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Understanding how plant functional traits influence ecosystem functioning is essential for implementing effective
nature-based solutions in both urban and forest contexts. In this study, 80 papers (12.1% of the initially identified
literature) were systematically reviewed using the SPIDER selection method to examine how traits mediate
resilience, adaptation, and ecosystem service delivery across urban greenery, urban forests, and forests. The
analysis revealed that functional traits mediate the relationship between biodiversity and ecosystem service
provision, and that their expression is strongly context-dependent, shaped by management intensity, species
selection, and environmental stressors. The discussion highlights the importance of trait-based approaches for

restoration planning, urban forestry, and ecosystem management, underscoring the need for standardized
measurements, mechanistic models, and long-term monitoring to optimize ecosystem service delivery and

strengthen resilience.

1. Introduction

Nature-based solutions (NBS) are increasingly recognized as essen-
tial because they offer multifunctional responses to complex urban
environmental challenges that conventional infrastructure often cannot
fully address (Silva Luz et al., 2024). They represent a cost-effective
approach to delivering environmental, social, and economic benefits
while enhancing the resilience of urban ecosystems (Kong et al., 2021;
Prieto et al.,, 2022). Through biodiversity enhancement, NBS help
maintain the biological foundations necessary for human well-being and
ensure the provision of ecosystem services (Wellmann et al., 2023). In
this perspective, diverse ecosystems, such as forests with higher tree
diversity, can increase ecological resilience and, at the same time, sup-
port long-term physical and mental health benefits, linking ecosystem
management to public health needs (Gillerot et al., 2024). Moreover,
major environmental and societal trends have helped place NBS in the
spotlight. Projections indicate that approximately 70% of the population
will live in cities by 2050 (Czaja et al., 2020). This trend leads to gradual
biological depletion and increased human exposure to environmental
stressors, particularly in urban systems (Silva Luz et al., 2024). Since the
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early 21st century, NBS have evolved into a widely used concept within
the climate change research community (Kong et al., 2021) and have
been a major topic in various policy agendas. For example, the United
Nations conceptualizes NBS as actions that work through the protection,
restoration, and sustainable management of natural or modified eco-
systems to address social, economic, and environmental challenges,
while creating benefits for human well-being, ecosystem services,
resilience, and biodiversity (United Nations Environment Programme,
2022). Forests are integral to NBS because they contribute to climate
mitigation and biodiversity protection within sustainable landscape
management strategies (Solano et al., 2025). Urban forests are defined
as systems comprising all woodlands, a group or individual trees located
in urban and peri-urban areas, including forests, street trees, parks, and
gardens (Salbitano et al., 2016), which play a significant role in
decreasing air and land surface temperatures, mitigating the effects of
heat islands (Love et al., 2025), and enhancing city livability (Scartazza
et al., 2025). Within the NBS framework, forest ecosystems deliver
services through a cascade effect, linking biophysical structures to
ecological functions and human benefits (Andersson-Skold et al., 2018).
In this setting, the study of tree functional traits is fundamental to
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improving NBS in urban and forest ecosystems, as they define plant
functions and enable the integration of services into ecological resto-
ration programs (Aubin et al., 2024; Prieto et al., 2022). Although
ecological restoration and NBS are closely related and mutually sup-
portive, their primary focus differs; restoration seeks to recover the
structure and functioning of ecosystems, whereas NBS are explicitly
designed to address societal needs and challenges (Waylen et al., 2024).

Functional traits are measurable morphological or physiological
characteristics that influence plant fitness and performance, including
growth and survival (de Bello et al., 2010; Sarker et al., 2021). Valo-
rizing trees by considering their functional traits may be the best way to
select suitable plants for specific environments, providing adequate
processes at the plant level that have direct and beneficial effects on the
ecosystem (Miedema Brown and Anand, 2022; Simova et al., 2019).
Despite recognition of NBS and the importance of forests in addressing
environmental challenges (Love et al., 2025), gaps persist in under-
standing functional traits across contexts. Focusing on plant functions is
important for determining how they contribute to the delivery of
ecosystem services (Behm et al., 2022). Furthermore, functional traits
are essential for enhancing resilience to disturbance and the multi-
functionality of urban forests (Love et al., 2025). Although these topics
have been increasingly studied, previous works remain fragmented,
often focusing on single traits, specific services, or specific contexts. This
fragmentation limits a comprehensive understanding of how plant
functional traits simultaneously influence ecosystem service delivery
and ecological resilience within integrated nature-based solutions
frameworks. Moreover, only limited efforts have systematically
compared these relationships across forest, urban forest, and urban
greenery contexts, despite their markedly different ecological dynamics
and management objectives.

From a methodological perspective, recent studies highlight the use
of satellite-based remote sensing in environmental researches. Multi-
spectral, hyperspectral, and thermal data support large-scale assess-
ments of urban forests and related ecosystem services, yet they have
limitations in capturing fine structural traits and therefore often require
integration with tools such as Light Detection and Ranging (LiDAR), a
remote sensing technology based on laser pulses (Sharma et al., 2025).
Similarly, satellite imagery can be used for river morphology analysis;
however, its accuracy decreases in complex, forested terrain (Szombara
et al., 2020). Overall, satellite approaches are effective at broad scales,
with current satellite imagery reaching sub-meter spatial resolution, but
benefit from integration with ground-based data to achieve higher
precision. This is particularly relevant because vegetation under stress
may have reduced capacity to provide ecosystem services. To address
these gaps, this study provides a synthesis that explicitly links plant
functional traits, ecosystem services, and resilience within the NBS
framework across multiple environmental contexts. Unlike previous
studies that typically analyze these single gaps alone, this review adopts
an integrative perspective, offering a unified analysis of their
interactions.

