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ABSTRACT

Urban green infrastructure (UGI) is increasingly recognised as a crucial element in sustainable urban
development, delivering a range of ecosystem services that enhance environmental quality and human
health and wellbeing. Although its significance is increasing, categorizations and terminology have not
been uniformly consistent and research results are not easily comparable, which has hindered the
establishment of standardized assessment approaches. The aim of this study was to characterize the UGI
by combining the dimensions of biodiversity and ecosystem services into one analytical framework.
Descriptive and comparative statistical analyses were used to investigate the spatial distribution of
classes of urban green infrastructure, terminology used for the classification of urban green
infrastructure and the research objectives. The results indicated that more biodiversity-related studies
were conducted than ecosystem service oriented studies: biodiversity research was mainly based on the
study of plants and birds; the studies on urban heat island mitigation, air quality improvement and water
related services were the major ecosystem service themes. The study demonstrates that biodiversity
conservation and ecosystem service provision can go together and underlines the value of having a
common classification system for the consistent assessment of UGI. The results of these analyses are
useful for an informed approach to urban planning, biodiversity protection and environmental

sustainability.
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1. Introduction

Natural landscapes have been modified by urbanisation, which has resulted in the fragmentation
of natural habitats, loss of biodiversity and degradation of ecological functions. With
urbanisation on the rise, ecological integrity and the need to satisfy social and environmental
requirements are a challenge for urban planners and environmental researchers alike (Behm et al.,
2022). In the era of climate change, urban green infrastructure (UGI), which is characterized by
its network of interconnected natural and semi-natural green spaces including forests, street trees,
wetlands, gardens and green roofs has become a viable tool for advancing the environmental
sustainability and urban resilience agenda. UGI is an irreplaceable part of sustainable urban
development (SD), as it offers a range of benefits beyond its aesthetic appeal, such as
contributing to biodiversity conservation, climate regulation, water management, air quality
improvement, and human well-being (Grilo et al., 2022; Guillen-Cruz et al., 2021). If vegetation
is present, the ecological value of the urban green infrastructure is also reflected in its ability to
provide a wide range of ecosystem services and biological communities (Cheng et al., 2021).
Ecosystem services directly impact environmental quality and public health, and urban
biodiversity helps to support ecosystem stability, nutrient cycling, pollination, carbon
sequestration and habitat provision (de Manuel et al., 2021). Recent studies have shown that
urban green spaces are beneficial for biodiversity, as well as ecosystem functions that are
advantageous for urban residents, which should be taken into account in integrated approaches
that include both ecological and societal effects (Kowarik et al., 2025). Therefore, the scope for
the assessment of urban green infrastructure has become more comprehensive, with biodiversity

conservation and assessment of ecosystem services complementing each other.

Although the importance of multifunctionality in UGI is becoming increasingly evident, there is
still a high degree of incongruity in the definition, classification and evaluation of UGI. The
terms, classification systems, and assessment criteria used in various studies depend on the goals
of the research, the geographical boundaries, or the discipline of the study (Evans et al., 2022).
The same components occurring in the urban landscape can have various names, and the same
name can encompass a variety of forms of green infrastructure, depending on the study. These
inconsistencies make it difficult for comparison between investigations, for data integration and

for the transferability of research results to various regions and planning contexts. Lack of
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standard classification system also hinders the formulation of comprehensive approaches to
urban biodiversity conservation and ecosystem service management (ESM) (Grilo et al., 2022;

Zhang & MacKenzie, 2024).

Biodiversity conservation and ecosystem service provision have been the focus of previous
investigations, both as separate research domains, but they are also inextricably linked in urban
ecosystems. Biodiversity can shape the ability of green infrastructure to provide ecosystem
services, and ecosystem services can offer indicators of ecological function and society benefits
(Fan et al., 2023). The combined approach helps to gain a complete picture of the environmental
function of UGIs and enables evidence-based planning decisions. Additionally, recent research
has shown that vegetation composition, habitat diversity and landscape configuration play a role
in shaping ecological processes and in turn affect regulating, provisioning, supporting and
cultural ecosystem services in both urban and non-urban settings (Felappi et al., 2024; Guillen-

Cruz et al., 2021).

