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Abstract: In promoting biodiversity conservation and ecosystem service capacity, landscape con-
nectivity is considered a critical feature to counteract the negative effects of fragmentation. Under a
Green Infrastructure (GI) perspective, this is especially true in rural and peri-urban areas where a
high degree of connectivity may be associated with the enhancement of agriculture multifunctional-
ity and sustainability. With respect to GI planning and connectivity assessment, the role of dispersal
traits of tree species is gaining increasing attention. However, little evidence is available on how
to select plant species to be primarily favored, as well as on the role of landscape heterogeneity
and habitat quality in driving the dispersal success. The present work is aimed at suggesting a
methodological approach for addressing these knowledge gaps, at fine scales and for peri-urban
agricultural landscapes, by means of a case study in the Metropolitan City of Rome. The study area
was stratified into Environmental Units, each supporting a unique type of Potential Natural Vege-
tation (PNV), and a multi-step procedure was designed for setting priorities aimed at enhancing
connectivity. First, GI components were defined based on the selection of the target species to be
supported, on a fine scale land cover mapping and on the assessment of land cover type naturalness.
Second, the study area was characterized by a Morphological Spatial Pattern Analysis (MSPA) and
connectivity was assessed by Number of Components (NC) and functional connectivity metrics.
Third, conservation and restoration measures have been prioritized and statistically validated.
Notwithstanding the recognized limits, the approach proved to be functional in the considered
context and at the adopted level of detail. Therefore, it could give useful methodological hints for
the requalification of transitional urban–rural areas and for the achievement of related sustainable
development goals in metropolitan regions.

Keywords: peri-urban landscapes; metropolitan areas; MSPA; fragmentation; native woody species;
environmental units; naturalness; ecological corridors; conservation and restoration priorities

1. Introduction

Connectivity represents an emergent property of landscapes with respect to species
dispersal and ecological processes [1,2]. As such, it is increasingly recognized as a funda-
mental feature for enhancing biodiversity conservation and ecosystem service capacity
against fragmentation, in both ecological networks and GI planning [3,4]. These roles
of connectivity have been quite thoroughly disentangled in urban areas as well as in
rural landscapes [5–7], while additional values are emerging for peri-urban transitional
contexts, spanning from the reconnection between cities and their countryside to the en-
hancement of agriculture multifunctionality and sustainable development of metropolitan
regions [8,9]. Pragmatically, ecological connectivity analyses focus on structural, func-
tional, and dynamic individual characteristics and mutual relationships between patches,
matrix, and corridors in order to assess landscape permeability to species movement [5,10].
As regards agricultural landscapes, current research is increasingly addressing the vegeta-
tion component of biodiversity in addition to the faunistic one, which represents a more
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traditional target of investigation [11]. Both the impact of plant community composition
on connectivity [12] and, vice versa, the impact of connectivity features on taxonomic
and functional structure of plant communities [13] have been explored. Native status
and dispersal traits of plants, corridor suitability, and patch/matrix resistance to dis-
persal represent the more frequently investigated attributes at the species, community,
and landscape level [14–16]. Nevertheless, especially in the context of the European GI
Strategy implementation [17], little evidence is available on how to select plant species
to be primarily favored in dispersal and on the role of environmental heterogeneity and
quality of habitat patches and corridors in facilitating/impairing such a dispersal.

The present work is aimed at suggesting a methodological approach for addressing
these knowledge gaps at fine scales and for peri-urban agricultural landscapes. The
approach was tested in a Natural Reserve in the Metropolitan City of Rome (Italy),
within which urbanization pressure and rural landscape homogenization may impair the
resilience of the rural system and its capacity to provide valuable ES despite the legally
protected status [18,19]. Our findings suggest that, in such a context, the prioritization of
GI actions for enhancing biodiversity and connectivity may be suitably driven by (i) the
selection of target plant species according to the vegetation potential, (ii) the stratification
of land into homogeneous environmental units, and (iii) the assessment of naturalness of
the landscape mosaic components.

2. Materials and Methods
2.1. Study Area

The Marcigliana Nature Reserve is located in the northeastern peri-urban sector of
the Metropolitan City of Rome (42◦00′18.72′′ N 12◦35′13.92′′ E/42.0052◦ N 12.5872◦ E),
Italy, and covers an area of 4696 hectares (Figure 1). It belongs to a system of protected
areas in the Municipality of Rome, managed by the RomaNatura regional body, that
hosts biodiversity of conservation interest at the species, ecosystem and/or genetic
level (L.R. n. 29/97). The Reserve, as the whole municipality, is embedded within
the ecoregional subsection of the “Roman Area”, characterized by coastal Mediterranean
and hilly transitional bioclimate, composite sedimentary and volcanic litho-morphology,
and prevailing PNV for deciduous oak forests [20].

Figure 1. Study area. Ecoregional setting of the Municipality of Rome, from the division to the subsection level (on the left),
and location of the Marcigliana Nature Reserve within the Municipality of Rome (on the right).
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More in detail, the Reserve shows a varied pattern of different Environmental Unit types
(EUN), i.e., homogeneous portions of land, with respect to climatic, lithologic, morphologic
and PNV features, hosting a unique type of mature vegetation together with semi-natural and
anthropogenic seral stages. The occurring EUNs include: (i) Volcanic Plateaux (VPL), sup-
porting Turkey oak and eastern hornbeam forest potential (Carpino orientalis-Quercetum cerris
vegetation series) (66% of the site); (ii) Alluvial Valleys (AV), supporting hygrophilous and
meso-hygrophilous forest potential (Querco roboris-Ulmetum minoris/Salicetum albae vegeta-
tion complex) (17%); and (iii) Sandy-Clayey Slopes (SCS), supporting Virgilian oak and
Turkey oak forest potential (Carpino orientalis-Quercetum cerris varietas quercetosum virgilianae
vegetation series) (17%) [21]. With respect to this potential arrangement, the present land
use and land cover is starkly dominated by agricultural areas, without clear trends upon
abandonment [22]. On the contrary, urban sprawl and soil consumption are threatening the
rurality of the Reserve especially at its borders [23,24], with artificial areas representing about
4% of the site. Natural and semi-natural vegetation is therefore reduced to minor remnants,
with the mature stages of the most widespread vegetation series types, i.e., Quercus cerris
woods, accounting for about 10% of the site. Owing to the agricultural vocation, environmen-
tal protection rules, recognized role as a metropolitan ecological network buffer zone, and
geographic position between the consolidating city and traditional rural landscapes of the
countryside [25–27], the Reserve has been selected as a suitable case study for addressing the
connectivity issue in support of peri-urban GI planning.

2.2. Research Design

In keeping with the principles proposed for local scale GI planning [28], a multi-step
procedure was designed for setting priority measures aimed at enhancing the ecological
connectivity in a peri-urban agricultural landscape (Figure 2).

Figure 2. Multi-step procedure aimed at setting conservation and restoration priorities for GI connectivity improvement in
the study area.

First, the current GI components were defined based on the selection of the target
species to be supported (step 1a), on a fine scale land cover mapping (including natural
and semi-natural ecosystem patches as well as linear vegetation elements) (step 1b), and
on the assessment of land cover type naturalness (step 1c). Second, current ecological
connectivity was assessed in both structural and functional terms (step 2) and, third,
conservation and restoration measures have been prioritized and validated by means of
statistical correlation with the observed occurrence of target species (step 3).

More in-depth information on the definitions of ecosystem naturalness and ecological
connectivity adopted for the research [29–33] is provided in Supplementary Material Table S1.

2.3. First Step: Definition of GI Components According to Target Species, Ecosystem Occurrence,
and Naturalness

Assuming that the dispersal of trees representative of the mature vegetation com-
munities may facilitate the resistance and resilience of natural forest ecosystems in a
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rural landscape [34], the woody plants with a limited dispersal capacity and that are
characteristic of the PNV types occurring in the Marcigliana Natural Reserve have been
selected as target species (step 1a, Figure 2). These include three oak species, namely
Quercus cerris, Q. robur, and Q. virgiliana, that are barochore and zoochore and may be
effectively dispersed by the jay (Garrulus glandarius L.) or by hoarding rodents [35]. Since
the presence of the jay in the Reserve is not ascertained [36], it was assumed that occurring
small rodents, such as Apodemus sylvaticus L., may act as main dispersers [37,38]. The
dispersal distance mediated by the wild mouse increases, up to a little more than 100 m,
as the number of successive movements increases (re-dispersal) and is more affected by
the distance from shelter habitats rather than by the weight of the acorn [39].

Current GI components have been then recognized according to the capacity of
different land cover types to sustain the persistence, dispersal or spontaneous colonization
of target species. Therefore, all the ecosystems occurring in the study area have been
mapped in a GIS environment (Quantum GIS) (step 1b, Figure 2) and typified. For a
finer scale definition of the GI components, ecosystem and other land cover typology was
defined by detailing the legend classes of the Actual Vegetation Map of the Province of
Rome (1:25,000 scale) [40]. Based on these detailed classes, an original map was drawn at
1:2000 scale by means of Google Satellite Imagery visual interpretation, with a minimum
mapping unit of 0.15 ha. The woody hedgerows occurring in the agricultural matrix,
important for target species as natural and semi-natural ecosystem patches, were first
drawn as polylines, then converted into polygons by a 5 m buffer either side and finally
integrated in the main map. Photointerpretation was validated with field checks for all
the accessible sites, and with open-source geo-visualization tools (Google Street View and
Bing Maps) and comparison with the Forest Copernicus High Resolution Layer [41] for
inaccessible sites.

Both the areal and linear elements occurring in the landscape mosaic and dom-
inated by woody species have been assumed as suitable habitats for oak persistence
and dispersal, but their performance was supposed to be conditioned by the respective
degree of naturalness. Specifically, naturalness has been assessed accounting for the
physiognomic and structural features of the mapped woody elements with respect to
those of the PNV [42] (step 1c, Figure 2; Supplementary Material Table S1): areal and
linear elements dominated by non-native species and/or with a regular structure due
to plantation activities were considered less natural than those dominated by the native
species typical of the PNV and showing a spontaneous cover pattern.

2.4. Second Step: Detection of Current Connectivity

Current structural and functional connectivity was investigated at different levels
of detail by considering as suitable habitats either just areal or both areal and linear
components, and whether or not their degree of naturalness is accounted for:

• Level 1—Areal components, with both high and low degree of naturalness;
• Level 2—Both areal and linear components, with all degrees of naturalness;
• Level 3—Areal components with just a high degree of naturalness;
• Level 4—Both areal and linear components with just a high degree of naturalness.

Moreover, the three EUNs occurring in the Reserve (i.e.,: VPL, with Quercus cerris and
Carpinus orientalis forest potential; AV, with meso- and hygrophilous forest potential; and
SCS, with Quercus virgiliana and Q. cerris forest potential) were individually investigated
at the level assumed as most suitable among these four (Level 4). Thus, the 7 maps
(one for each level of investigation, and three for the Level 4 stratified per EUN) were
converted into binary rasters (1 = habitat; 0 = non habitat) with a spatial resolution of 5 m.

For structural connectivity detection, a MSPA along with a Network Analysis were
performed. MSPA, a useful tool for describing pattern structures and automatically
detecting connectivity pathways, was carried out by means of the GUIDOS Toolbox [43]
with the following settings: 8-connectivity, so that foreground connectivity was based on
both border and corner sharing between pixels of habitats (that sometimes have a very
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small extent in the source map); Transition turned on, so that more importance was posed
on the role of linear elements as connectors rather than on the continuity of patch edges;
Intext = 1, so that the perforations of habitat patches due to enclosed features, very rare
in the study area, were neglected; Edge width = 2 pixels (10 m), so that linear elements
were prevented to be recruited as areal habitats. The MSPA returned a categorization of
the habitats into cores, islets, perforations, edges, loops, bridges and branches. With the
same GUIDOS Toolbox, a Network Analysis was performed in order to estimate the NC
in the landscape mosaic. An individual component represents a region of interconnected
nodes and links, respectively generated by core and bridge MSPA categories, so that a
landscape can be considered as more connected as the NC is fewer [44,45].

For functional connectivity assessment, the Integral Index of Connectivity (IIC) was
estimated (Conefor 2.6 software). The index, widely recommended for habitat and link
prioritization [46], provides a measure of connectivity between nodes according to a
threshold distance. Given the wild mouse-mediated dispersal capacity of the target
species, such a distance was approximated at 100 m. The IIC varies between 0 and 1 and
positively increases with connectivity:

I IC =
∑n

i=1 . ∑n
j=1 .

aiaj
1+nlij

A2
L

(1)

where n is the total number of nodes in the landscape, ai and aj are the attributes (i.e.,
the extent) of nodes i and j, nlij is the number of links in the shortest path (topological
distance) between patches i and j, and AL is the maximum landscape attribute (i.e., the
extent of a habitat patch covering all the landscape).

2.5. Third Step: Prioritization of Conservation and Restoration Measures

By combining multiple indicators, alternatively fitting with areal or linear compo-
nents, conservation priorities for the maintenance of landscape connectivity were assigned
to habitat patches and corridors at the Level 4 stratified per EUN. The values for each
indicator were then scored and added together for the assignment of a comprehensive
priority to each component.

Specifically, habitat patches were prioritized according to:

(a) Node Importance [47], calculated as

I IC(%) = 100 · I IC − I ICremove
I IC

(2)

where IIC is the index value when the overall existing nodes are considered, and IICremove
is the index value after the removal of that single node from the landscape. Priority scores
for Node Importance were assigned following the distribution of the indicator values
into quartiles;

(b) Condition of the EUN of occurrence, derived from the previous methodological step
and qualitatively scored, with a null value assigned to the less critical EUNs and a
unit value assigned to the most critical one.

Corridors, prevalently links (bridges), but also the other linear MSPA categories, were
evaluated by means of:

Condition of the EUN of occurrence, as for nodes;

(c) Link Removal indicator, so that the removal of each bridge was simulated, the
respective impact (dIIC) calculated as for nodes, and the priority quantitatively
scored according to distribution of the indicator values into quartiles;

(d) Conservation priority of the nodes connected by the link, derived from Node Im-
portance (criterion a) and qualitatively scored in compliance with every emerging
combination (i.e., the higher the importance of nodes, the higher the score assigned
to the connector);
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(e) Connection importance, assigned to links that, if removed, originate a new component;
(f) Structural contiguity and singularity of connections, so that a higher priority was as-

signed to bridges and branches with respect to isolated islets (due to less contiguity)
and to loops (due to connection redundancy).

In order to validate conservation priorities for links, the presence and abundance
of Quercus specimens were estimated by means of physiognomic structural surveys of
the linear woody elements at accessible sites. Subsequently, the correlation between
abundance and conservation priority was assessed with the Kendall Tau-b statistic [48],
whose values range from −1 (100% negative association) to +1 (100% positive association)
with 0 indicating absence of association. The Kendall Tau-b coefficient is defined as:

τB =
fc − fd√

( fc + f1 + Ex)
(

fc + f1 + Ey
) (3)

where fc are the concordance frequencies; fd is the frequency of discrepancies; Ex (y) are the
bonds of the independent (and dependent) variable. Owing to the difficulties encountered
in making many surveys, it was reasonable to set a level of significance p ≤ 0.10.

With respect to restoration, the criteria for setting priorities were defined in order
to minimize conflicts with primary production [49,50], so that the boosting of links,
especially the conversion of branches into bridges, was preferred to the creation of new
forest patches. Moreover, such a conversion was simulated by favoring restoration of tree
cover in pre-existing paths or along linear element residuals between cultivated fields
(such as unpaved road edges or grass verges) (Figure 3) and by limiting the development
of redundant links between nodes (i.e., loops).

Figure 3. Simulated conversion of two branches (a) into a single bridge according to a pre-existing path (b).

The improvement in connectivity, potentially determined by the simulated restora-
tion, was then assessed by means of Conefor connector-based (not distance-based) mea-
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sures. Namely, the IIC and the NC were measured ex ante and ex post the conversion of
branches into bridges.

3. Results
3.1. Current GI Components

The landscape matrix of the Reserve is represented by agricultural surfaces (80%,
mainly arable lands), with interspersed natural patches (16%, mainly Quercus cerris
woods), artificial surfaces (4%, prevalently with constructions related to agricultural
activities) and woody linear elements (206, 163 of which are natural and 43 artificial, with
a density of 14.78 m/ha) (Figure 4).

Figure 4. Land use and vegetation cover in the Marcigliana Nature Reserve.

Such an arrangement is coarsely confirmed at the EUN level, but with a varying
prevalence of agricultural surfaces over natural vegetation and a different density of
linear elements (Table 1).

Table 1. Landscape features (percent coverage of main land cover types and density of linear woody elements) of the EUNs
occurring in the Marcigliana Nature Reserve.

Environmental Unit Total Surface
(ha)

Agricultural
Surfaces (%)

Natural Surfaces
(%)

Artificial
Surfaces (%)

Density of Linear
Elements (m/ha)

Volcanic Plateaux (VPL) 2719 86% 10% 4% 11.7

Alluvial Valleys (AV) 602 75% 22% 3% 44.5

Sandy-Clayey Slopes (SCS) 1138 65% 32% 3% 6.5

In all the EUNs, the woody vegetation types, together with the linear woody elements
occurring in the agricultural matrix, have been a priori selected as suitable GI components
for supporting native oak species. According to their naturalness, these components were
arranged into the following classes (Figure 5):

• areal “Natural-high”, including Oak woods with Quercus cerris and locally with
Q. virgiliana or Q robur (map code 3112); Hygrophilous woods with Populus sp.pl.,
Salix sp.pl., Alnus glutinosa and Fraxinus oxycarpa (3116); Shrublands with Prunus spinosa,
Rubus ulmifolius, Spartium junceum and/or Pteridium aquilinum (3222); and Tall herba-
ceous and woody vegetation of ditches and wetlands (3223);

• areal “Natural-low”, including Non-native broad-leaved woods with Robinia pseudoacacia
and/or Ailanthus altissima (3117); Broad-leaved forest plantations 3118); and Mediter-
ranean pine or cypress forest plantations (3121);
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• linear “Natural”, when dominated by spontaneous woody species;
• linear “Artificial”, when dominated by planted woody species.

Figure 5. Spatial arrangement of suitable GI components in the environmental units of the Marcigliana Nature Reserve,
distinguished according to structural features (areal or linear extent) and degree of naturalness.

3.2. Current Ecological Connectivity

Both structural connectivity features, in terms of absolute frequency of MSPA classes
and NC, and functional connectivity features, in terms of IIC, for each of the four levels of
investigation and for the three different EUNs at the Level 4, are reported in Table 2.

In the entire Reserve, and independently from the level of investigation, a conspic-
uous number of cores and NC is observed (with respect to NCmin = 1), denoting a high
degree of habitat fragmentation. Moreover, the branches are always much more numerous
than bridges, showing a high degree of discontinuity in existing corridors and further
contributing to the observed NC. With respect to these general features, when linear
elements are definitely taken into account (Levels 2 and 4 vs. Levels 1 and 3), the increase
in connectivity is denoted by: (i) a higher number of continuous and discontinuous
corridors (i.e., bridges and branches) and a consequent fewer NC; (ii) a higher number
of cores, showing the potential role of linear elements as habitat providers themselves,
even with a high degree of naturalness (Level 4); and (iii) a quadrupled values of the IIC.
Alternatively, when the degree of naturalness of habitat patches and corridors is explicitly
considered (Levels 3 and 4 vs. Levels 1 and 2), the effect of quality can be distinguished
from that of quantity. In this case, the decrease in NC does not indicate a better structural

8
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connectivity, but rather the complete attrition of useful components for the dispersal of
target species, also denoted by the halving of the IIC.

Table 2. Structural and functional connectivity features for the alternative levels of investigation. Note that, due to the
“edge” parameter, many of the narrow forest ecosystems occurring along narrow slopes and valleys were eroded and
fragmented. Therefore, the number of MSPA cores, branches, and bridges far exceeds the number of patches and linear
elements in the original map.

Connectivity
Feature

Level 1
(All Areal

Components)

Level 2
(All Areal and

Linear
Components)

Level 3
(Natural-High

Areal
Components)

Level 4
(Natural-High

Areal and Linear
Components)

Level 4/VPL
(Volcanic
Plateaux)

Level 4/AV
(Alluvial
Valleys)

Level 4/SCS
(Sandy-
Clayey
Slopes)

Number of MSPA
CORES 300 332 265 281 194 275 136

Number of MSPA
ISLETS 7 64 7 57 205 92 72

Number of MSPA
EDGES 179 200 146 168 192 239 180

Number of MSPA
LOOPS 0 12 1 8 19 30 22

Number of MSPA
BRIDGES 119 194 105 161 56 141 42

Number of MSPA
BRANCHES 1132 1506 969 1279 535 734 310

Number of
Components (NC) 78 55 67 50 107 77 82

Integral Index of
Connectivity (IIC) 0.004 0.017 0.002 0.008 0.00083 0.00503 0.00504

Finally, the comparison between the three different EUNs allowed ecological connec-
tivity features to be spatially contextualized, and VPL to be recognized as the most critical
EUN with respect to AV and SCS. Actually, in VPL: (i) the number of cores is not the
highest but the islets are much more numerous, denoting a higher level of fragmentation
and shrinkage in habitat patch dimension; (ii) the ratio between cores and bridges is
higher (3.46 with respect to 1.95 in AV and 3.24 in SCS) as well as the NC, denoting a more
marked isolation between residual habitats; and (iii) the IIC is six times lower than that of
the other two EUNs, highlighting a low degree of connectivity also in functional terms.

3.3. Conservation Priorities

The ranking of adopted indicators, for the assignment of conservation priority scores to
areal and linear GI components, is summarized in Table 3. The comprehensive conservation
priority of each GI component, derived from the sum of partial indicator scores and ranked
in 5 classes from ‘very low’ to ‘very high’, is instead represented in Figure 6.

Areal elements with a positive priority are 27. Notwithstanding those with maximum
values are the largest ones, some medium-size (between 10 and 25 ha) and small-size
patches (<10 ha) could be prioritized as well. Linear elements with a positive priority are
123 out of the 164 natural ones. For these GI components, 40 physiognomic-structural
surveys were carried out. This surveys returned a prevalence of Rubus ulmifolius and
Prunus spinosa shrub formations with oak specimens occurrence in 63% of the cases
(25 linear elements with Quercus cerris, Q. virgiliana, and/or Q. robur). The Kendall Tau-b
correlation showed a significant relationship (p-value = 0.052) between the abundance of
the target species in linear elements and their conservation priority.

3.4. Restoration Priorities

By avoiding the encroachment on existing cultivated fields and the creation of con-
nectivity loops, the conversion of branches into 20 new bridges was simulated. Notwith-
standing the exiguous number of simulated new links, the conversion would lead to an
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ecological connectivity improvement of 79% in terms of IIC (from 0.008 to 0.014) and of
14% in terms of NC (from 50 to 43).

Table 3. Conservation priority scores assigned to GI components, at the level 4 stratified per EUN, according to individual
indicators (a and b for areal components, and from b to f for linear components, respectively).

Conservation
Priority Score

(a) Node
Importance

(b) EUN
Condition (c) Link Removal (d) Priority of the

Connected Nodes
(e) Importance of

Connection (f) MSPA Class

5 dIIC > 11.57 (upper
outliers)

two ‘very high’
priority nodes

4 8.74 < dIIC < 11.56
(4th quartile)

at least one ‘very high’
priority node; two

‘high’ priority nodes

3 5.05 < dIIC < 8.73
(3rd quartile)

dIIC > 13.59
(upper outliers)

at least one ‘high’
priority node; two
‘medium’ priority

nodes

Bridge

2 2.30 < dIIC < 5.04
(2nd quartile)

1.30 < dIIC < 4.84
(from 1st to 4th

quartile)

at least one ‘medium’
priority node Branch

1 1.53 < dIIC < 2.29
(1st quartile) VPL dIIC < 1.00 two ‘low’ or ‘very low’

priority nodes

the link removal
splits a

component
Islet and Loop

Null (0) dIIC < 1.00 SCS; AV
the link removal

does not split any
component

Figure 6. Distribution of comprehensive conservation priority of GI components in the Marcigliana
Nature Reserve.
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4. Discussion

A methodological approach was developed and tested for addressing the improve-
ment of GI connectivity in peri-urban agricultural landscapes. The approach was first
based on fine-scale environmental stratification into homogeneous EUNs, each supporting
a unique type of PNV. Second, it was based on an in-depth definition of GI components,
including linear woody elements, and, third, on the assessment of their naturalness.

With respect to approaches based on less detailed information [51], the greater
mapping and assessment effort allowed some critical issues to be faced, especially per-
taining to (i) a focused selection of target plant species to be favoured by GI connectivity,
(ii) the reliability of structural and functional connectivity estimates, and (iii) the steering
of conservation and restoration measure prioritization.

4.1. Strength and Weakness of Target Species Selection

The selection of target plant species was based upon the recognition of PNV types, so
that not only limited dispersal ability but also representativeness of the varied ecological
potential of the site has been considered. In the study area, different species of the
genus Quercus comply with both these requirements. Their conservation and facilitation
can thus actively contribute to boost native biodiversity, control biological invasions,
facilitate ecological and biogeographic coherence of landscape management measures,
and guarantee a high level of restoration success in a peri-urban rural landscape [52–
54]. Moreover, even though these aspects have not been deepened and go beyond the
objectives of the work, oak species are expected to play a crucial role for rural landscape
resilience and agriculture sustainability as keystone components of mature vegetation
communities [55,56]. Therefore, they should preferentially contribute to achieve GI
multifunctionality with respect to species selected for their endemic, rare or threatened
status and usually targeted for the exclusive objective of biodiversity conservation in
ecological network design [57].

However, some factors may limit the restoration success for these target species,
such as livestock overgrazing, intensive pruning, and shrub clearance [58–61]. These
constraints should be carefully considered, especially in a prospective implementation
phase, and eventually mitigated by coupling oak plantation and seeding with shrub
restoration.

4.2. Strength and Weakness of Connectivity Assessment

As regards connectivity, the estimates performed at different levels of detail con-
firmed the significance of explicitly accounting for the occurrence of linear landscape
elements in rural contexts, as matrix permeability enhancers [62–64]. Similarly, differences
in estimates due to the varied naturalness of landscape mosaic components have been
documented, complementing the evidence recently arising from broader scale investiga-
tions [7,65,66].

The limited number of alternative observations prevented however to test the sta-
tistical significance of such differences, so that more alternative settings and/or a com-
parison with similar case studies have to be explored for deepening knowledge in this
respect. Moreover, the historical persistence of occurring hedgerows could be analyzed
for strengthening the assessment of corridor effectiveness [67].

4.3. Strength and Weakness of Prioritization Procedure

For prioritization, all the collected information on environmental stratification and
habitat and landscape condition was capitalized by means of an additive assessment, as al-
ready experimented but with different criteria and for different landscape contexts [68,69].
Accordingly, conservation and restoration measures were not only defined on the basis
of connectivity metrics, but also differentiated accounting for the conservation status of
the EUNs (i.e., the varying fragmentation degree due to differences in environmental
suitability for intensive land uses), the naturalness of the occurring elements (avoiding a
GI design just based on structural land cover information), and the current availability of
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ecological corridors for target species (in both structural and functional terms). Other au-
thors already highlighted that ecological connectivity varies according to landscape types,
without however incorporating such an information in the prioritization process [70,71].
Connectivity metrics alone, based on MSPA, Network Analysis and functional indices
(e.g., IIC) have been instead commonly applied for setting habitat and corridor conserva-
tion priorities [46,72,73]. As an immediate advantage, the merge between environmental
stratification and connectivity metrics mitigated the effect of patch area on node impor-
tance assessment [73,74], so that it was possible to include other nodes than the largest
ones among the conservation priorities, bringing out their role as potential stepping stones.
In spite of this benefit, implementation showed some limitations concerning EUNs af-
fected by striking fragmentation. This is the case for the VPL unit in the southeastern
sector of the study area, where only a few and low-priority conservation nodes could be
identified and only 2 of the 20 restoration links were designed. Such a result suggests
that conservation and restoration priorities should be framed in the first place on the
difference between actual and potential cover of natural ecosystems, and only secondarily
on the spatial pattern of remnants, as already proposed for the assessment of ecosys-
tem conservation status at the national and regional level [42]. As regards the adopted
connectivity indicators and with respect to consolidated practice [45,75], an approach
not just based on node importance and link removal function allowed the contribution
made by further elements of the landscape mosaic to be enhanced. Namely, branches and
islets were explicitly included among the priorities so that their potential role as either
stepping stones, discontinuous corridors, or habitat providers themselves [76–78] has
been explicitly recognised while planning for conservation measures.

Some limitations could arise from the subjective choice of priority scores for each of
the indicators, which however is often accepted as necessary in GI planning and could be
eventually mitigated by including stakeholders and other disciplinary competences into
the process [79]. The proposed restoration options are affected by a certain subjectivity
as well. Nevertheless, these options comply with the evidence that new wooded links
bring more benefits than converted ones and foster rodent dispersal, including that of
Apodemus specimens [14,80–82]. Above all, however, the criteria for limiting as much as
possible the consumption of productive space may facilitate, more than a more automatic
but unfiltered least-cost path approach [83], the avoidance of potential conflicts with
agricultural practices and the long-term persistence of planned interventions [49].

5. Conclusions

A set of criteria is presented for estimating and improving ecological connectivity at
fine scales and that may be critical for planning effective GI in agricultural landscapes.
The evidence provided by the implementation of these criteria in a peri-urban metropoli-
tan sector emphasizes the usefulness of the ecological classification of land according to
both the physical features of the environment and the biotic vegetation potential, and also
provides a rationale for investing in detailed spatial representation and assessment of
ecosystems. Notwithstanding the recognised limits, posed by the investigational character
of the work but that can be quite easily disentangled in the case of a concrete GI deploy-
ment, it is hoped that the suggested approach will give useful hints for the requalification
of transitional urban–rural areas and for the achievement of related sustainability goals,
especially those prompted by the Green Infrastructure and Farm to Fork Strategies in
Europe and by the Urban Green Strategy and the “Climate Decree” (national law decree
n. 111/2019) in Italy.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073
-445X/10/8/807/s1, Table S1: adopted definitions for the concepts of ecosystem naturalness and
ecological connectivity.
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Abstract: Urban forests provide many ecosystem services, such as reducing heat, improving
air quality, treatment of stormwater, carbon sequestration, as well as biodiversity benefits. These
benefits have resulted in increasing demand for urban forests and strategies to maintain and enhance
this natural infrastructure. In response to a broader resilience strategy for Melbourne, Australia,
we outline how a metropolitan-wide urban forest strategy (Living Melbourne) was developed,
encompassing multiple jurisdictions and all land tenures. To this end, we mapped tree cover within
the Melbourne metropolitan area, modelled potential habitat for some bird species, and investigated
the role of tree cover for urban heat island mitigation. We outline the consultation and governance
frameworks used to develop the strategy, the vision, goals and actions recommended, including
canopy and shrub cover targets for different parts of the metropolitan area. The metropolitan-wide
urban forest strategy acts as an overarching framework to guide local government authorities and
various stakeholders towards a shared objective of increasing tree cover in Melbourne and we
discuss the outcomes and lessons from this approach.

Keywords: canopy cover; vegetation mapping; connectivity; heat mapping; targets

1. Introduction

Nature is increasingly recognised as one of our most valuable assets to build resilience
to 21st century urban challenges: the urban forest and the biodiversity that it supports
can take pressure off our increasingly strained built infrastructure while supporting the
liveability of our cities [1]. There is a growing understanding and demand for urban
forests due to the multiple benefits that they provide. Urban forests provide many
ecosystem services, such as reducing surface temperatures through shading, maintaining
water quality through treatment of stormwater, providing carbon sequestration, and
improving air quality through particulate matter removal [2]. In addition, the urban forest
provides habitat for wildlife [3]. A recent and rapidly accumulating body of evidence
demonstrates that experiencing nature in cities is critical to the health and well-being
of the community [4,5]. In a context of rapid urbanisation, biodiversity conservation in
towns and cities plays a significant role in minimising both the local extinction of species
and maintaining the human experience of native plants and wildlife [1]. Although parks
and reserves currently remain the focus for conserving urban nature, private gardens
offer an extensive and undervalued resource for enhancing urban biodiversity [6].

Urban populations are growing [7], and many cities are densifying [8]. Densification
can place pressure on canopy cover and other elements of vegetation in urban environ-
ments [9,10]. Acknowledging the many benefits of urban vegetation, and particularly
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trees, many city municipal governments have responded through developing urban forest
strategies and targets [11]. It is atypical for urban forest strategies to be undertaken by
coalitions of local government authorities (LGA). They are more typically undertaken by
an individual LGA, as this is the extent of their jurisdiction (e.g., [12,13]).

Australia is no exception to the trends of both urban population growth and den-
sification and responding through developing urban forest strategies. Australia is one
of the most highly urbanised nations in the world, with almost 90% of the population
living in urban areas in 2016 [14]. Municipal governments have been increasingly devel-
oping urban forest strategies [15], but as governance is typically fragmented in larger
cities (through many local government entities), there is rarely coordination to develop
whole-of-metropolitan urban forest strategies.

From 2012 to 2017, Melbourne, Australia’s second largest city located in temperate
south-eastern Australia, accommodated 87 percent of the total population growth of the
State of Victoria [16]. A combination of natural increase and net immigration will make
Melbourne Australia’s largest city, with a projected population of 8 million people by
2051 [16]. To house this growing population, more than 1.6 million new dwellings will be
needed, resulting in further density in existing areas and the addition of new suburbs on
the urban fringe [17].

As with other Australian cities, Melbourne has a fragmented governance framework
with no single metropolitan authority to coordinate action such as developing integrated
urban forests. A key challenge, therefore, is achieving coordinated approaches across
various jurisdictions and government entities. However, whilst challenging, it has suc-
cessfully been achieved in some regions such as Chicago, USA where, for over 20 years,
in excess of 250 partners, work together to improve conservation outcomes [18]. Here,
we describe and discuss the process behind developing a metropolitan-wide urban forest
strategy for Melbourne, the rationale behind various elements and outline lessons learnt,
from the perspective of the authors of that strategy.

2. Background
2.1. Current Context for Melbourne

Melbourne sits at the junction of several bioregions, which are broad geographical
regions composed of clusters of interacting ecosystems that share common physical and
biological features such as climate, geology, landforms, soils and vegetation [19]. The
different regions vary widely in canopy cover. This is a result of their natural attributes—
which influence vegetation patterns—combined with the historical development and
growth of Melbourne. The vegetation types that existed in Melbourne before European
settlement included grasslands and grassy woodlands in the west, heaths and heathy
woodlands in the south-east, and dry and damp forests in the east. In addition to these
natural differences, Melbourne’s development and growth since the 1830s has had an
important influence on the shape and form of today’s urban forest. Settlers’ preferences
for elevation, views, water and mature trees meant that Melbourne’s early development
moved outwards from the original European settlement on the banks of the Yarra River to
the north-east, east and south-east, and tended to be on the hillier, treed terrain. The flatter
northern and western areas—largely grassland plains—were considered less hospitable
and desirable.

Melbourne is consistently ranked as one of the world’s most liveable cities [20] and
Victoria, the state for which it is the capital, has been known as ‘Garden State’. Visitors to
Melbourne (who contribute approximately AUD 8 billion to the city’s annual economy)
ranked parks and gardens as Melbourne’s number-one unique attribute, and as the city’s
top ‘must do’ attraction [21]. Melbourne has one of the highest percentages of open
green space of any city in the world [19]. The distribution and extent of native vegetation
varies, with inner-city areas retaining less original native vegetation and having a larger
proportion of introduced flora species than Melbourne’s outer suburbs [22].
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However, it was known that Melbourne was losing its canopy cover [23], and recent
research found that between 2014 and 2018 there was a loss of canopy and shrub cover
(combined) of 1.9% and tree cover alone of 0.7% across metropolitan Melbourne [24]. The
loss is not uniform across metropolitan Melbourne, the eastern and southern regions
showing greater rates of tree canopy loss (off a much higher base) resulting largely from
densification of existing residential blocks (Figure 1a), and the western and northern
regions of Melbourne showing a slight increase (off a low base) as a result of new devel-
opments on former farmland resulting in new streetscape, parkland and back/front yard
plantings and during this period (Figure 1b).

Metropolitan Melbourne incorporates 32 LGAs. Local government is the third level
of government in Australia and has a significant impact on the community. LGAs deliver
more than 100 services including environmental management, managing land and com-
munity infrastructure. LGAs are responsible for a large range of capital and operational
works such as waste management, road maintenance, drainage management, municipal
building management and maintenance, social and community services, planning and
building regulation, parks, open space and streetscape vegetation [25]. Fragmented gov-
ernance hampers the ability to plan for and adequately protect a metropolitan-scale urban
forest across different jurisdictions and land tenures. LGAs are the primary developers of
urban forest strategies and are also major land managers of the urban forest itself, along
with State government and statutory authorities (such as Parks Victoria and Melbourne
Water) and private landholders.

As at 2019, 13 LGAs in Melbourne had or were developing an urban forest strategy
and were making efforts to maintain or increase tree canopy cover (Table 1). Although
some of these strategies focus narrowly on street trees and canopy on public land, others
also consider vegetation on private land, have performance measures, are long term, and
use a broad definition of an urban forest. Other LGAs have ‘urban landscape’, ‘open
space’, or ‘street tree’ strategies which also contribute to the urban forest (Table 1). A
range of Victorian Government documents provide support and guidance relating to parts
of Melbourne’s urban forest. These include Plan Melbourne 2017–2050 [17], the Victorian
Climate Change Adaptation Plan 2017–2020 [26], Protecting Victoria’s Environment–Biodiversity
2037 [27], the Victorian Public Health and Wellbeing Plan [28] and the Draft Metropolitan Open
Space Strategy [29]. However, a coordinated approach to planning Melbourne’s urban
forest across the entire metropolitan area, across different tenures, and encompassing
native and exotic vegetation was lacking.

Some efforts have been made to coordinate across jurisdictions at a regional (sub-
metropolitan) scale. For example, ‘Greening the West’ is a regional collaboration to help
communities in Melbourne’s west expand green spaces in parks, reserves, streetscapes, roofs
and walls, backyards, car parks, sporting fields and waterways. A total of 23 organisations—
LGAs, Victorian Government departments and agencies, water utilities and community
groups—work successfully together to protect and enhance the urban forest, sharing knowl-
edge and promoting and scaling up practical solutions in western Melbourne. The value of
this collaboration is that, to date, Greening the West has generated AUD 30 million worth of
green infrastructure projects in the Western Region of Melbourne [30].

2.2. Developing the ‘Resilient Melbourne’ Strategy

In 2014, Resilient Melbourne was established as part of the 100 Resilient Cities (100RC)
initiative, pioneered by The Rockefeller Foundation. This global initiative aimed to help
cities around the world become more resilient to the physical, social and economic challenges
that are a growing part of the 21st century [31]. Melbourne was selected from 372 applicant
cities around the world to be in the first wave of 33 cities to join the network. A key element
of all cities as part of this program was the development of a resilience strategy.
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Figure 1. a) Historic vs. recent growth patterns in established urban areas in Melbourne’s eastern 
region (upper images: higher residential density and single-dwelling renovation or construction of 
new dwellings; lower images: a redevelopment of four allotments with four detached dwellings to 
yield 12 dwellings) and b) historic vs. current growth patterns in urban growth areas in Melbourne’s 
northern region (note growth of street trees over an eight-year period). Year of photo under image. 

Figure 1. (a) Historic vs. recent growth patterns in established urban areas in Melbourne’s eastern
region (upper images: higher residential density and single-dwelling renovation or construction of
new dwellings; lower images: a redevelopment of four allotments with four detached dwellings
to yield 12 dwellings) and (b) historic vs. current growth patterns in urban growth areas in
Melbourne’s northern region (note growth of street trees over an eight-year period). Year of photo
under image.
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Table 1. Municipal urban forest plans in Greater Melbourne, including current total tree canopy cover (as specified in
individual local government plans or related documents), measurable canopy cover targets (public and private), overall
canopy cover target and measurable tree diversity target (as at 2019).

Local Government Urban Forest
Strategy

Current Total Tree
Canopy Cover

Measurable Canopy
Cover Target/s
(Public Land)

Measurable Canopy
Cover Target/s
(Private Land)

Overall Canopy
Cover Target

Measurable Tree
Diversity Target

City of Melbourne Yes 11.0% 40% by 2040
No more than 5%

species, 10% genus,
20% family

City of Port Phillip Yes 22.0%
Yes, individual

suburb targets by
2027

Increase diversity

City of Yarra Yes 17.0% 21.25% by 2040

City of Banyule Yes Parks and bushland
reserves: 37.0%

Parks: 50%; Streets
75% Increase by 20% Increase diversity

City of Darebin Yes 9.8% At least 25% by 2028

City of
Moonee Valley In development 11.0%

City of Moreland Yes 14.0% 21.3% by 2050 Maintain at current
9% by 2050 30.3% by 2050

Street tree planting
guide: No more

than 40% one family,
15% one genus and

5% one species

City of Whittlesea In development 19.72% Yes Yes Increase by 20% by
2040

City of Knox Street Tree Asset
Management Plan Streets: 22.0% 25% by 2030 in

streetscapes Improve diversity

City of Casey 2009 Revegetation
strategy

Remnant vegetation:
7.0%

Native vegetation
30%

City of Greater
Dandenong Yes 9.90% 15% by 2028

City of Frankston Urban Forest Policy 17.0% 20% by 2040

City of Glen Eira In development 12.5% 14% by 2040

City of Monash

Monash Urban
Landscape and

Canopy
Vegetation Strategy

22.0% 30% by 2040

City of Stonnington Yes 25.0%

No more than: 30%
of any one family,

20% of any one
genus, 10% of any

one species

City of Brimbank Yes 6.20%
50% canopy cover in

urban parks and
open spaces

30% by 2046

No more than 50%
of the same family

and introduce
new families

City of Wyndham Yes 9.0%
Streets: 25% by 2040
Open Space: 35% by

2040

Established areas:
15% by 2040; New
areas: 10% by 2040

No more than 30%
family, 20% genus,
and 20% species

Following significant engagement across metropolitan Melbourne, including all
LGAs, Victorian Government, and many other stakeholders, the Resilient Melbourne
strategy was released in 2016 [32]—the first ever metropolitan-wide strategy in Australia
that was led by local government. The Resilient Melbourne strategy recognised that a
metropolitan-wide urban forest strategy would bring city-wide benefits that could not be
achieved by individual LGAs in isolation and recommended the development of such a
strategy as a flagship action (which was also considered the highest priority action for
LGAs (Figure 2).

The Nature Conservancy, a global conservation NGO, worked in cities across Europe,
North America and Africa, and Asia collaboratively with organisations and communities
using strategic planning and science-based solutions make cities resilient, healthy and
equitable (e.g., [33,34]). In 2014, The Nature Conservancy scoped the potential for a city-
wide biodiversity strategy for Melbourne and found strong interest amongst stakeholders.
The Nature Conservancy was a global platform partner with 100 Resilient Cities and in
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2016 agreed to partner with Resilient Melbourne to lead the development of a metropolitan
urban forest strategy which would become Living Melbourne: Our Metropolitan Urban
Forest [35].
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actions.

3. Developing a Metropolitan-Wide Urban Forest Strategy

Three major processes were run concurrently to gather information and ensure
stakeholder engagement and ownership: (1) mapping of the urban forest (in the absence
of a consistent metropolitan-wide dataset), (2) governance and advisory, and (3) broader
engagement and co-design. These are outlined below.

3.1. Mapping and Modelling to Inform Priorities
3.1.1. Mapping Metropolitan Melbourne’s Urban Forest

Mapping the extent of the urban forest is essential for its development, protection,
maintenance and growth. Comprehensive and accurate maps give government authorities
and other land managers the information they need to make informed decisions about
improving, re-establishing and connecting natural environments [36]. Canopy cover
is an important measure of the urban forest’s ability to benefit the community and
the environment [37]. One of the major inhibitors for developing metropolitan-wide
strategy was a lack of consistent data across the region. Thus, developing a consistent,
metropolitan-wide vegetation and canopy map for the Living Melbourne strategy was a
critical step in assessing the current status of metropolitan Melbourne’s urban forest, and
for setting future targets and actions [12].

100 Resilient Cities (100RC) secured global platform partners to undertake the map-
ping of metropolitan vegetation and subsequent development of Living Melbourne. To
better inform the strategic approach of connecting and enhancing our metropolitan ur-
ban forest, new mapping resources including imagery and mapping derivatives were
developed. eCognition Essentials software provided by global software developer Trim-
ble was used to map metropolitan Melbourne’s urban forest. The two main sources of
data were: (1) two-metre resolution multispectral satellite imagery provided by Digital-
Globe (November 2016–March 2017) and (2) Victorian Government Light Detection and
Ranging (LiDAR) datasets (years 2005–2006, 2008–2009, 2011–2012, 2012–2013) and 1 m
resolution Digital Terrain Model (DTM) and Digital Surface Model (DSM). Overall, the
provided source data were well suited and of good quality (Morphum Environmental
pers. comm. 2018). These data sets were prepared and formatted before being processed
by eCognition Essentials.
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The output provided a map of the distribution and height of vegetation across metropoli-
tan Melbourne (Figures 3 and 4 and further details in [38]). The resultant mapping classified
vegetation height into 5 Height Class categories: 1 = 0–0.3 m (grass), 2 = 0.3–3 m (shrub), 3 =
3–10 m (small tree), 4 = 10–15 m (tree), 5 = 15+ m (large trees). In general use, it is recom-
mended that due to (a) the variations in the dates and times of the satellite imagery and
LiDAR datasets, (b) the DTM and DSM resolution, and (c) the satellite imagery resolution
that the vegetation data are best viewed at a scale of approximately 1:12,000. The overall
accuracy of the metropolitan Melbourne urban vegetation height dataset is 82.0%, with
Producer’s Accuracy ranging from 74.3% (Height Class 4) to 90.1% (Height Class 1), and
User’s Accuracy ranging from 80.0% (Height Class 5) to 85.0% (Height Class 4). When the
height classes are condensed down to belonging to Understory Vegetation (<3.0 m) or Tree
Canopy (>3.0 m), the Overall Accuracy increases to 94.5%, with Producer’s Accuracy and
User’s Accuracy for individual classes above 90%.
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Figure 4. Canopy vegetation, overlayed on aerial imagery and centred on the suburb of Burnley,
inner eastern Melbourne.

The metropolitan urban area has a total canopy cover of 15 percent. Table 2 provides
a regional breakdown of the distribution of canopy cover across metropolitan Melbourne
(Regions shown in Figure 3). Canopy is defined as vegetation above three metres in height.
Canopy cover is highest in the Eastern (25%) and Inner South-East (22%) regions. The
Southern (16%), Inner (13%) and Northern (12%) regions have less canopy cover. Canopy
cover is lowest in the Western Region (4%).

3.1.2. Habitat Connectivity

Connectivity and the ability of animals to move, and plants to disperse, within or
between patches of habitat is critical for conservation [39]. Many individual patches
of habitat in urban areas are too small and widely dispersed to support viable pop-
ulations [40]. It is therefore important that green spaces, such as gardens and public
open space, are not viewed at the individual scale, but instead considered collectively as
interconnected networks of green spaces across the urban landscape [41,42].

In Melbourne, like in other Australian cities, streetscapes with native trees support
significantly more diverse and abundant populations of native birds than streets with
mostly exotic trees [41,43]. Birds provide a useful candidate taxon for monitoring as they
are relatively easy to detect and identify, census methods are well developed and formal
and informal monitoring and databases in existence (e.g., [44]). Using the urban forest
canopy cover mapping layer with bird atlas data (supplied by BirdLife Australia) and
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other important datasets (such as ecological vegetation classes), enabled the modelling of
different levels of connectivity and landscape permeability for different bird species and
bird groups (Figure 5).

Table 2. Canopy cover in urban Melbourne.

Metropolitan Region Percentage of Land with Canopy Cover (of Trees 3 Metres High or Taller) *

Eastern 25

Inner South East 22

Southern 16

Inner 13

Northern 12

Western 4

Total metropolitan tree canopy cover 15

* Figures rounded to nearest whole number.
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The high suitability of particular riparian corridors (such as along the Yarra River
and Dandenong Creek) for many of these bird species highlights the importance of these
features for the persistence of some species in the urban landscape, and the importance
of connectivity [40,45]. However, for species that are better able to exist in the urban
environment, suitable habitat and connectivity is also provided by streetscapes and
backyards.

Identifying a network of existing and potentially new habitat corridors at different
scales for a range of species (and protecting and improving these corridors) will be
an important step in creating an enhanced urban forest for Melbourne. For example,
combining habitat models based on species records and known habitat preferences with
canopy mapping can reveal areas for future corridor improvement (Figure 6).

3.1.3. Correlations between the Urban Forest and Heat Vulnerability

Urban forests cool surrounding environments. Built-up areas of cities can be as much
as 7 ◦C warmer than surrounding areas [46]. This ‘urban heat island effect’ is caused by
the heat-absorptive thermal mass of concrete, bitumen and bricks. The urban heat island
disproportionately affects vulnerable people, including young children, the elderly, people
who are unwell or socially isolated, and those who are financially disadvantaged [47].

In developing the Living Melbourne strategy, the land surface temperature was anal-
ysed using a variety of Australian Bureau of Statistics indices, such as the Socio-Economic
Indexes for Areas, which ranks areas in Australia according to relative socio-economic
advantage and disadvantage. This found a close correlation between “hot spots” in the
landscape and vulnerable populations (Figure 7, Table 3).

Table 3. Mean Percent residential rental properties and mean average weekly household income (AUD) compared between
urban heat island cool spots and hot spots across Melbourne’s regions.

