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2019), despite growing interest in recent years. Understand-
ing pollinator dynamics in cities represents a significant 
challenge for urban and landscape planners, as urban green 
spaces form complex mosaics whose configuration and 
quality can strongly influence pollinator population.

Urban areas are often considered homogeneously imper-
vious to pollinators, although they could be complex mosa-
ics of different land uses that highly differ in their suitability 
for pollinators (Baldock et al. 2019). One of the most com-
mon objections is that most urban green patches are structur-
ally isolated spatial units within a hostile landscape matrix 
(Wenzel et al. 2020). Nevertheless, these green patches 
are functionally connected through the potential exchange 
of individuals able to overcome unsuitable habitats. Many 
studies have so far demonstrated how urban areas are capa-
ble of providing support to various pollinators (Potts et al. 
2010). Baldock and colleagues (2019) found levels of polli-
nator abundance and diversity in urban contexts comparable 
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Abstract
Interest in the suitability of urban areas for pollinators is steadily increasing, as pollinator decline and biodiversity loss 
are closely linked to human activities, particularly urbanization and land-use change. Although recent studies have begun 
exploring urban pollinator habitats, these areas are often considered inhospitable when assessed with coarse-scale assess-
ment tools, which risk overlooking mosaics of green patches that provide essential foraging and nesting resources. The 
configuration and density of these green spaces vary widely, strongly influencing their potential to support pollinators. 
However, standardized methods for evaluating pollinator-friendly urban areas remain limited. This study presents a meth-
odological tool for urban planning, the Green Patch Suitability Assessment, which enables comparative evaluation of 
urban patches at fine spatial resolution. The framework combines (i) a classification system of urban green areas (patches); 
(ii) a multidimensional index of patch-level pollinator suitability, and (iii) a high-resolution topographic database integrat-
ing patch from multiple commonly used urban and landscape planning datasets. Applied in a municipality in Northern 
Italy, the tool demonstrates the capacity to identify small green patches often overlooked in coarser datasets and to evalu-
ate the potential effects of a newly approved municipal plan aimed at enhancing green areas and biodiversity. Scenario 
analysis confirmed that the framework is sufficiently sensitive to detect the effects of the nature-based solutions proposed 
in the city plan, thus providing a practical and operational tool for urban planning capable of assessing the contribution 
of small green patches that would otherwise remain unrecognized using coarser-resolution databases.
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with those in agricultural and conservation areas. Baldock 
et al. (2019) explore pollinator communities in green areas 
such as cemeteries, urban gardens, parking lots, and green 
spaces in industrial areas can provide floral resources and 
can host abundant bee communities. The role of private 
gardens in supporting pollinators diversity and abundance 
in the urban context is acknowledged in numerous studies 
(Burr et al. 2018; Lowenstein et al. 2019; Cohen et al. 2022). 
Phillips et al. (2020) assert that roadside margins have sig-
nificant potential for pollinator conservation, Prendergast et 
al. (2022) emphasise the importance of areas with sparse 
vegetation (shrublands), and Bommarco et al. (2021) advo-
cate the effectiveness of floral strips in supporting pollina-
tion. The potential urban context in supporting pollinator 
communities is also stated in the European Union Pollina-
tors Initiative, defining specific guidelines to enhance the 
suitability of urban areas for pollinators  (European Com-
mission: Directorate-General for Environment et al. 2020). 
Consequently, urban areas could no longer be considered as 
a generally hostile environment but rather as an intercon-
nected network of elements, varying in suitability, which 
collectively could perform the connecting function with 
surrounding areas (Hall et al. 2019).

Despite the importance of green areas in supporting pol-
linators, their effective distribution and quality in urban 
contexts remain poorly investigated (Li et al. 2019; Doroski 
et al. 2021; Semerdzhieva and Borisova 2021; Yang et al. 
2022), and quantitative tool for their assessment are still 
lacking. Current evaluations of urban green areas suitabil-
ity often rely on coarse land-use categories (Davis et al. 
2017), rather than on individual patch assessments enabled 
by high-resolution identification tools, which can provide 
actionable information for urban and landscape planning. 
The suitability of a patch can be represented by its capac-
ity to supply food resources or to provide nesting sites 
(Wray and Elle 2015). These patch traits can be described 
through expert judgment (Zulian 2013; Stange et al. 2017) 
or measured directly. Food supply can be estimated based 
on floral abundance or pollen availability (Hicks et al. 2016; 
Dmitruk et al. 2021), while nesting site availability is often 
associated with the presence of bare ground (Cohen et al. 
2021). Indirect indicators, such as pollinators diversity and 
abundance (Davis et al. 2017; Bartholomée et al. 2020) or 
functional traits of pollinators (Winfree et al. 2007) are also 
commonly used. However, community-level indicators are 
influenced not only by patch-level traits, but also by sur-
roundings landscape features (e.g. roads, adjacent green 
areas). Additional parameters relevant for assessing patch 
suitability include patch geometry (Biella et al. 2022), size 
(Silva et al. 2021), vegetation cover (Dylewski et al. 2019), 
environmental conditions (e.g., presence of pollutants, cli-
matic variables), or landscape characteristics (Prendergast 

et al. 2022). Incorporating such high-resolution and mul-
tidimensional information into planning tools allows for 
more precise evaluation of urban green areas, supporting 
informed decisions in urban and territorial management.