Therefore, this study aims to investigate how plant functional traits
contribute to ecosystem service provision and resilience within NBS
across forest and urban contexts. Specifically, this review addresses the
following research questions:

(i) How are plant functional traits used as indicators of ecosystem
functioning, resilience, and adaptation?
(ii) How do these relationships vary across forest, urban forest, and
urban greenery contexts?
(iii) How are functional traits integrated into NBS to support
ecosystem service delivery?

From this perspective, we conducted a systematic review to examine
how NBS, ecosystem services, and plant functional traits are interrelated
in urban and forest contexts. We designed this review using the SPIDER
framework to structure the analysis of the included literature, providing
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an innovative approach for systematic reviews by enabling an integra-
tive synthesis of studies across diverse contexts.

2. Methods

This review systematically analyzed how plant functional traits are
used in the context of NBS across forest and urban systems. To structure
the analysis, we adopted the SPIDER framework for the included
bibliographic literature. SPIDER was selected for its efficiency with
qualitative and mixed-methods research questions (Cooke et al., 2012).

The guiding research question was: “How are plant functional traits
used to support ecosystem service provision and resilience within NBS across
forest and urban contexts?”

The SPIDER framework was used to define the scope of the review by
identifying: (1) the types of systems analyzed (sample), (2) the main
focus of the studies (phenomenon of interest), (3) the study designs
included, (4) the evaluation criteria, and (5) the research approaches
considered. Accordingly, the components were defined as follows:

Sample size (S): forest and urban systems within NBS and
ecosystems-based approaches, including context exposed to environ-
mental contaminants and pollution stresses.

Phenomenon of interest (PI): functional traits as indicators of
resilience, adaptability, and mitigation.

Design of the study (D): case studies, secondary research, reviews.

Evaluation (E): ecological and functional indicators such as growth,
productivity, tree ring characteristics, biomass increment, and responses
to pollution or environmental stress.

Research type (R): mixed research approaches, quantitative large-
scale analysis, and qualitative site-specific studies.

To address the review aims, a systematic bibliographic search was
conducted using a combination of keywords related to three main
components: plant functional traits, nature-based solutions and
ecosystem services, and environmental context (forest and urban sys-
tems). The initial search query used was:

(“functional trait” AND (“tree” OR “plant”)) AND (“nature-based
solution” OR “ecosystem-based approach” OR “ecosystem service’”) AND
(“forest” OR “urban”) AND (“growth” OR “productivity” OR “tree ring”
OR “environmental contaminant” OR “environmental pollution™).

The literature search was carried out across six scientific databases
(CABI Digital Library, FAO AGRIS, Google Scholar, PubMed, Scopus,
and Web of Science) with the following filters applied consistently:

Publication period: 2000-2025.

Language: English.

Document type: research articles and review papers.

The literature search identified 661 records across the six selected
databases. Google Scholar provided the highest number of records (n =
298), followed by Web of Science (n = 187), Scopus (n = 72), PubMed (n
= 52), CABI Digital Library (n = 38), and FAO AGRIS (n = 14). These
results were retrieved through keyword search strategy before any
screening or eligibility filtering.

The study selection process followed a stepwise screening procedure
based on title, abstract, and full-text assessment (Fig. 1).

Following the initial search and duplicate removal, the remaining
records were gradually screened. Titles were first evaluated for rele-
vance to NBS and ecosystem-based approaches in forest or urban con-
texts, while abstracts were examined to identify studies aligned with the
review scope and SPIDER framework criteria. Full texts were then
assessed in detail, focusing on the indicators used and their consistency
with the review objectives. Through this process, the number of relevant
studies was progressively reduced, and 80 papers were ultimately
retained, corresponding to 12.1% of the initially identified literature.
The final set provides a representative synthesis of the available scien-
tific literature relevant to the scope of the review.

Two reviewers conducted the screening process independently, and
discrepancies were resolved through discussion until consensus was
reached. At the full-text stage, studies were excluded if they: (i) did not
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Fig. 1. PRISMA flow diagram summarizing the identification, screening, and inclusion of the studies in the review.

address plant functional traits, (ii) were not conducted in forest or urban
contexts, (iii) did not explicitly relate to ecosystem services or resilience,
or (iv) lacked sufficient methodological detail to support data extraction
and comparison.

A structured database was created using spreadsheet software to
extract and organize information from the selected studies. The database
included the following variables: ID, source database, title, authors, year
of publication, country or region, study type, objective, methods, sam-
ple, and main findings.

Each study was classified by its thematic focus: nature-based solu-
tions (NBS), functional traits (FTs), and ecosystem services (ES). In
addition, studies were assigned to a specific context: forest, urban
greenery, or urban forest, based on the system investigated.