Region Residential Rental Properties (%) Average Weekly Household Income (AUD)

Cool Spots (Urban Heat
Island < 0 ◦C)

Hot Spots (Urban Heat
Island > 10 ◦C)

Cool Spots (Urban Heat
Island < 0 ◦C)

Hot Spots (Urban Heat
Island > 10 ◦C)

Eastern 14.2 18.3 1503.1 778.7
Inner 35.0 25.3 1188.8 350.3

Inner South-East 22.1 NA 2008.5 NA
Northern 16.0 23.3 2039.0 1250.8
Southern 19.4 26.6 1458.0 1347.8
Western 16.7 22.5 1284.0 1235.5

Total metropolitan area 18.9 23.5 1524.1 1228.1

The land surface temperature analysis was also undertaken to explore the effect of
total vegetation cover and vegetation height. About half of metropolitan Melbourne was
5 ◦C above the city’s estimated non-urban baseline temperature. This applies to about
80 percent of the Northern and Western regions. Canopy vegetation between three and
10 metres high was predominant across Melbourne, and vegetation at this height range
provided for more cool spots (areas that are equal to or below their estimated non-urban
baseline temperature) (Table 4). Overall, in cool spots there is more vegetation and far
more canopy (Table 4). On average, hot spots had less than three percent canopy and no
tall trees (trees greater than 15 metres high).

The highest numbers of hot spots occur in the north, west and south of Melbourne
(Figure 7). The north and west also had far more hot spots than cool spots. The size of
hot spots and cool spots varied—hot spots in the east were on average three hectares in
area, compared to hot spots in the west averaging nearly 10 hectares in area. The opposite
was true for the cool spots—these are larger in southern and eastern Melbourne (which is
more heavily vegetated) and smaller in the north and west.

We also found, in most cases, a greater number of hot spots where the percentage of
residential rental properties is higher and where weekly household income is lower (Table
3).
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Table 4. Number, average area and total area of urban heat island cool spots and hot spots across the regions, and total
metropolitan area and mean percent cover of vegetation in different height classes compared between urban heat island
cool spots and hot spots across the regions. NA = Not applicable.

Region No. Features Average Area
(ha) Total Area (ha) Mean Percent Cover of Vegetation

Low Vegetation
(<3 m)

Tree Canopy
(>3 m) Total Vegetation

Cool spot

Eastern 165 10.6 1754.8 22.6 63.2 85.8

Inner 40 5.2 209.0 22.2 36.4 58.6

Inner South-East 64 3.9 252.5 24.3 37.1 61.4

Northern 47 5.6 261.4 11.9 72.2 84.1

Southern 380 11.9 4529.1 29.1 37.5 66.7

Western 54 3.2 174.0 19.1 2.9 22.0

Total metropolitan area 750 9.6 7180.8 26.3 44.2 70.5

Hot spot

Eastern 55 3.0 167.0 14.6 2.1 16.7

Inner 20 5.0 99.8 2.2 0.3 2.5

Inner South-East NA NA NA NA NA NA

Northern 453 12.1 5476.0 22.7 1.6 24.3

Southern 243 6.6 1605.9 39.2 6.1 45.4

Western 401 12.7 5081.1 31.1 1.7 32.8

Total metropolitan area 1172 10.6 12,429.8 28.0 2.2 30.2

3.2. Governance Arrangements

The development of Living Melbourne was guided by two key bodies: the ‘Senior
Reference Group’ and the ‘Technical Advisory Group’. The Senior Reference Group’s role
was to oversee the progress of the strategy and consisted of senior representatives from
local government sub-regions of metropolitan Melbourne and a senior representative
from Melbourne Water, Parks Victoria, and the Department of Environment, Land, Water
and Planning. The Technical Advisory Group, constituting specialists in state and local
governments and academia, provided technical input, advice and recommendations to
the Living Melbourne project team about the key issues, opportunities and barriers to
meeting strategy objectives that should be considered.

3.3. Concurrent Consultation with Stakeholders

A critical part of the development of Living Melbourne was the collaborative approach
that was taken by The Nature Conservancy and Resilient Melbourne, with approximately
65 other organisations and 250 individuals either attending workshops or providing
feedback on the drafts of the strategy, in addition to the advice of a Senior Reference
Group and a Technical Advisory Group. This process included a series of workshops to
guide development of the strategy, incorporate stakeholder perspectives and review the
strategy as it progressed. Four major workshops helped to:

• Establish the current status of the urban forest and associated management issues;
• Develop the vision and goals;
• Develop the critical strategic areas that the strategy would address;
• Identify technical evidence to guide the strategy;
• Frame and develop the draft strategy.

The stakeholders involved were metropolitan Melbourne’s 32 LGAs, Victorian Gov-
ernment departments (e.g., the Department of Environment, Land, Water and Planning,
Department of Health and Human Services, Department of Transport) and statutory agen-
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cies (e.g., Melbourne Water, retail water authorities), technical experts, land managers,
policy makers, planners, developers and community representatives.

The workshops were complemented by formal and informal consultation with
individuals, research organisations, individual stakeholder organisations, associated local
government alliances and industry and relevant professional groups.

Each of the workshops had a critical mass of stakeholders present and many stake-
holders attended all workshops. In addition to the strong workshop engagement, there
was a co-design process including smaller working groups that helped define and delin-
eate the vision, goals and actions arising from the workshop process.

Stakeholders contributed fundamental data that informed various elements of Living
Melbourne. Critical data gathered from stakeholders included:

• Twenty-six LGAs contributed their tree asset inventories of street trees and open
space trees. While these databases vary in size and scope, these datasets were used to
help determine the monetised value of these assets including the economic savings
in the form of pollution removal, carbon storage, carbon sequestration, and avoided
water run-off. The datasets also helped calculate the cost of replacing these assets
with similar trees based on size, species, health and location.

• BirdLife Australia supplied bird atlas data. Using the urban forest canopy cover
mapping layer with bird atlas data and other important datasets (such as ecological
vegetation classes), enabled the modelling of different levels of connectivity and
landscape permeability for different bird species and bird groups.

• Thirty organisations, including 27 LGAs and three major public land managers
(Parks Victoria, Melbourne Water and VicRoads) supplied their operational costs
relating to the establishment, management and maintenance of vegetation.

• Tree purchasing, planting and maintenance costs were supplied by organisations
such Council Arborists Victoria, Nursery and Garden Industry Victoria and public
land management agencies to inform estimates of costs for future canopy targets.

• The Clean Air and Urban Landscapes (CAUL) Hub and RMIT University provided
road partition features and valuable advice and guidance around the use of the
“Melbourne Vegetation and land use cover 2014” [24,48]. This dataset was used to
assist the urban heat island analysis.

First and second drafts of the strategy were circulated to stakeholders to seek feed-
back. In many cases, this feedback was followed up and discussed with the stakeholder
to ensure that their views were clearly understood and where appropriate articulated in
the strategy before the strategy was finalised. Living Melbourne was launched in mid-2019.
Its key elements are outlined below.

4. Vision, Goals and Actions of Living Melbourne

Through the co-design process, a strategic vision was agreed of ‘our thriving com-
munities are resilient, connected through nature’. This vision is supported by three
goals:

• Healthy people: Protect and increase access to nature, green space and canopy cover,
to reduce heat exposure, and improve mental and physical wellbeing.

• Abundant nature: Protect and extend habitat connectivity and corridors to enhance
biodiversity.

• Natural infrastructure: Protect and increase vegetation on public and private land,
in order to cool urban areas, retain water in the soils, reduce flood risk and increase
water and air quality.

These goals are supported by a program of six interrelated actions that together
aim to support and coordinate action across the metropolitan area. These actions are
outlined below:

30



Land 2021, 10, 809

Action 1: Protect and restore habitats, and increase ecological connectivity of all types between
streetscapes, conservation reserves, riparian and coastal areas, open spaces and other green infras-
tructure across metropolitan Melbourne.

Urban areas can play a significant role in conserving biodiversity, but without con-
scious efforts to protect and enhance habitat and linking corridors, Melbourne’s natural
environment, which is ‘fundamental to the health and wellbeing of every Victorian’ [27]
will continue to decline. Living Melbourne recommended restoring corridors and connec-
tivity in Melbourne at different scales and with different approaches needed. The strategy
emphasised restoring corridors on public land, with a focus on riverine corridors, and a
priority for using indigenous plant species. In an urban setting, while indigenous plant
species are usually best for native fauna (especially mobile fauna such as birds, bats and
insects), non-indigenous native plant species can also provide important resources (such
as food and shelter). Although introduced species of trees and shrubs typically offer
fewer resources to fauna, they still provide ecosystem services and, in neighbourhoods
where introduced trees dominate, the habitat value of these areas can be improved by
increasing structure (such as by planting shrubs and native understorey). The strategy
noted the importance of managing the different elements of the urban forest collectively,
and building upon existing habitat and vegetation to form an interconnected matrix of
green spaces across the urban landscape.

Action 1 comprised the following components:
1.1 Consolidate data, maps and other relevant information.
1.2 Assess the values and quality of information, to develop a list of priority areas

for immediate protection.
1.3 Map existing and new areas for biodiversity connectivity at different scales, and

prioritise areas for strengthening connectivity and biolinks, including responses to climate
change, within each municipality and across the region.

1.4 Implement priorities for conservation, and secure and build habitat connectivity.

Action 2: Set urban canopy and understorey targets for each metropolitan region, and decide on a
clear and consistent method for long-term monitoring and evaluation of the quality and extent of
the urban forest.

Increasing canopy cover is a key performance measure for most urban forest strate-
gies [12].

Action 2 comprised the following components:
2.1 Establish and implement urban forest greening targets including, as a minimum,

‘tree canopy’ and ‘tree canopy and shrub’ cover for each region.
2.2 Establish a measure of permeability across the regions, with the aim of imple-

menting a permeability target for public and private land.
2.3 Establish a method for monitoring, evaluating and reporting on the improvement

of the urban forest, including indicators and measures for quality and extent.
2.4 Develop a system for consistently collecting and analysing urban forest data,

and coordinate the collection and publication of data in a publicly available, compara-
ble database.

The strategy proposed the adoption of regional targets for canopy and vegetation
across Melbourne that were based on a common analysis of metropolitan-scale vegetation,
current literature and an analysis of the targets incorporated in existing urban forest
strategies in 13 municipalities across Melbourne [35]. In addition, these targets were
tested through two major rounds of consultation in December 2018 and February 2019
and a final strategy was circulated for endorsement in April 2019.

Research suggests that targets should be specific to each region and should take
into account local conditions such as development density, land use, and climate [49].
After considering the baseline canopy and canopy and shrub cover for each region, the
literature, current LGA urban forest strategies, and regional context, ambitious regional
tree canopy cover targets of between 20 and 30 percent were proposed. Because native
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understorey and tree canopy cover of at least 30 percent benefits biodiversity [3], both
tree canopy and shrub targets of between 30 and 50 percent by 2050 were proposed.

As a starting point for regional agreement, Living Melbourne proposed targets that:

• Were calculated based on vegetation in the existing urban area at 2015.
• Applied to all land (public and private) in each region.
• Recommended increases each decade.
• Were supported by principles, including no net loss of tree or shrub cover on public

and private urban land in each metropolitan region.

Targets for ‘canopy cover’ and ‘canopy and shrub’ for each metropolitan region are
proposed in Table 5 and Figure 8.

Table 5. Targets for ‘tree canopy’, and for ‘canopy and shrubs’, by region to 2050.

Region Local Government
Authorities Existing 2015 Target 2030 Target 2040 Target 2050

%Tree
Canopy

%Tree
Canopy

and
Shrubs

%Tree
Canopy

%Tree
Canopy

and
Shrubs

%Tree
Canopy

%Tree
Canopy

and
Shrubs

%Tree
Canopy

%Tree
Canopy

and
Shrubs

Western

Brimbank, Hobsons
Bay, Maribyrnong,
Melton, Moonee

Valley, Wyndham

4 15 9 20 14 25 20 30

Northern

Banyule, Darebin,
Hume, Mitchell,

Moreland, Nillumbik,
Whittlesea

12 24 17 29 22 34 27 39

Inner Melbourne, Port
Phillip, Yarra 13 18 18 23 23 28 28 33

Southern

Casey, Frankston,
Greater Dandenong,
Kingston, Cardinia,

Mornington
Peninsula

16 34 21 39 26 44 30 50

Inner
South-
East

Bayside, Boroondara,
Glen

Eira, Stonnington
22 39 24 44 27 49 30 50

Eastern

Knox, Manningham,
Maroondah, Monash,

Whitehorse,
Yarra Ranges

25 44 27 49 29 50 30 50

The 2015 baseline and targets for each of the six metropolitan regions vary, as they
acknowledge the historical development of these regions and the ecological characteristics
of their underlying bioregions. In addition, they acknowledge the ambitious canopy cover
targets set by some metropolitan municipalities. For example, the Eastern Region of
Melbourne was developed before the Western Region, and is largely in the Gippsland
Plain bioregion, which before European settlement was mostly dry and damp forest. The
result is a canopy cover of about 25 percent in 2015, a higher 2050 target, and less action
required to achieve this target. By contrast, the Western Region is a newer urban growth
area and is predominantly in the Victorian Volcanic Plain bioregion, which was originally
a largely plains grassland landscape. The result is a 2015 canopy cover of only 4 percent,
a lower 2050 target, and significantly more effort required to achieve this lower target.
The strategy also sets out principles to guide the implementation of urban forest targets
along with thresholds for the percentage of vegetation to be maintained or established on
public and private land [35].

Action 3: Strengthen planning and development standards and relevant guidelines to increase the
greening of the private realm.
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Land zoned for residential, commercial, industrial, special or rural use contributes
more than 66 percent of the existing tree canopy, with residential land alone contributing
58 percent. With a trend towards larger houses on smaller lots in greenfield developments,
and higher-density development in urban infill areas, gardens have become smaller, and
impervious surfaces have increased. The result is a rapid diminishing of the urban forest,
as room for vegetation in private space shrinks. Protecting, maintaining and nurturing
the trees and suitable understorey vegetation on private land is critical to maintaining
and expanding the urban forest.
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Action 3 comprised the following components:
3.1 Strengthen regulations to support greening in new subdivisions and developments—

to benefit human health and wellbeing, and increase biodiversity.
3.2 Strengthen regulations to protect canopy trees.
3.3 Encourage private landholders to protect and enhance the urban forest and

expand greening activities by offering incentives for planting, installing and maintaining
natural infrastructure.

Action 4: Encourage collaboration between sectors and regions, to protect and expand the ur-
ban forest by strengthening existing regional partnerships, and establishing new ones, and by
accelerating greening efforts on private land.

Although work is under way to protect and expand the urban forest across Mel-
bourne, the fragmentation of these efforts within and between municipalities is one of the
most significant barriers to reaching metropolitan Melbourne’s urban forest goals.

Several successful alliances and cross-organisational governance agreements already
existed in different parts of Melbourne. The strategy advocated that these should be the
starting point for building further collaborations and alliances for greening across the
city. Local communities can help urban forest efforts by gathering and sharing important
data, so that investment in the urban forest is targeted wisely. To obtain specific tree
information, such as species and numbers, the strategy advocated the involvement of
citizen scientists and drawing on Aboriginal ecological knowledge.
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Action 4 comprised the following components:
4.1 Capitalise on existing collaborations between local and state governments and

the private sector.
4.2 Mobilise broad community support.
4.3 Support and develop existing and new methods to obtain and apply commu-

nity knowledge.
4.4 Foster and promote urban forest champions, in both the public and private

sectors.

Action 5: Equip practitioners to protect and enhance the urban forest by building on existing
resources and creating a shared toolkit to facilitate implementation of best practices.

Helping practitioners identify, agree on and adopt best practice is central to the
successful protection and expansion of our urban forest.

There is a growing list of open-source tools, resources and reference materials that
practitioners can apply to their greening efforts, but new tools are needed. In particular,
materials that will help involve the wider community and the land development industry,
such as best practice guidelines and case studies; clear and agreed procedures to attract
involvement by private and semi-public utility companies; and vegetation-management
and associated technical training for staff of utility companies, to improve decision-
making.

Managing, maintaining and expanding the urban forest requires significant capital and
operational expenditure. The strategy recommended guidance on current and projected
future costs to help all parties forecast future funding requirements more accurately, iden-
tify any unnecessary or unreasonable expenditures, and bring efficiencies in funding the
urban forest.

Action 5 comprised the following components:
5.1 Build the capacity of public and private sector practitioners to protect, enhance

and expand the urban forest.
5.2 Build on, and develop new tools for public sector land managers.
5.3 Build on, and develop new guidance materials for managing the capital and

operational costs of urban forest endeavours.

Action 6: Establish a set of funding and financing options to suit different types of urban forest ac-
tion.

Estimates undertaken as part of developing this strategy, drawn from existing gov-
ernment and peer-reviewed sources, suggest that Melburnians already enjoy benefits from
nature valued at close to AUD 5 billion dollars per annum from ecosystem services [38].
Reaching the canopy and broader vegetation targets set out in Action 2 will require
an estimated investment of AUD 1 billion over the next 30 years, with the bulk of this
investment to be made in the decade to 2030. A range of financing tools will be required
to achieve the goals of the Living Melbourne strategy. These sources range in scale and
complexity from conventional government budget appropriations and philanthropy to
public-private partnerships, ecosystem service payments, performance-based incentives
and hybrid instruments that feature a range of revenue streams.

Action 6 comprised the following components:
6.1 Identify and secure long-term financing to realise the Living Melbourne vision.
6.2 Investigate and establish a targeted grants program to support innovation and

action for greener neighbourhoods.

5. Discussion
5.1. Key Processes and Enabling Conditions That Facilitated Success

The development of Living Melbourne was supported by a high degree of stake-
holder engagement throughout the process and has been described “as an instance of
metropolitan governance in action” [50–52]. Approximately 65 organisations and over 250

34



Land 2021, 10, 809

individuals made contributions to the strategy. The efforts to involve and secure senior
executive and political (mayor, CEO and executive officer level) buy-in during the devel-
opment of the Resilient Melbourne strategy greatly enhanced the ability for subsequent
engagement in Living Melbourne, as did the early identification of the metropolitan urban
forest as a priority action (Figure 2). This senior stakeholder engagement was critical to
the success of Living Melbourne as it provided the staff of stakeholder organisations, in
particular LGAs, with a mandate to fully engage in the co-design process. The transparent
co-design process provided stakeholders with confidence that Living Melbourne reflected
their views.

The scheduling of the development of Living Melbourne benefitted from substantial
urban greening research, policy, strategy and on-ground activity across metropolitan
Melbourne (e.g., [15,53,54]). Examples of this activity included:

• The City of Melbourne had developed a world-class urban forest strategy.
• Thirteen LGAs (including City of Melbourne) had already developed (or were devel-

oping) municipal urban forest strategies and other metropolitan LGAs had relevant
urban greening and open space related policies or strategies.

• Greening the West had been working as an alliance of organisations working toward
a common agenda and was in the process of planting one million trees.

• The State Government had released several strategic plans, including Plan Mel-
bourne 2017–2050 [17] and Biodiversity 2037 [27] that supported cooling and greening
metropolitan Melbourne.

• Melbourne Water was developing the Healthy Waterways Strategy 2018–2028 [55], a
strategy shared by Melbourne Water, state and local governments, water corporations
and the community. It covers the rivers, creeks, estuaries and wetlands of the
Port Phillip and Westernport region, providing a single framework to protect and
improve the waterways’ environmental, social, economic and cultural values for
the community.

• The Nature Conservancy had recently scoped the potential for a city-wide biodiver-
sity strategy for Melbourne.

5.2. Challenges, Limitations and Critical Areas to Build on for Implementing the Strategy

Living Melbourne is largely positioned to support, expand and extend existing urban
greening initiatives and provide enabling conditions to encourage better urban greening
outcomes. As with any planning and strategy development process, there were time
and resource constraints in which it was completed. There are five key areas where, had
additional time and resources allowed, knowledge gaps might have been filled, allowing
for an even richer and more directive strategy. They are each identified below.

1. A critical element of the strategy included the science associated with the vegetation
mapping and the resultant use of the vegetation mapping in urban heat island
analysis and models for some elements of biodiversity. Although it was considered
that the input data to create the vegetation were of good quality and that there
was a high level of accuracy, the large geographic area of metropolitan Melbourne
meant that there were variations in the dates and times of the satellite imagery
and LiDAR datasets, and the DTM and DSM resolution. Additional technical
analysis would have enhanced the strategy, although these remain areas that could
be readily undertaken using the base vegetation mapping. Most municipalities
have biodiversity-related policy, strategy and or detailed plans. A granular analysis
of a larger suite of metropolitan biodiversity values and threats, using available
local government biodiversity-related strategy and existing Victorian Government
datasets, could have provided more detailed direction for biodiversity benefits and
habitat connectivity opportunities. Acknowledging the continuing need for this
activity, Action 1 in the strategy provides a step-by-step approach for improving
biodiversity and connectivity. The Living Melbourne canopy analysis, undertaken
using the software eCognition Essentials (Trimble Geospatial), provided tenure-
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neutral canopy mapping of 639,124 hectares of urban, peri-urban and rural land
across the Melbourne metropolitan area. While the canopy mapping identified
vegetation distribution and height, future analysis that could better differentiate
different tree types (e.g., deciduous, eucalyptus, broadleaf trees, etc.) would be
useful for finer scale conservation planning and assist the further prioritisation
of on-ground urban greening locations. Sixteen local government street and park
tree inventories were gathered during the development of the strategy and were
most helpful to inform some research related to the financial value of such assets.
These inventories could also be used to inform biodiversity connectivity mapping
and identify where opportunities exist to provide good heat mitigation walking-
corridors. In addition, such inventories, combined with the values available from
the multi-spectral satellite imagery and canopy mapping might assist to validate
remote species identification.

2. Collaboration was sought with land managers (including urban development industry
representatives) and policy makers and not directly with the general public. It was
agreed by the Senior Reference Group that LGAs, being the closest tier of government to
the community should be relied upon to engage with relevant community stakeholders
about Living Melbourne. Had significantly greater resources been available, direct
community engagement at some level could have been advantageous. It should be
acknowledged as part of the ongoing implementation of the strategy that public land
management practitioners, in particular LGAs, will continue to closely engage with the
public.

3. LGAs as key stakeholders and other major land management organisations (e.g., wa-
ter authorities and public land managers) were specifically targeted as key endorsers
as a subset of the wider consultation undertaken. Suggestions by some academic
commentators [51,52] that the views of other key stakeholders (e.g., transport, health)
were not sought is erroneous.

4. The rationale for the targets proposed in Living Melbourne is articulated above. An
alternative target strategy would have been for all regions to reach 30% canopy by 2050
rather than the range of targets that were offered. This would have lent an increased
element of regional equity for residents to benefit from ambitious canopy targets. It
would also have required a much more aggressive canopy enhancement approach for
some regions each decade. Most notably the Western Region, and to a lesser extent the
Northern and Inner Regions, would have had to have increased canopy beyond the 5
percent increase per decade. It is uncertain whether this would be achievable.

5. Endorsing authorities were asked to support Living Melbourne’s vision, goals and
actions and commit to work in partnership with the other endorsing organisations
towards its implementation. More could have been requested of endorsing organisa-
tions, such as a specific commitment of financial and other resources.

5.3. Implementation Post Strategy Development

In 2020, Resilient Melbourne’s remit changed from metropolitan Melbourne to the
City of Melbourne and has transitioned into the Climate Change and City Resilience
Branch. Given this change, one of the key challenges for Living Melbourne will be to secure
a new and innovative governance model to drive implementation of the strategy. To this
end, a new governance model to implement the strategy is currently evolving which
seeks to include and empower critical endorsing organisations and a broader stakeholder
group.

In 2019, a discussion paper was developed by The Nature Conservancy in collab-
oration with Resilient Melbourne and the Victorian Government to provide a targeted
evaluation of ways to fund urban forest investments in Living Melbourne. The paper is
one evidence base for structuring funding and financing of Living Melbourne urban forest
investments with investors.
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At the time of the launch of Living Melbourne, Victoria’s Department of Environment,
Land, Water and Planning recognised, through Plan Melbourne 2017–2050 [17] the need to
create urban forests throughout metropolitan Melbourne by preparing new guidelines and
regulations that support greening new subdivisions and developments via landscaping,
green roofs, and increase the percentage of permeable site areas in developments.

In February 2020, following a stakeholder workshop in September 2019 and further
feedback and consultation, 26 projects were agreed to take Living Melbourne forward over
a three year period. As of July 2021, besides the two projects mentioned above, three
additional projects have been completed and a further seven projects are being progressed,
led by endorsing organisations or implementation partners and assisted by a range of
stakeholders. The three projects completed under the umbrella of Living Melbourne
include: (1) Greener Spaces Better Places led the development of the Urban Greeners’
Resource Hub, a curated on-line collection of best practice tools, guides, resources and
case studies to help urban greening professionals protect and enhance Australia’s urban
forests and green cover in towns and cities; (2) Living Melbourne, in association with
Resilient Melbourne, provided a written submission to the Victorian Planning Authority
regarding the alignment between the draft Guidelines for Precinct Structure Planning in
Melbourne’s Greenfields [56] and the vision, goals and action Living Melbourne; and (3)
Melbourne Water completed modelling of Melbourne’s greening and cooling irrigation
demand out to 2070 under different climate scenarios.

6. Conclusions

Urban forests help mitigate the damage caused by several types of acute shocks and
chronic stresses. Protecting and improving urban forests is an opportunity to unlock
the economic, health and social dividends that strengthen the ability for cities to thrive.
The development of a metropolitan-wide urban forest strategy for Melbourne was the
first for Australia and one of the first at this scale globally. It is unlike many urban
forest plans in that it is an enabling strategy rather than a strategy focussed on directing
geospatial urban greening activity. Living Melbourne provides some of the evidence that
could influence on-ground activity, for example urban heat island data modelled against
canopy cover and vulnerable communities. However, it focuses on both identifying and
recommending action to a range of themes that would significantly improve conditions
for urban greening. This includes elements such as removing or amending regulatory
barriers, increasing and consolidating existing tools and resources and, enhancing existing
positive and successful initiatives. Being one of the first of its kind, it should be considered
both a first step in expanding metropolitan Melbourne’s urban forest, as well as playing
an important role in encouraging the take up of urban forestry practice in many cities
around the world. The lessons here (both key areas of success and challenges experienced)
add to the growing body of literature on the characteristics and design of urban forest
strategies and city resilience more broadly (e.g., [12,57,58]).
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Abstract: Restoration of urban green spaces with native flora is especially important for promoting
various ecosystem services. Although there have been years of research on land reclamation, ecologi-
cal restoration and plant establishment, there is a lack of knowledge on how to reintegrate the native
ecological component, specifically forb species in urban green spaces. We evaluated the restoration
potential of 24 native forbs using different site preparation (herbicide, tillage, herbicide with tillage
and control) and soil amendment (100% compost, 50% compost with 50% topsoil, 20% compost with
80% topsoil and control) treatments in a recreational park in Edmonton, Alberta, Canada. Soil texture
and nutrients generally increased with increased compost application rate; some declined within
a year, others increased. Based on survival and growth analysis, the forb species with the highest
potential for use in urban green spaces were Penstemon procerus, Fragaria virginiana, Heuchera cylin-
drica, Agastache foeniculum, Antennaria microphylla, Mentha arvensis and Geum aleppicum. Native forb
species response was more prominent with soil amendment than site preparation. Treatments with
greater amounts of compost had greater survival, growth, species richness, cover and noxious weed
cover than control treatments. This study suggests amendment of soil with compost can positively
influence forb species restoration in urban green spaces; under some conditions site preparation may
be required.

Keywords: compost; ecological restoration; herbicide; plant community; tillage; urban ecology

1. Introduction

In the past, urban sustainability efforts mostly focused on engineered buildings, road
networks and parks [1], while only modest attention was given to the green spaces that
intermingle with urban structures [2,3]. Building a sustainable society in urban areas with
appropriate management of green spaces (gardens and parks) is necessary [4–6] as they provide
various environmental, economic and quality-of-life benefits [7]. Environmental benefits include
increased biodiversity and wildlife use, soil stabilization, improved ground water recharge,
windbreaks for snow capture and dust reduction, reduction in atmospheric greenhouse gases
and cleaner air [3,5,8,9]. Economic benefits include significant reductions in maintenance
costs such as mowing, irrigation and herbicide use. Quality-of-life benefits include landscape
beautification, increased green and shady areas for recreation, increased community awareness
of environmental issues and noise reduction by mature plantings [10,11].

To beautify urban gardens and parks, non-native garden flora is frequently planted,
the most common pathway for alien species introductions worldwide [12,13]. In Europe,
over 80,000 plant taxa are found in botanical gardens; 783 of these are alien species that
have been introduced from other parts of the world and can be found in city parks and
recreation areas [14]. Many of these invaders can easily escape and establish outside of
their planted areas without human assistance and become problematic for native biodiver-
sity [12,15]. Eradication of these alien species is difficult and expensive, thus preventing
them by planting native species of regional provenance in urban areas may be a good
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management option. A successful native species restoration strategy in urban green areas
can significantly reduce city management costs, promote preservation of local species, re-
store environmental services and encourage more community members to embrace native
species as a desirable strategy to follow [3,16]. Therefore, cities such as Edmonton proposed
to transform urban habitats into habitats suitable for native plants found in the area [17].

Restoration with native species can prevent new alien species invasions, reduce soil
compaction and increase soil organic matter and microbial activity [5,18,19]. Compacted
soils can restrict root growth, which can limit successful plant establishment and long-term
development [20]. Restoration with native species can reduce soil compaction through root
expansion, increased biological activity and frost heave, consequently increasing infiltration
and percolation [16,21]. Naturalized sites retain leaf litter and woody debris, which decom-
pose, adding organic material which can increase plant available soil water [22]. Planting
native forbs (wildflowers) in addition to trees and shrubs is a relatively new approach in
landscape architecture that is gaining momentum among urban planners and landscapers
and is recommended in many studies [5,23–25]. Adding native forbs for restoration of
urban green spaces promotes native biodiversity and creates attractive flowering vegetation
for recreational enjoyment and education [25]. Although there are considerable possibilities
for native forbs to be used in urban green space restoration, scientific research on methods
for using native forbs is scarce. The huge variety of forbs complicates their use due to lack
of knowledge about them as individual species in urban green space restoration. Current
species selection is usually based on visual appearance and plant material availability.
However, successful restoration requires use of plants that are competitive, hardy and
resilient in a highly competitive urban area with non-native species that are often present
in urban green spaces [17]. Native forb response to urban conditions and best introduction
techniques thus need to be better understood. The objective of our study was to assess the
effects of site preparation and soil amendment on the survival and growth of 24 native
forb species and on plant community development. The outcome of this study helps us to
predict which combinations of plant species, soil preparation techniques and amendments
have the greatest potential for urban green space restoration and provides the ground for
further detailed study in urban restoration and green space management.

2. Materials and Methods
2.1. Study Area and Experimental Design

The study was conducted in a prominent recreational park in the City of Edmonton,
Alberta, Canada (53◦34′19′′ N and 113◦31′10′′ W). Mean annual temperature is 4.2 ◦C, mean
growing season temperature from May to October is 13.0 ◦C and winter temperature from
November to April is −4.6 ◦C. Mean annual precipitation is 348 mm, with 284 mm of rain
from June to October [26]. The area is flat with a gentle slope to the southwest. Immediately
surrounding the roundabout is asphalt, then buildings, small canopy trees and open lawn
areas. Traffic conditions are moderately high for vehicles near the roundabout; pedestrian
traffic is mostly concentrated on walking paths.

2.2. Experimental Design and Treatments

The experiment used a complete randomized design with four replicates 50 m from
each other. Each experimental plot was 10 m × 10 m, divided into sixteen 2.5 m × 2.5 m
subplots, covering an area of 6.25 m2 each (Figure A1). Site preparation treatments were ran-
domly assigned vertically, and amendment treatments were applied randomly horizontally
to the experimental plot (10 m × 10 m). Thus, there were 4 site preparation treatments × 4
amendment treatments × 4 replicates for a total of 64 plots. Plots were approximately 50 m
from any roads and 10 m from all walking paths to reduce the traffic effect. There were
30 cm buffer zones between the subplots to reduce the potential neighbor effects.

Four site preparations and four soil amendment treatments were applied in the study
area. Four site preparation techniques were soil tillage, foliar herbicide application, tillage
plus herbicide and no site preparation (control) to remove existing vegetation, which con-
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sisted of lawn grass and some common annual weeds. Soil was tilled in June to a 15 cm
depth with a rear tined, hydraulic drive, rototiller; first in one direction, then crossed
perpendicularly. Glyphosate foliar herbicide Transorb™ was applied as a 1% solution
(540 g/L glyphosate) 2 weeks prior to site tillage. Glyphosate has been predominantly
used for controlling weeds in North America due to its effectiveness, non-selective nature,
little or no soil residue and relatively low cost. Therefore, to control the competitive weeds,
the practice of herbicide use prior to revegetation with native species is common in North
American urban areas for reducing competition, although its use was questioned by many
international agencies due to its toxicity and environmental safety. Some alternatives to
glyphosate such as other chemicals Diquat (Reward™), pelargonic acid (Scythe™), glufosi-
nate (Finale™); manual removal, fire, steam, hot foam and weeding were recommended
for different jurisdictions and countries.

Four soil amendment treatments were 100% compost, 50% topsoil with 50% compost,
80% topsoil with 20% compost and a control (0% compost with 0% topsoil). Compost
was 20% wood chips and 80% compost by volume, a standard mix used by the City of
Edmonton. Topsoil was Ah horizon from development on previous agricultural land and
clay loam to clay to silty clay loam in texture. Topsoil and compost were mixed in their
treatment proportions, then applied using a mini steer loader. Amendment mixes were
added to the surface of each subplot and spread by hand with shovels to a 15 cm deep layer.

2.3. Planting and Plot Management

Twenty-four native forb species from 12 families were selected for urban green space
restoration recommended by the City of Edmonton. Forbs species were small with a shallow
root system and selection was based on the visual appearance (flower color, shape and
longevity), availability, geographic distribution (species that are adapted within the same
geographic location) and growing conditions (water stress tolerant, frequent disturbance
tolerant and ability to grow in a wide range of soil types) [17] (Table 1). All planting stock
was procured from the City of Edmonton nursery and planted on July 8 and 9. In each
treatment unit (subplot), one plant of each of the 24 forbs was planted with equal spacing.
In total, 1536 plants (4 site preparation × 4 amendment × 4 replicates × 24 plants) were
planted in the study area. Plants were watered 24 to 48 h after planting; then every 2 to
3 days for the next two weeks, twice per week for the next four weeks, then once per week
until the end of the growing season. Manual weeding was conducted within 2 m from the
edge of research plots as a weed control buffer zone.

2.4. Vegetation Assessments

Plant survival assessments were conducted in August and October of 2014, and June
and August of 2015. Live and dead planted forbs were counted. In June and August
2015, planted forb-species spread was measured for each seedling. Diameter of forbs
from tip to tip was determined with a tape measure. For species with cluster growth
habits, the tape was placed on the farthest tip of one individual then pulled to the tip
of the farthest individual of the cluster. Forbs were considered clusters when several of
the same species were fewer than 5 cm apart with no vegetation between them. Other
than planted forbs, vegetation cover was assessed in August 2014 and 2015, in three
randomly located 1 m × 0.1 m quadrats inside each treatment. In total, 192 quadrats (4 site
preparation × 4 amendment × 4 replication × 3 quadrat) were established and ocularly
assessed for percent of live vegetation, bare ground, litter and other (rocks, trash and feces)
cover. Total number of sample plots was considered adequate as species numbers reached
a plateau for all treatment plots (Figure A2). Live vegetation was assessed on an individual
species basis for both planted and naturally occurring species. Plant identification and
nomenclature followed Moss [27].
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Table 1. Planted native forb species.

Common Name Scientific Name Family

Black-eyed Susan Rudbeckia hirta L. Asteraceae
Dotted blazing star Liatris ligulistylis A. Nels. K. Schum. Asteraceae

Hairy false golden aster Heterotheca villosa Pursh Shinners Asteraceae
Little-leaf pussytoes Antennaria microphylla Rydb. Asteraceae

Prairie sagewort Artemisia frigida Willd Asteraceae
White prairie aster Symphyotrichum falcatum Lindl. G.L. Nesom Asteraceae

Harebell Campanula rotundifolia L. Campanulaceae
Bunchberry Cornus canadensis L. Cornaceae

Giant hyssop Agastache foeniculum Pursh ktze. Lamiaceae
Wild mint Mentha arvensis L. Lamiaceae

Prairie onion Allium textile A. Nels. and J. F. Macbr. Liliaceae
Yellow buckwheat Eriogonum flavum Nutt. Polygonaceae
Canada anemone Anemone canadensis L. Ranunculaceae

Long-fruited anemone Anemone cylindrica Gray Ranunculaceae
Prairie crocus Pulsatilla patens L. Ranunculaceae
Tall larkspur Delphinium elatum L. Ranunculaceae

Veiny meadow Thalictrum venulosum Trel. Ranunculaceae
Prairie cinquefoil Potentilla arguta Pursh Rosaceae

Three-flowered avens Geum aleppicum Jacq. Rosaceae
Wild strawberry Fragaria virginiana Dcne. Rosaceae

Northern bedstraw Galium boreale L. Rubiaceae
Round-leaved alumroot Heuchera cylindrica Douglas ex Hook. Saxifragaceae

Slender penstemon Penstemon procerus Dougl. Ex Graham Scrophulariaceae
Early blue violet Viola adunca Sm. Violaceae

2.5. Soils Sampling and Analyses

Soils were sampled in July of each study year from the plots to determine original
soil conditions and changes with amendment treatments. One sample from each amended
treatment in each plot was collected using 15 cm augers (total 16 soil samples). Collected
samples were stored in ziploc plastic bags and sent to a commercial laboratory for analysis.
Chloride in saturated paste was determined colorimetrically by auto-analyzer [28]. Inor-
ganic and organic carbon were determined by carbon dioxide loss [29] and total carbon by
combustion methods [30]. Cation exchange capacity was determined through ammonium
acetate extraction [31]; ammonium by potassium chloride extraction; nitrate nitrogen col-
orimetrically in calcium chloride solution [32]; total nitrogen by combustion [33]; available
phosphorus and potassium by modified Kelowna process [34]; sodium adsorption ratio, cal-
cium, magnesium, sodium, potassium and sulfate in saturated paste by inductively coupled
plasma; electrical conductivity and pH by meters [35]. Soil particles (sand, silt and clay)
were determined by pipette method after removal of organic matter and carbonate [36].

2.6. Statistical Analyses

All statistical analyses were conducted using R version 4.0.3 [37] and significance
level for analysis was α = 0.05. In most cases, data from the last monitoring date of year
2 were statistically analyzed to evaluate overall performance of species at the end of the
experiment. Chi-square analysis was used to identify effects of site preparation and soil
amendment treatments on species survival. In a classical ecological experiment, replication
of the treatments is prerequisite to test the hypothesis [38]. According to Oksanen [39]
experiments, unreplicated or low-replicated treatments may also be the only or best option
when (i) gross effects of treatments are anticipated, (ii) the experiment is conducted appro-
priately at large scales, (iii) only a rough estimate of effect is required and (iv) if the cost of
replication is high. We conducted a study with low replication for individual species as the
goal was to determine a rough estimate of effect for developing a foundation for future
in-depth work, while minimizing the cost and labor requirements. Due to small numbers
per species, statistical analysis was conducted on species grouped by family. Chi-square
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criteria were applied to groups and analyses were conducted only if assumptions were met
(<20% of expected frequencies <5). Soil preparation and amendment effects were analyzed
per species with one-way analysis of variance (ANOVA). Shapiro-Wilk test was used to
determine normality of distribution and Levene’s test for homogeneity of variance assess-
ments. For significant factors, an HSD Tukey’s test was applied for pairwise comparison.
All statistical analyses were conducted using package ‘stats’ version 4.2.0 [37].

3. Results
3.1. Forb Survival Response to Treatments

Regardless of site preparation and soil treatment, top surviving and performing forbs
species were Penstemon procerus (96.9%), Fragaria virginiana (95.3%), Agastache foeniculum
(92.2%), Antennaria microphylla (92.1%), Heuchera cylindrica (89.1%), Geum aleppicum (89.0%)
and Mentha arvenses (89.6%) at the end of the two-year experiment (Figure 1a,b). Survival was
generally high at the first monitoring in August of year one then decreased with time, with
fewer than 35% of the plants surviving by the end of the experiment for Cornus canadensis (0%),
Anemone cylindrica (20.3%), Pulsatilla patens (21.8%), Eriogonum flavum (23.4%), Allium textile
(29.7%), Viola adunca (34.4%) and Liatris ligulistylis (35.9%) (Figure 1a,b). Cornus canadensis was
the only species that did not survive by the end of year two.
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When species were analyzed grouped by family, a significant effect of soil amendment
treatment on survival was found for Asteraceae, Ranunculaceae out of 12 families (Figure 2).
Forb survival was significantly the lowest in compost 0% (unamended) for Asteraceae and
the greatest in compost 100% (Figure 2). For Ranunculaceae, survival was significantly
lower in compost 0% and compost 20%. Site preparation and interactions with amendment
treatments did not significantly affect family survival.
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Heterotheca villosa  16.3 (2.1)  37.6 (5.5)  21.6 (3.3)  38.6 (4.9) 

Heuchera cylindrica  9.4 (0.6) b  24.0 (1.2) a  19.8 (1.8) a  23.6 (1.6) a 

Figure 2. Mean (±SE) survival percent grouped by family and soil amendment. Different letters
within species indicate significance differences at α = 0.05.

3.2. Spread of Planted Forb Species

Spread of Thalictrum venulosum responded significantly (p = 0.008) to site prepara-
tion treatment; rate of spread was significantly higher with herbicide alone (25 cm) than
herbicide–tillage together (14.8 cm) and tillage alone (12.9 cm), and statistically similar to
untreated (19.4 cm) (data not shown). Soil amendment had a significant effect on spread
for 9 of the 24 evaluated forb species (Table 2). Fragaria virginiana, Penstemon procerus,
Delphinium elatum, Symphyotrichum falcatum, Heuchera cylindrical, Antennaria microphylla,
Rudbeckia hirta, Geum aleppicum and Mentha arvensis had significantly greater spread in
compost 100% than with no compost and more variable responses with the other two
compost treatments (Table 2). The rate of spread was 6 to 128 cm across compost treatments,
whereas in no compost 15 species had <10 cm spread (Table 2).
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Table 2. Mean (±SE) spread (cm) by planted forb species in response to soil amendment treatments
in year 2. Different letters within rows denote significant differences among treatments for species at
α = 0.05.

Species Compost 0% Compost 20% Compost 50% Compost 100%

Agastache foeniculum 11.4 (1.2) 72.0 (4.3) 46.5 (3.4) 68.8 (7.2)
Allium textile 6.5 (0.9) 9.6 (1.9) 7.5 (0.5) 8.2 (2.3)

Anemone canadensis 8.7 (1.0) 16.2 (1.1) 17.0 (NA) 24.3 (1.4)
Anemone cylindrica 5.0 (NA) 11.7 (2.5) 9.7 (1.9) 18.7 (1.8)

Antennaria microphylla 20.7 (1.8) b 27.3 (2.3) ab 21.6 (1.1) b 30.7 (2.4) a
Artemisia frigida 16.2 (1.9) 128.0 (3.9) 118.7 (6.7) 99.2 (10.8)

Campanula rotundifolia 7.4 (0.7) 25.4 (3.7) 15.8 (1.7) 26.4 (2.9)
Delphinium elatum 5.3 (0.3) b 16.4 (1.8) a 16.4 (1.1) a 21.0 (1.9) a
Eriogonum flavum 8.5 (0.9) 14.0 (1.2) 9.0 (0.2) 12.4 (0.6)
Fragaria virginiana 9.5 (0.8) b 18.0 (1.7) a 16.6 (1.0) a 19.0 (1.2) a

Galium boreale 8.8 (1.1) 24.2 (2.6) 19.9 (1.0) 21.3 (2.6)
Geum aleppicum 12.1 (1.0) b 22.5 (1.7) a 18.1 (1.2) ab 21.0 (2.1) a

Heterotheca villosa 16.3 (2.1) 37.6 (5.5) 21.6 (3.3) 38.6 (4.9)
Heuchera cylindrica 9.4 (0.6) b 24.0 (1.2) a 19.8 (1.8) a 23.6 (1.6) a
Liatris ligulistylis 9.6 (1.0) 13.5 (0.5) 10.0 (1.6) 14.3 (0.9)
Mentha arvensis 9.7 (2.2) b 67.5 (10.3) a 39.1 (6.0) ab 52.2 (7.8) a

Penstemon procerus 18.9 (1.8) c 47.1 (2.7) a 33.3 (3.4) b 49.8 (2.5) a
Potentilla arguta 5.0 (NA) 25.7 (1.7) 22.6 (1.4) 30.2 (2.2)
Pulsatilla patens 2.5 (0.2) 8.1 (0.7) 6.0 (1.1) 10.0 (0.9)
Rudbeckia hirta 21.7 (2.7) b 39.1 (3.9) ab 38.4 (2.9) ab 46.8 (4.1) a

Symphyotrichum
falcatum 21.8 (2.5) b 55.3 (4.6) a 60.1 (4.4) a 62.7 (5.6) a

Thalictrum venulosum 7.3 (1.3) 19.8 (2.2) 13.8 (2.9) 19.7 (1.3)
Viola adunca 7.5 (0.2) 11.2 (1.3) 10.6 (2.4) 12.6 (1.4)

3.3. Species Cover, Composition and Richness

Other than planted forbs, cover by plant categories followed similar trends for most
soil preparation and amendment treatments, with a few exceptions (Figure 3). The un-
treated control, herbicide and tillage together and tillage only treatments had greater cover
of native species, and the herbicide–tillage together treatment had greater bare ground than
other treatments (Figure 3). Planted forb-species cover was significantly higher in compost
treatments than in compost 0% at the end of year two.

A total of 28 plant species other than the planted forbs were identified across the
plots (Table A1). There were 9 native, 15 non-native, 3 noxious (Cirsium arvense (L.) Scop.
(Canada thistle), Sonchus arvensis L. (perennial sow thistle), Tripleurospermum perforatum
(Mérat) M. Lainz (scentless chamomile)) and one prohibited noxious (Potentilla recta L.
(sulphur cinquefoil)) species. Among the non-native species, Festuca rubra L. (creeping
red fescue), Polygonum convolvulus L. (wild buckwheat) and Taraxacum officinale F.H. Wigg.
(common dandelion) were the most common species. Festuca rubra and Taraxacum officinale
were found on all site preparation treatments with compost 0% and Polygonum convolvulus
was found on all site preparation treatments with compost 20%. The noxious species
Cirsium arvense was found on almost 50% of the plots, being more frequent in the compost
100% treatment. Species richness excluding planted forbs differed with soil amendment
but not site preparation treatments. Compost 0% had significantly greater overall species
richness (R: 8.6; p < 0.001), native (R: 4; p < 0.021) and non-native (R: 3.5; p < 0.045) species
richness than all soil amendments.
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Table 3. Mean (±SE) soil properties by soil amendment treatments. Different letters indicate signif‐

icant differences among amendment treatments in individual years at α = 0.05. EC = Electrical Con‐

ductivity, CEC = Cation Exchange Capacity, SAR = Sodium Adsorption Ratio and TOC = Total Or‐

ganic Carbon. 

Properties 
Compost 0%  Compost 20%  Compost 50%  Compost 100% 

Year 1  Year 2  Year 1  Year 2  Year 1  Year 2  Year 1  Year 2 

pH  6.5 (0.1)  6.9 (0.1)  6.2 (0.2)  6.3 (0.1)  6.0 (0.1)  6.2 (0.1)  5.8 (0.1)  5.7 (0.1) 

EC(dS m−1)  1.1 (0.1) c  1.2 (0.1) y  2.8 (0.3) b  2.2 (0.3) x  3.2 (0.3) a  2.0 (0.4)x  5.6 (0.6) a  2.1 (0.4) x 

CEC (meq 100g−1)  33.8 (1.5) b  35.7 (5.2) z  39.8 (4.0) b  41.5 (5.0) yz  43.1 (5.9) b  52.6 (4.7) y  61.6 (4.2) a  71.8 (5.2) x 

SAR  0.7 (0.1)  1.0 (0.1)  0.4 (0.0)  0.5 (0.1)  0.4 (0.0)  0.5 (0.0)  0.3 (0.1)  0.3 (0.0) 

Sodium (mgL−1)  26.4 (2.8)  56.4 (4.9) y  31.0 (4.8)  41.7 (6.2) xy  34.0 (6.2)  35.6 (8.5) x  28.3 (12)  22.5 (3.1) x 

Total Carbon (%)  4.3 (0.4) c  3.4 (0.3) y  5.6 (1.7) c  5.1 (0.5) y  9.4 (1.6) b  6.9 (1.2) y  23.2.3 (2.5) a  20.86 (1.9) x 

Total Nitrogen (%)  0.3 (0.0) c  0.3 (0.0) y    0.5 (0.1) c  0.5 (0.1) y  1.4 (0.1) b  0.6 (0.1) y  6.4 (0.8) a  1.5 (0.1) x 

TOC (%)  4.3 (0.4) c  3.2 (0.3) y  5.2 (0.7) c  5.1 (0.5) y  8.3 (0.3) b  6.5 (1.2) y  22.5 (2.3) a  20.7 (1.4) x 

Ammonium (mgL−1)  4.3 (1.8) c  2.3 (0.9) y  8.8 (3.5) bc  2.6 (0.3) y  17.4 (5.1) b  14.9 (4.6) x  70.4 (14.2) a  23.7 (6.4) x 

Nitrate (mgL−1)  19.9 (3.3) b  2.9 (0.9) z  117.0 (23.2) a  56.4 (9.1) y  104.0 (15.8) a  55.1 (8.0) y  139.8 (22.3) a  91.6 (9.0) x 

Phosphate (mgL−1)  29.9 (6.1) c  8.2 (1.8) z  251.0 (65.2) b  212.0 (41.2) y  470.2 (82.4)b  412.0 (79.5) y  2580.7 (179.3) a  1550.0 (154.2) x 

Potassium (mgL−1)  176.5 (37.4) c  121.3 (23.8) z  231.0 (19.9) c  186.3 (14.1) y  330.7 (29.0) b  290.0 (62.3) y  1100.0 (58.6) a  1050.8 (100.8) x 

Sulfate (mgL−1)  44.1 (2.2) c  82.1 (3.8) z  154.0 (23.6) b  129.4 (23.9) y  231.5 (32.4) ab  178.8 (31.1) y  372.7 (85.7) a  274.1 (61.1) x 

Figure 3. Percent cover by category for site preparation and soil amendment treatments.