This study proposes a framework for the quantitative 
assessment of pollinator suitability of green areas in urban 
patchy environments. The framework, termed Green patch 
Suitability Assessment (GSA), is designed as a tool to sup-
port urban and territorial planning and is built upon three 
core components: (i) a classification system for green areas 
(hereafter referred to as green patches) that distinguishes 
among the patch types within both the urban area and the 
surrounding rural landscape; (ii) a suitability assessment of 
each patch using a newly developed multidimensional index, 
the Patch Suitability Index (PSI), and (iii) a high-resolution 
spatial identification of patches based on a geographic data-
base of urban green areas, integrating patch traits derived 
from commonly used topographic sources. While the frame-
work is broadly applicable across pollinator groups, in this 
study the parameterization focused primarily on Apoidea, a 
major component of pollinators (Ollerton, 2021), for which 
the literature provides the most extensive data.

We firstly compared our database with green patch dis-
tributions derived from two widely used land use database. 
We then applied the GSA framework to a pilot case study in 
the city of Brescia, Northern Italy, which recently adopted 
a municipal Green Areas and Biodiversity Plan (Brescia 
municipality 2024) aimed at enhancing biodiversity and 
the provision of ecosystem services within the urban area. 
The plan includes an index of Nature-Based Solutions —
an operational tool comprising a set of actionable measures 
designed to achieve its ecological objectives. We conducted 
a scenario analysis based on the most pollinator-friendly 
solutions proposed in the plan and evaluated the capacity of 
GSA to detect corresponding changes in habitat suitability.

Materials and methods

Patch classification

The land use classification system of GSA is structured as 
a two-level hierarchical framework. The first classification 
level is inspired by the first level of Corine Land Cover 
(CLC) system and comprises six classes: Urban green 
patches, Arable patches, Permanent crop patches, Natural 
green patches, Impervious patches and Water body patches. 
The second classification level further differentiates the 
first-level classes based on their characteristics relevant 
to the suitability index (e.g., patch size, presence of floral 
resources, trees, or nesting areas), as detailed in the follow-
ing section.
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The Urban green patch class encompasses 12 s-level 
patch types: Car parks, Cemeteries, Industrial estates (Bal-
dock et al. 2019), Private gardens (Egerer et al. 2020), Pri-
vate parks, Public parks, Public gardens (Baldock 2020), 
Road verges (Henriksen and Langer 2013), School gardens, 
Sidewalks, Tree rows, Sport and leisure facilities. Gardens 
and parks were differentiated into public and private catego-
ries to provide decision-makers with relevant information 
for the effective management and planning of public green 
spaces.

The Natural green patch class represents green areas 
characterized by a permanent cover of spontaneous veg-
etation. At the second classification level, it comprises four 
patch types: Mixed Woodlands, Hedgerows, Shrublands 
and Meadows (Dylewski et al. 2019).

The Permanent Crop Patch and Arable Patch classes refer 
to agroecosystem land parcels whose suitability is influ-
enced by agricultural management practices. These classes 
distinguish between land cultivated with annual crops (ara-
ble land) and land managed with permanent crops, such as 
vineyards. Both classes are further subdivided at the sec-
ond level into low, medium, and high suitability categories, 
based on their capacity to provide floral resources for pol-
linators or to offer shading. For example, vineyards are con-
sidered highly suitable, while orchards fall into the medium 
suitability category.

The Impervious patches class includes areas with sealed 
or paved surfaces, such as buildings and roads. As these 
structures are almost entirely unsuitable for pollinators, no 
further subclassification is applied at the second level.

The Water bodies patch class includes areas covered by 
water, such as lakes, ponds, and rivers. Although these areas 
do not offer direct food or nesting resources for pollinators, 
these may enhance the suitability of adjacent green patches 
by providing water. Similar to Impervious patches, no fur-
ther classification is applied at the second level.

The GSA classification system is structured so that each 
third-level CLC category corresponds to at least one sec-
ond-level GSA class, enabling the broadest possible appli-
cation of the protocol. The correspondence table between 
CLC classes and the GSA classes is provided in the Supple-
mentary Material 1(Table S1).

Patch suitability assessment

The Patch Suitability Index (PSI) is a multidimensional 
index designed to quantify the suitability of patches for sup-
porting pollinators. It has been specifically developed to 
rely on data that are readily available to urban and territo-
rial planners. The PSI integrates five key components, each 
representing a primary factor influencing habitat suitability: 

structural characteristics of the patch (STR); availability 
of food resources (FRA); availability of nesting resources 
(NSA); mitigation of thermal stress (TMC); and absence of 
disturbance caused by human activities (DIS). Each compo-
nent is measured by an indicator ranging from 0 to 1. The 
overall PSI value, also ranging from 0 (indicating an area 
completely unsuitable for pollinators) to 1 (indicating the 
highest suitability), is determined by the weighted sum of 
the five component indicators:

PSI = 0.2 ∗ STR + 0.3 ∗ FRA + 0.3 ∗ NSA + 0.1 ∗ TMC + 0.1 ∗ DIS

Impervious surfaces and water bodies are assigned a PSI 
value of 0, as they do not directly provide foraging or nest-
ing resources. However, water bodies—defined here as 
open water surfaces excluding their shores—may indirectly 
enhance the suitability of nearby patches by supplying mate-
rials for nest construction. This contribution is explicitly 
captured in the P_WB indicator, which accounts for water 
availability when accessible from suitable nesting areas.