To further characterize the conceptual structure of the selected
literature, the final set of 80 papers was analyzed using VOSviewer (Van
Eck and Waltman, 2023). Bibliometric mapping was employed to
identify major research themes and their interrelationships, providing a
data-driven framework that complemented the qualitative synthesis of
the literature and supported the interpretation of the review questions.

Given the varied terminology used across the NBS literature, it is
crucial to establish clear definitions for the terms discussed in this re-
view (Table 1). Although these categories may overlap conceptually in
the literature, street trees were assigned to the urban forest category
because they represent tree-dominated urban ecosystems.

Table 1

Key terminology and definitions used in this review, including forest, urban
forest, and urban greenery, as adopted from FAO (Food and Agriculture
Organization of the United Nations, 2020), Salbitano et al. (2016), and
Aslanoglu et al. (2025).

Terminology Definition Use in this review

Forest Land spanning more than 0.5 ha
with trees higher than 5 m and a
canopy cover of more than 10%, or
trees able to reach these thresholds
in situ (Food and Agriculture
Organization of the United
Nations, 2020).
Woodlands, groups of trees, and
individual trees located in urban
and peri-urban areas; they
therefore include forests, street
trees, trees in parks and gardens,
and trees in derelict corners (
Salbitano et al., 2016).
Urban Green infrastructure, such as street
Greenery trees, vertical and rooftop gardens,
and living walls (Aslanoglu et al.,
2025)

Natural or managed forest
ecosystems outside
urbanized settings.

Urban Forest Tree-dominated systems in
urban and per-urban

environments.

Small-scale green
infrastructure elements in
urban areas.
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3. Results

The network map (Fig. 2) identified five keyword clusters based on
co-occurrence patterns, revealing major thematic domains within the
literature. The green cluster highlights studies linking functional traits
and forest management, while the remaining clusters are centered on
ecosystem services and functions (yellow), global change and nature-
based solutions (red), biodiversity and biomass (blue), and functional
diversity (purple).

The bibliometric results provide a structured overview of the current
literature by identifying both the main research areas and existing
knowledge gaps. This mapping acts as a practical bridge between the
quantitative results and the qualitative synthesis. Specifically, the
network analysis highlights three dominant thematic clusters within the
selected studies: nature-based solutions, Ecosystem Services, and Func-
tional Traits. By extracting these topics directly from the data, the
VOSviewer analysis provides a clear and logical foundation for the
discussion (Bukar et al., 2023; Van Eck and Waltman, 2023).

3.1. Geographical distribution

The selected records included 47 case studies with defined study
areas, after excluding review papers. They span five continents and 18
countries, underscoring the topic's global relevance. China accounted for
15 of the 47 case studies and was followed by Brazil and the USA with
five studies each. Canada and Italy contributed four studies each,
whereas France and Portugal contributed two studies each. The
remaining 11 countries were represented by a single study each
(Australia, Austria, Bangladesh, Belgium, Bulgaria, Chile, Colombia,
Iran, Japan, Poland, Sweden). The 47 case studies were distributed
across 18 countries and five continents, providing coverage of multiple
environmental and socio-ecological contexts and enabling comparison
among different regional research approaches.

The papers were classified, based on the previously mentioned
spreadsheet, into three categories: urban greenery (including green
roofs, gardens, living walls), forest (pure or mixed stands), and urban
forest (as defined in more than one study, mainly in large cities) (Figs. 3
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and 4).

The concentration of studies in China (31.9% of case studies) and, to
a lesser extent, in Brazil and the USA (10.6% each) indicates that
research efforts have been unevenly distributed geographically, with
greater attention devoted to regions experiencing rapid urbanization or
significant forest management challenges. This indicates that the evi-
dence base is geographically distributed and shaped by context-specific
drivers that influence the selection of the study approach.

3.2. Functional traits

Within the selected records, the analysis of functional traits (FTs)
reveals a heterogeneous structure, with a clear distinction between leaf
traits and plant characteristics. Leaf functional traits were mainly
associated with the leaf economics spectrum (49.5% of the leaf trait
records), which ranges from species with light, fast-growing leaves to
species with dense, more durable, and slow-growing leaves (Simovic
et al., 2024). This category includes traits such as specific leaf area
(SLA), leaf mass per area (LMA), leaf dry matter content (LDMC), leaf
nutrient concentrations (N, P, C) and ratios (C: N), isotopic composition,
and pollutant accumulation. In addition, traits related to leaf size and
morphology accounted for 28% of the observations, which include leaf
area index (LAI), leaf length and width, lamina area, and shape. By
contrast, leaf traits such as photosynthetic rate, stomatal conductance,
transpiration, relative water content (RWC), and leaf water potential
(LWP) represented only 6.5% of all leaf trait records. Finally, traits
related to leaf structure, defense, and phenology (e.g., leaf thickness,
texture, hairiness, succulence) accounted for 16.1% of all observations
(data not shown).

This indicates that current research favors traits that are easy to
measure at scale or via remote sensing, which may come at the expense
of understanding complex processes such as stress resilience and overall
ecosystem functioning.

