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Abstract: Preserving soil is crucial for addressing the key challenges of the new millen-
nium, like climate change and biodiversity loss. Spatial planning plays a pivotal role
in stopping soil consumption and degradation, thereby safeguarding soils that provide
valuable ecosystem services. With the advent of the System of Environmental-Economic
Accounting by the UN, countries are developing a shared protocol for the biophysical and
monetary quantification of ecosystem services. However, downscaling efforts are necessary
and must be conditioned by the national context, policies, economic dynamics, and data
availability. Therefore, this research proposes a soil quality assessment methodology based
on its ecosystem value at the sub-regional level in northern Italy, building upon national
guidelines. This study includes modeling and mapping outputs involving six ecosystem
services through eight biophysical indicators and the monetary quantification of these
services. Both assessments have been conducted over two time periods to highlight the
impacts of land cover transformation.

Keywords: land planning; land cover changes; ecosystem quality; ecosystem accounting

1. Introduction
The Introduction provides an overview of the general background necessary to com-

prehend this study’s findings. It outlines the following points:

• The concept of ecosystem services (Section 1.1);
• The loss of natural capital (Section 1.2);
• Ecosystems and the monetization of ecosystem services for natural resources conser-

vation and management (Section 1.3);
• The payment of ecosystem services (Section 1.4);
• Downscaling global principles to local contexts (Section 1.5);
• Mapping ecosystem services: a literature review (Section 1.6).

1.1. Ecosystem Services: A Rapidly Growing Concept

The definition of “Ecosystem Services” is 160 years old and is first attributed to
Marsh. In his “Report on the Artificial Propagation of Fish”, Marsh criticized members
of a community for their “mistaken prejudices” against “birds, quadrupeds, and reptiles”
because of the supposed damage these animals inflict upon crops. Instead, Marsh argued
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that they “much more than compensate the little injury they inflict upon the crops” by
consuming “vast numbers of noxious insects” [1,2]. However, the topic of ecosystem
services (ESs) has remained dormant for a long time.

Global interest in ecosystem health and the services ecosystems provide to humans has
grown in both the public and private sectors, influencing research and policy [3] only after
the publication of the Millennium Ecosystem Assessment (MEA) by the United Nations in
2005. Since then, the most commonly accepted definition of ecosystem services refers to the
MEA and regards the benefits that people derive from ecosystems, namely “the support of
sustainable human well-being that ecosystems provide” [4,5]. The MEA was followed by
another initiative, The Economics of Ecosystems and Biodiversity (TEEB), which expanded
awareness of ecosystem services, particularly highlighting the importance of biodiversity
in decision-making at all levels [6,7].

Recognition of the priority function of ESs necessarily stems from an awareness of the
importance of protecting and restoring ecosystems themselves as assets that can provide
these services.

This priority is currently clearly embodied in many international and European strate-
gies and policies. The European Biodiversity Strategy for 2030, based on the Aichi Biodi-
versity Targets, recognizes the valuation of biological diversity, as well as its protection and
restoration, as a priority. The European Green Deal clearly outlines the European efforts to
enhance and restore ecosystems since they are a prior carbon stockholder.

The Common Agricultural Policy plays a crucial role in promoting sustainable agricul-
tural practices in Europe. Similarly, the UN Paris Agreement contributes to climate change
mitigation since oceans and forests are the main basins for carbon stock.

The UN Agenda 2030 is pivotal for sustainable development, with formal reference in
this context to Goals 14 (Life of Water) and 15 (Life on Earth), Goal 2 (Zero Hunger), Goal 6
(Clean Water and Sanitation), Goal 7 (Affordable and Clean Energy), Goal 11 (Sustainable
Cities and Communities), Goal 12 (Responsible Consumption and Production), and Goal 13
(Climate Action) in terms of sustainable ecosystem management. Additionally, it holistically
encompasses social and economic implications, which include Goal 1 (No Poverty), Goal 3
(Good Health and Well-Being), Goal 9 (Industry, Innovation, and Infrastructures), Goal 10
(Reduced Inequalities), and Goal 16 (Peace, Justice, and Strong Institutions).

More recently and incisively, the newly approved Nature Restoration Regulation seeks
to enhance biodiversity and ecosystem resilience across the EU, aiming to restore at least
20% of land and sea areas by 2030 and all degraded ecosystems by 2050, including binding
targets and an implementation framework for national restoration plans.

These documents are just a few examples showing the widespread acknowledgment
of the importance of ESs in maintaining livelihoods and the dependency of natural land
and agricultural systems on the soil. It is common, both here and in the literature, to refer
to many ecosystem services as soil ecosystem services [8].

Various frameworks have been developed to support ecosystem conservation and en-
hancement. Authors emphasize that a shared understanding of how ecosystems underpin
economic activity and human well-being is essential for effectively designing, implement-
ing, and monitoring ecosystem restoration policies, as well as for informed planning,
policymaking, and financial decisions [9]. Over the past decade, there has been growing
interest in creating an inventory and spatially mapping the current state of ecosystems, as
well as their potential to provide ESs. Recently, the System of Environmental-Economic
Accounting—Ecosystem Accounting (SEEA EA) was finalized by the United Nations
(UN) in 2021 as a framework designed to evaluate and monetize ecosystems and their
services [10]. Developed through collaborative, international efforts, it builds on earlier
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versions from 2012, along with practical recommendations issued in 2017, which have
guided ecosystem service measurement and valuation efforts [10].

1.2. Natural Capital: How to Face the Loss

Alongside ESs, natural capital is defined as the world’s stock of natural assets, which
supplies a wide range of goods and services, including natural income over time, which
directly or indirectly creates value for people [11,12].

Costanza et al. [7] highlight the relationship between natural capital, human beings,
and ecosystem services, noting that the latter can reach humans only after the interaction
between natural capital and social capital.

Ecosystem services are mechanisms through which natural capital benefits humans,
connecting these benefits to the socio-economic system. Biodiversity, particularly at the
community level, plays a crucial role in supporting the productivity and stability of ecosys-
tems, ensuring the quality and quantity of natural capital [13–15]. Maintaining the stock
and diversity of natural capital is essential for sustaining the flow of ecosystem services,
which are vital for current and future human prosperity [6]. The debate over substitut-
ing natural capital for human capital distinguishes weak and strong sustainability. Weak
sustainability assumes that the two are interchangeable, focusing on maintaining total
capital stock. In contrast, strong sustainability emphasizes natural capital’s limited substi-
tutability, advocating for its preservation to avoid net loss [16,17]. Biodiversity offsetting
markets, with a “no net loss” strategy, aim to balance environmental damage by restoring
habitats. However, this approach risks viewing diverse natural capital as interchangeable,
potentially overlooking unique, irreplaceable ecological functions and neglecting critical,
non-substitutable aspects of ecosystems [16].

Conversely, due to the delicate and complex equilibrium at the basis of natural cap-
ital preservation and its relationships with human systems through ecosystem services,
assessing natural capital and its benefits should be highly site-specific. The development of
markets or compensation systems must begin with an awareness of the area’s challenges
and potentials [18], rather than relying on a complete computation of interchangeable
components. In this context, the spatial assessment and mapping of ecosystems and their
services—including their monetary value—are essential. This mapping should involve
homogeneous and interconnected territorial, environmental, and ecosystem realities, fa-
cilitating an integrated, informed, and context-specific management of natural resources.
This same spirit and scope have driven the present research (yet from the choice of the case
study at the wide-area scale) and should guide the use and interpretation of its results.

1.3. Ecosystems and ES Monetization for Enhancing Natural Resources Conservation
and Management

The economic dimensions of ecosystems were first explored in the early 1990s [19],
as concepts such as “natural capital” and “ecosystem services”, and along with their
valuation, gained prominence in response to global biodiversity loss and its associated social
and economic impacts [5,11,20,21]. This period also marked a growing need to establish
economic mechanisms that would promote conservation efforts, such as implementing
Payment for Ecosystem Services (PESs) schemes [22,23]. In 1997, global ecosystem services
were valued at USD 33 trillion per year, significantly exceeding THE global GDP [5]. By
2014, Costanza et al. adjusted this figure based on dollar revaluation to USD 145 trillion in
2007 but revised it to USD 124 trillion after accounting for land-use changes, indicating a
net loss of USD 20.2 trillion since 1997. Beyond land use, pressures such as pollution and
urban sprawl also degrade ecosystems, with urban expansion negatively impacting water
quality, carbon sequestration, and ecosystem health [21–25]. Soil ecosystems are especially
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affected, with 60–70% of European soils degraded due to unsustainable practices, costing
over USD 6 trillion annually in lost ecosystem services [26,27]

Ecosystem conservation is crucial for both environmental and economic sustainability.
In 2018, Credit Suisse reported USD 52 billion in global conservation spending, far short
of the USD 300–400 billion needed annually to safeguard natural capital like clean air,
water, and biodiversity [28,29]. Despite high costs, the benefits of conservation outweigh
the expenses, with a reported 100:1 benefit–cost ratio for global wildlife conservation [30].
Restoration, while valuable, often results in suboptimal outcomes compared to original
ecosystems. The sustainable management and protection of natural capital remain the most
cost-effective solutions to ensure long-term human well-being [7,31–33].

1.4. PES and Other Market Mechanisms

Many authors have discussed the reasons and utility for valuing ES, which can be
summarized as follows: improving an understanding and awareness of ecosystem services’
role in our society; completing national and global accounts, such as national income and
well-being accounts, or full-cost accounts; creating innovative institutional and market
instruments allowing for sustainable ecosystem management, e.g., through the Payment
of Ecosystem Services (PESs) or common asset trusts; and informing policy and decision-
making, as well as territorial and urban planning in land-use transformations [7,34,35].

Scholars highlight a gap between scientific research on ecosystem services (ESs) and its
practical impact on policy and urban planning. This gap may result from the traditional focus
of ES research, which must integrate both natural and social sciences in a site-specific man-
ner [36,37]. Salzman argues that passing environmental laws or policies alone is insufficient to
improve ES provision; policies must be transformed into actionable laws and applied through
individual decisions [38]. The key point is the need to integrate ESs into decision-making
and ecosystem management, such as introducing market-based instruments like PESs [39–41].
These instruments aim to obtain economic resources from ES beneficiaries to compensate
those responsible for managing the services (sellers or providers), ensuring the maintenance of
the site and the environmental quality of the ecosystem [42,43]. The basic concept of the PESs
scheme is as follows: if some ESs are defended by land owners as providers of market-based
benefits and goods and, thus, have direct private revenue, other services have a good public
characteristic but are not traded in the market [44–46]. Therefore, an effort is needed to find
instruments to compensate land owners and managers for the production and conservation
of these services [47–50]. PESs mechanisms are structured to offer monetary incentives to
communities or individuals in order to adopt interventions and behaviors that improve the
provision of Ess. These mechanisms are characterized by voluntary transactions between
service users and providers [18].

Another option proposed by some authors is conservation easements (CEs), defined
as legal contracts that result in restrictions on the use of private lands to preserve nature
in exchange for potential tax benefits [51,52]. The primary goal is to prevent the future
conversion of natural areas and low-intensity agricultural lands into more intense land
uses, such as industrial or urban zones. Additionally, CEs aim to maintain and improve the
provision of ESs, thereby benefiting the local and regional communities [53,54]. A notable
example of a program reflecting elements of conservation easements is the Australian
Biodiversity Conservation Strategy. Over the past few decades, it has aimed to double the
value of complementary markets for ecosystem services by 2015. It sought to achieve this
goal by increasing incentives for private sector participation through financial rewards for
actions that protect or enhance biodiversity [55]. Similarly, in another part of the world,
Canadian provinces allow a 100% property tax reduction for maintaining and protecting
lands with features deemed essential for provincial natural heritage conservation [56].
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Such solutions inevitably introduce complexities in balancing economic efficiency,
social acceptance, and environmental benefits [57]. Significant challenges remain, par-
ticularly regarding landowners’ willingness to participate, the management and moni-
toring of private conservation efforts, and the financial burdens faced by both govern-
ments and participants [58,59]. These financial and fiscal instruments, widely discussed
in the literature and implemented in various countries, should be tailored to each na-
tion’s specific context, taking into account its internal markets and fiscal structures. For
instance, in Italy, property tax exemptions for agricultural landowners already benefit di-
rect farmers (https://www.finanze.gov.it/it/fiscalita/fiscalita-regionale-e-locale/Imposta-
municipale-propria-IMU/disciplina-del-tributo/esenzioni/, last consultation: 31 October
2024). Thus, new incentives for adopting sustainable or conservation-oriented farming
practices should be implemented through alternative fiscal or regulatory tools, such as
economic incentives, rather than relying solely on property tax relief. This approach aligns
with Italy’s CAP Strategic Plan for 2023–2027, which has introduced 34 voluntary schemes
designed to compensate farmers for the additional costs and income losses incurred by
adopting more environmentally and climate-friendly practices. These practices include
reducing fertilizer and pesticide use, implementing biodiversity-preserving techniques,
and adopting soil conservation practices [60].