The structural component (STR) is based on a single fac-
tor: patch area ( Parea –in m2), which serves as a proxy for 
the capacity of a green area to provide suitable habitat for 
pollinators (Meyer et al. 2017). STR is computed as:

STR =
{

lnParea

10 if lnParea ≤ 10
1 otherwise

The food resources availability component (FRA) uses 
floral density (FD) as a proxy for foraging rewards, which 
generally increases with floral density but plateaus at higher 
values due to intra-specific floral competition (Essenberg 
2012). This index, derived strictly from literature, does 
not capture flower quality or phenology, yet it provides a 
general characterization of patch types. FD values were 
assigned to each patch type (Level I and Level II; see Table 
S2) based on reported flower density data, allowing for con-
sistent comparison across patches (Montero-Castaño et al. 
2016; Lynch et al. 2021). FRA is calculated as follows:

FRA = 0.1433 ∗ lnFD + 0.001

The nesting site availability (NSA) component is calculated 
from two variables: the estimated proportion of the patch 
suitable for nesting (P_NS), derived from literature values 
(Zulian et al. 2013), and the proportion of the patch within 
a 10 m buffer of water bodies (P_WB), as identified in the 
GSA dataset. Water bodies themselves do not provide food 
or nesting sites but contribute essential materials for nest 
construction and increase the availability of suitable sur-
faces in neighbouring patches (Twerd et al. 2022; Dylewski 
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Patch identification

To apply the suitability analysis to an area of interest, it is 
necessary to classify the patches according to the GSA sys-
tem defined in Table S1. The procedure of patch identifi-
cation involves two main steps: (i) selection of the basic 
topographic database and support databases and (ii) data-
bases integration. The following section offers a detailed 
walkthrough of the procedure, using the case study intro-
duced in this work to clearly demonstrate each step of the 
process.

It is important to note that the two levels of the classifi-
cation system were designed to offer flexibility: if, in some 
areas, it is not possible to assign a patch to a second-level 
class due to data limitations, the analysis can still be car-
ried out using only the first-level classification. Although 
this results in a lower degree of precision in the suitability 
estimates, the method remains applicable. Alternatively, a 
mixed approach combining first- and second-level classes 
can be adopted, retaining the most detailed information 
where available.

Step 1 - Selection of the basic topographic database and 
support databases

In this step, all relevant land use databases for the study area 
were identified, despite variations in spatial resolution and 
intended purpose.

Since the area of interest is the city of Brescia (North-
ern Italy, Lombardy Region), the primary reference map 
used was the Regional Topographic Geodatabase (DBTR) 
(Lombardia Region 2020). This geodatabase, provided by 
the regional administration to assist municipalities with 
urban planning, features a high-resolution mapping scale of 
1:1000 and a minimum mapping unit of 2 m². The DBTR 
offers a patch classification system that organizes spatial 
elements into five layers: roads, buildings, water bodies, and 
green areas. Each layer is further divided into two sub-lev-
els, describing individual patches by their use and function. 
The DBTR classification was directly integrated into the 
GSA classification framework. A database of green areas, 
which includes all publicly managed gardens and parks, was 
kindly provided by the Municipality of Brescia to help dis-
tinguish between public and private green spaces.

For the characterization of woodland patches, the 
regional forest database (Lombardy Region 2025) was used 
as a reference. This database, developed at a survey scale of 
1:10,000, represents each polygon as a woodland patch with 
a minimum width of 20 m and a minimum area of 2,000 
m². It includes attributes such as wood type and dominant 
canopy species, which were utilized to further detail the 
woodland patches identified as forest in the DBTR.

et al. 2024). Due to the absence of fine-scale field validation, 
P_NS values rely on published studies (Table S2). While a 
single P_NS value cannot capture the full diversity of nesting 
preferences among pollinator species, it offers a practical 
proxy for evaluating potential nesting site availability at the 
patch level. The NSA index is calculated as follows:

NSA =
{

PNS + PW B if PNS + PW B ≤ 1
1 otherwise

The thermal stress mitigation capacity (TMC) component is 
based on the cooling capacity factor, calculated according to 
Zawadzka et al. (2021). This index integrates three param-
eters: shading provided by shrub or tree canopy cover index 
(S), evapotranspiration (ETI), and albedo (A):

TMC = 0.6 ∗ S + 0.2 ∗ ETI + 0.2 ∗ A

Values for ETI and A are provided in Table S2 for each patch 
class. The value of S, as described in Table 1, depends on the 
patch class and the canopy area within the patch ( PCanopy), 
which is estimated as a 1 m radius circle around each tree 
within the patch perimeter.