3.4. Soil Response to Treatments

Most soil properties did not differ with year and soil amendment treatments. Soil
nutrients generally increased with compost application: some declined slightly (total
nitrogen, nitrate, total carbon, total organic carbon, ammonium, phosphorus, copper and
zinc) and some increased slightly (sodium adsorption ratio, calcium, potassium, sodium
and sulphate) within a year, being the highest and steadiest in both years with 100%
compost (Table 3). Soil pH was acidic and increased with 100% compost (mean 5.7).
Sodium adsorption ratio was very low across all amendment treatments (mean 0.5).
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4. Discussion

Native forb species planted in green areas and exposed to urban disturbance and
restoration treatments behaved quite differently. The limited impact of site preparation
treatments in our study supports the results of Buonopane et al. [40] who found no differ-
ences in vegetation cover, germinant density or species richness between herbicide and
non-herbicide plots in any group, including noxious weeds. Amendment with compost
was a useful treatment for forb survival and spread in our study, similar to other studies
that found a positive relationship between compost and forb survival [41,42]. Marrs and
Gough [41] found floristic composition of wildflower meadows was controlled by soil
fertility. Bretzel et al. [42] reported that the wildflower diversity index was related to cation
exchange capacity and carbon–nitrogen ratio.

Native forbs used in our experiment were small with a shallow root system, and when
planted in the upper 15 cm of soil that had been structurally altered and amended with
compost, they had a new growing medium. Even small changes in nutrients in amended
substrates may have impacted tiny plants at a vulnerable time when they needed nutrition.
However, soil preparation and amendment application combinations were expected to
influence soil water dynamics, indirectly determining stress and winterizing conditions.
Site preparation techniques can alter soil water availability in the soil profile, and strategic
plant treatments can increase revegetation success [43].

Although soil amendments resulted in a greater proportion of desired planted species
cover, it exposed the site to invasion by non-native, noxious and prohibited noxious weed
species. This finding is consistent with Skrindo and Pedersen [44], who found using topsoil
as an amendment to restore a roadside in Norway increased vegetation cover from one
year to the next for species such as Cirsium arvense. The loss of ecological memory in urban
settings is thought to facilitate the establishment of alien or non-native invasive or weed
species in recently disturbed urban environments, as these species have very high seed
output, phenotypic and germination plasticity, adaptations for short- and long-distance
dispersal, small seed size and high seed longevity [12,45]. Thus, these species are often
difficult to control in newly naturalized landscapes, where they can quickly dominate and
outcompete desired species [45]. Without management intervention such as native seeding,
common seed bank species, especially exotic and noxious plants, may exclude or inhibit
desirable later successional species until resources are made available by their damage or
death [46].

Weed management in our study played a key role in assemblage of plant communities.
Targeted hand weeding benefitted planted forbs, especially in amended plots where forbs
grew larger. Weed management is a necessary tool to build plant communities rather
than simply for containment and eradication of undesired species. Plant community weed
management opens the possibility of using competitive native species to shift the plant
community to a more desirable state and reduce weed management in the long term. Weed
control can be complex for native forbs as they tend to be more sensitive to chemical control
than other species [47]. There are few selective herbicides targeted to weeds that do not
also kill the native forbs. Manually weeding the sites is an efficient but time-consuming
practice and requires good plant identification skills. This type of manual weeding would
need to be implemented early in the restoration program and continue at least beyond
two years.

Due to the elevated level of exposure of the research site, it appeared that using native
forbs was a great way to raise ecological awareness and involvement of the local com-
munity in citizen science [4,24,48]. People are often interested in wildflowers when they
are in urban green spaces which opens up the possibility to integrate common citizens in
maintenance and weed management strategies associated with naturalization, potentially
reducing costs and creating a common goal among the community members [25,49]. Native
forbs constitute part of our natural heritage and should be protected and preserved. This ex-
periment confirmed that native forb species remain resilient in their endemic environments.
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Human landscape modifications may provide opportunity for evolutionary adjustment,
for growth, maturation and adaptation to new conditions.

Findings from this two-year study provide documented insight on how site prepara-
tion and soil amendment techniques can be used to improve the success of restoration with
a relatively large number of native forb species. The outcomes of this study can provide a
foundation for future work, including longer-term seedling establishment.

5. Conclusions

Soil amendment with compost was more influential than site preparation treatments
for restoration of forb species in an urban green area as it had a direct positive impact
on survival and growth of planted forbs. Treatments with greater amounts of compost
had greater survival, growth, species richness, cover and noxious weed cover than control
treatments. Soil amendment had a concurrent negative impact by increasing noxious weeds.
Although site preparation treatments had little influence on survival of planted forbs, they
could provide more benefits when combined with appropriate weed management that
controls competition from baseline vegetation. Of 24 forb species, Penstemon procerus,
Fragaria virginiana, Heuchera cylindrica, Agastache foeniculum, Antennaria microphyla, Mentha
arvensis and Geum aleppicum showed the greatest potential for establishment under the
management approach used in this study. These species are highly recommended for
future use in restoration for the City of Edmonton and similar urban centers. Cornus
canadensis, Pulsatilla patens and Liatris ligulistylis are not recommended for use due to
their poor performance. Allium textile, Eriogonum flavum, Viola adunca, Potentilla arguta,
Heterotheca villosa, Anemone cylindrica, Rudbeckia hirta, Thalictrum venulosum and Anemone
canadensis need further study but may have potential for use in urban restoration programs.
Since the results of this investigation are based on low replication, we recommend that
urban planners and practitioners use our results but do so with caution as they may be
site specific.
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Table A1. List of species found in the study site.

Plant Category Common Name Botanical Name

Native Milkvetch Astragalus L.
Plains rough fescue Festuca hallii (Vasey) Piper

Mountain fescue Festuca saximontana Rydb.
Foxtail barley Hordeum jubatum L.

Western wheatgrass Pascopyrum smithii (Rydb.) Á. Löve
Alpine bluegrass Poa alpina L.
Wood bluegrass Poa nemoralis L. subsp. interior (Rydb.) W.A. Weber

Bluebunch wheatgrass Pseudoroegneria spicata (Pursh) Á. Löve

Prairie thermopsis Thermopsis rhombifolia (Nutt. ex Pursh) Nutt. Ex
Richardson

Non Native Common oat Avena sativa L.
Smooth brome Bromus inermis Leyss.

Lamb’s quarters Chenopodium album L.
Quackgrass Elymus repens (L.) Gould

Creeping red fescue Festuca rubra L.
Yellow sweet clover Melilotus officinalis (L.) Lam.

White man’s foot Plantago major L.
Kentucky bluegrass Poa pratensis L.

Wild buckwheat Polygonum convolvulus L.
Prickly sow-thistle Sonchus asper (L.) Hill

Chickweed Stellaria media (L.) Vill.
Common dandelion Taraxacum officinale F.H. Wigg.

Alaska clover Trifolium hybridum L.
White clover Trifolium repens L

Rapeseed Brassica napus L.
Noxious Canada thistle Cirsium arvense (L.) Scop.

Perennial sow thistle Sonchus arvensis L.
Scentless chamomile Tripleurospermum perforatum (Mérat) M. Lainz

Prohibited Noxious Slphur cinquefoil Potentilla recta L.
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Abstract: As cities are facing environmental and societal challenges, including climate change, rapid
urbanization, and the COVID-19 pandemic, scholars and policymakers have recognized the potential
of small-scale urban green infrastructures (UGI), such as rain gardens and street trees, to support
important ecosystem services (ES) during periods of crisis and change. While there has been consid-
erable research on the design, planning, engineering, and ecology of small-scale UGI, the governance
modes of such spaces to support ES and manage ecosystem disservices (EDS) have received sig-
nificantly less research attention. In this article, we provide a systematic review to evaluate how
different modes of governance support different ES in small-scale green infrastructure. We evaluated
governance in six types of small-scale green infrastructure: small parks, community gardens, vacant
lands, rain gardens, green roofs, and street trees. Our review examines the different characteristics
of four new governance approaches, including adaptive, network, mosaic, and transformative to
understand their bottom-up nature and applicability in governing ES/disservices of small-scale UGI.
Each governance mode can be effective for managing the ES of certain small-scale UGI, given their
associations with principles such as resilience thinking, connectivity, and active citizenship. Our
synthesis highlights knowledge gaps at the intersection between governance arrangements and ES in
small-scale UGI. We conclude with a call for further research on the environmental and contextual
factors that moderate the linkages between governance modes and ES/EDS in different types of UGI.

Keywords: governance; small-scale UGI; ES; ecosystem disservices; UGI principles; systematic re-
view

1. Introduction

Urban land area is predicted to triple from 2000 to 2030 [1]. This rapid urbanization will
negatively impact local and regional ecosystem functions and will exacerbate consequences
of the climate change, and reduce the adaptive capacity of urban areas to cope with a
changing climate [2,3]. Urban green infrastructure (UGI) such as green roofs, green facades,
public parks, urban forests, urban wetlands, and unmanaged green sites [4], provide
nature-based solutions (NBS) that offer a promising avenue for climate change adaptation
in cities to reduce the negative environmental impacts of urbanization, such as the urban
heat island effect and altered precipitation patterns. UGI supports a wide range of ES at
different spatial levels including but not limited to provisioning (e.g., food, and freshwater),
regulating (e.g., urban temperature regulations, noise reduction, air purification, pollination,
runoff mitigation, and waste treatment), socio-cultural (tourism, recreation, cognitive
development, social cohesion), and supporting (e.g., habitat for biodiversity diversity),
with fewer documented health benefits (e.g., good health, mortality) [5–13]. Research has
also documented EDS associated with UGI, including conflicts with grey infrastructure, air
pollution, and green gentrification [14–16].

The management and governance of UGI provide an important mechanism for bal-
ancing the services and disservices of UGI in cities. Governance can be defined as a process
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of collective decision making that allows different stakeholders to include their needs and
expectations [17]. Different governance approaches have been widely used in the field of
natural resource management to protect and sustain resources [18–20]. There has been an
increase in scholarship on UGI governance with growing recognition of the importance
of UGI for addressing stormwater runoff, urban heating, and air pollution. Governance
is a critical component of effective UGI implementation as cities experience significant
changes such as extreme events, pandemics, and biodiversity loss [21]. The role of UGI may
also undergo abrupt, surprising change [22,23]. For example, in response to government
restrictions such as stay-at-home, social distancing, and quarantine policies during the
recent COVID-19 pandemic, UGI became an important resource for socio-cultural and
regulatory ES because green spaces provided physical and mental health benefits [24].
However, given urbanization trends, as well as environmental change in existing urban
areas, there is a need for cities to develop suitable environmental governance approaches
actively and intentionally to address pressing societal challenges [25]

We review governance approaches in the context of small-scale UGI to evaluate
how different governance models address ES. UGI governance is defined here as the
“processes, interactions, organizations, and decisions” related to greenspace provision and
administration, as defined by Lawrence et al. [26]. Although there is no consensus to define
UGI, one of the most recently published studies indicates UGI as a multiscalar concept,
which can range from small-scale green infrastructure such as rain gardens, pocket parks,
community gardens, and green lands, to large-scale facilities targeting the protection and
preservation of the natural habitats [27]. Small-scale UGI offers a unique opportunity to
enhance ES while minimizing disservices [28–31]. First, the effectiveness of UGI is largely
dependent on interconnected social and ecological processes that need to be properly
managed and planned at the local scale while also connected to broader scale policies.
Because small-scale UGI is often decentralized and has very different governance processes
from large-scale UGI [32], the management and governance of small-scale UGI can be
more responsive to local social and ecological needs. Second, considering that large- and
medium-scale green areas are usually covered with a large area of single-species allergenic
species in cities, highly diverse small-scale green spaces can significantly reduce the risk of
allergenicity from urban green spaces. [33–35]. Furthermore, several recent studies have
suggested that large- and medium-scale green spaces are associated with gentrification
outcomes, whereas small-scale green spaces may limit increases in property values [36–38].
Finally, despite a wide variety of literature on the design, planning, engineering, and
ecology of small-scale UGI, the governance dimensions of such spaces to support ES have,
to date, received significantly less research attention [39,40].

Over the last few decades, many countries have developed their governance practices
to optimize ES in small-scale UGI to cope with growing challenges such as water scarcity,
biodiversity loss, institutional shortcomings, citizen participation, fiscal austerity, shortcom-
ings of top-down management, lack of environmental knowledge, lack of political stability,
and mismatch between boundaries and the scale of ES [40–43]. However, there is little
research that compares how different governance approaches address ES in small-scale
green infrastructure. To address this gap, we synthesize literature on small-scale UGI
management and governance, drawing on diverse geographic contexts to provide a better
understanding of existing approaches’ characteristics and exploring the conditions under
which UGI governance approaches may emerge. We do not aim to investigate the suitabil-
ity or adaptability of these approaches with different UGI types. Instead, we provide a
synthesis of how different governance approaches address ES in the six studied types of
small-scale UGI.

2. Literature Review
2.1. Urban Green Infrastructure and ES

Green infrastructure (GI) is a relatively new concept, and several studies have pro-
posed different definitions for GI. The two most cited definitions are from Benedict [44]

57



Land 2022, 11, 1247

who defines GI as “an interconnected network of green space that conserves natural ecosys-
tem values and functions and provides associated benefits to human populations”, and
the European Commission [45], which defines GI as “a strategically planned network of
natural and semi-natural areas with other environmental features designed and managed
to deliver a wide range of ES. It incorporates green spaces (or blue if aquatic ecosystems are
concerned) and other physical features in terrestrial (including coastal) and marine areas.
On land, GI is present in rural and urban settings”. According to these definitions, key
characteristics of GI, including multifunctionality, ES, ecological networks, connectivity,
and multiscalar, serve as boundary concepts among various policymakers, planners, and
researchers to guide UGI planning and designing [46].

Urban ecosystem services (UES) have multiple benefits for human health and well-
being in the face of rapid urbanization, land-use transformation, and climate change
crisis [47]. ES can be defined as “the benefits people obtain from ecosystems” [48]. UES
is supported by a diverse green infrastructure type including but not limited to parks,
urban forests, farmlands, vacant lots, and gardens. UES can be divided into four categories
according to the Millennium ecosystem assessment [48]: provisioning services (materials
obtained from ecosystems), regulating services (benefits obtained from the regulation
by ecosystem process), habitat or supporting services (essentials to produce all ES) and
cultural services (non-material benefits obtained from ecosystems). Research suggests that
small-scale green infrastructure can moderate the negative environmental impacts of rapid
urbanization and climate change by contributing to recreation, mitigating air pollution,
cooling surface, and air temperatures, and retaining stormwater run-off [49]. For example,
green roofs and walls may improve air quality and flood control management or street
trees can reduce exposure to pollution in urban areas [14,50,51]. Moreover, community
gardens in urban neighborhoods not only provide food but can also have health, social
and aesthetic benefits for the local community [52–54]. Green spaces and urban trees can
also mitigate air temperature through transpiration, evaporation, shading, and modifying
wind-flow mechanisms [55]. A study by Peschardt et al. [56] indicates that small-scale
green spaces have socializing benefits because they provide spaces for neighbors to interact,
whereas other services such as noise reduction and carbon storage are less associated with
small-scale green spaces compared with large-scale green infrastructure due to their lower
compactness or density.

Table 1 summarizes the ES provided by six types of small-scale GI examined in this
study. As can be seen, small-scale UGI provides a wide variety of benefits, albeit some
UGI types, such as community gardens, may provide a larger range of services than others.
A review of articles, in this case, shows that most studies have focused on green spaces’
benefits and the impacts of some types of UGI, such as rain gardens or pocket parks
on human health, microclimate regulation, and socio-cultural services. In contrast, few
studies have examined how different modes of governance might shape ecosystem service
provision in different types of UGI.

Table 1. Urban ES provided by six studied small-scale green infrastructures.

ES Some Examples of UGI and Their Impacts in Literature

Provisioning Community gardens can address food security in urban areas [57,58]

Supporting

Street trees offer key conservation opportunities for pollinators [59], they also
reduce the negative effects of urbanization on birds [60]; green roofs can have
ecological significance by attracting and supporting urban fauna [61]; vacant

lands can support insects’ habitats [62]

Regulating

Vacant lands have cooling effects in urbanized areas [63]; green roofs have
large impact on the urban heat island effect, positive effect on street canyon air

quality, and stormwater management [64–66]; rain gardens may provide
considerable carbon potential, offsetting the whole carbon footprint [67]; street

trees can reduce air quality depending on the aspect ratio as well as
stormwater [68,69]; community gardens can reduce surface runoff [70]
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Table 1. Cont.

ES Some Examples of UGI and Their Impacts in Literature

Socio-Cultural

Small parks offer health benefits [62,71]; green roofs offer recreational and
experimental benefits for residents [72]; community gardens as learning
environments for sustainability [73]; vacant lots may provide social and

cultural values for local communities [74]

2.2. Urban Green Infrastructure and EDS

While UGI has several benefits, it also sometimes produces EDS that are frequently
overlooked [75]. The concept of EDS refers to the negative impacts that ecosystems can
have on humans and their environs [76]. According to Lyytimaki and Sipila [76], EDS are
“functions of ecosystems that are perceived as negative for human well-being” and can be
brought on by natural or political occurrences such as floods, earthquakes, wildfires, or
conflicts. For example, small-scale UGI such as street trees may provide allergies associated
with grass pollen and damage to properties [77–80]. Some species release a significant
amount of biogenic volatile organic compounds (VOCs), which, when combined with
nitrogen oxides (NOx), can create particulate matter, secondary organic aerosol, and ozone,
which exacerbate respiratory diseases such as asthma [81]. In addition, research shows that
the risk of vegetables and soil contaminated by heavy metals and pollutants in community
gardens and green roofs can be considered EDS [82]. There is no agreement on how
to classify EDS in relation to ES, despite the fact that certain research has split it into
various groups [73,83–86]. Better understanding of the conditions under which EDS arises
will help policymakers, practitioners, and communities reduce these negative impacts.
While urban areas depend on ES, understanding disservices are of paramount importance
from a governance lens. Since EDS reduces public support for UGI, it is important to
reduce these negative impacts to optimize UGI for sustainability. For example, in the
Mediterranean region, the ornamental patterns of the urban areas imply significant pollen
risk from woody species such as plane trees or cypresses, as the most allergenic ornamental
species [87,88]. Some studies such as those conducted by Von Döhren and Haase [72] and
Sousa-Silva et al. [88] have provided a reliable overview of the environmental and health
issues produced by different types of urban trees. Table 2 summarizes some examples of
EDS provided by six types of small-scale GI examined in this study.

Table 2. Urban ecosystem disservices are provided by six studied small-scale green infrastructures.

EDS Some Examples of UGI and Their Impacts in Literature

EDS

Tall and leafy trees may block the views [89];
Vacant lands may be unsafe and ugly [89];

Some plant species may create allergenic pollen [90–92];
Tree roots may cause sidewalk pavement problems [93];

Community gardens may get contaminated by greywater irrigation from
contaminated drainage channels or streams [94];

Increasing UGI results in an increase in hornet species [95];
Urban trees produce green waste resulting in public health issues [14]

2.3. A Need for New Governance Approaches

Enhancing urban resilience and sustainability in the face of “wicked problems” are
key challenges for UGI governance [95]. According to Andersson et al. [96] and Jerome [97],
small-scale UGI can contribute multiple co-benefits to support a wide variety of ES. How-
ever, there are still some barriers and uncertainties to governing and managing different
types of GI worldwide.

One of the important challenges for governance in existing small-scale UGI, such
as pocket parks or vacant land uses, is that they can be temporary or short-term land
uses. For example, a study in Detroit, Texas found that ragweed populations are more
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common in vegetated vacant lots, making the transition management of these lots crucial
to avoiding significant effects on allergenic pollen burdens [98]. Thus, if cities rely on
the ES that these spaces provide, there is a need for governance mechanisms that either
provide long-term security for these spaces or support a more adaptive, flexible, and
dynamic governance approach to cope with the temporary negative consequences of
these spaces [99,100]. Kabisch [101] states the major challenges for green infrastructure
governance in Berlin as financial constraints, loss of expertise, and low awareness of such
spaces’ benefits at the local scale. Fox-Kamper et al. [102] found the major barriers to
community garden governance include unsecured land tenure, community engagement,
and lack of long-term governance support. A study by Guitart et al. [103] shows that the
main challenge for community garden governance in the United States is land tenure where
gardeners lack long-term access to land. Furthermore, some scholars have highlighted
the issue of changing governance settings and GI data inconsistency as some of the most
important challenges GI are facing [104]. Undoubtedly, one of the most important barriers
to implementing GI, such as rain gardens, is their costs. These facilities can be expensive to
install and maintain, which in turn reduces the willingness of planners and owners to shift
toward them [25].

Moreover, urban governance is challenging given environmental justice (EJ) issues
in terms of UGI equitable distribution, transparent procedures, and sufficient recognition
of various actors’ needs and perceptions [2]. Availability, accessibility, and attractiveness
of small-scale UGI for different social groups and inhabitants are among the most impor-
tant issues that EJ research has recently addressed [105,106]. For instance, Sanchez and
Reames [107] address spatial equity in green roof distribution in Detroit, MI, and show
that green roofs were concentrated in the wealthiest part of Detroit’s urban core with
a predominantly white population. Consequently, an emerging focus in environmental
governance is how different governance approaches can broaden access and participation
to diverse social groups, particularly marginalized or vulnerable groups. A potential
opportunity for small-scale UGI to promote environmental justice lies in its need for local
governance, which can place decision making in the hands of local communities and give
them ownership over these spaces. In addition to promoting equitable governance, local
ownership may reduce disservices, such as green gentrification, which has been identified
as a concern by researchers and non-profit sectors in recent years [108]. In other words, an
equitable distribution, experience, and understanding of UGI throughout the cities is an
important goal of UGI governance.

Significant shifts have occurred within environmental decision making on UGI in
the past 20 years. These shifts have yielded collaborative and bottom-up management
approaches to guarantee future success in the face of rapid urbanization, climate change,
and major societal disruptions, such as the COVID-19 pandemic. UGI government styles
based on centralized decision making, public budgets, top-down, and bureaucratic arrange-
ments have been replaced increasingly by new horizontal approaches of environmental
decentralized governance focused on the fluidity between top-down and bottom-up ap-
proaches. This new emerging paradigm shift largely emphasizes the concepts of flexibility,
collaboration, coordination, awareness, adaptation, inclusiveness, knowledge generation,
and transparency [109–113]. As a result, a range of new democratic governance approaches
is in use under conditions of uncertainty, complexity, instability, and unpredictability to
include different stakeholders’ voices in the UGI decision making process and problem-
solving. The uncertainty and complexity of managing ES at the local scale is related to
socio-political (e.g., population growth), economic pressure (e.g., shrinking budgets), and
environmental changes (e.g., climate change). New UGI governance approaches are in-
tended to better address multiple stressors of urbanization and climate change by utilizing
ES and harnessing disservices [19,38,114–116]. Over the last several decades, a wide variety
of governance arrangements have been proposed, including “state governance” of publicly
owned vacant lands and community gardens, and “networked governance” of public-
private partnerships for local parks to the “self-governance/market-based” approach of
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guerilla gardening. However, examining the applicability of different new governance
approaches and policies to co-create and co-manage UGI is an important research direction.

3. Research Methods
3.1. Study Selection

This study conducted a systematic literature review on new governance approaches
of small-scale UGI following the PRISMA procedure introduced by Moher et al. [117]. We
conducted a systematic review to address the need for a review, critique, and possible
reconceptualization of the diverse and interdisciplinary knowledge base on UGI, ES, and
governance approaches [118]. The methodological approach used PRISMA key processes
to construct the sampling frame, as shown in Figure 1: study planning and identification,
screening and selection of publications, and content analysis of the selected documents.

Figure 1. Flow diagram showing the methodology based on PRISMA procedure adapted from
Moher et al. (2009).

First, a set of keywords in Google Scholar were used to identify studies on small-
scale UGI and governance in urban settings. Six different small-scale UGI were selected,
including small parks, community gardens, vacant lands, rain gardens, green roofs, and
street trees in this article (Figure 2). All different combinations of six UGI were searched
using Scopus and the Web of Science (WOS) databases as the search engine, with the
search field set to ‘keywords’, and the document type set to ‘article’ or ‘review’. To find
relevant literature, five separate search queries (garden included both rain garden and
community garden) were used, each with a different two-way combination of (keyword
category-related) search phrases (Query 1: Park AND governance; Query 2: Garden AND
governance; Query 3: Vacant land/lot AND governance; Query 4: Tree AND governance;
Query 5: Green roof AND governance). To consolidate and deepen the review, the sec-
ond round of searches was begun by setting the search field to a two-way combination
of (green space/governance) and (nature-based solution/governance). The year of the
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publications was not filtered; hence, the sample collected from the databases contained all
years of publication.

Figure 2. Diverse small-scale urban green infrastructure. (A) A small green roof on top of a residential
building, USA. (B) A local public park, USA. (C) A privately owned piece of vacant land, USA.
(D) Rain garden development, USA. (E) A community garden, USA. (F) Street trees, Iran. Photos
taken by the authors.

3.2. Literature Synthesis

The search returned a total of 306 articles. A selection of 245 articles was found after
duplicates were eliminated and they were ready for analysis. Since this review seeks to
investigate only bottom-up governance approaches, traditional top-down, government-led
arrangements were excluded from the final sample. In total, 108 articles were disqualified
in the first round of screening (at the level of the title and abstract). The resulting sample’s
titles, abstracts, and full text were assessed for relevancy considering only six types of
small-scale UGI and new governance modes. Since this study addressed the link between
ES and UGI, only articles focused on different types of ES through governance approaches
were included. Articles with a rural or regional focus and large green infrastructures such
as urban parks or vast vacant lands were excluded. Two runs of full-text screening were
conducted; the first resulted in the exclusion of 12, and the second pass resulted in the
exclusion of an additional 5.

The systematic review was completed by analyzing 91 academic articles through qual-
itative content analysis [119]. Content analysis is a research approach for testing theoretical
concerns and improving data comprehension in which a condensed number of concepts
or categories characterizing a reality, a theory, or a study topic can be obtained [120]. Our
review included publications with a focus on concepts and models for governance of ES in
different types of small-scale green infrastructure. Since the objective of content analysis
of sample documents is to highlight the applicability of new governance modes in the
context of six small-scale UGI, the following questions guided the analysis: (1) What types
of ES are associated with small-scale GSI? (2) What are the principles of new governance
approaches associated with six small-scale UGI? (3) Which new governance modes were
associated with different types of small-scale UGI? The authors were then able to determine
the most prevalent governance modes and their core principles in the literature by carefully
interpreting the articles and all the ensuing categories.
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4. Results and Discussion

Based on our review of 91 articles, it was possible to identify four new, bottom-up
governance approaches to small-scale UGI: adaptive, mosaic, network, and transformative.
Despite some overlaps among these modes of governance, their nature and principles
vary to some degree based on contextual, environmental, and social parameters. However,
the main similarity among these modes of governance was their bottom-up and multi-
agent characteristics, which help policy makers find the most suitable solutions to manage
complex urban green areas. The results of this review demonstrate that although the ES and
governance modes are not directly linked, their potential relationships may be discerned
through the identification of several principles that are applicable in different UGI cases.
Some studies have directly focused on these principles, whereas others indirectly described
them. Table 2 shows a set of principles for each governance mode which were applied
regarding ES in studied small-scale UGI.

4.1. Date and Type of Studies

A systematic review of 91 articles indicated that the governance aspect of UGI is a
growing topic of interest in academic research. The earliest articles were published in
2000 in the Journal of Health and Places about community gardening development and
management. Based on their methods, the articles were divided into four groups: experi-
mental, observational, discussion, and review (Figure 3). Discussion studies were primarily
theoretical without data collection, whereas experimental studies involved intervention
and primary data collection, observational studies used secondary data to analyze a phe-
nomenon without intervention, and review studies conducted a systematic or scoping
literature review. The most common study type was experimental (n = 36), followed by
discussion (n = 27), observational (n = 23), and review (n = 5). In general, surveys, including
interviews and questionnaires from stakeholders, were the most prevalent kind of exper-
imental study. In addition, we found that community gardens and street trees were the
most common types of UGI discussed in the reviewed articles. The specific characteristics
of community gardens including but not limited to a socially inclusive, location in central
parts of the neighborhoods, and a need to make fluidity between up-down and down-top
management can lead them to be one of the most debatable themes in the UGI governance
literature. Street trees were also amongst those UGIs that were largely reviewed thanks
to their public nature, largely known benefits, and probably the fact that they are often
apparently co-managed by both residents and municipalities. However, the adaptability
and transformability of the governance modes of these elements in the face of societal and
environmental changes (e.g., recent pandemic) can be further analyzed in different contexts
to help policymakers to plan more mental and physical resilience for the future [119,120].

Figure 3. Publication dates and types for all articles (n = 91).
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4.2. Governance Modes

Adaptive and co-management governance approaches were most reported in literature
(n = 48), followed by other governance arrangements including mosaic (n = 30), network
(n = 10), and transformative (n = 3). The three common principles used in literature
belonged to adaptive governance including adaptability with the highest number (n = 45
of 91 adaptive groups), diversity of stakeholders (n = 39 of 91 articles), and flexibility
(n = 36 of 91 articles), followed by self-governance as a core principle of mosaic governance
(n = 29 of 91 articles). Moreover, the systematic review showed that the two principles of
connectivity and diversity of stakeholders/actors emerged in two governance categories of
adaptive/mosaic and adaptive/networked, respectively, making them more important in
the case of decentralized and flexible UGI management.

The four governance modes and their principles are illustrated in Table 3.

Table 3. Four major governance approaches for six small-scale UGS and their principles in the literature.

Governance Models Principles Number of Studies

Adaptive governance

Adaptability is the capacity of actors to influence resilience. 45

48

Diversity of stakeholders facilitates collaboration among institutions
and jurisdictions. 39

Flexibility allows stakeholders to adapt their needs and expectations to
new opportunities. 36

Social learning allows actors to share their values, experiences, and actions. 23
Connectivity facilitates negotiations and collaborations across horizontal
(collaborative) and vertical (hierarchical) connections. 22

Resilience thinking is about how to learn to live with change and make use of it. 17

Mosaic governance

Self-governance strengthens the autonomy of citizens to shape their own
bottom-up initiatives and rules. 29

30
Active citizen enhances the ability of people to organize themselves in a
multiform manner. 26

Polycentricity allows multiple centers of governance to interact with each other
across diverse scales and actors. 26

Connectivity fosters social and ecological resilience through linking actors. 18
Stewardship focuses on collaborative management activity. 14
Reflexivity allows to include the perspectives, values, and norms of a variety
of actors. 11

Networked
governance

Knowledge sharing allows exchanging information between local stakeholders. 7

10
Social networks facilitate social interactions between actors. 7
Diversity of actors allows the presence of various actors, often multi-level. 6
Decentralization transfers organization activities to several local actors. 4

Transformative
governance

Social innovation is the design of new solutions to imply transformative changes. 3

3
Transition management accelerates the sustainability transition through the
participatory process of visioning, learning, and experimenting. 3

Regime shifts are large, abrupt, persistent changes in the structure and function
of ecosystems. 2

Long-termism allows improving the long-term future of ecosystems. 2
Panarchy means drastic transformative changes. 1

4.3. Adaptive Governance

Adaptive governance (AG) as the most frequent mode mentioned in the literature,
is defined as “an outgrowth of the theoretical search for modes of managing uncertainty and
complexity in socio-ecological systems” [25]. AG appears in almost more than half of the
papers examined (48). Allen and Gunderson [121] define it as “the institutional framework
that deals with social and political dimensions of resource management and that allow adaptive
management to function”. AG arrangements include a network of multiple public and
private actors to cope with uncertainty and complexity in small-scale UGI. According to
Webb et al. [122], involving a diverse group of stakeholders in multi-level governance will
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facilitate collaboration among institutions and jurisdictions, which is critical for addressing
sustainability and resilience in complex urban systems. AG can respond to the uncertainty
and complexity of complex socio-ecological systems and increase the capacity of UGI to
tackle social and environmental circumstances such as the COVID-19 pandemic.

This approach mainly focuses on the concepts of flexibility, connectivity, and learning
in form of policies, formal mechanisms, and regulatory standards which are required
to maintain small-scale UGI such as stormwater management systems or rain gardens.
Flexibility in adaptive governance arrangement allows stakeholders to adapt their needs
and expectations to new opportunities and drive UGI regulations and policies [115]. This
approach presents many opportunities for leveraging local UGI to support ES. For instance,
converting vacant land into stormwater management systems requires flexible and re-
sponsible management structure tools, such as land banks to help municipalities identify
suitable vacant parcels [123]. Without the flexibility of AG, it would be time-consuming and
difficult for municipal agencies to respond to social and environmental disturbances [27].

Close connections among different actors facilitate negotiations and collaborations
across horizontal (collaborative) and vertical (hierarchical) connections. In all types of small-
scale UGI bottom-up and top-down connections are needed because city governments
may support the establishment of community gardens, vacant lands, trees, rain gardens,
stormwater management sites, and green roofs through the provision of land, funding, and
regulations, whereas local communities may engage, utilize, and maintain them. Multiple
actors are linked through various mechanisms such as collectively managed urban green
spaces [38,124].

Social learning is part of the collaborative process of small-scale UGI adaptive gov-
ernance in which actors can share their values, experiences, actions, and socio-ecological
memories of ES through an active process of both formal and informal reflection [125–127].
For example, Lin and Egerer [128] emphasized the role of social learning as one of the
characteristics of AG that supports food provision services in community gardens in which
farmers learn through their experiences (e.g., light and water availability, soil proper-
ties, and ground cover management). Moreover, AG supports a cycle of monitoring and
learning to better support ES and reduce disservices.

4.4. Mosaic Governance

The concept of mosaic governance (MG) in the context of UGI elevates the role of a
diverse range of active citizens in UGI planning and citizen-led greening management
and initiatives [129,130]. In this review, MG was mentioned in about 30 documents out
of 91 analyzed. According to Buijs [131], active citizenship is defined as “citizens’ ability
to organize themselves in a multiform manner, to mobilize resources and to act in the public to
protect rights and take care of common goods” (p.1). It may be separate from or connected to
local authorities’ arrangements [132]; however, local authorities usually can support active
citizen practices in UGI. Active citizenship can leverage local UGI in the face of a financial
crisis. For instance, during the recent pandemic and its consequent social and economic
restrictions, active local citizens in community gardens might play a significant and cre-
ative role in managing, producing, and marketing local food for the neighborhoods [133].
Mattijssen et al. [134] propose a new term “green self-governance” to respond to the critical
points including equal representation of non-active citizens and instrumentalization of
citizens in the active citizenship approach. Green self-governance is defined as “a specific
form of governance in which citizens play a major role in realizing, protecting, and/or
managing green public space” [134]. In contrast to traditional centralized governance
approaches for UGI, self-governance arrangements aim to strengthen the autonomy of
citizens to shape their bottom-up initiatives and rules (e.g., citizen maintenance of local
vacant lands).

MG approaches emphasize the connectivity and multifunctional nature of UGI and
use reflexive notions of stewardship to facilitate the active citizenship process. Connectivity
in mosaic-oriented governing of green infrastructure’s ES involves two dimensions. First,
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linking UGI can create support and protect the functions and benefits of mosaic UGI that
individual UGI cannot provide alone. Second, the connectivity between local authorities
and residents is critical to the success of the UGI regime to foster social and ecological
resilience. Gulsurd et al. [135] called this approach “reflexive co-governance”, in which
citizens play an active role in creating healthy ecosystems. In contrast to traditional
governance approaches, in MG or reflexive arrangements, both local government and local
citizens can contribute to the delivery and management of ES in small-scale UGI. In this
approach, local authorities recognize the legitimacy and autonomy of individuals as active
citizens [131]. Thus, this approach includes polycentric governance in which multiple
centers of governance interact with each other across diverse scales and actors. It also
emphasizes environmental stewardship at local levels, where a self-organized approach
to responding to small-scale heterogeneity (e.g., size, quality, range of activities, etc.) is
highly recommended within a collaborative management activity [136–142]. According to
some studies [143–145], contemporary urban environmental stewardship activity allows
residents to protect and manage small parks, trees, and community gardens that provide
ES. For example, Langemeyer et al. [146] found that civic urban gardens as a new way
of connected UGI can enhance stewardship action much better rather than traditional
allotment gardens.

4.5. Networked Governance

Networks can facilitate the relationship between formal governance arrangements
and the informal social processes that affect the local governance of UGI. Of the 10 papers
where it was addressed, only 5 of them defined networked governance (NG). According to
Nochta and Skelcher [147], networked governance is defined as “systems of coordination that
seek to guide and steer multi-actor interactions to solve complex public policy problems”. Network
governance of small-scale UGI creates a space for cooperation between various actors to
facilitate the co-production of UGI policies based on knowledge sharing, which in turn can
increase social and ecological resilience [148]. A community-based management approach is
one example of networked governance that includes collective action and self-governance
of ES that relies on strong connections between stakeholders at local levels [149]. For
example, the networks among community gardeners help them increase social resilience
and capital through sharing knowledge about food productivity essentials such as soil
contaminant risks. Although networks may create unevenness in the distribution of
power and resources [150], mismatches with ecological scales [139], and formal or informal
dialogues [151,152], they are powerful tools to build and maintain community garden
development [153].

Some scholars propose the networked governance approach as a type of adaptive gov-
ernance in which the characteristics of actors and the patterns of interactions between
different actors’ matter and are important for improving the performance of ecosys-
tems [154,155]. Key to this approach is the concept of diversity, which means the presence
of various actors, often multi-level, are involved in the process of local green infrastructure
planning [156]. For instance, a networked governance approach to street tree planting and
maintenance requires the involvement of different actors including local municipalities,
non-profit organizations, community groups, and individual volunteers. Some of these
actors (e.g., municipalities and NGOs) mainly play financial and supportive roles, whereas
others (e.g., individuals and community groups) may participate in tree planting and
stewardship activities. The majority of UGI governance networks, such as residential green
roofs, are informal and differ from traditional hierarchical modes of government [152].
Additionally, the concept of “ecological networks” is central to understanding the linkages
between network governance, ES, and UGI. Ecological networks are defined as “tools for
improving biodiversity and ecological connectivity among habitats which are designed to
consider different levels of nature protection” [157]. This definition is also aligned with the
concept of green infrastructure as a network of green spaces that provide multiple benefits.
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More recently, a concept of hybrid governance has also been applied to UGI specifically
nature-based solutions (NBS) governance. Toxopeus et al. [158] define hybrid governance
as a tool “to drive innovation and deliver co-benefits to multiple stakeholders, representing
a demand-driven, cost-effective realization of sustainable urban infrastructure”. Hybrid
governance as a type of polycentric and multi-level governance runs parallel to the net-
worked governance approach in local UGI due to its participatory and democratic nature.
For example, over the last decade, public and non-public actors (e.g., businesses) in the
U.S. context have collaborated to create the financial resource and technical synergies to
install green roofs and solar PV. However, non-public actors have not had a role in the
development of policies and regulation processes, which in turn has raised the issue of
equity [159].

4.6. Transformative Governance

The literature regarding the application of transformative governance (TG) in the
context of UGI is limited. Only three articles directly focused on the application of TG in
the context of UGI. Transformative governance is defined as “an approach to environmen-
tal governance that has the capacity to respond to, manage, and trigger regime shifts in coupled
social-ecological systems (SESs) at multiple scales”. [25]. While the adaptive governance ap-
proach emphasizes maintaining and adapting existing ecosystem regimes, transformative
governance arrangements pursue regime shifts to create new systems to better support
ecosystems and human health and well-being. Regime shifts, as direct consequences
of cross-scale dynamics of socio-ecological systems, can result in drastic transformative
changes in different aspects of ES that UGI can provide at a local level called “panarchy”,
which is central to the concept of transformation [25]. Panarchy theory stresses cross-scale
links, in which processes at one scale influence operations at other scales, influencing the
system’s overall dynamics [160]. For example, the recent COVID-19 outbreak occurred
quickly and became widespread, which subsequently created considerable changes in food
security, nutrition, and food systems worldwide. As Mejia et al. [133] state, the community
gardens have had a significant role during the pandemic by providing fresh food and sup-
porting human well-being and social benefits. According to this concept, small-scale UGI
is considered in some cases (e.g., rain gardens) as a transformative governance response
to climate change issues at a large scale and as an example of an adaptive governance
approach in other situations (e.g., street trees).

Given the complex nature of small-scale UGI, TG aims to alter the nature of UGI
through innovative approaches, such as nature-based solutions (NBS). Frantzeskaki and
Bush [161] indicate the role of intermediaries (systemic, regime-based, niche, process, and
user) as facilitators of transformative governance in the case of urban trees in Australia.
This approach leverages systematic changes in UGI systems to address social and ecolog-
ical challenges such as climate change. In small-scale UGI, examples of transformative
changes may include the greening of vacant lands or the shifts from gray to green roofs.
For instance, Kabisch [162] explains how local participation as a key feature of new gover-
nance modes can transform an urban brownfield site into a multifunctional urban park in
Leipzig, Germany.

Transformative governance is considered part of transition management. Transition
management has been defined as “a specific form of multi-level governance. Whereby
state and non-state actors are brought together to co-produce and coordinate policies
iteratively and evolutionarily on different policy levels” [163]. Loorbach [164] describes
the tenets of transition management as (1) long-term focus, (2) uncertainties and surprise,
(3) networks and self-steering, and (4) innovation. Social innovation is a new term used for
environmental governance and management in the transition arena. It refers to a set of new
concepts, products, and processes that not only seek to meet basic social needs but also
change routine flows and arrangements to better utilize the urban and social systems [165].
Green infrastructure can be considered an innovative response to complex and challenging
urban systems and can support transformative governance [166].
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Social innovation is a process of change that can facilitate the emergence of trans-
formative governance in the context of UGI. According to Elmqvist et al. [167], social
innovation can play an important role in urban transformations by proposing new al-
ternatives and configurations for preserving the functionality of a system such as UGI.
For example, community gardens serve as an example of social innovation because they
enhance the value of provisioning and regulating ES such as food production and air
quality improvements [142]. Social innovation at the local scale can create physical and
community space for optimizing the usage of UGI for ES. For instance, transforming vacant
lands into UGI can provide opportunities for provisioning, regulating, and socio-cultural
ES [72,102]. Likewise, due to the unused nature of urban vacant lots and the greening op-
portunities, they are mostly documented under the transformative governance approach in
the literature. Nevertheless, there is room to examine their applicability for implementing
some temporary socio-cultural services, short-term activities or policies (e.g., land bank
in the U.S.) which can be matched with the adaptive governance approach [27,102,123].
More recently, digital tools such as smart ecosystems and the internet of trees as digital
networks are new concepts that can support the environmental transformative governance
approach [168,169].

Our analysis showed that all four networks, mosaic, transformative, and adaptive
governance approaches are applicable for different provisioning, regulating, cultural, and
supporting ES through practicing principles in six small-scale UGI, as shown in Table 2;
however, these occur to varying degrees, depending on their principles’ applicability in
UGI cases. In other words, each governance mode can be effective for managing the ES of
certain small-scale UGI, given their relationships with principles. First, the principles of
resilience thinking and connectivity are interconnected with food and water supply in UGI
governance. For example, social resilience can be developed using connectivity concepts
between different stakeholders and governments to produce and distribute food through
community gardens. Connectivity among diverse actors can support mosaic and adaptive
governance arrangements as well, which can build the resilience of ES through social
networks, preventing disturbances, and maintenance of biodiversity [165]. Second, involv-
ing citizens and integrating citizen science concepts in small-scale UGI as part of mosaic
governance can address cultural ES in some cases, such as developing a small new pocket
park with volunteers [73]. The literature shows that active citizenship has a significant role
in governing cultural ES such as environmental education, recreation, or social cohesion,
in turn, can promote mental and physical health outcomes [132]. Third, the concept of
socio-ecological networks, which are central to governance networks, can enhance both
vertical and horizontal connectivity between multi-level government arrangements and
habitats, respectively, to support biodiversity conservation practices. For example, actors
(e.g., government, citizens, or NGOs) can balance supply and demand in green spaces by
conserving native plants or using interventions such as “community-based management”
which can create new supply nodes connected to demanders [149].

Our study has a few limitations. This review did not directly analyze the political and
financial leadership and arrangement concepts in the management of governance of small-
scale UGI. It is possible that the examples mentioned from different geographical areas
represent the type of political system or governance and may not reflect the conditions
of other existing examples well. Therefore, further analysis in terms of clarifying the
potential interlinkages between government and political structures, and their capacities
for governing local UGI is needed [170]. Furthermore, we did not identify the potential
differences between the four modes of governance in terms of how they might address and
resolve issues related to EDS. This approach needs to be further analyzed by highlighting
synergies and tradeoffs between each UGI type, the applicable governance approach, and
examining the crossovers and combined use of the four governance approaches in different
ways [116]. It should be noted too that we could not provide more empirical evidence of
analysis of the situation about small-scale UGI due to the word number limitations for
publication. Finally, our review did not identify the best governance mode for each type
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of ES/EDS associated with UGI, as well as the characteristics of a successful governance
structure, which can be investigated based on more empirical studies.

Figure 4 shows a Sankey diagram mapping the systematic review of the literature
regarding the potential linkages between new governance modes and six types of UGI.
As is shown, vacant lots and green roofs were among those small-scale UGI which were
less documented and there is a need to address this gap by applying new governance
arrangements to optimize their benefits for urban environments and residents. To advance
this approach, more studies are needed to evaluate potential links between different gover-
nance modes and their associated ES in different contexts and types of UGI. Additionally,
future studies can focus on the applicability and suitability of governance approaches to
offer equity, resilience, and sustainability concepts in the face of climate change and societal
disruptions such as the COVID-19 pandemic.

Figure 4. Sankey diagram showing the link of governance modes and UGI types. The thickness of
each band corresponds to the number of studies involving the linkage.

5. Conclusions

Our review provides a first overview of the applicable governance approaches for
six types of small-scale green infrastructure including small parks, community gardens,
vacant lots, rain gardens, green roofs, and street trees. This review focused on the most
common governance approaches, including adaptive, mosaic, networked, and transfor-
mative approaches for managing the ES and EDS of selected small-scale UGIs. This study
provided some insights for policymakers, planners, researchers, and those who are inter-
ested in investigating the linkages between UGI governance approaches and ES. First, it
demonstrated a novel attempt to categorize new governance approaches for managing ES
in the context of small-scale UGI. This review showed that each governance approach had
its and specific principles for framing ES in different small-scale UGI which are moderated
by contextual factors conducting nuanced linkages between governance approaches and
ESES. Second, as our review indicated that the specific characteristics of small-scale UGI
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such as location, ownership, the type of provided ES, and their potential for further devel-
opment may determine the mode of governance. However, cultural, political, economic,
and government structures in different contexts may affect this relationship to some degree.
It is extremely important to examine different governance approaches in diverse contexts,
as well as the potential of combined governance modes for other UGI types. In other words,
the flexible adoption of different governance arrangements rather than only selecting a
certain mode may become useful for managing multifunctional UGI types or adapting to
environmental and societal change.

Finally, although there are multiple studies regarding different governance modes in
natural resources management at national or state scales, this study highlighted the current
status quo of knowledge and future potential research directions regarding the linkages
between diverse new governance types and ES/EDS of small-scale UGI. The research
gaps can help urban planners, green infrastructure planners, and urban ecologists pursue
suitable governance approaches for better utilizing different types of services provided by
small-scale GI in ES within cities.
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Abstract: European countries recently prepared recovery and resilience plans (RRPs) to recover from
the pandemic crisis and reach climate neutrality. Nature-Based Solutions (NBS) are recognized as
crucial drivers to fostering climate transition while addressing other challenges. Accordingly, RRPs
offer the opportunity to promote the adoption of NBS. This article assesses the NBS embedded-
ness in the policy discourse of Italian and Portuguese RRPs and how they are considered to meet
climate–and related environmental–targets. We conducted a discourse analysis based on two steps,
(i) a quantitative analysis to classify different nature-related terms into four categories—biophysical
elements, general environmental concepts, threats and challenges, and NBS—and estimate their
frequency in the text; (ii) a qualitative analysis to understand the relationship between the categories
of challenges and NBS as well as the dedicated investments. The results show that NBS are barely
mentioned, with a frequency in the texts for the NBS category of 0.04% and 0.01%, respectively,
in Italian and Portuguese RRPs. Narratives are mainly built around general concepts such as re-
silience and sustainability with nature scarcely considered as an ex novo solution to meet challenges.
Notwithstanding, Italy invests 330 M in the implementation of urban forests, while in Portugal,
no specific NBS interventions have been considered so far. To date, both countries are primarily
orienting the climate transition toward reducing emissions instead of combining these measures with
multifunctional NBS to address environmental and socio-economic challenges.