National targets for ecological conservation or restoration should ideally be translated
into actionable goals at lower levels of government or the local scale through negotiations
with ecosystem service (ES) “sellers”, such as landowners, to enhance effectiveness, as
suggested by Ding et al. [61]. For instance, in British Columbia, tax incentive programs
for land conservation are being explored at the local government level, where authorities
have been empowered to implement tax-based conservation initiatives [56]. To achieve
this goal and to appropriately tailor the initiative based on the territorial criticalities and
potentialities, it is evident that local authorities need to be provided with local assessment
and mapping outputs regarding the condition of ecosystem services across the territory.
This can help identify and value strategic or vulnerable areas, as well as the effect of
potential policies, transformative scenarios, or management regimes [62,63].

1.5. Downscaling Global Principles to Local Context

In response to the call for the rapid implementation of SEEA EA, the European Commis-
sion incorporated ecosystem accounts into its extension of Regulation 691/2011 on European
Environmental Accounts. This extension, expected to include data on national ecosystem
conditions and some biophysical ecosystem services, was approved by the European Council
and Parliament in 2023 [17]. After the approval, the European statistical community proactively
worked to address methodological gaps. In 2021, Eurostat formed a Task Force to support
the coordination of legal, methodological, and practical aspects critical to the rollout of SEEA
EA. Italy, for instance, is adapting SEEA EA in national projects through the National Institute
of Statistics (ISTAT) and the National Institute for Environmental Protection and Research
(ISPRA), focusing on quantifying and valuing ecosystem services for economic analysis [17].
This initiative reflects the broader international drive needed to integrate SEEA EA into policy
frameworks and recognize the importance of monetary accounting of nature. Although SEEA
EA was fully published in 2021, its preliminary version and decade-long development have
fostered significant progress in ecosystem service valuation and early monetization efforts [10].
These efforts, often highlighted in the scientific and technical literature, provide valuable prac-
tices and insights that are essential to adapting global principles in local contexts during the
ongoing transition phase. Downscaling efforts of SEEA EA are necessarily conditioned by
the national context and policies that regulate land use and conservation strategies. These
policies are influenced by specific urban geographies and regional economic dynamics that

https://www.finanze.gov.it/it/fiscalita/fiscalita-regionale-e-locale/Imposta-municipale-propria-IMU/disciplina-del-tributo/esenzioni/
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strongly impact nature degradation and must be assessed with tools that quantify the loss of
ecosystem services in the national context. An interesting example is the set of guidelines for the
biophysical and monetary assessment of ecosystem services [64], which were employed by the
Italian National System for Environmental Protection (SNPA) in 2018. These guidelines serve as
the primary methodological reference for this research, which focuses on a case study within
the Italian context.

Considering trends in land-use dynamics, particularly soil sealing, reversing the cur-
rent practice of consuming agricultural or natural land—rather than addressing degraded
areas—also requires a monetary valuation of soil ecosystem services.

Although the cost of such transformations is substantial, it remains unclear without
a coherent monetary valuation of ecosystem services (ESs), which must be grounded in
biophysical quantification.

Monetizing natural resources is a strategy to address nature’s “economic invisibility”,
which is a key factor that can lead to more sustainable use and the conservation of nature
through efficient resource allocation. Many ecosystem goods and services are not reflected
in market prices due to their free accessibility, leading to a lack of recognition of both
their benefits and the costs of their degradation [17]. A robust valuation framework at
the national and regional levels is essential to integrate environmental considerations into
economic decisions, promoting sustainable use and the conservation of ecosystems [17].

Furthermore, the effective management of environmental resources in planning and
decision-making requires understanding spatial dynamics to address modern challenges
across various sectors, from urban planning to natural resource protection. As Morya and
Punia [65] emphasize, “the physical assessment of ecosystem services is not sufficient to
mitigate the increasing pressure of urbanization on resources”.

Urban dynamics are complex and site-specific, just as the pressures on land are driven
by both economic and social factors that characterize the territory. The research focuses on
the emblematic case of Italy, where land consumption and ES protection remain largely
unresolved, partly due to the lack of a national regulatory framework on these issues.

1.6. Mapping ES Exercises: A Literature Review for the Italian Context

To better understand the current state of the art in research and the ongoing debate among
scholars, the topic of ES biophysical and monetary mapping has been examined through a
literature review focused specifically on Italy. This review targeted local contexts within Italy,
utilizing the Scopus and Web of Science databases. The results were systematically aggregated
and are presented in the following section. The research began by focusing on exercises related
to the biophysical mapping of ecosystem services in local case studies from Italy. In this context
and referring to the European Union’s Nomenclature of Territorial Units for Statistics (NUTS)
framework, which categorizes regions from the national (NUTS0) to local levels (Regulation (EC)
No. 1059/2003), the Provincial and Municipal levels (NUTS3 and LAU, respectively) correspond
to the sub-regional, local scale within Italy’s spatial planning framework.

During the literature review, scientific papers addressing soil ESs were examined,
initially focusing on those that performed spatial mapping of either biophysical or monetary
aspects. Subsequently, studies assessing the simultaneous mapping of both biophysical and
monetary aspects were considered. Finally, papers evaluating multiple ESs concurrently,
including scenario development, were selected as relevant to the research objectives.

Marine and water ES mapping exercises were excluded as the present research focuses
on quantifying soil ESs. Similarly, papers at excessively broad or narrow scales (e.g., national
assessments or neighboring ones) were excluded, as they did not fit with the identified spatial
categories (NUTS3 and LAU). An overview of the results is presented in Table 1, which clearly
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shows that only five papers were found with the same features of the current research: La Notte,
2012; Häyhä et al., 2015; Manes et al., 2016; Marino et al., 2021; Sebastiani et al., 2021 [66–70].

Table 1. The literature review results. Source: own elaboration by authors.

Search 1. Biophysical assessment and mapping exercises of ecosystem services in the Italian context
Search string: (biophysical AND ecosystem AND services) AND (mapping OR quantification OR evaluation OR valuation OR assessment OR
accounting) AND TITLE-ABS-KEY (mapping OR spatial) AND TITLE-ABS-KEY (Italy OR Italian).

Reference Assessment features Exclusion motivation

La Notte, 2012 [66] 1 scenario
1 ES

Schirpke et al., 2012 [71] No ES mapping

Petrosillo et al., 2013 [72] No ES mapping

Ferrari and Geneletti, 2014 [73] Biophysical OR monetary assessment

Rova et al., 2015 [74] Biophysical OR monetary assessment

Häyhä et al., 2015 [67] 1 scenario
>1 ES

Arcidiacono et al., 2016 [75] Only biophysical assessment

Franzese et al., 2017 [76] Water ecosystems

Picone et al., 2017 [77] Water ecosystems

Mancini et al., 2018 [78] National scale

Salata et al., 2019 [79] No ES mapping

Sacchelli and Bernetti, 2019 [80] No ES mapping

Salizzoni et al., 2020 [81] No ES mapping

Capriolo et al., 2020 [82] National scale

Buonocore et al., 2020 [83] Water ecosystems

Buonocore et al., 2020 [84] Water ecosystems

Pacetti et al., 2020 [85] Water ecosystems

Masiero et al., 2022 [86] Too-small scale (neighbourhood scale)

Marino et al., 2021 [69] 1 scenario
>1 ES

Di Pirro et al., 2021 [87] No ES mapping

Zulian et al., 2022 [88] National scale

Boschetto et al., 2023 [89] National scale

Marino et al., 2023 [90] Too-wide scale (national scale)

Catucci et al., 2023 [91] Water ecosystems

Pignatti et al., 2024 [92] No ES mapping

Search 2. Monetary assessment and mapping exercises of ecosystem services in the Italian context
Search string: (monetary AND ecosystem AND services) AND (mapping OR quantification OR evaluation OR valuation OR assessment OR
accounting) AND TITLE-ABS-KEY (mapping OR spatial) AND TITLE-ABS-KEY (Italy OR Italian)

Reference Assessment features Exclusion motivation

La Notte, 2012 [66] 1 scenario
1 ES

Häyhä et al., 2015 [67] 1 scenario
>1 ES

Pelerosso et al., 2016 [93] No ES mapping

Manes et al., 2016 [68] 1 scenario
1 ES

Schirpke et al., 2017 [94] No ES mapping

Franzese et al., 2017 [76] Water ecosystems

Picone et al., 2017 [77] Water ecosystems

Appolloni et al., 2018 [95] Water ecosystems

Buonocore et al., 2020 [83] Water ecosystems
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Table 1. Cont.

Capriolo et al., 2020 [82] Too-wide scale (national scale)

Sebastiani et al., 2021 [70] 1 scenario
>1 ES

Lai et al., 2021 [96] Only biophysical assessment

Marino et al., 2021 [69] 1 scenario
>1 ES

Boschetto et al., 2023 [89] Too-wide scale (national scale)

Search 3. Biophysical and monetary assessment and mapping exercises of ecosystem services in the Italian context
Search string: (monetary AND ecosystem AND services) AND (mapping OR quantification OR evaluation OR valuation OR assessment OR
accounting) AND TITLE-ABS-KEY (mapping OR spatial) AND TITLR-ABS-KEY (biophysical) AND TITLE-ABS-KEY (Italy OR Italian) or
(biophysical AND ecosystem AND services) AND (mapping OR quantification OR evaluation OR valuation OR assessment OR accounting) AND
TITLE-ABS-KEY (mapping OR spatial) AND TITLR-ABS-KEY (monetary) AND TITLE-ABS-KEY (Italy OR Italian)

Reference Assessment features Exclusion motivation

La Notte, 2012 [66] 1 scenario
1 ES

Häyhä et al., 2015 [67] 1 scenario
>1 ES

Franzese et al., 2017 [76] Water ecosystems

Picone et al., 2017 [77] Water ecosystems

Buonocore et al., 2020 [83] Water ecosystems

Capriolo et al., 2020 [82] Too-wide scale (national scale)

Marino et al., 2021 [69] 1 scenario
>1 ES

Boschetto et al., 2023 [89] Too-wide scale (national scale)

Interestingly, none of these papers involved a multi-scenario and multi-service map-
ping exercise focused on a sub-regional territory. The term “sub-regional”, as mentioned,
refers to a geographical area smaller than a region (NUTS2). It strikes a balance between
being large enough to address environmental and ecological issues comprehensively yet fo-
cused enough to avoid a perspective fragmented by local administrative borders. This scale
is crucial for supporting integrated and comprehensive planning and offering a wide-area
vision while enabling effective planning tools. These tools can involve strategic synergies
between municipalities sharing common criticalities or territorial potentialities to enhance
and preserve ecosystems. Additionally, a multi-scenario approach is vital to understanding
the ecosystemic effects of territorial evolution, particularly the changes in land use. Finally,
soil’s role in providing diverse ecosystem services highlights the trade-offs in land-use
decisions, making a multi-service and holistic perspective essential. Therefore, the aim of
this paper is to fill the gap in the literature by proposing a multi-scenario, multi-service
mapping approach that integrates both biophysical and economic dimensions, with the
goal of enhancing sustainable soil management policies at the sub-regional level.

Section 2 provides an overview of the methodology employed for the assessment and
mapping of a selection of ecosystem services in the case study of the Province of Brescia.
The details of the case study, along with the mapping outputs (Figures) and Tables, are
presented in Section 3. In Section 4, a critical evaluation of the results is presented. This is
accompanied by their contextualization, drawing on dynamic information regarding the
variations in ecosystem services over the specified time frame. Finally, Section 5 outlines
the limitations and strengths of the analysis, as well as potential directions for further
developments and applications of the research.
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2. Materials and Methods
2.1. Ecosystem Services

The ecosystem services chosen for analysis in the Province of Brescia are listed in
Table 2, with reference to the MEA classes and denominations [4].