The disturbance ( DIS) component is inversely to the 
intensity of anthropogenic disturbance, measured as the pro-
portion of the patch affected by a 20 m road buffe ( PRO). 
This buffer serves as a proxy for traffic-related disturbance. 
DIS is computed as:

DIS = 1 − PRO

To ensure clarity in the application of our methodology, it 
is important to specify the pollinator groups considered in 
this study. While the framework is designed to be applicable 
across various pollinator groups, the current implementa-
tion focuses mainly on Apoidea. This reflects the relative 
abundance of ecological data available for this group, which 
are essential for calculating the PSI, compared to the limited 
information for other pollinator superfamilies. Within Apoi-
dea, we concentrated on wild bees, as managed honeybees 
(Apis mellifera) are typically present in the study area due 
to beekeeping.

Table 1   Coefficient value for the tree canopy cover (S) parameter
Patch class S value
Mixed woodland

S = 1
Hedgerow, Shrubland, 
Permanent crop S = 0.5

Impervious patch
S = 0

Other classes
S =

{
PCanopy

Parea
if PCanopy < Parea

1 otherwise
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Step 2 - Database integration

After identifying all relevant spatial datasets, the next step 
involved integrating them into a single, comprehensive geo-
database to support patch identification and classification 
based on the GSA system. This integrated database consoli-
dated all necessary attributes derived from the source layers, 
enabling consistent classification and suitability assessment 
of each spatial unit.

For the case study, data integration was conducted using 
spatial analysis and geoprocessing tools available in the 
QGIS software (ver 3.28 - Florence). This workflow enabled 
the extraction and assignment of relevant attributes to each 
DBTR polygon (patch), including vegetation cover type, 
land use, and the presence of trees, bushes or thickets. Prior-
ity was assigned to the base topographic database classifica-
tion due to its higher spatial resolution, which enabled more 
accurate differentiation among the six Level I patch classes 
of the GSA system. The DUSAF classification system was 
used as a secondary source to classify DBTR patches lack-
ing specific labels. The final classification of each patch was 
based on the combination of attributes extracted from all 
supporting datasets, following the hierarchical rules detailed 
in Table S3.

Although the integration procedure was developed and 
applied to the Brescia municipal area, it was designed with 
scalability in mind, making it transferable to other regions 
and compatible with alternative topographic datasets.

Assessing nature-based solutions through scenario 
analysis

The PSI index was firstly applied to the municipality of 
Brescia to evaluate the potential effects of nature-based 
solutions proposed in the Green Areas and Biodiversity 
Plan (Brescia municipality 2024). A scenario analysis 
focused on interventions most likely to improve patch suit-
ability for pollinators (Table 2) and was limited to publicly 
owned areas. We hypothesized that the implementation of 
specific measures would lead to measurable changes in 
selected reference parameters for particular patch types. 
Changes in the PSI index at city level were then examined 
to assess the tool’s sensitivity in capturing such variations. 
Measures such as the green roofs or the establishment of 
hedgerows and buffer strips along the borders of arable 
land patches were excluded, as they occur on private 
properties and fall outside the directly jurisdiction of the 
municipality.

To assess the effect of each selected measure, four levels 
of implementation were considered: 25%, 50%, 75%, and 
100% of the currently available patches eligible for the pro-
posed interventions (Baldock et al. 2019).

The regional tree database (Lombardy Region 2018) 
and the municipal database of public trees (each identified 
at species level) were used to identify green infrastructure 
Like urban tree rows. These databases were first integrated 
into a single database, representing 112,023 trees within the 
study area.

The DUSAF (Agricultural and Forestry Land Use 
Destination) database of Lombardy Region (2020) is a 
polygon shapefile mapped at a scale of 1:10,000, with a 
minimum mapping unit of 1,600 m2. While its classifi-
cation system is based on the CLC framework, DUSAF 
offers greater detail for certain categories—for instance, 
distinguishing between railway and road networks, as well 
as separating parks from uncultivated green areas. Within 
the Brescia municipal area, 2,079 patches have been iden-
tified. Additionally, the database includes a line shapefile 
representing thickets and hedgerows, which was used to 
identify hedgerows within agricultural plots. These fea-
tures are key components of green infrastructure and play 
a significant role in supporting pollinators in agricultural 
landscape (Altieri 1999; Langellotto et al. 2018; Jeanneret 
et al. 2021).

Table 2  Description of selected nature-based solutions from the green 
areas and biodiversity plan and estimated impact on patch classifica-
tion or patch suitability index (PSI) index components
Nature based 
solution

Description Patch features 
improvements

1. Urban lawns 
management

Reduction in mow-
ing frequency and 
establishment of 
unmown areas to allow 
nectar-producing spe-
cies to complete their 
flowering cycle.

Increase in 
F D, resulting in 
improved F RA (par-
ticularly in gardens and 
parks).

2. Canopy 
improvement 
of public parks 
and gardens

Plantings of trees and 
bushes to increase 
canopy coverage.