The ecological and human benefits provided by urban green infrastructure are variable,
depending on the type of vegetation and habitat (how complex it is), how connected it is to other
habitats, and the way that it is managed. Structurally diverse green spaces have been proven to
improve the invertebrate diversity, quality of habitat, and resilience of urban landscapes
(Hagemann et al., 2020). Likewise, healthier parks and natural green spaces have been linked to
better mental health, more places to relax and enjoy the outdoors, and greater community
commitment to conserving wildlife. The results highlight that the ecological contribution of
urban green infrastructure is not limited to biodiversity conservation alone, but also covers
various other environmental and social benefits contributing to sustainable urban development
(Felappi et al., 2024; Sharmin et al., 2024). The growing attention on NbS and climate resilient

cities has strengthened the need to systematically characterize UGI.

Accurate classification also allows for ecological characteristics to be compared between urban
landscapes, the impact of planning interventions to be assessed and opportunities to increase the
delivery of ecosystem services and biodiversity benefits (Hanna et al., 2024). Comprehensive
classification systems can also help to communicate between researchers, planners, and policy

makers by providing common terminology and consistent assessment criteria. These practices
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enable better urban planning processes to better consider biodiversity conservation, ecosystem
function, and human welfare together, serving long-term environmental sustainability (Kowarik

et al., 2025; Zhang & MacKenzie, 2024).

In this context, the present study seeks to define the urban green infrastructure through the
consolidation of a classification dataset that integrates both biodiversity and ecosystem services
dimensions, with a single analysis (Hansen et al., 2023). The study reviews the distribution of
classes of urban green infrastructures, classification terminology and research objectives as
reflected in published studies and offers a systematic evaluation of the existing classification
patterns and their associations with biodiversity and ecosystem service perspectives. The results
will help deepen the understanding of urban green infrastructure characterization and help
develop more consistent approaches to the classification in environmental studies and sustainable

urban planning in the future. The objectives of this study are as follows:

1. To characterize urban green infrastructure classifications by integrating biodiversity and

ecosystem service dimensions within a consolidated analytical framework

2. To compare the distribution of urban green infrastructure classes, terminology, and research

objectives across biodiversity- and ecosystem service-oriented studies

3. To identify dominant classification patterns that support consistent urban green infrastructure

assessment for sustainable environmental planning and biodiversity conservation

2. Materials and Methods

2.1 Dataset Description

The Consolidated Urban Green Infrastructure Classification for Assessing Ecosystem Services
and Biodiversity was used in this study and was created by consolidating urban green
infrastructure (UGI) classifications found in published scientific literature. The data set contains
1084 data records, covering two key dimensions of research (biodiversity 589 data records;
ecosystem services 495 data records) (Morpurgo et al., 2023). It contains details of study field,
research goals, UGI classes, classification terminology, classification definitions, supporting

arguments and digital object identifiers (DOIs). The combination of various classification
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methods in one dataset can offer a wholesome foundation for describing urban green

infrastructure and exploring biodiversity and ecosystem service-oriented viewpoints.

2.2 Data Preparation

Data were entered into the analytical environment and pre-screened for fullness, consistency and
structural soundness prior to analysis. The variables that were relevant to the research objectives
were chosen and duplicate records and inconsistencies in the categorical labels were reviewed
and corrected where appropriate. Empty cells were evaluated to see whether they would affect
the analytical results and categorical variables such as discipline, UGI classes, and research goals
were coded uniformly. The cleaned data set was then categorized and structured to support

descriptive, comparative and visualization analysis of urban green infrastructure classification.

2.3 Variables Used

The conceptual and classification characteristics of urban green infrastructure were only
analyzed by the variables. Studies on biodiversity or ecosystem services were distinguished from
studies on other UGIs through the use of the discipline variable, while the classes and class
variables were used for the main and detailed UGI classifications, respectively. The
commonName variable was analyzed to find out the common terms that are used in the literature
and the goal variable was analysed to assess the main goals of the studies included. Further
variables (such as definitions of classes, supporting arguments and chronology of studies) were
also added for contextual interpretation and to enhance the understanding of the patterns of

classification.