Table 2. ES denomination and classification. Source: own denomination and MEA’s categories (2005).

ES Common Denomination MEA ES Class and Denomination

Carbon storage and sequestration (CSS) Regulating. Climate regulation

Habitat quality (HQ) Supporting. Provisioning habitats

Crop pollination (CP) Regulating. Pollination

Wood provision (WP) Provisioning. Food and fibre

Particulate removal (PR) Regulating. Air quality maintenance

Hydrological regime regulation (HRR) Regulating. Water regulation

These services can be included in the already cited category of soil ES (hereinafter
simply referred to as ES), which should be assessed on the basis of soil properties like
carbon content, nutrient cycling, and moisture retention. However, as is common in the
literature, this analysis uses Land Use and Land Cover (LULC) as a proxy [8].

It is necessary to specify, in advance, that certain ecosystem services are more relevant to
specific contexts: some are better suited to urban environments, such as microclimate regulation,
while others are more applicable to rural or non-urban settings, like timber production. In
particular, urban development relies heavily on surrounding rural areas for essential resources
such as food, water, and raw materials [97]. However, given their higher population and
activity density, the demand for ecosystem services is stronger in urban contexts for regulation
services, whose supply is spatially constrained to the location where the demand exists (consider,
for example, the service of hydrogeological regulation). Effective policies should focus on
maintaining these linkages and protecting rural ecosystems to ensure equitable development
for both areas [97]. As an initial analytical experiment, this research primarily focuses on the
non-urban context. Notably, due to this focus, some ecosystem services have been excluded
from this analysis. Microclimate regulation, which relates to the mitigation of the “urban heat
island” effect caused by the accumulation of heat on artificial surfaces, was not examined as
it primarily pertains to urban contexts, whereas this thesis focuses on rural areas. Similarly,
water purification processes, particularly relevant near urban settlements where water quality
is critical, were excluded as follows: this service, which involves the filtration of water as
it infiltrates the soil, is more appropriately studied at broader geographical scales, such as
watershed areas, rather than within the administrative boundaries of a province.

In any case, the justification for selecting these ecosystem services for the present
analysis is closely tied to the territorial characteristics of the case study, as will be made
explicit in Section 3: there, specific ecosystem services are presented in relation to their
relevance within the context of the Province of Brescia.

For all ecosystem services, the analysis was conducted both in biophysical and mone-
tary terms and in two distinct temporal scenarios—except for the pollination service, which
was evaluated solely in monetary terms under a single scenario for reasons that will be
discussed below. Biophysical quantification provides a tangible measure of ecosystem ser-
vices in physical units, while economic quantification converts these benefits into monetary
values, providing an estimate of the economic contribution of these services to society. As
outlined in the SEEA EA guidelines [10], monetary estimates of ecosystem services are
typically derived by assigning prices to individual ecosystem services and multiplying these
prices by the physical quantities recorded in the ecosystem services flow account. In this
analysis, however, habitat quality and pollination services follow a different methodology.
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The decision to use a dual scenario enhances the static and spatial analysis of ESs and
trade-offs at specific moments, as well as their changes and evolution in response to land
transformations. As will be clarified further below, due to modeling, parameter, and data
restrictions, it was not possible to analyze ESs under identical temporal scenarios. Some
scenarios refer to 2006–2012 (CSS, WP), while others refer to 2012–2018 (HQ, CP, PR, HRR).

2.2. Biophysical Assessment of Ecosystem Services

The methodology applied for the biophysical assessment of the chosen ES is hybrid,
focusing on manageable models and tools that are not overly sector-specific. The applica-
tion of such models and tools requires a multidisciplinary approach involving experts from
various fields. The analysis was partially conducted in alignment with the Italian SNPA
guidelines for the ecosystem services assessment, titled “Mapping and Impact Assessment
of Land Consumption on Ecosystem Services: Methodological Proposals for the Land Con-
sumption Report” [64]. This was performed using Q-GIS 3.34.5 software and the InVEST
model. For the biophysical assessment of the remaining three services, the methodology
from the LIFE+ “Making Good Natura” EU project was used [98] (Figure 1).

2.2.1. The InVEST Model

InVEST is a suite of free, open-source software models developed by Stanford Uni-
versity as part of the Natural Capital Project (https://naturalcapitalproject.stanford.edu/
software/InVEST, last consultation: 26 October 2024), specifically designed for territorial
and town planning evaluation and the comparison of the impacts of land-use alterna-
tives. It is also used by various regional authorities in Italy, such as the Lombardy Re-
gion [99,100]. It is particularly useful for assessing soil ecosystem services from a spatial plan-
ning perspective. It analyzes ESs through various sub-models, providing biophysical results
(e.g., carbon sequestration in tons) and monetary values (e.g., net present value of carbon). In
this research, InVEST was used for biophysical aspects, while monetary quantification was
evaluated separately. The model requires specific calibration and high-quality data to function
effectively [100], and the availability of detailed, open-source data is a major challenge at the
planning level. Due to lower-resolution data, InVEST is better suited for regional planning, with
sub-regional applications (such as the ones conducted here) needing additional calibration effort.

In this case, the input data and parameters required depend on the ecosystem service
being analyzed and, therefore, on the InVEST sub-model used. Typically, a Land Use
and Land Cover (LULC) map and calibration parameter tables are necessary. For the ESs
analyzed in this paper, LULC maps were selected from the Corine Land Cover (CLC)
database as referred to for the years 2006, 2012, and 2018, and from which only land cover
(LC) information was used for the services analyzed. Parameters were set according to
exercises in the literature, as close as possible to the spatial and morphological context of
the case study. The ecosystem services selected for analysis in the Province of Brescia using
InVEST software include (Figure 1) the following:

• Carbon sequestration and storage (CSS);
• Habitat quality (HQ);
• Crop pollination (CP).

2.2.2. LIFE+ “Making Good Natura” EU Project—LIFE11 ENV/IT/000168
(“Project MGN”)

For the biophysical quantification of ecosystem services that were not analyzed using
InVEST, the ES-specific methodology from the “Making Public Goods Provision the Core
Business of Natura 2000” (LIFE+ MGN) project was utilized [98]. Launched in 2013 and
supported by the European Commission under the LIFE+ program, the LIFE+ MGN

https://naturalcapitalproject.stanford.edu/software/InVEST
https://naturalcapitalproject.stanford.edu/software/InVEST
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primarily aims to enhance the governance of agro-forestry sites within this network by
identifying key ecosystem services (ESs), conducting the biophysical quantification and
economic valuation of various ES, developing and implementing PES frameworks, and
evaluating site management effectiveness [101].

The project proposes a simplified (parametric) methodology for analyzing spe-
cific ecosystem services—in this research, used only for biophysical assessment—across
21 Natura 2000 sites. Although the findings pertain solely to the analyzed sites, the method-
ology (detailed in [98]) can be replicated in other contexts.

The ecosystem services examined using the LIFE+ MGN methodology include
(Figure 1) the following:

• Wood provision (WP);
• Particulate removal (PR);
• Hydrological regime regulation (HRR).

2.3. Monetary Assessment of Ecosystem Services

The cited SNPA guidelines [64] also include an approach for the monetary assessment of
ESs. The methodology proposed differs from service to service and relies on different parameters
in the literature, sometimes with a very high range of values. The monetary assessment of
ecosystem services in this analysis is aligned with it, as reported synthetically in Figure 1.

As explained in the following sections, this research, chosen chose to refine the method,
narrowing the range on the basis of statistical evaluations and re-evaluating the coeffi-
cients by applying the monetary revaluation coefficient for the year 2024 using ISTAT
(https://rivaluta.istat.it/, last consultation: 28 October 2024). Additionally, where deemed
necessary, the proposed parameter references were also updated.

Please note that all results reported in the tables, both in Section 3 and in Appendix A,
have been rounded to the nearest whole unit.
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3. Results
3.1. Study Area

The case study of this biophysical and monetary assessment exercise is the Province of
Brescia (NUTS3), located in Lombardy, Northern Italy (Figure 2). The Province of Brescia
provides an ideal case study as it encompasses diverse territorial systems, from plains to lakes
and mountains. The northern part features three main valleys—Valle Camonica, Valle Trompia,
and Valle Sabbia—which have a distinct morphology compared to the southern plains. The
province is also characterized by three main lakes—Lake Garda, Lake Iseo, and Lake Idro—
further adding to its geographical complexity. Addressing this complexity requires an integrated
planning and management approach, particularly when defining the relationships and priorities
between different systems. These features support a wide range of ESs, making this territory
an ideal case study for a comprehensive and integrated ES assessment. Agriculture is a key
economic activity in the area, with notable products such as olives from Lake Garda and wines
from renowned regions such as Franciacorta and Lugana. The area holds a variety of tourism-
related services, ranging from lakes, mountains, and valleys to agricultural productivity, all while
retaining cultural and historical significance in Brescia’s landscape. Finally, northern forests play
a vital role in carbon sequestration and timber production while serving as essential biodiversity
hotspots. The areas near major rivers and wetlands hold significant ecological importance but
are increasingly vulnerable to hydrogeological and natural risks, like those in mountainous
zones. Environmental and socioeconomic pressures in Brescia mirror challenges in other regions
of Italy. For example, the Province of Brescia is marked by intense industrial activity and heavy
traffic, experiencing high levels of PM10, ozone, and GHG emissions, exacerbated by the Po
Valley’s stagnant air conditions and the Alpine range acting as a barrier [103,104]. Urbanization
has significantly increased land consumption, particularly in the plains, emphasizing the urgent
need for strategic analysis to safeguard critical ecosystems and natural resources. These aspects
also specifically justify the selection of the ecosystem services analyzed in this study. Given
these characteristics, using Brescia as a case study is both significant and comprehensive, as
it provides valuable insights for developing planning frameworks applicable to other regions
facing similar territorial complexities and diverse environmental, economic, and social dynamics.
It can be stated that the varied features of Brescia Province reflect the heterogeneity of the Italian
landscape, making it a microcosm for broader national challenges and enhancing the application
of the method to other contexts.
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3.2. ES Assessment
3.2.1. Carbon Storage and Sequestration

The forestry sector holds one of the highest potentials for cost-effective CO2 reduc-
tion compared to other mitigation activities by absorbing carbon dioxide from the atmo-
sphere and storing it in woody biomass (both aboveground and belowground), litter, and
soil [106,107]. The factors influencing the amount of carbon stored and the future uptake
potential across different compartments vary, with climate and soil consumption being
predominant, particularly in areas with forest cover or high natural integrity [108,109]

In the case of the Province of Brescia, approximately one-third of the area is covered
by forests, mainly concentrated in the northern valleys of Valle Camonica, Valle Trompia,
and Valle Sabbia, making this ecosystem service especially relevant for the region.

Biophysical Assessment

Carbon storage and sequestration biophysical analysis were performed using the InVEST
software, as proposed in [64], specifically the “Carbon storage and sequestration” sub-model.
InVEST estimates the carbon content of various land-use categories based on storage parameters
(tC/ha) for the four primary carbon pools recognized by the Intergovernmental Panel on Climate
Change [110]: aboveground biomass, belowground biomass, soil, and dead organic matter.
For the carbon storage assessment, the software requires input to an LC map for each scenario
analyzed and carbon storage parameters for each LC category. Carbon sequestration is then
calculated from the differences in LC among reference years, namely from differences in carbon
storage. Carbon stored in permanent crops and tree plantations was not considered.

For this analysis, the Corine Land Cover (CLC) 2012 dataset was used, rasterized at
a 10-meter resolution using QGIS software; the 2018 mapping was avoided due to the
absence of a V-level classification for forestry land uses, which was considered necessary
in this case for a precise ES assessment. Carbon storage parameters (tC/ha) for forest
types have been obtained from the National Inventory of Forests and Forest Carbon Pools
(INFC), for which the correspondence between CLC categories was established based on
Marchetti et al.’s work [111] (see Table A1 in Appendix A). More precisely, the values for
aboveground biomass were derived from the INFC 2015 database, while belowground
biomass was not calculated due to a lack of data in the INFC databases. Soil carbon values
were calculated by subtracting the litter carbon content in the INFC 2005 database (declared
as a quite static parameter and, thus, not uploaded in the 2015 version) from the total soil
carbon in the INFC 2015 (litter carbon + soil carbon). Similarly, dead organic matter values
were calculated by summing litter and fine necro-mass (not uploaded in the 2015 version)
with coarse deadwood in the INFC 2015 database. See Table A2 in Appendix A for the
detailed parameters used for each carbon pool and forest type.