Increase in S and 
PNS , resulting in 
improved T MC and 
NSA components, 
respectively

3. Canopy 
improvement 
of urban streets

Plantings of new tree 
rows along streets

Conversion of impervi-
ous patches classified as 
parking areas in DBTR 
into tree row patches.

4. Canopy 
improvement 
of parking 
areas

Tree planting in exist-
ing parking lots

Conversion of impervi-
ous patches classified as 
parking areas in DBTR 
into car park patches.

5. Green areas 
creation

Replacement of paved 
sidewalks with sealed 
surfaces with grassy 
areas

Conversion of impervi-
ous patches classified as 
sidewalk in the DBTR 
into sidewalk patches.

Note: F D: Floral density, S: shrub or tree canopy cover index, 
PNS : proportion of the patch considered suitable for providing nest-
ing sites, T MC: thermal stress mitigation capacity; F RA: floral 
resources availability; NSA: nesting availability; DBTR: Topo-
graphic Geodatabase of Lombardy region
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area and 29.3% of all patches. By comparison, the DUSAF 
dataset identifies 591 green areas—classified under codes 
141, 142, 311, 313, 322, 324, and 333—covering 26% of 
the study area, while the CLC dataset identifies only 7 green 
areas, covering 17% of the study area (Fig. 2).

Urban green patches account for approximately one-
quarter of all patches (26.9%, Table 3), and are predomi-
nantly located in densely urbanized areas (CLC coded 111 
and 112, Fig. 1). Among these, public and private gardens 
and parks constitute a substantial share (16.5% of the 
whole number), followed by sidewalk patches (5,7%) and 
tree rows (1,6%). These patch types are rarely captured in 
the DUSAF and CLC databases, which generally include 
only larger green spaces such as larger gardens and sport 
facilities. Specifically, DUSAF identifies 283 gardens 
and parks (code 141) and 90 sports facilities (code 142), 
whereas CLC records just 2 parks (code 141) and no sport 
facilities.

A one-way ANOVA was performed to test whether dif-
ferences in PSI values among the land-use categories were 
statistically significant.

Results

The Municipality of Brescia (Northern Italy) spans 9,033 
hectares. Based on the 2018 CLC cartography, the area is 
divided into 57 polygons (Fig. 1), featuring a densely urban-
ized core (CLC = 1) surrounded by rural and natural zones 
(CLC = 2 or 3), which exhibit lower degrees of urbanization.

Patch identification

Within the municipality of Brescia, a total of 106,870 
patches were identified using GSA classification. Of these, 
31,294 are green patches, representing 43.9% of the study 

Fig. 1  Overview of the study area. On the left, the Lombardy region 
(in green) and the municipality of Brescia (blue point). On the right, 
the land use classification of the Brescia municipality according to the 

Corine Land Cover map (2018). The three-number codes indicate the 
3rd-level classification of the CLC system. Colours refer to the 1 st 
level classification proposed with the GSA methodology
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and agricultural patches (see Fig. 3, PSI graph). Within this 
category, permanent crops were further distinguished from 
temporary crops, indicating a hierarchical structuring of 
suitability across patch types.

DIS = Disturbance Index; FRA = Floral Resource Avail-
ability; NSA = Nesting Site Availability; PSI = Patch Suit-
ability Index; STR = Structural Index; TMC = Thermal 
Stress Mitigation Capacity.

Scenario analysis

The high resolution of the GSA database enabled the iden-
tification of over 14,000 patches to be considered in the 
scenario analysis for the Implementation of the measures 
outlined in the Green Areas and Biodiversity Plan. The 
implementation of the proposed Nature-based Solutions 
leads to an increase in SIN, FRA, NSA, and TMC values, 
driven by improvements in vegetation structure and the 
conversion of impervious surfaces into green areas. In con-
trast, the value of the DIS (Disturbance) component remains 
unchanged, as the measures do not involve modifications to 
the existing road network or infrastructure.

Under the full implementation scenario (100% of the 
available patches), 12,069 impervious patches would be 
converted into urban green patches, resulting in a 25.1% 
increase of PSI. Specifically, 7,741 paved sidewalks would 
be transformed into 3,871 sidewalk patches and 3,870 tree 
rows, while 4,328 fully sealed parking areas would be con-
verted into car parks. These interventions would cover a 
total area of 548 hectares, equivalent to 6% of the study 

Hedgerows occupy 43 hectares (1.2% of the total number 
of patches and 0.5% of the study area), representing 2% of 
the cropland (CLC code 211). These are absent from other 
databases. Although mixed woodlands, shrublands, and 
meadows represent just 0.9% of the total number of patches, 
they cover a significant share of the study area (21.4%). 
Cropland patches, while comprising only 1.5% of the total 
patch count, extend across 19.8% of the area.

Water bodies represent 0.2% of the whole patch number 
and 1.6% of the study area. The remaining 73,672 patches 
(68.9% of the total number of patches and 33.7% of the 
study area) are impervious for pollinators (Fig. 2). These 
include land types corresponding CLC codes 111, 112, 121, 
122, 131, and 133. DUSAF identifies 966 such patches 
(covering 48.6% of the study area), while CLC reports 33 
(covering 50.1%).