Plant functional traits encompass a broader set of distinctive char-
acteristics. Plant height traits represented 21.4% of records in the
reviewed studies. Traits related to xylogenesis and stem structural
characteristics, including wood density and biomass allocation,
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selected studies.
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Fig. 3. Geographic map showing the distribution of case studies by country, filtered by context: urban greenery, forest, and urban forest. The map provides an
overview of the worldwide spatial distribution of the research.
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Fig. 4. Detailed sections of the global map at the country level. These insets provide country-level detail, highlighting regions with higher concentrations of case
studies and others with limited representation, thereby offering a clearer visualization of the uneven spatial distribution of research across urban greenery, forests,
and urban forests worldwide.

accounted for 23.8% of all records. Canopy-related traits (e.g., canopy distance)accounted for 31.1%, 15.5% and 6.0% of plant trait records.
size, cover, and density) represented 10.7% of the observations. Traits Lastly, traits associated with below-ground investment and root
related to growth dynamics (growth rate, phenology, dominance, per- expansion (root biomass, root type, root depth), accounted for 9.5% of
formance), reproductive traits (seeds, fruit type, flowering characteris- the records (data not shown).

tics), and dispersal-related traits (e.g., seed dispersal mode and dispersal This creates a fragmented view of plant strategies, as it prioritizes
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visible architecture over the hidden, yet essential, processes of nutrient
acquisition and environmental adaptation.

4. Discussion

The bibliometric analysis shows that the selected literature centers
on a limited set of dominant themes, represented by keywords such as
ecosystem services, biodiversity, forests, urbanization, functional traits,
ecosystem functions, and green infrastructure (Fig. 2). The geographical
patterns identified in the reviewed literature, together with the distri-
bution of functional traits in the studies, provide important insights for
interpreting the role of functional traits in ecosystem service delivery
and Nature-Based Solutions across different environmental contexts.

These keywords reflect the main research focus and provide the basis
for the discussion, which is organized around three themes: nature-
based solutions, ecosystem services, and functional traits. Within this
framework, this synthesis examines the use of functional traits in linking
ecosystem services to nature-based solutions, focusing on their consis-
tency, limitations, and context dependence.

In addition, the global distribution of case studies (Fig. 3) and the
detailed regional insets (Fig. 4) highlight a marked spatial imbalance,
with a higher concentration of studies in China, Brazil, and the USA,
while other regions remain underrepresented. This spatial imbalance
may indicate that regional research priorities and socio-environmental
contexts strongly influence the current understanding of NBS, ES, and
FTs. Similar geographic biases have been reported in global trait and
ecosystem service databases (Aubin et al., 2024; Tsujii et al., 2020),
indicating that empirical evidence and synthesis studies may be influ-
enced by data availability. This has important implications for the
transferability of findings across regions, particularly in the context of
global environmental change.

The analysis shows that functional traits are increasingly used as a
unifying framework, yet their application remains uneven and often
oversimplified across studies.

4.1. Nature-based solutions

NBS are consistently framed as multifunctional approaches that
integrate ecosystem services, green infrastructure, and ecological
restoration, although their operationalization varies across contexts and
methodologies. While NBS are broadly defined as solutions inspired by
nature that deliver environmental, social, and economic benefits
(European Commission, 2020), the literature reveals substantial differ-
ences in their implementation (Kong et al., 2021; Silva Luz et al., 2024).

Our results indicate that NBS are primarily approached through
three complementary perspectives: policy frameworks, management
tools, and measurable systems (as in Kong et al., 2021). This classifi-
cation aligns with previous studies that describe NBS as socio-ecological-
technological systems, integrating ecological processes with social and
technological components (Wellmann et al., 2023). Some studies
emphasize participatory co-production and governance, such as the EU
Biodiversity Strategy 2030 and the UN Decade on Ecosystem Restoration
(Hastings et al., 2020), while others rely on quantitative modeling and
simulations to assess environmental impacts (Kong et al., 2021; Yang
et al., 2015). This variability reflects that NBS work through comple-
mentary approaches rather than a single unified framework. Moreover,
NBS can operate using functional and morphological traits to guide
species selection in urban planning policies (Silva Luz et al., 2023). They
can also be applied as management tools, for example, in agroforestry,
hybrid restoration, or decision-support systems that combine remote
sensing and vulnerability mapping (Hastings et al., 2020; Wellmann
et al., 2023). Finally, NBS can be implemented using a measurement-
based approach, employing biomonitoring and NDVI to assess tree vi-
tality and functional diversity (Jakubiak et al., 2025; Wellmann et al.,
2023). Indeed, our keyword analysis confirms that NBS research
bridges policy, management, and monitoring (Fig. 2). The conceptual
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framing is consistent across the selected studies. At the same time,
operational approaches differ in scale and methodology, particularly
regarding participatory co-production models, as reported by Hastings
et al. (2020).