The same analysis was performed for 2006, using the CLC 2006 dataset and the same
parameters as before, with the aim of isolating the effects of land-use change on carbon
storage and sequestration services, which is the purpose of this analysis.

Carbon storage and sequestration biophysical mapping outputs are reported in
Figure 3 for both the years considered, together with the variation in time, which in
this case represents the carbon sequestration service.

Monetary Assessment

The monetary valuation of carbon sequestration and storage can be performed through
two main approaches, as demonstrated in SNPA guidelines [64]: the social cost and the
market value of emission permits.

The social cost approach estimates the global damage avoided by carbon sequestration.
In this paper, it was assumed that the unit monetary value of EUR 101.85/tC proposed
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in the Interagency Working Group on Social Cost of Greenhouse Gases, United States
Government [112], would be accurate, adjusted for inflation to EUR 145.74/ton of carbon for
2024 (through Rivaluta ISTAT, https://rivaluta.istat.it/, last consultation: 28 October 2024).

Figure 3. Maps of the biophysical assessment of carbon storage in 2012 and 2006 and carbon
sequestration in 2006–2012. Source: own elaboration by authors.

For the market value approach, the price of carbon emission permits in the Italian
voluntary market was used, with a current unit monetary value of EUR 28.00/tC [113].

The total economic value for carbon storage and sequestration (EUR) is calculated by
multiplying the total stored or sequestered carbon obtained by the biophysical assessment
by these unit monetary values.

In Figure 4, a map of the unit monetary values (EUR/ha) of carbon storage in 2012 with
the social cost method is proposed, together with the results for the monetary assessment
using the LC typology with both methods. See Table A3 in Appendix A for more detailed
information about the parameters and results.Land 2025, 14, x FOR PEER REVIEW 16 of 51 
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3.2.2. Habitat Quality

Above other pressure forms, soil sealing, especially through road construction, poses
significant threats not only by reducing habitat areas but also by creating barriers to species
migration and movement [114].

In the case of Brescia Province, a region with a rich variety of ecosystems, including
agricultural lands, forests, and wetlands, all of which are vital for local biodiversity, the
increasing pressure from urbanization and infrastructure construction has threatened to
fragment habitats and diminish their ecological quality, jeopardizing the integrity of the
Ecological Network [115].

Biophysical Assessment

The assessment of the habitat quality ecosystem service was conducted using the
“Habitat quality” sub-model within the InVEST software suite, as suggested in [64]. The
model operates under the premise that regions with higher habitat quality can support a
greater diversity of native species; conversely, reductions in both habitat extent and quality
lead to diminished species persistence [116]. InVEST calculates habitat quality by assessing
the capacity of land cover types to sustain life and by evaluating the impact of different
threats (such as urbanization or road networks), and habitat sensitivity to those threats.
The model incorporates different spatial data layers to map these threats and quantify
their influence on habitat integrity. The primary input required is a raster map, with
the Corine Land Cover (CLC) 2018 dataset used in this analysis, rasterized at a 10-meter
resolution using QGIS software. Two additional tables—the “sensitivity table” and the
“threat table”—are essential for running the model. The sensitivity table assigns habitat
values on a scale from 0 (non-habitable) to 1 (optimal habitat) while also indicating each
habitat type’s vulnerability to different threats. These parameters were sourced from the
work of Sallustio et al. [117], which provides a comprehensive analysis of habitat values
across Italy. The habitat types were previously associated with the LC map starting from the
description of each field, seeking a logical link between the various categories (see Table A4
in Appendix A; for the sensitivity table, see Table A5). Simultaneously, the threat table (see
Table A6 in Appendix A) details the characteristics of each threat, including its spatial extent
(the radius of influence in kilometers), its weight or impact on habitat quality, and its decay
pattern (whether effects decrease exponentially or linearly with distance). In particular,
the radius of influence and the impact weights have on the habitat were obtained for each
threat and habitat type identified by Sallustio et al. [117], while the decay pattern was
assumed to be linear for safety. Each threat is required as raster input data; in this analysis,
intensive agriculture, extensive agriculture, the soil consumed, and roads were considered,
as outlined by Sallustio et al. [117]. Specifically, intensive and extensive agriculture, as
well as the soil consumed, were obtained from the Brescia Province Geoportal, while road
and railway network data were extracted from OpenStreetMap (OSM) and classified as
proposed by Sallustio et al. [117] in order to maintain consistent reference parameters. A key
parameter in the model is the semi-saturation constant (k), which modulates how habitat
quality decreases as degradation intensifies. A low k value (0.05, the default in InVEST)
means that even small increases in degradation will significantly reduce habitat quality.
The same analysis was performed for 2012, using the CLC 2012 dataset and the same
parameters as before, with the aim of isolating the effects of land-use change on habitat
quality service.

The output consists of two raster maps, shown in Figures 5 and 6 for the two years
considered, along with the period variation: one representing habitat quality and the
other showing the level of degradation. These outputs provide relative values from 0 to 1,
allowing for comparative analysis between the different locations but not yielding direct
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biophysical measurements. Further processing would be required to translate these results
into more specific ecological metrics.

 

Figure 5. Maps of the biophysical assessment of habitat quality in 2012 and 2018. Source: own
elaboration by authors.
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Monetary Assessment

To assess the monetary value of habitat quality, the methodology proposed in the
SNPA guidelines [64] follows the approach developed by Costanza et al. [5,7], which
estimates economic value based on various parameters related to different habitat types
for certain ecosystems. In the SNPA proposal, a range of coefficients was derived for the
missing ecosystems, using the surfaces across the Italian territory as weights [64]. In the
present analysis, the complete list of coefficients thus obtained (in EUR/ha) was adjusted
for inflation using the ISTAT revaluation coefficient for 2018–2024. To calculate the total
monetary value of the service, the unit monetary value (in EUR/hectare) is multiplied by
the area of the specific land cover type, expressed in hectares.
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In Figure 7, a map of the unit monetary values (EUR/ha) of habitat quality in 2018
is provided, together with the results for the monetary assessment by LC typology. See
Table A7 in Appendix A for more detailed information about the parameters and results.
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3.2.3. Crop Pollination

A European assessment indicates that approximately 9.2% of bee species are at risk
of extinction due to land consumption, agricultural intensification, the widespread use
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of pesticides, herbicides, and fertilizers, as well as habitat fragmentation, which affects
the pollination network [117,118]. The enhancement and protection of this service, which
is so essential for environmental balance and human activities, has become even more
important today.

This ecosystem service is particularly crucial for the Province of Brescia, where agri-
cultural areas cover about half of its total surface, mainly in the southern region, which
corresponds to the Po Valley. However, this area faces significant land consumption, which
threatens the integrity of its pollination ecosystem service.

Biophysical Assessment

To assess the biophysical value of the crop pollination ecosystem service, an analysis
was conducted using the InVEST software, specifically the “Crop pollination” sub-model,
as described in [64]. The software requires raster input data, for which the CLC 2018
dataset was used, and was rasterized in QGIS with a grid size of 10 m. The model also
required two CSV tables as the input: a “biophysical table” and a “pollinator table”. The
biophysical table includes a nesting availability index and a flower abundance index for
each LC class. The required parameters were obtained from the “JRC ESTIMAP: Ecosystem
services mapping at European scale” report [119], which provides general parameters
for Europe. It is considered a suitable reference for this case study. The pollinator table
maps the characteristics of the analyzed pollinator species, in this case only including the
“solitary bee”, as in [119]. Parameters include the following: a nesting suitability index
(set to one for a generic substrate); a foraging activity index calculated from temperature
and solar radiation; the medium distance traveled by the analyzed species (set to 200 m,
as in [119]); and a relative abundance value (set to one since only one pollinator type
was analyzed). Parameters were obtained with the methodology reported in [119], using
values of T (temperature) = 12.59 ◦C and R (radiation) = 177.9 W/m2 obtained from the
ARPA database of the Lombardy Region using the average annual daily mean values from
1 January 2023 to 1 January 2024 (https://www.arpalombardia.it/temi-ambientali/meteo-
e-clima/form-richiesta-dati/, last consultation: 8 January 2024).

The same analysis was performed for 2012, using the CLC 2012 dataset and the same
parameters as before, with the aim of isolating the effects of land-use change on the crop
pollination service.

The software generated two output maps, reported in Figures 8 and 9 for the two
years considered, along with the period variation. One map represents the abundance of
the generic bee, while the other indicates its potential supply based on relative abundance,
habitat suitability, and the floral resources available, taking into account the bee’s travel
capacity. The values in these maps range from 0 to 1, enabling comparative analysis between
pixels, but they do not provide a direct biophysical analysis without further processing.

Monetary Assessment

For the monetary assessment of pollination services, as outlined in the SNPA guide-
lines [64], this methodology adopted the approach proposed by Leonhardt et al. [102],
specifically the calculation of the overall economic value of pollination (EVIP) based on
the global valuation of the pollination service in relation to the agricultural production
value. The EVIP was determined using the methodology described in [102], deriving the
crop-dependency ratio on pollinators from Klein et al. [120].

For the valuation of the parameter Qict, ISTAT data for Brescia Province were
used (https://esploradati.istat.it/databrowser/#/it/dw/categries/IT1,Z1000AGR,1.0/
AGR_CRP/DCSP_COLTIVAZIONI/IT1,101_1015_DF_DCSP_COLTIVAZIONI_1,1.0, last
consultation: 28 October 2024). Concerning Pict, data were obtained from the ISMEA

https://www.arpalombardia.it/temi-ambientali/meteo-e-clima/form-richiesta-dati/
https://www.arpalombardia.it/temi-ambientali/meteo-e-clima/form-richiesta-dati/
https://esploradati.istat.it/databrowser/#/it/dw/categries/IT1,Z1000AGR,1.0/AGR_CRP/DCSP_COLTIVAZIONI/IT1,101_1015_DF_DCSP_COLTIVAZIONI_1,1.0
https://esploradati.istat.it/databrowser/#/it/dw/categries/IT1,Z1000AGR,1.0/AGR_CRP/DCSP_COLTIVAZIONI/IT1,101_1015_DF_DCSP_COLTIVAZIONI_1,1.0
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(Istituto di Servizi per il Mercato Agricolo Alimentare) and the AREA Rica (Analisi dei
Risultati Economici Aziendali) portals.
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In this case, it was not possible to generate a map for the monetary valuation of the
service, as there is no agricultural land-use map available for Brescia Province. The CLC
dataset only provides broad land-use categories without specifying individual crop types,
which can vary frequently across the region. Consequently, the monetary valuation could
not be geo-referenced. However, Table 3 presents the results of the monetary assessment
performed by cultivation type. For more detailed information about the parameters and
results, see Table A8 in Appendix A.
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Table 3. Monetary value of crop pollination for crops dependent on the service based on the 2023
production in Brescia Province. Source: own elaboration by authors from ISMEA, AREA Rica, and
ISTAT databases.

Crop Type
Total

Production
(t/Year)

Unit Monetary
Value for Crop

Production
(EUR/t)

Dependency
Ratio

Monetary Value
for Crop

Pollination
(EUR/Year)

Apple 1811 729 0.65 858,142

Chestnut 1075.9 1920 0.25 516,480

Cocumber 205 291 0.65 38,776

Green Bean 2474.5 1097 0.05 135,754

Lemon 8 760 0.05 304

Melon 1845 597 0.95 1,046,392

Peach 788 512 0.65 262,246

Pear 185 1423 0.65 171,116

Pepper 234 493 0.05 5768

Strawberry 371 3023 0.25 280,383

Plum 72 308 0.65 14,414

Tomato 44,886 676 0.05 1,517,147

Watermelon 1280 164 0.95 199,424

Zucchini 8087.8 503 0.95 3,864,755

Total 8,911,046

3.2.4. Wood Provision

To evaluate this ecosystem service, the annual biomass of timber produced in a specific
region must be estimated [98]. Land-use changes in forested areas can entirely eliminate this
service, while other influencing factors include climate conditions, management practices,
and the prevalence of diseases like the Bosforo bacterium, which has affected Northern Italy.
The assessment of wood provision is particularly significant for Brescia Province, where
forests cover approximately one-third of the territory, primarily in the northern region. This
area encompasses three major valleys: Valle Camonica, Valle Trompia, and Valle Sabbia.