Keywords: discourse analysis; environmental policies; green deal; NextGenerationEU; bio-based
economy; climate change; urban forests

1. Introduction

The European Union is addressing the recovery from the pandemic crisis by investing
in a stimulus package worth EUR 2.018 trillion at current prices. It consists of a combination
of the EU’s long-term budget for 2021 to 2027 and the NextGenerationEU [1]. The latter
is a temporary instrument to stimulate the recovery with scope and ambition without
precedent, including investments and reforms to accelerate the ecological and digital
transition, support education, and achieve greater gender, territorial and generational
equality. To access NGEU funds, each member state had to prepare a national recovery
and resilience plan (RRP) for the period 2021–2026, according to the criteria established
by Article 18 of Regulation no. 2021/241/EU. One-third of the overall EU budget aims to
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finance the European Green Deal, under which Europe aims to become the first climate-
neutral continent by 2050, producing no more greenhouse gases than the ecosystems
can naturally absorb. To reach this target, all the member states pledged to reduce net
greenhouse gas emissions by at least 55% in 2030 as compared to their 1990 levels. Further
ambitious environmental goals were set for all member states, such as zero soil sealing
by 2050 [2] and a vast tree planting campaign (i.e., 3 billion trees by 2030; [3]). Achieving
these goals relies on the transformation of all sectors of the EU’s economy, requiring a
paradigm shift for a transition to a circular, nature-positive, carbon-neutral, bio-based and
equitable economy [4–7]. Therefore, the focus should not be only on the transformation
of energy and transport systems, but also on measures across the economy to harness
the potential of nature to contribute to both mitigating climate change and enhancing
our resilience to its impacts [8]. As one of the main environmental challenges, climate
change is already affecting Europe’s ecosystems and human health, and it is expected
to pose further threats to the ecosystem and socio-economic system shortly [9–11]. The
RRP is thus an opportunity for all the member states to include and invest in a nature-
based recovery, addressing the effects of climate change via adaptation and mitigation
measures [4]. The latest IPCC report states that all scenarios that limit climate change to
1.5 ◦C rely on decreasing emissions, decarbonizing the economy as well as adopting land-
use change mitigation strategies [12,13]. Accordingly, coupling the decrease in emission
sources with the increase in carbon sinks through terrestrial ecosystems is one of the
most reliable strategies to fight climate change [9,14,15]. Particularly, all nature-based
approaches have emerged as a key instrument to face different challenges across sectors
of society and business, also offering multiple cost-effective benefits to ecosystems and
human wellbeing [12,16]. However, adopting a nature-based economic perspective means
the explicit recognition of nature as both providing inputs and generating outputs for our
economy [4,17]. Although it could be still difficult to assess the monetary value and the
economic benefits of the outputs [18,19], it is recognized worldwide that there is a need to
overcome the “business-as-usual” model based on resource exploitation, biodiversity loss,
and carbon emission growth through investing in nature and fostering the transition to
sustainable development [6,20].

In recent years, several nature-based approaches have become a key topic of contem-
porary research on sustainable development of urban and rural areas [21] such as ecological
restoration, ecological engineering, green and blue infrastructure, ecosystem services, urban
forestry, ecosystem-based management and adaptation, and eco-disaster risk reduction [22–24].
Since 2015 [25], the concept of Nature-Based Solutions (NBS) enclosed each of them under
its ‘umbrella’ including all the approaches, with different terminology, that work with and
enhance nature to help address multiple challenges [26]. Several studies have indeed shown
how NBS are very efficient in facing extreme events related to climate change, by adaptation and
mitigation actions (e.g., reducing flood risk, and storing CO2) [10,27,28], contemporarily able to
preserve human health [27,28], psychosocial well-being [29,30], improve air quality [31–33], and
increase landscape connectivity [34,35].

Thanks to their capacity and multifunctionality, NBS are gaining momentum in the
emerging policy discourse, and multiple initiatives raised to mainstream the NBS, encourag-
ing their development for more sustainable and just communities [36]. Therefore, NBS are
expected to further shape the policy narrative in global environmental decision-making [37].
Accordingly, at a global policy level, 66% of all signatories to the Paris Agreement included
NBS for climate change mitigation and adaptation in their nationally determined contribu-
tions [38,39]. Furthermore, the EU claims to be a world leader in NBS through supporting
numerous projects in the Research and Innovation Agenda [23,25]. These projects are prov-
ing to be a catalyst for research–practice partnerships [40], gathering insights regarding
NBS performance, impacts assessments, and cost-effectiveness [8,41]. Consequently, NBS
are tested in front-runner cities, demonstration sites, and urban living labs, and the EU is
using their outcomes to upscale these initiatives to a broader public [10,23] and to facilitate
their operationalization from experts to decision makers and stakeholders [42]. However,
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the contexts of urban living labs, as well as frontrunner cities and regions, are designed
to provide flexible governance conditions, supportive decision makers, and policy instru-
ments [43], hence scarcely representing the complicated real-life contexts of practice [39].
Furthermore, working with limited and scattered case studies, and often only at the local
and municipal level, increases the difficulties to spread the gained knowledge to other
contexts and scales, rising the issues related to planning silos [44,45]. This overlaps with
the fact that the policy instruments for NBS implementation are mainly restricted to the
municipal level (i.e., focusing on urban planning [46]) and not to the landscape, country
or higher levels [47]. So far, the processes to mainstream and institutionalize NBS into
national policy are still not clear, and this concept, with its huge potential, is suffering
multiple incorporation difficulties as already observed for other environmental concepts
(e.g., ecosystem services) [45].

Given the planned investments to reach global and European targets (e.g., RRP) as well
as the high NBS capacity to help in this path, there is still a need to enhance knowledge
regarding the NBS inclusion at national and regional policy levels [16,48]. It is necessary
to urgently strengthen policy frameworks at the national level [49] to enhance NBS multi-
functionality in favor of climate mitigation and adaptation, biodiversity conservation and
human well-being as a whole [12,44,48,50]. Therefore, as economic instruments are usually
recognized as enablers for a successful NBS uptake [51], taking benefit from the invest-
ments related to the recovery from the pandemic crisis is probably the once-in-a-lifetime
opportunity to systematically introduce NBS in the member states policy framework.

In this work, we explored if member states have seized this opportunity by analyzing how
the role of nature is embedded in the narrative of RRP documents, and how NBS are framed
as an investment to foster the climate transition. Narrative and discourse analysis have been
applied to other environmental policies, processes, or plans [52] to assess the embeddedness
of particular topics since different narrative approaches can influence decision making and
knowledge production [37]. Particularly, we focused on two case studies, Italy and Portugal.
Both countries are heavily impacted by climate change and are studied by several projects
focusing on NBS and related approaches (e.g., H2020, LIFE). Firstly, we conducted a discourse
analysis based on two stages. A quantitative analysis to collect different nature-related words
included in both the RRPs, classifying them into four different categories of terms. After
that, we conducted a qualitative analysis to understand the way NBS are included in the text
and how they are translated into actions, interventions as well as investments. Finally, we
presented a comparative analysis between the two member states, highlighting the current
state, pros, cons, possible ways forward, and future challenges.

2. Background
Description of the Recovery and Resilience Plans in Italy and Portugal

The recovery and resilience plans (RRPs) aim to mitigate the economic and social
impact of the coronavirus pandemic and to enhance EU sustainability, resilience, as well
as its ability to face climatic and digital transitions’ challenges. The EU regulation sets
six major areas of intervention (pillars) on which all RRPs have to focus: green transition;
digital transformation; economic cohesion, productivity, and competitiveness; social and
territorial cohesion; health, economic, social, and institutional resilience; and policies for
the next generation. The green transition pillar derives directly from the Green Deal and
thus shares the dual goal of achieving a reduction in greenhouse gas emissions of 55%
compared to the 1990 scenario by 2030 and, in turn, to achieve climate neutrality by 2050.
The regulation of the NGEU stipulates that (i) at least 37% of planned investment and
reform should support climate goals, and (ii) all the investments and reforms must respect
the principle of “do no significant harm” to the environment [1].

The RRP is, in each member state, a reform plan mainly based on fostering economic
growth and increasing job opportunities. The guidelines for the development of RRP
identify under the name of “Components” the areas where aggregate investments and the
respective reforms to reach specific objectives. In accordance, the investment lines need to
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be matched to a reform strategy aimed at improving the regulatory and legal conditions of
the context and to steadily increase the country’s equity, efficiency, and competitiveness.
Each Component reflects reforms and investment priorities in the area of intervention to
address specific challenges by building a coherent package of complementary measures.

The expected economic growth in terms of gross domestic product is similar between
the two countries analyzed. Both countries start with a growth in the gross domestic
product of 1.5%, expected to lift to 2.5% in Italy and to 2.4% in Portugal, by 2026, employing
economic resources about 12 times higher in Italy than Portugal. The expected economic
growth is up to 240,000 and 50,000 new jobs, respectively.

The Italian RRP is organized into 16 Components, in turn comprising 63 reforms and
163 investments, financing a total of EUR 191.5 billion. The Components and the respective
reforms and investments are grouped into six missions: digitalization (40.3 billion) eco-
logical transition (59.5 billion), sustainable mobility (25.4 billion), research and education
(30.9 billion), social cohesion and inclusion (19.9 billion), and health (15.6 billion). The
ecological transition takes the highest percentage of the total funding program with respect
to the other missions [53].

The Portuguese RRP is organized into 20 Components that, in turn, comprise 37 reforms
and 83 investments, financing a total of EUR 16.6 billion. The Components and the
respective reforms and investments are grouped in three structuring dimensions: resilience
(11.1 billion), climate transition (3 billion), and digital transition (2.5 billion). Both the
transitions—climate and digital—represent 33% of the total funding program, while the
remaining resources are dedicated to the resilience dimension, which encompasses the
aspect of social vulnerabilities, economic and territorial resilience [54].

3. Materials and Methods

The methodology used in this work is based on a discourse analysis [52] conducted in
both the original RRPs. In our understanding of discourse analysis, discourses are defined
as “socio-cultural meaning structures identified through general characteristics of text,
speech or the symbolic aspect of actions” [52]. Narratives are instead adopted by different
stakeholders (e.g., policymakers, NGOs, and research institutes) to frame and legitimize
their work associated with or adapted to a certain discourse [55]. In our work, we divided
the discourse analysis into two different steps, quantitative and qualitative. Firstly, we
conducted a content analysis of the RRPs considering different nature-related terms and
we grouped them into four categories, Biophysical elements (I), General environmental
concepts (II), Threats and challenges (III), and NBS (IV). Grouping the terms into categories
was instrumental, as nature can be framed in the narrative of policies according to different
aspects and functions, which is reinforced by the growing use of discourse analysis to
study environmental challenges in policy topics [52]. As visible in Table 1, in category I, we
considered the most common biophysical elements (e.g., tree). In category II, we considered
the concepts that are usually included in the policy narratives (e.g., the environment in
a broader meaning) but not associated with physical elements or established solutions.
Particularly, some of the concepts that have become hegemonic in the policy discourse (e.g.,
resilience and sustainability) by functioning as a linguistic political mechanism, despite their
frequent decoupling from objectives, indicators, and outcomes in policy achievement, from
environmental conservation to social equity [56]. In category III, we considered threats and
environmental challenges (e.g., climate change, biodiversity loss) that can be potentially
addressed by NBS or related approaches (e.g., green infrastructure, urban forests), as
already proposed in the literature [57]. Lastly, in category IV, we considered approaches
and methods that conceptualize nature as a solution to face multiple challenges (e.g., urban
forestry); thus, we considered them under the umbrella of NBS. In accordance with this
classification, quantitative analysis is performed as an instrumental step to help understand
the overall term frequency patterns shown in both documents and then employed to
orientate the qualitative step by focusing on the relationship between specific groups of
terms. Accordingly, in the qualitative step, we aim to investigate if nature is framed as a

80



Land 2022, 11, 1254

solution to meet the socio-economic and environmental challenges mentioned in the text
and if traditional approaches (e.g., brown infrastructure [58], grey interventions [59]) are
envisaged to address the challenges. In line with the aim of this work, we thus focused
the qualitative analysis only on the last two categories, i.e., threats and challenges, and
NBS. Through a coding process, we investigated the relationship between terms included
in the threats and challenges category with terms included in the NBS category, selected
in the quantitative step. To perform both the steps of the analysis, we used the Atlas.Ti
(version 8.3), a software used in social science research that assists in both the qualitative
and quantitative steps of the research (for a detailed review of the software, please see [60]).

Table 1. Coded terms and associated words, aggregated into four categories, “biophysical elements”—
category I, “general environmental concepts” related to environment and ecological transition
(hereafter “general environmental concepts”)—category II, “threats and challenges” potentially
addressed by NBS (hereafter “threats and challenges”)—category III, and “different ecosystem-based
approaches” (hereafter “NBS”)—category IV. The use of the “*” at the end of the word accounted for
both the plural and all the related words.

Terms

Category I
Biophysical elements

Tree*
Air

Territor*|Land
Water| Wetland*| Irrigation*

Soil
Ecosystem*

Biodiversity| Habitat*| Specie*
Riparia*
Forest*

Agroecologic*
Sea| Marin*| Coastal

Category II
General environmental concepts

Natural Capital
Circular Economy

Green*
Climate Transition| Green transition

Ecological Transition
Unsustainab*

Resilie*
Sustain*
Resist*
Natur*

Ecologi*

Category III
Threats and challenges

Climate change*
Land take| Soil sealing| Urbaniz*

Pollut*
Biodiversity loss| Ecosystem fragmentation |Habitat fragmentation

Hydrological risk| Landslide risk | Floods
Drought

Heat Island| Thermic stress| Heat wave
Desertifi*

Energy efficiency

Category IV
Nature-based solutions

Ecological Network*|Ecological Connect*
Natural Park*|National Park*|Protected/Natural area*|Marine area*

Nature/Ecosystems/Biodiversity/Landscape conservation
Ecological/Natural/Environmental restoration

Ecosystem based approach*
Ecosystem service*

Renatur*
Nature based solution*

Blue Infrastructure*
Green/Ecological Corridor*|Green Infrastructure

Natural engineering solution*|Bioclimatic architecture solution*
Permeab*

Urban Forest*
Forestation*| Reforestation| Afforestation| Forestry

Green area*|Green space*|Garden*
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3.1. Quantitative Step

First, we conducted a preliminary analysis of both RRPs in the original languages
(i.e., Italian and Portuguese) to identify and collect all nature-related terms enclosed in
the documents (please see Table S1 in the Supplementary Materials; the terms are selected
in both original languages). In addition, through a grey literature review, we identified
challenges and threats related to climate change that can be addressed by NBS [41] and
collected them along the texts. In total, we found 46 different nature-related terms and
grouped them into four categories able to explain the different roles and relationships with
nature, namely “biophysical elements”, “general environmental concepts” related to envi-
ronment and ecological transition (hereafter “general environmental concepts”), “threats
and challenges” potentially addressed by NBS (hereafter “threats and challenges”), and
“different ecosystem-based approaches” (hereafter “NBS”). Specifically, Table 1 shows the
46 entries derived from the content analysis and classified according to the four categories.
When necessary, for some terms, we also considered other associated words, i.e., both
plural and singular (expressed in the table with the *) as well as the synonymous or close
meanings, e.g., Heat Island*|Thermal stress| Heatwave* (Table 1). All the words identified
(i.e., singular, plural, synonymous) were associated and coded as a single term (i.e., each
of the 46 entries in Table 1) through the Autocoding tool included in the software Atlas.Ti
(version 8.3) [60]. The search was conducted using the same principles of searching as in
the scientific databases; the use of the “*” at the end of the search accounted for all the
related words, e.g., “ecologi*” accounted for “ecological”, “ecologically”, etc. Hence, all
the words selected for each entry of the table were counted as references and assigned to
the respective term. In this way, we built a database with the number of references per
term shown throughout the document. During the Autocoding process, we excluded the
words that were not related to the meaning in the search, e.g., when the word “nature”
is presented as “the nature of the problem”, the word “nature” was excluded from the
counting as it is not relevant with the meaning of our interest. The number of references for
each term was then (i) summed up under each category to analyze the relative percentage
of the category out of the total words of the document and (ii) analyzed as the relative
percentage out of the total references counted in the document. These metrics allow us to
discuss and compare the different RRPs in both absolute and relative terms.

3.2. Qualitative Step

In the qualitative step, we focused our attention on the terms included in the category
of threats and challenges (III) and NBS (IV) identified in the quantitative step. We con-
sidered NBS, according to Eggermont et al. [61], as follows: Type 1 NBS, no or minimal
intervention in ecosystems for maintaining ecosystem services supply (e.g., protected areas
and conservation measures); Type 2, management approaches for improving the ecosystem
services supply compared to what would be obtained with a more conventional interven-
tion (e.g., multifunctional agricultural and forests management); and Type 3, creating new
ecosystems (e.g., green roofs). For each of the terms included in the threats and challenges
category, we thus investigated when they are addressed by NBS (i.e., Type 1, 2, 3) or by a
traditional or grey approach (i.e., absence of NBS). We used an open coding approach to
assess how the categories of threats and challenges (III) and NBS (IV) were framed in the
policy discourse and then used an axial coding approach to relate the two categories and
understand if and how NBS are being considered to address the challenges (for the different
coding approaches please see [62]). Exploring the relationship between the terms in these
two categories we proposed a critical reflection, inspired by critical discourse analysis and
eco-linguistic, regarding the capacity of the government to seize the opportunity to include
NBS to foster the climate transition and meet the challenges presented in the two policy
documents (for further applications of critical discourse analysis in environmental and
policy discourse see [63,64]).
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4. Results
4.1. Quantitative Analysis

Of the 46 terms analyzed in both the RRPs, in the Italian RRP, we found 1410 references
out of 111,178 total words of the whole document (1.27%), while in the Portuguese RRP,
we found 1505 references out of the 127,171 words of the whole document (1.18%). All the
categories show a frequency below 1% in both documents, with a similar pattern in both
countries (Figure 1). Italy shows a higher relative frequency than Portugal in categories
II, III, and IV (i.e., general environmental concepts, threats and challenges, and NBS,
respectively) while only in category I (i.e., biophysical elements) was this ratio is reversed.
The most frequent category is general environmental concepts (II), with, respectively, 0.67%
and 0.58%, in Italy and Portugal, followed by the biophysical elements with, respectively,
0.45% and 0.49%, the threats and challenges with, respectively, 0.11% and 0.10%, and lastly,
the NBS with values lower than, respectively, 0.04% and 0.01%.
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Figure 1. Frequency (%) of each category in the text of both resilience and recovery plans presented
as the percentage of terms by the total amount of words in each document.

In Italy, the 46 coded terms show 1410 references throughout the document, with clear
differences in their frequency among the four considered categories (Figure 2). Particularly, in
category I (total 500 references), all the terms show at least one reference in the text. For ease of
reading and exposure, we present the results referring to the first word for each entry (Table 1).
The two most used terms are territory (i.e., 236 references) and water (i.e., 131), followed by
biodiversity (i.e., 43) and ecosystem* (i.e., 34). In category II (total 733 references), the most
frequent term is resilience (i.e., 337), followed by sustainability (i.e., 154) and green (i.e., 93),
and ecology (i.e., 52). Climate transition, unsustainability, and resistance are terms completely
absent in the Italian RRP. In category III (tot 117 references), all the terms show at least one
reference, and the most frequent is energy efficiency (i.e., 46), followed by pollution (i.e., 25)
and climate change (i.e., 23). In category IV, (total 50 references), the most frequent terms are
gardens and green areas (i.e., 14), protected areas (i.e., 10), followed by restoration, nature
conservation, renaturalization, reforestation, urban forest and ecosystem services. References
to nature-based solutions, green infrastructure, blue infrastructure, naturalistic engineering,
and permeability are absent.
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presented as the percentage of terms by the total amount of coded terms. We reported only the first 
word of the coded terms, for the complete list please refer to Table 1. 

Figure 2. Relative frequency (%) of terms in the text of both national resilience and recovery plans,
presented as the percentage of terms by the total amount of coded terms. We reported only the first
word of the coded terms, for the complete list please refer to Table 1.

84



Land 2022, 11, 1254

In Portugal, the 46 coded terms show 1505 references throughout the document, with
a similar relative distribution frequency in four categories compared to the Italian results.
In this country, particularly, in category I (total 629 references), territory and water are
confirmed as the two most frequent terms (253 and 130, respectively), followed by forest
(i.e., 92) and sea (i.e., 81), while riparian and agro-ecology are absent. In category II (total
739 references), resilience and sustainability are confirmed as the two most frequent of the
category (267 and 251, respectively), followed by green and climate transition (59 and 57,
respectively). Analogously to the Italian RRP, the concept of unsustainability is absent.
Category III (total 126 references) is composed mainly of energy efficiency and climate
change (68 and 40, respectively), while the other terms coded as challenges appear in the
text less than six times, with habitat fragmentation and heatwaves absent. Considering
category IV (total 11 references), the terms protected areas, natural conservation, ecosystem
service, NBS, and ecological engineering appear less than five times.

4.2. Qualitative Analysis: The Role of Nature in the Narratives and Investments Envisaged to Meet
the Challenges

Following the quantitative analyses, and considering the previous results, we explored
across the documents how the threats and challenges presented in both plans (117 references
for Italy and 126 for Portugal) were envisaged to be addressed and the respective mitigation
role of the NBS mentioned (50 references for Italy and 11 for Portugal). We found that
the inclusion of nature takes different meanings and roles in the policy narrative (e.g.,
nature as a resource, as hazard, etc.) and in the investments to tackle the challenges.
Particularly, both plans included conservation and protection approaches (NBS Type 1)
as well as management action (NBS Type 2) to face threats and challenges, while only the
Italian plan includes and invests in NBS Type 3 (i.e., building new ecosystems). However,
we found that the policy responses to the threats and challenges considered in the work
are still mainly oriented toward conventional approaches or grey infrastructures (i.e., the
absence of specific references to NBS in the texts). This is also confirmed by the fact that
the investments to foster the ecological and climate transitions (Mission 2 in Italy and
Dimension 2 in Portugal) are largely dedicated to mitigation measures (i.e., decreasing the
emissions of industries and transports, decarbonization strategies), while poor emphasis is
paid to adaptation measures in both policy narratives. Indeed, in the area of climate reforms
and investments, Italy’s major challenges include strengthening the energy efficiency of
buildings (about EUR 15 billion), improving the management of waste and water resources
(about EUR 12 billion), as well sustainable mobility (about EUR 35 billion). Similarly,
Portugal’s challenges include strengthening the energy efficiency of buildings (EUR 610
million) and sustainable mobility (EUR 967 million), as well as diversifying energy sources,
hydrogen and decarbonization of the industries (EUR 1 billion summing up the two
investments).

Accordingly, energy efficiency stands in both plans as the most referenced challenge to
be addressed to foster the ecological and climate transition and fight climate change. Italy
planned to increase the energy efficiency of buildings and facilities, particularly on farms
and agricultural enterprises (Mission 2 Component 1; investment 2.2; hereafter, all the
Italian investments are reported in the following short form, M2C1; i2.2), school and judicial
buildings, as well as private buildings (M2C3; i1.1, i1.2, i2.1), reaching a potential surface
of intervention of about 40 million m2, and investing in total about EUR 15.3 billion. There
is no mention to NBS or related approaches, despite the document proposed specifically
structural works (e.g., thermal insulation, solar or photovoltaic panels). Similarly, Portugal
also proponed structural interventions aimed at reducing emissions and energy expenditure
with an overall investment of EUR 610 million (Component 13; hereafter, all the Portuguese
investments are reported in the following short form, C13), explicitly referring to the
possibility of NBS inclusion such as green roofs or, more generally, bioclimatic architectural
solutions without envisaging any investment.
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Among the other challenges here considered, large investments were dedicated to
water management. In both RRPs, they are articulated to both face flood vulnerability
(referenced six and two times, Italy and Portugal, respectively) and water scarcity, i.e.,
drought (three and six times, respectively). Nature takes the double meaning of hazard and
biophysical resource to be preserved, being scarcely considered as a solution to actively
address water management in an explicit manner. In the Italian document, the conservation,
monitoring, and requalification of the territory are framed as possible strategies to mitigate
the flood and hydrogeological vulnerability, providing investment up to EUR 2.5 billion
(M2C4; i2.1). On the other hand, water scarcity is mainly addressed through investments
in new grey infrastructure and traditional interventions, investing in Italy EUR 2 billion
(M2C4; 4.1) and in Portugal EUR 390 million (C9).

Similarly, also in the investments dedicated to the sea and coastal areas, nature is
conceptualized as a resource to be preserved and restored, but the narrative of the two
RRPs shows different objectives. On one hand, the Italian plan recognizes the importance of
the challenges related to sea-level rise as a cause of marine and biodiversity loss. Therefore,
the protection and sustainable management of marine natural capital and restoration of
coastal areas are mentioned in two different investments with a total of EUR 670 million
(M2C4; i3.5 with EUR 400 million plus M3C2; i1.1 with EUR 270 million). On the other
hand, in the Portuguese plan, the sea and coastal areas are mainly framed as an economic
asset, and the narrative is embedded in terms such as “sea economy” or “sea potentialities”,
thus dedicating most of the investment to enhancing the sea and coastal-related economy
(C10—EUR 252 million).

Both countries identified the integrated management of croplands and forests as cru-
cial to preserve cultural and natural heritage and enhance job opportunities, but even
in this case, the narrative of the documents is oriented to emphasize different objectives
and aspects between countries. In the Italian RRP, the investment is oriented to foster
the sustainable use of environmental resources (e.g., timber production), encourage “slow
tourism” [65], and the energy autonomy of mountain and rural communities (Green Com-
munities project, M2C1; i3.2 with EUR 140 million). Particularly, in Italy, these territories are
referred as “inner areas” [66], and they are already subject to specific national policies and
investments aiming to reduce the socio-economic gap with cities through enhancing a more
sustainable and bio-based economy [67,68]. In the Portuguese RRP, an entire Component
and related investments (C8—EUR 615 million) are dedicated to forests. However, the
investment objective is mainly oriented to forests’ management to increase the resistance
and resilience to wildfire, framed as the main threat to Portuguese forests. Accordingly, the
investments and reforms are mainly focused on the importance of the risk prevention for
the population and biodiversity. Furthermore, the document refers to silviculture actions
as a way to enlarge the portion of managed areas, increasing productivity and economic
opportunities. Nonetheless, the Portuguese document explicitly recognizes the role of
forest management to improve the potential of forests as a carbon sink, emphasizing their
mitigation potential, also including the conservation and enhancement of biodiversity and
natural capital to ensure the ecosystem services supply.

Analogously, the protection and enhancement of natural and cultural capital are
identified in the Italian plan as an opportunity to foster culture and tourism without
increasing threats related to land take and urbanization. In this regard, an intervention
is planned to restore and requalify 5000 Italian historical parks and gardens in urban
and peri-urban contexts (14 references) (M1C3; i2.3 with EUR 300 million allocated). The
narrative related to this investment thus recognizes not only the cultural and social value
of gardens, but also their importance in increasing ecosystem services supply can, in turn,
improve human health and well-being.

The narrative of the Italian document builds an even more specific and explicit language,
recognizing the value of restoring vulnerable ecosystems (e.g., riparian) and strengthening the
ecological connectivity with new ecosystems to mitigate pollution, reducing hydrogeological
risk, and fighting habitat fragmentation, pollution, and degradation. The investment of EUR
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360 million (M2C4; i3.3) thus includes the ecological restoration of one of the most degraded,
fragmented, and polluted areas in Italy (i.e., Po ‘valley), providing for widespread renaturation
interventions along all the ecological corridor (i.e., 1500 ha). Similarly, the investment related
to the enhancement of urban green areas (M2C4; i3.1) provides EUR 330 million for urban
forestry interventions, specifically planting 6.6 million new trees in the 14 Italian metropolitan
cities for mitigating pollution in densely inhabited areas.

As opposed to the Italian RRP, in the Portuguese one, we could not find any measures
clearly referring to the construction of new ecosystems (i.e., Type 3). Therefore, any measure
is comparable to the renaturation or to the implementation of urban forests, as envisaged
in the Italian RRP. Except for the unique reference to the possible NBS implementation to
promote energy efficiency in residential areas (i.e., green roofs), the inclusion of nature in
urban contexts is absent from the Portuguese RRP. The absence of terms encountered in the
quantitative step, e.g., green spaces, green and blue infrastructures, confirms that nature is
conceptualized in the Portuguese policy narrative mainly as elements belonging to the rural
areas and not framed as a solution to tackle the urban challenges. Accordingly, urbanization,
habitat fragmentation, and heat islands, challenges usually related to urban contexts, are
absent in the Portuguese RRP. Furthermore, the threat of pollution is scarcely mentioned
(six references), focusing only on a reduction in sources of pollutants. Besides the unique
reference to prevent pollution in the sea, we could not find any other relation between
nature and pollution nor investments that use nature as a way to deal with pollution issues.

5. Discussion

The RRP aims to promote a robust recovery of the economies achieving climate
neutrality by 2050 and reducing greenhouse gas emissions by 55% compared to the 1990
scenario by 2030. The regulation of the NextGenerationEU required at least 37% of planned
investment and reform to reach climate goals. Hepburn et al. [69] analyzed 300 global rescue
and recovery policies from COVID-19 highlighting that the packages seeking synergies
between economic and climate goals have better prospects for increasing national wealth,
by enhancing productive, social, physical, and natural capital [69]. Following this logic,
the former statement suggests that all EU member states might be considered on the right
track, regarding both the expected economic growth and climate goals the EU set.

The environmental threats considered in this paper are all directly or indirectly corre-
lated with the challenges of climate change and could be faced with NBS. We thus excluded
other challenges that may be addressed in the literature by NBS, such as public health
and social cohesion [28,70,71], as they cannot be limitedly associated with the causes and
effects of climate change. As a consequence of our analysis, which focused on both policy
discourse and allocated investments, we can state that NBS do not represent the main policy
narrative in RRPs to respond to the environmental threats and challenges associated with
climate change. Indeed, both plans identified the improvement of energy efficiency and
renewable energy, and the decarbonization of industry and transport as the most relevant
levers for reaching the climate goals, mainly financing interventions for reducing green-
house gas emissions. However, even if measures to limit the temperature increase to 1.5 ◦C
will be successful, some impacts will continue to increase due to climate system feedback
and inertia (e.g., sea-level rise) [13,38]. According to Hepburn et al. [69], “natural capital
investments for ecosystem resilience and regeneration including restoration of carbon-rich
habitats and climate-friendly agriculture” stands as one of five policies with the highest
potential on both economic multiplier and climate impact metrics. Notwithstanding, the
NBS implementation to foster climate adaptation remains a neglected measure in both
documents as well as their use to foster mitigation is scarcely mentioned and funded, even
though NBS proved highly efficient for both measures [25,72] in the context of different ini-
tiatives and projects [42]. Italy and Portugal currently stand among the countries showing
more literature related to NBS [45]. Although this research effort, the scientific outcomes
have probably struggled to be translated into the policy narrative of the RRP, especially
in Portugal. However, within RRP framework, the Italian Government has funded two
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new research Centers specifically aiming to increase sustainability in urban contexts—even
establishing and upscaling NBS—namely the Sustainable Mobility Center and the Na-
tional Biodiversity Future Center, with a total amount of about EUR 640 million [73]. This
confirms the awareness of policymakers on the pivotal role of research in this sector.

5.1. Comparative Analysis of the Discourses

Both member states analyzed in this work show in their discourses a strong focus on
ecological transition and green revolution (Italy) and climate transition (Portugal), with a
dedicated section in the RRP (Mission 2 and Dimension 2, respectively). In the Italian RRP,
the term climatic transition is excluded from the discourse. In the Portuguese RRP, three
concepts of transitions appear related to environmental issues, namely climate transition,
ecological transition, and green transition, which often appear linked, thus hindering the
possibility to assert different meanings to each. As already shown in the literature, a
variety of approaches to conceptualize transition appear in policy that often overlap, while
being also distinct and divergent in their approaches and scopes [74]. We thus highlight
how the absence of a clear definition of these concepts increases their mixed-use, and
ambiguous meaning, complicating the policy discourse and the attribution of specific
targets to foster the transition. Furthermore, these two missions alone do not reach the 37%
of budget required by the EU for climate objectives (31% for Italy, 18% for Portugal). In both
plans, other contributions are diffused and spread in other missions and dimensions to
accomplish the climate targets, further increasing the confusion about terms, objectives and
investments. Nevertheless, in the Italian document, Mission 2 (M2—ecological transition
and green revolution) covers the largest portion of investments (59.5 billion euros out of
191.5 billion invested in the plan) which considers decarbonization, and nature protection
and management as complementary aspects for fostering the ecologic transition and the
green revolution. Portugal, on the other hand, adopts a different strategy differentiating
the management of the territory into the resilience dimension (C8 and C9—Forests and
Hydric management) from the dimension dedicated to climate transition (D2), which steers
the investments exclusively to the reduction in greenhouse gases emissions, the increase
in renewable energy sources, and the reduction in primary energy use. This division
is probably due to the conceptualization of forest management mainly oriented to fight
wildfires and, similarly, water management to fight water scarcity, thus neglecting the
inclusion of NBS in fostering climate transition.

The lack of clarity and specific targets can be also confirmed by the results of the
quantitative analysis. The narrative of both documents is framed around the terms included
in general environmental concepts, showing the highest frequency (0.67%, 0.58%, in Italy
and Portugal, respectively) with respect to the other categories, biophysical elements (0.45%,
0.49%), threats and challenges (0.11%, 0.10%), and lastly, NBS (0.04%, 0.01%). In addition to
the concepts of climate and ecological transitions previously mentioned, among the general
environmental concepts coded we found the terms with the highest relative frequency
out of the coded terms, i.e., resilience, sustainability and green. These terms display their
functions as a linguistic and ideological political mechanism often disconnected from
specific objectives and outcomes. As illustrated by Tahvilzadeh et al. [56], “Sustainability
discourse did not make any effective climate or environmental protection policies possible,
nor did it have clout enough to combat rampant social inequalities”. Analogously, the
narrative of “green” can raise some contradictory interpretations [75]. In the PRRs, most of
the references to the term “green” are not related to NBS, such as green infrastructure, green
space or green area, but instead are referred to as an eco-friendly behavior or approach,
e.g., “green economy”, “green transition” “green communities” or “green islands”. Given
the heterogeneity and multiple interpretations, all these narratives, on the one hand, can
serve multiple discourses (e.g., sustainable development and de-growth; [55]), but on the
other hand, can overshadow ecological safeguarding and social equity concerns [56].

As shown in Figure 2, the terms classified in the NBS category are the least referenced
in the text. Among these, both countries show higher references for NBS Type 1 and 2,
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i.e., nature conservation and management as well as different typologies of parks and
protected areas. In Italy, these actions are mentioned within different investments across
the document, recognizing the value of nature as a resource to be protected or restored
(further details in the results section). Portugal dedicates a Component to increasing
the management of forests and in turn the resilience to wildfires. Despite biodiversity
conservation and enhancement of natural capital are considered as an objective of this
component, no mention to the maintenance of native forest is made. The absence of this
reference can be significant given that the Portuguese’s forests ecosystems are strongly
threatened by alien species, e.g., eucalyptus [76], and appropriate silvicultural measures
applied to native forest can help in improving their resistance to alien species invasions [77].
Furthermore, forests are mainly conceptualized in the document as an element of the rural
areas, thus neglecting the urban dimension.

Considering NBS Type 3, Portugal fails in the allocation of specific investments and
interventions, listing only green roofs and NBS among the possible approaches to improve
the energy efficiency of buildings. Although there is no reference in the text regarding
nature-based solutions, green and blue infrastructures, and ecologic engineering, Italy
foresees two important forestry interventions such as the plantation of 6.6 million trees
in the 14 metropolitan cities and the ecological restoration of riparian ecosystems of the
Po’ valley. In the Italian history up to the mid-1970s, numerous reforestation interventions
in mountainous and rural areas have already been experimented, with laws, funding,
and large-scale implementations aimed to regulate runoff, preventing soil erosion and
landslides (for further information see [78]). The two investments envisaged in RRP
together are close to EUR 700 million, representing one of the largest structural investments
ever allocated in terms of NBS implementation in Italy in recent decades. However, we
highlight that, despite the huge investment in absolute terms, this represents in relative
terms approximately 0.36% of the total investments envisaged in the Italian RRP (EUR
191.5 billion), and that an extra budget dedicated to other Italian cities could have helped to
mitigate other environmental challenges and extend their effects to critical areas out of the
major cities [49]. The different approach to urban forests between the two countries might
be explained by the differences in research interest between Mediterranean countries found
and described by Krajter Ostoić et al. [79]. Accordingly, Italy stands as the leading scientific
force in the thematic of urban forests implementation, especially for the air pollution
mitigation [79]. In addition, Italy already experimented the inclusion of urban forests
in the political context (i.e., Decree on Climate, 2019) allocating EUR 30 million for their
implementation [49,80].

5.2. Missed and Potential Opportunities to Include Nature-Based Solutions

In both documents, we identified a series of investments that explicitly mention the
value of nature as a resource to be preserved or restored, but do not yet include NBS.
We believe that in these investments there may be room for possible implementations of
NBS, referring to the currently available scientific literature. Among these, we certainly in-
clude water management (both flood and water scarcity) [19,59,81,82], soil restoration and
water quality improvement [83,84], industrial land regeneration [2,85], wastewater man-
agement [86], coastal protection [87], biomass crops for sustainable biofuel production [88],
and energy efficiency [89,90].

Under the Green Deal, the EU already invited all member states to reach specific envi-
ronmental targets across different action plans (e.g., circular economy and zero pollution),
strategies (e.g., Forestry and Biodiversity Strategy to 2030) and laws (e.g., European climate
law), to improve the quality of ecosystems and human life in the next decade [2]. Consid-
ering the link between the Green Deal and the RRP, we found that these environmental
targets were not fully included in the investments and reforms in the analyzed documents.
It could be argued that the RRP is not the proper document to include considerations and
actions related to the protection, management and/or implementation of nature, given
that RRPs are reform plans primarily providing investments to recover and increase the
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economic growth of the member states. However, the term ‘nature-positive economy’ has
recently emerged in the context of sustainable business and finance [55], and the vital
role of NBS in this economic shift has been presented in a recent EU report [4]. The latter
profiles “some of the economic activities where nature-based enterprises are engaged in
the delivery of NBS—generating new jobs, innovations, skills, and wider economic im-
pacts, achieved through a nature-based approach respecting the needs of the environment
and communities”. As a consequence, we argue that the RRP could have been the ideal
arena to bring NBS and nature-based enterprises [91] systematically and methodically into
policy and reform, not binding them only to a strategic level or constraining them into an
“eco-friendly” narrative.

6. Conclusions

This article assessed the embeddedness of NBS in the recovery and resilience plans of
Italy and Portugal. In the narrative of both plans, we observed the dominance of generic
concepts such as resilience, sustainability and green, supported by different typologies of
“transitions” to reach the climate goals set out in the Green Deal. Ecological, green and
climate transitions are used within the individual document and among the documents as
synonymous. Furthermore, we observed that the category of NBS and related approaches is
the least frequent in both plans, and we found indicative the total lack of specific terms such
as, nature-based solutions, green and blue infrastructures that are instead well-established
in literature as well as in EU reports and financing initiatives. This happens although the
recent EU effort to become a leader in NBS, investing in practical projects and research,
providing for assessments and evaluation of NBS as well as involvement of stakeholders.
Despite the several existent best practices, their outcomes are still scarcely considered and
included in both RRPs.

The central aim of the documents is reducing emissions stated as mitigation measures,
while adaptation measures are not central in the RRP. Italy shows two large investments,
planting 6.6 million trees in the 14 metropolitan cities and the restoration of riparian
ecosystems in the Po’ Valley. These two investments, besides helping to fight climate
change, will help in the path to reach other two important EU goals, the pledge to plant
3 billion trees by 2030, and the zero net land take by 2050. The case of Portugal is instead
emblematic because it does not consider any of the other EU goals and continues to mostly
limit the role of nature to its “use value” (e.g., sea economy), instead of working with it or
imitating it to tackle the national challenges, according to the NBS definition [25] and in
line with a “people and nature” perspective [92].

We are aware that the selection of terms and the division into categories might be
considered dubious regarding its robustness, due to the lack of a rigorous approach in their
definition and classification. However, we tried to reduce possible software limitations and
researchers’ bias for the counting and coding of terms, (i) working in the original language
texts, (ii) incorporating a wide number of terms, and (iii) promoting complete transparency
to readers by reporting (Table S1) the selection of terms in the original languages and not
limiting them to their translation in Table 1.

With the results of this article, we aimed to provide a critical reflection on the missed
opportunities to use nature to address multiple global challenges, not only from a protec-
tion and conservation perspective but also by directly promoting the use of NBS through
the construction of new ecosystems, new enterprises and new jobs and, in turn, the pro-
motion of a more bio-based and sustainable economy. Accordingly, we identified multiple
investments in both plans that use vague language in explaining the approach planned
to address some of the threats and challenges considered (e.g., restoring contaminated
sites in Italy and fighting water scarcity in Portugal). In these cases, we are confident that
the future research centers and open calls will face the challenges in a more specific and
unambiguous way, drawing on the scientific literature to implement NBS and develop a
more nature-positive path. This is of utmost importance as the RRPs aim to be the main
source of reforms and funding opportunities for the next decades, thus potentially playing
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a crucial role in positively contributing to a transformative society and economy towards
real sustainability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land11081254/s1, Table S1: Coded terms and associated words
in the original languages.
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Abstract: Particulate matter (PM), an extremely serious type of air pollution, leads to numerous
human diseases. Mitigating PM in the urban city, where resident density has been increasing, has
been a major challenge. The increase in residents leads to increasing traffic, the primary source of PM
in urban areas. Plants play an important role in reducing PM and maintaining an ecological balance.
For some Asian countries, such as Korea, with differing seasons and environmental conditions,
PM accumulation and plant survival are greatly impacted by environmental conditions. In this
study, we analyzed the amount of PM accumulation on the leaf surfaces and wax layers of 24 plant
species during four seasons (spring, summer, autumn, and winter) to determine the PM accumulation
in plants under different environmental conditions. The leaf traits of plant chlorophyll a (Chl a),
chlorophyll b (Chl b), total chlorophyll (TChl), relative water content (RWC), leaf extract pH (pH),
and leaf specific area (SLA) were analyzed to determine the influence of PM on plants and the
relationship between PM and leaf traits. In this study, we found that the amount of PM accumulation
differed among plants and seasons. Among the 24 plant species, plants Pinus strobus, P. parviflora,
P. densiflora, Euonymus japonicus, and Acer palmatum were most adept at PM accumulation. Leaf
structure, environmental conditions, such as PM concentration, and rainfall may be the main factors
that impact the ability of plant leaves to accumulate PM. The plant leaf traits differed among the four
seasons. PM accumulation on the leaf was negatively correlated with SLA (in all four seasons) and
pH (in spring, summer, and autumn). PM was negatively correlated with Chl a, Chl b, and TChl
in summer.

Keywords: air pollution; environmental conditions; large PM; coarse PM; wax layer

1. Introduction

Air pollution has increased over the past 50 years and is considered the world’s
largest environmental health problem [1]. Air pollution causes numerous diseases ranging
from asthma to cancer, pulmonary illnesses, and heart disease that kill an estimated 7
million people worldwide every year, of which 4.2 million die from stroke, heart disease,
lung cancer, and acute and chronic respiratory disease [2]. Particulate matter (PM) is the
most dangerous type of air pollution and is a primary concern worldwide, particularly
in developing countries. PM with a small diameter that can penetrate the lung alveoli
negatively affects the respiratory system [3]. Particulate matter can originate from either
anthropogenic or natural sources, such as agriculture or industrial activities, volcanic
eruptions, soil erosion, sea salt, or desert sand. According to the aerodynamic diameter, PM
can be classified as large PM (>10 µm), coarse (2.5–10 µm), fine (0.1–2.5 µm), and ultrafine
(≤0.1 µm), as reported by Sæbø et al. [4].

Plants play a vital role in mitigating urban pollution by accumulating PM on their
leaves [5–9]. Plants that grow in urban environments improve air quality and act as a
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natural filter for PM. In Beijing, China, plants in the city center removed 774 tons of PM10 in
one year [10]. However, species differ in their ability to accumulate PM. Plants accumulate
PM on their leaf surfaces and epicuticular waxes, so the amount of PM accumulation
depends on the macrostructure (plant height, petiole length) and microstructure of the
leaf (leaf hairs, thickness wax layer, and stomatal density) [4,11]. Trees with large total leaf
areas were considered the most effective type of plants for reducing PM [12]. Other studies
have shown that plants growing low to the ground, such as shrubs, can accumulate more
PM on the leaf because of exposed soil splash [13]. Several studies have demonstrated that
the PM accumulation of needleleaf species is greater than that of broadleaf trees [14,15].
Additionally, the thickness of the wax layer is a factor that can influence the amount of
PM accumulated on leaves [16]. Plants with thick wax accumulated more PM than those
with thin wax layers. The long petiole length could increase the amount of PM removal
from leaves via rain or wind. In addition, the plant’s capacity to capture PM is influenced
by several other factors, including environmental variables, such as wind and rain [17].
Wind and rain can wash PM from leaves, decreasing leaf PM accumulation [18]. However,
the amount of PM washed from the leaf depends on the leaf structures, density, and area.
Plants with a high density of leaves are less influenced by rain [19,20]. Furthermore, the
concentration of PM in the atmosphere can directly influence the amount of PM accumu-
lation on the leaf [21]. Under a high PM concentration, plants can accumulate more PM
than plants grown in a lower PM concentration environment [22]. However, PM adversely
affects plant life [23]. PM impacts plants’ physical and biochemical characteristics [24]. PM
influences the structural components of leaves, such as leaf area, leaf thickness, and wax
amounts [19,25]. In addition, PM also impacts photosynthesis, leaf extract pH (pH), specific
leaf area (SLA), and plant relative water content (RWC) [26]. Popek et al. [27] showed that
the effectiveness of photosynthesis was reduced because of PM accumulation on the leaf
surface. PM accumulation on the leaf leads to prevention of light absorption or blocking of
stomata by reducing the total chlorophyll (TChl) of plants [28]. Therefore, PM also impacts
the growth and productivity of plants. However, the impact of PM on plants depends
greatly on plant responses [29]. Under different environmental conditions, the ability of PM
to accumulate and the influence of PM on individual plant species can differ. The ability
of PM accumulation and the tolerance to air pollution are important in selecting suitable
plant species for improving urban air quality. However, a few researchers have addressed
the correlation between PM accumulation on leaf and leaf traits in common plant species in
Korea. Therefore, analyzing PM accumulation on plant leaves and the correlation between
PM and leaf trait conditions can inform plant selections designed to improve air quality.
Analyzing the complex correlation during different seasons helps to comprehensively
determine the correlations among PM, plants, and the environment, which is a premise
for selecting plant species to optimize the benefit of the plants in improving air quality
in Korea.

2. Materials and Methods
2.1. Study Area and Sample Collection

The study site was located in Chungbuk National University in Cheong-Ju, South
Korea, which is located at 36.6290◦ N, 127.4563◦ E (Figure 1). Twenty-four plant species that
are commonly used for urban greening in Korea were selected for leaf sample collection.
Leaf samples were collected from spring 2020 to winter 2021 in four time periods: at the
beginning of June (late spring), at the beginning of August (summer), in October (autumn),
and in February (late winter). These consisted of 11 evergreen species and 13 deciduous
tree species in good condition (healthy and free from disease, insects, and pests) (Table 1).
In winter, only the evergreen tree samples were collected because the leaves had fallen
from the deciduous trees. For each plant species, we put a tag on the selected plant to
ensure that the samples were collected from the same plant. Following each collection, the
leaf samples were stored in paper bags and immediately transferred to the laboratory for
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analysis. The samples were collected after two weeks without heavy rain and between 8
am and 12 noon.
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Figure 1. The location map of the sampling sites. Chungbuk National University, Cheongju City, Korea.

Table 1. List of landscaping plants analyzed in this study.

Species Family Habit Type

Juniperus chinensis L. Cupressaceae Tree Evergreen
Juniperus chinensis var. kaizuka Hort. Cupressaceae Tree Evergreen

Pinus parviflora Siebold & Zucc. Pinaceae Tree Evergreen
Pinus densiflora Siebold & Zucc. Pinaceae Tree Evergreen

Chamaecyparis pisifera Siebold & Zucc. Cupressaceae Tree Evergreen
Taxus cuspidata Siebold & Zucc. Taxaceae Tree Evergreen

Abies holophylla Maxim. Pinaceae Tree Evergreen
Picea abies (L.) H.Karst. Pinaceae Tree Evergreen

Pinus strobus L. Pinaceae Tree Evergreen
Platycladus orientalis (L.) Franco Cupressaceae Tree Evergreen

Euonymus japonica Thunb. Celastraceae Shrub Evergreen
Magnolia denudata Desr. Magnoliaceae Tree Deciduous
Aesculus turbinata Blume Hippocastanaceae Tree Deciduous

Rhododendron yedoense Maxim Ericaceae Shrub Deciduous
Hibiscus syriacus L. Malvaceae Shrub Deciduous

Acer palmatum Thunb. Aceraceae Tree Deciduous
Cercis chinensis Bunge Fabaceae Shrub Deciduous

Cornus officinalis Siebold&Zucc. Cornaceae Tree Deciduous
Acer triflorum Kom. Aceraceae Tree Deciduous

Zelkova serrata (Thunb.) Makino Ulmaceae Tree Deciduous
Ginkgo biloba L. Ginkgoaceae Tree Deciduous

Ligustrum obtusifolium Siebold & Zucc. Oleaceae Shrub Deciduous
Prunus x yedoensis Matsum. Rosaceae Tree Deciduous
Viburnum dilatatum Thunb. Adoxaceae Shrub Deciduous

2.2. Leaf Surface PM (sPM) and Epicuticular Wax (wPM) Analysis

According to the method developed by Dzierzanowski et al. [30], leaf samples were
washed with distilled water to collect PM on the leaf surface (sPM) and washed with
chloroform to collect PM in wax (wPM). Approximately 300 cm2 leaves of each plant
species were put in a glass beaker and washed with 250 mL distilled water for 60 s. The
glass beaker was placed on an ultrasonic cleaner (WUC-A22H, Daihan Scientific, Wonju,
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Korea) for 6 min to ensure that all the PM was washed from the leaf surface. Then, the
collected solution was passed through a metal sieve (diameter 100 µm mesh) to remove all
particles with a diameter over 100 µm. After that, the solution water was filtered with two
types of paper filters, type 91 and type 42, with pore sizes of 10 µm and 2.5 µm, respectively.
Before filtering, paper filters were placed in a desiccator (DH. DeBG1K, Daihan Scientific,
Wonju, Korea) for 48 h to control humidity, and then the filter papers were weighed.
Following filtering, the PM was divided into two types: large PM (100–10 µm) and coarse
PM (10–2.5 µm). The same method was used to evaluate the weight of the paper filter after
filtration. After washing with water, the leaf area was measured by using a leaf area meter
(LI-3100C, LI-COR Biosciences, Lincoln, NE, USA). Then, the leaf sample was washed with
chloroform and filtered with filter paper by the same filtration methods to determine the
amount of wPM. The amount of PM accumulation on the leaves of plants was evaluated
using Equation (1):

PM = W2 − W1/A (1)

where W2 is the weight after filtration (g), W1 is the weight before filtration (g), and A is
the leaf area (cm2).