Literature conceptualizes the relationships among NBS, functional
traits, and ecosystem services through trait-based frameworks, in which
biological characteristics function as mediators between biodiversity
and societal outcomes (Hastings et al., 2020). NBS are considered
management actions, and their effectiveness depends on the functional
traits of the individual species involved. Traits are interpreted as pre-
dictors of ecological processes related to service provision: climate
regulation, carbon sequestration, pollution mitigation, and soil stabili-
zation (Jakubiak et al., 2025; Wellmann et al., 2023). At broad spatial
scales, morphological and taxonomic traits are used as proxies for
assessing functional capacities, effectively serving as shortcuts for
assessing ecosystem services (Silva Luz et al., 2024). In addition, tech-
nological approaches are used, employing remote sensing and spectral
traits to track NBS performance under environmental stressors
(Abelleira Martinez et al., 2016; Wellmann et al., 2023). Overall, func-
tional diversity is consistently associated with enhanced resilience, as
response diversity stabilizes ecosystem service delivery under changing
environmental conditions, as also observed by Wellmann et al. (2022).

Despite these advantages, our analysis also highlights that NBS are
promoted as tools to enhance urban ecosystem resilience, although their
actual efficiency may be constrained by limitations and risks. Widely
acknowledged limitations include vulnerability to climate change, such
as heat or drought, which cause damage, leading to early tree senes-
cence, leaf abscission, or mortality. This directly affects ecosystem ser-
vices, such as shading, cooling, and carbon sequestration (Wellmann
et al., 2022).

Some studies also address biological disservices in urban configura-
tions, for instance, when limited air circulation reduces the efficiency of
air purification or when a high proportion of allergenic species is planted
in residential areas (Grote et al., 2016; Kong et al., 2021). Moreover, a
growing concern is the tendency toward monospecific plantings in
urban tree composition, in which species selection is primarily driven by
human decisions, aesthetic preferences, or the cultural significance of
trees (Grilo et al., 2025; Rodriguez-Santamaria et al., 2022). This prac-
tice decreases plant resilience and exposes trees to a greater risk of
pathogens and diseases (Silva Luz et al., 2023). Additionally, species
selection may limit the use of drought-adapted species, which provide
lower cooling benefits (Wellmann et al., 2022), while deciduous species
fail to deliver the expected services during dormancy (Silva Luz et al.,
2023). Importantly, leaf phenology influences carbon-biodiversity, and
understanding these differences among phenological groups is crucial
for identifying species that can maximize multiple ecosystem services
under climate change, as highlighted by Rodrigues et al. (2023). How-
ever, further gaps identified in the analyzed studies include the limited
availability of functional and species-level data in highly biodiverse and
forested areas (Rayome et al., 2019) and the insufficient assessment of
potential biological disservices (Hastings et al., 2020). These gaps reflect
a geographic bias that leaves our understanding of NBS uneven and
difficult to scale in underrepresented ecosystems.

4.2. Ecosystem services

Ecosystem services are central to the reviewed studies and are used
to assess the effectiveness of NBS. Studies focus on quantifying, opti-
mizing, and valuing specific services, such as carbon sequestration, air
purification, and stormwater regulation (Amini Parsa et al., 2019), or
treat them as explicit targets in restoration programs to deliver func-
tional benefits (Carlucci et al., 2020). They provide a framework for
understanding the pathway from ecological functions to human benefits,
often conceptualized through a cascade model and applied to urban and
ecological systems (Andersson-Skold et al., 2018). This comprehensive
set of services improves the world's environmental quality, underscoring
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benefits that extend beyond humans to wildlife as well, consistent with
O'Brien et al. (2022). ES are used as primary evaluation metrics to
compare management practices and identify configurations that maxi-
mize multiple benefits (Ranalli and Lundholm, 2008; Wood and Dupras,
2021), or they are the result of a combination of management paths that
provide the desired services (Gadow et al., 2007). In some studies, they
are treated as secondary outcomes of ecological processes, with
ecosystem stability and biodiversity functioning maintained (Ali, 202.3;
Dolezal et al., 2020). Measurements rely on a broad spectrum of
methods, including indirect indicators such as land cover (Miedema
Brown and Anand, 2022), as well as approaches ranging from bio-
physical assessments to monetary valuation and social surveys (Shome
et al., 2023). This methodological diversity reflects the heterogeneity
observed in our dataset but also highlights a key limitation: despite a
shared sustainability goal, the use of different tools and scales makes it
difficult to integrate findings into a coherent understanding of multi-
functionality (Ali, 2023; de Bello et al., 2021).

Ecosystem services analysis across the case studies shows uneven
attention to service categories. Regulating services represent a major
focus in urban contexts, with a focus on climate regulation, air quality
improvement, water regulation, and heat mitigation, according to Liang
and Huang (2023). This category is often quantified using measurable
metrics, such as leaf area or wood density (Andersson-Skold et al., 2018;
Borges et al., 2021). Supporting services are also widely considered and,
as support for the other services, include soil fertility, nutrient cycling,
and primary production (Everard, 2018; Miedema Brown and Anand,
2022). In contrast, cultural services, although acknowledged as rele-
vant to human well-being, are difficult to define and quantify and are
limited to aesthetic or recreational aspects, as observed in Shome et al.
(2023) and Fontana et al. (2014). Provisioning services also receive
reduced focus in the studies, being addressed only in managed contexts
such as agriculture or timber production (as in Gadow et al., 2007). This
imbalance suggests that measurable, trait-linked ecosystem services are
prioritized, while other services remain marginal in ecosystem services
assessments (Aubin et al., 2024).