Biophysical Assessment

The “LIFE+ MGN” parametric methodology was applied to biophysically assess wood
provision ecosystem services [98]. The annual biomass increment values were obtained
from the INFC 2015 database, which provides specific growth rates for various forest types
based on CLC classifications. As with carbon storage and sequestration service, the CLC
2012 dataset was used and rasterized at a 10-meter resolution using QGIS software. A
correspondence between CLC classes and INFC classifications was established based on
Marchetti et al.’s work [111]. Similar to the previous analysis, only tall tree forest areas
were considered. The annual biomass increment values for each forest type were sourced
from the INFC 2015 database. This approach estimates the wood provision service by
calculating the annual production of forest biomass that can be sustainably harvested
without distinguishing between different timber product types. The assessment focused on
the volume of biomass produced annually within the limits of natural regeneration [98].

The same analysis was performed for 2006, using the CLC 2006 dataset and iden-
tical parameters, with the goal of isolating the effects of land-use change on the wood
provision service.
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Figure 10 reports the biophysical mapping results of wood provision in 2006 and 2012,
along with the variation in the ES during the period.
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See Table A9 in Appendix A for further details about the parameters used.

Monetary Assessment

For the monetary assessment of wood provision, the SNPA guidelines [64] recommend
using market prices for the assessed biomass volumes.

In the absence of specific data for the Province of Brescia, data from the ISPAT portal
for the Trentino Alto Adige region were utilized. This portal provides valuable insights
into regional timber utilization percentages and average prices based on the latest update
from 2021. According to these findings, timber products are primarily used for construction
(76.5%), while the remaining 23.5% is allocated for firewood. The respective average prices
are EUR 63/m3 for construction timber and EUR 50/m3 for firewood. These prices are
weighted averages derived from the production of softwood and hardwood in Trentino Alto
Adige. By calculating a weighted average of these results, the overall price was estimated at
EUR 60/m3, which was adjusted for inflation to approximately EUR 70/m3. The monetary
value of wood production was determined by multiplying the wood increment coefficient
(at the basis of the biophysical assessment) by the area of the respective land cover type,
yielding wood provision values in tons or cubic meters. These results were then multiplied
by the unit monetary value (EUR/t or EUR/m3) to obtain the total economic value in
euros. Figure 11 presents a map of the unit monetary values (EUR/ha/year) of the wood
provision in 2012, alongside the results of the monetary assessment by LC typology. See
Table A9 in Appendix A for more detailed information about the parameters and results.
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3.2.5. Particulate Removal

Particulate and ozone removal by forests is a vital ecosystem service, particularly in the
spatial context of this analysis, as exposure to air pollutants is the leading environmental risk
factor in Europe [121]. Italy, in particular, has the highest estimated number of premature
deaths attributed to air pollution [122].

This air quality service plays a crucial role in maintaining urban air quality and is
equally significant for broader regions like Brescia Province. Forest ecosystems in this
province are extensive, covering about one-third of its surface, predominantly in the
northern areas, including Valle Camonica, Valle Trompia, and Valle Sabbia. These forests
are particularly valuable in mitigating pollution levels, which can be notably high in
the region.

Biophysical Assessment

The capacity of forest ecosystems to remove pollutants was assessed using the “LIFE+
MGN” parametric methodology, which estimates PM10 removal based on average capture
coefficients specific to different vegetation types [98]. The CLC 2018 dataset was utilized for
the LC map, rasterized at a 10-meter resolution using QGIS software. PM10 sequestration
values were assigned to various forest types following the parameters provided by Schirpke
et al. [98]. Specifically, broadleaf forests were assigned a value of 160 kg/ha/year, while
the coniferous forest was assigned a value of 490 kg/ha/year. Mixed forests were assigned
a value of 325 kg/ha/year, calculated as the average of the previous two.

The same analysis was conducted for 2012 using the CLC 2012 dataset and the same
parameters to isolate the effects of land-use change on the capacity of forests to remove
PM10. Figure 12 presents the biophysical mapping results for particulate removal in 2012
and 2018, with variation in the ES during this period.
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For more detailed information about the parameters used, refer to Table A10 in
Appendix A.

Monetary Assessment

The monetary assessment of particulate removal was conducted based on the societal
costs of PM10 pollution, which include health and environmental impacts, as outlined in
the SNPA guidelines [64]. The range of unit monetary values (EUR/ha) from the European
Environment Agency (EEA) was used, as referenced in the SNPA report, adjusted to 2024
values to account for inflation [121]. Due to the broad range of available values, a filtering
approach was employed to narrow the range. In the absence of site-specific criteria for
further refinement, a statistical method was adopted: values below the 25th percentile
and above the 75th percentile were excluded. This resulted in a refined range of unit
monetary values set between EUR 500/ha (for broadleaf forests) and EUR 700/ha (for
coniferous forests), with mixed forests assigned a mid-range value of EUR 600/ha. The total
monetary value of particulate removal in 2018 was calculated by multiplying these unit
monetary values by the respective forest areas in Brescia Province. The results, categorized
by land cover typology, are presented in Figure 13, alongside a map illustrating the spatial
distribution of unit monetary values across the province (EUR/ha/year). For further details
about the parameters and results, refer to Table A10 in Appendix A.

3.2.6. Hydrological Regime Regulation

In the Province of Brescia, hydrological regulation plays a vital role due to the region’s
diverse geomorphology, which encompasses mountainous, hilly, and lowland areas. These
landscapes are particularly vulnerable to hydrogeological risks, including floods and land-
slides, especially during extreme weather events. The region’s balance between agricultural
land, natural areas, and increasing urbanization underscores the critical need to monitor
and preserve water infiltration processes. Effective spatial planning in this region must
prioritize strategies that enhance water infiltration and minimize soil sealing, both of which
are essential for sustainable water management and mitigating hydrological hazards [98].
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Biophysical Assessment

The soil’s capacity to regulate the hydrological regime was assessed using the
“LIFE+ MGN” parametric methodology, which simplifies the evaluation by assigning
coefficients (ranging from 0 to 5) for water retention based on land cover typologies [98].
The CLC 2018 dataset was utilized for the LC map and rasterized at a 10-meter resolution
using QGIS software. Retention coefficients for the LC typologies were sourced from
Nedkkov e Burkhard [123] and aligned with the CLC classification (refer to Table A11
in Appendix A). Nedkkov e Burkhard also provided literature-based insights into the
water retention capacity of different land cover types, expressed as a percentage of average
annual precipitation (%). In particular, by comparison with the work of Tate [124], the
dimensionless LC coefficients were first converted into annual absorption percentages and
subsequently converted into the annual absorbed volume by hectare (m3/ha/year).

A similar analysis was conducted for 2012, using the CLC 2012 dataset and identical
parameters to isolate the effects of land-use change on the hydrological regime regulation
service. Figure 14 presents the biophysical mapping results for the hydrological regime
regulation in 2012 and 2018, along with the observed variations in the ES during this period.
Additional details on the parameters used can be found in Table A11 in Appendix A.

Monetary Assessment

For the monetary assessment of this service, the SNPA guidelines [64] were followed,
assigning a unit monetary value of EUR 750 /m3/100 years for flood prevention infrastruc-
ture. This value was updated for 2024 using the ISTAT monetary revaluation coefficient,
resulting in EUR 10.27/m3/year. The water volume absorbed by various land types, as
determined in the biophysical assessment, was multiplied by the surface area of the cor-
responding land cover type, expressed in hectares (ha). This calculation yielded the total
water absorption volume, expressed in cubic meters (m3), which is critical for estimating
the overall monetary value of the ecosystem service. The results of this assessment are
presented in Figure 15 for 2012 and 2018. Additionally, Figure 15 includes a map of the unit
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monetary values (EUR/ha/year) for 2018. Further details on the parameters and results
can be found in Table A11 in Appendix A.
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3.3. Overview and Evaluation of Results

The analyses revealed a total monetary loss solely attributed to land-use changes in the
Province of Brescia, amounting to over EUR 51 million for the period 2006–2018 (with CSS
assessed using the social cost method) and nearly EUR 125 million for the period 2012–2018.
This variation is primarily due to differences in the ecosystem services analyzed rather than
changes in land use across the periods examined. Figure 16 schematically illustrates the
percentage change in the biophysical contribution of ecosystem services during the consid-
ered periods for the entire Province of Brescia. It shows that the most significant negative
variation (representing a loss of ecosystem services) occurred for particulate removal, which
decreased by −12.14% between 2012 and 2018. The only service that recorded a positive
percentage variation was habitat quality, which will be discussed in more detail later. This
service showed a slight increase of +0.04% in the period 2012–2018. This value, however, was
derived from Figure 7 rather than the biophysical assessment in order to assign a value for
each LC type. As shown in Figure 16, this positive change does not correlate to a proportional
monetary loss (or gain). The service that exhibited the largest variation in monetary contri-
bution (negative, indicating a loss) was hydrological regime regulation. Despite a −2.19%
decrease in its biophysical contribution during 2012–2018, this service accounted for a total
monetary loss of approximately EUR 121 million for the Province of Brescia. This loss is equiv-
alent to roughly 0.2% of the province’s GDP in 2018, with GDP calculated based on the per
capita GDP for the Lombardy Region in 2018 (Territorial Economic Accounts 2019–2021 Lom-
bardy (https://www.polis.lombardia.it/wps/wcm/connect/70f033b4-6ffb-468f-87ee-bd367
6e8b233/WP-02+-+Conti+economici+territoriali+Lombardia_+2017-2019_Ancona_edgen202
1.pdf?MOD=AJPERES&CACHEID=ROOTWORKSPACE-70f033b4-6ffb-468f-87ee-bd3676e8
b233-nG.lDP6, last consultation: 2 November 2024).
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4. Discussion
4.1. Critical Analysis of the Results

The analysis examined both the biophysical and monetary quantification of six ecosys-
tem services: carbon storage and sequestration (CSS), habitat quality (HQ), crop pollination
(CP), wood provision (WP), particulate removal (PR), and hydrological regime regulation
(HRR). Each service was evaluated using different methods, reflecting variations in the
available data and the specific requirements of each assessment.

https://www.polis.lombardia.it/wps/wcm/connect/70f033b4-6ffb-468f-87ee-bd3676e8b233/WP-02+-+Conti+economici+territoriali+Lombardia_+2017-2019_Ancona_edgen2021.pdf?MOD=AJPERES&CACHEID=ROOTWORKSPACE-70f033b4-6ffb-468f-87ee-bd3676e8b233-nG.lDP6
https://www.polis.lombardia.it/wps/wcm/connect/70f033b4-6ffb-468f-87ee-bd3676e8b233/WP-02+-+Conti+economici+territoriali+Lombardia_+2017-2019_Ancona_edgen2021.pdf?MOD=AJPERES&CACHEID=ROOTWORKSPACE-70f033b4-6ffb-468f-87ee-bd3676e8b233-nG.lDP6
https://www.polis.lombardia.it/wps/wcm/connect/70f033b4-6ffb-468f-87ee-bd3676e8b233/WP-02+-+Conti+economici+territoriali+Lombardia_+2017-2019_Ancona_edgen2021.pdf?MOD=AJPERES&CACHEID=ROOTWORKSPACE-70f033b4-6ffb-468f-87ee-bd3676e8b233-nG.lDP6
https://www.polis.lombardia.it/wps/wcm/connect/70f033b4-6ffb-468f-87ee-bd3676e8b233/WP-02+-+Conti+economici+territoriali+Lombardia_+2017-2019_Ancona_edgen2021.pdf?MOD=AJPERES&CACHEID=ROOTWORKSPACE-70f033b4-6ffb-468f-87ee-bd3676e8b233-nG.lDP6
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The assessments relied on LC maps as proxies for soil data, particularly for soil-related
ecosystem services, in line with established methodologies [8]. This approach assumes that
the LC classification accurately represents variations in soil-related ecosystem services.