2.3. Analysis of Leaf Traits
2.3.1. Chlorophyll (Chl a, Chl b, Total Chlorophyll (Tchl))

The concentration of chlorophyll (Chl a, Chl b, Tchl) was measured according to
Lichtenthaler [31]. For each plant species, 0.05 g of fresh weight was placed on the different
mortars. Liquid nitrogen was added and crushed. Approximately 10 mL of 100% acetone
was added to the mortar, and the sample liquid was collected. A centrifuge (Cef-6, Daihan
Scientific, Wonju, Korea) was used to homogenize the samples for 10 m at 4900 rpm. Ten
milliliters of supernatant were collected, and the absorbance was analyzed at wavelengths
of 470 nm, 616.6 nm, and 644.8 nm by using a spectrophotometer (UV-1800, Shimadzu,
Kyoto, Japan). Chl a, Chl b, and TChl were calculated using Equation (2):

Chlorophyll a = (11.24 × A616.6) − (2.04 × A644.8)

Chlorophyll b = (20.13 × A 644.8) − (4.19 × A616.6) (2)

Chlorophyll a + b = (7.05 × A616.6) + (18.09 × A644.8)

where, A616.6, A644.8, and A470 are absorbance values at corresponding wavelengths.

2.3.2. Specific Leaf Area (SLA)

The SLA, which denotes the area per dry mass of the leaf, was measured following
Ref. [20]. The leaf area was divided by leaf weight (indirectly indicating leaf thickness)
and measured by an LI-3100C (LI-COR Biosciences, Lincoln, NE, USA). Then, the selected
leaves were dried using a dry oven (HB-502S, Hanbaek Scientific, Bucheon, Korea) at 70 ◦C
for 48 h to estimate their dry weights. SLA was determined using Equation (3):

SLA (cm−2·g−1) = Leaf area/dry weight (3)

2.3.3. Leaf Extract pH (pH)

The pH was measured using the method developed by Singh et al. [32]. For each
plant species, 1.0 g of fresh leaves was placed in a test tube with 10 mL distilled water and
homogenized at 2500 rpm for 3 min. Then, the pH value was measured by using a pH
meter (HI 8424, Hana Instruments, Woonsocket, RI, USA).

2.3.4. Relative Water Content (RWC)

The RWC was determined according to the method developed by Turner [33]. The
leaves were cut to a similar size (5 × 5 cm), and their fresh weight (FW) was immediately
measured. After floating them in distilled water at 4 ◦C for 24 h, their turgid weight (TW)
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was determined. Finally, they were dried in an oven at 80 ◦C for 48 h and weighed to
measure dry weight (DW). The RWC value was determined using Equation (4):

RWC (%) = [(FW − DW)/(TW − DW)] ×100 (4)

where FW = fresh weight, TW = turgid weight, and DW = dry weight.

3. Statistical Analysis

All data were analyzed using SAS software version 9.4 (SAS Institute, Cary, NC,
USA) for analysis of variance (ANOVA) with Duncan’s multiple range test (DMRT). The
significance level was set at 5%. Variations in the accumulated PM on different plant
species and leaf traits in the four seasons were determined using a two-way ANOVA. The
relationships between the amount of PM accumulation on the leaf and leaf traits were
identified by using Pearson’s correlation analysis. The presented data are given as the
means with standard error (±SE).

4. Results and Discussion
4.1. PM Accumulation of Plant Species

In this study, we found that the amount of PM accumulation on leaf surfaces and wax
layers differed among various plant species and sampling seasons. The amount of total
PM accumulation on leaf surfaces of 24 plant species in the four seasons ranged from 8.32
to 148.43 µg·cm−2 in spring, 7.65 to 137.02 µg·cm−2 in summer, 3.65 to 122.84 µg·cm−2

in autumn, and 21.02 to 264.44 µg·cm−2 in winter (only on the evergreen plants). The
amount of total PM accumulation on the wax layer of 24 plant species in spring, summer,
autumn, and winter (only on the evergreen plants) ranged from 5.74 to 103.6 µg·cm−2,
4.12 to 116.67 µg·cm−2, 3.81 to 77.22 µg·cm−2, and 17.74 to 236.46 µg·cm−2, respectively.
When comparing the amount of PM accumulation on leaves in the four seasons, we found
that PM was highest in winter (needleleaf) and spring (broadleaf); conversely, the amount
of PM was lowest in autumn. When comparing PM accumulation between needleleaf
and broadleaf, the average PM accumulation on leaf surfaces and wax layers was higher
on needleleaf than on broadleaf. In spring, the amount of PM accumulation on the leaf
surfaces and the wax layers of 10 needleleaf ranged from 148.43 to 14.53 µg·cm−2 and from
103.63 to 16.62 µg·cm−2, respectively. Among the ten needleleaf plants, P. strobus showed
the highest PM accumulation, followed by P. parviflora and P. densiflora. In contrast, the
amount of PM accumulation in J. chinensis was the lowest. The amount of PM accumulation
on the leaf surfaces and the wax layers of 14 broadleaf ranged from 23.75 to 8.32 µg·cm−2

and from 22.89 to 5.74 µg·cm−2, respectively. The plant species that showed the highest PM
accumulation on leaf surfaces were A. palmatum followed by E. japonicus and C. chinensis,
while G. biloba showed the lowest PM accumulation. The highest PM accumulations on
the wax layers were the species E. japonicus, P. × yedoensis, and C. officinalis. Additionally,
the plant species with the lowest PM accumulation was V. dilatatum. The amount of PM
accumulation in needleleaf was higher than that in all the broadleaf plants except J. chinensis
and P. orientalis. In summer, the amount of PM accumulation on the leaf surface and the wax
layer of P. strobus was still the highest among needleleaf plants, with PM accumulations of
137.02 and 116.67 µg·cm−2 on the leaf surface and wax layer, respectively. Among the ten
needleleaf, P. orientalis showed the lowest PM accumulation on both the leaf surfaces and
the wax layer. For broadleaf plants, the amount of PM accumulation on the leaf surfaces
ranged from 7.65 to 23.22 µg·cm−2, while the PM accumulation on the wax layer ranged
from 4.25 to 13.83 µg·cm−2. Among 13 broadleaf, A. palmatum showed the highest PM
accumulation on the leaf surface, and P. × yedoensis showed the highest accumulation on
the wax layer. Conversely, G. biloba and R. yedoense showed the lowest PM accumulation on
leaf surfaces and wax layers, respectively. In autumn, the amount of PM accumulation on
the leaves of 10 needleleaf plants ranged from 8.86 to 122.84 µg·cm−2 on the leaf surfaces
and from 8.52 to 77.22 µg·cm−2 on the wax layers, while, in summer, the highest and lowest
PM accumulation on both the leaf surfaces and the wax layers were observed for P. strobus
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and P. orientalis, respectively. These plant species had higher PM accumulation than the
other needleleaf plants, followed by P. strobus, P. parviflora, and P. densiflora. For broadleaf,
the PM accumulation on the leaf surfaces ranged from 3.65 to 13.62 µg·cm−2 and on the
wax layers ranged from 3.81 to 13.39 µg·cm−2. H. syriacus had the highest PM accumulation
on the leaf surface, while P. × yedoensis had the highest PM accumulation on the wax layer,
followed by E. japonicus and C. officinalis. Conversely, G. biloba and R. yedoense had the
lowest PM accumulation on the leaf surface and the wax layer, respectively. In winter,
leaf samples of eleven evergreens (ten needleleaf and one broadleaf) were collected. The
amount of PM accumulation on the leaf surfaces ranged from 21.02 to 264.44 µg·cm−2

and on the wax layers ranged from 17.74 to 236.46 µg·cm−2. Among the 11 plant species,
P. strobus showed the highest PM accumulation on the leaf surface, and T. cuspidata and
E. japonicus showed the lowest PM accumulation on the leaf surface and the wax layer,
respectively. Among the 24 plant species, P. strobus showed the highest PM accumulation,
followed by P. parviflora and P. densiflora. The average PM accumulation on needleleaf was
higher than the average PM accumulation on broadleaf by approximately three to over four
times. Among broadleaf, A. palmatum and E. japonicus accumulated PM more effectively
than other broadleaf (Table 2, Figure 2).

Table 2. The total PM accumulation on the leaf surface and the wax layer of 24 plant species in four
seasons (spring, summer, autumn, and winter).

Species
Total sPM (µg·cm−2) Total wPM (µg·cm−2)

Spring Summer Autumn Winter Spring Summer Autumn Winter

J. chinensis 14.5 ± 4.1 12.5 ± 2.1 12.6 ± 1.7 26.5 ± 1.1 16.6 ± 0.9 13.6 ± 3.4 12.2 ± 4.7 30.3 ± 1.2

J. chinensis var.
kaizuka 26.5 ± 1.6 12.8 ± 1.1 10.9 ± 1.5 31.3 ± 0.2 28.7 ± 1.8 13.3 ± 2.8 19.4 ± 6.8 38.1 ± 1.3

P. parviflora 113.9 ± 26.4 65.6 ± 7.1 54.1 ± 11.8 138.8 ± 7.5 40.4 ± 7.5 29.3 ± 6.6 56.8 ± 8.7 71.8 ± 8.4

P. densiflora 72.9 ± 2.7 75.1 ± 11.4 56.8 ± 6.0 72.7 ± 6.8 52.1 ± 5.6 47.8 ± 1.7 51.0 ± 10.2 81.3 ± 3.2

C. pisifera 24.8 ± 2.7 31.1 ± 7.5 11.5 ± 0.6 31.5 ± 0.9 23.5 ± 1.3 11.3 ± 0.6 16.5 ± 9.5 24.8 ± 3.2

T. cuspidata 25.7 ± 4.5 40.1 ± 5.0 9.0 ± 0.5 21.0 ± 0.7 24.3 ± 2.3 12.8 ± 1.3 10.4 ± 0.2 20.7 ± 0.5

A. holophylla 43.8 ± 3.6 17.5 ± 3.4 15.5 ± 0.3 67.5 ± 10.8 34.7 ± 11.1 35.3 ± 3.8 16.6 ± 2.5 46.0 ± 3.4

P. abies 30.7 ± 1.2 20.1 ± 0.5 22.7 ± 2.2 55.8 ± 4.9 28.4 ± 4.3 20.8 ± 0.7 23.3 ± 1.8 32.7 ± 3.3

P. strobus 148.4 ± 23.0 137.0 ± 31.8 122.8 ± 25.8 264.4 ± 31.1 103.6 ± 22.2 116.7 ± 5.4 77.2 ± 27.5 236.5 ± 23.1

P. orientalis 22.0 ± 2.3 11.6 ± 1.1 8.9 ± 0.9 28.7 ± 2.1 25.3 ± 1.3 9.3 ± 1.4 8.5 ± 0.8 28.8 ± 1.7

E. japonicus 23.7 ± 3.4 17.9 ± 0.3 12.9 ± 1.0 27.7 ± 3.2 22.9 ± 5.2 8.7 ± 0.5 10.7 ± 1.4 17.7 ± 1.6

M. denudata 10.9 ± 1.0 11.5 ± 0.8 9.0 ± 0.4 - 9.8 ± 0.7 6.7 ± 0.4 6.2 ± 0.8 -

A. turbinata 12.9 ± 0.8 9.9 ± 0.7 6.8 ± 1.1 - 9.2 ± 1.0 9.0 ± 0.5 4.5 ± 0.5 -

R. yedoense 16.0 ± 2.3 9.8 ± 0.2 9.8 ± 0.7 - 11.0 ± 0.2 4.1 ± 0.9 3.8 ± 0.7 -

H. syriacus 16.9 ± 0.4 16.6 ± 1.2 13.6 ± 1.9 - 12.0 ± 0.1 6.0 ± 0.3 6.3 ± 1.9 -

A. palmatum 23.8 ± 2.4 23.2 ± 9.9 12.6 ± 0.7 - 9.2 ± 0.6 6.6 ± 1.3 8.1 ± 1.3 -

C. chinensis 17.6 ± 2.1 10.8 ± 0.0 4.8 ± 0.7 - 10.3 ± 0.6 5.1 ± 0.1 7.3 ± 2.2 -

C. officinalis 16.2 ± 0.6 17.6 ± 0.9 12.7 ± 0.4 - 15.8 ± 1.3 5.2 ± 0.4 12.2 ± 1.2 -

A. triflorum 15.3 ± 0.8 13.5 ± 1.3 10.0 ± 0.1 - 13.5 ± 6.3 8.0 ± 2.1 6.3 ± 1.1 -

Z. serrata 10.0 ± 0.5 9.6 ± 0.6 3.7 ± 0.2 - 8.9 ± 06 4.3 ± 1.0 5.5 ± 0.0 -

G. biloba 8.3 ± 1.1 7.7 ± 2.4 7.2 ± 0.3 - 9.5 ± 1.5 6.3 ± 0.8 5.8 ± 0.5 -

L. obtusifolium 9.4 ± 0.9 16.2 ± 2.8 4.0 ± 0.3 - 11.1 ± 2.0 7.2 ± 0.5 7.7 ± 0.5 -

P. × yedoensis 15.4 ± 0.6 13.0 ± 1.0 5.7 ± 1.6 - 17.5 ± 2.9 13.8 ± 1.8 13.4 ± 1.4 -

V. dilatatum 10.6 ± 1.3 13.3 ± 1.5 7.0 ± 1.3 - 5.7 ± 1.1 4.9 ± 0.6 8.1 ± 1.1 -
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The amount of wax on the leaves of the 24 plant species differed among both plant
species and seasons. The amount of wax on the ten needleleaf during four seasons ranged
from 81.20 to 755.04 µg·cm−2, 55.95 to 1066.92 µg·cm−2, 51.55 to 910.55 µg·cm−2, and
106.74 to 3793.19 µg·cm−2 in spring, summer, autumn, and winter, respectively. In all
the seasons, the amount of wax on P. strobus was the highest, followed by P. densiflora,
while T. cuspidata showed the lowest amount of wax among the ten needleleaf. The wax
on 13 broadleaf ranged from 15.68 to 95.41 µg·cm−2, 15.76 to 191.50 µg·cm−2, and 14.91
to 149.12 µg·cm−2 in spring, summer, and autumn, respectively. The amount of wax on
E. japonicus was highest in spring, and the amount of wax on V. dilatatum was highest in
summer and autumn. In winter, the amount of wax on E. japonicus was 160.86 µg·cm−2.
When comparing the amount of wax on needleleaf and broadleaf, we found that the amount
of wax on all the needleleaf plants in spring, autumn, and summer was higher than that
on broadleaf except for T. cuspidata. Among the 24 plant species, the amount of wax on P.
strobus was higher than that of the other plant species (Figure 3).

Total sPM: (sPM (10–100 µm) + sPM2.5 (2.5–10 µm)), total wPM: (wPM (10–100 µm) +
wPM2.5 (2.5–10 µm)).

Plant accumulation of PM occurs directly on leaves, so the leaf structure contributes
to the ability of plants to accumulate PM. In this study, we found that the amount of PM
accumulation on the leaves of 24 plant species was different among plant species and the
four seasons. The amount of PM accumulation on the leaves of plants depends on leaf
structures and environmental conditions [34]. The increasing PM concentration in the
environment could lead to an increase in the amount of PM accumulation on the leaves
of plants [35]. In this study, the PM concentration level was highest in winter, which
could cause the highest PM accumulation on the needleleaf [36]. For the broadleaf, the PM
accumulation on the leaf surface was higher in spring than in the other seasons due to the
PM concentration in this season being higher than in summer and autumn. Under different
environments, the PM concentration level, rainfall, and wind impact the amount of PM
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accumulation on leaves [37,38]. The high rainfall in summer and autumn could wash PM
from a leaf, causing decreasing PM accumulation on the leaves of plants in the two seasons.
The amount of PM accumulation in the 24 plant species tended to be higher in needleleaf
than in broadleaf. Numerous studies have also shown that needleleaf are more effective
in PM accumulation than broadleaf because of their high stomatal concentration and
large amount of leaf wax [39,40]. The needleleaf secrete mucus oils on their leaf surfaces,
reducing the amount of PM washed from leaves [41]. The trees, with their large leaf area,
were considered the most effective PM accumulation plants. Although the crowns of the
shrubs were much lower than the trees, nearing the ground helped shrubs accumulate PM
closer to the ground [4]. In this study, the shrubs E. japonicus and R. yedoense showed more
effective PM accumulation on the leaf surface than others.
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ter).

Among the ten needleleaf, P. strobus showed the highest PM accumulation on the leaf
surface. The high stomatal concentration on the leaf could increase the PM accumulation on
the leaf of P. strobus. Additionally, the amount of wax on P. strobus was the highest, causing
an increasingly large amount of PM accumulation in this plant species. Other studies also
showed that P. parviflora and P. densiflora were able to accumulate more PM than other plant
species, which was the same as our result. Among the 14 broadleaf, the plant species that
showed the most effective PM accumulation were A. palmatum and E. japonicus because
of their leaf structures. Leaf structures, such as heave, groove, vein, chambers, bumps,
glands, and secretions, impact PM deposition on leaves [42]. Many studies have shown
that plants with rough leaves can accumulate more PM than plants with smooth leaves [39].
However, E. japonicus with smooth leaves showed high effective accumulation on leaves
because of the plant’s curled leaf edges, which could keep PM on the leaf apices despite the
washing effect of rainfall. Moreover, the glands and secretions of the leaves were related
to increasing PM accumulation in E. japonicus. For A. palmatum, the leaf fold structure led
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to increased PM accumulation. Conversely, G. biloba, with a rough leaf and high leaf area,
showed the lowest PM accumulation. The long leaf petiole increased the wind’s effective
removal of PM from its leaves [43]. The ridged microstructure and dense wax tubules, due
to the high self-cleaning ability of G. biloba, reduced the effective accumulation of PM in G.
bibola [44]. The water repellency of the leaf prevented PM deposition on the leaf, which
was also one of the reasons that led to decreasing PM accumulation on the leaf of G. bibola.
The amount of wax on 24 plants differed due to their structural differences. The amount
of wax in winter increased in response to the increasing PM in the atmosphere. The PM
concentration level is positively correlated with the amount of wax in plants [45]. Leaf
structures impacted the ability of PM to accumulate in the plants. However, other factors,
such as leaf shape, canopy shape, and leaf height, need to be studied to better understand
the complex relationships of plant species and PM accumulation.

4.2. The Leaf Traits of 24 Plant Species

In this study, the leaf traits of 24 plant species were analyzed. Among the leaf traits, the
Chl a, Chl b, TChl, carotenoid, and RWC were different among plant species and seasons.
We did not find any seasonal tendencies when comparing the Chl a and carotenoid contents
of the 24 plant species. For the Chl b of 24 plant species, we found that Chl b tended to be
lower in autumn than in summer; the species not following this trend were P. strobus, Z.
serrata, and L. obtusifolium. The TChl of 24 plant species showed the same tendency as the
Chl b, but T. cuspidata, A. holophylla, P. strobus, Z. serrata, and L. obtusifolium did not follow
this trend. The RWC of the 24 plant species differed among the plants. In this study, the
RWC of broadleaf did not show any seasonal tendencies. However, the RWC of needleleaf
increased in autumn compared with summer. When comparing the RWC of needleleaf
between autumn and winter, the RWC decreased in winter except in P. strobus. The pH
differed among plant species. We found that the pH increased in autumn compared with
summer for all plant species except J. chinensis and P. parviflora. The pH of 11 plant species
was higher in winter than in other seasons. Additionally, the SLA of 24 plants differed
among plant species. Among the four seasons, we found that the SLA of 11 plant species,
except for A. holophylla and P. strobus, was lowest in winter. When comparing the SLA
among the three seasons (spring, summer, and autumn), we did not find any seasonal
tendencies (Tables 3 and 4).

Table 3. The leaf traits of 24 plant species in four different seasons (spring, summer, autumn, and
winter).

Seasons Chl a
(mg·g−1 FW)

Chl b
(mg·g−1 FW)

TChl
(mg·g−1 FW)

RWC
(%) pH SLA

(cm2·g−1)

J. chinensis

Spring 0.056 ± 0.001 0.024 ± 0.001 0.080 ± 0.001 74.66 ± 1.15 5.08 ± 0.05 19.06 ± 0.60
Summer 0.090 ± 0.003 0.030 ± 0.003 0.124 ± 0.004 73.45 ± 0.15 5.04 ± 0.02 24.87 ± 0.51
Autumn 0.049 ± 0.001 0.020 ± 0.000 0.069 ± 0.002 79.28 ± 0.18 4.88 ± 0.03 20.97 ± 0.65
Winter 0.066 ± 0.002 0.027 ± 0.002 0.094 ± 0.004 74.14 ± 0.58 5.70 ± 0.01 16.25 ± 0.32

J. chinensis
var. kaizuka

Spring 0.052 ± 0.003 0.022 ± 0.002 0.078 ± 0.006 78.65 ± 0.04 4.75 ± 0.01 19.72 ± 0.96
Summer 0.058 ± 0.001 0.026 ± 0.000 0.084 ± 0.001 77.93 ± 0.99 4.75 ± 0.01 18.77 ± 0.48
Autumn 0.053 ± 0.002 0.023 ± 0.001 0.076 ± 0.004 91.87 ± 0.59 4.93 ± 0.05 19.40 ± 0.16
Winter 0.055 ± 0.001 0.023 ± 0.002 0.078 ± 0.002 83.36 ± 1.12 5.77 ± 0.08 17.02 ± 0.60

P. parviflora

Spring 0.189 ± 0.007 0.060 ± 0.008 0.249 ± 0.015 71.99 ± 1.08 5.00 ± 0.03 9.65 ± 1.36
Summer 0.117 ± 0.000 0.048 ± 0.000 0.166 ± 0.001 79.69 ± 1.47 5.09 ± 0.05 9.06 ± 0.97
Autumn 0.119 ± 0.001 0.045 ± 0.000 0.165 ± 0.002 81.71 ± 0.49 4.93 ± 0.02 13.12 ± 0.70
Winter 0.088 ± 0.000 0.039 ± 0.000 0.128 ± 0.000 76.85 ± 0.28 5.85 ± 0.04 9.02 ± 0.30
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Table 3. Cont.

Seasons Chl a
(mg·g−1 FW)

Chl b
(mg·g−1 FW)

TChl
(mg·g−1 FW)

RWC
(%) pH SLA

(cm2·g−1)

P. densiflora

Spring 0.178 ± 0.004 0.075 ± 0.001 0.250 ± 0.007 77.58 ± 1.13 4.62 ± 0.03 14.34 ± 0.52
Summer 0.122 ± 0.001 0.047 ± 0.001 0.184 ± 0.014 86.58 ± 1.26 4.59 ± 0.02 11.11 ± 0.67
Autumn 0.106 ± 0.001 0.041 ± 0.001 0.146 ± 0.001 96.52 ± 1.10 4.85 ± 0.01 13.08 ± 1.24
Winter 0.075 ± 0.004 0.032 ± 0.003 0.108 ± 0.007 93.19 ± 0.50 6.07 ± 0.05 9.23 ± 0.12

C. pisifera

Spring 0.157 ± 0.003 0.059 ± 0.001 0.216 ± 0.004 81.78 ± 0.80 4.90 ± 0.05 39.54 ± 2.07
Summer 0.139 ± 0.007 0.056 ± 0.002 0.195 ± 0.009 80.96 ± 0.53 4.94 ± 0.03 58.19 ± 0.28
Autumn 0.131 ± 0.001 0.051 ± 0.001 0.183 ± 0.001 84.92 ± 0.31 5.03 ± 0.01 42.99 ± 0.35
Winter 0.089 ± 0.001 0.038 ± 0.001 0.127 ± 0.001 80.65 ± 1.66 6.04 ± 0.10 32.61 ± 0.43

T. cuspidata

Spring 0.124 ± 0.020 0.053 ± 0.008 0.140 ± 0.024 75.52 ± 0.54 5.21 ± 0.14 63.01 ± 1.89
Summer 0.105 ± 0.005 0.045 ± 0.002 0.141 ± 0.006 77.25 ± 0.98 4.84 ± 0.07 55.18 ± 1.69
Autumn 0.111 ± 0.003 0.042 ± 0.001 0.148 ± 0.005 79.31 ± 0.36 5.24 ± 0.01 58.30 ± 2.69
Winter 0.105 ± 0.004 0.051 ± 0.002 0.156 ± 0.005 73.02 ± 1.14 5.69 ± 0.04 42.38 ± 0.77

A. holophylla

Spring 0.105 ± 0.009 0.044 ± 0.003 0.135 ± 0.011 74.88 ± 1.25 4.74 ± 0.03 28.94 ± 0.58
Summer 0.113 ± 0.001 0.042 ± 0.000 0.156 ± 0.001 73.96 ± 0.24 4.74 ± 0.03 33.90 ± 1.49
Autumn 0.114 ± 0.004 0.042 ± 0.001 0.157 ± 0.005 88.70 ± 0.57 4.93 ± 0.02 27.12 ± 0.59
Winter 0.062 ± 0.002 0.030 ± 0.001 0.092 ± 0.002 77.56 ± 1.18 6.28 ± 0.07 28.10 ± 0.55

P. abies

Spring 0.103 ± 0.004 0.042 ± 0.003 0.128 ± 0.002 79.12 ± 1.07 4.19 ± 0.09 27.62 ± 1.04
Summer 0.122 ± 0.003 0.046 ± 0.001 0.168 ± 0.004 73.40 ± 0.35 4.19 ± 0.09 31.79 ± 0.93
Autumn 0.087 ± 0.001 0.033 ± 0.001 0.120 ± 0.002 83.60 ± 0.81 5.06 ± 0.04 33.57 ± 0.41
Winter 0.101 ± 0.000 0.042 ± 0.002 0.142 ± 0.002 80.702 ± 0.35 5.84 ± 0.07 21.70 ± 0.41

P. strobus

Spring 0.094 ± 0.007 0.037 ± 0.003 0.147 ± 0.012 62.41 ± 0.53 4.84 ± 0.04 7.80 ± 0.86
Summer 0.083 ± 0.001 0.035 ± 0.001 0.120 ± 0.003 72.78 ± 0.31 4.84 ± 0.04 3.78 ± 0.91
Autumn 0.101 ± 0.004 0.042 ± 0.002 0.143 ± 0.006 73.44 ± 0.77 5.05 ± 0.02 1.27 ± 0.11
Winter 0.084 ± 0.002 0.040 ± 0.000 0.124 ± 0.002 78.97 ± 0.46 5.54 ± 0.03 4.85 ± 0.52

P. orientalis

Spring 0.094 ± 0.002 0.040 ± 0.001 0.139 ± 0.003 78.17 ± 2.58 4.84 ± 0.02 49.33 ± 1.98
Summer 0.105 ± 0.002 0.045 ± 0.001 0.150 ± 0.002 76.43 ± 0.20 4.84 ± 0.02 46.32 ± 1.88
Autumn 0.096 ± 0.003 0.039 ± 0.001 0.135 ± 0.003 85.22 ± 1.06 5.38 ± 0.02 51.76 ± 0.49
Winter 0.065 ± 0.005 0.029 ± 0.002 0.094 ± 0.008 75.84 ± 1.28 6.16 ± 0.15 39.36 ± 1.72

E. japonica

Spring 0.048 ± 0.003 0.024 ± 0.001 0.072 ± 0.002 67.96 ± 1.40 5.16 ± 0.01 81.74 ± 1.51
Summer 0.071 ± 0.004 0.033 ± 0.001 0.103 ± 0.004 70.75 ± 0.85 5.16 ± 0.01 82.66 ± 4.59
Autumn 0.039 ± 0.002 0.018 ± 0.001 0.057 ± 0.002 74.41 ± 0.59 5.31 ± 0.03 91.05 ± 2.82
Winter 0.044 ± 0.006 0.021 ± 0.003 0.065 ± 0.009 60.96 ± 1.07 6.14 ± 0.03 77.15 ± 1.44

M. denudata

Spring 0.096 ± 0.005 0.038 ± 0.004 0.145 ± 0.014 67.29 ± 0.85 5.47 ± 0.01 179.51 ± 7.27
Summer 0.111 ± 0.003 0.046 ± 0.002 0.156 ± 0.004 77.87 ± 0.31 5.47 ± 0.01 168.66 ± 6.71
Autumn 0.086 ± 0.002 0.036 ± 0.001 0.122 ± 0.003 84.80 ± 0.13 6.14 ± 0.03 177.88 ± 10.6
Winter 0 0 0 0 0 0

A. turbinata

Spring 0.214 ± 0.015 0.043 ± 0.005 0.271 ± 0.021 69.42 ± 0.35 5.17 ± 0.03 131.94 ± 2.31
Summer 0.172 ± 0.000 0.073 ± 0.001 0.245 ± 0.001 72.26 ± 0.32 5.17 ± 0.03 145.68 ± 6.54
Autumn 0.122 ± 0.003 0.047 ± 0.001 0.172 ± 0.005 80.75 ± 1.09 5.56 ± 0.05 123.81 ± 2.56
Winter 0 0 0 0 0 0

R. yedoense

Spring 0.119 ± 0.026 0.029 ± 0.012 0.148 ± 0.037 77.55 ± 0.41 5.21 ± 0.04 165.65 ± 1.17
Summer 0.165 ± 0.006 0.076 ± 0.005 0.261 ± 0.018 87.68 ± 1.78 5.18 ± 0.07 163.55 ± 2.48
Autumn 0.165 ± 0.004 0.066 ± 0.001 0.230 ± 0.006 86.44 ± 0.40 5.47 ± 0.03 151.35 ± 1.82
Winter 0 0 0 0 0 0

H. syriacus

Spring 0.128 ± 0.013 0.026 ± 0.004 0.154 ± 0.013 80.34 ± 0.65 5.63 ± 0.03 160.35 ± 4.51
Summer 0.173 ± 0.012 0.071 ± 0.006 0.244 ± 0.017 78.41 ± 0.79 5.63 ± 0.03 147.46 ± 4.12
Autumn 0.157 ± 0.002 0.071 ± 0.002 0.228 ± 0.003 81.45 ± 0.88 6.15 ± 0.02 151.61 ± 3.38
Winter 0 0 0 0 0 0
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Table 3. Cont.

Seasons Chl a
(mg·g−1 FW)

Chl b
(mg·g−1 FW)

TChl
(mg·g−1 FW)

RWC
(%) pH SLA

(cm2·g−1)

A. palmatum

Spring 0.075 ± 0.007 0.026 ± 0.012 0.070 ± 0.007 85.26 ± 0.19 4.71 ± 0.02 152.04 ± 5.05
Summer 0.164 ± 0.015 0.071 ± 0.002 0.242 ± 0.012 91.30 ± 0.27 4.71 ± 0.02 193.06 ± 5.44
Autumn 0.168 ± 0.003 0.068 ± 0.001 0.237 ± 0.003 92.00 ± 0.47 4.99 ± 0.09 201.17 ± 6.55
Winter 0 0 0 0 0 0

C. chinensis

Spring 0.193 ± 0.008 0.054 ± 0.007 0.269 ± 0.015 61.45 ± 1.75 4.31 ± 0.05 159.38 ± 13.53
Summer 0.191 ± 0.004 0.085 ± 0.002 0.274 ± 0.006 65.69 ± 0.34 4.42 ± 0.06 156.05 ± 17.76
Autumn 0.166 ± 0.000 0.070 ± 0.001 0.234 ± 0.001 75.35 ± 0.50 5.44 ± 0.01 253.01 ± 21.21
Winter 0 0 0 0 0 0

C. officinalis

Spring 0.127 ± 0.029 0.055 ± 0.014 0.182 ± 0.042 64.92 ± 0.16 5.84 ± 0.02 156.65 ± 2.40
Summer 0.150 ± 0.005 0.065 ± 0.001 0.209 ± 0.003 73.81 ± 0.77 5.84 ± 0.02 210.40 ± 21.70
Autumn 0.081 ± 0.006 0.036 ± 0.002 0.117 ± 0.008 73.75 ± 0.86 6.25 ± 0.04 121.68 ± 3.91
Winter 0 0 0 0 0 0

A. triflorum

Spring 0.194 ± 0.019 0.070 ± 0.015 0.287 ± 0.035 68.34 ± 4.52 4.41 ± 0.02 214.34 ± 7.11
Summer 0.217 ± 0.023 0.100 ± 0.009 0.317 ± 0.031 75.56 ± 0.85 4.39 ± 0.04 238.45 ± 9.92
Autumn 0.152 ± 0.005 0.063 ± 0.002 0.212 ± 0.008 71.01 ± 0.31 5.81 ± 0.01 205.55 ± 8.00
Winter 0 0 0 0 0 0

Z. serrata

Spring 0.177 ± 0.005 0.061 ± 0.002 0.237 ± 0.006 52.93 ± 3.92 5.15 ± 0.01 203.19 ± 0.53
Summer 0.192 ± 0.018 0.078 ± 0.006 0.269 ± 0.023 61.44 ± 0.93 5.15 ± 0.01 174.44 ± 2.83
Autumn 0.233 ± 0.030 0.102 ± 0.010 0.374 ± 0.035 56.92 ± 0.40 5.86 ± 0.02 224.08 ± 3.65
Winter 0 0 0 0 0 0

G. biloba

Spring 0.093 ± 0.003 0.029 ± 0.002 0.122 ± 0.003 75.00 ± 0.06 5.00 ± 0.09 129.80 ± 5.15
Summer 0.074 ± 0.004 0.034 ± 0.003 0.107 ± 0.006 72.13 ± 0.05 5.00 ± 0.09 131.70 ± 1.51
Autumn 0.053 ± 0.002 0.024 ± 0.000 0.074 ± 0.001 80.03 ± 0.67 5.69 ± 0.03 156.01 ± 1.22
Winter 0 0 0 0 0 0

L.
obtusifolium

Spring 0.203 ± 0.005 0.070 ± 0.003 0.257 ± 0.017 69.74 ± 2.66 5.14 ± 0.02 122.36 ± 2.48
Summer 0.174 ± 0.004 0.063 ± 0.002 0.237 ± 0.005 66.93 ± 0.71 5.14 ± 0.02 157.87 ± 13.67
Autumn 0.156 ± 0.011 0.065 ± 0.003 0.240 ± 0.013 72.35 ± 3.70 5.34 ± 0.02 207.37 ± 3.50
Winter 0 0 0 0 0 0

P. × yedoensis

Spring 0.137 ± 0.002 0.049 ± 0.002 0.186 ± 0.004 75.81 ± 0.22 5.03 ± 0.00 95.33 ± 1.98
Summer 0.134 ± 0.005 0.055 ± 0.004 0.189 ± 0.008 76.55 ± 0.80 5.03 ± 0.00 110.75 ± 3.71
Autumn 0.124 ± 0.019 0.042 ± 0.001 0.146 ± 0.004 81.83 ± 0.43 5.38 ± 0.01 120.18 ± 3.51
Winter 0 0 0 0 0 0

V. dilatatum

Spring 0.164 ± 0.021 0.039 ± 0.006 0.203 ± 0.028 46.36 ± 1.82 5.60 ± 0.01 216.28 ± 11.07
Summer 0.212 ± 0.010 0.091 ± 0.004 0.303 ± 0.014 64.15 ± 1.48 5.60 ± 0.01 251.32 ± 1.95
Autumn 0.146 ± 0.007 0.063 ± 0.003 0.209 ± 0.010 62.67 ± 0.78 5.68 ± 0.01 302.54 ± 4.60
Winter 0 0 0 0 0 0

Chl a: chlorophyll a concentration, Chl b: chlorophyll b concentration, TChl: total chlorophyll concentration,
RWC: relative leaf water content, pH: leaf extract pH, and SLA: specific leaf area.

PM impacts plant growth and production by impacting its physiology and biolog-
ical activities. Under stress from the environment, numerous changes in plants can be
observed. However, the level of change depends on the response of the plants to the
environment [26]. In this study, the leaf traits (chlorophyll, pH, RWC, and SLA) were
analyzed to determine the influence of PM on the plant while the plant responded to envi-
ronmental stress. Chlorophyll content signifies the photosynthesis process that determines
plant growth and production [46]. PM accumulation on the leaf could block the stomata,
leading to reduced stomatal conductance, which leads to reduced chlorophyll content in
the plants [17]. Moreover, PM accumulation on the leaf prevented light absorption due
to the decreasing effectiveness of photosynthesis [47]. PM could even lead to chlorosis
(yellowing) in plants. In this study, the decreasing chlorophyll content of broadleaf caused
them to change from green to yellow at the end of the growing season. We did not find any
patterns among the chlorophyll content of the plants, but we suggest that the chlorophyll
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reduction in some plants caused PM to accumulate on the leaves. The increase in the
chlorophyll content of other plants during the high PM concentration season showed plant
tolerance to environmental stress [48]. In this study, we also found that the large sPM
(10–100 µm), wPM (10–100 µm), and coarse wPM (2.5–10 µm) showed negative correla-
tions with plant chlorophyll and carotenoid in summer, but, in winter, we found positive
correlations between coarse wPM (2.5–10) and chlorophyll and carotenoid. In winter, the
needleleaf and one broadleaf (E. japonica) were collected and analyzed.

Table 4. ANOVA analysis of PM accumulation on the leaf and leaf traits of 24 plant species in the
four seasons (spring, summer, autumn, and winter).

Species
(F23,192)

Seasons
(F3,192)

Species × Season
(F69,192)

sPM (10–100) 155.44 *** 20.46 *** 5.77 ***
sPM (2.5–10) 149.94 *** 47.48 *** 38.04 ***

wPM (10–100) 229.74 *** 34.54 *** 13.88 ***
wPM (2.5–10) 27.95 *** 9.71 *** 9.39 ***

Chl a 47.32 *** 750.56 *** 23.66 ***
Chl b 29.11 *** 498.36 *** 20.88 ***
TChl 48.89 *** 747.12 *** 27.2 ***
RWC 576.54 *** 8009.28 *** 297.33 ***
pH 882.41 *** 19134.2 *** 1415.78 ***
SLA 465.06 *** 2098.27 *** 84.38 **

Levels of significance: ** p < 0.01, *** p < 0.001. PM (10–100): particulate matter with diameter 10–100 µm, PM
(2.5–10): particulate matter with diameter 2.5–10 µm, sPM: particulate matter on the leaf surface, wPM: particulate
matter in the wax layer, Chl a: chlorophyll a concentration, Chl b: chlorophyll b concentration, TChl: total
chlorophyll concentration, RWC: leaf relative water content, pH: leaf extract pH, SLA: specific leaf area.

The RWC reflected the status of water of plants, which plays a significant role in
maintaining plant physiological balance. Plants with a high RWC could be more tolerant to
stress from the environment, such as drought or air pollution [49]. PM locked on stomata
led to a decreasing transpiration rate, which decreased the water pulled from plant roots
and was a reason why minerals could not translate from plant roots for biosynthesis [6]. In
this study, we suggested that the increase in PM concentration in winter caused a decrease
in the RWC of needleleaf. In contrast, the increasing RWC of a plant in the high PM
concentration season showed the high tolerance level of the plants to air pollution.

Further, pH is a sensitive indicator of stress in plant environments. Moreover, low
pH reduces conversion of hexose sugar to ascorbic acid, which plays an important role in
the tolerance level of plants [30]. Therefore, plants with a high pH have a greater ability
to tolerate air pollution than plants with a low pH. Air pollutants lead to decreasing pH,
which causes sensitive stomata due to reduced plant photosynthesis rates. Furthermore,
acidic pollution, such as SO2 and NO2, is one reason for the decreasing pH of plants [50]. In
this study, the increasing pH of needleleaf (in winter) and broadleaf (in autumn) may have
caused the plants to respond to air pollution. We found a negative correlation between PM
accumulation on leaves and pH in spring, summer, and autumn. Other factors, such as
environmental soil pH, that could impact plant pH need to be studied to determine the
correlation between pH and these factors.

SLA measures the thickness of the leaf. The changes in SLA mirror the changes in leaf
structure and nutritional content. The thickness of leaves can help to increase effective light
absorption [33]. However, PM accumulation on the leaf surface may increase the leaf’s
shape area and cause changes in the SLA of plants. Based on plant protective or adaptive
mechanisms, SLA fluctuation levels vary [51]. In this study, we found that the SLA of the
plant was different among species. Moreover, the SLA of needleleaf was lowest in winter,
which caused a large amount of PM accumulation on the leaf surface of needleleaf during
this season. We also found that PM accumulation was negatively correlated with plant SLA
(Table 5).
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Table 5. Pearson correlation analysis of the accumulation of different fractions of particulate matter
on leaf and leaf traits of 24 plant species in the four seasons.

PM Size Chl a Chl b TChl RWC pH SLA

Spring

sPM (10–100) −0.012 0.106 0.046 −0.037 −0.204 −0.554 ***
sPM (2.5–10) 0.035 0.110 0.069 0.141 −0.284 * −0.548 ***

wPM (10–100) −0.148 0.066 −0.070 0.047 −0.269 * −0.633 ***
wPM (2.5–10) 0.087 0.095 0.127 −0.007 0.016 −0.154

Summer

sPM (10–100) −0.285 * −0.295 * −0.266 * 0.155 −0.148 −0.484 ***
sPM (2.5–10) −0.196 −0.168 −0.183 0.314 * −0.200 −0.381 ***

wPM (10–100) −0.344 ** −0.359 ** −0.332 ** 0.062 −0.244 * −0.537 ***
wPM (2.5–10) −0.306 ** −0.329 ** −0.300 * 0.138 −0.165 −0.471 ***

Autumn

sPM (10–100) −0.123 −0.136 −0.131 0.055 −0.313 ** −0.445 ***
sPM (2.5–10) −0.175 −0.210 −0.181 0.182 −0.479 *** −0.579 ***

wPM (10–100) −0.177 −0.214 −0.189 0.190 −0.477 *** −0.577 ***
wPM (2.5–10) −0.134 −0.139 −0.137 −0.025 −0.258 * −0.331 **

Winter

sPM (10–100) 0.231 0.287 0.252 0.200 −0.360 −0.559 ***
sPM (2.5–10) 0.177 0.250 0.202 0.107 −0.459 −0.472 **

wPM (10–100) 0.142 0.209 0.165 0.269 −0.423 −0.545 ***
wPM (2.5–10) 0.149 *** 0.217 *** 0.172 *** 0.214 −0.413 −0.492 **

Levels of significance: * p < 0.05, ** p < 0.01, *** p < 0.001. PM (10–100): particulate matter with diameter 10–100
µm, PM (2.5–10): particulate matter with diameter 2.5–10 µm, sPM: particulate matter on the leaf surface, wPM:
particulate matter in the wax layer, Chl a: chlorophyll a concentration, Chl b: chlorophyll b concentration, TChl:
total chlorophyll concentration, RWC: leaf relative water content, pH: leaf extract pH, SLA: specific leaf area.

5. Conclusions

In this study, we found that the amount of PM accumulation on the leaves of 24
plant species differed among the four seasons. In winter, the amount of PM accumulation
increased with increasing PM concentration in the atmosphere. In summer and autumn,
the low PM concentration and the high rainfall may have led to a reduction in the amount
of PM accumulation on the plant leaves. In this study, needleleaf was more effective than
broadleaf in accumulating PM. The shrubs demonstrated to be highly effective at reducing
PM. Using both trees and shrubs can increase the effective PM accumulation in the urban
area. The P. strobus, P. parviflora, P. densiflora, E. japonicus, and A. palmatum showed more
effective PM accumulation than other plant species. The leaf traits differed regarding
plant species and seasons. PM had a negative correlation with plant SLA. In summer, PM
was negatively correlated with chlorophyll and carotenoids. Further, pH had a negative
correlation with PM accumulation on the leaves in spring, summer, and autumn. PM
accumulation impacted the leaf traits of the plant, but numerous other factors, such as
temperature and soil, also impact leaf traits. More studies on the complex correlations
among leaf PM accumulation, leaf traits, and environmental conditions are needed to
effectively increase the use of plants to improve air quality.
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Abstract: Urban Green Spaces (UGSs) are considered the most effective tool to mitigate Urban Heat
Islands (UHIs). The optical properties of the materials and the vegetation types of the UGSs affect their
surface temperatures, directly influencing their cooling ability. The hydraulic properties of urban soils
are also affected by the vegetation coverage. The aim of this study is to investigate the temperature
and reflected radiation (albedo) differences between UGS’s elements, around noon on a warm
summer day, in Greece. The results indicate that green elements have smaller surface temperatures
and higher reflectance compared to the artificial or the dry bare soil, presenting differences with
the direct air temperature (measured above the surfaces with unshielded thermometers) −5.5 ◦C
(shrubs), −3.8 ◦C (grass), +7.8 ◦C or +8.7 ◦C (paved surfaces inside or outside the UGS), +10.8 ◦C
(dry bare soil), +12.2 ◦C (concrete) and +12.5 ◦C (asphalt), and albedo values 0.14 (grass and shrubs),
0.15 (dry bare soil), 0.27 (concrete), 0.21 (asphalt) and 0.20 (paved surfaces). The tree shades also
produce great surface differences. The unsaturated hydraulic conductivity of the urban soil is greater
than the surfaces covered with grass compared to the shrub-covered or bare soil, presenting values of
27.6, 10.8 and 11.4 mm h−1, respectively.

Keywords: urban heat island; urban climate; urban green spaces; optical properties; surface tempera-
ture; albedo; green infrastructure; LIFE GrIn project; Mediterranean city

1. Introduction

Urban Green Spaces (UGSs) provide multiple benefits for local communities [1]. Their
importance has been enhanced and acknowledged by the public, especially during the
last decades, mainly due to the expanding urbanization and, most recently, due to the
restrictions imposed by the spread of the COVID-19 pandemic [2]. The most important
benefit of urban vegetation is its ability to regulate urban climate by affecting several
micrometeorological attributes of the urban environment that impact the exchange of the
mass and energy fluxes, providing a cooling effect and relieving the impacts of the Urban
Heat Island (UHI) phenomenon.

The characteristics of the UGS and the persisting weather conditions in each area
can highly affect its ability to regulate urban climate. The seasonal radiation conditions
and the size of the park are among the more influential parameters for the parks’ cooling
effect [3], whereas the shape of the green area, its coverage with trees and shrubs and
grass-covered surfaces also affect UGSs’ cooling effects [3]. Following up on the findings
of other studies [4–8], it is concluded that the proportion of green areas within an urban
setting is a key role factor in the distribution of the UHI intensity. According to Qui et al. [9],
the intensity of the UHI phenomenon can be relieved by up to 1.57 ◦C in comparison with
surrounding commercial areas, addressing evapotranspiration as an efficient attribute for
UHI mitigation. Maimaitiyiming et al. [10] also suggest that the presence of vegetated areas
lowers local temperatures, underling the importance of the quality characteristics of the
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green areas, i.e., the density of green patches might be positively linked with alleviation
of the UHI but cannot compare in strength with the cooling effect that an uninterrupted
large green space would offer, a fact also pointed out by Cao et al. [3], Li et al. [11] and
Zhang et al. [12]. Qui et al. [13] reported that urban vegetation could amount to a 0.5–4.0 ◦C
reduction in the air temperature of the neighboring area, whereas Mackey et al. [14]
suggest that an NDVI (index indicative of vegetation cover) above 0.35 triggers a notable
temperature drop. Jusuf et al. [15] observed a considerable correlation between land use
and temperature data, as well as an obvious temperature reduction as the vegetation body
increased. Similarly, Huang et al. [16] studied the cooling effects of several UGSs across
Harbin, China, factoring in the features of the parks, and determined that the vegetal
arrangement, including the size and shape of the parks, is positively linked to their cooling
efficiency. They confirmed, using the NDVI, that higher vegetation cover translates into a
less intense UHI phenomenon, a point also supported by Bao et al. [17].

Edmondson et al. [18] identified an alleviating effect of the UHI by vegetation cover,
distinguishing the higher potential of woody plants compared to herbaceous coverage.
They noted that the mean maximum surface temperature of the soil was mediated by
about 5.7 ◦C more by the presence of trees and scrubs when compared to the effect of
grass-covered surfaces. During summer, the estimated residual temperature under tree
cover was found to be negative, whereas it was found to be positive in the case of non-
woody coverage, and this relationship seems to be reversed in winter. However, they noted
that, as also reported by Armson et al. [19] and Wu et al. [20], the existence of trees in
urban environments, while it might offer benefits due to shading, can also hinder the free
movement of air currents, thus impeding the release of long-wave radiation at nighttime,
trapping heat.

The use of different materials in the city and also inside the UGSs may also affect their
energy exchange characteristics. Mohajerani et al.’s [21] research on the contribution of
different materials used in urban areas to the UHI phenomenon revealed asphalt’s and
concrete’s great significance since their presence basically boosts the UHI. They note that
asphalt’s high heat capacity and low albedo in combination with its extensive use in cities
largely influence the urban environment’s thermal conditions. It has been reported that
freshly paved asphalt concrete can capture up to 95% of the received solar radiation [22] thus
easily surpassing surface temperatures of 60 ◦C on hot summer days. As commented by
Grimmond [23], the artificial materials commonly used in urban surfaces differ substantially
in their thermal, hydraulic and radiative properties from naturally occurring ones. They
also state that modifying the albedo of a surface is an easier and more tangible solution
than meddling with any of its other characteristics to mitigate UHI and that a suggested
practice is to add a top, light-colored, low-albedo layer on paved surfaces to enhance its
reflectance and promote the return of radiation back to the atmosphere.

