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Abstract: Urbanization is changing land use–land cover (LULC) transforming green spaces (GS) and
bodies of water into built-up areas. LULC change is affecting ecosystem services (ES) in urban areas,
such as by decreasing of the water retention capacity, the urban temperature regulation capacity and
the carbon sequestration. The relation between LULC change and ES is still poorly examined and
quantified using actual field data. In most ES studies, GS is perceived as lumped areas instead of
distributed areas, implicitly ignoring landscape patterns (LP), such as connectivity and aggregation.
This preliminary study is one of the first to provide quantitative evidence of the influence of landscape
pattern changes on a selection of urban ecosystem services in a megacity as Jakarta, Indonesia. The
impact of urbanization on the spatiotemporal changes of ES has been identified by considering
connectivity and aggregation of GS. It reveals that LP changes have significantly decreased carbon
sequestration, temperature regulation, and runoff regulation by 10.4, 12.4, and 11.5%, respectively.
This indicates that the impact of GS on ES is not only determined by its area, but also by its LP.
Further detailed studies will be needed to validate these results.

Keywords: urbanization; land use–land cover change; landscape pattern; green space area; ecosystem
services; Jakarta

1. Introduction

The urban population had increased to 3.9 billion (54% of the total population) by 2014
and will increase to around 6.3 billion (67% of the total population) by 2050 [1]. Population
increase drives land use–land cover (LULC) change transforming green spaces as well as
bodies of water into built-up areas resulting in decrease and loss of ecosystem services
(ES) in urban areas [2–5]. Ecosystem services are the varied benefits to humans from the
natural environment and healthy ecosystems. They can be categorized as provisioning
services, regulating services, cultural services, and supporting services [6]. A city or
an urban area can be seen as a single ecosystem where the urban population directly
benefits from ecosystem services generated by urban ecosystems, such as green and blue
infrastructure [7]. Ecosystem services in urban areas include air quality improvement, noise
reduction, controlling air temperature, carbon storage and sequestration, water regulation,
and recreation [7–13] and therefore enhance citizens well-being [14,15].

Many studies show that urbanization and LULC change are key anthropogenic drivers
affecting urban ecosystem’s functions and services [11,16–19]. Some examples of the
impact of LULC change on ES due to urbanization are a decrease in the capacity to retain
stormwater leading to urban flooding [20], and an increase in the land surface temperature
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(LST) [21] in cities. Yuan et al. [22] showed that in Nanjing, China, there was a decrease in
the provision and delivery of supply services, the supporting services, and the regulating
services by 17, 0.9, and 4.3%, respectively, due to urbanization between 2000 and 2015. In
Beijing, urban growth between 1985 and 2015 decreased carbon storage and water yield
by 3.3 and 4%, respectively, while sediment export increased by 15.5% (Sun et al., 2018b).
Another study from Atlanta Metropolitan area, US, showed that urban expansion between
1985 and 2012 reduced carbon storage by 23% and water purification capacity by 28 and
49%, for nitrogen and phosphorus, respectively, but increased sediment transport by 17%
(Sun et al., 2018). Jaligot et al. [23] showed that the cultural services in Yaoundé, Cameroon,
decreased by more than 90% due to urbanization between 2000 and 2018. LULC change
from 1990 to 2017 in the West Bengal, India, resulted in some of the regulating services
increasing while others decreased. Water regulation, water supply, and waste treatment
increased by 57, 22, and 8%, respectively, while climate regulation and nutrient cycling
decreased by 31.82 and 31.25%, respectively [24].

The relationship between urbanization, LULC change, and ES has been studied from
various perspectives. Panagopoulos et al. [14] discussed the importance of urban ES and
landscape planning to sustainable urban development. Das and Das [24] investigated the
impact of LULC change on ES by quantifying the total ecosystem service value (ESV) based
on the area of the ecosystem, and a value coefficient (VC) [25]. The extension of built-up
areas in West Bengal decreased agricultural and vegetation covers. As a result, the total
ESV of landscape decreased by 24.30% from 1990 to 2017. Wang et al. [26] investigated the
impact of urbanization from 2000 to 2010 on multiple ES at hotspots and urban megaregion
scale of Beijing–Tianjin–Hebei (BTH), the capital economic zone of China, by considering
three components of urbanization: the built-up area proportion, the population density,
and the gross domestic product (GDP) density. The ES in their study was calculated using
the area of the ecosystem, for instance, the total food production was based on the area
of cropland. It was revealed that providing services of food supply had an “inverse U”
shape relation with the population and the GDP density, while urban expansion decreased
regulating services. The impact of urbanization on ES was not only influenced by an
increase in urban areas or a decrease in green spaces but also by landscape pattern changes,
such as a number of patches (NP), aggregation index (AI), and “clumpiness” index, as
discussed by Asadolahi et al. [27]. The ecosystem services in their study were based on
the area of ecosystems, including water body, agriculture, rangeland, forest, and urban.
Moreover, the influence of landscape patterns to ES provision was analyzed by comparing
the landscape metric changes and ES. They saw that increasing food supply had a positive
correlation with the good connectivity and connectedness of agricultural land. Haas
et al. [28] discussed the relationship between a decrease in ES with an increase in built-
up areas and landscape pattern changes due to urbanization in the period from 1989
to 2001 in Stockholm and Shanghai. They observed that an increase in built-up areas
along with landscape pattern changes, such as a decrease in connectivity, an increase in
fragmentation, and more complex shapes of the natural landscape, had a negative impact
on ES. The ES in their study was based on the area of ecosystems, such as wetland, water,
forest, agriculture, urban green space, high-density building, and low-density building.
Moreover, the relationship between ES and landscape pattern changes was discussed by
comparing the changes of the landscape metrics and ES. For urban flood mitigation, Bai
et al. [29] conducted a field survey study in Luohe, China, which observed that inundated
areas had a low proportion of green spaces and bare land. Moreover, landscape metrics
analysis showed that the mean patch size of green spaces of flooded areas was smaller
compared with that of roofs. Meanwhile, the connectivity of green spaces had no significant
contribution to mitigating urban flooding. The importance of landscape patterns on surface
runoff control was also observed by [30]. They directly integrated large patch index (LPI)
and aggregation index (AI) of green spaces with runoff coefficients to estimate runoff
volume controlled in Beijing, China. It was found that increasing runoff was related to a
decrease in green spaces, as well as increasing the fragmentation and disaggregation of
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green spaces. The landscape patterns can also exhibit a relation with an increase in LST in
the Olympic forest park of Beijing, China, as investigated by using the Pearson correlation
analysis [31]. It was revealed that an increase in LST was related to increasing urbanization
in the period 2000 to 2015. Moreover, there was a negative correlation between LST and the
landscape metrics of large patch index (LPI) and aggregation index (AI) of green spaces.

A growing number of studies have investigated the impact of urbanization and LULC
change on ES. These studies reveal that a decrease in green spaces affects ES, feeding the
perception that there is a positive relationship between the surface area of green spaces and
urban ecosystem functioning [4,32]. However, these studies generally ignore the impact of
spatial heterogeneity of the land surfaces as they lump together the area of each land-use
type. Only a few of them acknowledged the differences in landscape patterns but still did
not consider landscape patterns in calculating the impact of green spaces. As a result, an
area of green spaces, as shown in Figure 1, could still be perceived as a lumped area instead
of a distributed area, where the green space units have different landscape patterns, such
as connectivity, aggregation, mean patch size, and large patch index, which could affect
ecosystem services [33,34].

 

Figure 1. Schematic illustration of the loss of information due to lumping green areas. (a) Real
landscape pattern; (b) the lumped area used in many previous ecosystem services (ES) studies.

In many existing studies, the impact of urbanization and LULC change on ES is
generally discussed using the lumped area of green spaces. Some studies have discussed
the impact by comparing the ES changes and the changes of landscape patterns, which
show that landscape patterns can affect ES. However, there is a lack of studies that di-
rectly examine the impact of landscape pattern changes on the area of green spaces to ES
calculation.

This preliminary study aims to identify the impact of landscape pattern changes on
urban ecosystem services using two spatial configurations of green spaces, as shown in
Figure 1. Firstly, the area of green spaces is assumed as a lumped area, as depicted in
Figure 1b. Secondly, the area of green spaces is assumed as a distributed area, as shown
in Figure 1a, which is represented by directly combining the area and landscape patterns
defined by the aggregation and the connectivity of the green spaces and bodies of water.
As a preliminary study, this study is designed to focus on the investigation of the landscape
pattern changes and their influence on urban ES. It is expected that the results of this study
can provide insight into the influence of landscape patterns on ES calculation. Moreover,
the validation of the results is not a part of this study since there is a lack of field survey
data for all municipalities in Jakarta. Hence, the validation would be considered as a part
of further studies.
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This study is divided into three main parts: (1) assessing the impact of urbanization
on LULC change; (2) analyzing the impact of LULC change on the landscape patterns; and
(3) analyzing the impact of the landscape pattern changes on ecosystem services.

2. Materials and Methods

This study was carried out in Jakarta, Indonesia, and it was conducted in six steps.
First, LULC maps for 1995 and 2014 were generated using Landsat images. The LULC
classification used six LULC classes, which were urban, suburban, grassland, cropland,
trees, and water (sea and surface water). Second, the results of LULC classification were
imported into the FRAGSTATS, the spatial pattern analysis program, for landscape metric
analysis. The analysis considered four landscape metrics and the relationship between
them: Class Area (CA), Land Proportion (PLAND), Aggregation Index (AI), and connectiv-
ity (COHESION). The landscape metrics analysis was carried out for five municipalities
of Jakarta. Third, the impact of urbanization on LULC change was analyzed, which was
based on the CA of LULC classes. Fourth, the impact of LULC change on the landscape
patterns was analyzed, which was based on PLAND, AI, and COHESION. Fifth, ecosystem
services were calculated using two methods: area-based estimation and landscape metric
area (LMA). The area-based estimation followed commonly ecosystem services area cal-
culation that uses only the area of green spaces, while the landscape metric area directly
incorporated the landscape metric representing the spatial characteristic/configuration
of green spaces to ecosystem services area calculation. Sixth, ecosystem services changes
between 1995 and 2014 from two different methods were then analyzed using ecosystem
services index (ESI).

2.1. Study Area

Jakarta is the capital of Indonesia, which has experienced rapid urbanization and
the extensive transformation of vegetative green spaces into impermeable urban sur-
faces [35–38]. Urbanization in Jakarta is driven by several factors, including its strategic
political and economic position as the capital city where important activities like the func-
tions of the national government, education, manufacturing, and commerce are taking
place [39]. Jakarta has six municipalities, which are Central Jakarta, North Jakarta, West
Jakarta, South Jakarta, and East Jakarta, as shown in Figure 2, and one regency, which is
the Thousand Islands (not shown in the figure). This study focuses on the municipalities
that consist of 42 subdistricts, which are home of approximately 10 million people, with the
population growth rate of 1.02% per year in 2015 [40]. East Jakarta is the most populated
area, whereas West Jakarta is the most densely populated area with a population density
of 19,018 per km2. Located on the northwest coast of Java, Jakarta’s climate is a tropical
monsoon climate according to the Köppen climate classification system and it has two
seasons, which are the rainy season from October through May and the dry season from
June to September. During the rainy season, the average monthly rainfall is 300 mm, while
it is 43 mm in August during the dry season [40].
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Figure 2. (a) Map of Indonesia; (b) Jakarta is located on Java island, which is the densest island in Indonesia; (c) Jakarta
consists of five municipalities.

2.2. Data Sources

The impact of urbanization on LULC change was analyzed using land use–land cover
maps of Jakarta for the year 1995 and 2014. The maps were prepared using Landsat images
selected for the area of Jakarta and its surrounding. For the year 1995, the Landsat 5 TM
L1TP from 24 August 1995, was used, while the Landsat 8 OLI TIRS L1TP obtained on
13 September 2014, was selected for the land use–land cover map of the year 2014. Both
datasets had 30 m resolution. The land cover classification was based on the land cover
classes used to investigate the relationship between green spaces and increasing urban
temperature [41]. We used the semiautomatic classification in QGIS [42], a free and open-
source geographic information system, to generate six land cover classes: urban, suburban,
grassland, cropland, trees, and water. An urban area is an area where there is a dense mix
of compact high-rise, compact midrise, or low-rise buildings, while a suburban area is
an open arrangement of low-rise buildings with pervious land covers, such as grass, low
plants, and scattered trees. A grassland area is defined as an area where the vegetation is
dominated by grasses, and there are few or no other plants. A cropland area is an area
mainly used for agricultural and farming purposes, where rice, corn, vegetables, and fruits
are grown. An area of trees is an area where trees are dominant. Water represents both
sea and surface water, such as rivers and lakes. Moreover, the LULC change analysis was
based on the CA from five land cover classes: urban, trees, grassland, cropland, and bodies
of water.

The boundary area of Jakarta and its municipalities was obtained online from the
Geospatial Information Agency of Indonesia (BIG) database, www.tanahair.indonesia.go.id
(accessed on 20 September 2019).

2.3. Landscape Metrics

Landscape metrics are quantified characteristics of the spatial pattern at different levels
(i.e., patch level, class level, and landscape-level) used to describe landscape structures
and LULC change [43–45]. Information about landscape structures is essential to analyze
ecosystem structures, functions, and services [46] and to evaluate their spatial effects at
the patch–class–landscape level [47,48]. Patch level metrics are important for defining
individual patches and for characterizing the spatial context of the patches, which are used
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as the computational basis for other landscape metrics. At the class level, the metrics are
calculated by integrating all patches from a given class. The class level calculation can be
done by a simple aggregation of the area of patches to reflect the total area of a given class.
Moreover, landscape-level metrics are the integration of all classes over the landscape [49].
This study uses four landscape metrics to capture the spatial features which affect urban
ecosystem processes: class area (CA), connectivity (COHESION), land proportion (PLAND),
and aggregation index (AI). CA is a measure of landscape composition; specifically, to
indicate how much of the landscape is comprised of a patch type. The class area is the
primary component used in the ecosystem service quantification [45]. The connectivity of
a class is measured by the patch cohesion index (COHESION) that measures the physical
connectedness of the corresponding patch type. Patch cohesion increases as the patch
type become more clumped or aggregated in its distribution; hence, more physically
connected [50]. The decrease in patch connectivity in a landscape could be a negative sign
for ecosystem services [28]. The land proportion (PLAND) is the percentage of a landscape,
which quantifies the proportional abundance of each patch type in the landscape, while
the AI is used to understand the spatial aggregation of a patch in a landscape [31,45,51].
The landscape metrics in this study were calculated using FRAGSTATS 4.2, the spatial
pattern analysis program, which is developed by McGarigal and Cushman of University of
Massachusetts in the United States of America [48].

The landscape metrics used in this study were selected based on the premise that
there is a correlation between ES and the area, the aggregation, and the connectivity
of ecosystem [31,45,52]. In general, many ES studies focus on the relationship between
ecosystem services and the area of green spaces revealing a positive correlation between
the size of the green spaces and the weight of the ecosystem services provided [53–55].
However, some studies showed that ecosystem services were also influenced by landscape
patterns [29,30,55,56]. In this study, ES was analyzed by considering the “effective area”
of green spaces and bodies of water by taking into account the influence of aggregation
and connectivity on the area of green spaces and bodies of water. The landscape metric
combinations for this study are selected based on the FRAGSTATS 4.2 guidelines and the
existing research on landscape metric and ES. There are some indices that can be used
to analyze the relationship between landscape metrics and ES, such as Number of Patch
(NP), Patch Density (PD), Large Patch Index (LPI), patch cohesion index (COHESION),
land proportion (PLAND), CONTAGION, and Aggregation Index (AI). Among them,
the AI was selected because it can give more accurate results compared to that of other
aggregation indices, such as CONTAGION [51], while the COHESION was selected for
connectivity analysis because it can represent the connectivity of a corresponding patch
type of a particular class [28,50]. This resulted in the “Landscape Metric Area” (LMA)
calculated by multiplying the metrics class area (CA), aggregation index (AI), and cohesion
index (COHESION) for each land cover class, as follows:

LMA = CA × AI × COHESION (1)

LMA was calculated at the municipality level following the Indonesian regulation for
spatial planning. The standard focuses on the city level and defines the spatial configuration
of different land use–land cover types, including the minimum proportion of open green
spaces [57].

2.4. Urban Ecosystem Services

Many studies discussed ES in urban areas [7,9,28,45,58,59]. Back in the 1990s, one of
the pioneering urban ecosystem services studies considered six ecosystem services: air
filtering, microclimate regulation, noise reduction, rainwater drainage, sewage treatment,
and recreation [7]. Derkzen et al. [9] studied ecosystem services bundles in Rotterdam, the
Netherlands, considering six ecosystem services: air purification, carbon storage, noise
reduction, runoff regulation, cooling, and recreation. The importance of urban ecosystem
services inspires local and national governments to incorporate ES in their urban planning
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process and documents [58,60–62]. For example, the government of Indonesia requires a
minimum of 30% open green spaces in each city and urban area [57,63].

In this study, ES changes analysis was limited to carbon sequestration, temperature
regulation, and runoff regulation, due to the limitation of the medium resolution satellite
images to capture several urban details, such as street corridors and small city parks. Fur-
thermore, in the ES selection increasing carbon emissions [64,65], and recent climate-related
hazard events in Jakarta, such as urban flooding in 2013, 2014, 2015, and 2020, have also
been considered [66,67], as well as the potential increase in the urban temperature [37,68].
The ES estimation adopted a weighting factor used in [9], where the green space with
high-temperature regulation capacity was given a weight of 1.0, whereas 0.5 was given for
low capacity. In this study, the weighting factor was implemented for all ES estimations
for which the factor was given on the basis of the importance of a particular green space
to a particular ES. For example, grassland was given the weight of 0.5 for temperature
regulation, but it was given 1.0 of the weight factors for runoff regulation.

2.4.1. Carbon Sequestration

Green spaces have an important role in the carbon cycle, capturing CO2 from the atmo-
sphere during photosynthesis, and releasing it during respiration. In an urban area, carbon
sequestration mainly takes place in green spaces [69–71]. Each green space has a different
carbon sequestration rate, and urban trees generally have a higher rate compared to that of
other green spaces because of their higher leaf area index (LAI), which is the ratio of the
area of trees’ leaves per area of the land surface [72]. For example, the urban forest of Pung-
gol forest in Singapore had the annual carbon sequestration rate of 1.6 ton/year/ha, where
trees with high LAI such as Delonix regia and Artocarpus heterophyllus gave a significant con-
tribution [53]. Studies from Indonesian cities showed that trees had a carbon sequestration
rate higher than that of other vegetation, including grass and herbaceous. For instance,
the carbon sequestration of tree-covered areas in a part of Jakarta was 129.92 kg/ha/hour,
much higher than 2.74 kg/ha/hour for grass areas [73]. Moreover, trees in the city of
Singaraja on Bali island had 112.751 tons/ha of carbon sequestration higher than 4.845
tons/ha of carbon sequestration of herbaceous [74].

In this study, carbon sequestration was based on the LMA of trees. The LMA of trees
was given a weight of 1.0 considering its carbon sequestration, which is higher than that
of other vegetation. Other types of green spaces were given a weight of 0, assuming no
significant contribution to capturing carbon in the atmosphere.

2.4.2. Temperature Regulation

Increasing LST and air temperature in urban areas can be influenced by several factors,
including a decrease in green spaces and bodies of water. The contribution of green spaces
to the control of urban temperatures can be achieved through ecosystem functions such
as evapotranspiration, trees shading, and modifying air movement, while the greatest
contributing factor to the cooling effect is shading and evapotranspiration [75]. The effec-
tivity of green spaces in providing the ecosystem functions is influenced by various factors,
including the area and the spatial distribution of green spaces [76], the configuration and
the shape of green spaces [52,77], and the connectivity of green spaces [31]. Among green
spaces, trees have high cooling potential through shading and evapotranspiration, while
other short vegetative covers such as grass and crops might have a lower capacity [9,78].
The temperature in urban areas can also be regulated through evaporation and heat ab-
sorption from bodies of water [79]. The cooling effect of bodies of water is influenced by
the area of the bodies of water [80], and the effect decreases with the increase in distance
from the water body, which is similar to the cooling effect from green spaces [81,82].

Temperature regulation in this study was estimated using the combination of the LMA
from trees, grassland, cropland, and bodies of water. The LMA of trees was given a weight
of 1.0, while a weight of 0.5 was given for the LMA of grassland, cropland, and bodies
of water.
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2.4.3. Runoff Regulation

Due to urbanization, cities and urban areas are more vulnerable to urban flooding.
The increasing vulnerability is influenced by some factors such as a decrease in green
spaces and bodies of water. As a result, many urban areas have an insufficient capacity
for infiltration and interception, as well as an increase in the runoff coefficient. Urban
flooding-related studies showed that the area of green spaces could be considered as one of
the important factors that determine runoff regulation [30,83,84]. For instance, increasing
tree-cover by nearly 11% in Beijing could increase the total runoff reduction volume by
more than 30% [85]. Moreover, the capacity of green spaces in controlling surface runoff
is also influenced by several factors, including the interception of rainfall. Among many
types of green spaces, trees could provide the high interception capacity, particularly in
the short–moderate rainfall or in the earlier periods of precipitation, and it decreases in
the longer duration or during high rainfall intensity [86]. A field experiment from the
city of Uruaçu, Goiás, Brazil, showed that interception rate during short, low-intensity
precipitation was about 40%, while the rate was about 3.6% in the high intensity and long
duration rainfall [87]. Besides interception, green spaces also provide runoff regulation
through infiltration, which is influenced by numerous factors including rainfall intensity,
green space types, soil characteristics, and green space coverage [19,88–90]. In addition,
green spaces contribute to runoff coefficients by increasing flow resistance, which can
be associated with its density [91]. Furthermore, bodies of water like rivers, lakes, and
wetlands also have the potential to control surface runoff through storage functions [83].

The estimation of runoff regulation service in this study considered the combination
of the LMA from trees, cropland, grass, and bodies of water. All green spaces were given a
weight of 1.0 based on the assumption that green spaces and bodies of water had a similar
contribution to runoff regulation from one or the combination of infiltration, interception,
flow resistance, and storage functions.

2.5. Ecosystem Services Index (ESI)

This study used ecosystem services index (ESI) to assess the ES changes. The ESI was
based on the ES calculated using the combination of the LMA from green spaces and bodies
of water. The ES calculation was divided into two steps. First, the ES was only based on
the area of green spaces and bodies of water called area-based estimation. Second, the ES
was based on the LMA calculated using the following equation.

ES = aLMAtree + bLMAgrassland + cLMAcropland + dLMAwater (2)

where a, b, c, and d were the weighting factors for each green space and bodies of water.
The weighting factor was different for each green space in each ES estimation, as given in
Table 1.

Table 1. The weighting factors (modified from Derkzen et al. [9]).

Weighting Factors Carbon Sequestration Temperature Regulation Runoff Regulation

a (Trees) 1 1 1
b (Grassland) 0 0.5 1
c (Cropland) 0 0.5 1

d (Water) 0 1 1

The ESI was then calculated by normalizing the ES values using the following formula:

ESIij =
ESij − ESmin

ESmax − ESmin
(3)

where ESIij is the index of ES, i for the municipality j, ESij is the value of ES, i for the
municipality j, and ESmin and ESmax are the minimum and the maximum value of ES i,
respectively.
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3. Results

3.1. Land Use–Land Cover (LULC) Change Analysis

The high rate of land transformation marked urbanization in Jakarta from 1995 to
2014, as shown in Figure 3. It shows that there has been a substantial change in the spatial
distribution of green spaces due to increasing urban areas. The growing urban areas, about
44.3%, lost about 58.1% of the areas with trees, 36.1% of grassland, 32.3% of cropland, 15.9%
of suburban areas, and 6.1% of bodies of water (lakes and rivers).

Figure 3. Land use–land cover change from 1995 to 2014.

The LULC change in the study was analyzed by focusing on the spatial extension of
the urban areas and the decrease in vegetative cover and bodies of water from 1995 to 2014,
as shown in Figure 4. In 1995, the spatial distribution of urban areas was concentrated
in three municipalities, which were East Jakarta (65.3 km2), followed by North Jakarta
(63.9 km2) and South Jakarta (58.5 km2). On the other hand, the smallest urban area
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was about 35.4 km2, which was observed in Central Jakarta. After 20 years, urban areas
increased in all municipalities. The largest urban area in 2014 was about 97.8 km2 in West
Jakarta, which increased by about 93.7% from that in 1995. Meanwhile, urban areas in
East Jakarta and North Jakarta increased by almost a half from that in 1995. On the other
hand, the smallest urban area, by approximately 38.4 km2, was identified in Central Jakarta,
which increased by 8.2%.

Figure 4. The area of land use–land cover of Jakarta in 1995 and 2014. (a) The area of urban class; (b) the area of suburban
class; (c) the area of trees; (d) the area of grassland; (e) the area of cropland; (f) the area of bodies of water.

The increase in built-up areas was also observed in suburban areas from 1995 to
2014, as shown in Figure 4. In 1995, the largest suburban area was detected in East
Jakarta (36.4 km2), followed by South Jakarta (31.6 km2) and West Jakarta (26.9 km2).
Central Jakarta had the smallest suburban area by about 4.30 km2. The spatial distribution
of suburban areas in 2014 was a bit different from urban areas, which increased in all
municipalities. The changes of suburban areas were marked by a decrease in West Jakarta
(−64.0%), followed by North Jakarta (−51.0%) and Central Jakarta (−19.6%), but they
increased in East Jakarta and South Jakarta. The largest suburban area of 38.37 km2 was
identified in East Jakarta, which increased by 5.3% from that in 1995. This increase, however,
was lower than 17.7% in South Jakarta. On the other hand, the smallest suburban area of
3.4 km2 was detected in Central Jakarta.