The time periods used for each assessment were determined by data availability and
methodological requirements. For CSS and WP, the years 2006 and 2012 were selected. For
HQ, CP, PR, and HRR, the years 2012 and 2018 were chosen. The different timeframes
were necessary because some datasets, especially the Corine Land Cover (CLC) database,
did not provide a detailed land cover (LC) map for 2018, which is crucial for assessing
certain services.

Biophysical assessments for CSS, HQ, and CP employed modeling approaches using
the InVEST model [64], while other services (WP, PR, and HRR) were assessed using a
simpler parametric approach based on LC classes, following guidelines from the existing
literature [98]. The use of InVEST enabled more detailed assessments, particularly for
services such as HQ and CP.

The biophysical assessment resulted in additional maps for specific services. For
example, the InVEST model provided a habitat degradation map for HQ and a map of
pollinator abundance for CP. These maps added significant value to the biophysical analysis,
enabling a more detailed understanding of ecosystem service dynamics.

The monetary valuation followed the guidelines provided by the SNPA [64], which
involved associating parametric values with LC classes. These values were adjusted for
inflation or updated when necessary. Five monetary maps were produced, corresponding to
the most recent years for each service: 2012 for CSS and WP and 2018 for HQ, PR, and HRR.

A significant limitation in the monetary assessment arose for CP. Due to the absence of
a crop land-use map for the Province of Brescia, the results for CP could not be mapped in
monetary terms. Additionally, agricultural production data for the analysis were only avail-
able for the 2023–24 period from ISTAT, which made estimates for earlier years impossible.

Given these strengths and weaknesses, the critical interpretation of the results focuses
on several key aspects. First, it examines the use of the InVEST model, particularly in
the construction of habitat quality. This model generates output based on the type of
input information (data) provided, which is often influenced by both the local value
system and the planning objectives (Section 4.1.1). Additionally, the importance of a
cross-critical interpretation of the outputs generated by the sub-models is emphasized to
accurately assess the phenomena and the impact of land transformation actions on habitats
(Section 4.1.2). Finally, the text highlights the necessity of verifying the LC data structure at
different historical thresholds to avoid misinterpretations of ongoing phenomena, including
the need to validate the outputs through detailed checks on known cases (Section 4.1.3).

4.1.1. InVEST Model: Habitat Quality

A critical analysis of the InVEST model’s operation for the evaluated ecosystem
services reveals that, despite its more complex modeling approach compared to simple
parametric associations, the sub-models for carbon storage and sequestration (CSS) and crop
pollination (CP) (perhaps as they are not fully utilized in this analysis) calculate the required
services using only geo-referenced LC data. These sub-models associate site-specific and
ad hoc-calculated parameters with this information. The only service that incorporates an
additional layer of geo-referenced information beyond LC is habitat quality (HQ), which
yields results that are more substantial, informative, and nuanced in interpretation. This
enhancement can be closely linked to spatial planning objectives. For example, agriculture
can be considered both a threat and a habitat by planners. Ultimately, the threat inputs
required by the model are still based on LC data. Variables reflecting climatic variations
across the territory, or those related to point or diffuse pollution, disturbances, or other
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local threats, were neither included in the model nor supported. Nevertheless, it is crucial
to interpret the results for the HQ service in the context of the input data concerning
threats to habitat quality in the area. As detailed by Sallustio et al. [117] and elaborated in
Section 3, the threats considered in this analysis for the habitat quality assessment include
the following: road and rail infrastructures, classified by functional type; intensive and
extensive agriculture; and the soil consumed. Figure 17 illustrates these threats. In the
Province of Brescia, a traditionally agricultural region, the most significant contribution
to habitat threats, in distributive terms, arose from cultivated fields. However, the impact
parameters may vary depending on the specific land use (habitat) considered.
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This variation in impact explains the observed differences in HQ across the province.
For instance, the habitat value in Po Valley (southern zone) is significantly lower compared
to the hill and mountain regions further north. In contrast, the habitat degradation values
follow an opposite pattern (see Figures 5 and 6 in Section 3).

4.1.2. Cross-Critical Interpretation of the Model Outputs

Furthermore, a cross-critical interpretation of the ES maps is essential. For example, our
analysis revealed a linear feature in the southwestern part of the province. A comparison
of the HQ maps from 2012 and 2018 (in Figure 18) showed an increase in habitat quality
in this area. This feature corresponds to the BreBeMi highway (A35), which was already
completed by 2018 but did not exist in 2012, as confirmed by the LC maps.

This observed increase was likely due to the fact that, by 2018, the road was classified
as “non-habitat” (Hj = 0) by the model. As a result, the degradation map value for that
cell became zero, and no additional impacts were calculated. When a cell is classified
as “non-habitat” by the model, it is not influenced by any threats within that cell since
it is considered unsuitable for habitats. However, the suitability of adjacent habitat cells
in 2018 may still contribute positively to the HQ value. In contrast, in 2012, the cell was
still classified as a habitat and was, thus, impacted by mapped threats, resulting in a
degradation value above zero and a lower habitat quality value.
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These aspects highlight how the HQ model is more complex than other InVEST models.
This increased complexity leads to a greater sensitivity to the quality of input data, requiring a
critical a posteriori interpretation of the results. As demonstrated in the example above, such
complexity can result in values that might initially seem illogical. In light of these considerations,
a detailed analysis of the results suggests that the apparent improvement in habitat quality
across the province from 2012 to 2018 is likely a consequence of this complexity.
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4.1.3. Land Cover Updates or Changes

For the remaining ecosystem services analyzed, the results can be more easily inter-
preted by examining the variation in LC across the area. For example, the percentage
change in areas associated with LC classes from the CLC database is shown for the three
years analyzed across the entire Province of Brescia (Figure 19). The most critical classes for
evaluation are those related to forest land use, such as carbon storage and sequestration
(CSS), wood provision (WP), and particulate removal (PR) services, which were derived
exclusively from the assessment due to the variation in these classes. In our case, the
most significant differences observed related to mixed forests (code 313) compared to
broad-leaved forests (311) and coniferous forests (312). The total area designated for these
three covers appeared to be unchanged across the three years considered. Notably, the
absence of the mixed forest class in 2006 coincides with an increase in both broad-leaved
and coniferous forests. It remains unclear whether this discrepancy arose from errors in
the CLC 2006 input layer (despite class 313 being included in the legend) or if it reflects
an actual increase in this forest type in subsequent years. Regardless, this variation likely
played a substantial role in altering the provision of ecosystem services in the study area.

As emphasized throughout, the goal of this analysis should extend beyond simply
raising awareness among policymakers about the importance of ESs. Future assessments
should prioritize the preservation of these services. Moreover, these evaluations must
provide policymakers with the necessary tools to assess land-use decisions. More impor-
tantly, they should highlight the crucial role and potential of ecosystems in the study area,
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examining the impacts of transformations on the provision of essential ecosystem services
not only for environmental health but also for human well-being, society, and the economy.
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In addition to the cumulative analysis, it is vital to interpret the spatial distribution
of the results across the territory, from which contextualized conclusions can be drawn.
These interpretations can guide planning, conservation, and land restoration strategies,
supported by the economic and fiscal incentive tools discussed in the Introduction, which
are well-documented in the literature.

5. Conclusions
The analysis presented in this paper introduces novel features, both in terms of the

spatial context and the local scale (NUTS3) at which it was conducted. Despite limitations
stemming from the scarcity and weaknesses of several input datasets—which constrained
the analysis of ecosystem services to three different time scales and hindered the creation
of a comprehensive depiction of their variations—the results offer valuable insights for
local policymakers. Additionally, these findings open avenues for exploring potential tools
to support territorial resource management and planning. The monetary valuation of
ecosystem services, which complements the biophysical assessment, proved particularly
beneficial in this context. It has the potential to engage stakeholders not only as direct
beneficiaries of ESs managed in the form of private goods (e.g., food or timber supply
for landowners) but also as indirect beneficiaries of the preservation of other ESs within
the territory [57,125]. Moreover, governance models such as network governance provide
promising frameworks for supporting PES programs. These models emphasize the “hor-
izontal” structure of decision-making, fostering collective and inclusive processes that
are sensitive to power dynamics among stakeholders. Such approaches are particularly
valuable in the complex and uncertain contexts related to ecosystem services [18,126].

This inclusive governance model aligns with the evolving direction of ES trade-off
analysis, emphasizing the importance of stakeholder engagement and the real flows of
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ecosystem services. In contrast, simplified overlay analyses often fail to capture the intricate
dynamics of ecosystem processes [18]. According to several authors, trade-offs among ESs
most frequently occur between agricultural supply services and other services, such as those
related to the regulation of hydrological regimes [65], or among forest ecosystem services
(FESs). These FESs include carbon sequestration, the provision of timber and other raw
materials, PM10 sequestration, and hydrological regulation [57]. Achieving a balance in the
management of FESs is particularly complex and delicate, leading to the coining of the term
Balanced Forest Ecosystem Services Management (BFESM) to describe this challenge [57].

Future analyses must delve deeper into these trade-offs and differentiate between
the theoretical and actual flows of ecosystem services. The latter involves the intersection
between the provision of ecosystem services (as assessed in the current study) and the pres-
ence of beneficiaries who demand and utilize these services [127]. This type of assessment
is conceptually crucial. As noted by Costanza et al. [7], ecosystems cannot deliver benefits
to people without the interplay of human capital (people), social capital (communities),
and built capital (infrastructure and buildings). Additionally, it is well-documented in
the literature that limiting assessments to theoretical flows of ecosystem services without
accounting for actual flows can result in overestimations [128]. However, it is acknowl-
edged that recent studies attempting to bridge this gap—by overlaying service delivery
with service utilization—often lack theoretical, terminological, and methodological consis-
tency [127,128]. These evaluations are inherently complex. While the delivery of ESs was
effectively tested in the current case study, incorporating utilization metrics could provide
more critical insights for future spatial planning research.

Burkhard’s matrix model, published in 2014 [129,130], has garnered significant recog-
nition for assessing the supply and demand of ecosystem services across various European
and Asian regions [123,131,132]. However, applying matrices calibrated for overly generic
spatial contexts—such as Burkhard’s matrices for the European continent—introduces
uncertainties in the results [133]. Furthermore, as previously mentioned, simple overlay
methods fail to accurately map and value ecosystem services due to their inability to capture
the complex spatial and temporal dynamics of service flows, which can vary significantly
depending on scale and environmental factors [127,134–138].

Future research could focus on integrating assessments of the supply and demand for
ecosystem services to provide a clearer understanding of the land-use dynamics, needs,
and trade-offs that emerge between different ecosystem services.

Thus, the qualitative insights derived from Burkhard’s framework can guide future
analytical developments, emphasizing regions with a high ecosystem services demand or
those experiencing transitions toward increased demand due to ongoing land cover changes.
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Appendix A
Appendix A.1. Carbon Storage and Sequestration

Table A1. Correspondence between CLC LC codes (2006/2012) and INFC forest inventory codes.
Source: adaptation from [111].