In the analyzed case studies, it emerges that improving ecosystem
service research and integrating it into management and planning
require conceptual and methodological advances (Vohland, 2009). At
the conceptual level, a distinction among the terms used is needed to
avoid ambiguity and double counting when they are used interchange-
ably (ecosystem processes, functions, or final services) (Ali, 2023;
Basnou et al., 2015). In addition, ecosystem services should be outlined
as outcomes of social-ecological coproduction, emphasizing their mul-
tifunctionality and the ability of ecosystems to provide bundles of ser-
vices under changing conditions (Everard, 2018; Weiskopf et al., 2024).
From a methodological perspective, the literature documents a shift
from descriptive to mechanistic, process-based models, enabling causal
links among traits, environmental drivers, and ecosystem services
(Aubin et al., 2024; Bu et al., 2019). Recent studies suggest moving
beyond total tree biomass measurements by focusing on vegetation
layers and including shrubs, herbs, the canopy, and belowground tree
organs to better understand how traits affect the provisioning of
ecosystem services (Wang et al., 2024). This shift aligns with the
growing role of functional traits identified in our analysis and un-
derscores the need for more comprehensive, multi-layered data. Another
priority is addressing data gaps for understudied species, for which trait
information is often incomplete. This is particularly evident for rare
species or those occurring in regions with limited access, or scarce re-
sources. Consequently, global trait databases tend to include common
species, leaving less abundant species underrepresented (Aubin et al.,
2024; Tsujii et al., 2020). This gap is also evident for belowground
traits, which are rarely measured but are important for ecosystem pro-
cesses. Roots and fine roots are essential for water and nutrient uptake
and help plants cope with environmental stress, such as drought. In
urban environments, root traits reflect how trees adapt to limited water
and harsh conditions (Zhang et al., 2023). Despite their importance for
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ES (e.g., soil stabilization, water regulation, and nutrient cycling), root
traits remain poorly documented in global databases (Aubin et al.,
2024). In green roof infrastructure, root traits indicate how plants
respond to resource gradients and are used as indicators of plants'
strategies (Rolhauser et al., 2023). Therefore, the limited integration of
belowground traits represents a critical gap in current trait-based ES
research, with implications for both modeling accuracy and NBS design.

4.3. Functional traits

Ecologists increasingly use plant functional traits (FTs) to predict
changes in communities and ES by linking fundamental biological pro-
cesses to ecosystem functioning (de Bello et al., 2010; Sarker et al.,
2021). In line with patterns emerging from our analysis, FTs are a cen-
tral analytical tool across the reviewed studies, particularly in contexts
affected by environmental change and disturbance. Investigating how
disturbance affects variation in functional traits is essential for under-
standing ecosystem functioning in disturbed forests, as demonstrated by
Ding et al. (2012). Similarly, environmental changes associated with
urbanization, including soil acidification, nutrient filtering, and heavy
metal pollution, influence plant functional traits and forest community
composition (Huang et al., 2013; Yu et al., 2018). For example, foliar C:
N varies across species and climates in urban forests, indicating envi-
ronmental effects on traits (Wei and He, 2021). In the case studies
considered, these traits are used as a framework for combining, with
distinct roles ranging from descriptive variables to predictive mecha-
nisms (Carmona et al., 2016; Pataki et al., 2013). Traits are often used to
characterize plant and community responses to environmental changes
and stressors, including urbanization, drought, and disturbance regimes
(Ilyas et al., 2021; Pereira de Oliveira et al., 2020). Consequently, the
ecological strategies through which plant species manage environ-
mental restraints can be identified by assessing plant functional traits
(Song et al., 2019). Enhancing forest ecological resilience to unknown
disturbances can be achieved by promoting functional traits and struc-
tural diversity (Mina et al., 2022). This is particularly relevant for
ecological restoration, where identifying appropriate species remains an
important goal for delivering ES (Tsujii et al., 2020). Accordingly,
afforestation and reforestation should prioritize native species suited to
the site's ecological and biogeographical conditions (Quaranta et al.,
2025). Therefore, focusing on FTs rather than taxonomic identity al-
lows practitioners of ecosystem restoration to target ES rather than
attempting to recreate conditions that may no longer be feasible due to
climate change (Manhaes et al., 2025). In these contexts, traits are
operationalized as management tools to guide species selection in urban
forestry, restoration planning, and agroforestry (as in Carlucci et al.,
2020). Plant FTs vary considerably across studies, reflecting different
trait definitions (Streit and Bellwood, 2023). Consistent with patterns
observed in the ecosystem services section (4.2. 2), there is a tendency to
use easy- to- measure soft traits (e. g., seed mass) rather than hard traits
(e. g., competition or colonization abilities) as proxies for studying trait
mechanisms (Carlucci et al., 2020).

Studies conceptualize the pathways linking plant FTs to ecosystem
functioning and service provision in urban ecosystems using a response-
effect framework (Goodness et al., 2016). The provision of ES through
plant FTs depends on the underlying ecosystem processes (Pan et al.,
2022). In addition, traits function as mediators that connect the
morphological characteristics of organisms to ecosystem services (Green
et al., 2022; Guo et al., 2022). Specifically, traits are attributes of an
organism that determine its contribution to ecosystem processes and the
associated services it provides, which are subsequently translated into
services valued by the community (Goodness et al., 2016). For regu-
lating services, such as carbon storage, air purification, and decompo-
sition, related traits (wood density, tree height, and leaf area) have been
linked to measured ecosystem processes (Falster et al., 2011; Rodrigues
et al., 2023). Therefore, evaluating functional traits is essential for
biodiversity conservation, restoration programs for degraded forests,
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and monitoring the provision of ES (Ayma-Romay et al., 2021; Han
et al., 2021).