The dynamic changes of the built-up areas affected the area of green spaces, where
trees were by far the most affected, followed by grassland and cropland, as shown in
Figures 4 and 5. In 1995, trees were mainly distributed in East Jakarta and South Jakarta,
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where the area of trees was more than two times of that in the other municipalities, such
as in North Jakarta and West Jakarta. The largest area of trees (39.4 km2) was observed in
East Jakarta, while the smallest area of 5.0 km2 was in Central Jakarta. In 2014, the area of
trees decreased above the average in all municipalities except in South Jakarta and Central
Jakarta. A significant decrease of 65.8% was observed in North Jakarta, followed by West
Jakarta (−62.2%) and East Jakarta (−61.1%). However, the area of trees in that area was
still higher than that in other municipalities. For instance, East Jakarta had the largest area
of trees (15.4 km2), which was higher than 14.5 km2 in South Jakarta. On the other hand,
the smallest area of trees (3.2 km2) was detected in Central Jakarta.

 

Figure 5. The spatial and temporal distribution of green spaces and bodies of water in 1995 and 2014.

Besides trees, areas of grassland were also impacted by an increase in the built-up
areas, as depicted in Figures 4 and 5. In 1995, the widespread occurrence of areas of
grassland was mainly detected in East Jakarta, West Jakarta, and South Jakarta. The largest
grassland area (18.3 km2) was observed in East Jakarta, which was similar to that of West
Jakarta. On the other hand, Central Jakarta had the smallest area of about 2.3 km2. In 2014,
the grassland area remained almost the same in East Jakarta, while a significant decrease
of 84.5% was observed in West Jakarta, followed by North Jakarta (−54.5%). The smallest
area of grassland was observed in Central Jakarta (1.6 km2), followed by West Jakarta (2.8
km2) and North Jakarta (4.4 km2).

A decrease in the area of green spaces was also found in the area of cropland during
urbanization from the year 1995 to 2014, as shown in Figures 4 and 5. The spatial distri-
bution of cropland in 1995 was dominant in East Jakarta and North Jakarta, where the
areas of cropland were 23.4 km2 and 22.1 km2, respectively. In 2014, there was a decrease
in the area of cropland. The highest decrease was identified in West Jakarta, where the
area of cropland decreased by 47.1%, followed by East Jakarta (−35.9%) and North Jakarta
(−25.2%). Moreover, the spatial distribution of cropland in 2014 was similar to that in 1995,
where the dominant distribution of cropland was observed in North Jakarta (16.5 km2),
followed by East Jakarta (14.9 km2).

The existence of bodies of water between 1995 and 2014 was identified by a small
decrease by −6.1%, as shown in Figures 4 and 5. The spatial distribution of the bodies of
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water was mainly observed in North Jakarta, representing lakes, fishponds, and wetlands.
As a result, North Jakarta had the largest area of bodies of water between 1995 and 2014,
where small patches of bodies of water, including rivers, creeks and small wetlands, were
evenly distributed in all municipalities.

3.2. Landscape Metrics Analysis

The rapid urbanization in Jakarta not only changed the spatial distribution of green
spaces but also altered the landscape patterns indicated by changes in the proportion, the
aggregation, and the connectivity of green spaces, as well as of bodies of water. In 1995,
landscape metrics analysis showed the highest proportion of trees at the municipality level
of about 20% in East Jakarta and South Jakarta, while other municipalities had about 10%
of trees in their area. Meanwhile, trees showed a dispersed distribution in Central Jakarta,
North Jakarta, and West Jakarta, where the AI was lower than 50%. However, trees had
good connectivity, as shown in Figure 6. It shows that trees had the COHESION higher
than 60% in all municipalities, with the highest values being observed in South Jakarta.

In 2014, the proportion of trees decreased in all municipalities, where the highest
decrease of 65.8% was observed in North Jakarta, followed by West Jakarta and East
Jakarta, where the proportion decreased by 62.2 and 61.1%, respectively. Meanwhile, the
highest trees proportion of 9.9% was identified in South Jakarta, followed by East Jakarta
(8.3%) and Central Jakarta (6.6%), while a similar proportion was observed in West Jakarta
and North Jakarta. The decrease in the proportion of trees was followed by a decrease in
the aggregation and the connectivity of trees except in Central Jakarta. It was found that
trees in Central Jakarta were more aggregated and connected in a small proportion. The
aggregation and the connectivity of trees in Central Jakarta increased by 12.1 and 6.7%,
respectively. In other municipalities, trees were more disaggregated, as indicated by a
decrease in the AI values. For instance, the AI in East Jakarta and South Jakarta decreased
by 27.4 and 26.3%, respectively. Furthermore, the connectivity of trees also decreased
in East Jakarta and South Jakarta, where the connectivity decreased by 19.7 and 23.8%,
respectively. However, the connectivity of trees was still high in all municipalities since the
COHESION was higher than 50%.

Meanwhile, the dominant proportion of the urban areas also influenced the landscape
patterns of the grassland, as shown in Figure 7. In 1995, the highest proportion of grassland
was about 14.5% in West Jakarta, followed by South Jakarta (10.9%) and East Jakarta (9.9%).
The proportion of grassland in West Jakarta was found higher than the proportion of
trees in the same year, which showed a different green space pattern in a municipality.
Meanwhile, the low AI percentage indicated that grassland had dispersed distribution
in all municipalities. The connectivity of grassland in 1995 was almost similar in four
municipalities where the connectivity varied from 71.4% to 72.4%. The highest connectivity
of grassland was observed in West Jakarta, where COHESION was 84.9%.

In 2014, all municipalities saw a decrease in the proportion of grassland. The highest
decrease was observed in West Jakarta, where the proportion decreased from 14.5% in 1995
to 2.2% in 2014. In addition, the location of the highest proportion shifted from West Jakarta
to East Jakarta. The highest grassland proportion of 9.9% was identified in East Jakarta,
which was slightly higher than 9.6% in South Jakarta. On the other hand, a similarly
low proportion was observed in Central Jakarta, North Jakarta, and West Jakarta, where
the proportion of grassland was 3.3, 3.2, and 2.2%, respectively. Furthermore, the area
of grassland underwent a small amount of disaggregation in all municipalities except in
East Jakarta, where the area of grassland was aggregated by 12.7%. The connectivity of
grassland in 2014 was also affected by urbanization as it decreased in four municipalities,
but it increased in East Jakarta. The highest decrease was 29.3%: this was observed in West
Jakarta, where the connectivity reduced from 84.9% in 1995 to 60.0% in 2014. Moreover, a
small decrease was found in Central Jakarta, South Jakarta, and North Jakarta, where the
connectivity decreased by 5.9, 5.3, and 3.5%, respectively.
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Figure 6. Landscape metrics of trees. (a) Land proportion; (b) aggregation index; (c) cohesion.

Moreover, the landscape patterns of cropland were also subject to dynamic changes
due to urbanization, as shown in Figure 8. In 1995, the highest proportion of cropland was
mainly observed in North Jakarta, East Jakarta, and West Jakarta. The highest cropland
proportion of 15.9% was observed in North Jakarta, while the lowest cropland proportion
of 2.3% was observed in Central Jakarta. Meanwhile, the cropland distribution in the four
municipalities exhibited a scattered pattern, as indicated by the AI percentage. For instance,
cropland in Central Jakarta, East Jakarta, and South Jakarta was below 50%. Moreover, the
connectivity of crops was high in North Jakarta, West Jakarta, and East Jakarta, where the
COHESION was 95.3, 87.9, and 84.6%, respectively.

In 2014, the proportion of cropland decreased sharply. The highest decrease of 47.1%
was identified in West Jakarta, followed by East Jakarta and North Jakarta, where cropland
decreased by 35.9 and 25.2%, respectively. However, North Jakarta still had the highest
cropland proportion of 11.9%, while the smallest cropland proportion of 2.6% was observed
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in Central Jakarta. The decrease in the proportion of cropland affected its aggregation in
some municipalities in 2014. For instance, cropland in West Jakarta was disaggregated by
13.9%, followed by North Jakarta and Central Jakarta, where cropland was disaggregated by
11.3 and 13.8%, respectively. Furthermore, cropland had a small decrease in the connectivity,
but the percentage was still high. For instance, the highest decrease of 8.4% was observed
in West Jakarta, where the connectivity of crops was 87.9%.

Figure 7. Landscape metrics of grassland. (a) Land proportion; (b) aggregation index; (c) cohesion.
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Figure 8. Landscape metrics of cropland. (a) Land proportion; (b) aggregation index; (c) cohesion.

In contrast with the landscape patterns of green spaces, urbanization did not have a
significant impact on the landscape patterns of bodies of water, as depicted in Figure 9. The
proportion of bodies of water in 2014 was similar to that in 1995. The dynamic changes of
the landscape patterns of bodies of water were marked by a small increase in the proportion
of bodies of water in East Jakarta and South Jakarta, while this proportion decreased in
North Jakarta and West Jakarta. However, the aggregation and the connectivity of bodies
of water increased in all municipalities in 2014, as shown in Figure 9.
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Figure 9. Landscape metrics of water. (a) Land proportion; (b) aggregation index; (c) cohesion.

3.3. Spatial and Temporal Distribution of ES Changes

The spatial and temporal distribution of ES changes were analyzed using
Equations (2) and (3). The results showed that the landscape pattern changes had a sig-
nificant impact on the decrease in the carbon sequestration, temperature regulation, and
runoff regulation.

The spatiotemporal changes of the carbon sequestration are given in Figure 10. The
picture shows that the area-based estimation and the LMA-based estimation give an almost
similar pattern of the carbon sequestration, but the decrease rates are different. The area-
based estimation that used a lumped area of trees gave a higher carbon sequestration
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capacity compared to that from the LMA-based estimation, which used an effective area.
The area-based estimation showed that East Jakarta had the highest carbon sequestration
in 2014, followed by South Jakarta, North Jakarta, West Jakarta, and Central Jakarta. The
highest decrease in the carbon sequestration was identified in North Jakarta (−65.8%),
followed by West Jakarta (−62.2%), East Jakarta (−61.1%), South Jakarta (−51.8%), and
Central Jakarta (−35.5%). On the other hand, the landscape pattern changes in the LMA-
based estimation gave a significant change in the carbon sequestration capacity. For
instance, the LMA-based estimation suggested that North Jakarta had the highest decrease
in the carbon sequestration (−78.4%), followed by East Jakarta (−77.3%), West Jakarta
(−77.1%), South Jakarta (72.9%), and Central Jakarta (−22.8%). Furthermore, East Jakarta
had the highest carbon sequestration in 2014, followed by South Jakarta, Central Jakarta,
North Jakarta, and West Jakarta.

Figure 10. ESI for carbon sequestration in the year 1995 and 2014. (a) ESI in 1995 without LMA;
(b) ESI in 2014 without LMA; (c) ESI in 1995 with LMA; and (d) ESI in 2014 with LMA.

The different spatial patterns of the temperature regulation indicate the influence of
the landscape patterns of green spaces and bodies of water, as shown in Figure 11. It shows
that the temperature regulation from the LMA-based estimation had a higher decrease
rate compared to that from the area-based estimation. The impact of the landscape pattern
changes on the temperature regulation was reflected in the LMA-based estimation that
suggested the highest decrease rate in West Jakarta (−74.6%), followed by South Jakarta
(−64.1%), East Jakarta (−61.1%), North Jakarta (−50.1%), and Central Jakarta (−23.7%).
Moreover, the highest temperature regulation in 2014 was in East Jakarta, followed by
North Jakarta, South Jakarta, West Jakarta, and Central Jakarta. On the other hand, the
area-based estimation showed a similar spatial distribution of the temperature regulation,
but the decrease rate was lower than that in the LMA-based estimation. For instance, the
decrease rate of the temperature regulation with the area-based estimation in East Jakarta
was −44.7% lower than that from the LMA-based estimation. This decreased pattern was
also observed in all municipalities.
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Figure 11. Ecosystem services index (ESI) for temperature regulation in the year 1995 and 2014.
(a) ESI in 1995 without landscape metric area (LMA); (b) ESI in 2014 without LMA; (c) ESI in 1995
with LMA; and (d) ESI in 2014 with LMA.

Furthermore, the dynamic changes of the landscape patterns affect the spatial distribu-
tion of the runoff regulation, as shown in Figure 12. It shows that the area-based estimation
indicated a decrease of the runoff regulation between 1995 and 2014 in all municipalities
where the highest decrease was found in West Jakarta (−64.6%), followed by North Jakarta
(−40.5%), East Jakarta (−38.4%), South Jakarta (−33.6%), and Central Jakarta (−25.8%).
Meanwhile, East Jakarta had the highest runoff regulation in 2014, followed by South
Jakarta and North Jakarta, while the lowest runoff regulation was in Central Jakarta. The
LMA-based estimation, on the other hand, showed a higher decrease rate of the runoff
regulation. By considering landscape metrics in the effective area of green spaces, the LMA-
based estimation suggested that the highest decrease rate was in West Jakarta (−74.6%),
followed by South Jakarta (−57.9%), East Jakarta (−51.8%), North Jakarta (−46.3%), and
Central Jakarta (−25.0%). Furthermore, the highest runoff regulation was in East Jakarta,
followed by North, South Jakarta, West Jakarta, and Central Jakarta.
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Figure 12. ESI for runoff regulation in the year 1995 and 2014. (a) ESI in 1995 without LMA; (b) ESI
in 2014 without LMA; (c) ESI in 1995 with LMA; and (d) ESI in 2014 with LMA.

4. Discussion

4.1. Landscape Pattern Changes and Ecosystem Services

The LULC change analysis shows a considerable change in the spatial distribution
and the landscape patterns of green spaces between 1995 and 2014, which in turn affect
ecosystem services, as given by the LMA-based estimation. An increase in built-up areas
results in a decrease in the size and the proportion of green spaces, as well as in the
disaggregation and disconnection of green spaces. A change in the landscape patterns
affects the capacity of green spaces to provide ecosystem services [8,45].

This study indicates that the decrease in the carbon sequestration between 1995 and
2014 was influenced by a decrease in the area of green spaces, as well as a decrease in
the aggregation and the connectivity of trees. For instance, Central Jakarta was covered
with about 3.2 km2 of trees in 2014, which is smaller than the area of trees in North Jakarta
(namely 5.2 km2). However, the carbon sequestration capacity in Central Jakarta is higher
than that in North Jakarta, which can be explained by differences in the landscape patterns.
In Central Jakarta, the trees are more aggregated, as indicated by 49.6% of the AI index,
while the AI of the trees in North Jakarta is 36.1%. Moreover, the trees in Central Jakarta
are more connected, as seen from 78.9% of the COHESION, which is higher than 59.9%
in North Jakarta. However, the influence of the connectivity and the aggregation of the
trees is not always significant compared to its area. For instance, Central Jakarta has a
smaller area and higher connectivity of trees, but carbon sequestration in that area is lower
than that in East Jakarta, which has a higher area of trees. Furthermore, the aggregation of
trees in East Jakarta is slightly lower than that in Central Jakarta and South Jakarta. The
relationship between the carbon sequestration with the area and the landscape patterns
of the green spaces is consistent with a previous study in Jakarta, which showed that a
higher carbon sequestration rate was observed in the location of a large area of trees [73].
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The essential influence of the area of trees in the carbon sequestration was also observed
in tropical cities such as Singapore [53] and in cities at high latitudes such as in Espoo,
Southern Finland [70]. Moreover, it is important to underline that the carbon sequestration
discussed in this study and the examples from other cities are limited to a city or an urban
scale. The urban carbon sequestration may not give a significant contribution to the global
carbon sequestration process because the total carbon uptake from urban vegetation is
smaller than carbon emissions in urban areas, as reported in some cities, including Mexico
City and Singapore [92], Beijing [93], and Cebu City, Philippines [94].

The significant influence of the landscape patterns on ecosystem services is also
observed when comparing the temperature regulation estimates based on the area and
the landscape patterns of green spaces, and bodies of water. Between 1995 and 2014,
temperature regulation was found to decrease in all municipalities where the contribution
of green spaces is more significant than that of bodies of water, which have small areas
and proportions as a result of the land cover classification. As a result, the bodies of water
in this study only provide a small contribution to temperature regulation as well as to
other ES. Moreover, temperature regulation is more influenced by the area of green spaces
than by their connectivity. For instance, the lowest temperature regulation is identified in
Central Jakarta and West Jakarta, where the area of green spaces was small in 2014, while
the connectivity is high. On the other hand, the highest temperature regulation in 2014 was
observed in East Jakarta, where the large area and the high connectivity of green spaces are
observed. In addition, the proportion of green spaces in this municipality was relatively
higher than that in other municipalities except for West Jakarta. A positive relationship
between the increasing urban temperature and the dynamic changes of the landscape
patterns has been found in this study which is consistent with the spatial distribution of
LST and air temperature in Jakarta discussed in Ramdhoni and Rushayati [37]. In their
study, the high LST (higher than 30 ◦C) was distributed in all municipalities. At the same
time, the high air temperature was identified in Central Jakarta, East Jakarta, and North
Jakarta, mainly where the small and the fragmented green spaces are observed in our study.
The relationship between LST and the landscape patterns of green spaces was also observed
in three megacities in Southeast Asia: Jakarta, Bangkok, and Manila [54]. It revealed that
Jakarta had the highest mean LST of the three cities considered. It was concluded that this
high LST was caused by the relatively large, complex, and more aggregated impervious
built-up areas of Jakarta. Furthermore, the impact of the decreasing aggregation and
connectivity of green spaces was also identified in the urban center of the Olympic Forest
Park in Beijing, China. The observed increase in LST correlated with an increase in the
green space fragmentation and a decrease in the green space connectivity [31].

Urbanization in Jakarta between 1995 and 2014 decreased runoff regulation in all
municipalities, which could be related to a decrease in green spaces and bodies of water,
and the landscape pattern changes. The changes in the runoff regulation are mainly
influenced by the dynamic changes of the area and the landscape patterns of green spaces,
while the influence of bodies of water is relatively small. The most significant decrease in
runoff regulation is observed in West Jakarta, where there has been a high decrease in the
area and the proportion of green spaces, which mean West Jakarta has the lowest runoff
regulation. Furthermore, in all municipalities the connectivity of green spaces is relatively
high while the proportion of green spaces is relatively low and more disaggregated, as
shown by a decrease in the aggregation index. The low surface runoff regulation in North
Jakarta and West Jakarta is consistent with the area inundated by the 2013 flood [95].
Moreover, the capacity of green spaces to control surface runoff can also be influenced by
local physical characteristics such as the slope of the land. However, these characteristics
have not been addressed in this study. Increasing the area of green spaces for surface
runoff control can be considered in the gentlest sloping area with the high topographic
wetness index (TWI), while this is not an appropriate solution in an area with the steep
slope and the low TWI [96]. The capacity of green spaces to minimize surface runoff is also
associated with LPI and AI. In Beijing, for instance, a decrease of LPI and AI reduced the
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runoff reduction capacity from 23% in 2000 to 17% in 2010 [30]. The low connectivity and
aggregation could be associated with a decrease in the capacity of green spaces to minimize
surface runoff. A study from Texas, US, showed that large area, less fragmentation, and
high connectivity of green spaces could play an important role in anticipating the mean
annual peak runoff. On the other hand, urban development could increase the built-up
land cover class, which has more edges, more complex shapes, and is more connected,
which facilitates high runoff [97].

4.2. Limitations of This Study and Future Perspectives

The spatial analysis in this study used a medium satellite image resolution of 30 m from
Landsat 5 and 8 to analyze three ecosystem services: carbon sequestration, temperature
regulation, and runoff regulation. The Landsat products provide a cost-effective option for
spatial analysis purposes, such as the LULC change analysis and the landscape metrics
analysis. However, some specific urban details such as city parks, small wetland areas, and
lakes, as well as street corridors, could not be captured properly. Meanwhile, this study’s
results have not yet been validated, which could limit the applicability of the proposed
method. Even though it indicates a more realistic ES calculation, the proposed method
could potentially bias the results due to different spatial scales used in this study and field
survey data.

In future studies, the use of high spatial resolution satellite images for land use–land
cover classification is recommended. This increases the spatial analysis quality, and it
allows researchers to include more aspects of ecosystem services analysis, such as air
purification from trees on street corridors or tourism and educational ecosystem services
from the city and the neighborhood parks. The proposed ES estimation could be further
improved in the future by incorporating empirical values based on runoff coefficients
derived from land cover classes. For validation purposes, future studies should consider
methods which apply remote sensing techniques using a range of spatial resolutions
combined with actual land management information to identify carbon sequestration rates,
land surface temperatures, and flood-prone areas.

5. Conclusions

The present study shows that the landscape pattern changes in the period 1995–2014
have a significant impact on urban ES in Jakarta. The observed landscape pattern changes
reduce the carbon sequestration, the temperature regulation, and the runoff regulation
with an average value of 66, 55, and 51%, respectively, during that period. The impact of
the landscape pattern changes on a decrease of ES is higher compared to the area-based
calculation in which the average decrease of the carbon sequestration is 55%, followed by
the temperature regulation (44%) and the runoff regulation (41%). This indicates that the
ability of green spaces to provide ES is strongly influenced by the spatial characteristics or
the landscape patterns of green spaces.

From 1995 to 2014, it is observed that urbanization has not only reduced the number
and total surface area of green spaces but also has changed its spatial characteristics. After
20 years, an increase in built-up areas has affected the spatial characteristics of green
spaces marked by a scattered distribution, and a decrease in the aggregation and the
connectivity of green spaces, making green spaces more fragmented. The average decrease
in aggregation is about 8.7 and 9.6% for its connectivity, which can be associated with
a decrease in urban ES. The reduced number and area of green spaces along with the
landscape pattern changes and a decrease in urban ES indicate that there is a relationship
between those factors, which need to be considered as part of the ES calculation.

This study proposes a new method for ES calculation that explicitly acknowledges
the landscape patterns of green spaces resulting in the landscape metric area (LMA) of
an urban area. The LMA reflects the area which is defined as green space that provides
an effective contribution to ES. The spatial characteristics of green spaces are not static,
but change over time. This study has shown that urbanization is a factor that impacts the
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separation and disaggregation as well as the disconnection of green spaces—and thus to a
large extent the spatial distribution of green spaces. Ignoring the influence of the landscape
patterns may result in an overestimation of the ES of an urban area, as shown in this study.

The importance of the area of green spaces to ES provision has been discussed in many
previous studies, which feed the general perception that there is a positive relationship
between the area of green spaces and ES. The findings of our study contribute to the
existing body of knowledge in this field and suggest that ES calculations should consider
not only the area of green spaces but also the landscape patterns, which represent the
spatial configuration of green spaces. By considering the landscape patterns in this study,
the proposed method indicates a more realistic ES calculation compared to commonly
area-based approaches in which green spaces can be perceived as a lumped area. Our study
is one of the first to provide quantified and convincing evidence of the influence of the
landscape pattern changes on urban ecosystem services in a megacity such as Jakarta. We
acknowledge that further detailed studies will be needed and that the present study will
provide incentives and directions to initiate further research. It is recommended to further
improve this new method by using land cover classification from a high satellite image
resolution, considering more landscape metric combinations, incorporating empirical
values such as runoff coefficients or albedo values based on LULC, using field survey data
or using model simulations to verify the ES calculation.
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Abstract: Rapid urbanization drives land cover change, affecting urban ecosystems and inducing
serious environmental issues. The study region of Changchun, China was divided into three urban-
ization categories according to different urbanization levels and the characteristics of urban sprawl
and changes and relationships between typical ecosystem services (ESs) under rapid urbanization
were analysed. The results showed that Changchun has undergone considerable urban expansion
since 2000, which has significantly impacted all ESs in terms of spatial and temporal heterogeneity.
Habitat suitability and crop yield have relatively stronger service capacity in the study area. Since
the expansion of large-scale infrastructures, the mean ES values of developed urban areas are the
lowest among the three zones, except for water retention and sandstorm prevention in 2015, when
the balance between all services decreased. Over the past 16 years, habitat suitability in developing
urban areas has decreased to a large extent due to urban sprawl. Because of the improvement in
agricultural science and technology, crop yield in three regions increased, while the area of cropland
reduced from 1720 km2 to 1560 km2 (9.3%). Synergies between habitat suitability and carbon storage
and habitat suitability and soil retention were detected in three areas. A trade-off between habitat
suitability and water retention was detected in three areas. The interactions between crop yield and
carbon storage, habitat suitability, and soil retention were more complex in this study region. In
addition to water retention, urbanization index has a negative correlation with ESs. According to the
results, some suggestions to alleviate ES loss during the process of rapid urbanization were proposed,
which may guide scientific urban planning for sustainable urban development.

Keywords: urbanization; ecosystem services; Changchun; China

1. Introduction

Urbanization is a global universal process and an inevitable phase towards modern-
ization for the development of most countries [1]. According to a report released by the
United Nations, the rate of global urbanization increased from 30% to 55% between 1950
and 2018 and will continue to increase to 68% by 2050 [2]. In China, the urbanization
rate, which was only 10.64% in 1949, exceeded 50% for the first time in 2011 and reached
59.58% in 2018 [3]. There are many factors influencing urban expansion, including rural
land reform, large-scale industrialization, incentive policy, migration, economic reform,
and market-led urbanization, etc [3]. With the rapid development of urbanization, rural
populations moved into cities and secondary and tertiary industries continued to gather in
cities. China’s seventh national census shows that 902 million people live in the city in 2021,
reaching 63.89% of the total population [4]. The population agglomeration in urban areas
in particular has led to a surge in demand for urban land resources. Statistics about urban
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development released by the World Bank showed that urban land consumption outpaces
population growth by as much as 50%, and is expected to add 1.2 million km2 of new urban
built up areas to the world in the next three decades [5]. Such a sprawl puts pressure on
land and natural resources and a large number of natural resources are consumed.