Suitability assessment

The average suitability of the study areas, estimated using 
the PSI, is 0.132 (SD = 0.204), with values ranging from 0 
(Impervious patch) to 0.797 (Hedgerow). The PSI exhib-
ited high statistical significance at both the group level 
(Level 1) (ANOVA: F = 20150; p < 0.001), see Fig. 3 (PSI 
Graph), and the patch-type level (Level 2) (ANOVA: 
F = 8002; p < < 0.001). Post hoc pairwise comparisons fur-
ther indicated statistically significant differences across the 
majority of contrasts (see Table S4b). Specifically, natural 
patches demonstrated the highest levels of suitability, show-
ing statistically significant differentiation from both urban 

Fig. 2  Coverage and distribution of urban and natural green patches 
and impervious patches according to GSA (left column), DUSAF 
(central column), and CLC (right column). Impervious patches are dis-

played in the top row (in grey), while Urban and natural green patches 
are shown in the bottom row (in green)
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positive impact of increased floral resources and nesting site 
availability, particularly in public spaces such as gardens 
and parks (Baldock et al. 2019).

The PSI components - STR, FRA, NSA, and TMC - also 
exhibit notable variations across the implementation sce-
narios. Among these, NSA shows the most significant over-
all increase, rising by 41.2% with an average increment of 
9.0%. TMC increases by 24.5% (5.6% on average), followed 
by FRA with a 22.2% increase (5.1% on average). Changes 
observed in STR are not due to direct improvements within 
individual patches. Instead, they result from the conversion 
of numerous impervious patches under measures 3, 4, and 5 
(see Table 2), in green patches, making them contributing in 
increasing the average surface of these green areas and thus 
the STR component.(Fig. 4)

Discussion

In this study, individual landscape patches serve as the basic 
units for evaluating pollinator suitability within urban envi-
ronments. The framework is designed as a tool to support 
urban and territorial planning, enabling the quantitative 
assessment of patch suitability based on currently avail-
able knowledge. Contributions of each patch type can be 
assessed across multiple spatial scales—from individual 
neighbourhoods to broader urban sectors and the metro-
politan landscape—allowing spatially explicit analyses that 
capture the pronounced heterogeneity inherent in urban sys-
tems. The PSI index and its components effectively differen-
tiate among the patch classes and types defined by the GSA 
protocol, allowing the quantification of contributions from 
small green patches that are often overlooked by conven-
tional land classification systems (Bowler et al. 2025). Dif-
ferences in spatial resolution between GSA, DUSAF, and 
CLC strongly influence their respective abilities to detect 
these features. While large green areas are consistently 
identified across all three systems, GSA reveals a substan-
tially higher number of green patches overall, particularly 
small elements that remain undetected in DUSAF and CLC 
classifications.

Accurately mapping even smallest urban green patches is 
essential to support urban planning, as detailed knowledge 
of their abundance and spatial distribution underpins effec-
tive urban planning and management strategies aimed at pol-
linator conservation (Zhao et al. 2019). These small green 
spaces provide vital resources such as foraging and nesting 
sites and thus represent essential components of urban green 
infrastructure (European Commission: Directorate-General 
for Environment et al. 2020; Rahimi et al. 2023; Delahay et 
al. 2023). Detecting such fine-scale elements requires high-
resolution topographic tools (Zhao et al. 2019), which enable 

area, and lead to the removal of 12,069 impervious patches. 
Biodiversity city plan measures 1 and 2 (Table 2) would tar-
get larger, more spatially concentrated areas, representing 
13.7% of the total number of modified patches and account-
ing 70.2% of the area affected. In contrast, measures 3, 4, 
and 5 would involve involved a greater number of smaller, 
more scattered patches, accounting for 86.2% of the modi-
fied patches and 29.8% of the area.

PSI reveals a steady improvement across the four imple-
mentation levels (25%, 50%, 75%, and 100%) reveals a 
steady improvement in PSI, with an average increase of 
5.8% between each level. The index shows sensitivity in 
registering the changes provided by the selected measures 
(Table 2) which mainly improve nesting site and floral 
resource availability. This progressive enhancement is con-
sistent with findings in the literature, which highlight the 

Table 3  Characteristics (number, mean area, absolute and relative cov-
erage) of patches identified in the municipality of Brescia according to 
GSA classification
GSA 
level I

GSA level I Number 
of 
patches

Mean 
patch 
area 
[m2]

Coverage (total 
area)
Absolute 
[m2]

Rela-
tive 
[%]

Urban 
green
 patch

Car park 250 732 183,072 0,2%
Cemetery 314 954 299,501 0,3%
Industrial estates 762 1,211 922,531 1,0%
Private garden 15,542 419 6,518,874 7,3%
Private park 182 11,460 2,085,800 2,3%
Public garden 1,804 1,121 2,022,331 2,3%
Public park 127 14,424 1,831,791 2,0%
Road verge 839 1,240 1,040,271 1,2%
School garden 206 3,435 707,669 0,8%
Sidewalk patch 6,085 5,273 1,932,881 2,2%
Sport and leisure 
facilities