2.4 Statistical Analysis

Descriptive statistical methods were used to compress data of the dataset and analyze the
distribution of urban green infrastructure classifications. The prevalence of biodiversity and
ecosystem service related studies, the most prevalent UGI classes, predominant classification
terminology and objectives of the studies were determined through frequencies and percentages.
The differences between the different dimensions of biodiversity and ecosystem services within

different classification categories were analyzed through cross-tabulations. Key patterns were
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explored using graphical visualisations such as bar charts, pie charts, stacked bar charts and
frequency plots, to facilitate interpretation of findings. All statistical analyses were done in the R

programming language, and conducted in a reproducible manner.

2.5 Analytical Framework

In order to characterize urban green infrastructure, an integrated analytical framework was
developed, examining the dimensions of biodiversity and ecosystem services together in a single
framework. Records were classified by study discipline, UGI classes, research objectives and
also by commonly-used terminology and then subjected to descriptive and comparative analyses
of their distributions. Correlations between the two types of classifications (biodiversity and
ecosystem service) were evaluated to determine the main trends, overlaps, and discrepancies in
the dataset. The framework facilitated a systematic understanding of the classification of urban
green infrastructure and offered a structured approach to assessment of their contribution to the

biodiversity conservation and ecosystem service assessment in urban environments.

3. Results

3.1 Overall Dataset Characteristics

The consolidated dataset contained 1,084 records of urban green infrastructure (UGI)
information from published scientific studies, and was representative of the approaches used for
classification in urban environmental research. This data covered two main areas of research, or
dimensions, biodiversity (589 records) and ecosystem services (495 records), with a slightly
higher number of records focused on biodiversity studies. All of the records included 20 types of
urban green infrastructure and 391 different classification terms (common names) highlighting
the variety of concepts found in the literature. The wide range of the study goals and
classification systems demonstrate the multi-disciplinary nature of urban green infrastructure

research and provide a solid basis for comparative analyses (Table 1) (Figure 1).

Table 1: Quantitative characteristics of the analyzed UGI dataset
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Dataset characteristic Frequency (n) Percentage (%)
Total records analyzed 1,084 100.0
Biodiversity records 589 543
Ecosystem service records 495 45.7
Unique scientific sources/DOIls 161 100.0
Biodiversity sources 75 46.6
Ecosystem service sources 86 534
Consolidated UGI class identifiers 20 100.0
Unique detailed class terms 710 100.0
Unique standardized common names 391 100.0
Research objectives represented 10 100.0
Records containing class definitions 795 73.3
Records without class definitions 289 26.7
Records containing classification arguments 71 6.5
Records without classification arguments 1,013 93.5
Records containing residual information 100 9.2
Records without residual information 984 90.8
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Figure 1: Literature-search records retrieved across research themes

3.2 Distribution of Urban Green Infrastructure Classes

Distribution of urban green infrastructure classes indicated that there was significant variation in
the number of occurrences of each class. Several of the classes were found across the literature,
reflecting their general use in assessments of biodiversity or ecosystem services, while others
were more infrequent, reflecting more specialized and/or context-specific applications. This
imbalance reveals the lack of a widely accepted typology for urban green infrastructure. The
observed differences also highlight the various research interests, geographical settings and data
collection methods used in previous research, resulting in different approaches to defining UGI

as a whole (Table 2).

Table 2: Distribution of consolidated UGI class identifiers by research dimension

Class identifier Biodiversity n (%) Ecosystem services n (%) Total n (%)
2 12 (46.2) 14 (53.8) 26 (2.4)
3 42 (42.4) 57 (57.6) 99 (9.1)
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3.3 Biodiversity-Oriented Classification Patterns

The main studies by the biodiversity dimension aimed to assess the ecological features and
biological diversity related to the urban green infrastructure. The vegetation, bird populations,
arthropods, mammals and other biological aspects that help safeguard urban ecosystem integrity
are common research objectives. Vegetation-based research was the highest percentage of the
biodiversity research, and emphasized the role of vegetation as one of the key parameters for
assessing ecological quality in urban areas. In general, the categories of biodiversity highlighted
were those that were focused on habitats and species conservation, which highlighted the role of
the urban green infrastructure in maintaining ecological processes and supporting urban

biodiversity (Table 3).