Statistics from the United Nations showed that cities accounting for less than 2% of
the earth’s surface consume 78% of the energy generated and produce 60% of greenhouse
gas emissions [6]. According to the Land Rent Theory, the price and demand for land
change with the increase in distance from the city centre. As a result, commercial, office,
and residential activities, which are more profitable and have a higher rent, outbid and
replace agriculture and ecosystem services to maximize access to the dense city centre [7].
ESs became the first casualty of urban expansion and economic development. ESs are a
range of important goods and benefits that humans obtain from ecosystems, which are a
key bridge linking human welfare with the environment, therefore providing an important
framework within which to understand and manage urban sustainability [8,9]. ESs can
be classified into four categories: provisioning services, regulation services, supporting
services, and cultural services [6]. Assessment and evaluation of ESs provide decision-
making information for the effective management of the earth’s ecosystem and a vital
framework to understand and manage urban sustainability [10,11].

Since urbanization was one of the principle driving factors of ES change, the way
that urbanization influences ecosystems is a worldwide concern [12]. Recent studies have
revealed that, driven by numerous factors, including physical environment, economics,
socio-political issues, science, and technology, as well as scale and degree of urbanization,
the impact mechanisms of urban processes on ESs are quite complex, showing negative
or positive correlations in different urban areas [3,13–16]. A study by Wang et al. in
Guangdong-Hong Kong showed that urbanization is negatively correlated with natu-
ral habitats, water retention, soil conservation, and carbon sequestration, both in urban
and rural areas [9]. Sun et al. found that in the process of urbanization, carbon storage,
habitat quality index, water yield, and soil conservation decreased but food supply grew
steadily [17]. Furthermore, studies have also shown that ESs increased in the early stage
of urbanization and declined in the later stage, forming an inverted “U”-shaped relation-
ship [18]. Therefore, there is still no universally consistent conclusion, and it is particularly
necessary to research the impact of urbanization on ESs at local and regional levels. Some
studies have also explored the impact of the urban–rural spatial gradient on ESs, especially
for developed coastal cities [18–20]. However, few studies have been conducted on the
influences of urbanization on ESs in the Black Soil Belt of northeast China.

As the provincial city of Jilin Province and the core city of the Urban Agglomeration
of Harbin–Changchun, Changchun has seen an unexpectedly rapid urban expansion in
the past two decades, especially after the implementation of the Strategy of Revitalizing
Northeast China, which provides a good opportunity for regional development, as well
as posing a major threat to the fragile ecosystems of the region [21]. At the same time,
located in the typical Black Soil Belt and the important granary of China, Changchun plays
a vital role in national food security. Rapid sprawling urbanization transformed a large
number of high-quality croplands into artificial surfaces [21], which caused the challenges
for cropland protection and food safety. Maintaining a balance between environmental
sustainability and rapid urbanization becomes the principal issue that Changchun faces
for future development. Many initiatives have been developed to protect cropland and
natural landscapes to optimize land use structure. However, in order to minimize the loss
of ESs during urbanization, a full understanding and quantitative analysis of impact of the
urbanization processes on ESs are necessary.

For these reasons, the aims of this paper are: (1) to analyse dynamic characteristics
of urbanization of Changchun since 2000; (2) to evaluate six ESs changes and bundle
relationships during urbanization; and (3) to explore impacts of urbanization process
on ES changes. The study aims to provide quantitative information for the balance and
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sustainability of ESs under rapid urbanization, which provides a basis for the development
planning of Changchun.

2. Materials and Methods

2.1. Study Area

Changchun (43◦26′31”–44◦36′29” N, 125◦1′44”–125◦48′58” E), the capital city of Jilin
Province, is located in the middle part of the Songnen Plain, covering a total area of
3.1 × 103 km2 within an urban built-up region (Figure 1). In this area, altitude varies from
67 to 368 m with small undulation in topography. The area has a semi-humid continental
monsoon climate, characterized by a cold winter and cool summer with a mean annual
precipitation of 570–700 mm and a mean annual temperature of 4.5–4.8 ◦C. In this region,
rainfall occurs primarily in June–August. At the same time, Changchun belongs to the
famous Black Soil Belt of northeast China and zonal soil types include mollisol, chernozem,
and dark brown soil, in which corn is the dominant crop.

 

Figure 1. Location of the Changchun, Jilin Province, China.

As a famous old industrial base in China, urbanization of Changchun was once higher
than the national average level. With the emergence of abuses in the development of
resource-based cities, the economic development of Changchun has stagnated. The pro-
posal and implementation of the Strategy of Revitalizing Northeast China in 2003 propelled
Changchun into an economic boom and rapid urbanization, which has inevitably acceler-
ated land cover changes, soil resource loss, the heat island effect, and other environmental
issues [21].

2.2. Data Source and Processing

In this study, we collected and used multi-source geographic data to quantitatively
assess ES changes during urban sprawl. The main data sources and their descriptions are
as the follows (Table 1):

Digital elevation model (DEM) data with a 30 m resolution were derived from the
ASTER GDEM product (http://www.jspaceystems.or.jp/ersdac/GDEM/E, accessed on
15 April 2021). Meteorological data in 2000 and 2015 were acquired from the website of
the China Meteorological Data Sharing Service System (CMDSSS, http://cdc.cma.gov.cn/,
accessed on 15 April 2021). Climate datasets were spatially interpolated to grid data
with a 30 m spatial resolution by the Kringing method in ArcGIS 10.3 software before
being used in the ES models. Soil type data in vector format with a scale of 500,000 were
provided by the Soil and Fertilizer Station of Jilin Province (SFSJP). Night-time light
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imagery data were downloaded from the website of NOAA/NGDC (https://ngdc.noaa.
gov, accessed on 15 April 2021). Night-time light imagery data for different periods arrived
from different sensors: data of the Operational Linescan System (OLS) arrived from the
Defence Meteorological Satellite Program (DMSP) in 2000 and data from the Visible Infrared
Imaging Radiometer (VIIRS) arrived from the NPOESS Preparatory Project (NPP) in 2015;
therefore, resampling, mutual correction, and interannual fusion of the two periods of
data were carried out according to the methods described in the literature to ensure data
consistency [26,27]. Evapotranspiration products from a moderate resolution imaging
spectroradiometer (MODIS) with a 500 m resolution were accessed from the NASA website
and were used to calculate the water retention services. Land cover datasets in 2000 and
2015, interpreted from Landsat Thematic Mapper (TM) and Operational Land Imager (OLI)
data were provided by the Northeast Institute of Geography and Agroecology, Chinese
Academy of Sciences (IGA, CAS). Land cover types were divided into seven categories
according to Wu [28]: cropland, grassland, forestland, wetland, built-up land, water body,
and others. Based on the ground investigation data, the overall accuracy of the land cover
classification data was higher than 90% for the two periods.

Table 1. Main data sources used in the study.

Datasets Description Resolution Time Data Sources

DEM ASTER GDEM product Raster, 30 m 2009
http://www.jspacesystems.or.
jp/ersdac/GDEM/E, accessed

on 15 April 2021 [22]

Climatic data
Daily temperature, Daily

rainfall, Daily wind speed,
Daily sunshine duration

Point 2000–2015 CMDSSS (http://data.cma.cn),
accessed on 15 April 2021 [23]

Soil data Soil map Vector, 1:500,000 2016 SFSJP

Remote sensing
image

Night data, DMSP/OLS Raster, 1000 m 2000 https://ngdc.noaa.gov accessed
on 15 April 2021 [24]Night data, NPP/VIIRS Raster, 750 m 2015

Evapotranspiration data,
MODIS 16A2 Raster, 500 m 2000, 2015

https://ladsweb.modaps.eosdis.
nasa.gov/ accessed on 15 April

2021 [25]

Land cover data Interpreted data of Landsat
TM/OLI Image Vector 2000, 2015 IGA, CAS

2.3. Methods
2.3.1. Urban Expansion Zoning

DMSP/OLS or NPP/VIIRS sensors can detect the low-intensity light emitted by
urban lights and even small-scale residential areas and traffic flow at night, which make
urban areas different from dark rural areas. Therefore, night-time light imagery data,
as an intuitive representation of human activities, have been widely used in modelling
urban sprawl [26]. Generally, higher Digital Number (DN) values indicate higher levels
of urbanization. According to previous studies, a DN value of 50 was used as a threshold
for distinguishing urbanization areas from rural areas. Accordingly, the study area was
divided into three areas according to different levels of urbanization [1]: developed urban,
developing urban, and rural area. For developed urban area, the DN values of the whole
study region were both greater than 50 in 2000 and 2015; for developing urban area, the
DN value in 2000 was less than 50, but greater than 50 in 2015; for rural area, the DN values
were both less than 50 in 2000 and 2015.

2.3.2. Estimation of ESs

In this study, six vital ESs, including one provision service (crop yield), four regulation
services (carbon storage, sandstorm prevention, soil retention, and water retention), and
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one supporting service (habitat suitability) were selected because they are closely related
to the dwellers’ health and security, and are sensitive to land cover changes.

The approaches used to quantify each service are briefly described in the following
subsections:

Carbon Storage Service

Carbon storage is an important indicator of climate regulation [29]. The InVEST model
was used to evaluate carbon stored in carbon pools, including above ground biomass,
below ground biomass, soil, and dead organic matter [30]. The total carbon storage is the
sum of those four carbon sources:

Ci = Ci(above) + Ci(below) + Ci(dead) + Ci(soil) (1)

where Ci represents the total carbon storage of grid cell i.
Carbon storage was calculated based on the specific ecosystem classification [28].

Because the InVEST model was designed for worldwide application, some functions are
general without considering regional heterogeneity [30]. For better results, the biomass
carbon stocks per unit area of each land cover type were derived from the local research
results and long-term observation data from field stations in northeast China [31].

Soil Retention Service

Soil retention is an important regulating ES, especially in the case of rapid urban
sprawl and significant increases in impervious surfaces in the Black Soil Belt. With frequent
human interference, regional soil erosion is becoming more and more serious, and the
soil retention capacity of the study area has changed greatly. The Revised Universal Soil
Loss Equation [32] was used to estimate the soil retention service of different ecosystems.
Areas of land with high soil retention present less risk of erosion loss [33]. Soil retention
is the difference between potential soil erosion and actual soil erosion; the formula is as
follows [34]:

A = Ap − Aa = R × K × LS × (1 − C × P) (2)

where A is the annual soil loss (t km−2 a−1); Ap is the potential annual soil loss (t km−2 a−1);
Aa is the actual annual soil loss (t km−2 a−1); R indicates the erosion factor of rainfall runoff
(MJ mm km−2 ha−1 a−1), which is calculated according to the daily rainfall; K refers to the
soil erosion factor (t h JM−1 mm−1); LS denotes the slope length and gradient, representing
the terrain factor; C indicates the dimensionless vegetation cover factor, and P represents
the soil retention measure.

All factors were spatialized into a grid with a 30 m resolution in ArcGIS 10.3 software
and grid calculations were performed to obtain the annual soil loss for each unit.

Water Retention Service

Water retention is one of the most critical services of the ecosystem, which closely
connects the growing population with the ecosystem [34]. The amount of water retention
for each pixel on the landscape was calculated using the water balance equation [35]. The
model is expressed as follows [35]:

WR =
j

∑
i=1

(Pi − Ri − AETi)× Ai (3)

Ri = Pi × α (4)

where WR is the total amount of water retention, Pi means annual precipitation (mm), Ri
indicates the surface runoff (mm), AETi represents annual actual evapotranspiration (mm),
Ai is area (km2) of the ecosystems defined by land cover types, α is average surface runoff
coefficient collected from the published research results in this area [36], i is the index of
ecosystem types, and j denotes the total number of ecosystem types. Precipitation data
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were calculated using meteorological data from CMDSSS (http://data.cma.cn, accessed on
15 April 2021). The evapotranspiration data were calculated using MODIS products and
meteorological records [35].

Habitat Suitability

Habitat suitability plays a crucial role in biological diffusion and biodiversity conserva-
tion, representing the ecosystems’ ability to provide suitable conditions for the sustainable
survival of individuals and populations [37]. The habitat suitability index was used to
estimate the habitat and vegetation supporting ecosystems across the whole landscape,
which considered the relative quality of the ecosystem type, the availability of the water
source, the sensitivity to disturbing factors, and the abundance of food. The equation was
as follows [38]:

HSI =
i

∑
1

wi fi (5)

where HSI represents the total value of the comprehensive index of habitat suitability in
the study year, wi is the weight for the ith factor assigned by experts, fi is the standardized
value of the ith factor involved in the assessment of habitat suitability, and i is the number
of evaluated factors.

Spatialization and weighted summation for all factors were performed utilizing Ar-
cGIS 10.3 software.

Sandstorm Prevention

Sandstorm prevention of the ecosystem was calculated using the revised wind erosion
equation (RWEQ) [39]. The RWEQ is an empirical model for estimating long-term soil
loss caused by wind erosion [34]. In this model, climate, topography, vegetation, and
soil properties were considered to quantify wind erosion [40]. Potential and actual wind
erosion intensity were estimated, and the difference between them was used as the sand
fixation capacity of the ecosystem to assess the function of wind and sand fixation in the
ecosystem. The formulas involved are as follows [39]:

� Q = Q0 − Qv (6)

Q(x) = Qmax

{
1 − exp

[
−(x/s)2

]}
(7)

S = 150.71·(WF × EF × SCF × K′ × C
)−0.3711 (8)

Qmax = 109.8·(WF × EF × SCF × K′ × C
)

(9)

S = 150.71·[WF × EF × SCF × K′ × (1 − C)
]−0.3711 (10)

where ΔQ means the amount of sand fixation (t km−2 a−1), Q0 refers to the potential soil
erosion without vegetation cover (t km−2 a−1), and Qv indicates the actual soil erosion
considering the current land cover and management conditions (t km−2 a−1). Q(x) repre-
sents the amount of soil transported by wind at point x, Qmax indicates the maximum sand
transport capacity by wind, and S describes critical field length. WF, EF, SCF, K′, and C
represent weather factor, soil erodible fraction, soil crust factor, surface roughness factor,
and vegetation factor, respectively.

Crop Yield

Located in the typical Black Soil Belt of Northeast China, the food supply of the study
area is a crucial service for regional food security. Crop yield was selected to estimate food
provisioning services of Changchun. Crop yields data were obtained from the statistical
yearbook of Changchun in 2001 and 2016.
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2.3.3. Relationship between ESs

According to previous studies on the relationship between ESs [1,37,41], the changes
of ES in divided urban area were analysed and compared to reveal the influences of
urbanization on the relationships between ES changes.

There are three relationship types between ESs: synergy, trade-off, and neutral. Syn-
ergy represents a win–win or lose–lose situation of two ESs with a consistent trend of
increases or losses; trade-off indicates a win-lose or lose-win situation in which one ES rises
at the expense of the other; and neutral means that a change in one ES will not cause varia-
tion in another [1]. In this study, 754 random points (432 in rural area, 209 in developing
area, and 113 in developed areas) for each ES layer, both in 2000 and 2015, were extracted
using ArcGIS 10.3 software. Before comparing the 2000 and 2015 ecosystem services, all
data were standardized using the following equations:

Sv2000 =
v2000 − min(v2000, v2015)

max(v2000, v2015)− min(v2000, v2015)
(11)

Sv2015 =
v2015 − min(v2000, v2015)

max(v2000, v2015)− min(v2000, v2015)
(12)

where Sv2000 and Sv2015 are the standardized values for each ES in 2000 and 2015, respec-
tively, and v2000 and v2015 are the ES values in 2000 and 2015, respectively.

3. Results

3.1. Urban Sprawl of Changchun during 2000–2015

Based on night light data, the scope of urban and industrial land in the study area in
2000 and 2015 was extracted and the dynamic of urban expansion was obtained via the
spatial analysis module of ArcGIS 10.3. The results showed that Changchun has undergone
considerable urban expansion since 2000 (Figure 2). The area of urban and industrial land
was 25, 2067 ha in 2000, and 487,064 ha in 2015, respectively, an increase of 234,997 ha in the
past 16 years with a 14,687 ha yearly increase (8.45%). The average DN of night light data
for the study area increased from 12.21 in 2000 to 22.55 in 2015. The mean DN was 4.21,
48.76, and 60.31 in rural area, developing urban area, and developed urban area in 2000,
respectively. The average DN increased by 2.52 in developed urban area, and by 10.74 in
developing urban area in the last 16 years. The average DN in rural area changed the most,
increasing by 13.64 from 2000 to 2015 (Table 2).

Figure 2. Urbanization (a) in 2000–2015 and (b) classification of urbanization in study area.
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Table 2. The average DN of night light data in different areas in 2000 and 2015.

Time Mean Rural Area Developing Urban Area Developed Urban Area

2000 12.21 4.21 48.76 60.31
2015 22.55 17.85 59.50 62.83

3.2. Changes of ESs in Changchun
3.2.1. Spatial–Temporal Changes for Overall ESs

The spatial distribution of carbon storage, soil retention, and habitat suitability services
presented similar patterns with high values in eastern areas, where the slope gradient was
relatively high, and the dominant land cover type was forestland (Figure 3). The values
range from 0 to 37.1 t, 0 to 4.2 × 103 t km−2a−1, and 0 to 60.2 for these three ecosystem
services, respectively. The sandstorm prevention deceased from west to east, and the areas
with high values of water retention were concentrated in the central parts (Figure 3). From
2000 to 2015, the three ESs-carbon storage, soil retention, and water retention-increased
by 2.01%, 124%, and 28.03% in the study area, while habitat suitability and sandstorm
prevention services decreased by 3.55%, and 1.64%, respectively (Figure 4). In the study
area, the area of cropland was reduced from 1720.4 km2 to 1560.4 km2 by 9.3%, but the crop
yield service increased from 668.5 × 10 6 t to 753.4 × 10 6 t by 12.87% (Figure 4).

 

 

Figure 3. Cont.
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Figure 3. Spatial Distribution of ESs in 2000, 2015, and changes of Changchun.

Water retention 
( 108 t) 

Soil retention 
( 107 t) 

Figure 4. ESs in 2000 and 2015.

The relative service capacities are shown using radar plots based on standardized
values (Figure 5). Each axis of the plot indicates a different ES; the outermost point on the
axes means the highest level of ES, and the provisioning service decreases towards the
centre. The symmetry of the plot represents relative balance of the ESs; consequently, the
larger and more symmetrical they are, the higher the overall potential benefits of ESs [1]. It
can be seen that six service capacities in the study area are extremely unbalanced. Habitat
suitability and crop yield are relatively stronger than the others, while the service capacity
of soil retention is the weakest.
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Figure 5. Radar maps of the standardized ESs.

3.2.2. Relationships among ES Changes

Interactions between ESs were analysed to evaluate the differential changes in ESs
in the process of urbanization and to detect the urbanization problems presented in
Changchun (Table 3). Habitat suitability significantly corresponded with carbon stor-
age, soil retention, and water retention. Synergies between habitat suitability and carbon
storage, and habitat suitability and soil retention were detected in the three areas, that
is, habitat suitability deteriorated with the decrease in carbon storage and soil retention.
However, the correlation coefficient decreased from developed urban area to rural area in
terms of carbon storage and increased from a developed urban area to a rural area for soil
retention. A trade-off between habitat suitability and water retention was detected in the
three zones, and the correlation coefficient of the rural area was the highest.

Table 3. Relationships between pairs of ESs.

Carbon
Storage

Habitat
Suitability

Soil
Retention

Sandstorm
Prevention

Water
Retention

Crop Yield

Carbon
storage

developed 1
developing 1

rural 1

Habitat
suitability

developed 0.528 ** 1
developing 0.495 ** 1

rural 0.430 ** 1

Soil retention
developed −0.023 0.188 * 1
developing 0.191 ** 0.198 ** 1

rural 0.306 ** 0.247 ** 1

Sandstorm
prevention

developed −0.009 −0.010 −0.070 1
developing −0.002 −0.015 −0.102 1

rural 0.006 −0.036 −0.028 1

Water
retention

developed −0.058 −0.063 0.013 −0.015 1
developing −0.088 −0.181 ** −0.061 −0.043 1

rural −0.121 ** −0.260 ** −0.043 0.055 1

Crop yield
developed −0.114 −0.339 ** −0.211 * −0.025 0.105 1
developing 0.024 0.051 0.055 −0.036 −0.108 1

rural −0.172 ** 0.176 ** −0.104 ** −0.015 −0.051 1

Note: * indicates significance at the 5% level, ** indicates significance at the 1% level.
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The interactions between crop yield and carbon storage, habitat suitability, and soil
retention were more complex. There was only a weak trade-off between crop yield and
carbon storage in rural areas, while the correlation between the other two areas was not
significant. For crop yield and habitat suitability, a higher trade-off in developed urban
areas but a weaker trade-off in rural areas can be seen.

The correlation coefficients of sandstorm prevention with all of the other five ESs were
insignificant in three areas. Insignificant results were also detected between water retention
and soil retention, and water retention and crop yield.

3.3. Impact of Urbanization on ESs
3.3.1. ES Changes in Different Urbanization Areas

Average values of ESs in the three urban zones were calculated to compare the impact
of rapid urban sprawl on ESs (Table 4). It can be seen that the mean values of soil retention,
carbon density, habitat suitability, and crop yield in rural areas are significantly higher
than those in the other two areas, both in 2000 and 2015. All of the mean ES values for
urban areas are the lowest among the three areas, except for water retention and sandstorm
prevention in 2015. For developed and developing urban areas, carbon density and habitat
suitability decreased, while the other four ecological services improved slightly from 2000
to 2015. For rural area, only sandstorm prevention decreased from 6.0 × 103 t·km−2 to
4.44 × 103 t·km−2 during the study period.

We can also learn from radar maps that the relative balance of all of the services in
three areas is quite different. For developed urban area (Figure 6a), habitat suitability and
sandstorm prevention are stronger than other services and the balance between all services
decreased from 2000 to 2015. For developing urban area (Figure 6b), habitat suitability
is significantly higher than other ESs in 2000 but decreased to a large extent in 2015. For
rural area (Figure 6c), crop yield increased significantly from 2000 to 2015, while other ESs
hardly changed. The relative balance of all of the services in developing urban area is the
most symmetrical among the three areas, but the overall potential ES benefit is not higher
(Figure 6d).

Figure 6. Radar maps of ESs in (a) developed urban area, (b) developing urban area, (c) rural area,
and (d) the mean value of ESs in three areas.
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Table 4. Mean values of ESs in the three urban areas.

Soil Retention
(103 t·km−2)

Sandstorm
Prevention

(103 t·km−2)

Carbon Density
(109 gC·km−2)

HabitatSuitability
Water Retention

(105 t·km−2)
Crop Yield

(103 kg·ha−1)

2000 2015 2000 2015 2000 2015 2000 2015 2000 2015 2000 2015
Developed 0.68 1.75 4.10 4.94 1.83 1.52 28.64 28.30 3.99 4.58 1.51 2.28
Developing 1.33 3.28 4.08 4.50 4.30 4.19 40.38 36.17 2.19 2.98 3.79 4.16

Rural 1.88 4.14 6.0 4.44 7.29 7.53 45.21 45.71 1.66 2.15 5.97 6.79

3.3.2. Correlation Analysis between Urbanization and ESs

A total of 1500 sample points were randomly extracted, including 120 in developed
urban areas, 221 in developing urban areas, and 1159 in rural areas. Taking nightlight
satellite measurements as a proxy for urbanization, correlation analysis were analysed
between urbanization and ecosystem services in 2000 and 2015, respectively. Habitat
suitability were negatively correlated with urbanization in all three areas (Table 5). The
relationship between water retention and urbanization was negative in developed urban
areas, while it was positive in developing urban areas and rural areas. The relationship
between crop yield and urbanization was negative in developed and developing urban
areas, while it was insignificant in rural areas. Due to the extensiveness and continued
growth of water-impervious surfaces at the loss of forest and crop land in developing urban
areas, urbanization is negatively correlated with carbon density in 2015. There was no
significant correlation between soil conservation, sandstorm prevention and urbanization
in all areas.

Table 5. The correlation coefficients of ESs with urbanization in different urban areas in 2000 and 2015.

Developed Area Developing Area Rural Area
2000 2015 2000 2015 2000 2015

Soil retention −0.067 −0.081 * −0.036 −0.117 −0.064 * −0.077 *
Sandstorm prevention −0.021 0.071 0.113 0.112 0.04 0.067 *

Carbon density −0.081 −0.014 −0.104 −0.207 ** −0.071 * −0.076 *
Habitat suitability −0.373 ** −0.309 ** −0.397 ** −0.467 ** −0.17 ** −0.233 **

Wate retention −0.252 ** −0.428 ** 0.218 ** 0.08 0.126 ** 0.248 **
Crop yield −0.359 ** −0.314 ** −0.172 * −0.147 * 0.064 * −0.054

Note: * indicates significance at the 5% level, ** indicates significance at the 1% level.