908 960 871,795 1,0%

Tree row 1,681 691 1,161,058 1,3%
Natural 
green 
patch

Hedgerow 1,290 336 432,949 0,5%
Meadow 203 7,856 1,594,859 1,8%
Mixed woodland 530 30,443 16,134,758 18,0%
Shrubland 424 3,925 1,664,107 1,9%

Crop-
land 
patch

Cropland – Low 
suitability 
(e.g. Cereals)

1,636 10,764 17,610,032 19,6%

Perma-
nent 
crop 
patch

Permanent 
crop - Medium 
suitability 
(e.g. Orchards)

39 7,168 279,557 0,3%

Permanent crop - 
High suitability 
(e.g. Vineyards)

136 4,935 671,200 0,7%

Imper-
vious 
patch

Impervious 
surface

73,665 413 30,445,972 33,9%

Water
patch

Water body 234 6257 1,464,033 1,6%
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yet significant features, providing planners with a quanti-
tative tool to inform decisions and optimize the ecological 
function of urban green spaces.

Differences among GSA, DUSAF, and CLC are particu-
larly pronounced within urban land-use classes (CLC codes 
111, 112, 121, and 122), both in terms of the number and size 

a more precise understanding of urban ecological networks. 
Furthermore, these fine-scale green elements could enhance 
ecological connectivity between fragmented habitats and 
surrounding natural areas, functioning as key nodes within 
broader green infrastructure networks. The GSA framework 
is specifically designed to capture and evaluate these small 

Fig. 4  Changes in the Patch Suitability Index (PSI) (right) and its indi-
vidual components (left) across the four implementation scenarios of 
nature-based solutions in the Municipality of Brescia. The baseline 

scenario (0%) represents the current condition without any nature-
based solutions implemented

 

Fig. 3  Mean values of the Patch Suitability Index (PSI) and its com-
ponents across the four first-level GSA suitable classes. Error bars 
represent standard deviation; letters indicate the significant differences 

among the groups. Impervious and water bodies are excluded as their 
suitability is zero by definition
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infrastructure strategies. Hedgerows may receive higher 
suitability scores than some natural habitats, such as mead-
ows or shrublands, because the GSA framework retains the 
estimates proposed by the original authors used to construct 
the indicators. Their combination of accessible nesting sur-
faces and dense floral resources at the patch scale results in 
higher values for nesting site availability (Zulian et al. 2013) 
and floral density (Montero-Castaño et al. 2016; Lynch et al. 
2021). These indices do not fully capture floral diversity, 
phenological spread, or the complete range of nesting habi-
tats, which may explain why some natural habitats appear 
lower. The GSA framework can accommodate refinements, 
including additional indicators and experimental validation 
linking scores to actual pollinator presence, allowing con-
tinuous improvement in both accuracy and ecological rel-
evance (see Table S4a).

It should be emphasized that the primary objective of this 
study is not to provide definitive assessments of patch suit-
ability, but rather to demonstrate the utility of the GSA as a 
planning tool. By leveraging the best available knowledge, 
it enables planners to quantitatively evaluate urban patches, 
compare their relative contribution to pollinator support, 
and guide informed decisions for the design and implemen-
tation of urban green infrastructure strategies.

Scenario analysis

The scenario analysis conducted with the GSA framework 
demonstrates the potential of the Green and Biodiversity 
Plan to enhance the suitability of both individual patches 
and the broader urban landscape. By relying on the multi-
dimensional structure of the PSI, the toll allows planner to 
identify which ecological components are most responsive 
to different levels of intervention The results indicate that 
improvements in patch suitability are primarily driven by 
increases in floral resource availability, nesting site avail-
ability, and thermal stress mitigation capacity. Among 
these, enhancements in floral resources emerge as particu-
larly influential, consistent with their well-established role 
in sustaining pollinator populations. However, achieving 
stable and long-term improvements requires complemen-
tary actions that address additional ecological dimensions 
(Baldock et al. 2019). In this perspective, the capacity of the 
GSA to highlight changes in nesting opportunities and ther-
mal regulation provides valuable insights into the broader 
ecological functionality of urban green infrastructure.

Conversely, disturbance-related components showed lit-
tle or no variation under the proposed measures. Addressing 
these aspects would require structural modifications to patch 
configuration and surrounding road infrastructure, which 
are often impractical in consolidated urban areas due to the 
scale of spatial reorganization involved. This underscores 

of identified patches. Low-resolution classification systems 
such as DUSAF and CLC tend to aggregate heterogeneous 
land cover types— combining green and impervious sur-
faces—into broad, homogeneous polygons. This general-
ization reduces classification granularity and compromises 
the accuracy of habitat suitability assessments, particularly 
in densely urbanized contexts (Grafius et al. 2016). Unlike 
DUSAF and CLC, which typically identify only large, 
urbanized polygons, GSA captures a much greater num-
ber of small-area patches (mean size: 0.09 ha), including 
fine-scale features such as private gardens, sidewalks, and 
tree rows— elements largely absent from coarser-resolution 
datasets.