Table 3: Quantitative distribution of biodiversity-oriented research objectives

Biodiversity Frequency Percentage of Percentage of Rank
research objective (n) biodiversity records complete dataset

(%) (%)
Plant 288 48.9 26.6 1
Bird 159 27.0 14.7 2
Multiple 58 9.8 5.4 3
biodiversity
components
Arthropod 55 9.3 5.1 4
Mammal 29 4.9 2.7 5

3.4 Ecosystem Service-Oriented Classification Patterns

The ecosystem service dimension highlighted the operational benefits of urban green

infrastructure to urban population and environment. Urban heat island mitigation, air quality
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improvement, water regulation, mental health and physical health were among the top research
objectives represented. The results have shown that the assessment of ecosystem services is not
only related to ecological functions, but also includes ecosystem regulation and human welfare.
The wide variety of ecosystem service categories illustrates the multi-functional nature of UGI
and its ability to simultaneously deliver environmental sustainability, climate adaptation, public

health and urban resilience benefits (Table 4).

Table 4: Quantitative distribution of ecosystem service-oriented research objectives

Ecosystem  service Frequency Percentage of ESS Percentage of Rank

research objective (n) records (%) complete dataset
(%)

Urban heat-island 107 21.6 9.9 1

mitigation

Air-pollution 92 18.6 8.5 2

regulation

Mental-health benefits 82 16.6 7.6 3

Water-related services 81 16.4 7.5 4

Multiple  ecosystem 68 13.7 6.3 5

services

Physical-health 65 13.1 6.0 6

benefits

3.5 Comparative Assessment of Biodiversity and Ecosystem Service Dimensions

Analytical priorities in the two research dimensions were compared to show that they had
significant conceptual overlap but also some different analytical priorities. Biodiversity research

mostly focused on ecological composition, habitat quality and species diversity while ecosystem
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service research focused on the environment and social services provided by urban green
infrastructure. Overall, however, several classes of urban green infrastructure were consistently
present over both dimensions, reflecting their multifunctional nature in relation to supporting
ecological integrity and providing ecosystem services. The complementary nature of the two
perspectives emphasizes the need to combine the assessment of ecosystem services with the

conservation of biodiversity to better understand urban green infrastructure (Table 5) (Figure 2).

Table 5: Comparative quantitative characteristics of biodiversity and ecosystem-service

records

Comparative indicator Biodiversity = Ecosystem services
Records, n 589 495
Records, % 54.3 45.7
Unique scientific sources, n 75 86
Scientific sources, % 46.6 534
Unique standardized common names, n 252 206
Dimension-exclusive common names, n 185 139
Shared common names, n 67 67
Shared common names as a percentage of all names 17.1 17.1
Unique detailed class terms, n 445 323
Dimension-exclusive detailed class terms, n 387 265
Shared detailed class terms, n 58 58
Shared detailed classes as a percentage of all classes 8.2 8.2
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Figure 2: Availability of supporting classification information by research dimension

3.6 Classification Terminology Across Published Studies

The classification terminology was analysed according to its content, and the results showed that
the names given to the elements of the urban green infrastructure are very diverse. Many of the
studies cited here used comparable terms, but these differences in terminology were related to
the differences in the disciplines, regional settings, and research goals. The 391 unique common
names that appear in the literature show that there is no consistent terminology used, and that
continued inconsistencies exist in the classification of urban green infrastructure. This variability
can make it difficult to make direct comparisons between studies and can highlight the need to
develop harmonised classification frameworks that enhance the consistency, reproducibility and

communication of biodiversity and ecosystem service research (Table 6) (Figure 3).
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Table 6: Most frequently recorded standardized UGI common names

Rank Standardized Frequency  Percentage of total Cumulative
common name (n) records (%) percentage (%)

1 Forest 41 3.8 3.8

1 Water 41 3.8 7.6

3 Park 38 3.5 11.1

4 Tree 34 3.1 14.2

5 Grassland 25 23 16.5

6 Green open space 24 2.2 18.7

7 Urban 23 2.1 20.8

7 Grass 23 2.1 22.9

9 Bare ground 22 2.0 249

10 Shrub 20 1.8 26.8

11 Green roof 19 1.8 28.5

11 Garden 19 1.8 30.3

13 Tree canopy 18 1.7 31.9

14 Residential 17 1.6 33.5

15 Agriculture 16 1.5 35.0

16 Buildings 14 1.3 36.3
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16 Other 14 1.3 37.5

18 Impervious surface 13 1.x2 38.7

19 Natural area 11 1.0 39.8

19 Pavement 11 1.0 40.8

20 Remaining 642 59.2 100.0
terminology

Total classified themes

Buildings
Suburban areas
Green space

Institutional areas

Frequency

Commercial areas

Built areas

Urban areas

Water

=}
[
=]