4. Discussion

4.1. Typical Impact of Urban Expansion on ESs in Changchun

Many studies have shown that changes in land cover driven by urbanization con-
tribute greatly to spatial and temporal changes in ESs [12,33,41,42]. The influences brought
about by urbanization not only reflected the urban–rural gradient changes, but also pre-
sented a spatial spill over effect [36]. In this study, we also found that rapid and extensive
changes in land cover from rural to urban area in Changchun led to a remarkable influence
on the spatial distribution of ESs. Some ESs, including carbon storage, soil retention, habitat
suitability, and crop yield, increased with the distance from developed urban areas, which
was consistent with the previous research results with regard to gradient change along the
urban–rural gradient [1]. We found that water retention represented the opposite trend:
the mean value in developed urban area was much higher than that in rural area. This
is mainly because the evapotranspiration of impervious surface is small, which leads to
larger water retention values.

Due to different environmental and land cover patterns in different areas, the dynamic
trends of ESs are quite different. According to previous studies, an increased rate of
water-impervious surfaces in developing urban areas is the highest compared to the other
two types of areas; consequently, the greatest reduction in regulation services as well as
food production services occurs in developing urban areas [1,38]. In our study, the mean
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value of carbon storage and habitat suitability declined, while other services increased in
developing urban areas.

Crop yield increased in all three areas, which is consistent with the results obtained
by Sun et al. in the Atlanta metropolitan area [16]. Although urbanization took up a large
amount of cropland, especially in developing urban areas, the progress in agricultural
science and technology and the improvement of farming management greatly increased
crop yield per unit area, which made the overall level and average level of the crop yield
in the three areas improve. In addition, the conversion of some dry farmland into paddy
fields in rural areas also promoted the largest increase in crop yield among three areas.
However, in the study of Qi et al., it was found that the food supply in this area increased
first and then decreased [43]. Cropland protection cannot be ignored.

Urban sprawl declined the area of cropland, as well as grassland. Accordingly, the
average amount of carbon storage in developing urban areas and developed urban areas
reduced, while that in rural areas increased due to the implementation of the Grain to
Green Program (the area of forest land increased by 13.90%, and water body increased by
128.95%), which offset the decrease in carbon storage due to the increase in impervious
surface (Figure 7). It is worth mentioning that because of burgeoning spiritual demands, the
three regions pay more attention to the environment and aesthetics. As a result, there was
an increase in green infrastructure from 2000 to 2015, and the forestland area in the three
regions increased by 13.90%, 88.9%, and 29.1%, compared with 2000, respectively. However,
due to the rapid growth of artificial surface (the rate of increase was 26.55%, 91.9%, and
10.43% for rural area, developing urban area, and developed urban area, respectively, from
2000–2015), developing urban area showed the largest decline in their habitat suitability
index from 40.38 to 36.17 (Figure 7). In rural area, though rural residential land expanded
significantly due to urban sprawl, habitat suitability still improved a small amount because
forestland and water body provide better habitat suitability services than cropland. Both
water retention and soil retention services presented an inclining trend in all three areas
and the largest increase in water retention occurred in developed urban area because of
these areas saw the largest increase in forestland and bodies of water. Furthermore, the
reduced evapotranspiration due to the large increase in impervious areas also resulted
in the largest increase in water retention occurring in developed urban area. Since the
increasing forestland as well as the high- density buildings reduced the wind speed and
surface sand, the largest increase in sandstorm prevention services occurred in developed
urban areas.

Figure 7. Land cover of Changchun in (a) 2005, and in (b) 2015.
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Furthermore, correlation analyses showed that the urbanization index and habitant
suitability, and crop yield had a negative correlation in Changchun, which are consistent
with previous studies [9,41] and indicates that urbanization exerts significant influence
on ecosystem services. In our study, water retention is significantly negatively correlated
in urbanized areas, but positively correlated in developing urban areas and rural areas.
However, the study of sun et al. in Guangdong-Hong Kong-Macao “Megacity” found that
water retention was negatively correlated only in urban areas, but insignificant in rural
areas [9]. This is because in addition to land use, other factors such as topography and me-
teorology, likely contributed to the relationship between urbanization and service capacity.
In developed urban area, the terrain is so flat and high-density artificial surface caused
large runoff and consequent reduction of water retention. While in developing urban area
and rural area, water retention is more impacted by slope gradient and heterogeneity of
evapotranspiration and precipitation. Carbon density only significantly negatively corre-
lated with urbanization in developing areas, but not significantly in developed area and
rural area. It shows that the large increase of urban land has a significant impact on carbon
storage in the developing area than others.

4.2. Effects of Urbanization on the Relationships among ESs

Correlation analyses of multiple ESs could provide instructive information for the
balanced development of ESs overall. The factors leading to changes in ES relationships
varied spatiotemporally due to the different characteristics of the natural environment
and the degree of human disturbance. This study mainly focused on the changes in ES
relationships caused by land cover transformation.

Studies have shown that there are general trade-off relationships between provision
services and regulation services, such as crop yield and carbon storage, water retention,
and soil retention [44–46]. However, in our study, crop yield presented a more complex
relationship with other ESs in different urbanization areas. Due to the large proportion of
cropland (the proportion was 67.01% in 2000 and 53.08% in 2015), cropland plays a vital
role as a carbon sink in rural area. Although there was an increase in forestland areas,
carbon storage had barely changed due to the decrease in large area of cropland. However,
impacted by advances in agricultural science and technology, and agricultural management
factors, crop yield showed rapidly increasing trend, and became the most prominent ES in
rural area (Figure 6), which caused a weak trade-off between crop yield and carbon storage
in rural area. Large-scale expansion of urban areas leads to loss of large areas of suitable
habitats, resulting in the largest reduction in habitat suitability in developing urban areas
in this study. These two diverse trends resulted in a high trade-off between crop yield and
habitat suitability in this region.

In addition, we found that habitat suitability significantly corresponded with carbon
storage, soil retention, and water retention. In contrast, land cover changes driven by
urbanization transformed most land surfaces into water-impervious surfaces, which raised
water retention but reduced the soil retention and carbon storage. Therefore, habitat
suitability has a trade-off relationship with water retention, but a synergistic relationship
with soil retention and carbon storage.

4.3. Implications for Urban Planning

Due to rapid urban sprawl, coordinating development activities without destroying
ecological sustainability has become a preliminary and vital issue in relation to urban
management. Many studies have tried to solve this situation through delimiting ecological
protection areas with high ESs [47]. However, the benefit of urbanization often promotes
development activities in ecological protection zones, which lead to a failure to protect
of these areas. The “Guiding Opinions on the Overall Delimitation and Implementation
of Three Control Lines in National Territory Spatial Planning” issued by the Office of
the State Council of China in 2019 emphasized the importance of the demarcation of the
ecological protection red line, permanent basic cropland, and the urban development
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boundary [48]. Therefore, the contradiction between urban development and ecological
protection can be mitigated by strict constraints on development activities in delineated
areas. Taking ESs and urbanization as a whole system and analysing their interactions
at local scale can provide more constructive suggestions for ecological protection in the
process of urbanization. According to urbanization and its effect on ESs, our detailed
recommendations for local urban development planning are as follows:

First, Changchun, as the central city of the Harbin–Changchun Urban Agglomeration,
is also the region where black soil is concentrated. The trade-off between food security
and economic development is always the core problem of regional development. From
2000 to 2015, due to urbanization, 156.91 km2 of cropland was transformed into urban
built-up land, accounting for 8.2% of the total amount of cropland in 2000. Despite the
improvement in agricultural science, technology, and management, crop yield showed
an increasing trend in each of the three areas (Table 3). However, this benefit can only be
maintained in a limited range. In the long run, the protection of cropland area is necessary.
Therefore, urban sprawl should give full consideration to the red line of basic agriculture
protection, as well as the sustainable use of black soil, so as to achieve a win–win situation
of food security and economic development.

Second, we found that the increase in soil conservation services in the three areas and
carbon storage in rural area due to Changchun’s rapid urbanization benefited from the
increase in forestland and water body with high ESs. Therefore, in urban landscape plan,
we should pay more attention to the construction of green infrastructure, especially in de-
veloping urban areas where the area of water- impervious surfaces increases extensively, so
as to reverse the phenomenon of the continuous loss of ESs in the process of urban sprawl.

Finally, it has been proven that the allocations and patterns of land cover have a
significant impact on ESs. However, commonly, human activities changed land use types
and tend to generate the most profit [41]. Therefore, it is critical that policy makers and
planners should understand how to design the land use structure in order to promote
sustainable urban development in a more reasonable and beneficial way.

5. Conclusions

Taking Changchun as study area, we studied the impact of rapid urbanization on
changes in ESs in inland agricultural areas. We assessed six ESs and their interrelation in
different urbanization areas. The urbanization changes and their impact on these ESs were
analysed by integrating remote sensing and geospatial analysis methods.

Changchun experienced rapid urbanization between 2000 and 2015. At the same
time, the ESs of Changchun changed significantly over the past 16 years, with increases
in carbon storage, soil retention, water retention, and crop yield, and decreases in habitat
suitability and sandstorm prevention service. Urbanization has a significant impact on
ESs, and ESs change regularly in different urbanization areas. The relationships between
ESs were not only simple trade-offs or synergies, but presented more complex issues,
and the correlation characteristics were different in different urbanization areas. Habitant
suitability and crop yield have a significantly negative relationship with urbanization. The
increase in forestland and water with high ESs slowed down the decrease in ESs due to
urbanization. In view of the impact of urbanization on ecosystem services in Changchun,
we put forward three suggestions to avoid or minimize the ecological problems caused by
urbanization. In this study, only the impact of land cover changes on ecosystem services
was considered. The comprehensive impact of climate, terrain, and other factors on ESs
should be considered in future work.
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Abstract: Globally, the process of urbanization is transforming land use and, as a consequence,
reducing the efficiency of ecosystem services (ESs), which ensure a healthy and comfortable urban
environment. In cities, green infrastructure (GI) is a key source of urban ESs. Russia is a highly
urbanized country: 70% of its population live in towns or cities. As cities continue to expand, they
are swallowing unsealed lands that support ESs. In this paper, we present the results of an analysis of
the current state and recent changes in urban GI in Russia’s 16 largest cities, including a biophysical
evaluation of key urban ESs, using remote sensing data and freely available statistics. Our analysis
identifies a weak correlation between GI area, ES volume, and favorable climate conditions as well
as a stronger correlation between ESs and the increasing rate of urbanization. Considering Russia’s
high level of urbanization, the key importance of ESs for the well-being of citizens, and ongoing
reductions of urban GI, major revisions to urban planning policy are required. Indicators of urban
biodiversity, GI, and ESs should be incorporated into decision-making processes. In particular, it is
vital that the accounting and monitoring of GI and ESs are established in all of Russia’s larger cities.

Keywords: air pollution removal; ecosystem assessment; food security; heat mitigation; urban green
areas; urban recreation; urban ecosystem services

1. Introduction

Urbanization is one of the main drivers behind land use transformation around the
world, and thus also for the decline in ecosystem services (ESs) [1]. Russia has a high
level of urbanization. More than 70% of the population live in urban settlements, namely
1117 towns and cities of various sizes [2]. More specifically, 23% (or about 34 million
people) reside in cities with over one million inhabitants, where over 30% of the national
GDP is generated. Moscow, which is now Europe’s largest city and the only megacity in
Russia, generates around 15% of the national GDP.

Urban expansion generally occurs when (suburban) natural vegetated lands are con-
verted into impermeable surfaces, thereby disturbing natural processes and the functioning
of ecosystems [3–5]. Natural habitats are destroyed and fragmented not only by the con-
struction of residential or commercial sites but also by ancillary infrastructure and transport
networks [6–8]. Russia’s largest cities are no exception. Between 2005 and 2019, the area
of urbanized land in Russia increased from 78,000 to 84,000 km2 (National report on the
use and state of land categories in the Russian Federation in 2005 and 2019). In the same
period, many of the most populated cities also expanded spatially. For instance, Moscow
grew by 1480 km2 in 2012, Ekaterinburg by 650 km2 in 2015, and the urban precincts of
Volgograd expanded by 290 km2 in 2015.

Some of the main drivers of urban expansion are political decision-making and special
federal programs. In particular, the national project “Housing and Urban Environment”
(2018–2024) foresees the expansion of residential areas in Moscow and Saint Petersburg as
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well as other large cities. In 2020, around 25.5% of the total volume of newly commissioned
housing in Russian cities was provided by the 16 largest cities (with a population of over
one million people) (Table 1). It is the aim of the “Housing and Urban Environment” project
that both new and old urban areas should provide all the requirements of a comfortable
urban environment, which should include large green areas in built-up zones and well-
established recreational areas. Consideration of these two factors is promoting an urban
pattern of multistory buildings and artificially created green areas in the largest cities.

Table 1. The area and population of Russia’s largest cities, according to the Federal State Statistics
Service, 2020.

City
Urban Area in

km2
Population
(mill.), 2020

Population
Growth

2000–2020 (%)

Population Density
per km2

Moscow 2432 12.6 24.7 5091

Saint
Petersburg 1439 5.4 11.4 3670

Novosibirsk 481 1.6 14.6 3333

Ekaterinburg 401 1.5 15 3631

Nizhniy
Novgorod 317 1.3 −7 3981

Chelyabinsk 504 1.2 8.8 2337

Kazan 635 1.2 11.9 1940

Krasnoyarsk 378 1.1 23.8 2865

Omsk 580 1.1 −11.6 1752

Perm 806 1.1 44.2 1806

Rostov-on-
Don 355 1.1 11.1 3169

Samara 543 1.1 1.2 2155

Ufa 667 1.1 2.3 1673

Volgograd 861 1 2.2 1179

Voronezh 601 1 14.5 1730

Krasnodar 1 295 0.9 29 3050
1 After Krasnodar reached the milestone of one million people in 2019, the population subsequently dropped
to 940,000 in 2020. Nonetheless, the city is still the 16th most populated in Russia and is predicted to reach the
million mark again in a few years.

Clearly, any expansion in urban development will provoke contradictory opinions and
social conflict between the local authorities, citizens, and ecological activists [8]. This is also
true of Russia’s cities, in particular Moscow [9]. It is important to note that due to favorable
natural conditions and historical tradition, the country’s largest cities are rather green. A
network of green areas since the 1930s was incorporated into the first Soviet urban planning
system, the so-called General Plans (or Genplan), an official project document that forms
the basis for urban planning, reconstruction, and development in many Russian cities.
While this extensive ecological framework is greatly appreciated by local residents, the
quality of green spaces is often severely undermined by pollution. According to national
standards, about nine million people (or 6% of the country’s population) live in cities with
a high level of air pollution. The use of chemical substances in wintertime to remove snow
and ice from roads also damages urban vegetation [10].

For all these reasons, the preservation of green areas is a hot topic amongst decision-
makers and citizens in the largest cities. Clearly, there is a need for new approaches to
integrate the value of green areas into urban planning [11]. In recent years, the concept
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of urban ecosystem services has become an important instrument in decision-making
processes of urban spatial development or socio-economic sustainability [12–14].

In post-Soviet Russia, the study of urban ESs and biodiversity is still at a relatively early
stage despite previous advances in urban environmental science [9]. The very few recent
publications on the topic have generally focused on various individual aspects. The first
systematic attempt to assess urban ecosystem services in Russia was undertaken as a part of
the TEEB-Russia Project (http://teeb.biodiversity.ru/en/; accessed on 20 October 2020) [9].

In this article, we present the results of a high-resolution survey of green infrastructure
(GI) in Russia’s 16 largest cities before discussing the connection between GI and the urban
climate as well as changes in urban GI in recent years. Subsequently, we present and
discuss the results of our physical evaluation of selected ESs as well as the extent to which
city residents are provided with ESs. Finally, we discuss the main methodological problems
of ES accounting in Russia’s cities and propose some initial approaches on how to integrate
urban ESs into the process of urban planning against a backdrop of urbanization.

2. Materials and Methods

2.1. General Approaches to Assessing Urban Green Infrastructure and Ecosystem Services

Ecosystem services are understood as all kinds of benefits, both tangible and intan-
gible, that humans obtain from ecosystems and their resident flora and fauna. Many
classifications of urban ESs found in the literature (for example [15–18]) are based on
existing systems specified by the Millennium Ecosystem Assessment [11,19,20]. These
classifications encompass a wide variety of ESs, which can be calculated by the direct quan-
titative evaluation of biophysical factors (assuming that data on supplied, consumed, and
demanded ESs are detailed in statistical reports) or the indirect quantitative evaluation of
biophysical factors. The latter is applied when direct statistical data is lacking. In this case,
cartographic data and previous studies can be used to evaluate selected indicators based
on simple calculations or GIS modelling. Any assessment of carbon storage, biological
productivity and diversity, or the accurate evaluation of air and water purification requires
continuous periodical statistical data and monitoring, which is generally unavailable in
Russia at the urban level. For this reason, in our study, we only used indirect assessment
methods to assess a limited number of ESs [9].

In the TEEB-Russia project, ESs are assessed as provided (potential), demanded, and
consumed [21–23]. The provided ES is a volume produced by ecosystems regardless of the
presence (or absence) of consumers. The demanded ES is the amount needed to meet the
demands of the population and regional economy. The consumed ES is the ES yield, which
is materially or immaterially used by the population or from which people derive current
benefits. The ratio between the demanded/consumed volumes indicates the level of ES
use in the city and the extent to which the needs of the local population are satisfied.

Urban ecosystems have been defined as the vegetated space (which may include water
bodies) in areas where a significant proportion of land is built-up or sealed [10,12,24] and
where population density is high [25]. The concept of green infrastructure is closely related
to that of the “urban ecological network” [26] popular in national urban planning schools
of the 1980s. Green infrastructure, however, encompasses a wider range and thus volume
of elements. Despite its frequent usage by scholars and journalists, the term “ecological
network” is not legally recognized in Russia. To characterize urban vegetated areas,
national schools of urban planning traditionally use the term “green plantings”, which
are defined by GOST 28329-89 as “a complex of tree, shrub and herbaceous vegetation
in a specific area”. This definition does not consider the main emergent features of the
ecological network, in particular its integrity, connectivity, and hierarchy of green elements,
which ensure its function of stabilizing the local environment. Unlike green plantings,
ecosystem services are not specified in Russian planning documents; the term is not
even used in General Plans. However, the term “ecological functions”, which sometimes
coincides with ecosystem services, is often mentioned. In our research, urban ESs refer to
services provided by ecosystems that are situated within the administrative boundaries
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of the city. For our analysis, we used the administrative boundaries as indicated by the
OpenStreetMap portal.

Our case studies are of Russia’s 16 largest cities with populations over one mil-
lion (Figure 1), and which have very different climates and different rates of population
growth and social and economic development (Table 1). According to [27], the majority
of the largest cities (Saint Petersburg, Ekaterinburg, Nizhniy Novgorod, Samara, Omsk,
Chelyabinsk, Rostov-on-Don, Krasnoyarsk) are referred to the most industrial group with
the highest index of anthropogenic impact (IAI) and the severest water pollution. Moscow
is not among the most industrial cities, but it also has the highest IAI and air pollution.
Other cities (Kazan, Ufa, Volgograd, Perm, Voronezh) have medium values of IAI and are
mostly affected by waste accumulation. Krasnodar is the only city with a population over
one million people that has a low IAI. The GNP values and functional specialization of the
studied cities vary greatly. These factors obviously influence the GI state and, consequently,
ESs. These particular correlations ought to be considered in further studies.

Figure 1. The largest cities of Russia.

We conducted a correlation analysis between natural conditions, the urbanization rate,
and GI quantity. We also analyzed the GI quantity and composition dynamics for the top
five cities, since changes to GI are directly connected to the ES supply.

Rosstat (the Federal State Statistics Service) provides open data for ES evaluation on
the urban okrugs, a particular type of municipality that includes two to three settlements
within a contiguous territory. However, the boundaries of urban okrugs do not always
match city boundaries. In some regions of Russia with a high level of urbanization and
industrial development (for example, in the Urals), these differences can be drastic.

There are specific difficulties in assessing the GI and ESs at the city level. Firstly,
this local level of research requires higher accuracy and detail than research conducted
at the regional level. Secondly, it is almost impossible to make conclusions on urban ESs
in the country as a whole based on the results of a few cities; instead, it is necessary to
study a significant number of case studies. Unfortunately, research at the local level is
quite complex and time-consuming. Moreover, the quality and quantity of the required
base data for the calculations will vary depending on the city or may even be entirely
missing. For these reasons, we decided to assess only those ESs that could be estimated
from our own modeling or using open official data. GI parameters are a valuable asset
for ES assessment, since in the urban environment, it is such green elements that provide
all ecosystem services. The following assessments are mostly based on the GI parameters
described in the previous section.
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2.2. Methods of GI Composition Assessment

We examined three main types of urban GI: tree vegetation, non-tree vegetation, and
agricultural land.

The general inventory of GI was realized in two steps. Firstly, we used images taken
on a cloudless summer day of the Landsat 5, 7, and 8 series for the years 2000–2020
with a spatial resolution of 30 m. The selected images were from the period 30 May to
3 September. These were used to create a Normalized Difference Vegetation Index (NDVI)
raster in the ArcMap 10.3 program. Subsequently, a supervised classification was conducted
to distinguish two classes of land cover: (1) non-vegetated surface (NDVI = 0.18–0.30) and
(2) vegetated surface (NDVI > 0.30). NDVI values for dense/healthy tree vegetation, which
is the most valuable for ESs [23], are usually quite high. In our case, the diapason for this
type of vegetation was 0.35–0.50.

In the second stage, we made use of spatial data on tree cover taken from the “Global
Forest Change” website of Maryland University. This data enabled us to verify our tree
vegetation raster for the various cities, which are situated in different climate zones. In
some cases (particularly cities in the steppe zone), NDVI data was insufficient to create
an inventory of all green infrastructure due to the diverse condition of agricultural lands,
which are the main providers of the food provisioning ESs.

We extracted spatial data from OpenStreetMap (OSM) by selecting “farmland” cate-
gories from the OSM “landuse” key. According to the definitions of OSM key elements,
“farmland” is an area used for tillage, including croplands, pastures, and orchards, etc.
We extracted this selected data and added it as agricultural lands to the maps, defined as
a unique value in the legend, and subtracted the area from the total non-tree vegetation
area. The verification of these OSM shapes using a high-resolution “Base map” in ArcGIS
10.3 showed that the OSM “farmland” category did not capture all agricultural lands
in Rostov-on-Don and Samara. For this reason, all the missing polygons were defined
manually through visual inspection, supplemented by land use data from the open geopor-
tal Wikimapia. The maps and materials created on this basis were used to establish our
inventory of ecosystems that perform services.

The transformation in GI (share of green area within the city borders) and composition
(the percentage of tree vegetation, non-tree vegetation, and agricultural lands) during the
period 2000–2020 was assessed by comparing the inventory results for these years using
the Overlay function.

Within the TEEB-Russia project, we have already assessed the transformation of
GI quantity and composition in all 16 cities for the period 2000–2016; however, only
a few cities displayed any significant changes in this period. We updated our results
from TEEB-Russia [28] for the sake of this study. The update concerned the investigated
period and the studied area. For this publication, we analyzed the GI transformation
between 2000 and 2020 for only the five largest cities, namely Moscow, Saint Petersburg,
Novosibirsk, Ekaterinburg, and Nizhniy Novgorod, because our previous studies revealed
some significant changes in green area (in general, most cities gained or lost less than 1%
of green area over 16 years).

2.3. Methods of ES Assessment

Ecosystem assets supply ESs and are defined as “contiguous spaces of a specific
ecosystem type characterized by a distinct set of biotic and abiotic components and their
interactions” [29]. Due to the lack of data on the quality of urban ecosystems, in our assess-
ment of the 16 largest cities, we only used indicators of ecosystem assets area described in
the previous section:

• Area of urban tree cover derived from the map of [30];
• Area of non-tree cover derived from NDVI and classified Landsat Images;
• Area of agricultural land, derived from OpenStreetMap data.

In this way we could calculate the area of these GI types and, according to the valuation
method presented in Table 2, derive the values of the provided ES volumes. In our work,
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we assume that the volume of ESs is determined by the efficient area of GI. For each ES,
a different green area is considered efficient, i.e., capable of efficiently performing the
specific service. For example, we assumed that food provisioning is mostly performed
by agricultural lands, heat mitigation by large forest massifs, etc. As there are no freely
available statistics for a full assessment of these ecosystem services in Russia, we used
cartographic modeling. The only exception was food provisioning, for which we partly
used statistical data on the annual yield and urban demand. Heat mitigation is usually
assessed by monitoring near-surface temperatures or by modeling surface temperatures by
the means of thermal images. Due to the lack of meteorological data for most areas of the
cities, we assessed this service by calculating the area of GI that can be potentially used for
heat mitigation, i.e., green massifs of tree vegetation of size 500 ha or more. Finally, the ES
of daily and weekend recreation was estimated according to the recreational capacity of GI
and its availability to local residents.

Table 2. Valuation methods and parameters to assess ESs by GI area.