Furthermore, GSA improves the delineation of imper-
vious surface patches, whose extent plays a pivotal role in 
shaping habitat suitability for pollinator communities ((Lar-
son et al. 2014; Bennett and Lovell 2019; Birdshire et al. 
2020). By providing a more accurate and detailed classifica-
tion, GSA supports more targeted and effective urban biodi-
versity planning and monitoring.

Suitability assessment

In this study, individual landscape patches are used as the 
basic units of analysis for evaluating the pollinator suitabil-
ity within urban environments.

The suitability index, along with its individual compo-
nents, significantly differentiates among the patch classes 
and types defined by the GSA protocol. The contribution 
of each patch type can be quantitatively assessed across 
multiple spatial scales—ranging from individual neigh-
bourhoods to broader urban sectors and the metropolitan 
landscape—thereby facilitating spatially explicit analyses 
that incorporate the pronounced heterogeneity inherent to 
urban systems. This analytical resolution allows for the 
identification of specific landscape features with limited 
ecological performance, whether due to their intrinsic char-
acteristics or their spatial context. Such insights are essen-
tial for informing targeted and evidence-based interventions 
aimed at improving ecological quality and functional con-
nectivity across urban environments.

While our methodology confirms the key role of natu-
ral areas in supporting pollinators, it also highlights the 
contribution of urban patches, particularly features such as 
tree rows, sidewalk patches, or public gardens. In densely 
urbanized areas of Brescia, where green space is otherwise 
scarce, these small patches play an outsized role due to their 
abundance rather than their individual size (Donkersley et 
al. 2023; Bowler et al. 2025).

Ultimately, the patch-level information generated 
through this assessment supports more precise decision-
making in the planning and implementation of urban green 
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sustaining pollinator presence and abundance. By distin-
guishing vegetated from impervious surfaces and charac-
terizing individual patches through ecological attributes, 
this study illustrates how urban systems can be conceived 
as heterogeneous mosaics of habitat patches rather than 
uniformly unsuitable matrices. Within this context, the 
GSA framework—through its multidimensional suitabil-
ity index—offers a standardized and quantitative means to 
assess habitat quality across multiple components and patch 
types, thereby outlining their relative contributions to the 
ecological suitability of municipal areas. The approach is 
intended as a decision-support tool for urban and territo-
rial planners, enabling the evaluation of green areas and 
the potential effects of proposed interventions on pollinator 
suitability. Furthermore, the fine-scale patch characteriza-
tion generated by the framework provides a basis for future 
connectivity analyses, which could conceptualize pollina-
tor populations as metapopulations distributed across urban 
green networks. Such perspectives can improve understand-
ing of how spatial structure influences pollinator persis-
tence and inform biodiversity-oriented planning strategies. 
Ultimately, the GSA framework supports the integration of 
pollinator conservation objectives into urban development, 
contributing to greener, more resilient, and ecologically 
functional cities.
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the importance of integrating ecological design principles 
into new urban developments from the outset, while using 
tools such as the GSA to quantitatively assess the expected 
contribution of planned interventions and guide strategic 
decision-making in territorial planning.

Measures targeting the conversion of impermeable sur-
faces, such as fully sealed parking lots or sidewalks, emerged 
as particularly effective, as they increase landscape hetero-
geneity and thereby promote pollinator communities (Liang 
et al. 2023). Similarly, the ecological enhancement of pub-
lic parks and gardens was shown to substantially improve 
patch suitability by providing additional nesting opportuni-
ties and expanding the availability of floral resources (Ben-
nett and Lovell 2019). These results highlight the capacity 
of the GSA framework to quantify the expected ecological 
benefits of specific interventions, offering urban planners an 
evidence-based tool to prioritize actions with the greatest 
potential impact on pollinator support.

Limitations and future improvements

The GSA framework was developed and tested primarily for 
its ability to discriminate among patch types and to evaluate 
different biodiversity planning scenarios. However, several 
limitations must be acknowledged. Some components of the 
index rely on simplified assumptions and literature-derived 
estimates rather than direct and precise measurements, due to 
the lack of fine-scale data. As a consequence, the resulting suit-
ability scores should not be interpreted as predictive, but rather 
as indicative of the relative suitability of patches as determined 
by the integrated contribution of all index components.

Future improvements will require targeted field valida-
tion, specifically aimed at directly linking PSI scores with 
observed pollinator community composition and abun-
dance, in order to consolidate the predictive capacity of the 
framework. Once validated, additional refinements should 
include the integration of landscape connectivity metrics 
into patch-level analyses, thereby moving towards a meta-
population perspective in which urban pollinator communi-
ties are evaluated as part of a broader ecological network. 
Such advancements would provide a more comprehensive 
understanding of how individual patch suitability interacts 
with landscape structure to shape the distribution and per-
sistence of pollinators in urban systems.

Conclusion

High-resolution cartographic data provide valuable insights 
into the spatial configuration of green areas across urban 
and rural landscapes, highlighting their crucial role in 
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