Functional trait-based approaches have conceptual and empirical
limitations. For example, FTs may have limited predictive power for
survival during the early establishment phase in restoration programs,
when initial plant size exerts a stronger influence, according to Gardiner
et al. (2019). Furthermore, data availability is largely concentrated in
Europe and the Americas, leaving a considerable gap in understanding
species traits in other geographic regions (Goodness et al., 2016). This
bias echoes the spatial imbalances in our results, highlighting the diffi-
culty of generalizing trait-based models.

Moreover, the reliance on species-level data often overlooking
intraspecific trait variability, which shapes community responses to
stressors (Ding et al., 2012). Models often overlook interactions among
FTs, the microclimate, management practices, and species competition,
all of which can influence tree growth (Simovic et al., 2023). Trait-based
functional diversity of tree species influences ecosystem multi-
functionality, yet its effects remain poorly understood. Future research
should incorporate additional factors (e.g., root traits, soil microbial
diversity, and biodiversity) to achieve a more comprehensive under-
standing of the mechanisms driving multifunctionality in urban forests
(Wang et al., 2025a; Wang et al., 2025b). These needs align with the
gaps identified in our analysis, particularly the limited representation of
belowground processes and complex trait interactions. The term
“functional trait” is sometimes used without quantifiable evidence of a
trait's impact on an ecosystem function (Streit and Bellwood, 2023).

4.4. NBS, ES, and FTs in urban greenery, urban forests, and forests

4.4.1. NBS across landscapes

Our results indicate that the role and implementation of NBS vary
systematically across landscape contexts, even though the overarching
goal of enhancing resilience is consistent. Across the analyzed studies,
clear differences emerge among urban greenery, urban forests, and non-
urban forests, reflecting variations in management intensity, ecological
processes, and spatial scale. Urban greenery refers to intensively
managed structures, such as green roofs, gardens, and lawns (Rolhauser
et al., 2023; Wellmann et al., 2023), and is considered a tool for deliv-
ering social, cultural, and microclimate benefits (Jakubiak et al., 2025).
Its operation relies on elevated levels of management and includes herbs
and shrubs, which are valued for evaporative cooling and for mitigating
surface and air temperatures in constrained urban environments (Silva
Luz et al., 2024). Urban forests, by contrast, represent an integrated
system of woody vegetation around cities and are considered a social,
ecological, and technological system that connects people and urban
infrastructure (Jakubiak et al., 2025). Their structure and functioning
are influenced by the intensity of urbanization, measured, for example,
by urbanized area, traffic volume, and air pollution, which can affect
ecosystem service delivery (Petrova and Petkova, 2023; Yan et al., 2025)
and reflect human-related environmental degradation that generates
urban stressors (Czaja et al., 2020). In this context, NBS are imple-
mented through tree-based ecosystems that address specific urban
challenges, such as reducing flood risk and stormwater runoff, and
mitigating heat (Kong et al., 2021). By contrast, forests outside urban
areas and in natural (undisturbed) areas are treated as contiguous eco-
systems, where NBS are associated with long-term processes of
ecosystem recovery, biodiversity conservation, and carbon sequestra-
tion (Hastings et al., 2020; Jakubiak et al., 2025). This gradient high-
lights a shift from engineered urban greenery to process-based natural
forests, mirroring the diverse ways NBS are operationalized.

4.4.2. Ecosystem services delivery

ES delivery varies across urban greenery, urban forests, and forests,
shaped by differences in management intensity and ecological traits.
This gradient reflects broader patterns identified in our analysis,
showing how NBS shift from engineered urban solutions toward more
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process-based forest systems. In urban greenery, ES are primarily
regulating and cultural (Andersson-Skold et al., 2018). Service delivery
is constrained by strong abiotic stressors in dense urban environments,
such as heat stress, soil compaction, and reduced rooting volume. At the
same time, these systems offer opportunities to integrate ecological and
engineering systems, including sustainable urban drainage systems and
green roofs that promote urban rewilding (Li et al., 2023; Salman et al.,
2019). In cities, the interaction between “brown infrastructure” (urban
soil) and “green infrastructure” (vegetation) supports resilience and the
capacity to provide ES (Scartazza et al., 2025). Through the provision of
multiple ES, urban forests, individual trees, or groups of trees play a
significant role in mitigating the negative impacts of urbanization
(Zhang et al., 2023). Urban forests operate at an intermediate scale and
deliver complex and durable ES, including air quality regulation, carbon
sequestration, and habitat continuity (Andersson-Skold et al., 2018;
Jakubiak et al., 2025). Moreover, their effectiveness can be limited by
spatial fragmentation and vulnerability to pests and diseases, which
weaken the tree canopy structure (Weiskopf et al., 2024). Forests are
considered the primary providers of supporting and provisioning ser-
vices, given their role in nutrient cycling, soil formation, and climate
regulation (Gadow et al., 2007). These ecosystems hold enormous po-
tential for large-scale restoration, strict protection, and rewilding
(Solano et al., 2025). Overall, these differences reinforce the imbalance
identified in our results, where regulating services dominate urban
studies, while supporting and provisioning services are strongly asso-
ciated with less disturbed ecosystems.