Ecosystem
Services

Parameters for
Biophysical
Assessment

Data Source Valuation Methods

Food provisioning Food provision,
t/year

Database of Federal
State Statistics Service

Determined by the area
of agricultural land and

its productivity

Temperature
regulation in the

city

Area of cooling effect,
ha

Remote Sensing Data
Coefficients from
literature [14,31]

Determined by the area
of urban green

infrastructure and mean
area with cooling effect

Removal of air
pollutants

Amount of O3, SO2,
NO2, CO and PM10

μm (t/year),
absorbed by tree
vegetation × tree
cover area (m2)

Remote Sensing Data
Coefficients from
literature [32,33]

Determined by the area
of different types of

forests within the buffer
zones of industrial

enterprises and
absorption indexes for

American cities

Recreation and
educational

development

Area of public green
space, per 1000

people
Area of public green
space within walking

distance, %

Remote Sensing Data
Recreational

Standards

Determined by the area
of different types of green

infrastructure, its
distance from residential

areas, and recreational
capacity

2.3.1. Removal of Air Pollution

Generally, the service of air purification is assessed using data on the tree absorption
potential. We adopted the method suggested by [32,33] for Canadian and American cities.
In those studies, the authors made use of the iTree software application to calculate the
absorbed volume of pollutants by trees. Since there are no examples for Russian vegetation
in the database, we applied the results of [32,33] for Canadian and American vegetation to
similar forms of vegetation in Russia. In particular, [32,33] assessed the volume of gaseous
pollutants removed by urban woodland, regardless of the proximity to roads.

For the current study, we assessed the ES volume of pollutant removal provided by
tree vegetation using the forest type area and the related average value of air pollutant
removal for each city. Further, we assumed that all woodland inside one city belongs to one
corresponding forest type. Therefore, the provided volume (i.e., the amount of pollutants
that can be absorbed by all urban trees) was calculated by multiplying the area of tree cover
by the average value of air pollutant removal indicated in Table 3.

50



Land 2021, 10, 1292

Table 3. Average values for the removal of air pollutants by various forest types, basing on
the [32,33] results.

Forest Type CO, t/ha/yr SO2, t/ha/yr NOx, t/ha/yr
CO + SO2 +
NOx, t/ha/yr

Total, t/ha/yr

Dark
coniferous 0.0002 0.0022 0.0072 0.0096 0.0124

Light
coniferous 0.0002 0.0025 0.0078 0.0105 0.019

Broadleaf 0.0006 0.0033 0.0081 0.012 0.0171

Mixed 0.0004 0.001 0.0055 0.0069 0.0136

Small leaf 0.0002 0.0007 0.0047 0.0056 0.0144

The demanded ES volume is simply the total emissions from automobiles in the city.
Data on vehicle emissions was taken from the annual report issued by the Federal Service
for Hydrometeorology and Environmental Monitoring of Russia (Rosgidromet) [34].

The consumed volume is equal to the amount of pollutants that trees actually absorb.
As will be shown below, the absorption capacity of trees (provided ES) is lower than the
pollution emissions (demanded ESs) in all investigated cities; therefore, in all cases, the
consumed volume is equal to the provided volume, i.e., the absorption capacity is fully
used. The ratio between the demanded and provided ES volume indicates the extent to
which a population’s needs for this ES are satisfied.

Compared to automobiles, emissions from point sources present a smaller share of
total emissions in Russia’s most populated cities. To mitigate the negative impact of in-
dustrial zones on the environment and human health, special sanitary buffers are created
around industrial areas. These must be of sufficient size to ensure that chemical, biological,
and physical air pollution does not exceed established safety guidelines. Regarding in-
dustries classified in danger categories I and II, buffers must act to decrease concentration
values to an acceptable level of health risk. In this study, we adopted the 300 m buffer
(danger class III), under the assumption that the most populated cities do not have many
dangerous industries within their borders. While the Sanitary Norms and Regulations
of Russia (SanPin) [35] do not elaborate on the type of vegetation inside the buffers, it is
stated that they must decrease the negative impact on the environment (including chemical
and physical pollution), present a barrier between residential and industrial areas, absorb
pollutants, and regulate the microclimate. In this study, we only considered the extent
of woodland inside the buffer, as this is the most effective type of vegetation to mitigate
negative chemical and physical impacts and to purify the air. Specifically, we selected all
areas in the OSM land-use layer with the tag “industrial” and created merged buffers of a
width of 300 m around these. Then, we calculated the area of tree vegetation inside these
buffers and multiplied it by the values from Table 3 to obtain the provided ES volume.

At this stage, the demanded volume for the total emissions from point sources inside
the city was set at the same level as vehicle pollution (the data was also taken from the
Rosgidromet report). This assumption can be justified by the fact that there is no freely
available geospatial data on identified point sources and emissions volume in Russia. This
lack of information makes it impossible to calculate the demanded ES volume for each
industrial area individually. In fact, green infrastructure inside the sanitary buffers is not
required to remove all air pollutants but merely to decrease the level to the maximum
permissible concentration (MPC).

2.3.2. Urban Microclimate Regulation

Urban green infrastructure plays a crucial role in regulating the urban microclimate,
particularly in reducing the heat island effect [36,37]. An urban heat island is a built-up
area with higher temperatures than nearby open space. This difference in temperatures
is caused by a specific heat exchange between the atmosphere and the built-up area [18].
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The intensity of an urban heat island depends on local meteorological factors and the ratio
between built-up and unsealed green areas in the urban land-use system [13]. A case study
of Berlin showed that large elements of green infrastructure have a more efficient cooling
effect on the surrounding area than small elements [38]. Specifically, the temperature in the
center of a large green element (>500 ha) is 5 ◦C lower than in adjacent territories (ibid.).
The cooling effect in Moscow ranges from −4.3 to +0.3 ◦C (with an average of −1.3 ◦C) [39].
Depending on the size of the green element, the area benefiting from the cooling effect may
vary between 500 and 1500 m [14,31].

Assuming that in cities with similar geographical features, large green elements
(>500 ha) perform the most efficient cooling effect at a distance up to 1500 m, we determined
the provided ES volume as the average area cooled by parks. Assuming a near circular
form for the cooled area, we calculated the area using the following equation: S3 = S1 + S2,
where S1 is 500 ha, S2 is the cooled area, and S3 is the total area of park and the area that it
cools. The resulting sum of a park’s area and its cooled area is 1893 ha. This is 3.8 times
bigger than the park itself. We took this value as a coefficient to calculate the nominal area
influenced by similar parks and their tree vegetation in each city.

The demanded ES volume is simply the urban area (including the area of tree cover).

2.3.3. Food Production

ES volume provided by green infrastructure is expressed as an indirect indicator,
namely the gross yield of household croplands during the year. Typical cultivated crops
are potatoes and other vegetables and fruits. Drawing on official statistical data for the
municipalities, we additionally calculated the share of croplands and permanent croplands
provided by the total urban area.

Households mostly grow potatoes and other vegetables as well as fruits for trade
or private use. According to the recommendations of the World Health Organization, a
healthy diet should include 400 g of fruits and vegetables every day (in addition to potatoes
and other root vegetables). Considering that this recommendation also includes crops that
cannot be cultivated in the temperate zone, such as bananas, oranges, grapefruits, etc., we
halved this norm to 200 g/per day (or 73 kg/per year) to calculate the demanded volume.
According to recommendations of the Ministry of Health of the Russian Federation, the
annual rational norm of potato is 90 kg/per year. Thus, a total standard value for vegetable,
fruits, and potato consumption can be set at 163 kg/per year. The demanded volume was
calculated by multiplying this value by the total population of a city.

2.3.4. Recreational Services

ES volume provided by green infrastructure is here calculated as the maximum
permissible number of people who can simultaneously and comfortably visit an element
of urban green infrastructure for recreational walking. Our assessment was done in
several stages. First, it was necessary to define the types of green infrastructure suitable
for recreation. Here, we selected elements from the following OSM categories: “wood”,
“forest”, “orchard”, “grass”, “meadow”, “village_green”, “recreation_ground”, “garden”,
“park”, “allotments”, and “cemetery”. Generally, the borders of these elements correspond
with the outlines of green infrastructure we obtained from a classified NDVI image and
Hansen’s tree-cover raster, thus proving their relevance. Areas suitable for recreation were
divided into two categories: protected areas (PAs) and other recreational GI.

The provided ES of mass weekend recreation was estimated as the maximum permis-
sible recreational carrying capacity of PAs and other GI. For Pas, we adopted minimum
estimates of the permissible recreational load of 2 per/ha and for other GI medium es-
timates of 50 per/ha [5]. The estimate of the demanded ES volume was based on the
Moscow Park standard recommended number of simultaneous park visitors, namely 5% of
the urban population. The provided volume of the ES of daily recreation was estimated as
the proportion of the city’s residential zone (from OSM) that has GI within an 800 m buffer,
i.e., the standard distance of a 10-min walk (Accessible Natural Greenspace Standard -
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ANGSt) [40]. The demanded volume is 100%, since the ideal situation implies that all
residents have a green zone within walking distance.

2.3.5. Indicators of the Urbanization Rate and GI

To determine the influence of urbanization and city development on the GI area and
ES volume, we assessed the urbanization rate using four indicators:

• Percentage ratios of urban area occupied by tree vegetation and non-tree vegetation;
• Percentage transformation of GI composition in the period 2000–2020;
• Percentage change in the urban population;
• Percentage change in built-up area.

The data for the first two parameters were obtained by modeling in ArcGIS with the
use of remote sensing (Landsat images, Hansen’s tree-cover data, OSM materials). The
latter two indicators were obtained from official statistical data on the Russian population
and land use, including the reports on the national census [10], and use and condition of
the land (The Federal Service for State Registration, Cadastre and Cartography—Rosreestr).

3. Results

3.1. Composition of Green Infrastructure

The main features of green infrastructure in Russia’s most populated cities are shown
in Table 4. Tree vegetation of varying density makes up 16% to 61% of the total expanse of
green infrastructure. The cities Omsk and Volgograd, located in the steppe zone, have the
smallest share of tree cover at 18% and 16%, respectively, while cities of the forest zone,
such as Ekaterinburg and Perm, have the most tree cover at 58.8% and 61.3%, respectively.
(Figure 2). Although Voronezh is situated in an ecological zone with climate conditions
similar to that of Omsk and Volgograd, its tree cover is about two times greater. The
same disparity can be seen when comparing the lower extent of tree vegetation of Kazan
with that of Perm and Ekaterinburg, which have similarly favorable climate conditions.
Although Krasnoyarsk and Rostov-on-Don lie in different ecological zones, their extent of
tree cover is similar. Our analysis showed that cities in the steppe zones often incorporate
large forests (both natural and artificial) outside the main urban core into the administrative
borders, generally to be used for recreation. In contrast, areas of woodland in the forest
zone are usually not incorporated within the city.

Table 4. Percentage area of GI types in Russia’s 16 largest cities.

GI Type Max. Value Min. Value Average Value Variance Value

Tree vegetation 61.3 16.0 36.7 207.2

non-tree vegetation 75.9 37.0 58.2 163.3

agricultural lands 11.8 1.4 5.2 9.6

protected areas 30.0 0.3 8.3 71.6

Of course, woodland is not the only element of urban GI, which encompasses other
unsealed areas including farmland.

According to the General Plans for urban development, GI per capita varies from 4 to
135 m2, depending on the city and district. The lowest figures are found in Chelyabinsk
(2.1–5.8 m2/per capita), Perm (4.0–10.0), Rostov-on-Don (6.7–10.0), and Volgograd (10.0),
with the highest figures in Ekaterinburg (38.6) and Novosibirsk (88.0–135.0). Our research
shows that three of the 16 cities have less than 100 m2 of green infrastructure per capita;
seven cities have about 100–200 m2/per capita and six cities have more than 200 m2 of GI
per capita. If we consider that not all tree vegetation is captured in standard assessments,
the actual per capita values will be much greater.
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Figure 2. The composition of GI in Russia’s most populated cities in 2016 (Moscow’s GI was
calculated for the city boundaries before 2012).

For our study, we also examined the relationship between the city’s GI and the local
climate (Figure 3). To describe climatic conditions, we used the Evaporation Precipitation
Index (EP), which is a ratio between the average annual precipitation and evaporation. In
general, values above 1 are more favorable for vegetation while values below 1 imply a
harsh growing environment.

As no correlation was found between EP and the share of GI from total urban area
(Figure 3a), we may assume that climate does not play a decisive role in determining the
total GI area. While there is a tendency for cities with EP < 1 (steppe and forest-steppe cities,
such as Omsk, Samara, Volgograd) to contain less green space than cities with higher EP
values, at the same time, several cities with the most favorable climatic conditions (EP > 1)
display a share of GI similar to cities in the steppe, e.g., Ekaterinburg. Saint Petersburg has
the highest EP value (1.7) but simultaneously the smallest share of GI. Almost all cities
except Krasnodar still meet the recommended 40% share of urban green [5].

In contrast, we found a certain correlation between the extent of tree vegetation (the
most valuable form of GI) and climatic conditions (Figure 3b). While low EP (<1) implies
a small share of tree vegetation (e.g., steppe zone), high EP (>1) does not always imply a
large share of tree cover. Therefore, the degradation of GI in cities with EP above 1.0 but
with a share of tree vegetation below 40% cannot be attributed to climate. In most cases,
the processes of urbanization, economic development, and human activities influence GI
to a much greater extent than natural conditions in the urban environment of Russia’s
largest cities.

3.2. Removal of Air Pollution from Vehicles and Point Sources

Evaluation of this ES in physical terms showed a very negative situation in all analyzed
cities [28]. Motor vehicles are the main source of air pollution in most of the case studies.
The share of vehicle emissions from total air emissions varies from 34% in Krasnoyarsk
to 94% in Moscow. Gaseous pollutants contained in the exhaust fumes circulate in the air
under the influence of atmospheric diffusion. Their concentration gradually decreases at
greater heights and distances from roads. Such gases can circulate to other city districts
where they undermine the air quality. Trees and shrubs in buffers around the roads are
most affected by the pollutants; at the same time, they act as barriers to the further diffusion
of pollutants. The provided volume depends on the area of woodland inside the city. This
value varies greatly between the studied cities: the highest values are found in Moscow,
Perm, and Voronezh, the smallest in Chelyabinsk, Omsk, Krasnodar, and Rostov-on-Don.
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Figure 3. Relationships between the Evaporation Precipitation Index (EP) and (a) the share of urban GI area from total
urban area; (b) share of tree vegetation from total urban area in Russian most populated cities.
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There is a significant difference in the demanded volume between the cities: those with
the greatest loads are Moscow, Saint Petersburg, and Kazan, while Volgograd, Krasnoyarsk,
and Rostov-on-Don produce less than 70,000 tons of emissions per year.

The ratio of required to provided ES volume does not exceed 1% in the studied cities,
i.e., this service is practically unavailable to the local population. Slightly more sulphur
dioxide (SO2) is absorbed than the other two investigated pollutants, carbon monoxide
(CO) and nitrogen oxides (NOx). In this case, the demanded volume for removal is smaller
than the consumed volume, meaning that more SO2 emissions can be absorbed by the
existing woodland. In contrast, CO is removed in smaller volumes than other pollutants
due to its intense emissions and the low absorption capacity of CO by trees.

The results show that today’s urban green infrastructure is unable to remove most
emissions. The best results were found in Voronezh and Perm, which are rather green and
have comparatively low emissions. It should be also stressed that Moscow, despite having
the largest green area, shows the worst results for all studied gases due to the enormous
volume of vehicle emissions. The correlation between the proportion of removed pollutants
and the relative extent of green area is extremely low, also indicating the inadequate capacity
of this ecosystem service.

Regarding the removal of air pollutants from stationary sources, the supplied volume
of this ES was found to vary between 6.2 and 104.1 tons/year, depending on the area of
green infrastructure inside the buffers.

As before, the ratio of required to provided ES volumes is less than 1% in all case
studies. Considering that a large proportion of pollutants is transported away from the
point source, we can assume that the major role of green infrastructure inside the sanitary
buffers is to partly decrease the demanded volume of air purification provided by other
urban and suburban forests, which also perform this ecosystem service.

The provided ES volume depends on the deforestation level in the sanitary buffers. In
our study, we could not identify a single city where tree vegetation covered more than 30%
of a buffer. The maximum proportion was found in Perm (30%), with the lowest values in
Chelyabinsk (7%) and Volgograd (9%).

The extent of woodland in the sanitary buffers reflects the zone in which a city lies:
for instance, values for this indicator are higher in the forest zone than in the steppe zone.
At the same time, the sanitary buffers are much more deforested than the cities themselves.
Further, the largest industrial zones were found in the biggest cities, namely Moscow and
Saint Petersburg. Despite the large number of industrial zones, these two cities have the
most highly vegetated sanitary buffers.

3.3. Urban Microclimate Regulation: Cooling Effect

Several of the studied cities do not possess sufficient green infrastructure to perform an
optimal climate regulation, i.e., less than 100% of the urban precincts enjoys a cooling effect.
These include cities in the steppe zone, such as Volgograd, Omsk, Krasnodar, Chelyabinsk,
and Samara. Krasnoyarsk is also severely lacking in this service: only 23% of the urban
area is cooled. Considering that this city has a humid continental climate (Dfb type,
according to the Köppen climate classification) with rather hot summers (the average July
temperature is about 20 ◦C), heat mitigation is thus crucial to ensure a comfortable urban
environment. While Saint Petersburg was also found to be suboptimal in this ecosystem
service, our adopted method is probably less suitable here as it does not take account of
the numerous canals and water bodies in the city, which also provide a significant cooling
effect. In contrast, the cooled area in Perm, Moscow, and Nizhniy Novgorod was found to
be two times bigger than the urban precincts. This can be attributed to the high shares of
developed green infrastructure and tree vegetation in these cities. It is important, however,
to remember that green elements are not evenly distributed across most of Russia’s large
cities; rather, the outskirts are often close to large urban forests while urban cores may
lack any vegetation. This situation is true of Perm, Rostov-on-Don, and Samara, where the
largest shares of GI (up to 50–70%) are concentrated outside the urban core. Particularly
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in the case of Rostov-on-Don, forest massifs are situated on the almost undeveloped and
unsettled riverbank, while the city center and residential areas are severely deficient in
green areas. For more details on the evaluation of this ES, see [9].

3.4. Provisioning Services: Food Production

Agricultural lands make up less than 2% of the total urban area of Nizhniy Novgorod,
Moscow (within the old pre-2012 boundaries, i.e., excluding the so-called New Moscow)
and Samara. In contrast, about 12% of Krasnodar is made up of farmland (Figure 2).
The share depends not only on the ecological zone and climate conditions but also on
the historical formation of the city. Volgograd, Voronezh, Rostov-on-Don, Omsk, and
Krasnodar are the only case studies where we found a considerable area of croplands
belonging to agricultural businesses. In fact, most permanent croplands, such as fruit
orchards, belong to private households. These private households (so-called dachas, a
seasonal second home) occupy a significant area of suburban territories and play an
important role in recreation and food-provisioning for many city-dwellers.

While modern large cities are generally not self-sufficient in food, our analysis showed
considerable variation in the ratio of food production, from 5.5% in Samara to 31.3%
in Omsk. It should be noted that this potential input is bigger than the percentage of
agricultural lands in the city, implying that household croplands are highly productive and
important for the food security of many of Russia’s large cities. Notably, cities of the steppe
zone with more favorable agroclimatic conditions and fertile soils (including chernozems)
also have the highest values of this ES service, e.g., Rostov-on-Don, Krasnodar, Volgograd,
and Omsk. However, these farmlands situated within the administrative borders mostly
belong to agricultural holdings, which often export the yield to other regions. For more
details on the evaluation of this ES, see [9].

3.5. Recreational Services: Forming Natural Conditions for Recreation

One of the most important ESs provided by urban green infrastructure is to establish
conditions for recreational walking and sports. Unfortunately, it is technically difficult to
assess this kind of ES in Russian cities: firstly, due to the variety of green elements with
diverse conditions for recreation; and secondly, because of the wide range of recreational
activities and a lack of standards to regulate the permissible recreational carrying capacity.

When considering the provided ES for weekend recreation based on the minimum
value of permissible recreational carrying capacity (2 per/ha) for urban PAs and the
medium value (50 per/ha) for other GI, the results show that all cities (except Rostov-on-
Don) can supply a considerably larger volume of recreational service than demanded by
local residents (the ratio is above 100%). The degree of ES provision for citizens changes
when applying the minimum value (2 per/ha) for the whole GI. In this case, the ES supply
exceeds the demand in only two cities: Voronezh and Perm. In other cases, the demand is
greater than the supply. The average ES volume for daily (rather than weekend) recreation
supply by urban GI is about 90% in most cities, i.e., more than 90% of the residential
areas of Moscow, Ekaterinburg, Kazan, Nizhniy Novgorod, Voronezh, and Perm have
GI within walking distance. This result can be expected since these cities also have the
largest area of GI in general. More surprising, however, is the fact that GI in cities, such as
Saint Petersburg, Samara, Volgograd, and Chelyabinsk, with relatively small green areas
is sufficient to meet the needs of citizens for daily recreation. In contrast, Rostov-on-Don
and Ufa show the worst results for this ecosystem service despite their relatively large
green areas.

On the whole, the results for recreational services are better than for a number of other
studied ESs in Russian cities. Together with microclimate regulation, recreational services
can be called the most efficient.
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3.6. Patterns of ES Provision in Russia’s Most Populated Cities

For the present study, we analyzed the extent to which residents are provided with
ESs (i.e., the ratio between provided and demanded ESs) in Russia’s 16 largest cities. Our
results show that the most efficient service in a number of cities is microclimate regulation
and daily recreation. The red line in Figure 4 shows that in most cases, the volume of
climate regulation is even excess to demands, i.e., the existing green infrastructure can
provide more heat mitigation than required by the local population. Daily recreation is
also a well-performed service, although the provided volume of weekend recreation (when
considering the minimum recreational carrying capacity) is smaller. The most poorly
provided services are food production and air purification. The latter service is only able
to remove less than 0.01% of the airborne pollutants. Clearly, we cannot expect plants to
absorb 100% of urban emissions; therefore, we set a value of 10% of the total emissions as
the demanded volume. Yet even under this assumption, the best result for this service (in
Voronezh) is still only 4.4% of the demand.

Figure 4. The extent to which residents are provided with ESs; the red lines show the average distribution of ESs in the 16
largest cities; the blue lines indicate the pattern in three selected cities: Perm (a), Chelyabinsk (b), and Rostov-on-Don (c).

Seven of the studied cities, namely Moscow, Novosibirsk, Saint Petersburg, Kazan,
Omsk, Volgograd, and Ufa, have similar patterns of ES provision. However, we can
identify three other types of patterns amongst the studied cities. In Perm (Figure 4a) and
Voronezh, the most efficient service is weekend recreation; while all other services are
also fairly efficient, microclimate regulation is not excessive as is the case in most of the
investigated cities. This pattern can be called the most balanced, since the disparities
between the volumes of the five services is less striking. Another pattern can be identified
in Chelyabinsk (Figure 4b) and Krasnoyarsk. Here, the structure of ES provision indicates a
sufficient supply of daily recreation but a deficiency in all other services, including climate
regulation. The third pattern is associated with the cities Rostov-on-Don (Figure 4c),
Samara, and Nizhniy Novgorod. Here, all ESs apart from heat mitigation are seen to be
less efficient than in other cities. The second and third patterns of ES provision are the least
balanced. Most of the cities with these patterns have some industrial specialization, such as
Chelyabinsk, Samara, Rostov-on-Don, and Nizhniy Novgorod, which can partially explain
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this deficit in ESs, even though the green infrastructure parameters are acceptable. This ES
pattern demonstrates that an abundance of green space does not necessarily imply that
ecosystem services are well provided. In fact, the quality and location of green elements
will also determine the volume and variety of ESs. We believe that this is an important
finding with practical relevance for Russia’s cities, which, in comparison to many large
European and Asian cities, enjoy extensive GI within the urban precincts. These large
shares of green space give the misleading impression that ES volumes are equally large.

3.7. Urbanization and Green Infrastructure Transformation: Case Studies of the Five Largest Cities

Russia’s most heavily populated cities, i.e., Moscow, Saint Petersburg, Novosibirsk,
Ekaterinburg, and Nizhniy Novgorod, all enjoy a particular status. Acting as pioneers
and innovators, these cities define the GI development for other administrative centers
in the country. Here, it is also important to note that the administrative boundaries have
repeatedly changed in most of these cities over the last 20 years (for this reason, we used
the most recent boundaries). The major changes to urban boundaries occurred after 2011.
Several cities have followed the example of Moscow, whose area has enlarged by a factor
of 2.5, with many small towns being incorporated into large neighboring cities. The recent
study for TEEB-Russia [25] mostly made use of old boundaries.

Our assessment of GI transformation revealed a loss of green space in all cities
(Figures 5 and 6). The greatest change was found in Moscow and Nizhniy Novgorod
(a loss of 9.2% or 235 km2 and 19% or 95 km2, respectively), with the smallest in Ekaterin-
burg (a loss of only 0.3%). However, Ekaterinburg is also the only case where we found a
gain in non-tree vegetation, against a loss in tree vegetation of about 0.8%. From our NDVI
images and tree-cover raster, we could determine that most tree vegetation was trans-
formed into non-tree vegetation, which is less valuable in terms of ES volume and variety.

 

Figure 5. Loss of GI in Russia’s largest cities in the period 2000–2020, %.

In other cities, the major transformation of GI concerns non-tree vegetation, while
tree vegetation loss is little affected. The loss of this type of GI is about 3% in Nizhniy
Novgorod and 7% in Moscow, generally due to the incursion of new residential districts
at the cities’ outskirts. In Moscow, the majority of green area has been replaced by roads
and other infrastructure buildings as part of the development of “New Moscow” since
2012. Much less GI has been lost in the inner-city areas. It is important to note that our
assessment at the city level may contains some errors, especially concerning small local
changes inside the urban core, due to the spatial resolution of 30 x 30 m offered by the
Landsat images and Hansen’s tree cover raster. In particular, we assume that our results
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may be somewhat overstated in cities with a large share of agricultural lands within urban
borders, since NDVI values can in reality reflect plowed fields rather than built-up areas.
Although we attempted to deal with this problem by distinguishing agricultural lands by
visual interpretation and OSM materials, the particular resolution of the remote sensing
data still leaves some room for error.

