��" �� ��!��̂����]�S$��������������)����������R� ��!�_�)R̀+����#&��$��4RT�*Q����$"%+��%%��������$���&�1�,���#�����#&����%����"#�%�#������"%����#&�"'�("����#%�'��#���#�%�&������!�#���#%�a2�������"%���]�T���" ����%�����1�� �����������#%�b�������� ����1����+��%�#��'��#&�3����������$�c��%�+�%������"#�+������+��#%�%�\ ��"1���]�Q%%���"#����+��$����)R�%�������"#�%�&������!�#�%���+��"%����#&����$#�b���+�������"��+�������̂1����#���!��$�$���#\�"�1������#�������"#+��#%���$������"#��%�����"#�]�S$��c#%�#&��$�&$��&$���$����$��%�&������!�#��"#��1�����,��#&��#������#&����11���%��"��$��%�#��������"%����#&�"'�("����#%�'��#�]�*"��" ��+��$��,�"�%����� �#���"'��$����������$����%��"#������%����"��� ���"���c��%���#���%�#&���"�"&�+�'"������+���,�#����%���+��#%��&���������+�!$����%� ��������$"%���#%����$#"�"&�����������%+��$"�&$�1�"&����������#���#� �#]�U����#���+�1������"#��&����������������%�#&��$��!����#����"����%+�,�%������"#�����#�$�"#�����"#�,��!��#�%�&������!�#���#%��$����1$��������"�#���1����]�U"�1����#��#&����%���"#����"%����#&����$#�b����!��$�QT��#%����$�#������#�#&�!$�����11�"1�����+��̂1�#%���"%����#&���1�,�������]�*��#!$���+�������"%����#���'������#$�#����$��������� ��������̂1����#��]�2��1�����$�����% �#���+��$����#&���1��������#�%����� ����,�����+�'"�#%���"#���3#"!��%&�+��"�1��̂��#�������"#��"%����#&+����#%��%�����"#��#%����#�'���,�����+��#%����"��#&��$��#��%�'"���"#��#��%��������$]�2�&������!�#��'"���$��,�"�����# ��"#��#���$"!�1�"������#���11"���#&�d#���%�W���"#��������#�,���2� ��"1��#��e"����f+�gg+�ga+�gh+��#%�gi]�S$���" �� ��!���11"�����������$�����#%�1�������"#�����#�%� ��"1�#&�%�&������!�#��11������"#��!$��$��#���%��("����#%�'��#�]jklmnopqrsntpm�������#�"�����!��$����$#"�"&�����%� ��"1��#�+��$��,�"�����# �\�"#��#������#%��&"�#&�%����������#�'"�����"#���"%���_*"���������]+�fufgv�W"��#������]+�fugẁ]�S$���#�������"'��$��$���#�1"1�����"#���������������'"���$���̂1�#��"#�"'�$���#���������#��+�����������%���,�#�����"#�_*�0�##��+�fuuwv���������#%�)�3��+�fugiv�S$�"%"�"�+�fuff̀��#%�����#&��&�����������%���#%�_0�$"�������]+�fugx̀]�/���$��+�1"�����"#+�" ��\�̂1�"�����"#�"'�,�"�"&��������"������_�$� �##�+�fufù+��"#"���������'"�������_)��������]+�fugw�̀+��#%�"�$���$���#\��%���#(��#����_/"���������]+�fuuiv�S��$��#�3�������]+�fugf̀�'����������$�,������"��+������#&�,�"����$"�"&�#�����"#+��"���"'�,�"%� �������_*�0�##��+�fuuwv���������#%�)�3��+�
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u	



�������������	
�����
����������������
������������������������������ ����!���" �� �#�!���$�����$����# �#�����%������#�� ���&!��� ��'��(��!#�)���!�&*%�� ������� ��+������!�!���),���-�� �#��.#.�% ���� ����!����/0%��������.,�12113.�4!! � ������,�!���� ��������!��� �����%���#%��%��5����( �#����%�!�678���9�

���
��:�
����;9��
<����
�=7::;>�?������@�A*���$�������!���� ����$���-�� �������%�!��/A44B3���*����!� ���%���������!�*�$� ��+� ���� ����!��CDA,�4 �$�����E�����A���� �#�/4EA3�/C�$��(��������.,�12FG3,����� �*�������!����/0%��������.,�12113,�E #%�������� ���4�!�H��# �#�/E �4H3�������5����I������!�4�� ���J�% �����/I4J3�/K!����� ������.,�1211L�E�������.,�121M3,�� �+$�������!������� ��� ��#����/C�$��(��������.,�12FNL�0%��������.,�12113���!�*%���#���������/O������ ������.,�12123.P
�	
�Q9�����?������@�C����!+$���!�!����������� ������%�!����R� ���*%�� ����*����������� �����������*����!�! �����������%������� �������$S�����5� �������.�T%�������%�!�������������� 5��!��%����%��A44B����%�!�.�T������� ���E�����A���� �#�/TEA3�/C��������.,�1211L�U�V��'�������.,�12FWL�A%�������.,�12113,�X�$ ���E�����A���� �#�/XEA3,�E �4H���!���%���E�����A���� �#����%�!��/C�$��(��������.,�12FNL�Y��#������.,�12113��������*���$������%����# �������%��A44B��%���������* ���������!�5���#����!+$���!�-�#���� ���!����������� ��.C����!+$���!�!����������� ��� �� ��������������� ������������ �!���������������%���#%� ��*��� ���,�V��!����-������!��������������/C�$��(��������.,�12FNL�U�V��'�������.,�12FWL�O������ ������.,�1212L�E�������.,�121ML�E�'����!�C��,�121FL�A'�$���-������.,�1211�3.�X���������%�!�������� !����$����$S��� -�,���$�� ���,�� ��+������ �#,������!����� �%��%�����%������%�!�,���!�%����,��"*��� -��/O������ ������.,�1212L�E ���!�Y��#,�122GL�Z���������.,�12FN3.�X����-��,��%�������%�!��*�����%�����#��� ��V��!��� '��� -�����'�5��� �#�/X �%�����!�A%����,�121M3,���!��������!���������� ���� �5����� �����������% �!�����%��� ��� �������!�����������5� �5����� ���/O� $$�������.,�12113.���������.#.��%��� ���!��%������ �#�,����*��!�( �%�������5�����!���!�!����%��-��� �#������,�C��������.�/12113��������%����������!����������� ��� ����� �#�������� - ��.�4������������� -�,�CDA��������,�! -���������������!�[�T����%����# �����!���%�����$ ������%����# �����(����$������� ������!����������� �����!� �*��-�������� $ � ���/U�!���+A� �%������.,�121FL�X �%�����!�A%����,�121ML�J�������.,�12FG3.�\����%��������� ���*!�� �#���!� ���#��� ����5���������!�/��(3�!���� ����! # �����( ���������,�����!����*�� �#�/X �%�����!�A%����,�121M3����/���� �������3��!#�����*�� �#�/K!����� ������.,�12113�������*����!.]
���̂�_���������̀
��a���@������?�
�
a��
��7b
������������c��������
@������� � �#����%�!�������**� �!�����"���������5��� �5����� ��,��.#.�!�� -���%�����������*��5������*� �������!�/C�$��(��������.,�12FN3.�X����-��,�/����%�� �3�!���� ��������!��%���#%���!��� �#����%� R���,�(% �%�����5���%���!���� $�!� ���%�*����M.d�X�!���.����e�c�����
a����
������f	����b��
���<����9����b\������� �#5���'��(��!#���"����� ��,�% #%+R��� ���!���� ��*���+�����,���!��%������ �#�����!�����55�����*!�� �#�5��R���� ��,��%��E�-����5����� ��/E��3,��.#.����*��" ����5�M����*�������� ���,���!�����������5��%��! # �����( ��,� �*�! �#�5���%���*��#�����/g%�5����!�O�����,�121F3.�H������%����� �����-�������������5��� ���5V� ����!������-���#��5���!�+��� ����!��� �#�h������!�5����,� ����! �#������ �� ���� ���-� ��$ � ���/J���K-���������.,�121M3���!��55��!�$ � ����5����%����# �����!� �5��+����������/Y��#������.,�12113,� �������� �����!� ��!�R��� ��� ������ �#��R� *�����/O� $$�������.,�1211L�Y��#������.,�12113,���!��"�������5�������� '���$������ ���� �������� ���!����������� ���/O����*�� �������.,�12FNL�� ��!�$��0�'����!�X�S���,�12113.�K-���(%���!���������-� ��$��,���������!���� ���R���� ���������5�R��� �����!�����-����.�T%�������R�����������*��� ���������- !���� �����% �������� �#��**� ��� ����( �% ��! # �����( ��,�(% �%���R� �����$����� ���!��������55��� -������������!���V������! � �����*��$�$ � � ����.#.�������!����*��������������!������ � ����/i�%������������.,�121F3.�X����-��,���'����%�����#��� ��� ���%��%�����+#��� �����!�! -��� ����5�!���,���R� � �#�����!��! j �#�!���+�%�� �#�*����������������! # �����( �� �*�������� ���,� ����! �#�!��������������!���� ������� $����.�T%��*��� 5���� ����5�*��������������������%� ����

!�$�,� �����*���$ � ��� �����,���!�#�-��������$��� ���,�! � � �% �#��%��-������5�! # �����( �����������������/k��������������.,�12113.����l�7��
��
����
���������
�a���
���b�����m���� �#�! # �����( ����5�h������!�5�������R� ����!�����##��#�� �����!�����#�����.�B����5��%���� ���%�����#���%���$�� ������������ �����*���$ � ���$��(����! 55������!���$����,�����������!�����!��!��/O��j���������.,�1212L�E� ������.,�121M3.�[���%���������!�*�$� ��� ���,�!��������#������ �� ��������������������� ���!�����-����*��� �����!���� $�!.n
9�
�o
<�
�
��
�@�\����%����$�����- �������,�k� �! �#�[�5����� ���X�!��� �#�/k[X3�/C���p�+C���S�������.,�12123���!�m ���[�5����� ���X�!��� �#�/m[X3�5�� � ����� �5����� ����%�� �#���!��"�%��#�,���%��� �#��%���5V� �������!������ ��$ � ����5�*���� �#,�!�� #�,���������� ��,���!�����#�����.�4!! � ������,�E��!���*��[�5����� ���X�!��� �#�/E[X3��!!��������%���*�� V�����!���5����!���*�����% ���������*��S����,���%��� �#��%� ��*���� �#���!��"���� ���/A%�������.,�12113.�m ��+( !���������# �����,�(% �%���*���������!���!�������+��-���*����������q����%����! ����������$������%� #%�,�-�����,������ ��,��*�� ���#���*�q�������*����!�5�������� �5����� �������#��������!������#��/T��%���*r�r�,�12Fs3.m ��CXE� ����( !�������!� ������� ������*�������!��!�5�����$�����- ��������������*��� �#���*��������%������$���#�������,���*���#�,���!������� ���(% �����**��� �#�-�� ������-�����5�!��� ��/C���p�+C���S�������.,�1212L�O������ ������.,�1212L�J�������.,�12FGL�0%��#������.,�12113.�T��*��-�����$����������,�m ��CXE�%��� ����*�����!������%�� ���'��(�����4**� ��� �����-���*�����K"���� ���/4�K3�������$����%����!��� �#��5��!! � ����� �5����� ��,����� � � �������� � *���!�/O������ ������.,�1212L�J�������.,�12FG3.�A ����m ��CXE�M.2,��%������� j�����!�������$�����%����*�������� �����!�����#�������5�!���� ��!����q����%����� ��+-��� �#������%� #%�����!�� ����� �����������q�( �% ���%��M��� �����!���/O������ ������.,�12123.:a
��	��	
���7����
@�[���%���#� ���������������,�!����*���� � �#��������#��������� - � ����������! � ������������!�( �% ��\����X���#�+�����[�5����� ���A�������/\X[A3.�T%�����������������-� ��$��� ��-�� ����������� ���-��� ���,�������5�(% �%����'� �����*���$ � ��.������������ ����\X[A� ����* ������*��5����!���������,����! �#�����%�����#��� ���$�� � �#������������!��*+��+!���� �5����� ��.����* ����%��!�-���*+������5�����!��!��5���!����*������ �#,������%�-����% �-�!�( !��*���!��!�*� ��.�/O� $$�������.,�12113c
���Q�����
@�C��#��*% ��[�5����� ���A�������/C[A3����������������*����!�5��������� �#,�� ����� �#,�- ���� � �#���!�����# �#�#��#��*% ��!���,��.#.� ���%������� ����5���- ������$�#�����������/k�#A �+�JH3�/m ��� �������.,�12113.T����[�5����� ���X�!��� �#�/T[X3�5�� � �����������+! �� *� �����'��(��!#���%�� �#��$���������,��� �#���T��������� *� ���A������/T�A3,�(% �%�����!��! ���������!���� *� ����( �%�$�� �� �5����� �����#����!�#������ ����*�������� ���.�T%��% #%�E�-����5����� ��/E��3��5�T�A���'��� ���!�*��$���5���-�� �����**� ��� ���,� ���#��� �#�5���������� ����,�\���� �����A����������D�����X�!��� �#�/\ADX3���!�$� �! �#���- ���+������ �������� V�!�*���5����/A%�������.,�12113.4**� ��� ���D��#���� �#�[����5�����/4D[3�����(����������!���� ������� �����!�����! ������!� ��-�� ���������"��,����%����5����%��#��*% ��� ���%��k�#A �+JH�/m ��� �������.,�12113,� ���#��� �#��% �!+*�����!����� '��(���%���5���������/K!����� ������.,�1211L�J�������.,�12FG3,�������� �#�!����5����$���% -����������/i�%������������.,�121F3���!�������� �#�T����[�5����� ���X�!��� �#�/T[X3����k� �! �#�[�5����� ���X�!��� �#�/k[X3���!�C[A�/E�'����!�C��,�121FL�A%�������.,�12113.��e�?�������e�t�7b�����������T%��$�� ���5���! # �����( ���������� ����5���!����( �%�-��� �#����*��" �����!� ���#��� �����-���.�T%�������#��5����� �#�����!����������� +���������� +!��� ����!����������� �#����� *���% #%+��-������������!�����%�������������$+��!�����5�-�� ������*������5��%��*%�� ����

u��?
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������vwxyxz{w|y�}x~�yy{�z�������������������

��



��������	��
����������
�������	��	��������	����������������
���������
����
���������������	�����������	������	������������
�������	��������������
��������	�����	����������	��
�
���������
������������������
���������
���������������	���������������������	��
���������� 
��������������
��
�
��������
�	����
���	
����������
��
�
��
�!����������
��"�
#�	������$%�� ����������	��������	������
������������������������
��
�	� ���������������
�����
�
�����&���'	���#�(��	�	������	�������$���(�������	�����������	����
�����	�����)��	������
���	��	�������������
��
������������������
����������)�������	��������	�
�	�������
��	��
�
��������	���������
��������
	����*	��+	�*�	�,	����	����������-./.0.123456789:;�<=7>�<?9�@:7A8B<;=@=:>��
���������
��	�����������
���������
�����������
���������������������	��
��	���������	�
��
���������������������	�����
��&�)��C���&��������	��)���
	������
�������	�����
�	��������������	��)���
	��������������������
��
�	�	�����
�������!��
�D���
���������������������	�������
��������������
�D���
�����������E������	����������	���	��������F���)�	���	�����	���
�	��	��
�	����
�
��������
�����������������	��
��&�����	��������	��������
��	���
�����	�)��
�	����	�	�����
����)��������	�����������������	
�	��	��������G�����
����	�������������������
 ������������
�
���	����	����
���	����
��G�	����	,����	�����������H����
��
�	���	�
��	���	�)��
������)����������)��������	�����	��
�	����
�	���������������I��	��
������	�������$�����	��������
�	��	����J
���������	����	����	���	
��
���	����
����������	�)�
��
�������K����H�
��	�	�����	��	�����L�������������
��������
�	�
����K��������	�	��	�����	�	����������������
�	���
��!������
����)��������������	�	��	������	������	�	��
��	
���������������
����������)���������������	��������%�� ����������	�����������

���	���	��
�	��
���
��H��)�
����	�������$��M:>NB=A@=O:�P89:;>Q�R�
��������������
��&�)��C������	����	
�
�
��������
����	����	���	�����
���)��	������
��S����
�����
������������	����
������
���	��
����������������	����������	��T�����
�	��
���*���	�	�����	������$C����������
�
����
�	��
��	
���������������������	�	��S��
���
�����	)�������	���
	��	���������)����
��������������
������	����	���
������	��������
�
�������������)����	�)������������	�����
���	������������	����I��	��
������	�������$%�H�
��	�	�����	��	�����L%�U�	�����	���������������������������
���������)������	
��������
���	�������!������
������
�������
�
��H������������
�������
�	

�
��������	�	�������	����������
�����	 ��)�	����	��	��	�	��
�
��
������������������
��H��)�
����	�������$���F��
�������
���������
���	��
��
���)��
�
���������

�
����
���������
����	
�)�������
��)	
�����	�)���V�����������	��������%�*	���+	�*�	�,	����	��������%�*������	���������������������������
�	��
��
����	
���������
���
��������
���������������	�����������������������������������I��	��
������	�������$��������������	��
�	)�
��
�����
��� ����������	���������������
�
�������
���	�����
����	
�����)���
W��������"����������	�����������F�����	��	�
�������
�)��������������
����W���	��	���
����
�����������
�����	 ��)����)���������	�����"�
#�	������$���
���
���	�������
�	����
�������������
��H��)�
����	�������$�����
���	�����	�������
�	�W
���I������
����	������$X��M:@:N@=8?�P89:;>Q�S����)��	������
�����������������
�
	�����	������	������������	��
����������
���)� ���
�
����
�	��
��F��
�
������
������
����)���	�����������	����������	���Y��	
��������������������	�	�	�����������)�������	���)�
��!������
�Y����	��
����	���	����	��)����������������
���	����������	����S�	)��	�	��
�
��	
������������������
�	����	���)������
��
��������
��
���
��������������
����������)���������������
�����

Z[\]�̂](
����
��
��
���������
�����������������������	����
����	

�W���	�������)��������������
��	�	�K���	���
��������
	����������������������	��	����������
��	���������
%�
������	��
��
�������	

�W�	������
���&�)��$�����
���
���������	������	���)�
�
�����	�	��)����������
���	������������������	��������)����������������	������	���������	��������
��������������)����������������	������F�����	)�	����)���)��
�����������	���	��
��
����
��
�
���
D��
����������������������	�������
��������D
�	����)�
�����	
������	�����	������
�����
�

_.�PB8>;<�:@�<;.����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������àbcbdeafc�gbhiccejd�klm�nopoqr�ssslts�
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