Generally, solar radiation drives plants’ physiological processes and productivity [24].
Solar light availability, especially at the photosynthetically active waveband [25–27], in
conjunction with the plant’s optical properties (reflectance, transmittance and absorbance),
determines the energy and mass fluxes of the vegetation-covered surfaces and ecosys-
tems [28]. The radiation reflectance of urban surfaces is considered a most influential factor
for UHI [29]. The surfaces that comprise urban landscapes have lower reflectivity, larger
heat capacity, and generally different thermal properties than others in less built-up areas,
thus storing more solar energy, which, in turn, translates into higher surface tempera-
tures [30,31]. Due to their high thermal inertia and heat flux, the surface materials that are
commonly used in cities are greatly influenced by ambient temperatures [32]. In addition,
the densely built space of the city does not allow the dispersal of long-wave radiation
from the ground, effectively obstructing the otherwise naturally occurring reduction in
temperature [33–35]. Baldinelli et al. [29] suggest that an increase in radiation reflectance in
the city (urban albedo) would result in its cooling. Similarly, Erell et al. [36] state that the
high albedo surfaces result in lowering air temperature but increase the thermal stress in
sunny conditions due to radiant exchange.
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Most studies conducted in cities analyze the impacts of UGSs on UHI by assessing
differences in air temperature between highly built-up and open, green or not, spaces.
Specifically for Athens—Greece, Giannopoulou et al. [37] identified five geographic zones in
the city with different thermal balances. The authors explored the heat island phenomenon
in 25 sites in Athens during the summer season and found higher air temperatures in the
industrial western part and in the center of the city and lower in its northern and eastern
parts. Their findings are in line with those by Livada et al. [38], who also mention that UHI
was developed intensively in the central and western industrialized part of the city.

Skoulika et al. [39] studied the cooling island intensity of an urban park in Athens dur-
ing summer and confirmed its important mitigation impact on its surroundings, whereas
Zulia et al. [40] investigated the microclimatic conditions in the National Garden in the
center of Athens during summer and found a clear influence of the park, being cooler
compared to other monitored urban locations, with greater air temperature differences
during the night in streets with high buildings and wide streets with low traffic, whereas
the relative differences were higher during the daytime in streets with high anthropogenic
heat during the day.

Melas et al. [41] examined the microclimatic conditions of small open spaces (small
courtyards and backyards) and found that vegetated backyards produce stronger cool
island patterns compared to non-vegetated spaces. Tsiros and Hoffman [42] also evaluated
the cooling effect in a courtyard’s garden during a hot weather summer period in Athens
and found a well-defined and strong daytime cool island and a significant air temperature
reduction compared to an urban square with low canopy coverage. In addition, Tsiros [43]
studied the trees cooling effect in Athens by measuring air temperature under the canopy
in five streets during the exceptionally hot weather period in 2007 and found that the trees’
average cooling effect at noon varied from 0.5 to 1.6 ◦C.

UGSs also provide important services for flood prevention due to the high water
absorption by the soil, which is highly affected by the type of urban vegetation cover.
Hidayat et al. [44] mention that soil characteristics including hydraulic conductivity are
affected by the forest canopy cover, with higher hydraulic conductivity and thus infiltration
rate at high-density canopies. Luo et al. [45] reported the different hydraulic profiles of
clay soils covered by different vegetation types or with no coverage. Measurements of the
unsaturated hydraulic conductivity showed that planting Vetiver grass causes a significant
rise in hydraulic conductivity values, probably due to the structure of its root system,
whereas, conversely, the Bermuda grass cover reduced the conductivity compared to the
reference bare soil studied. The same pattern was observed when it comes to the infiltration
rate, with the Vetiver grass almost doubling its value, whereas the Bermuda grass cut
it in half. Gadi et al. [46] inquired into the variation in the hydraulic properties of the
soil in close proximity to a tree, taking into account the state of vegetation cover. When
studying the hydraulic conductivity as a function of floral density, they discovered that
densely vegetated soils differed by 33–99% from soils with poor vegetation cover. This
can be attributed to the intensified suction related to the water uptake by roots, which in
turn lessens the water flow through the soil [47,48]. Multiple studies have showcased the
escalation potential of hydraulic conductivity as a response to the growth of the plant’s
root system [49–51], which is accredited to water’s preferential flow around the roots [52].
Gadi et al. [46] also marked the significant influence of the presence of shredded leaves
upon the soil surface, as the associated hydraulic conductivity was 49–100% higher than in
portions where leaves were absent. Jarvis et al. [53] studied the effects of both land use and
climate on the hydraulic conductivity values and found that arable sites have, on average,
ca. 2–3 times smaller saturated water conductivity than natural vegetation, forests and
perennial agriculture.

Galli et al. [54] measured the unsaturated hydraulic conductivity in degraded and re-
habilitated urban green spaces and found increased values in rehabilitated soils, especially
five years after the soil rehabilitation process. They also concluded that in spaces with an
absence of soil and vegetation maintenance, the unsaturated hydraulic conductivity may
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decrease after 9–12 years. Vegetation improves the soil structure and increases the soil’s
unsaturated conductivity. In addition, Galli et al. [54] identified the time since soil rehabili-
tation, the soil compaction and the vegetation cover as the most critical factors affecting the
unsaturated hydraulic conductivity. They suggested that the higher unsaturated hydraulic
conductivity values in the examined rehabilitated green spaces are associated with the
time after the vegetation introduction and the development of the plant’s root system and
the development of a coherent soil matrix with stable connections between pores and the
establishment of pathways for the water movement.

Based on the above findings, it is concluded that the optical properties of the UGSs de-
termine the microclimate of a city. Along with the UGSs’ soil characteristics, the basic cycles
of energy and water in the city are highly affected, impacting also the quality of life of the
citizens. The aim of this study is to investigate the differences in the surface temperatures
of the green and grey elements inside an urban park and extend our knowledge on the per-
formance of UGSs on absorbing/reflecting radiant energy and infiltrating water, under the
weather conditions persisting in a hot summer day at a city with a Mediterranean climate.

2. Materials and Methods

This work was implemented for the broader area of Athens (Attica) in the Municipality
of Amaroussion. The long-term meteorological data for the region, derived by the nearest
station of N. Philadelphia (38.05◦ N, 23.67◦ E, alt.: 12 m, operated by the Hellenic National
Meteorological Service) indicate that the climate is semi-arid, according to UNEP’s [55]
aridity climate classification, which is based on Thornthwaite’s [56,57] water balance
approach, with an aridity index value of 0.44 for the period 1955–2019 [58,59], presenting a
decadal trend to more arid conditions [60].

The study site is an urban green space (38.04◦ N, 23.80◦ E, alt.: 190 m), with a total area
of 0.91 ha covered by different types of materials including both green (trees, shrubs and
grass) and grey (paved corridors and concrete) elements, whereas the UGS is surrounded
by asphalt roads (Figure 1).
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Figure 1. Different types of land cover (materials) in the UGS, i.e., asphalt (dark grey), paved
surfaces (light grey), concrete (yellow), non-irrigated soil with trees (orange), shrubs (light green)
and grass (dark green) (base map by Google Earth, Image © 2022, Google, Maxar Technologies,
Westminster, CO, USA).

The vegetation in the UGS includes trees, shrubs and herbaceous plants. The trees
are generally deciduous broad-leaved (e.g., Tilia tomentosa, Acer negundo, Melia azedarach,
Platanus orientalis, Morus alba, Cercis siliquastrum, Prunus cerasifera, Ailanthus altissima) and
randomly distributed in the UGS. Most of them are of small age (less than 5 years) and have
not yet produced large canopies. The shrub-covered surfaces (Figure 1) host a variety of
species (e.g., Nerium oleander, Teucrium fruticans, Rosmarinus officinalis, Lavandula angustifolia)
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in mixed patterns with herbaceous plants (e.g., Calendula arvensis, Lactuca serriola, Matricaria
recutita, Pallenis spinosa, Capsella bursa-pastoris, Solanum elaeagnifolium, Plantago lanceolata,
Convolvulus arvensis), whereas two surfaces were covered with grass (e.g., Lolium perenne,
Poa annua, Arundo donax, Cynodon dactylon, Eleusine indica).

To study the micrometeorological environment inside the UGS, an automatic meteoro-
logical station was installed in 2019 by the Institute of Mediterranean Forest Ecosystems
(IMFE), measuring several attributes including air temperature (at a height of 2 m above
ground) and radiation attributes. For the study of the spatial variations in air and surface
temperatures, portable sensors were used in order to take 258 point measurements at
different points inside and outside the UGS. All measurements were taken during midday
(from 13:00 to 15:00) of a hot summer day (23 June 2022) under clear sky conditions. A
portable LP 471 RAD probe (Delta OHM), irradiance meter with cosine correction was
used to measure shortwave solar radiation incoming and reflected flux densities within
the spectral range of 400 to 1050 nm. In addition, an MI-210 infrared radiometer (Apogee
Electronics) was used to measure surface temperatures above the different surfaces. The
recordings of the surface temperatures were obtained by placing the sensor 40 cm above
the surface facing downwards (zero angle). At the same height above the surfaces, the
direct air temperature was measured with an HD 2301.0 handheld thermo-hygrometer
(portable device with a Pt100 humidity/temperature combined sensor), considering that
the substrate surface highly affects its above-measured air temperature [61] and thus the
recordings of the portable device are more reliable compared to the temperatures recorded
at the nearby meteorological station by a radiation-shielded thermometer. The sensor
was directly exposed to radiation. To compare the differences in air temperature inside
and outside the UGS, continuous 10-min temperature and relative humidity data, along
with global solar radiation flux densities, were obtained by both IMFE’s station and a
nearby (270 m distance) automatic meteorological station (model: Davis Vantage Pro 2
Plus) installed by the Municipality of Amaroussion, on the roof of a one-floor (with height
about 5 m) elementary school building.

The ability of the UGS to infiltrate water was assessed by measuring the unsaturated
hydraulic conductivity at specific points inside the UGS, covered with bare soil, shrubs
and grass (Figure 2). The field experiments were conducted with a minidisk infiltrometer
(Meter Group) and the unsaturated hydraulic conductivity was estimated according to the
method proposed by Zhang [62], applying the van Genuchten parameters obtained from
Carsel and Parrish [63]. Before each infiltration experiment, the soil moisture was measured
with a delta-t, SM150 sensor. In total, nine infiltration experiments were conducted above
bare soil, shrub-covered and grass-covered surfaces.
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Zhang’s [62] method is simple and reliable for measuring infiltration into dry soils. It
uses cumulative infiltration (I) measurements plotted against time (t), and the results are
fitted to the equation

I = C1
√

t + C2 t (1)

where C1 and C2 (in mm s−1) are factors related to soil sorptivity and hydraulic
conductivity, respectively.

The soil hydraulic conductivity (K) is estimated by the equation:

K =
C1

A
(2)

where A is an estimator calculated by the following equation:

A =





11.65 (n0.1−1) e2.92(n−1.9) a h0

(a r0)
0.91 , f or n ≥ 1.9

11.65 (n0.1−1) e7.5(n−1.9) a h0

(a r0)
0.91 , f or n < 1.9

(3)

where n and a are the van Genuchten parameters that differ for specific soils [62], r0 is
the infiltometer’s disk radius, and h0 is the suction applied at the disk’s surface. In our
experiments, the soil was loamy sand, r0 = 2.25 cm and h0 = −1 cm.

In the present study, spatial patterns of the attributes measured or calculated in
the UGS were also produced in the form of contour maps, by using the Surfer® ver. 13
Software [64]. Point Kriging geostatistical gridding method was applied to each irregularly
spaced point dataset to produce accurate grid values. The method is widely used and
reliable, estimating the unknown grid values at all points across a well-defined spatial
domain by using weighted averages of all known values around each grid point [65].

3. Results and Discussion
3.1. Temperature Attributes

During the warm summer day (23 June 2022) when measurements were taken, the air
temperature inside the UGS was elevated, presenting a 24 h average value of 30.1 ◦C, which
reached 36.0 ◦C at midday (13:00–15:00 h), whereas the soil temperature at 10 cm depth
was even higher with a 24 h average 36.4 ◦C reaching 44.6 ◦C at midday (13:00–15:00 h).
The respective air temperatures recorded on the concrete roof of the nearby building were
similar and slightly higher (24 h average 30.3 ◦C and midday average at 13:00–15:00 h
36.3 ◦C). The 24 h temperatures were higher compared to the month’s (June 2022) average
by about 3.7 ◦C for air temperature and 2.8 ◦C for soil temperature in the UGS and by
4.2 ◦C for air temperature on the building’s roof, indicating the hot conditions prevailing
during the day when the measurement campaign was conducted.

The diurnal changes of the meteorological parameters during 23 June 2022 as recorded
by both stations (inside the UGS and at the building’s roof) along with the respective
monthly average values for an average day of June 2022 are depicted in Figure 3. The
air temperature and relative humidity in both stations appear to have similar values both
during the day of the campaign (UGS 0.1 ◦C cooler than the roof) and during June 2022
(zero difference), especially during daytime (6:00–20:00 h). It is notable, however, that
during the nighttime the temperature differences between the vegetation-covered UGS
and the concrete-covered building’s roof are maximized indicating cooler conditions in
the UGS by about −0.9 ◦C in June 2022 becoming higher (−2.0 ◦C) during the campaign’s
day. The pattern of the relative humidity is the opposite compared to the respective one
of temperature, presenting similar values for both stations at daytime and higher values
(+2.4% in June 2022 and +6.4% on 23 June 2022) at nighttime.
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Figure 3. Average 10 min values of micrometeorological parameters: (a). air temperature, (b). relative
humidity, (c). soil temperature, (d). soil moisture, (e). global solar radiation) measured inside the
UGS (green) and on a nearby (270 m distance) roof of a building (red), during a warm summer day
(23 June 2022, dots) and in all June 2022 (lines) in Amaroussion UGS.

Based on the above, the cooling effect of the UGS can be considered minor. However,
this should be assessed in conjunction with the prevailing micrometeorological conditions
during the very warm campaign day. The increased air temperature during the specific day,
which reached 30.1 ◦C (compared to 26.4 ◦C for the average day of June 2022), presenting a
maximum of 36.4 ◦C in association with the rather low relative humidity (daily average
of 47.6% with a minimum 10 min value 27.6%), the cloudless sky conditions along with
the high solar radiation flux density (24 h average 300.0 W m−2, with maximum 10 min
value 874.3 W m−2) and the very high soil temperatures (daily average 36.2 ◦C with
maximum 10 min value 46.9 ◦C), impose a very high water demand for the vegetation to
sustain high growth rates. Such conditions, considering also the extremely reduced water
availability in the rootzone (soil moisture 8.4% p.v.), define the reduced evapotranspiration
rates and, thus, the less effective cooling ability of the plants to allocate water and energy
from soil to the atmosphere. For the specific UGS, the municipality green managers apply
deficit irrigation in an attempt to reduce water consumption, and this decreases the UGS’s
ability to produce cooling benefits to a maximum degree. The issue of reducing water
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consumption in UGSs, through plant selection or deficit irrigation, is critical and rather
complicated, especially in the Mediterranean region, where water scarcity, on one hand,
and the increased impact of UHI, on the other, impose contradicting criteria for UGS’s
design and management. The cooling effect is also associated with the size of the UGS, its
shape and the vegetation architecture, which, in our case, consists of young trees with no
fully developed canopies that enhance the openness of the park, resulting in a negative
effect on the air temperature [66]. According to Jaganmohan et al. [67], the larger the
area of an UGS, the more prominent the associated cooling, though manifested differently
depending on the landscape type (forests vs. parks). In their research on several UGSs
in Leipzig Germany, it was also indicated that the shape factor also affects their cooling
ability. Moreover, the features of the green space are more significant than those of their
surroundings when it comes to the UGS’s cooling efficiency. Similarly, Monteiro et al. [68]
assessed various sized UGSs in London, observing that very small UGSs (less than 0.8 ha)
had no discernable cooling effect beyond their boundaries, but sizing up, one can note the
drop in the air temperature of the surrounding environment. Furthermore, the tree canopy
cover proved to be positively related to the cooling distance, but the degree of cooling was
more strongly linked to the grass cover of the green space.

The general effect of the UGS was further assessed by analyzing surface temperature
data taken above surfaces covered with different green and grey materials inside the park.
The spatial patterns produced by the instant air temperature and surface temperature
values in the UGS, after applying Kriging’s interpolation, are depicted in Figure 4. The
surface temperatures measured at several points of the UGS during midday (13:00–15:00)
were, in general, higher for the artificial surfaces compared to the ones covered with natural
elements. More specifically, surface temperatures above asphalt during midday were the
highest, compared to all other materials, reaching an average of 54.4 ◦C, and were about
+12.5 ◦C warmer compared to the direct air temperature measured just above the surface.
The respective differences with the air and soil temperatures obtained by the meteorological
station were even higher (18.2 and 8.4 ◦C, respectively). Similar was the behavior of the
concrete-covered surface inside the park, which presented an average surface temperature
of 52.9 ◦C, +12.8 ◦C higher than the above-point-measured direct air temperature, being
+18.0 ◦C and +11.94 ◦C warmer than the air and soil temperatures measured by the meteo
station, respectively. The internal paved corridors inside the UGS also presented high
surface temperatures (average 51.4 ◦C) and they were also higher compared to the direct
air temperatures above their surfaces (+8.7 ◦C), and much higher compared to the air and
soil temperatures measured by the meteo station (15.2 and +5.4 ◦C, respectively). The
respective temperature differences of the paved surfaces surrounding the UGS were also
of the same magnitude since their average surface temperature was 49.6 ◦C, about +7.8,
+13.8 and +3.3 ◦C warmer than the direct air temperature above the surfaces and the air or
soil temperatures of the station inside the UGS, respectively. The above pattern is rather
expected since the artificial elements absorb the radiant energy from the sun and store it in
the form of heat, increasing their temperature.

The general pattern of the above-mentioned artificial surfaces, appears to be followed
in the case of dry bare soil, which also presents high surface temperatures of the same
magnitude (average 50.0 ◦C) during the hot summer midday, being +10.8 ◦C warmer
compared to the direct air temperatures above the surface and +15.9 and +6.6 ◦C warmer
than the air and soil temperatures of the station inside the UGS. This is also expected since
the dry and non-vegetation-covered (bare) soil appears to behave as an artificial material,
storing heat and increasing its temperature.

The effect of the live vegetation tissues is quite different since the absorbed solar
energy does not transform into heat storage but is rather used to enhance the photosynthesis
process. In our study, this seems to be true even under low soil water availability conditions.
The natural surfaces covered with vegetation have lower surface temperatures compared
to the artificial or dry bare soil-covered ones. More specifically, the surface temperature
of the grass was measured on average to be 38.0 ◦C, i.e., −3.7 ◦C cooler compared to the

118



Land 2022, 11, 2042

direct temperature of the above air, −8.2 ◦C cooler than the soil temperature, but +2.2 ◦C
warmer than the air temperature of the station inside the UGS.
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The cooling effect of shrubs was even more evident. Their surface temperatures were
the lowest recorded (average 36.8 ◦C), and they were −5.5 ◦C cooler compared to the direct
air temperatures above the surfaces, −0.2 ◦C cooler compared to the air temperature of the
station and −9.9 ◦C lower than the soil temperature.

It should be noted that the above patterns describe the behavior of the natural and
artificial elements of the UGS during the summer Mediterranean noon on a very warm day
and under conditions of limited soil water availability. This is expected to have reduced
the cooling effect of the vegetation elements of the UGS, since only small water quantities
would have been available to the plants for evapotranspiration in order to regulate their
tissues temperatures and perform photosynthesis, considering that evapotranspiration is
demonstrated to be the most effective way to improve UHI [9,69–71].

According to the results of the study of Ðekić et al. [72], a distinct variation between
the temperatures of various surfaces in UGSs was identified, particularly in the high
solar radiation hours—around noon. More specifically, they found that the temperature
difference between the grass surface (coolest) and the dark asphalt varied between 9 and
19.7 ◦C, whereas in our study it was on average 16.3 ◦C. In addition, Ðekić et al. [72]
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also observed a difference of 10–24.5 ◦C between the hottest surface temperature and
that of the ambient air, a range that is in line with the findings of our study where the
respective difference between the asphalt and the ambient air temperature, measured by the
meteorological station, was 18.2 ◦C. Similarly, Ðekić et al. [72] mention that for the hotter
period of measurements (mid-July to mid-August) the average maximum temperature for
all artificial surfaces was well above 50 ◦C (average 52.1 ◦C in our study for all artificial
materials ranging from 49.6 ◦C for the internal paved corridors to 54.4 ◦C for asphalt), while
the grass-covered area more or less matched the temperature of the ambient environment,
which is also in line with our study, since the temperature differences of grass and shrubs
against ambient air temperature measured by our station were very close (38.0–35.8 ◦C and
36.7–36.1 ◦C, respectively.

During the measurement campaign, surface temperatures were also measured at
shaded surfaces (below the tree canopies), to quantify how tree shades can reduce the
increase in surface temperatures, especially above warm artificial surfaces and bare dry soil
(Figure 4). The results indicate a rapid decrease in the surface temperature under shade in
all cases. More specifically, the shaded asphalt was found to be −17.8 ◦C cooler than the
unshaded, whereas similar differences were detected for the other surfaces (−15.2 ◦C for
the internal paved corridors of the UGS, −11.6 ◦C for the concrete and −11.5 ◦C for the
dry bare soil). The positive effect of shading is also portrayed by Ðekić et al. [71] whereby
even partly shaded asphalt surfaces were found to maintain lower temperatures than their
counterparts that were fully exposed to sunlight.

3.2. Radiation Reflectance (Albedo)

The radiation reflectance of urban surfaces is considered the most influential factor
for the Urban Heat Island effect [29]. The reflectance of the surfaces can highly affect
their radiation budget and the radiative energy partitioning and exchange. The part of
the incoming solar energy absorbed by the surfaces is determined by their reflectance
characteristics including surface roughness and color. The shortwave radiation reflectance
of a surface is the ratio of the reflected to the incoming global solar radiation flux density,
and is commonly known as albedo.

The albedo changes above the different materials of the UGS of Amaroussion are
depicted in Figure 5. Inside the UGS, the natural surfaces present, in general, lower
reflectivity compared to the artificial surfaces, suggesting that they absorb more solar
radiative energy. Specifically, the vegetation-covered surfaces, either with grass or shrubs,
present albedos of about 0.14 and the dry bare soil appears to be of the same magnitude
(0.15). On the other hand, the artificial surfaces’ albedo is greater, being 0.27 for concrete,
0.21 for asphalt and 0.20 for the internal UGS’s paved corridors.
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Ðekić et al. [72] cited the albedo values of some common urban artificial surfaces as
well as those of green areas in order to accentuate their different influences on the city’s
thermal balance. Thereby, the albedo values’ span for asphalt is 0.04–0.15 and the respective
range for concrete is 0.10–0.35. As for the materials used for pedestrian routes, dark
concrete tiles hold an albedo of 0.05–0.35 while white concrete tiles’ albedo is considered
to be around 0.70. Lawns and arbors have values of 0.25–0.30 and 0.15–0.18, respectively.
Compared to our study, the values for asphalt and grass are quite different probably due to
the different types of materials in the studies; however, the albedos of the other attributes
are in line with our findings.

In general, high reflectance materials are suggested for use in UGS and cities in order
to reduce radiation absorption and, thus, to prevent increasing surface temperatures, and
they are considered as a cooling strategy to mitigate the UHI effect in cities [29]. It should be
noted, however, that the reflected radiation in densely built cities with tall buildings is only
partly reflected back to the atmosphere, mainly due to multiple radiation reflection and
scattering between the surfaces, which finally trap the shortwave radiation in the building
canopies, resulting in decreased urban albedo in the large scale of a city [73] with regard to
the geometric structure of the buildings [74] and the scarcity of urban vegetation [75].

The reflectance of the materials inside the UGS differs at larger scales. Sugawara
and Takamura [75] used radiometers to measure the surface albedo above two cities in
Japan using a helicopter and found an albedo value of 0.12, whereas, in the nearby forest,
it was higher (0.16). According to the authors, the lower city albedo is attributed to the
roughness of the urban surface, which is enhanced by the city buildings and an increase
in the absorbance of the urban surface. This appears to be contradicted when studying
the optical properties of specific artificial materials since their surfaces are far smoother
compared to the large scale of a city.

The part of the absorbed radiation by the artificial surfaces results in their temperature
increase. In the case of the green elements, the absorbed radiation is mainly used for
photosynthetic processes and, to a lesser degree, results in the increase in the tissues’
temperatures. In our case, the lower reflectance of vegetation-covered surfaces results in
greater sums of radiation absorbed by plants but, as already presented above, this did not
lead to an increase in their temperature. It is worth noting that even the behavior of the dry
bare soil is similar to the plant-covered surfaces, as regards its optical characteristics, but
this increased radiation absorbance increased the heat storage in the soil, resulting in its
higher temperatures.

3.3. Soil Water Infiltration

Water infiltration ability is a significant parameter in soil research and an important
attribute for the UGSs, indicating the ability of the soil to absorb water. The unsaturated
hydraulic conductivity is a measure of this soil’s ability, highly associated with the specific
soil mechanical characteristics and especially the coverage of its upper layer. In the UGS of
the present study, nine infiltration experiments were conducted at different points in the
UGS covered with shrubs, grass and dry bare soil. The results of the analysis are depicted
in Figure 6, indicating that grass-covered surfaces present a higher ability to infiltrate water
compared to dry bare soil and shrub-covered surfaces. The respective average unsaturated
hydraulic conductivity values are 27.6 mm h−1 (or lit m−2 h−1) for the grass, 10.8 mm h−1

for the shrubs and 11.4 mm h−1 for the dry bare soil.
Hidayat et al. [44] found that soil characteristics, including hydraulic conductivity, are

affected by the forest canopy cover, with higher hydraulic conductivity at high-density
canopies. The similar values for the bare soil and the shrubs in our UGS are probably
attributed to the fact that the shrub-covered surface was only recently (1 year ago) planted
and, thus, the short time slot passed was not enough to allow both the soil and the plants
root to formulate water paths in the soil to enhance infiltration.
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Figure 6. Unsaturated hydraulic conductivity values for soils with a different cover in the UGS.

Vegetation improves the soil structure and increases the soil’s unsaturated conductivity.
However, the time passing after the vegetation installation is critical. In a previous work by
Galli et al. [54] on UGSs, the authors found increased unsaturated hydraulic conductivity
values in rehabilitated soils, especially five years after the soil rehabilitation. They also
identified that unsaturated hydraulic conductivity may decrease after 9–12 years in UGSs
with no soil and vegetation maintenance. In our study, the soil at the spaces where shrubs
were planted, was only maintained at the specific spots where the plants were established,
whereas the experiments for the determination of the unsaturated hydraulic conductivity
were conducted between the spots, where there was no soil maintenance.

On the other hand, the grass sections of the UGS were the only ones frequently ir-
rigated and maintained, and within the first year of the grass installation, a dense root
system was formulated and enhanced the soil’s ability to infiltrate water. Galli et al. [54]
identified the time after soil rehabilitation, the soil compaction and the vegetation cover as
the most critical factors affecting the unsaturated hydraulic conductivity in the UGSs. They
suggested that the higher unsaturated hydraulic conductivity values in the examined reha-
bilitated green spaces were associated with the time after the vegetation introduction. This
is due to the fact that as the plants grow their root system, the development of a coherent
soil matrix with stable connections between pores and the establishment of pathways for
the water movement inside the soil, are enhanced. In addition, many studies [46,49–51]
support that soil hydraulic conductivity is highly affected by the growth of the plant’s
roots, and this is accredited to water’s preferential flow around the roots [52].

4. Conclusions

The positive impact of Urban Green Spaces (UGS) on the local climate is generally
accepted, imposing a need to redesign our cities by enhancing green infrastructure in
order to cope with climate change and establish resilient cities and neighborhoods. The
positive effect of UGSs is attributed to their micrometeorological–optical characteristics
and hydraulics properties that allow for the greater absorbance of solar radiation without
increasing stored heat in the urban environment and, also, the increased water infiltration,
which, in large scales, can reduce flooding phenomena.

In the present study, we present the findings of a campaign implemented in an UGS
in Amaroussion city in Athens—Greece, where solar reflectance (albedo) and surface
temperatures were measured above the different-type surfaces of the UGS during the
midday of a warm summer day (23 June 2022), using portable radiometers and infrared
thermometers. In addition, the soil hydraulic conductivity was estimated for bare soil and
vegetation-covered surfaces in the UGS.

The results show that natural surfaces have lower reflection coefficients (0.14 for grass
and shrub-covered surfaces and 0.15 for dry bare soil) compared to the artificial ones
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(albedo values 0.27 for concrete, 0.21 for asphalt and 0.20 for paved-covered surfaces). The
surface temperatures of the natural elements are also cooler compared to the surrounding
air (direct air temperatures measured above the surfaces with unshielded thermometers)
presenting higher negative differences above vegetation −5.5 ◦C (for shrubs) and −3.8 ◦C
(grass). The bare dry soil and the artificial surfaces are much warmer presenting positive
surface to direct air temperature differences, with values of +7.8 ◦C (+8.7 ◦C) for the paved
surfaces inside (outside of) the UGS, +10.8 ◦C for the dry bare soil, +12.2 ◦C for concrete
and +12.5 ◦C for asphalt-covered surfaces. The above findings indicate that the vegetation-
covered surfaces absorb higher solar radiation quantities that, however, do not lead to
increases in the surfaces’ temperatures. On the other hand, the artificial element’s optical
behavior allows higher radiation reflectance, and the absorbed solar radiation fluxes lead
to higher surface temperatures enhancing the urban heat island effect.

The hydraulic conductivity of the unsaturated soil is higher at the grass-covered
surfaces and less at dry bare soils and shrub-covered surfaces inside the UGS, indicating
faster infiltration of the precipitation water, which is very important when assessing the
performance of UGSs to prevent urban floods.

The above results refer to the micrometeorological attributes of a small urban green
area, during the noon of a very warm summer day with clear sky conditions and high
incoming radiation fluxes. The temporal (diurnal or seasonal) changes of the atmospheric
environment are also important to be studied, in order to understand the behavior of the
urban green infrastructures and their impact on formatting the urban climate. Additional
sites inside the urban environment, especially in the Mediterranean, should also be studied
to reach sound conclusions.

The study of additional urban green areas in the broader area of Athens, with different
materials and green species composition and in different seasons are within the future
research goals of the researchers of this work, in order to verify and quantify the microm-
eteorological characteristics of urban green areas and their effect on the Mediterranean
urban climate.
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Abstract: Forests are of utmost importance for sustainability because of their ongoing contributions
to biodiversity protection, fertility management in agricultural areas, and the well-being of people.
However, few studies have focused on the extent to which the bioeconomy of forests impacts a coun-
try’s social and economic development. This study aimed to examine the bioeconomy contribution of
forestry to social and economic development using Greece as a case study. Data was collected from
312 professionals in the forestry and finance sectors of Greece using a survey questionnaire. Forests
are associated with direct and indirect contributions that impact human livelihood and contribute
toward a country’s economic development. However, the role of forestry in development is affected
by policy-related and human-made challenges. The difficulties are primarily caused by shifts in
how economic activity is distributed from the agricultural to the industrial to the service sectors,
different government policies intended to increase forest cover, and in other instances, as a result
of the role of global capital and trade. The forestry contributions to global commerce, national
economies, employment, and family incomes remain consistent throughout all these patterns of
loss, stabilization, and recovery. It was established that the bioeconomy can increase the benefits of
forests by further exploiting forest wealth (biomass, resins) with the direct and indirect benefits for
forest-related societies and local economies. In addition, the management and exploitation of forests
by adopting bioeconomy practices, allows the attainment of important skills, knowledge, and new
fields of entrepreneurship.

Keywords: forestry; bioeconomy; direct and indirect incomes from forests; social and economic
development

1. Introduction
1.1. The Forestry Contribution and Value

Forests and multiple-use forest management are often essential to regional devel-
opment [1]. In addition to producing wood, forests are valuable natural resources that
also provide a variety of non-wood items, such as medicinal and aromatic plants, fruits,
edible leaves, and game animals, that help boost people’s incomes [2]. Forests offer differ-
ent services relating to recreation, protection against soil erosion, biodiversity protection,
preservation of water resources, and protection against climate change through carbon
sequestration and the reduction of global warming [3]. The importance of forests in the
modern era, especially their influence on climate change, has continued to attract significant
attention. The economics of the forest industry is significantly impacted by climate change;
hence, it is crucial to adjust forestry methods to combat it [4].

According to Fantechi and Fratesi (2022), forests help to provide job opportunities,
add value to the GDP, and raise living standards; forests are essential drivers of regional

Land 2022, 11, 2139. https://doi.org/10.3390/land11122139 https://www.mdpi.com/journal/land127



Land 2022, 11, 2139

development [5]. Additionally, the socioeconomic process of community development
based on the forest sector has several facets. Reforestation and newly wooded regions
are contributing to a larger regional development initiative, raising the value of forests to
local economies [6]. Because the local populations choose to remain in the place and take
advantage of the new jobs generated by forestry activities, forest products and services
significantly impact less-favored areas [7]. Furthermore, the income from the forest’s
natural resources is crucial to the poor. Reduced income disparities and the potential to
lessen socioeconomic disparities among households dependent on forests but with varying
economic status are two of the most crucial functions of forests in regional development [3].
Recently, Cheng et al. (2019) created a systematic map protocol for forests’ role in reducing
poverty [2]. Afforestation programs are also used to enhance forest acreage, which helps to
reduce inequality and spur economic development in rural regions [8].

Ballas et al. (2017) claimed the global forest sector is in a phase of creative destruction,
which can be attributed to the decline in the protection and proper management of tradi-
tional forest products and the emergence of new production opportunities, such as wood
products, thus impacting the economy [9]. Resources from the national forests are regarded
as a source of commodities and services. One of the primary goals of national forest policy
across the globe has always been the sustainable utilization of these resources. The forest
industry also can boost national economies. Harvested wood products from forests and
other forested areas are a significant part of the productive function. The amount of wood
taken shows how valuable forest resources are to local economies and societies [10].

Eurostat (2020) indicates that although forests are a valuable natural resource, the
European Union’s forestry sector lacks a Common Policy [10]. To offer a compelling
framework for the national forest policies of the member states, the European Union
Commission produced the EU Forest Strategy in 2013. Kupec et al. (2022) indicated that
some of the barriers to implementing a standard EU-based forest policy is that it is cross-
sectorial and consequently interferes with other policies at the European level, including
those related to agriculture, rural development, the environment, energy, and the climate
change, among others, and lacks efficient coordination mechanisms [11]. In addition,
establishing a comprehensive framework for the EU’s forest policy must consider the forest
value chain’s extensive coverage of intersecting sectoral interests and policy tools [12].

As a Mediterranean country, Greece has favorable agro-climatic conditions for pro-
ducing and collecting medicinal and aromatic plants. The growing demand for these
raw materials, which traditional recipes can explain and the shift observed towards a
healthy diet, increased the cultivation of these plants, which was non-existent and the
needs were covered by over-exploitation and the irreversible damage to wild populations
within forests [13,14]. Furthermore, Greece has a large number of plants (>7000) with 22%
of them being endemic and contributing to forest biodiversity [15–17].

Forests help in sustainability because of their influence on biodiversity, agricultural
areas, and the standards of living of people who rely on them. However, very few studies
have examined how much the forestry development based on a bioeconomy affects a coun-
try’s social and economic growth. It is therefore important to investigate this contribution
of forestry to social and economic development.

1.2. Purpose of the Study

The study’s main purpose was to investigate the bioeconomy contribution of forests’
social and economic development, using evidence from Greece. This objective was analyzed
based on two specific objectives:

1. To establish the relationship between dimensions of forest bioeconomy and economic
benefits for forest-related societies and local economies.

2. To investigate the relationship between management and exploitation of forests and to
explore the development of new skills, knowledge, and new fields of entrepreneurship
by the local population related to forestry exploitation.
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1.3. Research Questions

• What is the relationship between dimensions of forest bioeconomy and economic
benefits for forest-related societies and local economies?

• What is the relationship between management and exploitation of forests and devel-
oping new skills, knowledge, and new fields of entrepreneurship?

1.4. Research Hypotheses

Hypothesis 1 (H1.) The bioeconomy could increase the benefits provided by forests as it could
further exploit forest wealth (biomass, resins) with economic benefits for forest-related societies and
local economies.

Hypothesis 2 (H2.) Those involved in the management and exploitation of forests, by adopting
bioeconomy practices, will develop new skills, knowledge, and new fields of entrepreneurship.

1.5. Significance of the Study

The study findings will provide key insights into the contribution of forest bioeconomy
towards social and economic development. In this case, new knowledge will be generated
about the relationship between dimensions of forest bioeconomy and economic benefits for
forest-related societies and local economies and the effect of management and exploitation
of forests using bioeconomy practices on the development of new skills, knowledge, and
new fields of entrepreneurship. The study has a significant academic contribution as future
researchers can utilize this study to make more informed conclusions in the same or related
area of study.

2. Literature Review
2.1. Economic Contribution of Forestry

The forestry sector employs a significant portion of the world’s population and pro-
vides a primary, secondary, or alternative source of income [18], especially the SMEs dealing
in forest products contribute significantly to the economy in terms of employment and
income [4]. According to Masiero et al. (2016), the forestry sector creates employment
opportunities for many people, and the production and trading of wood fuel employ tens
of thousands of workers, many of whom work informally [7,19].

SMEs’ contribution to employment is stable or expanding, notably in the US domestic
wood furniture sub-sector, in contrast to worldwide declining employment in wood pro-
cessing. In the US, SMEs dealing in forest products account for 37.4% of all solid wood
products processing industry employment [4].

Li et al. (2019) state that in 2011, the global forestry sector directly employed more
than 18.21 million people and created more than 45.15 million jobs through direct, indirect
and induced effects. The direct contribution of the global forestry sector amounted to more
than USD 539 billion, and the total contribution of more than USD 1298 billion to the global
GDP, always through direct, indirect and induced effects [20].

In Table 1, the forestry sector output was higher in Sweden, Germany, and France,
three European economies that have historically relied on the forestry industry. On the
other hand, Greece comes almost last (excluding Cyprus, Luxembourg, and Malta). Greece
is one of the European nations with the lowest productivity in primary round wood
production [10,21].

Greece, together with the Netherlands, is ranked 25th among the 29 countries of the
European Continent that provide sufficient data on the contribution of the forestry sector
to their Gross Domestic Product (0.04%) (Table 1) with data for the year 2019. Two Baltic
countries, Latvia and Estonia, have the largest contribution of the forestry sector to their
Gross Domestic Product (4.56% and 3.85%, respectively). In total, eleven (11) countries
have more than 1% contribution of forests to GDP [21]. The research of Tsiaras et al. (2021)
reaches similar conclusions with data for the year 2016 [22].
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Table 1. Output of forestry and GDP in the year 2019 for selected European countries.

Country Forestry Output 2019
(Million €)

GDP-Based Market
Prices (Million €) %

Belgium 407.1 478,645.0 0.09

Bulgaria 697.51 61,558.5 1.13

Czechia 2720.8 225,613.5 1.21

Denmark 562.27 309,526.4 0.18

Germany (until 1990, former
territory of the FRG) 6947.38 3,473,260.0 0.20

Estonia 1069.1 27,764.7 3.85

Ireland 173.9 356,704.6 0.05

Greece 76.7 183,351.2 0.04

Spain 1941.05 1,245,513.0 0.16

France 6485.81 2,437,635.0 0.27

Croatia 328.31 55,644.4 0.59

Italy 2457.1 1,796,648.5 0.14

Cyprus 4.46 23,176.2 0.02

Latvia 1398.6 30,678.6 4.56

Lithuania 561.8 48,908.2 1.15

Luxembourg 19.99 62,373.6 0.03

Hungary 584.6 146,526.1 0.40

Malta 0 14,047.9 0.00

Netherlands 350 813,055.0 0.04

Austria 1966.91 397,169.5 0.50

Poland 5332.44 532,504.7 1.00

Portugal 1306.31 214,374.6 0.61

Romania 2507.91 224,178.6 1.12

Slovenia 547.63 48,533.1 1.13

Slovakia 1127.4 94,437.5 1.19

Finland 5,745 239,858.0 2.40

Sweden 9571.73 476,869.5 2.01

Norway 1405.77 361,734.6 0.39

Switzerland 864.17 644,443.2 0.13
Source: Authors’ own work, based on Eurostat [(https://ec.europa.eu/eurostat/statistics-explained/index.php?
title=Forests,_forestry_and_logging#Forests_in_the_EU (accessed on 10 November 2022))].

In Greece, forest production is concentrated in the Regional Unit of Drama located in
the northeast of the country and in the Region of Eastern Macedonia and Thrace, where
we find the large forest and transitional forest areas, as well as pastures. The second-
most valuable regions of Greece in terms of forest production are the Regional Units of
Grevena and Florina in the northwest of the country, in the Region of Western Macedonia
in Northern Greece. Furthermore, the geomorphological relief and the weather conditions
favor the production of energy from the exploitation of wind and solar radiation, with
wind generation mainly located above the upper forest line [23–25].

The global economic crisis significantly impacted the forestry sector in Greece, whereby
forest consumption levels per person were greatly reduced, and employment and the total
output of the forestry sector were drastically reduced between 2008 and 2017 [26]. Greece’s
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predominant trait is that most of its forestland is found in regions with steep mountains
and slopes, which usually makes harvesting very difficult. For various management and
ecological reasons, wood production and quality are often constrained. Karametou and
Apostolopoulos (2010) also listed Greece as one of the EU countries with the lowest produc-
tivity [27]. The economic growth of rural regions and the well-being of the Mediterranean
region’s urban inhabitants depends on the forest ecosystems’ variety of forest products and
services [19].

FAOSTAT (2022) indicates that several factors, such as organizational problems, limited
funding for forest management, issues with following forest law, and ambiguous ownership
of forest land, as well as governance and bureaucracy issues, all affect the removal of wood.
Consequently, Greece’s national forest industry has had a trade imbalance in forest products.
To meet local demand, Greece imports more forest products than it exports [28]. Figure 1
depicts the trade balance for forest products in Greece over the last 18 years and shows that
the imbalance is still one of the industry’s most pressing problems.
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Figure 1. The trade balance and deficit for the Greek forest sector. Source: Authors’ own work, based
on FAO data [https://www.fao.org/faostat/en/#home (accessed on 24 September 2022)].

According to FAOSTAT (2022) data, Figure 2 was created to demonstrate the employ-
ment in forestry and logging between 1992 to 2020 in Greece. The course of the employment
curve in these two decades seems to have reduced significantly in the Greek forestry and
logging sector, and the whole activity as a result of the employee reduction [28].

Greece’s National Forest Strategy made an effort to incorporate the forestry strategy of
the EU and its key priorities while taking into account the various qualities of Greek forests,
such as their protective role, multiple functions, significant contribution to the ecosystem,
and efforts to produce innovative forestry and products with added value. Additionally,
the National Forest Strategy of Greece seeks to address two significant environmental
problems in Greece: the restoration of forest ecosystems and the absence of effective forest
management, which are two of the biggest inefficiencies for Greek forests [26,29].
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Figure 2. Employment in forestry and logging for Greece. Source: Authors’ own work, based on
FAO data [https://www.fao.org/faostat/en/#home (accessed on 24 September 2022)].

2.2. Forestry’s Direct and Indirect Income Contribution

The high levels of economic advantages that forests continue to provide to individ-
uals, businesses, and governments served as the first motivation for protective laws and
regulations. According to Masiero et al. (2016), the forest sector contributed more than
USD 450 billion to national earnings in 2008, accounting for close to 1% of the global GDP
and formal employment 0.4% of the total working force worldwide [7]. Additionally,
forests provide chances for informal jobs, alternative sources of income, and economic
value reservoirs that lessen family income shocks, especially in rural regions of developing
nations. However, there are no valid statistical data on a global or national scale to allow
for aggregate estimations of the non-industrial economic benefits of forests [9]. Globally
and locally, the forest sector has contributed significantly to formal direct employment
and continues to do so. In addition, since 1990, economic diversification and liberaliza-
tion of the economy have increased, proving positive for the trade of forest products but
sometimes negative for long-term employment. How the forest sector influences economic
development, as well as the changing ways in which it continues to impact global political,
economic, and social development, are all highlighted by these changing dynamics [30].

Aggestam and Pülzl (2018) indicate that even when there is an absence of sales income
of any forest products, different indirect economic benefits can be enjoyed from forests by
stakeholders. Second, indirect economic benefits nearly always contribute more to total
family income than direct [12]. The connection between forests’ direct and indirect income
contributions to the total family income varies. The most significant direct and indirect
income sources were firewood, construction supplies, and forest foods. However, other
commodities like fiber and herbal remedies also rank highly in terms of relative value
to the family [1]. Spanos et al. (2021) revealed that firewood accounts for over 36% of
the direct income category’s forest revenue, housebuilding materials account for about
36%, and forest foods and herbal remedies account for 25%. The significance of timber is
insignificant. Even when the revenue proportions differ somewhat, the indirect income
category’s order of importance remains the same [26].

2.3. Role of Forests in Eradication of Poverty and Social Contribution

Forests have a far more nuanced function in lowering long-term poverty and assisting
people in escaping it than was once believed. Initially, it was thought that poverty would
be decreased by identifying forest goods and increasing their production. However, only

132



Land 2022, 11, 2139

selling wood would do that, and even if governments were willing to let the world’s
poorest people become loggers, timber production requires too much cash [2].

In many circumstances, trees are valued for their welfare benefits rather than for the
income they may provide. Studies demonstrate how much woods support local lives. They
are good days for both men and women, for wealthy and poorer people, and not simply
under challenging times. The livelihood benefits associated with forests are very important
in uplifting the household incomes of different people, which further helps to boost the
national GDP [1].

Aggestam and Pülzl (2018) showed how rare it is for people living in remote locations
to escape poverty quickly. Before poverty can be reduced, it is often necessary to alter the
relationship between agriculture and reliance on the forest [31]. The forest also plays a part
in helping some families get by during hard times at home as the primary breadwinners
establish a foothold as labor migrants to cities for employment opportunities or to get more
money to put into the farm [12]. Moreover, the authors revealed that community forestry
organizations are still respected since they provide beneficial advantages [12]. Women
and their female offspring increasingly manage the local forests and generate the local
economy [1,26,32].

Cheng et al. (2019) revealed that people often discover that a dual strategy is the
greatest approach to harnessing the synergy between agriculture and the forest. Investing
in cattle and utilizing the forest as feed in tropical dry forests is often the simplest way to
escape poverty [2]. Multistory forest gardens attest to the pattern that has prevailed across
Southeast Asia, and this tactic is now being used in Papua. Some people are concerned
by the changes in the tree species that make up forests, but forest function is preserved in
each instance. In addition, chances for poverty reduction exist while maintaining or even
improving the forest cover. In the case of post-conflict rebuilding, the forest has been able
to temporarily pick up the slack while families return to their previous lifestyles and start
to search for methods to save money for the future. In all these ways, woodlands assist
locals in finding detours away from poverty. These ideas about “direct revenue from trees,”
prevalent ten to fifteen years ago, are pretty different [8,32].

The stabilization and control of soil erosion are significant benefits of forests. Studies
have shown that forest growth stabilizes soils and prevents sedimentation and erosion. The
estimated values for soil stabilization mainly account for the expenses of sedimentation.
The prices vary from $1.94 per ton in Tennessee to $5.5 million yearly in Oregon’s Willamette
Valley. In Tucson, Arizona, 500,000 mesquite plants are anticipated to lessen runoff, which
would otherwise need the $90,000 building of detention ponds. Forests also help to enhance
air quality. Because trees capture airborne dust, the environment and people’s health are
improved. Only one study on the importance of trees’ contributions to air quality is
discussed in this essay. According to the findings of that research, Tucson, Arizona, plans
to plant 500,000 mesquite trees, which, when fully grown, would remove 6500 tonnes
of particulate matter yearly. An alternate dust management method in Tucson costs
$1.5 million. Therefore, each tree is worth $4.16 in terms of air quality [33].

Forests are crucial for carbon sequestration and climate regulation. By retaining
moisture and cooling the earth’s surface, trees contribute to climate control. According to
Fantechi and Fratesi (2022), benefits from climate control provided by U.S. woods amount
to $18.5 billion annually [5]. According to studies conducted in metropolitan areas, 100,000
correctly positioned, mature trees in American cities might save $2 billion in heating and
cooling expenses [7]. Additionally, trees absorb atmospheric carbon dioxide, which slows
global warming. According to the U.S. Forest Service, these carbon sequestration services
result in benefits of $65 per ton, or $3.4 billion per year, for all U.S. forests [19].

Pilli & Grassi (2021) indicate that forests are crucial in preserving biodiversity [34].
Numerous factors contribute to the importance of biological variety, including its capacity
to produce valuable pharmaceuticals, its function as a genetic resource bank that can be
used to selectively breed plants and animals, and its involvement in natural pest and
disease management. Although there have been few studies on the worth of biological
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variety in forest ecosystems, it is predicted that utilizing chemical pesticides to replace
the natural pest control services provided by all-natural ecosystems would cost Greece’s
agriculture USD 54 billion yearly [7].

Tourism and recreation forests are well-liked sites for outdoor leisure because of
their scenic beauty and recreational features. According to Krieger (2001), recreational
activities in national forests alone boost our country’s GDP by USD 110 billion annually.
Regionally, the proximity of population centers and the distinctive qualities of a region’s
forest resources influence the economic impact of forest-based recreation. The estimated
yearly economic effect of entertainment impacted by forests ranges from USD 6 billion
in the Southern Appalachians to USD 736 million in Montana [35]. Numerous studies
have calculated the benefit of outdoor recreation using wilderness-related areas that are
untamed and unloaded.

In addition, trees have a significant impact on regional microclimates and perhaps
worldwide climate. The environment around trees is impacted by temperature, humidity,
moisture availability, and lighting changes. The ability of the trees to raise relative humidity
and regulate soil and air temperatures, two variables crucial for better crop development,
plays a role in the success of many agroforestry systems [19].

Recent studies also imply that trees may affect rainfall patterns, surface reflectance,
and other meteorological factors, which may impact climate [9,11,36]. One aspect is
how clearing trees alters how sunlight is reflected from the earth’s surface. The leaves,
branches, and tree trunks in a living forest absorb sunlight. When a forest is cleared,
reflectivity rises, and heat absorption decreases on the land. Additionally, less solar energy
is utilized in deforested regions to evaporate moisture from plant and tree leaves. This
causes more climatic variations, raising daytime temperatures and reducing nighttime
ones. Furthermore, forests play a significant role in the carbon cycle [26,37]. When forests
are cleared and burnt, their carbon is released into the atmosphere, increasing the level of
atmospheric carbon dioxide, one of the leading causes of the greenhouse effect-induced
global warming [33]. Living trees provide the opposite function by absorbing carbon
dioxide from the atmosphere. Reforestation on a large scale has been advocated as a critical
strategy for reducing anticipated global warming. However, if afforestation were to reduce
the levels of carbon dioxide in the atmosphere significantly, it would need to be done on a
continental scale [12].