Figure 6. Loss of GI in the period 2000–2020, % in Moscow (left) and Saint Petersburg (right).

In general, and with the exception of Nizhniy Novgorod, the relative change in green
area may seem quite insignificant in the investigated cities. Yet the absolute losses in
green area may be fairly large: for example, Saint Petersburg lost about 100 km2 of GI
and Novosibirsk 28 km2. While most transformations occur on the urban outskirts, so
that the most densely populated inner cities have preserved their green areas and local
residents can still enjoy their recreational ES, the depletion of the green belt brings with it a
reduction in regulating and supporting services. In general, suburban forests perform most
air and water purification. Agricultural lands have not changed much during our period
of investigation, so that this provisioning service has also remained stable. According to
our modeling, the most common land cover transition is when non-tree vegetation makes
way for built-up areas. This is the worst form of transformation according to [41], since it
leads to a total loss of ESs. The transition from tree vegetation to non-tree vegetation is less
common and less damaging for the variety and volume of ESs. Regarding the transition
from woodlands to built-up areas, although this change does take place in some central
districts, it is not widespread in the studied cities.

4. Discussion

While the methods of ES modeling used here are applicable at the city level, they lack
a certain accuracy and level of detail. For instance, the volume and variety of provided ESs
depend not only on the total area of GI but also its quality. In this study, we simplified the
quality assessment to consider only three types of GI: tree vegetation, non-tree vegetation,
and agricultural land. Although this simplification is permissible for our scale and target
results, a more complex assessment for the purposes of urban planning and development
will require more indices and parameters. Vegetation should be classified by its health and
condition [42], while the functions and value of green elements should be determined not
only by their size but also form and location [43]. Moreover, fragmentation is an important
factor to consider as it can determine the quality of ecosystems, various supporting services,
and GI sustainability [44].
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Ignoring intracity differences, our results reflect the average situation for an entire
city. However, the supply and demand of ESs may vary between districts, depending
on the population density, the location of industrial and residential areas, the volume of
emissions from particular sources, as well as geographical and spatial features (prevailing
wind directions and other atmospheric conditions, built-up structures, etc.) [45].

The results of this survey demonstrated that most cities with a large share of GI
are sufficiently provided with climate regulating services. However, we stress that GI
ele-ments, which supply this and other services, are usually concentrated outside the
popu-lated urban core. In Russia, the administrative boundaries of most cities encompass
not only built-up areas but vast territories of forests, grasslands, and agricultural lands
so that the actual urban core can be two to three times smaller than the administrative
boundaries. This means that despite the huge volume of supplied ESs, the real amount
of consumed ESs can be much smaller, since consumers’ homes are distant from the GI.
We uncovered this problem in almost all the studied cities. The expansion of formal urban
boundaries at the expense of vast suburban areas, as in the case of Moscow (see Section 3.7),
can significantly improve the average indicators of ES provision, while in the city center,
the contraction of GI can cause a decrease in ES supply to residents there.

For instance, the efficient performance of heat mitigation services depends first and
foremost on the location of green elements, which ideally should be situated within the
densely populated urban center and not only at the outskirts. This built-up center forms the
core of the heat island, exposing the majority of city dwellers to excessive heat [46]. While
our data only allows us to assess the configuration of green infrastructure qualitatively,
the results show that the main challenge to climate change adaptation in all of Russia’s
largest cities is a lack of green infrastructure in the urban center. To improve our assessment
methodology of climate regulation, it would be necessary to consider not just the scale of
heat islands but also the size of existing green elements. Better knowledge of the form, size,
and location of parks can help to calculate the affected area with greater accuracy.

To assess more precisely the input of urban agricultural lands to food provisioning, it
would be necessary to take account of the particular features of the local fruit and vegetable
markets as well as the consumption of crops (statistical data on different types of crops)
and people’s preferences for local products [38].

Results on recreational services can be made more accurate by, firstly, using the
most reliable information on the extent of green infrastructure capable of performing
recreational services and its current state; secondly, by defining the types of recreational
activities in order to specify the norms of carrying capacity for each one individually;
and thirdly, by detailing the norms for the permissible recreational carrying capacity that
does not deteriorate natural ecosystems in consideration of the specific environmental
and geographical features of the area, i.e., slopes, soil and vegetation cover, factors that
disturb fauna, etc. [28]. Although it is too early to make predictions about changes to urban
ESs in this regard, we can speculate that recreational services will gradually become the
prevailing component in the pattern of ESs.

Regarding the assessment of air purification by trees, currently, there is no such tool
in Russia, such as iTree, to show absorption rates and limits for different species native to
the country [33]. As an alternative, we used average values for US and Canadian cities
of approximately the same populations and with similar vegetation zones. Obviously,
the results would be more accurate if dedicated data for Russian cities and vegetation
can be used.

To calculate the mentioned parameters, you need well-structured and constantly
updated materials at the local level. Currently, open data is collected for the whole city
at best and not for the constituent districts. While economic and demographic data are
more or less exhaustive, diverse environmental datasets on species, weather conditions,
protected areas, and vegetation state are not presented in a single well-organized form.
Moreover, as there is no official data on emissions from point sources, it is impossible
to locate districts with the highest demand for air purification services. Detailed studies
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cannot be carried out at the city level due to the lack of data on visitors to parks or their
recreational preferences. The literature contains a number of studies that have investigated
the ESs of individual green elements, urban districts, or even entire cities in Russia; yet,
very few methods have been proposed to assess the ESs in several cities simultaneously.
Therefore, the improved availability of more detailed databases on cities could ensure not
only an accurate ES calculation but also the assessment of a greater variety of ESs.

Some may argue that it is not useful or feasible to compare the volume and variety
of ES in cities that are situated in completely different natural zones. In our opinion, this
is generally true for small towns in Russia. It is obvious that towns in the north of the
country are less green than in the south. Towns of medium size do not greatly transform
the environment so that natural conditions still remain the governing factor behind GI
features. However, large cities are a completely different case. They form their own urban
environment with transformed or reduced natural processes, and the quality as well as the
quantity of GI largely depend on urban planning [25]. In turn, improvement measures are
stimulated or hampered by investments, public policy, as well as the general needs and
trends of the population.

Regarding especially valuable GI elements, these include not only urban PAs but
also riparian green zones. Unlike most urban forests, rivers usually run through urban
centers. They are of exceptional importance for several reasons. First, they perform
extra heat mitigation services. Second, natural riparian ecosystems are of the utmost
importance due to the supporting and regulating services they provide. Like wetlands,
these ecosystems are responsible for the majority of water purification, erosion, and flood
control services. Third, areas adjacent to rivers and other water bodies are popular for
the various recreational opportunities they provide. Fourth and finally, being unique
intrazonal ecosystems, they are a natural habitat for a number of species. Rivers are
natural corridors between different green elements in the city as well as between urban
and suburban ecosystems. Hence, they support the stability and health of GI. In this way,
riparian areas can be multifunctional elements of GI [47]. Yet having provided water and
energy to industries for many decades, riparian areas in many large Russian cities are
burdened with abandoned plants and factories, old embankments, and docks. Nonetheless,
rivers and riparian zones still constitute valuable ES assets in many cities, and thus must
be improved and developed.

Russian cities can be said to be fairly unique in regard to GI and related ESs. On the
one hand, their population growth rates over the last 20 years have been relatively high,
and urban sprawl is quite evident in many cities. On the other hand, and unlike many
Asian or American cities of similar populations, many large cities in Russia have preserved
extensive green areas from the Soviet era, which are now often being transformed by
new developments and upgrading plans or because of the encroachment of built-up areas.
The remaining parts of the Soviet green networks are actually natural ecosystems with
sedimentary forests, which function just like any other natural forest outside the urban
area. Regarding the provision of ESs, these GI elements are of particular value as they are
highly efficient suppliers of regulating and supporting services in comparison to other
artificial or semi-natural green elements. However, to preserve these urban forests in their
current state, it is necessary to protect them from intense recreational or other use, which
for the city authorities is an inefficient use of land. It is crucial to further develop plans and
schemes on GI structuring in urban and suburban planning and GI assessment by using
more indicators like biodiversity richness, connectivity and fragmentation, and zoning the
studied area to define the most vulnerable or valuable territories [22].

Today, the green infrastructure of many of Russia’s large cities is gradually trans-
forming. Although extensive woodlands still make up the biggest part of urban green
infrastructure, new districts and infrastructure are slowly swallowing these up; in their
place, new artificial green areas, such as modern parks and squares, are being constructed.
The main function of these elements is recreation. They also perform other services, such
as heat mitigation or water purification, but at much lower volumes. On the positive side,
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these artificial elements can provide desperately needed green infrastructure in densely
built-up inner-city districts; in contrast, most urban forests are situated in low-density areas
on the outskirts, which already possess much street vegetation.

In Russia, the largest cities often function as role models to others. This is particularly
true of Saint Petersburg and Moscow. In both of these cities, an ecological strategy has
been announced to encourage an environmental-oriented lifestyle that includes a healthy
urban environment featuring GI. In recent years, however, we note not only a loss of GI
(see Section 3.7, Figure 6) but also a deterioration in its quality due to the unfavorable
distribution of natural areas [9]. Such trends in real GI and ES change serve as dangerous
examples to other cities, despite the declared strategies to improve the urban environment.
Nevertheless, for most cases, there was an insignificant decline in green area. In the
context of urbanization, GI intactness can be interpreted as a positive result. There is not
a lot of undeveloped urban area to increase GI, but it is necessary to preserve existing
green elements.

The question of the most efficient greening scheme for urban areas remains unan-
swered for many cities [48,49]. Moreover, with their specific structure and development
history, Russia’s cities also require specific planning solutions.

5. Conclusions

Our analysis of the current state of urban GI and the most important associated ESs in
Russia’s 16 largest cities showed that both GI and ESs are vital factors in determining the
quality of life of city-dwellers. However, there is great variation between the examined cities
in their stocks of GI and supply of ESs. Some were found to have very low ES provision.
This suggests that indicators for GI and ESs should be included in the decision-making
processes of large cities.

In particular, we analyzed the key regulating services (i.e., the removal of air pollutants
from point sources and automobiles, regulation of the urban microclimate), recreational
ESs (i.e., the formation of natural conditions for recreation), and provisioning ESs (i.e., food
production). By comparing the provided and demanded ESs, we found that all of Russia’s
largest cities are deficient in the ES of air purification. Reflecting minimum standards for
the supply of green space for recreation, it can be stated that the availability of recreational
ES is sufficient in most cases. These results, however, need careful elaboration based on the
maximum recreational carrying capacity of ecosystems, which varies for different types of
ecosystems, climatic conditions, and recreational activities.

Urbanization processes, mass construction, increasing population densities, and the
environmentally inadequate development of transport infrastructure in Russia’s most pop-
ulated cities are reducing both the area and quality of GI, and consequently the supply of
ESs, especially in districts undergoing breakneck development. As a result, environmental
indicators for the quality of life of the urban population are decreasing.

Our case study of the five most populated cities in the period 2000–2020 showed that
densely built-up areas continued to expand at the expense of open spaces. The development
programs of these cities will further reduce the stock of green space, in particular destroying
mature woodland aged 40–60 years, which is especially efficient in the provision of ESs.

In Moscow and Saint Petersburg, transport infrastructure is being developed without
any consideration of ecosystem preservation. This is causing fragmentation of suburban
ecosystems and destroying links between suburban and urban ecosystems. The resulting
isolated ecosystems have low sustainability, thus further endangering biodiversity.

Considering the key importance of ESs for the well-being of citizens and the trends of
increasing urbanization and reductions in the stock of urban GI, it is urgently necessary
to establish systems for the accounting and monitoring of GI and ESs in all Russian cities,
especially its largest settlements. Evaluation methods should consider the diversity of GI
elements, the full range of ESs, and the intracity differences of these indicators.

Major revisions to urban planning policy are required to safeguard the constitutional
rights of citizens to a healthy environment. These should fully reflect scientifically backed
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standards for green infrastructure and its quality, including indicators of biodiversity and
urban ESs.
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Abstract: The study involved an in-depth analysis of the main land cover and land use data available
nationwide for the Italian territory, in order to produce a reliable cartography for the evaluation of
ecosystem services. In detail, data from the land monitoring service of the Copernicus Programme
were taken into consideration, while at national level the National Land Consumption Map and some
regional land cover and land use maps were analysed. The classification systems were standardized
with respect to the European specifications of the EAGLE Group and the data were integrated
to produce a land cover map in raster format with a spatial resolution of 10 m. The map was
validated and compared with the CORINE Land Cover, showing a significant geometric and thematic
improvement, useful for a more detailed and reliable evaluation of ecosystem services. In detail, the
map was used to estimate the variation in carbon storage capacity in Italy for the period 2012–2020,
linked to the increase in land consumption

Keywords: land cover; Copernicus; land monitoring; ecosystem services; CORINE land cover; carbon
storage capacity; EAGLE matrix

1. Introduction

Territory is a source of resources such as food, biomass and raw materials and provides
essential ecosystem services that support production functions, regulate natural cycles,
provide cultural and spiritual benefits [1].

The European Environment Agency introduced the concept of “land system”, which
defines the territory as a set of terrestrial components that includes all the processes and
activities related to its anthropic use [2,3]. This concept considers the territory as an
integrated system [4] that combines everything related to land use and land cover. The
study of land cover and land use is essential to understand the causes and effects of human-
determined changes [5], seeing as now changes and transformations that occur within the
land system lead to consequences for the well-being of humans and the environment at the
local, regional and global levels.

1.1. Estimation and Monitoring of Ecosystem Services

The management of territory is fundamental, since its transformation alters the envi-
ronmental processes and related ecosystem services [6], which are the benefits that humans
obtain directly or indirectly from terrestrial ecosystems [7].

Since 2005, the concept of ecosystem services has been placed on the political agenda [8–10]
thanks also to the Millennium Ecosystem Assessment (MEA). The MEA is an international
research project launched in 2001 with the aim of evaluating the consequences of ecosystem
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changes on human well-being and establishing actions to improve the conservation and
sustainable use of ecosystems and their contribution to health.

The Millennium Ecosystem Assessment [11] provides a classification of ecosystem
services which consist of four groups:

– Provisioning services, which provide products obtained from ecosystems, such as food,
raw materials and water.

– Regulating services, i.e., the benefits provided through ecosystem processes, such as
carbon storage, erosion control.

– Cultural services, which represent the nonmaterial benefits that people obtain through
spiritual enrichment, cognitive development and aesthetic experience.

– Supporting services, which constitute a “transversal” category that supports the produc-
tion of other services, providing living space for plants and animals or maintaining
genetic diversity. They differ from other categories since their impact on people is
indirect or is visible after a very long period.

The Economics of Ecosystems and Biodiversity [12] provides a classification aligned
with MEA, while the Common International Classification of Ecosystem Services (CI-
CES) excludes “support services” and renames the category of “regulation services” as
“regulation and maintenance services”, including habitat maintenance [13,14].

In 1997, Costanza [7] published one of the first assessments of ecosystem services,
which was then updated in 2014 [15]. Other application examples for more limited areas
are readily available in the scientific literature: assessment on pollination can be found both
from a biophysical [16,17] and economic [18–20] point of view. The United Kingdom was
among the first European country to draw up a complete official report in line with the
Millennium Ecosystem Assessment [21]. Rabe et al. [22] developed a network of national
indicators on ecosystem services in Germany using CORINE Land Cover data for the
analysis of nine ecosystem services divided into three classification categories (according to
CICES). Spain published an official report in 2016 [23] related to twelve ecosystem services.
Outside the European context, there are applications on a national scale in China [24], South
Africa [25] and South Korea [26].

Soil has fundamental functions for nature and humankind and is the source of many
ecosystem services [27–29]:

– Fertility: the nutrient cycle ensures fertility in the soil and, at the same time, the release
of nutrients necessary for plant growth;

– Filter and reserve: the soil can act as a filter against pollutants and can store large
quantities of water, useful for plants and for the mitigation of floods;

– Structural: soils represent the support for plants, animals and infrastructures;
– Climate regulation: the soil, in addition to being the largest carbon sink, regulates the

emission of important greenhouse gases (N2O and CH4);
– Conservation of biodiversity: soils are an immense reservoir of biodiversity. They

represent the habitat for thousands of species capable of preventing the action of
parasites or facilitating waste disposal;

– Resource: soils can be an important source of supply of raw materials.

All soils perform their functions at the same time (food production, water purification,
carbon sequestration, etc.) in a different way according to land use and pedogenetic charac-
teristics. For example, the rate of carbon sequestration and water purification is higher in a
natural area than in an agricultural one, which however has greater production capacity.

Carbon sequestration and storage is an important regulatory service linked to the
attitude of ecosystems to fix greenhouse gases. This service contributes to climate regula-
tion and is fundamental in defining adaptation strategies to climate change [30,31]. The
capacity to store carbon depends, among other things, on land use and cover and on the
climate [32]. Land use, land use change and forestry (LULUCF) activities can act as sources
of emissions or store carbon by acting as sinks. In particular, natural and seminatural
forest ecosystems have the highest carbon sequestration potential. Once natural land is
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urbanized or degraded, it loses its ability to retain carbon which, as a result, is emitted
into the atmosphere [33]. Urban expansion, land consumption, deforestation and forest
degradation limit the ability of natural areas to store carbon and have contributed to these
emissions by releasing carbon stored in forests, vegetation and soil [6,34,35].

1.2. Land Monitoring

Land cover and land use are strongly related and for many applications both informa-
tion categories are required [36]. To meet different monitoring needs, data with different
characteristics from a spatial, temporal and thematic point of view were introduced.

In this respect, different initiatives have been developed. The purpose of the Coperni-
cus program is to collect information on the earth’s surface and organize it according to
criteria that allow to compare different data, to exchange data between EU countries and
to increase the number of users. The Copernicus Land Monitoring Service (CLMS) allows
researchers to obtain geographic information on soils and on numerous variables related to
them (such as the state of the vegetation or the water cycle), supporting applications in a
wide variety of sectors, such as territorial planning, management of water resources and
forests, agriculture and food security. CORINE Land Cover is one of the main products
belonging to CLMS. It has guaranteed information for the whole European territory since
1990, with 44 land cover and land use classes and geometric detail of 25 hectares.

Recently, data with higher spatial and thematic details have been introduced in the
context of the CLMS Local Component. It aims at providing detailed information on critical
areas from an environmental point of view, which require specific and detailed monitoring.
Currently, this Copernicus component offers land cover and land use maps in vector format,
with high spatial resolution and a 6-year update frequency for four categories of areas.
Urban Atlas refers to the CLC classification system, describing with higher detail the land
cover and land use characteristics of urban areas, while Riparian Zone and Natura 2000 use
the ecosystem types defined in the Mapping Assessment of Ecosystems and their Services
(MAES) [37], which are based on the CLC classes too.

These aforementioned data adopt classification systems based on different combina-
tions of land cover and land use classes that are difficult to compare and integrate with
those of other data. In order to coordinate data flows from a thematic point of view, the
EAGLE group (EIONET Action Group on Land monitoring in Europe) was created. It aims
at defining a conceptual methodology to describe land cover and land use information
in a consistent data model. EAGLE is not a classification system but a tool to describe
classes of a given classification system by tracing them to the segments related to the
three categories. This allows to better understand the characteristics, the overlaps and the
possible conversions between different classification systems and provides a basis to define
new ones. The EAGLE model aims at separating the land cover and land use components
through data modelling systems applicable at different scales and in different contexts,
while maintaining compatibility with existing databases.

The EAGLE data model is based on the definition of three blocks, called “categories”:

• Land cover components (LCC), which refer to the definition of "land cover" provided by
the INSPIRE directive 2007/2/CE. The LCCs are mutually exclusive and exhaustive
and can be used as a modelling element to semantically describe a class definition or
to map landscape;

• Land use attributes (LUA), that follow in principle the Hierarchical INSPIRE Land Use
Classification System (HILUCS), with some changes to fit the purpose of the EAGLE
concept. The LUA are attached to the land cover unit;

• Landscape characteristics (CH), which describe further details of the land cover compo-
nents. The first level distinguishes “land management”, “spatial pattern”, “crop type",
“mining product type”, “ecosystem types”, “height zone”, “(bio-)physical character-
istics”, “general parameters”, “status” and “temporal” parameters. This enhances
the integration between national activities and European land monitoring initiatives
encouraging a bottom-up approach in data production.
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The problem of interoperability and non-homogeneity between data is also evident
at a national level. The National Land Consumption Map offers national coverage, with
annual update and EAGLE compliant classification system, while most of the data available
at the regional level are inconsistent, not updated and difficult to relate to each other.

Despite the large amount and variety of land cover and land use data available at
national and European level, currently CLC is the only product capable of supporting an
assessment of ecosystem services on a national scale [38], since it guarantees the mapping
of the entire national territory and has a thematic detail suitable for the purpose. However,
the low spatial resolution and the presence of mixed classes reduce the reliability of the
assessments based on them.

In this sense, the first objective of this research concerns the development of a methodol-
ogy that makes the main Copernicus and national land cover and land use data comparable
and integrable, in order to obtain a product with national coverage that allows to overcome
the limits of the CLC in terms of classification system and geometric detail.

Furthermore, the activity refers to an EAGLE compliant classification system with a
thematic detail useful for conducting an assessment of ecosystem services, with particular
reference to the variation of carbon stocks. This change was assessed with respect to
theincrease in land consumption between 2012 and 2020.

2. Materials and Methods

2.1. Overview

The methodology presented in this study integrates Copernicus and national data
for the production of a land cover map capable of supporting the ecosystem services
assessment. Data were reclassified according to an EAGLE compliant classification system
and merged into a 10 m resolution land cover map of Italy. The map was used to assess the
loss of carbon storage capacity for the period 2012–2020, associated with land consumption
(Figure 1).

2.2. Study Area

The analysis was carried out for the entire Italian territory (Figure 2), which covers
301,338 km2. The country is composed mainly of hills (41.0%) and mountains (35.0%), while
the remaining 23.0% of the territory is covered by plains. To the north is the mountain range
of the Alps, which exceeds 4,000 m in altitude. In this area, the alpine climate prevails,
with high rainfall with a maximum of 2,500–3,500 mm. In the peninsular area there is the
Apennine mountain range, reaching its highest peak in Abruzzo with Gran Sasso (2,912 m)
and characterized by a continental climate. The coastal area has a Mediterranean climate,
with average annual rainfall that reaches a minimum of 500 mm in Apulia and Molise.

Land cover is characterized by forest in mountain areas, with conifer concentration
in alpine areas. Crops and most of the urbanized areas are concentrated in the plains and
along the coast.

2.3. Land Cover Classification System

The activities described in this paper refers to a sixteen-class classification system. The
classes are defined in accordance with the EAGLE group specifications [39–41] and are
organized into five levels (Table 1).

The classification system is based on previous activities of the working group [41] and
improved to maintain the thematic detail offered by the Copernicus and national input
data. The first three classes coincide up to the third level of detail with Eagle concept land
cover components. Wetland class and the fourth and fifth classification levels are based on
EAGLE characteristics (LCH) definitions.
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Figure 1. Workflow of the methodology for the production of the land cover map and evaluation of
ecosystem services. The mosaic between Urban Atlas, Riparian Zones, and Natura 2000 was created
(projected and rasterized at 10 m), then supplemented with the regional maps and CORINE Land
Cover in the areas not covered by these three data. The distinction of forest categories and mixed
classes was based on HRLs, while the National Land Consumption Map for 2012 and 2020 made it
possible to identify artificial abiotic surfaces and their variation. The map allowed the calculation of
three of the four pools considered for the estimation of the variation in carbon storage capacity.
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Figure 2. Study area—Italy.
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Table 1. Land cover classification system.

Land Cover

I Level II Level III Level IV Level V Level

1
Abiotic

Non-vegetated
surfaces

11 Artificial
abiotic

12 Natural
abiotic

121 Consolidated (bare rocks, cliffs)
122 Unconsolidated (beaches, dunes, sands)

2 Biotic vegetated
surfaces

21 Woody
vegetation

211 Trees

2111 Broad-leaved
2112 Needle-leaved

2113 Permanent crops
21131 Orchards
21132 Olive groves

21133 Wood
plantations

212 Shrubs
2121 Vineyards
2122 Shrubland

22
Herbaceous
vegetation

221 Periodically 2211 Pastures
2212 Arable land

222 Permanent

3 Water surfaces
31 Water bodies
32 Permanent snow and ice

4 Wetlands

1. Abiotic non-vegetated: The class includes any unvegetated surfaces. At the second
classification level, the class is subdivided between man-made artificial structures
(artificial abiotic surfaces) and natural material surfaces (natural abiotic surfaces).

Artificial abiotic surfaces include impervious surfaces and reversible land consump-
tion, according to the definition of ISPRA National Land Consumption Map [42]. Reversible
land consumption indicates areas where the natural cover has been removed or replaced
due to anthropogenic interventions, such as soil compaction or excavation, forming a non-
impermeable and undeveloped surface. The main difference from the EAGLE model is the
inclusion of quarries and extraction sites in this class, as detailed by De Fioravante et al. [41].
Natural abiotic surfaces are any kind of material that remains in its natural consistence
or form, either with or without anthropogenic influence. The latter class presents a third-
level distinction between consolidated unvegetated natural surfaces (bare rocks, cliffs) and
unconsolidated unvegetated natural surfaces (beaches, dunes, sands).