40 60 80 100 120 140 160 180
Quantification theme

Percentage of classified themes (%) B Frequency (n)

Figure 3: Distribution of quantification themes in defined UGI classes

4. Discussion

Urban green infrastructure (UGI) by introducing the biodiversity and ecosystem service aspects
in a unified classification system. The analysis showed that studies related to biodiversity were
slightly more than the studies related to ecosystem service, and as such, ecological assessments
are still a primary focus of UGI research. The proportion of ecosystem service investigations,

however, demonstrates the growing awareness of UGI as a multi-service system that helps
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maintain environmental quality, climate resilience and human well being. This even-handed
presentation reveals a progression from discipline-based investigations to more interdisciplinary
ones, which will be able to tackle ecological and societal issues in the context of fast-growing
cities (Wang et al., 2024; Herath & Bai, 2024). Results of consolidated UGI classes showed that
there is a lot of variation among the frequency of the different categories of UGI classes,

meaning there is no single universally accepted classification system.

Some classes occurred regularly within the urban landscape and were frequently included in
biodiversity assessments and/or ecosystem services assessments, while others were found only
occasionally, and thus had more specific or contextual applications (Jato-Espino et al., 2023).
The diversity of these examples reflects the complexity of the urban environments, and the need
for harmonized classification systems that increase the uniformity of studies. Inconsistent
classification systems have been noted in recent reviews, highlighting their impact on data
comparability, lack of interoperability across studies, and challenges to evidence-based urban
planning (Zhang & MacKenzie, 2024). The high proportion of plant and bird biodiversity studies
in the present analysis is another indication that vegetation continues to be the most important
ecological element taken into account for UGI assessments (Julia et al., 2020). Vegetation can
create structural habitat, affect microclimate, improve connectivity, and facilitate a variety of
ecological interactions that contribute to ecosystem function. Likewise, birds are known to be
ecological indicators due to their sensitivity to habitat quality and environmental changes. The
increased importance of these biological groups corresponds with recent studies that have
focused on the role of vegetation features and species traits in biodiversity conservation and
provision of ecosystems services in urban areas (Grilo et al., 2022; Kowarik et al., 2025).
Arthropods and mammals, however, are comparatively poorly represented, indicating that some
important biological groups are not yet adequately represented in the current studies of UGI

classification.

Arthropod studies as a percentage of the total number of investigations conducted in this study
was relatively low, suggesting an important research gap as insects make significant
contributions to pollination, decomposition, nutrient cycling and food-web stability (Korkou et
al., 2023). There is recent evidence that diversified urban vegetation, especially shrub-dominated

ones, can greatly boost invertebrate abundance and species richness, and enhance ecosystem
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resilience (Sharmin et al., 2024). Similarly, extensive syntheses have highlighted the importance
of urban green-blue infrastructure to insect communities, although empirical evidence is
inconsistent across space and lacks taxonomic breadth (Bowler et al., 2025). Incorporating insect
diversity and other underrepresented groups into future classifications would thus enhance the

ecological completeness of UGI assessment frameworks.

The ecosystem service dimension illustrated that the most common functional benefits studied
were ecosystem service from urban heat island mitigation, air pollution regulation, and water-
related services (Liu et al., 2023). The results contribute to the growing need to manage urban
ecosystems as a critical part of urban sustainability planning, especially in the face of climate
change, urban heat stress, and environmental quality degradation. Meanwhile, significant mental
and physical health research is ongoing that has made UGI a well acknowledged factor in human
health and quality of life (Prodanovic et al., 2024). Parks and green spaces contribute to the
ecological health of the city but also offer opportunities for recreation, support human health and
well-being, and promote public acceptance of the value of biodiversity conservation, all while

serving as multifunctional urban green infrastructure (Felappi et al., 2024; Herath & Bai, 2024).