2.4. The Role of Ecosystems Services and the Landsenses Ecology

If sustainable land management is sought over time, regional policy must include
economic and environmental aspects, which reflect the conditions prevailing in the specific
geographical area [38–41]. The study of ecosystem services over the last two to three
decades has changed how the concept of nature conservation is generally viewed, changed
the rationale for ecosystem management and the wider policy for natural ecosystems
(e.g., forests, lakes, etc.). A few years ago, protecting the environment was the priority of
governance at all levels (regional, national, European and global), but today the preser-
vation of natural ecosystems and the restoration of disturbed ones are at the tip of the
spear [38,42–45].

The ecosystem services of natural forests, without excluding urban and peri-urban
forests, play an essential role in adjacent populations’ economic and social cohesion [46,47].
The assessment of ecosystem services, introduced more recently, is constantly developing
since many ecosystem services (e.g., protection from landslides, floods, strong winds,
etc.) cannot be easily measured [48–51]. Therefore, assessing ecosystem services requires
the contribution of many scientific disciplines (economics, ecology, statistics, geography,
mathematics, computers, etc.) [52–55].

For the quantification of ecosystem services, international standards have been created
that de facto use geometric methods and Geographic Information Systems (GIS) [56–58].
The quantification results are considered in decisions related to spatial planning on land
and sea [59,60], but also with land use in agriculture and forestry [61–64].

134



Land 2022, 11, 2139

Scientists who deal with ecosystem services study existing management practices, but
also synergies that develop between man and nature and to evaluate the policies applied at
all levels, having sustainability as the background of the study [65–67].

A relatively more recent approach is “Landsenses ecology” and “Landsenseology”,
which is defined as the scientific discipline that investigates the planning, construction,
and management of land use for sustainable development [68–72]. “Landenses” is based
on ecological principles but also the analysis of physical factors, senses, perceptions, and
socio-economic conditions [68,69,73]. A new approach could not lack technology, the
Internet of Things (IoT), GIS, intelligent systems, and artificial intelligence as part of earth
sensing [69,70,72,74,75].

2.5. Bioeconomy in Europe

The EU Bioeconomy Strategy encouraged many member states to adopt such
projects [76]. Bioeconomy focuses on producing renewable biological resources and con-
verting these resources and their waste into value-added products such as food, feed,
bio-based products, or bio-energy [77,78]. The circular economy, which appeared in the
European Union’s revised bioeconomy strategy, is a model of production and consumption
that focuses on preserving the value of products, materials and resources for as long as
possible, minimizing waste production [79]. Therefore, the integration of both, i.e., the cir-
cular bioeconomy, is intended to represent a sustainable economic and social model [80,81],
bringing together many existing economic sectors, including the primary sector (agricul-
ture, forestry, fisheries and aquaculture), the bio-based industrial sector (food, textiles,
textiles, paper, chemicals, pharmaceuticals) and the service sector (consulting, logistics,
trade, transport) [79]. As the core concepts of the bioeconomy and circular economy over-
lap in their attempt to reconcile economic, environmental, and social goals through the
development of a sustainable economy, this search included documents published after
2018, as well as green economy and green growth strategies [82,83].

Further objectives of the bioeconomy strategies are to promote energy security, to
green the energy industry, and to contribute to rural development. To strengthen the
agricultural and forestry sectors, since they are the prominent bio-mass resources, through
the development and application of biotechnology, biotechnology strategies aim to promote
economic growth, healthcare, and environmental security [84,85]. They relate technology
advancements to social progress while promoting socioeconomic well-being, the green
economy or green growth plans and adopt a comprehensive approach to supporting
low-carbon, resource-efficient, and resilient development approaches [86,87].

The Greece bioeconomy strategy focuses on technology and economics and places a lot
less emphasis on the social aspects of a bioeconomy transition, placing a lot more emphasis
on job development [88]. The fact that this approach primarily omits the utilization of forest
resources and only sometimes discusses the significance of rural areas when highlighting
employment creation in the biofuel and agricultural industries is of special relevance [82].

Hodge et al. (2017) revealed that the most comprehensive socioeconomic perspective
is provided by green economy policies, which recognize the value of the forestry and
agroforestry industries in achieving their objectives [89]. This is not surprising given that
green economy strategies are more extensive than bioeconomy strategies and include a
wider range of social and disciplinary viewpoints. It is interesting to note that different
stakeholder categories were engaged in the strategies’ design [90].

Recent initiatives, such as the European Green Deal [91], confirm the expected role
of the circular bioeconomy in the European Union of the future and in each region. In
particular, it can be seen how regions and Member States are starting to implement circular
bioeconomy planning (strategies, action plans) to promote the development of this sector,
largely as a result of the political impetus given at a higher level. Many corresponding
policy documents address primarily the agricultural and forest sectors while highlighting
the significance of research and innovation programs as the pillars of a knowledge-based
transition towards a sustainable bioeconomy [92].
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3. Methodology
3.1. Research Design, Study Area, Target Population and Data Collection
3.1.1. Research Design

The study utilized a quantitative research methodology based on the cross-sectional
survey design. The cross-sectional research design depends on an in-depth investigation of
a group or event to explore the causes of different underlying principles associated with
the research problem or topic of study. The cross-sectional research design made it easy to
focus on specific aspects of forestry in Greece, the dimensions of forest bioeconomy such as
direct and indirect income contributions of forests, management and exploitation of forests
and their effect on social and economic development.

3.1.2. Research Population and Sample Size

The research targeted professionals in the forestry and finance sector of Greece. The
research population included workers in primary forest production (loggers, transporters,
4000 resin collectors, but also 4600 public employees in the country’s public forestry
service) [28,93]. In addition, workers in the private sector who related to forest production
(e.g., sawmills and sale of firewood) as well as design-construction companies mainly in the
tertiary sector, but also board members from forest management companies were included
in the research population, which were estimated at 5200 employees. The total research
population was estimated to comprise 13,800 employees and professionals related to direct
and indirect forestry in Greece. From this research population, we estimated a total sample
of 312 professionals. The purposive sampling technique helped in the selection of the
survey sample.

3.1.3. Data Collection

A well-structured online questionnaire was used in the collection of data. Data were
only collected after obtaining informed consent from the participants, conforming to their
willingness to participate in the study. The data gathered helped establish relationships
between this study’s variables to answer the research questions. The questionnaire con-
tained questions about forestry and social and economic results from the specific activity. A
sample of 312 study participants, mainly from the forestry areas of Greece, was employed
in the investigation. The study was carried out between 5–25 September 2022.

The sample size was determined after assessing survey reliability (P = 99.7%) and
precision (km 26.76). S2 = 16,254.46 and s = 127.53 were estimated for each respondent using
a preliminary (or pilot) sample of 50 people. The value of z is determined by the desired
degree of confidence (P). A value of z = 3 is often used when calculating the samples. This
corresponds to a confidence interval of P = 99.7%. We use the values N = 13,800, s = 127.53,
z = 3, and d = 24.00 (the desired precision d was chosen arbitrarily to represent half the
confidence interval, giving the confidence interval 11.5% “air”) [47,94–96]. Equation (1)
calculates that the minimum sample size should be 311.86 or 312 people.

n =
N(zs)2

Nd2 + (zs)2 (1)

Calculation of the minimum sample of respondents.

n =
13, 800 (3 ∗ 127.53)2

13, 800 ∗ 24.002 + (3 ∗ 127.53)2 ⇔ n = 311.86

The following are some of the important questions from the survey questionnaire. At
the start, there were questions to identify the respondents’ profiles, such as gender, degree
of education, and time in the forestry sector.

This was followed by questions examining the impact of forest cash revenue on social
and economic development. “Timber sales are a great source of income for many people in
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the forestry sector; farm trees grown as cash crops can provide people with brushwood for
both cooking and selling in the market; hunting and trading game are extremely profitable
forest-based enterprises in forest-endowed countries; and forest products contribute greatly
to the economic transformation of households,” the questions stated. For the issue, the
response scale was 4: SD—severely disagree, D—disagree, U—undecided, A—agree, and
SA—strongly agree.

This was followed by questions designed to elicit information on the results of indirect
revenue from forests. Forests provide soil nutrients and forage for crops and livestock,
which greatly contributes to agriculture; People can earn a living through employment,
processing, and trade of forest products and energy; Forests provide several opportunities
for recreation and spiritual renewal in most communities; The majority of forest income
is non-cash and includes food, fuel, fodder, and construction materials, as well as herbal
medicine. The response scale for the question was 4: SD stands ofr for severely disagree, D
for disagree, U for uncertain, A for agree, and SA for strongly agree.

This was followed by questions aimed to elicit locals’ perspectives on critical aspects
of forest bioeconomy:

• Income, both direct and indirect;
• Products derived from bioenergy;
• Goods for the consumer;
• Industrial goods.

This was followed by questions meant to elicit communities’ perspectives on critical
areas of forest management and exploitation:

• Preventing forest overexploitation;
• Chemical management in the forest;
• Forest zone management based on policy;
• Forest fire prevention and control;
• Correct timber harvesting;
• Reforestation of forest land.

This was followed by questions designed to elicit information on the effects of forests
on social and economic development. Forests could regulate the climate through carbon
storage, which contributes to a high quality of life; trees are typically produced as an
insurance policy against bad times and as an investment for the future; trees may be
cut down to provide cash for emergencies or to pay for equipment or real estate; many
nations have historically benefited from increased food security because the money made
from tree cultivation is used to purchase food; trees may be cut down to provide cash for
emergencies or to pay for equipment or real estate; trees may be cut down to provide cash
for emergencies. The response scale for the question was 4: SD is for severely disagree,
D stands for disagree, U stands for uncertain, A stands for agree, and SA stands for
strongly agree.

3.2. Data Analysis

The quantitative data was coded and then analyzed using the Statistical Package
for Social Sciences (SPSS) software. Tables were utilized to display the study findings,
and frequencies and percentages were relied on in interpreting the results. The total
predictive power of the various independent factors on the study’s dependent variable
was determined using regression analysis. In this instance, calculating various predictive
values requires the use of a multiple regression model.

Y = β0 + β1X1 + β2X2 + ε . . . . . . . . . . . .

where;
Y = Social and economic development;
β0 = Constant (coefficient of intercept);
X1 = Aspects of forestry bioeconomy;
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X2 = Management and exploitation of forests;
ε = Represents the error term in the multiple regression model.
The study’s hypotheses are assessed based on the 5% (0.05) level of significance.

Table 2 describes and measures variables and their a priori expectations.

Table 2. Description and measurement of variables and their a priori expectations.

Variable Description Measurement A Priori Expectation

Dependent variable

Social and economic development

Economic benefits for forest-related
societies and local economies

New skills, knowledge, and new fields
of entrepreneurship

1 = yes,
0 = otherwise +/−

Independent variables

Dimensions of forest bioeconomy Cash income from forests, non-cash
income from forests

1 = yes,
0 = otherwise +

Management and exploitation of forests Bioeconomy practices of management 1 = yes,
0 = otherwise +

Source: Authors’ own work (2022).

3.3. Ethical Considerations

Informed consent was obtained to confirm the willingness of the sample to partici-
pate in the study. This was in addition to protecting the respondents’ data with a high
level of secrecy and privacy. Respondents were also allowed to interpret the various
opinion questions to respond to inquiries. This made it easier to get general responses to
certain inquiries.

4. Results

Results obtained after analysis using SPSS are presented in this section.

4.1. Univariate Analysis

This section focuses on the presentation and general interpretation of the results.
Most survey participants (59.9%) were male, and 40.1% were female. Most participants

(42.3%) had a bachelor’s degree, followed by 31.1% with postgraduate studies degrees.
Most participants (49%) had spent over 10 years in forestry, and only 8.7% had spent below
five years in this sector (Table 3).

Table 3. Demographic data of study participants.

Characteristics Frequency Percentage (%)

Gender
Male 186 59.6

Female 126 40.4

Education level
Diploma 62 19.9

Bachelor’s 142 45.5
Master’s 97 31.1

Ph.D. 11 3.5

Duration in the forestry sector
Below 5 years 27 8.7

5–10 years 132 42.3
Above 10 years 153 49.0

Total 312 100
Source: Authors’ work (2022).
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4.2. Descriptive Statistics

The study also sought to explore the effect of cash income from forests on social and
economic development, and the findings are presented in Table 4.

Table 4. Results on direct income from forests.

SD D U A SA

% % % % %

Timber sales are a great source of income to
many people in the forestry sector 7.6 11.3 2.6 53.7 25.4

Farm trees that are grown as cash crops can
provide people with brushwood for both

cooking and for selling in the market
3.0 2.7 5.8 62.8 25.6

Hunting and trading game are extremely
lucrative forest-based enterprises in

forest-endowed countries
11.8 20.2 4.4 50.9 4.6

Forestry products contribute greatly to the
economic transformation of households 10.3 4.7 11.5 28.2 45.3

Key: SD—strongly disagree, D—disagree, U—undecided, A—agree, SA—strongly agree. Source: Primary
Data (2022).

The results in Table 4 indicate that 53.1% of respondents agreed that Timber sales
are a great source of income for people in the forestry sector. A percentage of 62.8%
of respondents also agreed that Farm trees that are grown as direct income crops can
provide indirectly through brushwood for both cooking and for selling in the market.
A total of 50.9% agreed that Hunting and trading games are extremely lucrative forest-
based enterprises in forest-endowed countries. In addition, 45.3% of the respondents
strongly agreed that Forestry products contribute greatly to the economic transformation
of households.

The study also sought to explore the effect of indirect income from forests on social
and economic development; the findings are presented in Table 5.

Table 5. Results of indirect income from forests.

SD D U A SA

% % % % %

Forests provide soil nutrients and forage for crops
and livestock, which contributes greatly

to agriculture
4.6 18.4 3.7 49.2 24.1

People are able to earn a living through
employment, processing, and trade of forest

products and energy
8.6 12.6 9.4 11.9 57.5

Forests provide several opportunities for
recreation and spiritual renewal in

most communities
5.9 7.7 10.2 43.2 33.1

Most of the income from forests is non-cash and
cuts across food, fuel, fodder, and construction

materials, as well as herbal medicine
3.8 4.3 20.2 47.9 23.9

Forests are a great source of shelter, livelihoods,
water, food, and fuel security for both humans

and animals
5.7 8.9 13.2 60.2 12.1

Key: SD—strongly disagree, D—disagree, U—undecided, A—agree, SA—strongly agree. Source: Primary
Data (2022).
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The results in Table 5 show that 49.2% of participants agreed that forests provide soil
nutrients and forage for crops and livestock, significantly contributing to agriculture. A
percentage of 57.5% of respondents strongly agreed that people can earn a living through
employment, processing, and trade of forest products and energy. A percentage of 43.2%
of the study participants agreed that forests provide several opportunities for recreation
and spiritual renewal in most communities. Furthermore, 47.9% agreed that most of the
income from forests is indirect and cuts across food, fuel, fodder, construction materials,
and herbal medicine. Furthermore, 60.2% of the study participants agreed with the fact
that forests are a great source of shelter, livelihoods, water, food, and fuel security for both
humans and animals.

The study established the key dimensions of forest bioeconomy, and the results are
presented in Figure 3.
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Most of the participants (48.2%) mentioned direct and indirect income contributions
as the major dimension of the forest bioeconomy, followed by bioenergy products (21.7%),
then industrial products (20.8%), and the least number of respondents (9.3%) mentioned
consumer goods from forests, such as herbal medicine.

This study established the key aspects in managing and exploiting forests, and the
results are presented in Figure 4.
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From Figure 4, policy-based management of forest zones was selected by the largest
percentage of participants (36.4%) as a key aspect of the management and exploitation of
forests, followed by protection against forest overexploitation (21.1%), fire management in
forest areas (12.2%), revegetation of forest areas (11.2%), and the least number of partici-
pants (9.0%) cited proper timber harvesting as a key aspect of management and exploitation
of forests.

Table 6 presents the findings concerning the perspective of social and economic
development in relation to forestry.

Table 6. Results on social and economic development related to forests.

SD D U A SA

% % % % %

Forests could regulate the climate through carbon
storage, which contributes to a high quality of life 5.2 3.5 6.6 38.4 46.3

Trees are typically produced as an insurance policy
against bad times and as an investment for the future 2.6 6.8 17.1 47.0 26.5

Trees may be cut down to provide cash for
emergencies or to pay for equipment or real estate. 4.0 6.0 7.7 51.5 30.8

Many nations have historically benefited from
increased food security because the money made from
tree cultivation is used to purchase food, additional

agricultural land, machinery, and inputs.

1.9 4.7 6.3 55.6 31.6

Key: SD—strongly disagree, D—disagree, U—undecided, A—agree, SA—strongly agree. Source: Primary
Data (2022).

According to Table 6, the largest number of participants (46.3%) strongly agreed that
forests could regulate the climate through carbon storage, contributing to the high quality
of life. A percentage of 47.0% of respondents agreed that trees are typically produced as an
insurance policy against bad times and as an investment for the future. The respondents
(51.5%) agreed that trees may be cut down to provide income for emergencies or to pay
for equipment or real estate. A percentage of 55.6% of the respondents agreed that many
nations have historically benefited from increased food security because the money made
from tree cultivation is used to purchase food, additional agricultural land, machinery,
and inputs.

4.3. Regression Analysis

The relationship between forest bioeconomy and social and economic development
was established using regression analysis as presented in the subsequent tables (Tables 7–9).

Table 7. Model Summary.

Model R R-Square Adjusted R-Square Std. Error of the Estimate

0.798 a 0.786 0.684 0.10214
a—Predictors: (Constant), aspects of forestry bioeconomy, management, and exploitation of forests.

Table 8. ANOVA.

Sum of Squares Df. Mean Square F Sig.

Regression 76.204 2 28.031 73.261 0.014

Residual 71.051 310 0.413

Total 147.255 312
Dependent variable: social and economic development. Predictors: (Constant), dimensions of forest bioeconomy,
management, and exploitation of forests.
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Table 9. Coefficients.

Model
Unstandardized

Coefficients
Standardized
Coefficients T Sig.

B Std. Error Beta

(Constant) 0.588 0.126 1.941 0.210

Dimensions of forest bioeconomy 0.168 0.054 0.371 1.124 0.024

Management and exploitation of forests 0.042 0.072 0.062 0.817 0.011
Dependent Variable: Social and economic development.

The dependent variable is social and economic development. The independent vari-
able is regressed against the dependent variable obtaining a R2 value of 0.673. This indicates
that the independent variables jointly explain 78.6% of the variation in the dependent vari-
able (social and economic development). The regression results also confirm that the
study’s independent variables do not influence 21.4% of the changes.

The F-statistic of 73.261 at prob. (Sig) = 0.014 at 5% significance level means that there is
a statistically significant linear relationship between the independent variables (dimensions
of forest bioeconomy, management, and exploitation of forests) and the dependent variable
(social and economic development) as a whole.

The results in Table 9 confirm a relationship between forestry measured in terms
of forest bioeconomy, management and exploitation of forests, and social and economic
development since p < 0.05.

Hypotheses Testing

Since the significance level of 0.024 is less than 0.05%, we confirm that dimensions of
forest bioeconomy, such as direct and indirect income from forests, have a positive effect on
social and economic development. Therefore, we accept hypothesis H1 and conclude that
the bioeconomy could increase the benefits of forests as it could further exploit forest wealth
(biomass, resins) with economic benefits for forest-related societies and local economies.

In addition, there is a relationship between the management and exploitation of forests
and social and economic development since the significance level of 0.011 is less than 0.05%.
This indicates that the management and exploitation of forests help develop new skills,
knowledge, and new fields of entrepreneurship. Therefore, we accept H2 and conclude that
those involved in the management and exploitation of forests, by adopting bioeconomy
practices, will develop new skills, knowledge, and fields of entrepreneurship.

5. Discussion

This study investigated the bioeconomy contribution of forestry on social and eco-
nomic development. The study confirmed a positive relationship between dimensions of
forest bioeconomy and social and economic development. It is clear that the bioeconomy
can increase the benefits of forests as it could further exploit forest wealth (biomass, resins)
with direct and indirect benefits for forest-related societies and local economies. In addition,
the management and exploitation of forests by adopting bioeconomy practices allows the
attainment of important skills, knowledge, and new fields of entrepreneurship. Globally
and throughout many locations, the forest sector has contributed significantly to formal and
direct employment and continues to do so. It is important to note that as economic diversifi-
cation and liberalization have increased, these consequences have decreased proportionally.
Trade in forest products has also grown in importance. These dynamic natures show how
the forest sector has aided the economy in the previous era and how it plays a key role
in global economic, political, and social development. They also show the importance of
keeping and developing “real-time” data sets to map these changes [3,33].

The study showed that forests could regulate the climate through carbon storage,
contributing to a high quality of life. Managi et al. (2019) also noted that by helping to
preserve the natural conditions required for agricultural production, forests and trees play
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a crucial role in ensuring global food security. They balance soil temperatures, stop erosion,
improve the ability of the land to hold water and stabilize the soil. With the removal of
tree cover and the resultant loss of millions of hectares of fertile land, the significance of
these consequences has often been overlooked in the past [1]. Additionally, the resource
foundation for agriculture continues to be weakened by soil erosion and land degradation
as forests are cut down, exposing the land to direct wind and rain assault. Industrialized
and developing nations employ trees as windbreaks to cover crops, stop erosion, and
save the soil. Trees help to protect crops, water supplies, soils, and towns and increase
agricultural output by reducing wind speeds [2,19,26].

The study showed that forests provide soil nutrients and forage for crops and livestock,
contributing greatly to agriculture. This agrees with Karametou and Apostolopoulos (2010),
who argued that trees stabilize dunes and prevent the spread of deserts in arid and semi-
arid regions of the globe so that crops may be cultivated there. In many arid and semi-arid
environments, shelter belts provide fuelwood, food, and fodder, shielding crops from the
wind’s wrath and protecting them from grazing animals [27]. Additionally, the belts lessen
the pace at which crops lose water via evapotranspiration. Thus, the crops use less water.
As salt barriers along coastlines, trees may enable cropping closer to the water [4,22,31]. In
addition to protecting against wave damage during storms, these salt barriers also lessen
the likelihood of floods and bodily harm from tidal surges to inland regions. Greece scores
poorly in this area in terms of raw numbers. Furthermore, Greece is ranked third from
the bottom among EU nations in terms of how much its forest sector contributes to the
GDP, with a meager 0.05 percent. This is because the EU countries are ranked according to
how much their forest sectors contribute to their respective country’s GDPs. Only Cyprus
and the Netherlands do worse than Greece in terms of economic performance [8,22,27].
Likewise, Greece performs poorly regarding the economic activities related to forestry’s
gross value added.

The national forest sector in Greece has a significant trade imbalance in forest products
over time, which has a negative impact on the industry’s ability to contribute to the national
economy. On the other hand, the sector has viable and attractive new growth potential,
including non-wood forest products and forest services.

Another barrier for the forest industry is the general inclination of Greek administra-
tions to cut spending throughout the years of the economic crisis. Growth in the forest
sector’s GDP contribution has been further hampered by the Green Fund, one of the largest
investors in Greece’s forest industry, cutting its financing by around half between 2011 and
2015 [26]. The nation’s poor performance in the EU’s most recent Regional Competitiveness
Index worsens the issue. Despite the obstacles above, there are still many possibilities
for development in Greece’s forest industry. The National Forest Strategy’s most current
law in Greece gives Greece’s forest industry a fantastic chance to increase its share of the
country’s GDP [8,27]. The recently enacted National Forest Strategy of Greece adopts the
Mediterranean forestry model, ideally adapted to the local circumstances, and enhances the
numerous functions of forests [22]. Its promotion of collaboration with rural communities,
which results in regional development and employment possibilities and, in turn, may
improve the general contribution of the forest industry to the nation’s GDP, is one of its
essential features. However, addressing the Greek forest industry’s structural issues will
take time. On the contrary, they need extensive policy adjustments, reprogramming of
forest money, encouragement of fresh investments, and limitations on realizing the NFP’s
new, expansive goal [26].

6. Conclusions

This study confirmed that forestry has a significant influence on the social and eco-
nomic transformation of a country. Both direct and indirect benefits generated by people
and the government from forests greatly influence the social well-being of people and
the economic transformation of a country. Governments must modify current forest poli-
cies and regulations to accomplish these new goals. Production and environmental and
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developmental objectives are covered in national forest policies, which provide a basic
overview of a government’s strategy in relation to forest management. These policies often
seek to increase profits and foreign currency from wood and timber while ensuring the
availability of raw materials for significant forest-based businesses. Many nations have
implemented laws granting exclusive use of forest land and wood reserves to governments
and commercial companies to accomplish these goals.

To unlock the potential of the forest bioeconomy and move towards sustainable
development, governments must adopt a strong sustainability approach on the base of
bioeconomy practices and also integrate innovations in forest activities that result in
the valorization of biomass and the production of value-added goods and services. In
other words, a transition to sustainability and a transition to "new" forest bioeconomy
techniques activities are required. Failure to transition to an innovative bioeconomy and to
challenge traditional forest activities will result in missed opportunities for socioeconomic
development and inefficient resource use.

6.1. Recommendations

In national forests, local agroforestry programs should be created to generate a variety
of goods such as bushmeat, fuelwood, and traditional medicines, among other forest
foods. These programs should also be implemented. This may be accomplished by
setting aside forest areas to serve as animals’ homes or to cultivate regionally valuable
crops. Alternatively, this goal can be accomplished by planting rows of these crops in
government plantations.

Numerous people cut down trees and produce forest products to generate income for
themselves. These activities can become more profitable and sustainable if favorable forest
policies and government regulations exist. This would improve the means of subsistence
and the food security of the impacted communities. Those individuals who depend on
these activities the most, often those without land or otherwise disadvantaged, benefit the
most from this change.

6.2. Limitations and Future Research

Even today, the COVID-19 pandemic introduced many limitations to this research; it
was very difficult for the survey to be conducted face-to-face with the selected sample. In
this type of research, where the researchers would gain more than the direct transfer of the
participants’ experience, the interview’s limitations due to the pandemic were significant.
Another limitation was the impossibility of collecting quantitative and economic data
(due to reliability from a distance) from the forestry stakeholders for methodological
support of the research and technical, economic analysis. In future research, the team
intends to collect primary quantitative data related to the forestry activities to conduct
techno-economic analyses.

The current study focused on the influences of forestry and especially the forestry
bioeconomy on socioeconomic development and, for this purpose, used evidence from
Greece. Future research should emphasize the role of government and EU policies in
promoting the forestry bioeconomy and how contributes to the GDP of a region or a country.
Moreover, the EU can set the rules for forest exploitation in a sustainable way and with the
circular bioeconomy as a vehicle. For this reason, in our future research, we will examine
those conditions that will govern planning at the European and national levels through
international experts and the Delphi approach. The ultimate goal is to formulate forest
environmental and circular economy programs that will ensure sustainability, promote
circular bioeconomy forestry products and the economic result for local communities
connected to the forest.
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Piotrowski, S.; et al. Development of the Circular Bioeconomy: Drivers and Indicators. Sustainability 2021, 13, 413. [CrossRef]
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Abstract: Considering the emerging challenges posed by the spread of COVID-19, this study was
designed to evaluate citizens’ perceptions of the role of urban green areas in the era of COVID-19
in Greece. The evaluation was based on the implementation of an electronic questionnaire survey
through the Google Forms platform, which was conducted nationwide. The survey was conducted
in 2020 and 735 responses were collected in total based on 14 structured questions. Among the
key findings of the study, of notable importance is that citizens considered urban green areas as
an important means of improving public health, while citizens were willing to accept an increase
of EUR1 to EUR20 in their municipal taxes for improving the services offered by the urban green
areas. Results indicate that in a period of both climatic and public health crises, healthy and green
urban environments can play a seminal role for alleviating and mitigating different challenges and
impacts, while at the same time ensuring sustainability of urban ecosystems. A certain necessity
arises for investigating the socioeconomic importance of urban green areas both from an ecosystemic
and public health perspective considering the novel challenges of COVID-19 to public policy and
decision making.

Keywords: urban green areas; socioeconomic welfare; COVID-19 pandemic

1. Introduction

The interdependence and interconnection of the urban and natural environment of the
city can be observed in urban green areas [1]. This connection is of the utmost importance
for life in cities and for their inhabitants, and therefore the importance of urban green
spaces for the well-being of city dwellers should be recognized [1].

The association of urban green areas (UGAs) with public health is highly acknowl-
edged in global policies and reports, indicating that urban green spaces can provide
important socioeconomic and health benefits [2,3]. The recent COVID-2019 pandemic
further underlined the significance and the role of UGAs and urged the need for rethinking
the design and organization of modern cities to more resilient and sustainable schemes. The
WHO’s manifesto for a healthy recovery from COVID-19 [4], outlines “Building healthy
and liveable cities” as one of the six main prescriptions for a green and healthy recovery
from COVID-19. Specifically, recommendations relate to “pedestrianizing streets and mas-
sively expanding cycle lanes—enabling “physically distant” transport during the crisis,
and enhancing economic activity and quality of life afterwards,” which outlines the tandem
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socioeconomic and health benefits that can arise from sustainable UGAs, also in line with
the recent recognition of the “right to a healthy, clean and sustainable environment” of the
COP27 decision [5].

However, the positive effects of urban green spaces on citizens’ well-being cannot
be fully acknowledged and expressed in monetary terms. This is due to the fact that the
existence of urban green space does not provide direct economic benefits to the citizens.
Urban green infrastructure has positive effects on citizens’ well-being through the provision
of essential ecosystem services, i.e., “the benefits people obtain from ecosystems” [6] thus
increasing their quality of life. Ecosystems services such as carbon sequestration (regulating
ecosystem service) or even the aesthetic pleasure (cultural ecosystem service) are factors
that indirectly influence the citizens’ well-being and should be taken into consideration.
However, it will be also illustrated that the existence of urban green spaces is seen as an
amenity and contributes to the increase of property values that are located in the vicinity of
those areas [6].

It is characteristic that in the many case studies, where the effect of urban green spaces
on citizens’ well-being is estimated, the “hypothetical market” method is employed. The
reason is obvious, since there is no real market for goods and services those spaces may
provide. Therefore, the economic value of such urban spaces is extracted through the
creation of hypothetical market conditions and is expressed through the willingness to
pay or other indirect positive effects, such as carbon sequestration, are also estimated,
as these contribute to an ameliorated quality of life in urban areas [7]. Additionally, the
increased value of properties located near the area of green urban spaces can be regarded
as an indirect monetary indicator that highlights the need for such spaces.

Such estimation is of primary importance. With the help of monetary valuation, the
main challenges regarding the governance of the urban green space can be identified.
More specifically, these challenges include the increase in development pressure due
to population growth and economic constraints on the municipal budget, the loss of
expertise and the low awareness of the green benefits to various factors through insufficient
communication [8,9].

Several studies have been carried out throughout the last years that attempted to
underline the critical importance of UGAs by highlighting the positive effects theses area
can have on citizens’ well-being [2,3,10,11]. Nevertheless, it is often an arduous task to
codify those benefits to human welfare by devising one single metric or indicator that will
be based on monetary values [12]. Undoubtedly, UGAs’ positively influence human well-
being, as they provide specific ecosystem services. Some of those ecosystem services have
an indirect impact on citizens’ well-being. However, their role should not be undermined
at any circumstance and they should be carefully researched and adequately assessed [13].
Additionally, the multidimensional role of UGAs has been underlined in the research,
stressing their importance in urban areas [14]. Obviously, important aspects of citizens’
well-being such as health preservation and recreation can be influenced by the planning,
realization and maintenance of UGAs, such as parks and forests [14].

Concerning the Greek peninsula, the recent rapid warming trends have been shown to
have an impact on the viability and growth of vegetation on urban and natural settings [15].
In addition, recent studies have evaluated the changes in aridity in the last century in Greece
and identified that the recent climatic period is characterized by more arid conditions
compared to the past, suggesting also reduced water availability for the natural and urban
vegetation, with significant impacts on plant growth, which is also supported by other
studies on Greece [16,17]. The warming trends and the changes to more arid conditions are
even rapidly occurring in Greek cities [18–24]. Under such climate conditions, the green
infrastructure in Greek cities is already coping with climate change and are considered a
regulatory tool to mitigating urban climate and the urban heat island (UHI) phenomenon
imposing an urging need for sustainable urban planning. However, in Greek cities, the
availability of green spaces is generally scarce, especially in densely populated and built-up
areas such as Athens. Specifically for the city of Athens, Giannopoulou et al. [25] and Livada
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et al. [26] explored the UHI phenomenon in 25 sites inside the city during the summer
period and suggested the division of the city in five geographical zones considering their
thermal balance characteristics. Both studies identified that the industrial western and
central parts of the city had higher air temperatures compared to the northern and eastern
parts, underlining the positive cooling effect of green spaces, which is also addressed in
other studies conducted in Athens, either in urban parks [27–29], small courtyards [30,31],
or single trees [32].

According to recently conducted studies on the impact of the COVID-19 pandemic
in cities [33], the main findings indicate that overall, the health and well-being in cities
worsened due to the COVID-19 pandemic, while the built environment has contributed
to COVID-19-related changes in health and well-being, with denser neighborhoods being
particularly linked to lower well-being during COVID-19 [34,35]. In a study conducted
in Mexico City, it was highlighted that UGA use has served as an option to decrease the
effects of stress and isolation caused by COVID-19. More specifically UGAs have served
as a “coping mechanism” that has increased citizens’ physical and mental well-being [36].
Nevertheless, in low- and middle-income neighborhoods where there is a lack of UGAs,
the problem of access has been highlighted as a crucial factor that has hampered citizens’
well-being in those areas [36].

Furthermore, a general trend concerning visits to UGAs has been observed. In an
extreme case, a threefold increase in recreational use of outdoor spaces in and around Oslo,
Norway has been found [37,38]. A similar but considerably lower trend can be found in
other European cities. In Bonn, Germany, visitors’ visits to urban forests nearly doubled
during March 2020 [39]. In the UK, researchers found evidence of a radical substitution of
leisure time for recreation in available UGAs coupled with a drastic decrease of car use by
47% [40]. On the contrary, a 13.1% decrease in visits to UGAs has been observed in Poland,
which was merely the result of a regulation banning the use of UGAs. However, over 50%
of the respondents admitted that visits to UGAs have a considerable positive effect on
their well-being [41]. Similarly, a study conducted in six countries (Croatia, Israel, Italy,
Slovenia, Lithuania, and Spain) revealed similar conclusions. Characteristically, 64% of the
respondents in Spain and in Italy limited their visits due to the government restrictions.
This happened to a lesser extent in the other countries. Nevertheless, COVID-19 curfews
and access restrictions to UGAs highlighted the physical, cognitive and emotional need
that could by fulfilled by UGAs. Characteristically, respondents underlined that during the
COVID-19 period they missed their park-related activity, e.g., exercising outdoors, meeting
other people observing nature, and breathing fresh air [42].

2. Methods

Considering the emerging challenges posed by the spread of COVID-19, the current
study was designed to evaluate citizens’ perception of the role of urban green areas iduring
the COVID-19 pandemic in Greece.

The purpose of this study was to elucidate:

• Citizens’ considerations of urban green areas as an important means for improving
public health;

• Citizens’ perception in regard to urban green areas being hotspots for improving
public health;

• A trade-off question between different economic preferences of a service in the form
of a public good, access to urban green areas vs free access to home internet for each
month of lockdown measures;

• Citizens’ ranking of favorite urban ecosystem services in the era of lockdown.

The study’s structure was based on the following steps:

• Design of the questionnaire by the research team;
• Conducting the survey through a web questionnaire;
• Evaluation and analysis of results by the research team.
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The evaluation was based on the implementation of a web survey, uploaded on
a Google Forms questionnaire, which was conducted at a national scale and distributed
through a frequently visited meteorological website (www.meteo.gr, accessed on 11 October
2022) run by the National Observatory of Athens. This website is a popular meteorological
data website with a high number of daily visitors, and for the purposes of the survey
a special banner appeared randomly to visitors on the home page, from which visitors
followed a link to the web survey. The survey was conducted from 25 November to 15
December 2020, with a total of 735 responses collected within this period from all over the
country. It should be noted that during the first year of the COVID-19 outbreak, a set of
lockdown measures was imposed by the Greek authorities starting in March 2020, while
the measures were gradually eased from May 2020 onward.

The survey was based on 14 questions that were structured on the following main pillars:

• Citizens’ considerations and perceptions of urban green areas in relation to the COVID-
19 pandemic using different scaling options based on each question;

• Citizens’ appraisal of ecosystem services provided by the UGAs in their municipality
by using a grade from 1 to 5;

• Citizens’ perceived socioecological benefits linked to the importance of UGAs, ranked
on a four-point scale;

• Citizens’ willingness to pay for selected ecosystem services through an increase in the
municipal tax for improving UGAs;

• Demographic data.

The participants were all inhabitants of the Greek peninsula, and during the COVID-
2019 quarantine had to follow the limitations in transportation imposed by the Greek
government. It should be noted that the climate of Greece is generally mild, allowing visits
to parks and green areas most of the days of the year. More specifically, Greece’s climate is
Mediterranean and according to Thornthwaite’s aridity classification [43,44] is humid in
most areas, but there are also regions with subhumid or subarid climate [15,45].

3. Respondents’ Profile

Regarding the respondents’ characteristics (Figure 1), the questionnaire was filled
predominantly by males (71%). Furthermore, the respondents’ level of education was high
or very high, as 48.4% were university graduates and 34.6% had master’s degrees or PhDs.
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Figure 1. Distribution of the participants by (a) gender and (b) educational level.

As far as occupation is concerned (Figure 2), 33% of the respondents were employed,
while 22% were self-employed, followed by civil servants (18%), pensioners (12%) and
unemployed (9%).
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Figure 2. Occupation of the participants.

The composition of the respondents’ households varied principally between 2–4 persons
(79.2% of the responses). The annual household income (Figure 3) was divided between
those having an income more than EUR20,000 (44%) and those on less than EUR20,000
(56%). It should be noted, however, that the participants were almost equally distributed
between the different household income classes, presenting percentages within a small
range (from 16% with household income of EUR5,000–10,000 to 26% with household
income greater than EUR25,000). This distribution indicates that the interest of the citizens
in UGAs is independent of their financial status.
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Figure 3. (a) Household members and (b) annual household income (in EUR1000s) of the participants.

Concerning the participants’ origins, it should be noted that all were citizens with
permanent residence in Greece. Their distribution in the 13 Greek prefectures indicated
that all prefectures were represented. The great majority of the responders (65.3%) were
living in the broader area of Athens (prefecture of Attica), whereas the prefecture of Central
Macedonia (hosting the second-largest city of the country, i.e., Thessaloniki) also showed
a high percentage (10.5 %). All other prefecture percentages were significantly smaller,
varying from 0.5% for the Ionian Islands to 5.2% for Crete.

4. Results
4.1. Willingness to Pay for Ecosystem Services Related to Urban Green Spaces

The 735 participants of the survey were asked to appraise different ecosystem service
functions provided by the UGAs in their municipality using a grade from 1 to 5. The
average scores for each service function are depicted in Figure 4. The participants valued
most (4.36, sd: 1.00) the upgrade of the aesthetic value of the urban landscape and to
a similar degree (score 4.35, sd: 1.05) the climate regulation services and the noise and
air pollution reduction (score 4.28, sd: 1.09) that the green infrastructures provide in the
city. The score of the landscape aesthetic values presented no statistical difference in
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scores for the services of climate regulation (p = 0.696) and the noise and air pollution
reduction (p = 0.089), but were significantly different (p < 0.001) for all other services. The
recreation activities and the conservation/enhancement of the biodiversity appear to be
less important for the participants with scores 3.76 (sd: 1.20) and 3.87 (sd: 1.25), respectively,
which presented no significant difference (p = 0.116). Citizens evaluated the recreation
activities and also the function of UGAs as a play space for children with lower scores (3.76
and 4.02, respectively) compared to landscape aesthetics or the UGAs’ ability to regulate the
local urban climate, suggesting that the average participant indicated an environmentally
sensitive profile. The relatively low score for the function of UGAs as biodiversity hotspots
in the city is probably explained by the fact that the citizens’ idea for a UGA is that it
should provide security and enhanced aesthetic surroundings to the visitors and that a
great variety of floristic or fauna species would probably not be a priority.
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Figure 4. Average scores for the appraisal of the UGA services based on the evaluation of the
participants (n = 735), using a 5-degree scale.

The participants also ranked the importance of UGAs on enhancing socioecological
benefits based on four given options, and the average scores are presented in Figure 5
using a 4-degree ranking scale. In all cases, the score differences were statistically different
(p < 0.001). Securing public health and natural environment gained the highest score
(3.52/4.00) among the benefits of UGAs, whereas the production of food, drinking water or
other basic materials had the lowest score, i.e., 2.48. This was expected, considering the
impact of COVID-19 in public health and local communities. However, the relatively low
score for enhancing social relations and social networks is notable, especially during the
restrictions imposed for restraining the spread of COVID-19.
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Figure 5. Average scores for assessing UGA importance for specific benefits using a 4-degree scale.

The question on the respondents’ willingness to accept an increase in municipal taxes for
specific services (Figure 6) revealed that 27% would be willing to pay for the amelioration
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and enhancement of green urban spaces for public health purposes. Surely, this question
was greatly influenced by the COVID-19 restrictions, i.e., curfews, as well as the discussions
regarding a lower spread of COVID-19 in open spaces. Interestingly, a fair share of the
respondents would be willing to accept an increase in taxes for urban green spaces as a
measure against climate change (20%) or for environmental conservation (18%). Then, taking
into consideration the fact that urban green spaces are mainly dedicated to recreation activities,
only 16% of the respondents were willing to additionally pay for that service.
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Figure 6. Responses on services accepted for an increase in the municipal tax for improving UGAs.

The level of the additional tax increase varied among the respondents (Figure 7). On
the one hand, 26.2% were willing to pay the highest amount possible (EUR10–20 per year)
or the second-highest amount (EUR7.5–10 per year). On the other hand, 23.5% were willing
to pay the lowest possible amount (EUR1–2.5 per year).
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Figure 7. Responses on the monetary level of municipal tax increase (euros per year) citizens accept
per year (household level).

4.2. COVID-19 and Urban Green Spaces

Between the “dilemma” among small and numerous or large and few urban green
spaces (Figure 8), there is a slight preference towards the first option, i.e., many small urban
green areas (56.7%). This is surely based on the fact that the second option of large urban
green spaces is not realizable in urban centers in Greece, where open space is limited. Apart
from that, due to COVID-19 concerns, the option of many small urban green spaces would
facilitate the dispersion of the residents in urban centers and could prevent the spread of
the virus.
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Figure 8. Responses on the perception of safety of small vs. large UGAs in regard to experience from
the restriction measures (quarantine) to minimize the spread of COVID-19 (research question: “Based
on your experience from the restriction measures (quarantine) to minimize the spread of COVID-19,
do you think it is safer to have a lot small UGAs in your municipality, or few and large ones?”).

The visit frequency to urban green areas prior to the COVID-19 outbreak and the
subsequent restrictions was varied (Figure 9). In general, 34.5% would visit an urban green
space more than once a week, while 23.9% of the respondents would visit it only once a week.
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Figure 9. Responses on the frequency of visits of the UGAs before the beginning (March 2020) of
COVID-19 restrictions (research question: “How often did you visit the UGAs of your municipality,
before the beginning (March 2020) of the COVID-19 restrictions?”).

In general, it is obvious that COVID-19 restrictions had an effect on the visit frequency
(Figure 10), as 37.7% answered that these had a moderate effect. Nevertheless, 89% of the
respondents underlined that urban green areas are critical for the improvement of public
health. By analyzing the answers of all respondents, the average score of 4.85/5.00 also
suggests that the citizens’ perception of UGAs is highly associated with public health,
further enforcing the strong bond between citizens’ welfare and green infrastructure.

Regarding the perception change due to COVID-19 (Figure 11), 39% of the respon-
dents admitted that this had positively altered their perception in regard to urban green
areas being hotspots for improving public health. In general, 78.7% of the respondents
acknowledged a moderate (3) to maximum (5) change in their perception of urban green
areas. Also, 114 respondents (16% of the total number of participants) answered that their
perception of UGAs was less (grade 1) affected regarding the improvement in human
public health after the quarantine. It is interesting to note that the great majority (103) of
this latest group of citizens also considers that UGAs are of maximum importance for the
improvement in human health.
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Figure 10. Responses on (a) the change of frequency of visits in the UGAs change after the end (May
2020) of COVID-19 restrictions (research question: “How has the frequency of your visits in the UGAs
changed after the end (May 2020) of the COVID-19 restrictions?” and (b) importance of UGAs, regarding
the improvement of human health (research question: “How important do you consider UGAs to be,
regarding the improvement of human health?”) (grading scale: 1 = minimum to 5 = maximum).
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Figure 11. Responses on the degree that lockdown measures against the spread of COVID-19
altered the perception of citizens in regard to urban green areas as a means of improving public
health (research question: “How much was your perception about the UGAs affected, regarding the
improvement of human public health after (March 2020) the restriction measures (quarantine) for the
prevention of spreading COVID-19?”), (grading scale: 1 = minimum to 5 = maximum).

In a trade-off question (Figure 12) asking them to select one of the two options in
case a service was offered them gratis in the form of a public good, participants chose
by great majority (82%) their access to urban green areas instead of having free access to
home internet for each month of lockdown measures. This finding highlights the “use
value” of urban green areas as a public good, hinting at high welfare values derived from
the existence of urban green areas. It is also interesting to note that about 18% of the
participants stated their preference for free internet access at home during the quarantine,
against the option for accessing UGAs. About half (52%) of these responders believe that
visiting or staying in UGAs is not very safe for the transmittance of diseases and they
gave scores less than 3 (1 = least safe–5 = most safe) to the relevant question. In addition,
only 12% of this group visits UGAs on a daily frequency, which is half the respective
percentage (24%) for the other group of respondents that prefer to have access to UGAs
during quarantine.
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Figure 12. Responses on the selection of trade-off between two options considering lockdown
measures against the spread of COVID-19. Research question: “Which of the following 2 options
would you choose in case of restriction measures (quarantine) for stopping the spread of COVID-19?”

The next question (In case of restriction measures (quarantine) to help minimize the
spread of COVID-19, which of the following services would you choose to be available for
the general public? Figure 13) revealed that the great majority of the respondents would
opt for access to public parks (41.2%) and urban forests (34.6%). This is mainly influenced
by the curfew measures due to COVID-19, where residents were restricted to their homes.
Therefore, the need of going to open spaces and spend some time there was preferable to
other options that included visits to other spaces, such as sport centers and busy streets
with shops. The high preference of respondents for the green (76%) against the blue
(17%) infrastructures is also notable, and is possibly attributed to the season (late autumn
and early winter) of the research, since during this period of the year, the general public
indicates an increase interest for green-related activities. In all cases, however, the green
and blue infrastructure facilities comprised about 93% of the respondents’ preferences.
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Figure 13. Responses on the preference of services that citizens prefer to be available to the wider
public in case of lockdown measures against the spread of COVID-19 (research question: “In case of
restriction measures (quarantine) to help minimize the spread of COVID-19, which of the following
services would you choose to be available for the general public?”).

Lastly, citizens appear to feel quite safe in regard to COVID-19 transmission during
their presence in urban green areas (Figure 14). More specifically, 72.2% of the respondents
assessed their visit to urban green areas as very safe (4) or even safest (5). It is worth noting
that 54% of these citizens considered that in their municipality, many and small UGAs were
safer regarding the transmission of COVID-19 against fewer and larger ones, whereas the
rest (46%) supported the opposite. For the 28% of the respondents that gave a score less
than 3 (1 = least safe to 5 = most safe) when evaluating how safe they feel in UGAs, the
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abovementioned percentages concerning the number and the magnitude of the UGAs give
a clearer picture, since this citizens’ group considers the many and small UGAs safer in
terms of preventing COVID-19 transmission by 63%.
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Figure 14. Responses on citizens’ perception of safety of presence in urban green areas in regard to
disease transmission (research question: “How safe do you consider the visiting/staying in urban
green areas regarding the transmission of diseases?”), (grading scale: 1 = least safe to 5 = most safe).

5. Discussion

Among the key findings of the study, of notable importance is that citizens saw
UGAs as an important means for improving public health, while citizens were willing
to accept a certain increase in their municipal taxes for improving the services offered by
UGAs. It is interesting to note that the main reasons behind this acceptance were basically
environmentally related, such as climate change or environmental conservation. A further
important finding of the survey is the dilemma between free internet access and free access
to UGAs. The clear preference for the latter option, i.e., free access to UGAs, was partially
biased by the COVID-19 restrictions. It should be noted that conducting this study in
the period following the strictest curfews of the COVID-19 pandemic in Greece led to a
significant bias towards the perception of UGAs in citizens’ perception. The choice of the
trade-off question was utilized as a means for controlling this bias, and indeed it was found
that citizens indicated a much higher degree of preference towards the free access to UGAs.
Combined with the tandem acceptance of an increase in their municipal taxes, this clear
preference reveals that in situations of public health emergencies, such as the COVID-19
pandemic, UGAs emerge as a means to fulfil the citizens’ physical, cognitive and emotional
benefits. In that way, the role of UGAs as a public good and the “vehicle” for increasing
the citizens’ well-being is highlighted. Further interesting findings include the citizens’
acknowledgment that UGAs are critical for public health, while the majority supported
that the COVID-19 restrictions substantially affected their perception of UGAs. To that
end, the vast majority of the respondents perceived UGAs as safe spaces regarding the
transmission of COVID-19.