2. Biotic vegetated: The class includes any vegetated surfaces, with or without an-
thropogenic influence. At the second classification level, woody and herbaceous
vegetation are distinguished.

The third classification level of woody vegetation divides trees and shrubs. Trees are
then classified at the fourth level among broad-leaved, needle-leaved and permanent crops.
Broad-leaved and needle-leaved have a fifth level based on CORINE Land Cover, while
permanent crops distinguish olive groves, orchards and woody plantation. Shrubs are
distinguished on the fourth level in vineyards and natural areas.

Herbaceous vegetation is divided into periodic and permanent. The periodic herba-
ceous class corresponds to the managed areas, subdivided at the fourth level into pastures
and arable land, while the natural herbaceous is related to natural unmanaged grassland.

3. Water surfaces: The class includes natural or artificial solid and liquid water. The
second classification level distinguishes water bodies from permanent snow and ice.
Water bodies includes liquid water regardless of shape, position, salinity and origin.
Permanent snow and ice includes accumulations that persist throughout the year
regardless of seasonal variations.
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4. Wetlands: The class does not have a direct correspondence with the EAGLE LCC, as
it is considered an LCH. The class was however included to maintain the information
content offered by the input data. In detail, a definition was adopted aligned with the
CORINE Land Cover, including in the class the inland wetlands (inland marshes and
peat bogs) and coastal wetlands (salt marshes, salines, intertidal flats) while lagoons
and estuaries are associated to water bodies.

2.4. Selection of Input Data

The map is based on the integration of national and European data. At the European
level, the main CLMS data for 2012 were considered, which is the reference year of most of
the available data.

At the national level, the National Land Consumption Map (LCM) was used for the
identification of artificial abiotic surfaces and some regional land cover and land use maps
supported the characterization of agricultural areas.

2.4.1. CLMS Data

Data part of the local and pan-European components of the CLMS were considered.
Regarding the local component, Urban Atlas (UA), Riparian Zones (RZ) and Natura 2000
(N2000) data were used (Table 2), while for the pan-European component, reference was
made to CORINE Land Cover (CLC) and the high resolution layers (HRL) (Table 3).

Table 2. Copernicus Land Monitoring Service—local component data.

Urban Atlas Riparian Zones Natura 2000

Data type Vector Vector Vector
Classes 27 56 55

MMU 0.25 ha (class 1)
1 ha (class 2–5) 0.5 ha 0.5 ha

Table 3. Copernicus Land Monitoring Service—Pan-European component data.

High Resolution Layers CORINE Land Cover

Data type Raster Vector
Classes 4 44

MMU Pixel 10 × 10 m 25 ha (status)
5 ha (changes)

2.4.2. National Data

LCM was used as national data [41,43–45]. It is a 10 m raster available for the entire
Italian territory. In addition, regional LC/LU maps were selected for Apulia, Latium,
Abruzzo, Veneto, Liguria, Lombardy and Basilicata, in order to increase the spatial and
thematic detail in areas not covered by the Copernicus local component data.

2.5. Production of a National Land Cover Map Based on Copernius and National Data
2.5.1. Data Pre-Processing

Data were projected in the European Terrestrial Reference System 1989 (ETRS-89)
and in Lambert Azimuthal Equal Area (LAEA) projection. Then they were converted into
10 m resolution raster, aligned with LCM and HRLs data (the only two data already in
raster format).

2.5.2. Map Production

Map production involves the steps described below. From a geometric point of view,
priority was given to Copernicus local products (UA, RZ, N2000), which offer better spatial
resolution than other available land cover/land use data. In the areas not covered by the
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Local data, the CLC and the regional maps available for 2012 (derived from CLC) have
been inserted.

From a thematic point of view, the input data were homogenized with respect to the
classification system of Table 1. For the mixed classes, Copernicus HRL data were used to
distinguish the woody component from herbaceous vegetation, then reference was made
to the definitions of such mixed classes to distinguish natural areas from agricultural ones.
The CLC data made it possible to attribute a detailed prevalent forest categories to areas
classified as broad-leaved and needle-leaved, while the LCM locates the consumed land.

Reclassification of Copernicus UA, RZ, N2000 Data and Creation of the Basic Mosaic

Local component data show the highest thematic and geometric detail, therefore
they were used as a basis for the map. They were first reclassified according with the
classification system defined in Table 1, while temporary codes have been introduced for
the classes without a direct correspondence (Table 4) and for the artificial surfaces and
mixed forests. These areas have been assigned a land cover class according to the procedure
described below, starting from the information provided by the HRL, LCM and CLC data.

Table 4. Temporary codes for mixed land cover classes, artificial surfaces and mixed forests.

Temporary Codes UA RZ N2000 CLC

91 Green urban areas 14100 141

92
Annual crops associated with permanent

crops 23100 2310 241

Complex cultivation patterns 24000 23200 2320 242

93 Land principally occupied by agriculture
with significant areas of natural vegetation 23300 2330 243

94 Agroforestry 23400 2340 244

95
Transitional woodland and scrub 34100 3410 324

Damaged forest 3500

96 Sparsely vegetated areas 33000 61000 6100 333

97 Burnt areas 63200 6320 334

99 Permanent crops (vineyards, fruit trees,
olive groves) 22000 22100 2210

998 Urban areas and artificial surfaces 11100–13400, 14200 11110–14000 1110–1400 111–133, 142

999 Mixed forest 31000 33100 3131–3132

Reclassification was carried out considering the correspondences of Table A1 for
N2000, of Table A2 for UA and of Table A3 for RZ, which are reported in Appendix A.

The three reclassified data were merged. Where more data were present at the same
time, priority was given to UA, as the higher spatial resolution allows for a more detailed
description of the complex pattern that characterizes urban areas. Regarding RZ and N2000,
the comparison between the two data in the overlapping areas showed greater detail in
RZ’s description of the territory, which was considered a priority over N2000.

Reclassification and Introduction of CLC Data and Regional Maps

The CLC in 10 m raster format has been reclassified considering the correspondences
of Table A4 (see Appendix A). CLC was then integrated with regional data. In detail,
the polygons related to the following land cover classes (Table 1) were exported from the
regional maps: 121, 122, 21131, 21132, 2121, 2122, 2212 and 222. They have been converted
to raster and superimposed on the CLC in order to allow the detection of patches smaller
than the CLC MMU. These data were then added to the mosaic in the areas not covered by
UA, RZ and N2000.
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Use of HRLs for the Classification of Uncertain Classes (Temporary Code 91–99)

The HRLs DLT, GRA and WAW related to 2012 have been mosaicized and used to
assign a land cover class to the uncertain classes of Table 4.

In detail, the mixed land cover classes were compared with the HRLs DLT and GRA
from the geometric point of view and with reference to the class definitions, in order to
identify the data matches (Table 5). This comparison made it possible to distinguish the
arboreal component (identified by HRL Forest) from the herbaceous and the unvegetated
areas (identified by HRL Grassland) in the mixed classes. To distinguish natural vegetation
from the agricultural areas, reference was made to the initial definition of mixed classes.

Table 5. Attribution of classes to temporary codes using HRL. DLT = dominant leaf type,
GRA = grassland.

Temporary
Code

Area Covered by DLT
Area Covered by

GRA
No GRA and No DLT Area

91
21131 Orchards

2211 Pastures 2121 Vineyards

92 2212 Arable
land

93
2111

or
2112

Broad-leaved
or

Needle-leaved

2211 Pastures 2212 Arable land

94 2212 Arable
land

95 2122 Shrubland
96 222 Permanent

97 222 Permanent 121 Natural abiotic
surfaces

99 21131 Orchards 2121 Vineyards

HRL WAW was used to refine water bodies. In areas covered by high resolution data
(UA, RZ, N2000) the water bodies of the HRL WAW are classified as 122 “unconsolidated
natural abiotic surfaces”. In areas covered only with CLC, water bodies mapped by the
HRL were added, as they are smaller than the CLC minimum mapping unit (MMU).

Use of HRLs to Classify Broad-Leaved and Needle-Leaved in the Mixed Forest (Temporary
Code 999)

The mixed forest pixels coming from UA, RZ and N2000 were distinguished in broad-
leaved and needle-leaved through HRL DLT. In the mixed forest pixels where there was no
correspondence with the HRL, the class was attributed according to a proximity criterion,
starting from the Euclidean allocation made on HRL DLT.

Use of the Fourth CLC Level for the Attribution of a More Detailed Prevalent Class to
Broad-Leaved and Needle-Leaved Pixel

Broad-leaved and needle-leaved woodlands were reclassified to the fifth classification
level (not shown in Table 1) on the basis of the fourth CLC classification level available for
the Italian territory. In the forest pixels without direct correspondence with the fourth CLC
level, the more detailed class was assigned according to a proximity criterion, starting from
the Euclidean allocation conducted on broad-leaved and needle-leaved CLC polygons.

Inclusion of LCM and Assignment of the Class to Temporary Codes 998

The LCM for 2012 and 2020 were superimposed on the map obtained in the previous
steps, since it is the most detailed available data. Pixels classified as 998 that do not fall
within the LCM are related to urban areas of the Copernicus data without artificial land
cover. They have therefore been attributed to the “permanent herbaceous” class.
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2.5.3. Accuracy Assessment

The 16-class map for 2012 was validated. Accuracy assessment consists of a first phase
of quality control conducted through a systematic visual search for macroscopic errors.
A quantitative accuracy assessment was then performed through the photointerpretation
of a sample of points, which were then compared with the values of the land cover map
at the same locations. The sample size was assessed using the methodology proposed by
Olofsson [46], which is widely adopted in literature [47–49].

The sample size (n) is calculated starting from the areas of each class and from the
definition of a first attempt user accuracy, using the following equation [47–50]:

(∑ WiSi)
2

[S
(
Ô
)
]
2

where:

Wi—is area proportion of each classes in the considered map
Ui—user accuracy of class i. A conservative scenario was assumed, considering Ui = 0.6 for
all classes.
Si—standard deviation of stratum i, Si =

√
(Ui(1 − Ui)) [50]. Considering Ui = 0.6, it turns

out Si = 0.49 for all classes.
S(Ô)—is the target standard error for overall accuracy. It was assumed to be 0.01 as
suggested by Olofsson [46], which corresponds to a confidence interval of 1%.
A sample of size 2400 was obtained (Table 6).

Table 6. Calculation of sample size.

Land Cover Class Area (ha) Wi Wi*Si

Artificial abiotic surfaces 2,102,288 0.070 0.034
Consolidated (bare rocks, cliffs) 802,539 0.027 0.013

Unconsolidated (beaches, dunes, sands) 59,325 0.002 0.001
Broad-leaved 7,805,217 0.259 0.127

Needle-leaved 2,167,261 0.072 0.035
Orchards 619,759 0.021 0.010

Olive plantations 1,088,099 0.036 0.018
Wood plantations 46,356 0.002 0.001

Vineyards 689,746 0.023 0.011
Shrubland 1,375,125 0.046 0.022
Pastures 1,372,790 0.046 0.022

Arable land 9,183,519 0.305 0.149
Permanent herbaceous 2,337,826 0.078 0.038

Water bodies 402,830 0.013 0.007
Permanent snow and ice 37,000 0.001 0.001

Wetlands 50,295 0.002 0.001

Total 30,139,975 1

Total number of samples 2400

The 2400 points were distributed among the classes considering the average value be-
tween equal and area-proportional distribution (see https://fromgistors.blogspot.com/20
19/09/Accuracy-Assessment-of-Land-Cover-Classification.html, accessed on 25 December
2021) (Table 7).
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Table 7. Sample allocation.

Classes
Allocation

Equal Proportional Final

Artificial abiotic surfaces 150 167 159
Consolidated(bare rocks, cliffs) 150 64 107

Unconsolidated (beaches, dunes, sands) 150 5 100
Broad-leaved 150 622 386

Needle-leaved 150 173 162
Orchards 150 49 100

Olive plantations 150 87 119
Wood plantations 150 4 77

Vineyards 150 55 103
Shrubland 150 109 130
Pastures 150 109 130

Arable land 150 731 441
Permanent herbaceous 150 186 168

Water bodies 150 32 91
Permanent snow and ice 150 3 77

Wetlands 150 4 77
Total 2400 2400 2427

A stratified random sampling was conducted to identify on each class the correspond-
ing number of points calculated in Table 7. The points were photointerpreted with very
high resolution images, considering 2012 as the reference year.

2.5.4. Ecosystem Services—Carbon Storage Capacity Assessment

The land cover map was used as input data for the assessment of ecosystem services,
and in particular for the carbon storage capacity. The analysis is based on a simplified
scheme that considers the amount of carbon stock constant over time. The variation of this
ecosystem service refers to two versions of the land cover map, which exploit the National
Land Consumption Map for 2012 and 2020. In this sense, the variation in carbon storage
capacity must be understood as a reduction linked to the increase in land consumption.
Actually, while urbanization improves human social and economic well-being, on the other
hand it has a negative impact on human ecological well-being, which is closely related to
the level of ecosystem services and which puts urban development and human well-being
at risk in the future [6].

As input data for the carbon stock, many different bibliographic sources were used
and integrated, such as the National Inventory of Forests and Forest Carbon Tanks (INFC)
and the recent map of organic carbon created as part of the activities of the Global Soil
Partnership [51]. Specific coefficients were used to identify the contribution deriving from
the different pools [52–54]. There are four main pools of carbon in nature [55], recognized
and classified by the Intergovernmental Panel on Climate Change [56], which are analyzed
for each portion of the territory and each type of land cover:

Above-Ground Biomass (AGB)

It includes all the tissues of plant organisms outside the soil (such as stems, branches,
leaves, seeds, etc.). The volume is calculated as:

AGB = a * GSV + b * GSV * e − c * GSV (1)

where:
GSV = growing stock volume
a, b, c = specific coefficients for each forest type [53]
To switch from biomass to the fraction of stored carbon, the values are multiplied

by 0.5

78



Land 2022, 11, 35

Below-Ground Biomass (BGB)

It includes the root system of plants. The volume is calculated as [54]:

BGB = GSV * BEF * WBD * R (2)

where:

GSV = growing stock volume
BEF = biomass expansion factor
WBD = wood basic density
R = crown/roots ratio, tabulated for the different species [52,54].

To switch from biomass to the fraction of stored carbon, the values are multiplied
by 0.5

The Carbon Contained in the Dead Organic Substance (DOS)

The pool includes the necromass, the woody plant residues, the litter, the finer residues
not yet decomposed. As regards the epigeal biomass, specific multiplicative coefficients
are considered to be applied to the values obtained from the calculation shown above, for
example 0.20 for evergreen plants and 0.14 for deciduous trees [56].

Specific formulas for each species present in the bibliography were used for the
litter [52,54].

Soil Carbon

The pool includes organic and mineral layers including up to a depth of 30 cm. It
is evaluated starting from the data produced by CREA-ABP, CNR-Ibimet, regions and
some universities as part of the Global Soil Partnership/FAO initiative [51] as an Italian
contribution to the Global Soil Organic Carbon map. The map offers the values of the
carbon contained in the soil in raster format with a resolution of 1 km.

In detail, for the forest cover areas, data from the National Inventory of Forests and
Forest Carbon Tanks (INFC) were used [57]. The inventory provides differentiated values
both by region and according to the different plant species, with reference to the classes of
the CLC fourth classification level.

For the other land cover classes, estimates from the literature were used: the pool
values for artificial areas were considered zero while for the other natural and agricultural
surfaces the literature values reported in Table 8 were used [34].

Table 8. Carbon content for land cover classes.

LC Class AGB BGB DOS Total

Mg C/ha
Agricultural areas 5 - - 58.1

Orchards 10 - - 62.1
Woody plantations 28.55 5.25 1.75 99.45

Pastures - - - 78.9
Other natural areas 3.05 - - 69.95

Urban areas - - - -
Sparsely vegetated areas - - - -

With reference to the carbon values of permanent crops, the values of Table 9 were
considered [58].
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Table 9. Carbon stock values for some agricultural classes.

LC Class AGB BGB

Mg C/ha
Olive trees 9.1 2.6
Vineyards 5.5 4.4
Fruit trees 8.3 5.6

3. Results

3.1. Land Cover Map and Accuracy Assessment

The map of Figure 3 was obtained by applying the procedure described in the previ-
ous chapter.

Accuracy assessment was conducted on the map of Figure 3 and provides the results
shown in Figure 4 and summarized in Table 10. The map has an overall accuracy of 90%.
The omission error is less than 20% in all classes and slightly higher than this value for
permanent snow and ice and wetlands.

Table 10. Overall, user and producer accuracy of the 2012 land cover map.

Overall Accuracy

0.83

Class name
User’s

accuracy
Producer’s
accuracy

Artificial abiotic surfaces 0.98 0.83
Consolidated (bare rocks scree, cliffs) 0.89 0.82

Unconsolidated (beaches, dunes, sands) 0.97 0.85
Broad-leaved 0.92 0.91

Needle-leaved 0.88 0.96
Orchards 0.82 0.86

Olive plantation 0.98 0.94
Wood plantations 0.90 0.84

Vineyards 0.79 0.89
Shrubland 0.84 0.83
Pastures 0.88 0.93

Arable land 0.92 0.93
Permanent herbaceous 0.76 0.83

Water bodies 0.90 0.95
Permanent snow and ice 0.99 0.79

Wetlands 0.88 0.79

The commission error is just over 20% in two of the 16 classes, while it is less than 3%
for the artificial abiotic surfaces, beaches, dunes and sands, olive groves and permanent
snow and ice.

Analyzing the first classification level of the 2012 land cover map, over 88% of the
national surface is vegetated, followed by abiotic surfaces (9.83%) and water bodies and
wetlands (1.46 and 0.16%). At the second classification level, in the abiotic class the artificial
component prevails (6.98%) followed by bare rocks. Regarding vegetation, woody and
herbaceous vegetation show comparable surfaces (45.7% and 42.7% respectively). In the
woody class the arboreal component prevails, which occupies 38.91% of the national surface
(Table 11).
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Figure 3. Land cover map of Italy for 2012.
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Figure 4. Result of the accuracy assessment with reference to the sample of photo-interpreted points.
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Table 11. Land cover classes 2012 (first and second classification level).

ha % Total % Class

Abiotic Surfaces 2,964,151 9.83

Artificial abiotic surfaces 802,539 2.66 27.07
Natural abiotic surfaces 59,325 0.20 2.00

Bioticvegetated 26,685,696 88.54

Woody vegetation 13,791,561 45.76 51.68
Herbaceous vegetation 12,894,135 42.78 48.32

Water surfaces 439,830 1.46

Water bodies 402,830 1.34 91.59
Permanent snow and ice 37,000 0.12 8.41

Wetlands 50,295 0.17

Considering the maximum thematic detail, class 2212 (arable land) prevail, which
occupies 30.47% of the national territory, followed by broad-leaved trees (25.90%). All other
classes occupy less than 10% of the territory and 11 out of 16 classes less than 5% (Table 12).

Table 12. Land cover classes 2012 (up to fifth classification level).

LC Code Class Name ha %

11000 Artificial abiotic surfaces 2,102,288 6.98
12100 Consolidated (bare rocks scree, cliffs) 802,539 2.66
12200 Unconsolidated (beaches, dunes, sands) 59,325 0.20
21110 Broad-leaved 7,805,217 25.90
21120 Needle-leaved 2,167,261 7.19
21131 Orchards 619,759 2.06
21132 Olive plantations 1,088,099 3.61
21133 Wood plantations 46,356 0.15
21210 Vineyards 689,746 2.29
21220 Shrubland 1,375,125 4.56
22110 Pastures 1,372,790 4.55
22120 Arable land 9,183,519 30.47
22200 Permanent herbaceous 2,337,826 7.76
31000 Water bodies 402,830 1.34
32000 Permanent snow and ice 37,000 0.12
40000 Wetlands 50,295 0.17

Total 30,139,972 100.00

3.2. Estimation of the Carbon Storage Capacity

The application to the 2012 map of the methodology for calculating the carbon stocks
obtained the results shown in Figure 5, which show a strong concentration of the carbon
stocks in the alpine and mountain areas, while the value is significantly reduced in the
agricultural areas of the Padana plain and in particular in Sicily and in the Tavoliere
delle Puglie.

In Italy, 2,898,672 tons of stored carbon (stock) were lost due to land consumption
between 2012 and 2020 (Table 13). In detail, this value relates to transformations from
natural to artificial land cover, excluding restorations and changes between other different
land cover classes. Analysing the results on a regional scale, almost a quarter of the
total losses are concentrated in the Veneto (384,537 tons, equal to 13.27% of the total) and
Lombardy (319,666 tons, 11.03% of the total), while each of the other regions is affected by
less than 10% of the changes. The minor losses are in Aosta Valley (13,206 tons), Molise
(21,242 tons) and Liguria (25,237 tons), which together host less than 2% of the changes.
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Figure 5. Carbon stock (2012).
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Table 13. Variation in carbon storage capacity (2012–2020).

Region
C Storage Variation (2012–2020)

(Tons) (%)

Abruzzo 86.034 2.97
Basilicata 52.086 1.80
Calabria 102.138 3.52

Campania 200.661 6.92
Emilia-Romagna 274.205 9.46

Friuli-Venezia Giulia 91.222 3.15
Latium 203.818 7.03
Liguria 25.237 0.87

Lombardy 319.667 11.03
Marche 81.746 2.82
Molise 21.243 0.73

Piedmont 203.725 7.03
Apulia 210.723 7.27

Sardinia 88.891 3.07
Sicily 225.972 7.80

Tuscany 120.143 4.14
Trentino-South Tyrol 134.470 4.64

Umbria 58.947 2.03
Aosta Valley 13.207 0.46

Veneto 384.537 13.27
Italy 2.898.672 100.00

4. Discussion

The effectiveness of ecosystem services assessment methodologies is linked to the
availability of spatial data that allow an accurate and reliable description of the terri-
tory [59,60].

The CLC is still one of the few data able to guarantee information on land cover and
land use for the entire national territory and is a reference for studies on a national scale.
However, the new monitoring needs in terms of updating frequency and spatial resolution
have revealed the limits of the project. The increase in geometric detail guaranteed by the
introduction of high resolution data from the Copernicus local component and national
data made it possible to describe the territory more accurately than the CLC in critical areas,
such as urban areas, riparian areas and protected areas, although important portions of the
national territory are still covered only by CLC.

Figure 6 shows a more detailed representation of green urban areas, which is relevant
if we consider that the ecosystem functions and services that urban soils are able to offer
are often neglected [61].

The increase in geometric detail also makes it possible to improve the representation
of small urban agglomerations, roads and riparian areas (Figures 6–9).

Anyway, all the Copernicus data used for this research present critical issues from a
thematic point of view, since their classification system is based on land cover and land
use attributes with numerous mixed classes, such as the CLC class 2.4 (heterogeneous
agricultural areas) and 3.2 (shrub and/or herbaceous vegetation associations).

The proposed methodology allows a more detailed description of the mixed classes,
(Figures 8 and 9) and makes it possible to distinguish the arboreal component from the
herbaceous one, the agricultural areas from the natural ones, arable land from permanent
crops. That allows the carbon storage capacity of the different classes to be analysed
separately and more accurately. Although aspects such as the diameter of the trunk, the
density of the trees or the characteristics of the undergrowth are not considered, the map
distinguishes the tree species in a detailed way, maintaining the fourth classification level
of CLC, which is available only for the Italian territory [62].
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Figure 6. Comparison between land cover map for 2012 (a), CORINE Land Cover (b) and satellite
image (c), focusing on urban area.
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Figure 7. Comparison between land cover map for 2012 (a), CORINE Land Cover (b) and satellite
image (c), focusing on water courses.
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Figure 8. Comparison between land cover map for 2012 (a), CORINE Land Cover (b) and satellite
image (c), focusing on small patches of natural vegetation and agricultural areas.
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Figure 9. Comparison between land cover map for 2012 (a), CORINE Land Cover (b) and satellite
image (c), focusing on heterogeneous agricultural areas.
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An aspect that will require further development is the possibility of defining the
correspondence between the classes of Copernicus data and a classification system oriented
to the description of habitats, which would be more functional for conducting studies on
ecosystem services. In this sense it would be necessary to integrate ancillary data not easily
available on a national scale [63].

The data available at the time of the research limited the study on carbon stocks only
to variations caused by increased land consumption. The availability of new Copernicus
data updated to 2018 will allow the production of land cover maps capable of evaluating
the variations of ecosystem services associated with other land cover changes occurred
between 2012 and 2018 [60]. However the update frequency remains too low for numerous
monitoring activities. Actually, the LCM is updated annually, while Copernicus data every
6 years and the maps available at regional level in Italy are often based on CLC data and
are updated in a few cases (Lombardy, updated to 2018, Tuscany 2016, Liguria 2018, Latium
2016), while other maps are less up to date (2012 for Sicily and Apulia, 2013 for Abruzzo
and Basilicata, 2006 for Calabria and 2009 for Campania).

Initiatives such as the next “CLC Plus” are expected to be decisive in the near future,
guaranteeing the introduction of updated and interoperable products, more suitable for
carrying out the monitoring activities necessary to meet institutional needs. ISPRA is
conducting other research activities in this direction [41,43–45,64], through the definition of
a land cover classification methodology for the production of maps with Sentinel resolution,
annual update frequency and EAGLE compliant classification system, capable of providing
updated and reliable products for monitoring on a national scale, which can be integrated
with the activities of the “CLC Plus” and the National Strategic Plan for the Space Economy.