INFC CLC

Code Description Code Description

1 Larch and Swiss pine forests 3124 Forests predominantly of larch and/or Swiss pine

2 Spruce forests
31323 Mixed coniferous and broadleaf forests predominantly of fir

3123 Forests predominantly of fir

3 Silver fir forests
31323 Mixed coniferous and broadleaf forests predominantly of fir

3123 Forests predominantly of fir

4 Scots pine and mountain pine forests
3122 Forests predominantly of oro-Mediterranean and mountain pines

31322 Mixed coniferous and broadleaf forests predominantly of oro-Mediterranean and
mountain pines

5
Black pine, Corsican pine, and Bosnian

pine forests

3122 Forests predominantly of oro-Mediterranean and mountain pines

31322 Mixed coniferous and broadleaf forests predominantly of oro-Mediterranean and
mountain pines

6 Mediterranean pine forests

3121 Forests predominantly of Mediterranean pines and cypresses

31321 Mixed coniferous and broadleaf forests predominantly of Mediterranean pines
and cypresses

7 Other coniferous forests, pure or mixed
3125 Forests and former plantations predominantly of exotic conifers

31325 Mixed coniferous and broadleaf forests predominantly of exotic conifers

8 Beech forests
3115 Forests predominantly of beech

31315 Mixed coniferous and broadleaf forests predominantly of beech

9 Sessile oak, Downy oak, and English
oak forests

3112 Forests predominantly of deciduous oaks

31312 Mixed coniferous and broadleaf forests predominantly of deciduous oaks

10 Turkey oak, Hungarian oak,
Macedonian oak, Valonia oak forests

3112 Forests predominantly of deciduous oaks

31312 Mixed coniferous and broadleaf forests predominantly of deciduous oaks

11 Chestnut forest
3114 Forests predominantly of chestnut

31314 Mixed coniferous and broadleaf forests predominantly of chestnut

12 Hop-hornbeam and hornbeam forests
3113 Mixed forests predominantly of other native broadleaf specie

31313 Mixed coniferous and broadleaf forests predominantly of other native broadleaf species

13 Hygrophilous forests
3116 Forests predominantly of hygrophilous species

31316 Mixed coniferous and broadleaf forests predominantly of hygrophilous species

14 Other deciduous forests
3117 Forests and former plantations predominantly of exotic broadleaf species

31317 Mixed coniferous and broadleaf forests predominantly of exotic species

15 Holm oak forests
3111 Forests predominantly of oaks and other evergreen broadleaf species

31311 Mixed coniferous and broadleaf forests predominantly of oaks and other evergreen
broadleaf species

16 Cork oak forests
3111 Forests predominantly of oaks and other evergreen broadleaf species

31311 Mixed coniferous and broadleaf forests predominantly of oaks and other evergreen
broadleaf species

17 Other evergreen broadleaf forests /

18 Artificial poplar plantations /

19 Other broadleaf plantations /

20 Conifer plantations /

21 Subalpine shrublands /

22 Temperate shrublands /

23 Mediterranean scrub and shrublands /
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Table A2. C content (t/ha) in each of the four carbon pools considered for each CLC LC class in 2006
and 2012. Source: own elaborations from INFC 2005 and 2015 databases.

CLC—Code CLC Description Aboveground
Biomass (tC/ha)

Belowground
Biomass
(tC/ha)

Soil Organic
Matter (tC/ha)

Dead Organic
Matter
(tC/ha)

3111 Forests predominantly of oaks and other
evergreen broadleaf species 0.0 0.0 0.0 0.0

3112 Forests predominantly of deciduous oaks 55.7 0.0 65.7 8.8

3113 Mixed forests predominantly of other
native broadleaf specie 38.5 0.0 105.9 3.2

3114 Forests predominantly of chestnut 84.4 0.0 106.3 16.2

3115 Forests predominantly of beech 86.1 0.0 85.2 8.2

3116 Forests predominantly of
hygrophilous species 43.3 0.0 86.8 12.6

3117 Forests and former plantations
predominantly of exotic broadleaf species 54.7 0.0 82.1 6.9

3121 Forests predominantly of Mediterranean
pines and cypresses 0.0 0.0 0.0 0.0

3122 Forests predominantly of
oro-Mediterranean and mountain pines 59.5 0.0 102.0 11.0

3123 Forests predominantly of fir 102.6 0.0 95.9 24.5

3124 Forests predominantly of larch and/or
Swiss pine 71.2 0.0 101.4 11.9

3125 Forests and former plantations
predominantly of exotic conifers 67.5 0.0 74.4 9.0

31311
Mixed coniferous and broadleaf forests

predominantly of oaks and other
evergreen broadleaf species

0.0 0.0 0.0 0.0

31312 Mixed coniferous and broadleaf forests
predominantly of deciduous oaks 55.7 0.0 65.7 8.8

31313
Mixed coniferous and broadleaf forests

predominantly of other native
broadleaf species

38.5 0.0 105.9 3.2

31314 Mixed coniferous and broadleaf forests
predominantly of sweet chestnut 84.4 0.0 106.3 16.2

31315 Mixed coniferous and broadleaf forests
predominantly of beech 86.1 0.0 85.2 8.2

31316 Mixed coniferous and broadleaf forests
predominantly of hygrophilous species 43.3 0.0 86.8 12.6

31317 Mixed coniferous and broadleaf forests
predominantly of exotic species 54.7 0.0 82.1 6.9

31321
Mixed coniferous and broadleaf forests
predominantly of Mediterranean pines

and cypresses
0.0 0.0 0.0 0.0

31322
Mixed coniferous and broadleaf forests

predominantly of oro-Mediterranean and
mountain pines

59.5 0.0 102.0 11.0

31323 Mixed coniferous and broadleaf forests
predominantly of fir 102.6 0.0 95.9 24.5

31325 Mixed coniferous and broadleaf forests
predominantly of exotic conifers 67.5 0.0 74.4 9.0
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Table A3. Biophysical surfaces and monetary values for CSS for each CLC LC class in 2006 and 2012.
Source: own elaborations by authors from INFC 2005 and 2015 databases.

CLC—Code Total C Stored (t/ha)

Surface (ha)
Monetary Value

Social Cost (EUR) Market Price (EUR)

2006 2012 2006 2012 2006 2012

3111
0 308 315

0
0 0 0

31311

3112
130.2 1485 1512 28,178,392 28,690,726 5,413,716 5,512,147

31312

3116
142.7 125 199 2,599,637 4,138,623 499,450 795,124

31316

3117
143.7 116 106 2,429,369 2,219,941 466,738 426,502

31317

3113
147.6 62,775 61,202 1,350,367,087 1,316,529,931 259,436,520 252,935,626

31313

3122
172.5 4851 4404 121,954,868 110,717,221 23,430,330 21,271,320

31322

3115
179.5 8490 9439 222,101,202 246,927,355 42,670,740 47,440,414

31315

3124
184.5 5768 5645 155,095,925 151,788,574 29,797,488 29,162,070

31324

3114
206.9 23,242 21,671 700,830,111 653,458,796 134,645,554 125,544,437

31314

3123
223 46,031 46,606 1,496,008,421 1,514,695,932 287,417,564 291,007,864

31323

3121
0 0 0 0 0 0 0

31321

Total 4,079,565,011 4,029,167,098 783,778,100 774,095,504

Appendix A.2. Habitat Quality

Table A4. Correspondence between CLC LC codes (2018) and habitat categories introduced in [117].
Source: own elaboration by authors.

CLC—Code CLC Description Habitat Category Assigned

111 Continuous urban fabric Buildings and other artificial areas or impervious soils

112 Discontinuous urban fabric Buildings and other artificial areas or impervious soils

121 Industrial or commercial units and public facilities Buildings and other artificial areas or impervious soils

122 Road and rail networks and associated land Buildings and other artificial areas or impervious soils

123 Port areas Buildings and other artificial areas or impervious soils

124 Airports Open urban areas

131 Mineral extraction sites Open urban areas

132 Dump sites Open urban areas

133 Construction sites Open urban areas

141 Green urban areas Grasslands

142 Sport and leisure facilities Grasslands

211 Non-irrigated arable land Intensive agricultural lands

212 Permanently irrigated arable land Intensive agricultural lands

213 Rice fields Extensive agricultural lands
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CLC—Code CLC Description Habitat Category Assigned

221 Vineyards Extensive agricultural lands

222 Fruit tree and berry plantations Extensive agricultural lands

223 Olive groves Extensive agricultural lands

231 Pastures, meadows and other permanent grasslands
under agricultural use Grasslands

241 Annual crops associated with permanent crops Extensive agricultural lands

242 Complex cultivation patterns Intensive agricultural lands

243 Land principally occupied by agriculture, with
significant areas of natural vegetation Intensive agricultural lands

244 Agro-forestry areas Extensive agricultural lands

311 Broad-leaved forest Broadleaves forests

312 Coniferous forest Conifer forests

313 Mixed forest (Broadleaves forests + Conifer forests)/2

321 Natural grassland Grasslands

322 Moors and heathland Shrublands

323 Sclerophyllous vegetation Shrublands

324 Transitional woodland/shrub Inland unvegetated or sparsely vegetated areas

331 Beaches, dunes, and sand plains Beaches, dune and, sands

332 Bare rock Inland unvegetated or sparsely vegetated areas

333 Sparsely vegetated areas Inland unvegetated or sparsely vegetated areas

334 Burnt areas Inland unvegetated or sparsely vegetated areas

335 Glaciers and perpetual snow Inland unvegetated or sparsely vegetated areas

411 Inland marshes Wetlands

412 Peatbogs Wetlands

421 Coastal salt marshes Wetlands

422 Salines Water bodies

511 Water courses Water bodies

512 Water bodies Water bodies

521 Coastal lagoons Water bodies

522 Estuaries Water bodies

Table A5. Sensitivity table for each CLC LC class in 2018 with reference to the threats considered.
Source: [117].

CLC—Code
Habitat

Suitability

Sensitivity to Threats

Intensive
Agriculture

Extensive
Agriculture

Soil
Consumed Railways Road 1 Road 2 Road 3 Road 4

111 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

112 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

121 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

122 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

123 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

124 0.27 0.31 0.21 0.56 0.46 0.56 0.52 0.46 0.19

131 0.27 0.31 0.21 0.56 0.46 0.56 0.52 0.46 0.19

132 0.27 0.31 0.21 0.56 0.46 0.56 0.52 0.46 0.19

133 0.27 0.31 0.21 0.56 0.46 0.56 0.52 0.46 0.19

141 0.86 0.75 0.52 0.72 0.60 0.80 0.71 0.63 0.42
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Table A5. Cont.

CLC—Code
Habitat

Suitability

Sensitivity to Threats

Intensive
Agriculture

Extensive
Agriculture

Soil
Consumed Railways Road 1 Road 2 Road 3 Road 4

142 0.86 0.75 0.52 0.72 0.60 0.80 0.71 0.63 0.42

211 0.26 0.00 0.12 0.51 0.44 0.61 0.54 0.47 0.24

212 0.26 0.00 0.12 0.51 0.44 0.61 0.54 0.47 0.24

213 0.52 0.54 0.00 0.62 0.51 0.71 0.61 0.55 0.26

221 0.52 0.54 0.00 0.62 0.51 0.71 0.61 0.55 0.26

222 0.52 0.54 0.00 0.62 0.51 0.71 0.61 0.55 0.26

223 0.52 0.54 0.00 0.62 0.51 0.71 0.61 0.55 0.26

231 0.86 0.75 0.52 0.72 0.60 0.80 0.71 0.63 0.42

241 0.52 0.54 0.00 0.62 0.51 0.71 0.61 0.55 0.26

242 0.26 0.00 0.12 0.51 0.44 0.61 0.54 0.47 0.24

243 0.26 0.00 0.12 0.51 0.44 0.61 0.54 0.47 0.24

244 0.52 0.54 0.00 0.62 0.51 0.71 0.61 0.55 0.26

311 0.93 0.67 0.47 0.77 0.65 0.85 0.77 0.66 0.40

312 0.82 0.63 0.44 0.76 0.61 0.84 0.76 0.68 0.39

313 0.87 0.65 0.46 0.77 0.63 0.85 0.77 0.67 0.40

321 0.86 0.75 0.52 0.72 0.60 0.80 0.71 0.63 0.42

322 0.81 0.72 0.51 0.69 0.60 0.78 0.71 0.63 0.39

323 0.81 0.72 0.51 0.69 0.60 0.78 0.71 0.63 0.39

324 0.55 0.51 0.35 0.61 0.46 0.61 0.57 0.52 0.30

331 0.74 0.68 0.51 0.86 0.67 0.81 0.46 0.69 0.50

332 0.55 0.51 0.35 0.61 0.46 0.61 0.57 0.52 0.30

333 0.55 0.51 0.35 0.61 0.46 0.61 0.57 0.52 0.30

334 0.55 0.51 0.35 0.61 0.46 0.61 0.57 0.52 0.30

335 0.55 0.51 0.35 0.61 0.46 0.61 0.57 0.52 0.30

411 0.96 0.80 0.59 0.79 0.64 0.84 0.74 0.69 0.44

412 0.96 0.80 0.59 0.79 0.64 0.84 0.74 0.69 0.44

421 0.96 0.80 0.59 0.79 0.64 0.84 0.74 0.69 0.44

422 0.83 0.76 0.53 0.72 0.51 0.72 0.64 0.60 0.36

511 0.83 0.76 0.53 0.72 0.51 0.72 0.64 0.60 0.36

512 0.83 0.76 0.53 0.72 0.51 0.72 0.64 0.60 0.36

521 0.83 0.76 0.53 0.72 0.51 0.72 0.64 0.60 0.36

522 0.83 0.76 0.53 0.72 0.51 0.72 0.64 0.60 0.36

Table A6. Threat table for each threat considered. Source: [117].