4.4.3. Functional traits depending on context

Our analysis further highlights that the role of functional traits is
strongly context-dependent (Didion-Gency et al., 2021), with this de-
pendency becoming more pronounced along the gradient from forests to
urban forests to urban greenery (Simovic et al., 2024). In natural and
semi-natural forests, ecosystem functioning is shaped by biophysical
limitations and long-term ecological processes, so functional traits often
arise from niche complementarity, in which functional diversity en-
hances productivity and stability (Borges et al., 2021; Lin et al., 2016;
Ma et al., 2021). In urban forests, by contrast, these relationships are
shaped by selection effects, as ES delivery is driven by the traits of a
limited number of dominant or selected planted species that reflect
management priorities (Rodrigues et al., 2023). Therefore, traits serve as
functional markers, linking species' characteristics to the ecosystem
properties of urban forests (Cardou et al., 2020). This context de-
pendency also applies to urban greenery, where intensive management
allows species to persist outside their niches, weakening the links be-
tween response and effect traits (Goodness et al., 2016). Here, human
interventions, such as fertilization and irrigation, can loosen environ-
mental filters (Behm et al., 2022). As a result, trees selected for social or
aesthetic reasons might have little relevance to expected plant-
regulating functions, and trait performance itself might shift in
response to urban-specific stressors, such as heat, altered light regimes,
and environmental pollution (Camargo et al., 2024; Su et al., 2021).
Transferring trait-based findings across contexts is challenging because
of scale mismatches and intraspecific trait variability. Traits that show
strong correlations at regional and global scales may differ when the
scale gradient changes (Yang et al., 2015). Moreover, these difficulties
are underscored by geographic and taxonomic inconsistencies in exist-
ing datasets and across disciplines, as described by Shome et al. (2023).
These gaps highlight the need for more context-sensitive and integrative
trait-based frameworks.

In summary, while functional traits can bridge ES and NBS, their
current use is often overly simplified or context-specific, making them
less predictive. This limits the extent to which findings can be scaled
across urban and non-urban systems, highlighting the need for inte-
grative models that account for ecological complexity.
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5. Conclusions

This review highlights that nature-based solutions rely on plant
functional traits to support the delivery of ecosystem services and to
improve the resilience of urban and forest ecosystems. However, the role
of specific traits varies with environmental context and the ecosystem
services considered. In urban greenery, traits related to leaf morphology,
canopy structure, and tree size are commonly associated with thermal
regulation, shading, and air purification. In forest ecosystems, hydraulic,
structural, and wood-related traits are commonly linked to drought
tolerance, carbon storage, and long-term ecosystem functioning.
Consequently, urban forests represent an intermediate condition in
which ecological processes interact with management practices and
urban stressors.

ES are central to NBS evaluation: regulating services (e.g., climate
mitigation, air purification, and water regulation) are the dominant
category assessed in literature. By contrast, cultural and provisioning
services remain less quantified and are often evaluated through indirect
indicators. This imbalance limits understanding of ecosystem multi-
functionality and reduces the integration of non-tangible services into
trait-based NBS planning.

Trait-based approaches can support targeted species selection for
restoration and urban planning. By linking canopy structure and leaf-
related traits to cooling and air purification in urban systems, and hy-
draulic and structural traits to drought resistance and carbon-related
functions in forests, these approaches enhance resilience to climate
change and urban stressors. However, transferring trait-service re-
lationships across forest, urban forest, and urban greenery contexts re-
mains challenging due to intraspecific variability and the influence of
urban stressors. Indeed, context strongly influences trait expression and
ecosystem service delivery, as these systems differ in management in-
tensity, species selection, and environmental conditions.

Future NBS implementation should integrate mechanistic, trait-
based models and consider species context during selection, particu-
larly regarding environmental filtering and management intensity.
Additionally, monitoring ecosystem multifunctionality remains a
powerful tool for evaluating trade-offs among ecosystem services and for
guiding biodiversity conservation and adaptive management in both
urban and forest systems.

In conclusion, integrating FTs approaches into NBS planning and
management provides a valuable framework for improving the ecolog-
ical basis of resilient and multifunctional urban and forest ecosystems.
However, the effectiveness of trait-service relationships remain highly
context-dependent, shaped by environmental conditions, management
intensity, and intraspecific variability across urban greenery, urban
forests, and forest systems. These limitations highlight the need for a
mechanistic, model-based approach to trait data that is standardized,
inclusive of understudied species, and more representative of a broader
ecological gradient. A related but distinct issue concerns alien species.
Although they may contribute to specific ecosystem functions or be
readily accessible and convenient for research or management, their use
within NBS requires careful evaluation to avoid unintended impacts on
native biodiversity.

Thus, applying plant functional traits as operational tools can sup-
port informed species selection, improve NBS assessment, and optimize
ES delivery while conserving biodiversity across urban and forest
contexts.
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