It has already been presented how UGAs have a positive influence on citizens’ well-
being [2,3,10,11] and how difficult its codification through a single metric can be [12]. This
influence is surely multidimensional and there is further need for research [13,14]. In general,
this preliminary study should take into careful account the contribution of UGAs to the urban
environment along with the possible positive effects on citizens’ quality of life and positive
influence on citizens’ well-being through the activities that could be carried out in UGAs, e.g.,
recreation and socialization [14]. Additionally, it has been apparent from other studies, as well
as this research, that COVID-19 curfews gave a “window of opportunity” so as to highlight
the importance of UGAs [37–42]. More specifically, it was shown that UGAs emerged as
places where citizens’ physical, cognitive and emotional need were fulfilled and satisfied. On
the contrary, access restriction to UGAs or a lack of UGAs in the vicinity of citizens’ residence
resulted in feelings of isolation and consequently to lower well-being [34–36,42]. Furthermore,
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the importance of UGAs is also expressed in increased rates of WTP for the construction
and maintenance of UGAs [46,47]. Consequently, it can be assumed that the COVID-19
curfew triggered a “crisis,” thanks to which the multidimensional and (until then) hidden
advantages of UGAs were unveiled.

6. Conclusions

This study’s findings highlight the utmost importance of urban green areas for achiev-
ing the Sustainable Development Goals, specifically “Goal 3: Good Health and Well-Being”
and “Goal 11: Sustainable Cities and Communities.” Our results indicate that in a period
of both climatic and public health crises, healthy and green urban environments can play
a seminal role in alleviating and mitigating different challenges and impacts, while at
the same time ensuring sustainability of urban ecosystems. In regard to policy recom-
mendations, the current study’s findings emphasize the need to further investigate the
socioeconomic importance of urban green areas from an ecosystemic and public health
perspective considering the emerging challenges of COVID-19. The results of this study
could be utilized both by researchers and policy makers and similar studies should be
mainstreamed for policy makers and experts in order to assist the design of healthier and
safer municipalities according to existing initiatives at national and international levels.

It should be noted that responsible local and/or regional authorities and experts
should take into account all the necessary parameters related to the realization of UGAs, i.e.,
the benefits, the possible spillover effects, the emergent threats, as well as the management
costs. Therefore, a comprehensive study regarding the realization and maintenance of
UGAs of all categories, i.e., urban parks or forests, should be carried out beforehand.
This should be the starting point before the composition and implementation of any plan
regarding UGA management.

It becomes evident that policy makers should incorporate climate governance in
the management of green infrastructure at the local level through the establishment of
integrated policy frameworks focusing on urban green areas. This implies considering
open urban spaces not as isolated units, but as vital elements of the urban landscape with
their own contribution to the goals of sustainability and the adaptation and mitigation of
the effects of climate change.

The key limitations of this study are associated with the both the respondents’ profile,
mainly male, university graduates and the exact place of residence of participants, since
the city typology might influence the accessibility to UGAs, citizens’ perceptions of UGA
importance, as well as respondents’ age, which in web surveys could be linked to relatively
younger respondents.
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Highlights:

• Airborne LiDAR data are used to assess defoliation in old-growth forest stands in Warsaw, Poland
• It was found that defoliated trees are often of old age and cause severe risks to visitors in the

two assessed urban nature reserves.
• Both reserves were affected by a severe winter storm and closed to visitors and old trees valuable

for biodiversity were cut at a high rate, respectively.
• The proposed methodology helps predict risks to visitors and can be used to develop precise

visitor management, visitor information, and other targeted measures to ensure trade-offs
between biodiversity potential and visitor risks are minimal.

Abstract: Urban nature reserves in Poland are precious relics of ancient nature with preserved
biodiversity. They consist of valuable trees several 100 years old, are biodiverse, and are valuable
recreational spaces right in and around cities. It is therefore critical to manage tradeoffs between
visitor safety due to, e.g., falling dead branches and the need for old-grown trees for biodiversity
conservation. This study aimed to determine whether airborne laser scanning data (LiDAR) can
confirm that trees exhibiting the worst crown defoliation are the first to be damaged in storms. Our
results show that during Storm Eunice in 2022, the detected defoliated trees, in fact, were damaged
the most. Despite such evidence available to the city, no targeted changes to the management of
the reserves were taken after the storm. One of the forests was completely closed to visitors; in the
other forest, areas with damaged trees were fenced off, and then, the remaining branches and fallen
trees were removed to make the forest available for recreation. Using available evidence such as
LiDAR data, we propose more targeted and nuanced forms of managing biodiversity conservation in
conjunction with visitor safety. This includes the establishment of priority areas, visitor information,
and visitor management. This way, airborne laser scanning and Geographic Information Systems can
be used to balance management needs accounting for both biodiverse old-grown forest structures
while at the same time providing added safety for visitors.

Keywords: LiDAR; urban forest; biodiversity protection; urban green infrastructure; risk management;
remote sensing

1. Introduction

Urban forests are valuable sources of nature and biodiversity of flora and fauna in
cities, providing psychological and recreational benefits that contribute positively to the
well-being of individuals [1–5]. These benefits often indicate their importance as a place
of rest, such as events, tourism, and the way to get to work or spend free time [1,6].
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Urban forests can generate significant ecosystem services (ES) such as ecological benefits
(e.g., wildlife habitat and connectivity) [7,8], economic benefits (e.g., improved hospital
recovery times and reduced crime rates) [9,10], offsetting carbon emission [1], removing
air pollutants, reducing noise, regulating the local climate [11–13], health [13,14] cultural
benefits (e.g., recreation), esthetic values, and amenity [5,15–17]. In this direction, linking
ES and people’s preferences to forest recreation can be a component of supporting and
informing socio-ecological interfaces around recreation in biodiverse areas [13,18].

Forests are of outstanding importance in biodiversity protection in the urban environ-
ment, especially in highly urbanized areas where natural habitat remains scarce otherwise.
Multiple red-list and endangered species can be found in urban forests [18,19]. Especially
important in this regard are old trees, amplifying the value of urban forests as refuges
of biodiversity. At the same time those forests are often also active places of recreation
Maintaining the biodiversity that old trees can support is associated with limited inter-
ference through care works, e.g., cutting down old trees or fallen branches. This in turn
can pose threats to the safety of visitors, can hinder recreation in forests, and can cause
injuries. Managers often exclude these places from recreation, which makes outdoor mov-
ing (such as running, walking, and cycling) in urban forests difficult and causes public
dissatisfaction [20].

This highlights that urban forests face a multitude of management challenges, ranging
from implications of climate change that lead to an uncertain and complex future for urban
forests [21,22] to impoverished or disturbed soils to strategic challenges such as the lack
of relevant policies and inadequate operating budgets [23,24]. The combination of the
issues of management and benefits of urban forests and natural protected areas with their
recreational function, especially in Poland, is an increasing problem and challenges city
managers [18,25].

Remote sensing (RS) has been developing intensively in recent years and provides a
range of solutions that can be successfully used for inventory and monitoring of greenery
in the city, mainly trees. RS is engaged in the acquisition and processing of data obtained
though the registration of emitted electromagnetic radiation with the use of specialized
sensors. This data can be recorded from different platforms: satellites, aircraft, air and
ground unmanned vessels [26–30].

In this study, two forests in Warsaw were analyzed: the Bielański Forest and the
Kabacki Forest, which are under species protection (nature reserves) and are recreational
areas of Warsaw. Moreover, due to numerous storms, together with compound hot and dry
events in recent years, urban forests in Poland have been damaged. Therefore, research on
LiDAR (light detection and ranging) and its products, such as the High Structural Diversity
Tree Crown Map for Warsaw from 2018 to 2020, is a new tool that can find new applications
in the monitoring of larger urban green infrastructures and urban forests [26].

In this study, we focus on the biodiversity and recreation by inhabitants in two urban
forests (nature reserves) in Warsaw in Poland. This dissimilarity needs to be addressed
especially in the cases included, where the forest area has recreational functions but also has
intensive tree growth, where human interference in care is limited due to legal regulations.
Hence, the areas where compromises appear or may appear and the priority setting for
forest health, people’s safety, tree species patterns, and forest management were specified
in this study.

In urban nature reserves, both the value for biodiversity and the accessibility for
visitors need to be regarded in management. In cities the need for recreation and leisure in
natural areas is high due to the lack of similar areas for active recreation in cities, and the
only way for some urban residents to get in contact with nature which could be limited
due to nature preservation of local law [4,18,20,27–34].

Safeguarding visitors is particularly important in the context of the increasing fre-
quency of weather anomalies, the “new climate normal” [4,35]. Knowing that nature
reserves are subjected to minimal care activities in Poland, also their health monitoring
is rather marginal, which distinguishes these places from other green parks or street
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trees, which are much better monitored and examined in the context of plant health
needs [4,31,32]. It is this issue that we decided to undertake the research in this article;
specifically, we ask the following research questions:

1. What is the species diversity of the defoliated trees against the background of the total
forest trees in the areas under consideration?

2. What is the risk pattern in both forest reserves associated with defoliated trees?
3. What is the impact of Storm Eunice (Feb. 2022), and which species were most

severely affected?
4. How accurately can we predict the risks for visitors using ALS (airborne laser scan-

ning) data, and what suggestions for management can we derive from them for the
combined protection of visitors and biodiversity?

2. Literature Review: The Use of Tree Crown Mapping to Monitor Urban
Nature Reserves

Biodiversity in urban forests faces increasing pressures due to human and natural
influences that alter vegetation structure. Because of the inherent difficulty of measuring
forested vegetation’s multidimensional structure on the ground assessments are often
restricted to local measurements [33]. Our study fills this gap using remote sensing in
the management of biodiversity-related issues, which is underrepresented in urban RS
literature [27–29,34–37]. Sensor data of places known to people can broaden discussion
regarding climate change or the role of forest trees in cities [35,38,39], making monitoring
technologies and the data they produce valuable [40]. Thus, forest management in urban
and peri-urban areas can largely benefit from air-/space-borne methods as the effects of
LiDAR can be widespread, whereas forest staff methods and tools to monitor the health
of trees are often limited [40–50]. What is more, this subject seems reasonable to find a
compromise between the protection of forest biodiversity and the possible ways of active
recreation of visitors and their safety [13]. It can be presumed that a clear reason for
considering the problems of urban ecology is that a “forest is not equal to a forest” due to
threats and disruptions of forest functions understood as ecosystem services.

Airborne laser scanning is a tool for detailed local assessments and can be used
for tree crown mapping [26–29,51–53]. In the RS literature, we can find papers using
LiDAR as a measure of vegetation cover [54]. These data are often understood under
various names, e.g., as airborne LiDAR data [55], and each time require checking the
data acquisition, e.g., Sentinel-2 [45,56] or ALS [57]. In Poland, LiDAR is most often used
in environmental monitoring by foresters [56–59]. Globally, it is often used to measure
forest density, e.g., in Australia [54], or measurements of woodlands using GEOBIA and
the program from Worldview 2 [60] and ecosystems by using high-resolution imagery
through object-based image analysis [61], e.g., forests in Africa. A category of novelty
in environmental monitoring is mapping the biodiversity of heterogeneous landscapes
using LiDAR and ecoacoustics [62] and mapping canopy dominant trees based on some
indicators, i.e., temperature [63]. It is becoming more and more common to measure
street trees using hyperspectral imagery [50,64] e.g., in some cities in Central Europe like
Leipzig [4]; as well as to measure selected green areas using UAV (Unmanned Aerial
Vehicle) [65], e.g., SOWA, often in Poland use to control also AQI (Air Quality Index) [57].

As is presented in RS literature, the papers point out that LiDAR technology could be
used to obtain spatial information on forest characteristics, but tree species identification is
still challenging. However, there are a few papers indicating the biodiversity of green areas,
especially large ones, e.g., on a regional scale in China [53] or on a city scale in Poland in
Warsaw [26–29]. In the case of the High Structural Diversity Tree Crown Map for Warsaw,
due to the large area of the city (517 km2), ALS is divided into two stages. First, in 2018,
the northern part of the city was raided, including the Bielański Forest. Secondly, in 2020,
the southern part of the city, including Kabacki Forest, was raided. In total, an inventory
of 9,000,000 pts. of trees was measured by ALS in Warsaw [65]. During the ALS, the
following conditions had to be observed: adequate sunny weather during the vegetation
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period and clear skies. The map is originally called the Tree Crown Map (pl. “Mapa koron
drzew”). It is also available online in basic views. In our research, its name is refined due
to the parameters showing the species differentiation of trees [66]. This makes it possible
to distinguish the ALS map from similar maps such as the National Tree Crown Map (pl.
“Krajowa mapa koron drzew” or “mapa koron drzew”), which shows the site globally
accessible through RS online monitoring but shows only the height and distribution of trees
based on Sentinel-2 satellite data [67]. Besides all those developments in remote sensing the
topic of biodiversity assessments in urban nature reserves with the application of LiDAR is
still to be explored.

3. Case Introduction

In our study we assessed the Bielański Forest and the Kabacki Forest, which are both
located in the city of Warsaw (area 52,720 ha, population: 1,860,281) in Central Poland.
Both cases are relics of the former Mazovian fluff, with the oldest trees ranging in age from
300 to 400 years [68–71]. These forests are nature reserves where human interference is
ought to be reduced. Care treatments in these forests are carried out sporadically, which
are mostly limited to the removal of dry fallen branches on pedestrian and bike paths. The
guidelines for landscape protection (pl. Plan ochrony lasu) [72] of nature reserves are based
on minimizing these threats by establishing a new protection plan, which is an obligatory
document for nature reserves in Poland.

In the Bielański Forest, nature protection is additionally necessary due to excessive
visitor movements because of the location of a university in the center of the forest and
active forms of recreation by residents. In Poland, it is common to use forests for recre-
ational or tourist purposes due to the lack of green areas that may relieve reserves from
anthropogenic pressure [73,74]. The Bielański Forest nature reserve is in the Bielany District
in the northern part of Warsaw (Figure 1A). It covers an area of 130.35 ha. It is under the
protection of the Nature 2000 Area (PLH 140041), which protects important European forest
habitats and species. It is the remnant of the former Mazovia Primeval Forest, which has
300–400-year-old oak trees and many other tree nature monuments [71].

Land 2023, 12, x FOR PEER REVIEW 5 of 26 
 

 

 

Figure 1. Location of forest areas in Warsaw, Poland: A—the Bielański Forest, B—the Kabacki Forest 

(author’s elaboration based on: Open Street Maps [75] and Geoportal [76]). 

4. Methodology 

4.1. Research Framework 

The research framework of the present study is described below. It consists of, first, 

a literature review on biodiversity and LiDAR regarding tree crown mapping. Secondly, 

two similar urban forest areas (urban nature reserves) were selected, both of which are 

important for recreation in Warsaw. Second, spatial analysis was performed in QGIS, us-

ing the High Structural Diversity Crown Map of the selected forests, finding areas with 

the highest index of defoliation (presented in Tables S1 and S2). Based on the collected 

data, two steps were done, as follows: (1) biodiversity maps for defoliated trees (range 65–

100% defoliation), and (2) the maps of the dangerous trees (defoliated trees) were created 

for both forests. Based on the highlighted locations, the coordinates of the weakest trees 

in both cases were localized in the database and mapped in QGIS (an Open-Source Geo-

graphic Information System). Using these locations, site observations were performed in 

tow steps, as follows: (1) field workshops with health condition analyzes of the selected 

trees, in which deadwood, broken branches, humus diseases, leaning trees, and threats to 

human health and recreation were evaluated, (2) supplementing the tables of defoliated 

trees of their health characteristic including height and health conditions were done. 

Based on GIS information and field mapping hazard maps with dangerous trees were 

created with safety buffer zones around them. Finally, further directions for development 

and guidelines for local authorities and citizens and the application of this research in the 

future in similar cases and scientists in the fields of urban ecology, landscape architecture, 

forestry, dendrology, and RS were presented (Figure 2). 
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The Kabacki Forest nature reserve is in the Ursynów District in the southern part of
Warsaw (Figure 1B). It covers an area of 903.53 ha, which is seven times larger than the
Bielański Forest. It is also under nature protection (Warsaw Landscape Protection Area
site), with numerous natural monuments and a valuable natural landscape of Mazovia [71].

The effects that Storm Eunice had on Bielański Forest and the Kabacki Forest were
analyzed in this study. Storm Eunice was an intense extratropical cyclone in February 2022
doing damage in Western and Central Europe with recorded wind speeds of over 130km/h.

166



Land 2023, 12, 275

In the Kabacki Forest, Storm Eunice knocked down multiple old trees. This led the local
authorities to temporarily close the forest for about one month. In the Bielański Forest, the
effect of the storm was weaker, and only a few ill trees were knocked down [69,70]. Hence,
it was not closed, but the trees posed a real threat to the inhabitants, similar to the case of
the Kabacki Forest.

Both forests are located in the Warsaw escarpment along the Vistula River. They
represent two major green spaces for recreation for Warsaw residents, the Bielański Forest
in the north and the Kabacki Forest in the south. These two forest areas were most strongly
affected by the storm.

4. Methodology
4.1. Research Framework

The research framework of the present study is described below. It consists of, first,
a literature review on biodiversity and LiDAR regarding tree crown mapping. Secondly,
two similar urban forest areas (urban nature reserves) were selected, both of which are
important for recreation in Warsaw. Second, spatial analysis was performed in QGIS, using
the High Structural Diversity Crown Map of the selected forests, finding areas with the
highest index of defoliation (presented in Tables S1 and S2). Based on the collected data,
two steps were done, as follows: (1) biodiversity maps for defoliated trees (range 65–100%
defoliation), and (2) the maps of the dangerous trees (defoliated trees) were created for both
forests. Based on the highlighted locations, the coordinates of the weakest trees in both
cases were localized in the database and mapped in QGIS (an Open-Source Geographic
Information System). Using these locations, site observations were performed in tow steps,
as follows: (1) field workshops with health condition analyzes of the selected trees, in
which deadwood, broken branches, humus diseases, leaning trees, and threats to human
health and recreation were evaluated, (2) supplementing the tables of defoliated trees
of their health characteristic including height and health conditions were done. Based
on GIS information and field mapping hazard maps with dangerous trees were created
with safety buffer zones around them. Finally, further directions for development and
guidelines for local authorities and citizens and the application of this research in the future
in similar cases and scientists in the fields of urban ecology, landscape architecture, forestry,
dendrology, and RS were presented (Figure 2).

4.2. Materials

In the years 2018–2020, the municipality of Warsaw city acquired three products
from MGGP Aero SA company: (1) laser scanning (ALS), (2) hyperspectral imaging, and
(3) multispectral imaging. The Hyspex hyperspectral scanner recorded radiation in the
400–2500 nm range using three sensors. The multispectral resolution of the data was 0.1 m.
The number of spectral channels was 3 (RGB). The average scanning density of the LiDAR
dataset was 14 points per 1 square meter. Tree crown information (CHM) was obtained
from the point cloud [26].

Finally, the database provided by the City of Warsaw included (1) tree crown coverage
maps with a table of attributes, (2) tree taxon maps, (3) tree biological condition taxon
maps, including indicator maps of discoloration and defoliation, and also Normalized
Difference Vegetation index (NDVI), Red Edge Normalized Difference Vegetation Index,
Modified Chlorophyll Absorption Ratio Index (MCARI), Structure Intensive Pigment Index,
Plant Senescence Reflectance Index (PSRI), and Moisture Stress Index (MSI) [26,77]. The
spatial database for both cases (Eng. High Structural Diversity Trees Crown Map, pl. Mapa
Koron Drzew m.st. Warszawy, GIS version), consisting of maps developed in the form
of individual layers, was searched for the following parameters: tree crown extent maps
with attribute tables, tree taxa maps, indicator tree defoliation maps (% defoliation), and
indicator tree health maps (ALS) [78]. The High Structural Diversity Tree Crown Map is
made available for scientific and didactic purposes for the Bielański Forest (ALS recorded
in 2018) and the Kabacki Forest (ALS recorded in 2020). The database is provided as
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appendices (tables of attributes of defoliated trees for the Bielański Forest—Table S1, and
for the Kabacki Forest—Table S2).
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4.3. Methods

A mixed-method approach was used in the present study, which is based on the
following factors:

• Mapping of trees with high defoliation (65–100%) based on the LiDAR derived infor-
mation in the High Structural Diversity Tree Crown Map of Warsaw [78]. To classify
defoliation levels, 10% steps and then classification using natural breaks depending
on data distribution was employed. ArcMap 10.5 and QGIS 9.12. Software was used
for map creation. Class breaks were calculated using the natural breaks optimization
procedure described by Jenks as illustrated and described in the studies by North
et al., Chen, Khamis, et al., and others [77,79,80].

• Elaboration of the database for defoliated trees and risk maps. ArcMap 10.5 and
QGIS 9.12.

• Fieldwork: GPS localization of the selected defoliated trees in both forests was carried
out. GPS data was recorded with a Garmin GPSMAP 60CSx GPS receiver) and
converted using the MapSource software.

• Site observation of the selected defoliated trees in both forests was made according
to landscape architecture and urban ecology research conducted by Haase et al. [4]
Łukaszkiewicz et al. [31], and Rosłon-Szeryńska et al. [32]. This observation was
based on field workshops with students (August 2022). The students verify the
defoliated trees selected by LiDAR, determine the health condition characteristics of
the defoliated trees (damage to trees, dry branches, tree inclination, tree static, tree
diseases, etc. [20,43] as shown in Tables S1 and S2), and indicate the walking and
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cycling paths on forest maps, under the supervision of scientists (interdisciplinary
team of dendrologists, landscape architects, and foresters).

• The multi-mixed method used in this pilot study allowed us to characterize and assess
forest trees in both urban forests. This method allowed first to select the weakest
trees (defoliated trees) using the High Structural Diversity Tree Crown Map (ALS)
and then to determine the GPS data of these trees. The trees were inspected, and their
health condition was assessed to confirm their poor health condition indicated by
LiDAR. This way, this method can be applied in forest management. Furthermore, this
method is faster than the classic monitoring of trees using observation methods and
the detailed inventory of trees as the subject of a separate dendrological or landscape
architecture expertise.

5. Results
5.1. Characteristic of Trees in High Structural Diversity Tree Map

The Bielański Forest consists of 12,346 trees. The most frequent taxa are Quercus,
Alnus, Carpinus, Ulmus, Robinia, and Acer. Less common taxa include Pinus, Betula, Populus,
Fraxinus, Aesculus, Salix, and fruit trees, e.g., Malus, Pyrus, or Prunus. The oldest tree in the
reserves is a Quercus, with an age of 400 years.

In the Bielański Forest, out of a total of 12,227 trees, only 83 trees (0.7%) were defoliated
trees indicated on the map as ill trees with a range of 65–100% defoliation shown in the High
Structural Diversity Tree Crown Map for Warsaw (Figure 3a). Other defoliated trees were
Populus, Acer, Betula, Alnus, Salix, Carpinus, and fruit trees, e.g., Malus, Prunus, and Pyrus.
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Figure 3. Percentage of defoliated trees (inside ring) on the background of all trees of the forest
(outside ring), (a)—the Bielański Forest, (b)—the Kabacki Forest (author’s elaboration based on
Database of the High Structural Diversity Tree Crown Map for Warsaw).

The Kabacki Forest consists of 228,734 trees. The most frequent taxa are Quercus,
Pinus, Betula, Alnus, and Populus. Less common trees were Robinia, Carpinus, Larix, Fraxinus,
Ulmus, Crataegus and fruit trees, e.g., Malus and Prunus.

Out of a total of 228,734 trees in the Kabacki Forest, only 264 trees (0.2%) were indicated
on the map as ill trees with a range of 65–100% defoliation shown in the High Structural
Diversity Tree Crown Map for Warsaw. Some trees such as the old specimens of Quercus
(with an age of 300 years on average) and younger specimens of trees aged about 100 years
and below, were short-lived specimens with brittle wood characterization: Pinus sp. and
Populus sp., which are dominant trees. The remaining species of defoliated trees were:
Betula, Alnus, Crataegus, Robinia, Larix, and fruit trees, e.g., Malus, Pyrus, and Prunus. The
compilation of trees of both forest sites is presented in Table 1 and Figure 3a,b.
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Table 1. List of all trees and defoliated trees in the Bielański Forest and the Kabacki Forest.

Bielański Forest Kabacki Forest

All Trees Defoliated Trees All Trees Defoliated Trees

picts % Picts % picts % picts %

Acer 610 5 11 13

Aesculus 121 1

Alnus 1867 15 9761 4.3 4 2

Betula 238 2 8 10 29,581 13 6 3

Carpinus 1245 10 1 1 1920 0.8

Crataegus 230 0.1 2 1

Fraxinus 123 1 1331 0.5

fruit trees 61 0.5 5 6 829 0.3 2 1

Larix sp. 1420 0.5 1 0.5

Quercus 6226 50 1 1 10,4478 45.9 74 28

Pinus 370 3 3 4 66,674 29.3 59 22

Populus. 125 1.5 52 63 9052 4 115 42

Robinia 618 5 2700 1.1 1 0.5

Salix. 119 1 2 2

Ulmus. 623 5 758 0.2

Total 12,346 100 83 100 228,734 100 263 100

5.2. Field Observation of Defoliated Trees from ALS Data

Field analysis of a total of 345 defoliated trees in both forests selected using the ALS
method (range 65–100% defoliation) indicated their health characteristics (Tables S1 and S2).
A summary of the poor health condition of the defoliated trees is presented in Tables A1–A3
(Appendix A) and Figures 4 and 5. Based on these data, 16 features of poor health condition
of trees were observed: These features and their description are illustrated in Table 2.

Table 2. List of features of poor health condition of trees observed in Bielański Forest and
Kabacki Forest.

Feature
Number Feature Description Most Represented

Tree Species Picts

1 broken or dry falling branches Acer, Populus, Quercus 139

2 roots growing around the trunk Pinus, Populus 25

3 tree inclined adjacent to the path Populus 21

4 conductor broken off Populus, Quercus 16

5 cracks on the trunk Populus, Quercus 9

6 a decaying tree Populus, Quercus 20

7 a rickety tree Populus 26

8 decayed hallows Populus, fruit trees 3

9 dry tree Populus, Quercus 20

10 split at the base of the trunk Populus, Pinus, Quercus 6

11 slightly bent tree Populus 5

12 a thinning tree Populus 11

170



Land 2023, 12, 275

Table 2. Cont.

Feature
Number Feature Description Most Represented

Tree Species Picts

13 trunks intersect with each other’s (with
inclination sometimes greater than 45◦) Populus, Quercus 5

14 a bulky growth on the trunk Quercus, Alnus, Betula 5

15 tree torn from the ground Populus, Pinus, Betula 14

16 signs of disease, partially dry needles or leaves Populus, Quercus 39
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Figure 4. Defoliated trees with damages in the Bielański Forest in Warsaw, Poland: (A) fallen branches,
(B) dried branches, (C) tree surgery (concrete guide), (D) old fallen branches are not removed from
the reserve and are left to nature, (E) broken branch of old trees makes it difficult to walk the path in
the forest (Photographs by A. Długoński 2022).
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Figure 5. Damage to defoliated trees in the Kabacki Forest: (A) breakage of conductors because of
Storm Eunice; (B) breakage of conductors prevents passage of the path; (C) fallen conductors and
branches during storms ordered by the forest manager; (D) tree cuttings; (E) tree cancer; (F) inclined
trees posing a threat to the safety of users (Photographs by A. Długoński 2022).

Among these 16 characteristics, feature 1 (broken or dry falling branches) was the
most noticeable in both forests (Figures 4A,D,E, and 5E). These features were most evident
in the following tree species: Acer, Quercus, and Populus. Due to the nature of forests as
reserves, no attempt was made to care for them. Features 2–16 were less noticeable, mainly
due to sanitary cuts made in connection with difficult recreation in more representative
parts of both forests (Figures 4B,C and 5B–F). These features were most evident in the
following tree species: Populus, Quercus, Pinus, and Betula. Based on our field observations,
it appears that features 1 and 13 (trunk intersection) were especially dangerous. They
were inclined adjacent to the forest paths, posing a threat to forest safety and recreation
(Figures 4A,D,E and 5B,F). These features were most evident in the following tree species:
Acer, Populus, and Quercus.
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As presented in Tables A1–A3 (Appendix A), 59 trees (71% of all defoliated trees) were
observed in the Bielański Forest, and 125 trees (48% of defoliated trees) were affected by
Storm Eunice because of fractures caused by poor health due to broken branches (feature 1,
Figures 4A,D,E and 5C,F), conductor broken off (feature 4, Figure 5B), cracks of the trunk
(feature 5), split at the base of the trunk (feature 10, Figure 5A,B), and tree torn from the
ground (feature 15, Figure 5D).

The distribution of individual tree species of defoliated trees in the Bielański Forest
and the Kabacki Forest is illustrated on maps (Figures 6 and 7). In addition, trees that
were near pedestrian and bicycle paths that posed a direct threat to visitors are indicated
by red rings (Figures 8 and 9). A total of 25 such trees (30.1% of defoliated trees) were
observed in the Bielański Forest, and 66 trees (25.2% of defoliated trees) were observed in
the Kabacki Forest.
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5.3. Hazard Maps for Urban Forests

Based on the location of defoliated trees and their characteristics, threat maps were
created for both forests. In this map, zones with ill trees that pose a threat to recreation
and require monitoring were indicated (Figures 8 and 9) by the local authorities, and the
dangerous parts of both sites were restricted to residents.

As illustrated in Figures 8 and 9, around each defoliated tree marked on the map,
a hazard zone was created. The range of the hazard zone was calculated in both forests
based on the average height of the trees (height average—14.7 m—multiplied by 2 from the
center of a given defoliated tree shown on maps). Thus, the average distance for each zone
was 29.7 m (a rounded value of 30 m was used), which is a safe distance that should be
maintained when securing defoliated trees and separating danger zones.
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Figure 7. Location and species differentiation of ill trees in the Kabacki Forest in Warsaw (Poland)
(author’s elaboration based on the High Structural Diversity Tree Crown Map database [78]).
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The location of endangered trees obtained using ALS can determine the range of
hazard zones of a given forest area. Examples of such dangers may be shown on maps and
smartphone applications (Figure 10) [81]. It is worth noting that such practical applications
of urban green infrastructure elements seem to be more popular and are already being tested
by researchers, including the development of tourist routes in forests, e.g., Endomondo,
MapIT, mLas, tMap or Gpies.com, and tree information systems in urban green spaces in
cities, in which the residents themselves are involved [82–85]. This way, in determining the
fate of trees, a map of risk zones in forests seems to be a useful instrument in informing the
local community about spatial barriers and security threats in forests.
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Figure 9. The risk map of the Kabacki Forest with hazard zones for ill trees (author’s elaboration
based on Open Street Maps [76] and High Structural Diversity Tree Crown Map database [78]).

Finally, analysis of the High Structural Diversity Tree Crown Map for both forests
showed that trees in nature reserves are mostly in good condition, and only 345 trees
selected as having 65–100% defoliation using ALS (0.1% of all forest trees) are ill trees in
both forests. However, they pose threats to visitors, and action must be taken to secure
them for recreation and to ensure safety in forests. It is especially necessary to secure
leaning and broken trees nearby pedestrian and bike paths to avoid endangering visitors.
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Figure 10. (A)—Example of prototype smartphone application with inventory and information of
trees in given area in Warsaw city, (B)—Example of an inventory of trees of the area with numbering
correlated with the mobile application (Photographs by Zarząd Zieleni Miejskiej w Warszawie) [81].

6. Discussion
6.1. Remote Sensing for Old Growth Forests

Remote sensing data and tools can be beneficial for a wide range of tasks around urban
green infrastructure management [38]. As this article shows, this can also be applied in
biodiverse old-growth forest stands where differing ecosystem services must be balanced.
These services encompass habitat provisioning and recreational functions in particular.
However, the state and diversity of Polish urban forests are mainly measured by the usage
of traditional methods of land inventory [31,32]. As this is a time-consuming method,
inventories through remote sensing methods like LiDAR can accelerate the gathering of
information on the state of urban forests, e.g., in time-critical moments around major storms
or after hot droughts [57].

Besides elaborate airborne products, in Poland, the height and location of trees can
be also analyzed based on satellite data available on Tree Crown Map (pl. “Mapa koron
drzew”)/National Tree Crown Map (pl. “Krajowa mapa koron drzew”) [67,86,87]. In the
case of Warsaw, it is possible to analyze wider parameters of greenery, i.e., their distribution
height, species composition, and health condition (leaf defoliation sensor) based on aerial
data (ALS). The ALS map presents only the trees within the city of Warsaw [66,78,81]
and currently has no wider comparative application against the background of similar
cities in Poland. However, it is a valuable source of up-to-date knowledge about trees
in the city and their parameters, including tree health, which can serve as guidelines
for further maintenance orders and administrative decisions. At present, unfortunately,
there is little research that discusses this given issue more extensively, for instance there
is no study that uses the acquired ALS data for Warsaw, for environmental monitoring
purposes. The local authorities of Warsaw city however began to implement RS solutions in
inventorying, monitoring, and management of urban greenery throughout the administered
city area [26–29]. Therefore, supportive research on the matters is important and timely.
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It is worth noting that the High Structural Diversity Tree Crown Map for Warsaw
may find a new application as an example of ALS in detecting the poor health condition
of trees to study detailed characteristics of defoliated trees in the fields of urban ecology,
forestry, dendrology, and landscape architecture [26,56,87–93]. In this direction, there is
current research in large cities such as Wrocław, Kraków or Poznań within the framework
of the LIFE project (LIFECOOLCITY) funded by the European Commission. The main
objective is to increase the adaptive capacity of at least 10,000 EU cities by implementing
two innovative RS systems to manage blue-green infrastructure [89,90].

It is worth noting that LiDAR data could classify both the overstory and dominant
understory species and thus play a crucial role in identifying forest biodiversity. This
approach will be useful for forestry, landscape architecture, and urban ecology to plan for
sustainable urban forests, rich in biodiversity, and produce interactive maps for monitoring
species of interest used by local authorities like city councils or interested citizens).

The trade-offs between visitor safety and biodiversity protection in forests can be
reduced through education programs for forest managers and residents that can be based
on ALS monitoring data. Of significant importance are educational activities, guidelines for
managers on what actions should be taken in forest areas with intensive recreation. Further,
training of staff in the application of computer techniques, and the current knowledge
base of trees in GIS platforms (LiDAR and ALS, e.g., High Structural Diversity Tree Crown
Map) is seen as beneficial. Applications about forests, recreation, and natural resources
(providing information about spatial zoning, mosaics of management intensity, favoring
more resistant species next to paths, etc.) can be helpful for residents, which are clear
options for balancing safety and biodiversity [81–85,91,93].

6.2. Management Suggestions

Storm Eunice in 2022 damaged over half of the defoliated trees keeping much of the
storm’s damages in comparatively confined areas. Still, one of the forests was completely closed
to visitors and in the other forest, areas with damaged trees were fenced off, and the remaining
branches and fallen trees were removed to make the forest areas available as soon as possible
for recreation, which is not necessarily the best option for biodiversity conservation. Therefore,
based on our evidence, we suggest more nuanced and targeted forms of management of the
reserves to mitigate trade-offs between visitor safety and biodiversity benefits.

Buffer paths. A system of protective paths for recreation with a safety distance of 50 m
from the edge of the road is suggested. Such a solution will ensure a safe distance for the
pedestrian from ill trees with amplified risks of falling. The distance of 50 m was an average
value considering the height of trees in the forest determined using ALS (Tables S1 and S2).

Buffer defoliated trees. The use of protection zones around the defoliated trees is
also suggested in this study. Trees with the worst state in health should be mechanically
secured, e.g., supports, and should be undercut with dried or broken branches (or nets
reinforcing the tree trunk in the case of trees with breaks). A circular zone of 30 m around
these trees should be required to separate this place from the access of pedestrians and
cyclists. This will ensure a safe distance between individuals and the ill tree with the risk
of falling. The distance of 50 m was an average value considering the height of trees in
the forest determined using a table of attributes with data on defoliated trees using ALS
(Tables S1 and S2). These zones are shown in Figures 8 and 9.

Tree species that are more affected. This study indicates that it is necessary to protect
tree species from defoliated trees that are particularly susceptible to breaks or dry or
falling branches, such as Betula, Alnus, Acer, Pinus, Larix, and over 300-year-old Quercus
sp. These trees had a shallow root system or brittle wood prone to damage and fractures,
as illustrated in Figures 4 and 5. These trees should be secured with ropes to the ground
or with supports that prevent the branches from falling. Furthermore, these trees can be
cut down in sensitive places, e.g., in rest areas or near pedestrian walking or cycling roads,
as their health is poor, or they are old and prone to breakage. Special attention should
also be paid to old oak species (Quercus) with numerous fractures or cracks. They need
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to be fenced off from the visitor access space or supported by special supports and nets
strengthening the trunk and root system to minimize the risk of falling heavy branches on
fences or walking/driving trails. Forest managers need to observe these trees and provide
their expert opinion. This way, forest tree monitoring can lead to constant monitoring,
stabilization, adaptation to removal, and reducing the risk of danger to individuals visiting
these sites.

Visitor Information. We propose to develop a GIS-based forest information system.
First, initial information about the condition of trees and their health status and threats
can be given and made accessible on the basis of QR code technology. A forest visitor
with a smartphone can scan the code, which will redirect the person to information about
applications and thematic maps showing threats (hazard maps) and possibilities and
limitations of recreation in the forest. Moreover, those interactive maps may inform visitors
about the value an old-growth forest has, and very much the fact that in case of a storm,
it is not a safe place. Such information may be also distributed via GIS applications (e.g.,
Endomondo, MapIT, mLas, tMap, or Gpies.com), which are currently available and become
increasingly more widespread among forest visitors in Poland.

Visitor management. The results of field analyzes using LiDAR technology can
provide a range of information to forest managers. They can also be helpful in managing
forest trees, as well as in determining core and buffer areas where dead branches and risks
are allowed. Such areas can be very quickly demarcated from the recreation area, which
can increase the level of safety of forest visitors.

The implementation of a green infrastructure map service in the capital city of
Poland. Currently, there is a growing demand for ecological monitoring of forest in Poland,
e.g., the Forest Data Bank (pl. Bank danych o lasach) and the Large Area Forest Inventory
(pl. Wielkoobszarowa Inwentaryzacja Stanu Lasu). This information is collected based
on continuous or periodic observations of forest land use. Reports prepared by research
institutes (pl. Instytut Badwczy Leśnictwa) on behalf of the General Directorate of Forests
(pl. Generalna Dyrekcja Lasów Państwoych) can be used as a comprehensive source of
the health status of forests However, while increasingly more data is available it seems
that appropriate forms of portraying and communicating it are not yet available. As data
portals and interactive maps have potential to promote sustainable development around
urban green infrastructure this is unfortunate [13]. For instance, the data presentation on
the portal of the municipality of Warsaw, defoliation and species related information are
shown in separate views that cannot easily be brought together [26,65,66,78]. In addition,
the integration of RS specialists to analyze and interpret the available data prevents practical
application of the developed High Structural Diversity Tree Crown Map in the management
and protection of valuable trees. On a positive note, since March 2020, the local authorities of
Warsaw city have made a map service available about Warsaw’s greenery, which is the result
of the LIFE project [89,90]. The goals of this project are also based on the implementation
of technology on the level of green infrastructure management and social participation
through iterative provision of the map service, towards the ideal of a smart city.

Remote sensing allows to obtain spatially detailed and temporally continuous informa-
tion for trees and shrubs in a large area in a short time (several months) regarding the extent
of crowns, occupied area, height, taxonomic differentiation, and health condition. These
data can be successfully used in functional and spatial analyzes in the field of, e.g., site
planning and selection of tree and shrub species for new plantings, shaping the structure of
tall greenery in individual districts, valuing, and estimating the scale of ecosystem services
provided by tall greenery, but also allocating land for construction projects or planning the
location of infrastructure, as well as environmental monitoring [26–29,85,89,90].

6.3. Analysis and Prediction of Hazards Using LiDAR Methods

Biodiversity and tree crown mapping is important in the context of climate change
and increasingly strong storms. It should be emphasized that the activities based on
spatial LiDAR data listed in this pilot study may also have new applications, especially
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regarding weather anomalies in Europe, such as unexpected short storms, intense rains,
and drought [34,69,70]. The access to information about urban recreation areas should be
up to date and available to visitors as soon as possible [13].

Furthermore, results of this study show that both old trees (stately oaks) and younger
short-lived ones (species with poor wood compactness like ash, or pines) may pose threats
to visitors, which is confirmed by many years of research by Siewniak and Bobek [25]
in historical parks in cities of Poland. The High Structural Diversity Tree Crown Map
for Warsaw, as an example of ALS, may find new applications in the diagnosis of safety
threats, as it also contains information on species composition. Similar ALS databases have
already been commissioned by other cities in Poland, e.g., Wrocław. Within the framework
of the LIFE project, the authors assume that within the next dozen years, a similar green
inventory will be carried out using analogical parameters as in Warsaw [26–29,89,90].
Furthermore, it is possible to estimate the amount of carbon dioxide absorbed by trees,
oxygen production, or urban heat island formation, which facilitates adaptation to climate
change. It is envisioned that residents have the possibility to receive comprehensive
and up-to-date information about the state of urban greenery. Towards this The High
Structural Diversity Tree Crown Map is an important solution that can be used by other
local authorities in polish cities, as well as by landscape architects, ecologists, foresters, and
scientists [26–29,34–36,89,91,92,94,95].

7. Conclusions

The research methods used in this study show a new application of remote sensing-
derived maps in evaluating trees in cities, not only as common elements of urban green
infrastructure such as parks or tree avenues but also as nature protection areas with old
trees. This method can be useful for local authorities in identifying trees that need treatment
or removal, protecting neighboring areas from material damage and human health in the
case of weather anomalies such as windbreaks. This way, LiDAR scanning can guide tree
care treatments in urban forest reserves, where recreation pressure is high.

In both forests, site observations indicated that more than half (59.5%) of the defoliated
trees identified in the High Structural Diversity Crown Map for Warsaw were destroyed
or damaged in Storm Eunice in 2022. This was validated in field research organized
as workshops.

ALS can be useful in the monitoring of forested areas in cities and other areas of urban
green infrastructure. These results allow local authorities to find trees in the Bielański Forest
and the Kabacki Forest that should be diagnosed and secured immediately in the context
of forest recreation or change the visitor management or information system accordingly to
steer people away from potentially dangerous locations.

This study presents guidelines and tools for detailed information on how and where
such rerouting of visitors is most needed. These are hazard maps with information on
endangered trees, protective paths for recreation with a safe strip and protection zones
around the defoliated trees. This way forest tree monitoring can reduce the risk of danger
to individuals visiting these sites.

The location of endangered trees obtained using ALS should be used to disseminate
information via private and public web-GIS platforms and smartphone Apps that control
leisure traffic in recreational forest areas. New applications for urban forests that will allow
residents to recognize trees and download the current information about forest safety and
the health condition of trees need to be developed. This way, visitors can be made aware
of the need of old-grown trees and areas that are less accessible to them, helping forest
managers in public relations around biodiversity conservation.

The findings of this study emphasize that it is not possible to achieve maximal ecosys-
tem services for both biodiversity and recreation potential in an old-grown forest reserve.
Much rather, a good practice would be to balance trade-offs between visitor safety and
biodiversity protection mentioned above. Critical in this regard is the localized evaluation
and involvement of residents as such decisions are very much context dependent that
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are partially beyond the eyes of a remote sensing sensor. In conclusion, specialized sens-
ing techniques made actionable are beneficial assets in current urban governance aiming
towards healthy, biodiverse, green, and smart cities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land12020275/s1, The article contains additional material con-
stituting a database (High Structural Diversity Tree Crown Map). The material is presented in
Tables S1 and S2.
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Appendix A

Table A1. Selected defoliated trees of poor health condition (features 1–6) in the Bielański Forest and
the Kabacki Forest in Warsaw city.

Feature 1 Feature 2 Feature 3

Broken or dry
branches

Roots groving around
the trunk

Tree inclined adjecent
to the path

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Acer 10 Acer 3 Acer 2
Alnus 2 2 Alnus 3 1 Alnus 1
Betula 4 3 Betula 1 2 Betula
Carpinus 2 Carpinus Carpinus
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Table A1. Cont.

Feature 1 Feature 2 Feature 3

Broken or dry
branches

Roots groving around
the trunk

Tree inclined adjecent
to the path

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

fruit trees 1 2 fruit trees fruit trees 1
Populus 24 43 Populus 4 1 Populus 8 4
Salix 2 Salix Salix
Quercus 1 25 Quercus 3 Quercus 3
Crataegus Crataegus Crataegus
Larix Larix Larix
Pinus 17 Pinus 7 Pinus 2

total
45 94

total
11 14

total
12 9

139 25 21

feature 4 feature 5 feature 6

Conductor
broken off

Cracks on
the trunk

A decayed
tree

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Acer Acer Acer
Alnus Alnus Alnus
Betula 2 Betula 1 Betula 1
Carpinus Carpinus Carpinus
fruit trees fruit trees 1 fruit trees 1
Populus 2 1 Populus 1 8 Populus 1 8
Salix Salix Salix
Quercus. 4 Quercus 1 7 Quercus 1 7
Crataegus Crataegus Crataegus
Larix Larix 1 Larix 1
Pinus Pinus Pinus

total
8 8

total
4 5

total
4 16

16 9 20

Table A2. Selected defoliated trees of poor health condition (features 7–12) in the Bielański Forest
and the Kabacki Forest in Warsaw city.

Feature 7 Feature 8 Feature 9

A rickety tree Decayed hallows dry tree

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Acer Acer Acer
Alnus 1 Alnus Alnus
Betula 1 Betula Betula 1
Carpinus Carpinus Carpinus
fruit trees fruit trees 1 fruit trees 1
Populus 6 6 Populus 1 1 Populus 7 2
Salix Salix Salix 1
Quercus 2 Quercus Quercus 5
Crataegus Crataegus Crataegus
Larix Larix Larix
Pinus 10 Pinus Pinus 2

total
7 19

total
2 1

total
9 11

26 3 20
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Table A2. Cont.

feature 10 feature 11 feature 12

Split at the base
of the trunk Slightly bent tree A thinning tree

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Acer Acer Acer
Alnus Alnus Alnus
Betula Betula Betula
Carpinus Carpinus s Carpinus
fruit trees fruit trees fruit trees
Populus 1 1 Populus 3 2 Populus 7
Salix Salix Salix
Quercus. 1 1 Quercus Quercus 3
Crataegus Crataegus Crataegus
Larix Larix Larix
Pinus 3 Pinus Pinus 1

total
2 4

total
3 2

total
0 11

6 5 11

Table A3. Selected defoliated trees of poor health condition (features 13–16) in the Bielański Forest
and the Kabacki Forest in Warsaw city.

Feature 13 Feature 14 Feature 15

Trunks intersect with
each others

A bulky growth on the
trunk

Tree torn from the
ground

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Bielański
Forest

Kabacki
Forest

Acer Acer Acer
Alnus Alnus 1 Alnus
Betula Betula 1 Betula 1
Carpinus Carpinus Carpinus
fruit trees fruit trees fruit trees
Populus 1 2 Populus Populus 3 6
Salix 1 Salix Salix
Quercus 1 Quercus 2 Quercus 2
Crataegus Crataegus Crataegus
Larix Larix Larix
Pinus Pinus 1 Pinus 5

total 2 3 total 0 5 total 0 14
5 5 14

feature 16

Signs of desease,
partially dry needles

or leaves

Bielański
Forest

Kabacki
Forest

Acer
Alnus
Betula
Carpinus
fruit trees
Populus 1 22
Salix 1
Quercus. 10
Crataegus
Larix
Pinus 7

total 2 39
39
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Informacji, Ministerstwo Klimatu Środowiska, Warsaw, Poland, 25 November 2021.

21. Ordónez, C.; Duinker, P.N.; Steenberg, J.W.N. Climate change mitigation and adaptation in urban forests: A framework
for sustainable urban forest management. In Proceedings of the 18th Commonwealth Forestry Conference, Edinburgh, UK,
28 June–2 July 2010.

22. Haase, D.; Annegret Haase, A.; Wolff, M.; Dushkova, D. (Eds.) Nature-Based Solutions (NBS) in Cities and Their Interaction with
Urban Land, Ecosysems, Built Environment and People: Debating Societal Implications, 1st ed.; MDPI Land: Beijing, China, 2021;
pp. 1–216.

23. Konijnendijk, C.C.; Nilsson, K.; Randrup, T.B.; Schipperijn, J. Urban forestry education. In Urban Forests and Trees, 1st ed.;
Konijnendijk, C.C., Randrup, T.B., Eds.; Springer: Berlin, Germany, 2005; Volume 1, pp. 465–478.

24. Nowak, D.J.; Noble, M.H.; Sisinni, S.M.; Dwyer, J.F. Assessing the US urban forest resource. J. For. 2001, 99, 37–42.
25. Siewniak, M.; Bobek, W. Zagrożenia ludzi i mienia w parkach, metody określania stanu statycznego drzew. [Threats to people

and property in parks, methods of determining the static state of trees]. Kur. Konserw. 2010, 8, 13–17. (In Polish)
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32. Rosłon-Szeryńska, E.; Łukaszkiewicz, J.; Fortuna-Antoszkiewicz, B. The possibility of predicting the collision of trees with
construction investments. VI International Conference of Science and Technology INFRAEKO 2018 Modern Cities. Infrastruct.
Environ. 2018, 45, 00076.

33. Bergen, K.M.; Goetz, S.J.; Dubayah, R.O.; Henebry, G.M.; Hunsaker, C.T.; Imhoff, M.L.; Nelson, R.F.; Parker, G.G.; Radeloff, V.C.
Remote sensing of vegetation 3-D structure for biodiversity and habitat: Review and implications for lidar and radar spaceborne
missions. J. Geophys. Res. Biogeosci. 2009, 114, G22009. [CrossRef]

34. Lin, B.; Ossola, A.; Ripple, W.; Alberti, M.; Andersson, E.; Bai, X.; Dobbs, C.; Elmqvist, T.; Evans, K.L.; Frantzeskaki, N.; et al.
Cities and the “new climate normal”: Ways forward to address the growing climate challenge. Lancet Planet. Health 2021, 5,
e479–e486. Available online: http://www.thelancet.com/planetary-health (accessed on 30 July 2022).
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57. Długoński, A. Modern digital techniques used to record changes in the environment. In Microbial Biotechnology in the Laboratory
and Practice Theory, Exercises and Specialist Laboratories, 1st ed.; Długoński, J., Ed.; Jagiellonian University Press: Łódź, Poland,
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