Threat OSM Classification Maximum Distance Weight

Intensive agriculture / 1.60 0.69

Extensive agriculture / 0.60 0.42

Soil consumed / 1.70 0.79

Railways railways 1.60 0.62

Road 1 highways, major roads, primary roads 1.50 0.86

Road 2 secondary roads, tertiary roads 1.00 0.69

Road 3 residential roads, service roads 0.90 0.61

Road 4 dirt roads, bridleways 0.30 0.28
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Table A7. Surfaces and monetary values of HQ for each CLC LC class in 2012 and 2018. Source: own
elaborations by authors.

CLC—
Code

Habitat Category
Surface (ha) Unit Monetary

Value (EUR/ha)
Monetary Value (EUR)

2012 2018 2012 2018

111 Buildings and other artificial areas or impervious soils 1059 1059 106.83 113,133 113,133

112 Buildings and other artificial areas or impervious soils 27,785 28,226 106.83 2,968,272 3,015,384

121 Buildings and other artificial areas or impervious soils 8771 9195 106.83 937,006 982,302

122 Buildings and other artificial areas or impervious soils 98 323 106.83 10,469 34,506

124 Open urban areas 923 929 320.49 295,812 297,735

131 Open urban areas 1695 1835 320.49 543,231 588,099

133 Open urban areas 99 91 320.49 31,729 29,165

141 Grasslands 81 54 1131.8 91,676 61,117

142 Grasslands 433 740 1131.8 490,069 837,532

211 Intensive agricultural lands 144,753 143,869 308.62 44,673,671 44,400,851

221 Extensive agricultural lands 552 698 617.24 340,716 430,834

222 Extensive agricultural lands 25 617.24 0 15,431

223 Extensive agricultural lands 521 511 617.24 321,582 315,410

231 Grasslands 4524 4447 1131.8 5,120,263 5,033,115

241 Extensive agricultural lands 54 54 617.24 33,331 33,331

242 Intensive agricultural lands 10,048 9654 308.62 3,101,014 2,979,417

243 Intensive agricultural lands 22,372 22,483 308.62 6,904,447 6,938,703

311 Broadleaves forests 76,195 87,036 803.6 61,230,302 69,942,130

312 Conifer forests 40,406 45,707 803.6 32,470,262 36,730,145

313 (Broadleaves forests + Conifer forests)/2 37,882 20,703 803.6 30,441,975 16,636,931

321 Grasslands 27,051 27,630 1131.8 30,616,322 31,271,634

322 Shrublands 3732 5010 961.47 3,588,206 4,816,965

323 Shrublands 44 88 961.47 42,305 84,609

324 Inland unvegetated or sparsely vegetated areas 16,899 16,169 652.85 11,032,512 10,555,932

332 Inland unvegetated or sparsely vegetated areas 14,668 13,299 652.85 9,576,004 8,682,252

333 Inland unvegetated or sparsely vegetated areas 11,488 12,273 652.85 7,499,941 8,012,428

334 Inland unvegetated or sparsely vegetated areas 53 652.85 0 34,601

335 Inland unvegetated or sparsely vegetated areas 1965 1933 652.85 1,282,850 1,261,959

411 Wetlands 258 233 11,609.1 2,995,148 2,704,920

511 Water bodies 68 68 985.21 66,994 66,994

512 Water bodies 23,897 23,927 985.21 23,543,563 23,573,120

Total 280,362,804 280,480,684

Appendix A.3. Crop Pollination

Table A8. Monetary value of crop pollination for crops dependent on the service based on 2023 production
in Brescia Province. Source: own elaborations by authors from ISMEA, AREA Rica, and ISTAT databases.

Crop

Production (t) Crop Production Crop Pollination

Outdoor Greenhouse Total Unit Monetary Value
(EUR/t)

Monetary Value
(EUR)

Dependency
Ration

Monetary Value
(EUR)

Apple 1811 0 1811 729 1,320,219 0.65 858,142

Chestnut 1075.9 0 1076 1920 2,065,920 0.25 516,480

Cucumber 25 180 205 291 59,655 0.65 38,776

Green Bean 2364.5 110 2475 1097 2,715,075 0.05 135,754
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Table A8. Cont.

Crop

Production (t) Crop Production Crop Pollination

Outdoor Greenhouse Total Unit Monetary Value
(EUR/t)

Monetary Value
(EUR)

Dependency
Ration

Monetary Value
(EUR)

Lemon 8 0 8 760 6080 0.05 304

Melon 595 1250 1845 597 1,101,465 0.95 1,046,392

Peach 788 0 788 512 403,456 0.65 262,246

Pear 185 0 185 1423 263,255 0.65 171,116

Pepper 120 114 234 493 115,362 0.05 5768

Strawberry 71 300 371 3023 1,121,533 0.25 280,383

Plum 72 0 72 308 22,176 0.65 14,414

Tomato 44,436 450 44,886 676 30,342,936 0.05 1,517,147

Watermelon 880 400 1280 164 209,920 0.95 199,424

Zucchini 7637.8 450 8089 503 4,068,767 0.95 3,864,755

Total 8,911,046

Appendix A.4. Wood Provision

Table A9. Biophysical, surfaces and monetary value of wood provision for each CLC LC in 2006 and
2012. Source: own elaborations from INFC 2005 and 2015 databases.

INFC
CLC—
Code

Annual Tree
Biomass Increment

per Surface
Surface (ha)

Annual Tree Biomass
Increment
(m3/Year)

Monetary Value
(EUR/Year)

Code Description (t/ha/
Year) (m3/ha/Year) 2006 2012 2006 2012 2006 2012

1 Larch and Swiss pine forests 3124 2.4 3.6 5771 5649 20,953 20,510 1,466,710 1,435,700

2 and 3 Spruce forests and Silver fir forests
31323

5.3 8.0
14,085 12,981 112,933 104,081 7,905,310 7,285,670

3123 31,969 33,653 256,326 269,828 17,942,820 18,887,960

4 and 5
Scots pine and Mountain pine

forests and Black pine, Corsican
pine, and Bosnian pine forests

3122
4.7 7.1

564 1104 4010 7850 280,700 549,500

31322 4289 3301 30,496 23,471 2,134,720 1,642,970

6 Mediterranean pine forests
3121

0 0.0
0 0 0 0 0 0

31321 0 0 0 0 0 0

7 Other coniferous forests, pure
or mixed

3125
2.7 4.1

0 0 0 0 0 0

31325 0 0 0 0 0 0

8 Beech forests
3115

4.2 6.4
6735 7025 42,793 44,636 2,995,510 3,124,520

31315 1759 2420 11,176 15,376 782,320 1,076,320

9 and 10

Sessile oak, Downy oak, and
English oak forests

and Turkey oak, Hungarian oak,
Macedonian oak, Valonia

oak forests

3112 5.5 8.3
1485 1513 12,356 12,589 864,920 881,230

31312 0 0 0 0 0 0

11 Chestnut forest
3114

5 7.6
21,063 19,136 159,323 144,747 11,152,610 10,132,290

31314 2192 2546 16,581 19,258 1,160,670 1,348,060

12 Hop-hornbeam and
hornbeam forests

3113
2.7 4.1

51,657 47,938 210,999 195,808 14,769,930 13,706,560

31313 11,150 13,297 45,543 54,313 3,188,010 3,801,910

13 Hygrophilous forests
3116

3.9 5.9
125 198 738 1168 51,660 81,760

31316 0 0 0 0 0 0

14 Other deciduous forests
3117

4.3 6.5
116 107 755 696 52,850 48,720

31317 0 0 0 0 0 0

15 and 16 Holm oak forests and Cork
oak forests

3111
0 0.0

272 278 0 0 0 0

31311 37 37 0 0 0 0

Total 64,748,740 64,003,170
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Appendix A.5. Particulate Removal

Table A10. Biophysical surfaces and monetary value of particulate removal for each CLC LC class in
2012 and 2018. Source: own elaborations by authors.

CLC Absorption
Coefficient

(kg/(ha Year))

Unit Monetary Value
(EUR/ha/Year)

Surface
(ha)

Monetary Value
(EUR/Year)

Code Description 2006 2012 2006 2012

311 Broadleaf forests 160 500 76,195 87,040 38,097,500 43,520,000

312 Coniferous forests 490 700 40,406 20,703 28,284,200 14,492,100

313 Mixed forests 325 600 37,882 45,707 22,729,200 27,424,200

Total 89,110,900 85,436,300

Appendix A.6. Hydrological Regime Regulation Table

Table A11. Biophysical surfaces and monetary value of hydrological regime regulation for each CLC
LC class in 2012 and 2018. Source: own elaborations by authors from ARPA Lombardia data.

CLC—Code Absorption Coefficient
Average Annual

Absorption
(m/Year)

Water Volume
Absorbed

(m3/ha/Year)

Surface (ha) Monetary Value (EUR/Year)

2012 2018 2012 2018

111 0% 0 0.000 0 1059 1059 0 0

112 0% 0 0.000 0 27,786 28,226 0 0

121 0% 0 0.000 0 8771 9195 0 0

122 0% 0 0.000 0 98 323 0 0

124 0% 0 0.000 0 923 929 0 0

131 0% 0 0.000 0 1692 1835 0 0

133 0% 0 0.000 0 99 91 0 0

141 0% 0 0.000 0 81 54 0 0

142 0% 0 0.000 0 433 740 0 0

221 17% 3 0.154 1540 552 698 8,730,322 11,039,428

222 17% 3 0.154 1540 0 25 0 395,395

223 17% 3 0.154 1540 521 511 8,240,032 8,081,874

224 17% 3 0.154 1540 4 4 63,263 63,263

231 15% 2 0.136 1360 4521 4447 63,145,711 62,112,138

241 15% 2 0.136 1360 54 54 754,229 754,229

242 15% 2 0.136 1360 10,049 9654 140,356,393 134,839,349

243 15% 2 0.136 1360 22,374 22,483 312,502,133 314,024,558

322 15% 2 0.136 1360 3735 5010 52,167,492 69,975,672

323 15% 2 0.136 1360 44 44 614,557 614,557

324 17% 3 0.154 1540 16,901 16,169 267,302,836 255,725,670

332 0% 0 0.000 0 14,668 13,299 0 0

333 0% 0 0.000 0 11,487 12,273 0 0

334 0% 0 0.000 0 0 53 0 0

335 0% 0 0.000 0 1965 1933 0 0

411 0% 0 0.000 0 258 233 0 0

511 0% 0 0.000 0 68 68 0 0

512 0% 0 0.000 0 23,900 23,927 0 0

2111 5% 1 0.045 450 144,663 143,777 668,560,055 664,465,406

2112 5% 1 0.045 450 92 92 425,178 425,178

3111 20% 4 0.182 1820 278 251 5,196,209 4,691,541

3112 20% 4 0.182 1820 1513 4067 28,280,088 76,017,924
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Table A11. Cont.

CLC—Code Absorption Coefficient
Average Annual

Absorption
(m/Year)

Water Volume
Absorbed

(m3/ha/Year)

Surface (ha) Monetary Value (EUR/Year)

2012 2018 2012 2018

3113 20% 4 0.182 1820 47,937 49,500 896,009,642 925,224,300

3114 20% 4 0.182 1820 19,137 21,962 357,697,322 410,500,527

3115 20% 4 0.182 1820 7024 10,894 131,288,394 203,624,112

3116 20% 4 0.182 1820 198 230 370,0897 4,299,022

3117 20% 4 0.182 1820 107 132 1,999,980 2,467,265

3121 30% 5 0.272 2720 0 37 0 1,033,573

3122 30% 5 0.272 2720 1104 1652 30,839,578 46,147,629

3123 30% 5 0.272 2720 33,652 32,782 940,048,429 915,745,501

3124 30% 5 0.272 2720 5649 11,236 157,801,426 313,870,918

3131 30% 5 0.272 2720 18,300 10,978 511,171,586 306,663,843

3132 30% 5 0.272 2720 19,581 9724 546,983,486 271,634,106

3211 15% 2 0.136 1360 19,894 21,118 277,863,477 294,959,330

3212 15% 2 0.136 1360 7153 6512 99,907,382 90,954,406

3231 15% 2 0.136 1360 0 44 0 614,557

Total 5,511,650,093 5,390,965,269
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