There was also significant conceptual overlap between the biodiversity dimensions and
ecosystem service dimensions, although the focus of research differed between the two. The
primary difference between the two types of studies is that the former look at the composition
and habitat quality of the ecosystem (biodiversity) while the latter focus on ecosystem services
and benefits to society (Veerkamp et al., 2021). These dimensions are not separate from each
other, however, since the biodiversity effects ecosystem functioning, which in turn affects the
ability of the urban green infrastructure to provide ecosystem services. Conceptual frameworks
in recent years have also shown that the delivery of ecosystem services is shaped by both
biodiversity traits and ecological processes, and socio-ecological filters, providing support to the
integration of biodiversity conservation and ecosystem service assessment in a single planning
framework (Grilo et al., 2022). These complementary viewpoints reinforce the scientific need for
a unified classification systems that can assess ecological integrity and functional performance at

the same time.
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The second major finding of the present study was the wide range of classification terminology
that could be found in the published literature. Hundreds of common terms were found that were
standardized across the fields, meaning that equivalent features are still referred to by different
names, depending on the disciplinary tradition and regional planning practices. These disparities
make it difficult to compare investigations and to create a set of common indicators for urban
sustainability assessment. The uniformity of terminology and classification criteria would ease
knowledge integration, boost the reproducibility and enhance communication among researchers,
planners and policymakers for urban environment management (Wang et al., 2024). Practically,
the results highlight the need to take into account multiple aspects related to biodiversity,

ecosystem services and long-term sustainability goals when designing urban green infrastructure.

Combining ecological monitoring, the use of standardised classifications and multifunctional
planning can make urban green infrastructure more effective and adapt it to environmental
changes; adaptive management approaches can be developed to achieve this. Furthermore,
vegetation composition is a key factor in the delivery of ecosystem services, such as carbon
sequestration, air quality improvement, habitat provision, and urban climate regulation, provided
by woody vegetation and diverse plant communities (Guillen-Cruz et al., 2021; Strashok et al.,
2025). There should therefore be a focus on future planning strategies on implementing green
infrastructure networks that are ecologically diverse and structurally interwoven that can provide

maximum conservation of biodiversity and delivery of ecosystem services.

This research offers a thorough review of urban green infrastructure typologies, but there are
some limitations to note: The analysis was done using a secondary database of published studies,
so the priorities are not necessarily based on field observations but rather represent current
research priorities. Further, geographical variation, temporal changes and local environmental
factors were also not specifically assessed and may restrict the transferability of the individual
classification patterns. Future studies should combine spatial analysis, remote sensing, GIS and
machine learning with a uniform classification system to enhance the understanding of
biodiversity and ecosystem services in urban areas. These holistic solutions will help to ensure
more evidence-based planning and enhance the value of urban green infrastructure on the quest

of resilient, healthy and sustainable cities (Kowarik et al., 2025; Wang et al., 2024).
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5. Conclusion

Urban green infrastructure (UGI) by incorporating the BDI dimension with a merger of the
infrastructure classification data set from published research. The results showed that the number
of studies on biodiversity was slightly higher than that of studies of ecosystem services, and that
both types of studies pointed to the multifunctional role of UGI in relation to ecological integrity
and sustainable urban development. There was wide variation in the distribution of UGI classes,
the terminology used for the classification and the objective of the research, suggesting that there
is not yet universal agreement on how to classify and that existing classification methods are not
unified. The most common themes of ecosystem services examined were related to urban heat
island mitigation, water-related services and air quality improvement, while plant and bird
studies were the most common theme in the biodiversity dimension. The comparative assessment
also showed that the fields conservation of biodiversity and provision of ecosystem services are
complementary parts of urban greenery, not separate ones of research. Combining these
cognitions offers a more holistic view of the ecological roles and societal values that urban green
areas bring. The unified classification system used in this study aids in the consistency of UGI
characterization and more accurate comparisons with future studies. In summary, the results are
relevant to researchers, urban planners and policy makers who aim for the creation of
standardised methods to assess urban green infrastructures and for the design of cities which are

resilient, biodiversity-rich, and environmentally sustainable to meet modern urban challenges.
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