5. Conclusions

Since the 19th century, anthropogenic activities have led to a significant increase in
the level of carbon dioxide in the atmosphere [35] and negatively affected the regeneration
capacity and balance of ecosystems. Urban expansion, deforestation and forest degradation
have contributed to these emissions by releasing the carbon stored naturally in forests,
vegetation and soil [34,35]. This type of carbon is added to greenhouse gas emissions
related to industries and energy production and to the products of impure combustion.
Terrestrial ecosystems are able to sequester as much carbon as is currently in the atmosphere
but over the course of the century terrestrial biosphere is likely to become a net source of
carbon due to factors connected with climate change, pollution and the over-exploitation
of resources that will alter the structure, reduce biodiversity and perturb functioning of
most ecosystems, and compromise the services they currently provide.

The land cover and land use changes involve landscape fragmentation, reduction of
biodiversity and loss of green areas important for carbon accumulation and more generally
for the provision of ecosystem services. Current conservation practices are generally poorly
prepared to adapt to this level of change, and effective adaptation responses are likely to be
costly to implement.

The monitoring of carbon stock accounting is an institutional duty enshrined in the
Kyoto protocol and the Paris agreements and an important driver in defining adaptation
strategies to climate change [33]. Effective monitoring strategies of land cover and land
use changes are essential for studying the phenomenon. In this sense, the methodology
presented in this paper represents a step forward for large-scale assessments of ecosys-
tem services more relevant to reality, since compared to the CLC it provides products
for the entire national territory with greater geometric detail and a better description of
mixed areas.

The methodology is easily applicable in other territorial areas, since it is based on
Copernicus data available for many European countries, furthermore the use of an EAGLE
compliant classification system makes the methodology easily adaptable to the specific
availability of national data.
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The main limitation of the methodology concerns the low update frequency of the
input data, which limited the monitoring of ecosystem services to variations related to land
consumption, which is the only data updated annually for the Italian territory.

A first future development concerns the updating of the map using the new Copernicus
Local and Pan-European products for 2018. This implementation will allow the evaluation
of the variations in the carbon stocks associated not only with land consumption but also
with other land cover changes.

The products of the application of the methodology are also in continuity with other
activities carried out by the working group and can constitute a useful support tool for the
development of land cover classification methodologies with high update frequency for the
satisfaction of the institutional needs envisaged by the new “Space Economy” Strategic Plan
and for the creation of “Istances” in the new CLC Plus Project. In this sense, an important
added value of this research is linked to the suitability of products with respect to present
and future national and European initiatives and standards in the field of remote sensing.
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Appendix A

Below are the tables containing the correspondences referred to for the first reclassi-
fication of the data N2000 (Table A1), UA (Table A2), RZ (Table A3) and CORINE Land
Cover (Table A4). In this first reclassification there are the temporary codes of Table 3.

Table A1. Reclassification table for N2000.

N2000 Class Name LC N2000 Class Name LC

1110 Urban fabric (predominantly public
and private units) 998 4212 Seminatural grassland without woody

plants (C.C.D. ≤ 30%) 93

1120 Industrial, commercial and military
units 998 4220 Alpine and subalpine natural grassland 22200

1210 Road networks and associated land 998 5110 Heathland and Moorland 22200
1220 Railways and associated land 998 5120 Other scrub land 21220
1230 Port areas and associated land 998 5200 Sclerophyllous vegetation 21220
1240 Airports and associated land 998 6100 Sparsely vegetated areas 96

1310 Mineral extraction, dump and
construction sites 998 6210 Beaches and dunes 12200

1320 Land without current use 998 6220 River banks 12200

1400 Green urban, sports and leisure
facilities 998 6310 Bare rocks and rock debris 12100

2110 Arable land 22120 6320 Burnt areas (except burnt forest) 97
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Table A1. Cont.

N2000 Class Name LC N2000 Class Name LC

2120 Greenhouses 22120 6330 Glaciers and perpetual snow 32000

2210 Vineyards, fruit trees and berry
plantations 99 7100 Inland marshes 40000

2220 Olive groves 21132 7210 Exploited peat bog 40000

2310 Annual crops associated with
permanent crops 92 7220 Unexploited peat bog 40000

2320 Complex cultivation patterns 92 8110 Coastal salt marshes 40000

2330
Land principally occupied by

agriculture with significant areas of
natural vegetation

93 8120 Salines 40000

2340 Agroforestry 94 8130 Intertidal flats 40000

3110 Natural and seminatural broad-leaved
forest 2111 8210 Coastal lagoons 31000

3120 Highly artificial broad-leaved
plantations 2111 8220 Estuaries 31000

3210 Natural and seminatural coniferous
forest 2112 9110 Interconnected water courses 31000

3220 Highly artificial coniferous plantations 2112 9120 Highly modified water courses and
canals 31000

3310 Natural and seminatural mixed forest 999 9130 Separated water bodies belonging to
the river system 31000

3320 Highly artificial mixed plantations 99 9210 Natural water bodies 31000
3410 Transitional woodland and scrub 95 9220 Artificial standing water bodies 31000
3420 Lines of trees and scrub 95 9230 Intensively managed fish ponds 31000

3500 Damaged forest 95 9240 Standing water bodies of extractive
industrial sites 31000

4100 Managed grassland 22110 10000 Sea and ocean 31000

4211 Seminatural grassland with woody
plants (C.C.D. ≥ 30%) 93

Table A2. Reclassification table for UA.

UA Class Name LC UA Class Name LC

11100 Continuous Urban Fabric (>80%) 998 13400 Land without current use 998

11210 Discontin. Dense Urban Fabric
(50–80%) 998 14100 Green urban areas 91

11220 Discontin. Medium Density Urban
Fabric (30–50%) 998 14200 Sports and leisure facilities 998

11230 Discontinuous Low Density Urban
Fabric (10–30%) 998 21000 Arable land (annual crops) 22120

11240 Discontinuous Very Low Density
Urban Fabric (<10%) 998 22000 Permanent crops (vineyards, fruit trees,

olive groves) 99

11300 Isolated Structures 998 23000 Pastures 22110

12100 Industrial, commercial, public, military
and private units 998 24000 Complex and mixed cultivation

patterns 92

12210 Fast transit roads and associated land 998 25000 Orchards at the fringe of urban classes 21131
12220 Other roads and associated land 998 31000 Forests 999

12230 Railways and associated land 998 32000 Herbaceous vegetation associations
(natural grassland, moors...) 22200

12300 Port areas 998 33000
Open spaces with little or no

vegetations (beaches, dunes, bare rocks,
glaciers)

96

12400 Airports 998 40000 Wetland 40000
13100 Mineral extraction and dump site 998 50000 Water bodies 31000
13300 Construction sites 998
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Table A3. Reclassification table for RZ.

RZ Class Name LC RZ Class Name LC

11110 Continuous Urban Fabric (IMD ≥ 80%) 998 41000 Managed grassland 22110
11120 Dense Urban Fabric (IMD ≥ 30–80%) 998 42100 Seminatural grassland 93
11130 Low Density Fabric (IMD < 30%) 998 42200 Alpine and subalpine natural grassland 22200

11200 Industrial, commercial and military
units 998 51100 Heathland and Moorland 22200

12100 Road networks and associated land 998 51200 Other scrub land 21220
12200 Railways and associated land 998 52000 Sclerophyllous vegetation 21220
12300 Port areas and associated land 998 61000 Sparsely vegetated areas 96
12400 Airports and associated land 998 62100 Beaches and dunes 12200

13100 Mineral extraction, dump and
construction sites 998 62200 River banks 12200

13200 Land without current use 998 63100 Bare rocks and rock debris 12100

14000 Green urban, sports and leisure
facilities 998 63200 Burnt areas (except burnt forest) 97

21100 Arable land 22120 63300 Glaciers and perpetual snow 32000
21200 Greenhouses 22120 71000 Inland marshes 40000

22100 Vineyards, fruit trees and berry
plantations 99 72100 Exploited peat bog 40000

22200 Olive groves 21132 72200 Unexploited peat bog 40000

23100 Annual crops associated with
permanent crops 92 81100 Coastal salt marshes 40000

23200 Complex cultivation patterns 92 81200 Salines 40000

23300
Land principally occupied by

agriculture with significant areas of
natural vegetation

93 81300 Intertidal flats 40000

23400 Agroforestry 94 82100 Coastal lagoons 31000

31100 Natural and seminatural broad-leaved
forest 2111 82200 Estuaries 31000

31200 Highly artificial broad-leaved
plantations 2111 91100 Interconnected water courses 31000

32100 Natural and seminatural coniferous
forest 2112 91200 Highly modified water courses and

canals 31000

32200 Highly artificial coniferous plantations 2112 91300 Separated water bodies belonging to
the river system 31000

33100 Natural and seminatural mixed forest 999 92100 Natural water bodies 31000
33200 Highly artificial mixed plantations 999 92200 Artificial standing water bodies 31000
34100 Transitional woodland and scrub 95 92300 Intensively managed fish ponds 31000

34200 Lines of trees and scrub 95 92400 Standing water bodies of extractive
industrial sites 31000

35000 Damaged forest 95 10000 Sea and ocean 31000

Table A4. Reclassification table for CLC.

CLC Class Name LC CLC Class Name LC

111 Continuous urban fabric 998 31113117 Broad-leaved forest 2111
112 Discontinuous urban fabric 998 31213125 Needle-leaved forest 2112
121 Industrial or commercial units 998 31313132 Mixed forest 999

1211 Photovoltaic fiends 998 3211 Continuous natural grasslands 22200

122 Road and rail networks and associated
land 998 3212 Discontinuous natural grasslands 22200

123 Port areas 998 322 Moors and heathland 21220
124 Airports 998 3231 High Mediterranean scrub 21220

131 Mineral extraction sites 998 3232 Low Mediterranean scrub and the
garrigue 21220

132 Dump sites 998 324 Transitional woodland shrub 95
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Table A4. Cont.

CLC Class Name LC CLC Class Name LC

133 Construction sites 998 3241 Forest harvesting 95
141 Green urban areas 91 331 Beaches, dunes, sands 12200
142 Sport and leisure facilities 998 332 Bare rocks 12100

2111 Intensive nonirrigated arable land 22120 333 Sparsely vegetated areas 96
2112 Extensive nonirrigated arable land 22120 334 Burnt areas 97
212 Permanently irrigated land 22120 335 Glaciers and perpetual snow 32000
213 Rice fields 22120 411 Inland marshes 40000
221 Vineyards 21210 412 Peat bogs 40000
222 Fruit trees and berry plantations 21131 421 Salt marshes 40000
223 Olive groves 21132 422 Salines 40000
224 Woody plantation 21133 423 Intertidal flats 40000

2241 New woody plantation 21133 511 Water courses 31000
231 Pastures 22110 512 Water bodies 31000

241 Annual crops associated with
permanent crops 92 521 Coastal lagoons 31000

242 Complex cultivation patterns 92 522 Estuaries 31000

243
Land principally occupied by

agriculture, with significant areas of
natural vegetation

93 523 Sea and ocean 31000

244 Agroforestry 94

References

1. Munafò, M. Consumo di Suolo, Dinamiche Territoriali e Servizi Ecosistemici—Edizione 2018; ISPRA: Rome, Italy, 2018.
2. Verburg, P.H.; Erb, K.-H.; Mertz, O.; Espindola, G. Land System Science: Between global challenges and local realities. Curr. Opin.

Environ. Sustain. 2013, 5, 433–437. [CrossRef] [PubMed]
3. Pedroli, G.B.M.; Meiner, A. Landscapes in Transition: An Account of 25 Years of Land Cover Change in Europe; European Environment

Agency: København, Denmark, 2017.
4. EEA. Land Systems at European Level—Analytical Assessment Framework. 2018. Briefing no. 10/2018. pp. 1–9. Available

online: https://www.eea.europa.eu/themes/landuse/land-systems (accessed on 28 November 2021).
5. Anderson, J.R. Land use and land cover changes. A framework for monitoring. J. Res. Geol. Surv. 1977, 5, 143–153.
6. Liu, R.; Dong, X.; Wang, X.; Zhang, P.; Liu, M.; Zhang, Y. Study on the relationship among the urbanization process, ecosystem

services and human well-being in an arid region in the context of carbon flow: Taking the Manas river basin as an example. Ecol.
Indic. 2021, 132, 108248. [CrossRef]

7. Costanza, R.; D’Arge, R.; de Groot, R.; Farberll, S.; Grassot, M.; Hannon, B.; Limburg, K.; Naeem, S.; O’Neilltt, R.V.; Paruelo, J.; et al.
The value of the world’s ecosystem services and natural capital. Nature 1997, 387115, 253–260. [CrossRef]

8. Gómez-Baggethun, E.; De Groot, R.; Lomas, P.L.; Montes, C. The history of ecosystem services in economic theory and practice:
From early notions to markets and payment schemes. Ecol. Econ. 2010, 69, 1209–1218. [CrossRef]

9. Danley, B.; Widmark, C. Evaluating conceptual definitions of ecosystem services and their implications. Ecol. Econ. 2016,
126, 132–138. [CrossRef]

10. Teague, A.; Russell, M.; Harvey, J.; Dantin, D.; Nestlerode, J.; Alvarez, F. A spatially-explicit technique for evaluation of alternative
scenarios in the context of ecosystem goods and services. Ecosyst. Serv. 2016, 20, 15–29. [CrossRef]

11. Corvalan, C.; Hales, S.; McMichael, A.; Butler, C.; Campbell-Lendrum, D.; Confalonieri, U.; Leitner, K.; Lewis, N.; Patz,
J.; Polson, K.; et al. A Report of the Millennium Ecosystem Assessment. In Ecosystems and Human Well-Being; Island Press:
Washington, DC, USA, 2005; Volume 5.

12. Xepapadeas, A. The Economics of Ecosystems and Biodiversity: Ecological and Economic Foundations; Kumar, P., Ed.; Earthscan:
London, UK; Washington, DC, USA, 2011; Volume 16, pp. 239–242. ISBN 978-1-84971-212-5 (HB).

13. La Notte, A.; D’Amato, D.; Mäkinen, H.; Paracchini, M.L.; Liquete, C.; Egoh, B.; Geneletti, D.; Crossman, N.D. Ecosystem services
classification: A systems ecology perspective of the cascade framework. Ecol. Indic. 2017, 74, 392–402. [CrossRef]

14. Potschin, M.; Haines-Young, R. Defining and measuring ecosystem services. In Routledge Handbook of Ecosystem Services; Potschin,
M., Haines-Young, R., Fish, R., Turner, R.K., Eds.; Routledge: London, UK; New York, NY, USA, 2016; pp. 25–44.

15. Costanza, R.; de Groot, R.; Sutton, P.; van der Ploeg, S.; Anderson, S.J.; Kubiszewski, I.; Farber, S.; Turner, R.K. Changes in the
global value of ecosystem services. Glob. Environ. Chang. 2014, 26, 152–158. [CrossRef]

16. Zulian, G.; Maes, J.; Paracchini, M.L. Linking land cover data and crop yields for mapping and assessment of pollination services
in Europe. Land 2013, 2, 472–492. [CrossRef]

94



Land 2022, 11, 35

17. Groff, S.C.; Loftin, C.S.; Drummond, F.; Bushmann, S.; McGill, B. Parameterization of the InVEST crop pollination model to
spatially predict abundance of wild blueberry (Vaccinium angustifolium Aiton) native bee pollinators in Maine, USA. Environ.
Model. Softw. 2016, 79, 1–9. [CrossRef]

18. Leonhardt, S.D.; Gallai, N.; Garibaldi, L.A.; Kuhlmann, M.; Klein, A.-M. Economic gain, stability of pollination and bee diversity
decrease from southern to northern Europe. Basic Appl. Ecol. 2013, 14, 461–471. [CrossRef]

19. Lautenbach, S.; Seppelt, R.; Liebscher, J.; Dormann, C.F. Spatial and temporal trends of global pollination benefit. PLoS ONE 2012,
7, e35954. [CrossRef] [PubMed]

20. Hanley, N.; Breeze, T.D.; Ellis, C.; Goulson, D. Measuring the economic value of pollination services: Principles, evidence and
knowledge gaps. Ecosyst. Serv. 2015, 14, 124–132. [CrossRef]

21. UK National Ecosystem Assessment. The UK National Ecosystem Assessment: Synthesis of the Key Findings; UNEP-WCMC:
Cambridge, UK, 2011.

22. Rabe, S.-E.; Koellner, T.; Marzelli, S.; Schumacher, P.; Grêt-Regamey, A. National ecosystem services mapping at multiple scales.
The German exemplar. Ecol. Indic. 2016, 70, 357–372. [CrossRef]

23. Santos-Martín, F.; García Llorente, M.; Quintas-Soriano, C.; Zorrilla-Miras, P.; Martín-Lopez, B.; Loureiro, M.; Benayas, J.; Montes,
M. Spanish National Ecosystem Assessment: Socio-economic valuation of ecosystem services in Spain. Synthesis of the key findings;
Biodiversity Foundation of the Spanish Ministry of Agriculture, Food and Environment: Madrid, Spain, 2016.

24. Xie, G.; Zhang, C.; Zhen, L.; Zhang, L. Dynamic changes in the value of China’s ecosystem services. Ecosyst. Serv. 2017,
26, 146–154. [CrossRef]

25. Turpie, J.K.; Forsythe, K.J.; Knowles, A.; Blignaut, J.; Letley, G. Mapping and valuation of South Africa’s ecosystem services: A
local perspective. Ecosyst. Serv. 2017, 27, 179–192. [CrossRef]

26. Choi, H.-A.; Song, C.; Lee, W.-K.; Jeon, S.; Gu, J.H. Integrated approaches for national ecosystem assessment in South Korea.
KSCE J. Civ. Eng. 2018, 22, 1634–1641. [CrossRef]

27. Daily, G.C.; Matson, P.A.; Vitousek, P.M. Ecosystem services supplied by soil. In Nature’s Services: Societal Dependence on Natural
Ecosystems; Daily, G.C., Ed.; Island Press: Washington, DC, USA, 1997; pp. 113–132.

28. Wall, D.H.; Bardgett, R.D.; Covich, A.P.; Snelgrove, P.V.R. The Need for Understanding How Biodiversity and Ecosystem Functioning
Affect Ecosystem Services in Soils and Sediments; Island Press: Washington, DC, USA, 2004.

29. Dominati, E.; Patterson, M.; Mackay, A. A framework for classifying and quantifying the natural capital and ecosystem services
of soils. Ecol. Econ. 2010, 69, 1858–1868. [CrossRef]

30. Fryer, J.; Williams, I.D. Regional carbon stock assessment and the potential effects of land cover change. Sci. Total Environ. 2021,
775, 145815. [CrossRef] [PubMed]

31. Mathew, I.; Shimelis, H.; Mutema, M.; Minasny, B.; Chaplot, V. Crops for increasing soil organic carbon stocks–A global meta
analysis. Geoderma 2020, 367, 114230. [CrossRef]

32. Clerici, N.; Cote-Navarro, F.; Escobedo, F.J.; Rubiano, K.; Villegas, J.C. Spatio-temporal and cumulative effects of land use-land
cover and climate change on two ecosystem services in the Colombian Andes. Sci. Total Environ. 2019, 685, 1181–1192. [CrossRef]

33. Savaresi, A.; Perugini, L.; Chiriacò, M.V. Making sense of the LULUCF Regulation: Much ado about nothing? Rev. Eur. Comp. Int.
Environ. Law 2020, 29, 212–220. [CrossRef]

34. Sallustio, L.; Quatrini, V.; Geneletti, D.; Corona, P.; Marchetti, M. Assessing land take by urban development and its impact on
carbon storage: Findings from two case studies in Italy. Environ. Impact Assess. Rev. 2015, 54, 80–90. [CrossRef]

35. Vashum, K.T.; Jayakumar, S. Methods to estimate above-ground biomass and carbon stock in natural forests-a review. J. Ecosyst.
Ecography 2012, 2, 1–7. [CrossRef]

36. Sallustio, L.; Munafò, M.; Riitano, N.; Lasserre, B.; Fattorini, L.; Marchetti, M. Integration of land use and land cover inventories
for landscape management and planning in Italy. Environ. Monit. Assess. 2016, 188, 48. [CrossRef]

37. Maes, J.; Teller, A.; Erhard, M.; Liquete, C.; Braat, L.; Berry, P.; Egoh, B.; Puydarrieus, P.; Fiorina, C.; Santos, F.; et al. An Analytical
Framework for Ecosystem Assessments under Action 5 of the EU Biodiversity Strategy to 2020; Publications Office of the European
Union: Luxembourg, 2013; ISBN 9789279293696.

38. Cabral, P.; Feger, C.; Levrel, H.; Chambolle, M.; Basque, D. Assessing the impact of land-cover changes on ecosystem services: A
first step toward integrative planning in Bordeaux, France. Ecosyst. Serv. 2016, 22, 318–327. [CrossRef]

39. Arnold, S.; Kosztra, B.; Banko, G.; Smith, G.; Hazeu, G.; Bock, M. The EAGLE concept—A vision of a future European
Land Monitoring Framework. In Proceedings of the 33th EARSeL Symposium towards Horizon 2020, Matera, Italy, 3–6 June
2013; pp. 551–568.

40. Kleeschulte, S. Technical Specifications for Implementation of a New Land-Monitoring Concept Based on EAGLE. D3: Draft Design
Concept and CLC-Backbone, CLC-Core Technical Specifications, Including Requirements Review, 3rd ed.; European Environment Agency:
Copenhagen, Denmark, 2019; p. 78.

41. De Fioravante, P.; Luti, T.; Cavalli, A.; Giuliani, C.; Dichicco, P.; Marchetti, M.; Chirici, G.; Congedo, L.; Munafò, M. Multispectral
Sentinel-2 and SAR Sentinel-1 Integration for Automatic Land Cover Classification. Land 2021, 10, 611. [CrossRef]

42. Munafò, M. Consumo di Suolo, Dinamiche Territoriali e Servizi Ecosistemici. Edizione 2020; ISPRA: Rome, Italy, 2020.
43. Munafò, M. Consumo di Suolo, Dinamiche Territoriali e Servizi Ecosistemici Edizione 2021 Rapporto ISPRA SNPA; ISPRA: Rome, Italy,

2021; ISBN 9788844810597.

95



Land 2022, 11, 35

44. Luti, T.; De Fioravante, P.; Marinosci, I.; Strollo, A.; Riitano, N.; Falanga, V.; Mariani, L.; Congedo, L.; Munafò, M. Land
Consumption Monitoring with SAR Data and Multispectral Indices. Remote Sens. 2021, 13, 1586. [CrossRef]

45. Strollo, A.; Smiraglia, D.; Bruno, R.; Assennato, F.; Congedo, L.; De Fioravante, P.; Giuliani, C.; Marinosci, I.; Riitano, N.; Munafò,
M. Land consumption in Italy. J. Maps 2020, 16, 113–123. [CrossRef]

46. Olofsson, P.; Foody, G.M.; Herold, M.; Stehman, S.V.; Woodcock, C.E.; Wulder, M.A. Good practices for estimating area and
assessing accuracy of land change. Remote Sens. Environ. 2014, 148, 42–57. [CrossRef]

47. FAO Map Accuracy Assessment and Area Estimation: A Practical Guide. National Forest Monitoring and Assessment Working Paper.
2016. 46/E. p. 69. Available online: https://www.fao.org/publications/card/fr/c/e5ea45b8-3fd7-4692-ba29-fae7b140d07e/
(accessed on 28 November 2021).

48. Stehman, S.V.; Czaplewski, R.L. Design and Analysis for Thematic Map Accuracy Assessment—An application of satellite
imagery. Remote Sens. Environ. 1998, 64, 331–344. [CrossRef]

49. Stehman, S.V.; Foody, G.M. Key issues in rigorous accuracy assessment of land cover products. Remote Sens. Environ. 2019,
231, 111199. [CrossRef]

50. Cochran, W.G.; William, G. Sampling Techniques; John Wiley& Sons: New York, NY, USA, 1977.
51. Lupia, F. MARSALa-A Model-Based Irrigation Water Consumption Estimation at Farm Level; INEA: Brussels, Belgium, 2013.
52. Vitullo, M.; De Lauretis, R.; Federici, S. La Contabilità del Carbonio Contenuto Nelle Foreste Italiane; Agenzia per la Protezione

dell’ambiente e per i Servizi Tecnici: Rome, Italy, 2007.
53. Di Cosmo, L.; Gasparini, P.; Tabacchi, G. A national-scale, stand-level model to predict total above-ground tree biomass from

growing stock volume. For. Ecol. Manag. 2016, 361, 269–276. [CrossRef]
54. Romano, D.; Arcarese, C.; Bernetti, A.; Caputo, A.; Contaldi, M.; De Lauretis, R.; Di Cristofaro, E.; Gagna, A.; Gonella, B.;

Taurino, E.; et al. Italian Greenhouse Gas Inventory 1990–2015. National Inventory Report 2017. 2017. Available online: https://www.
isprambiente.gov.it/en/publications/reports/italian-greenhouse-gas-inventory-1990-2015.-national-inventory-report-2017 (ac-
cessed on 28 November 2021).

55. Li, S.; Liu, Y.; Yang, H.; Yu, X.; Zhang, Y.; Wang, C. Integrating ecosystem services modeling into effectiveness assessment of
national protected areas in a typical arid region in China. J. Environ. Manag. 2021, 297, 113408. [CrossRef]

56. Penman, J.; Gytarsky, M.; Hiraishi, T.; Krug, T.; Kruger, D.; Pipatti, R.; Buendia, L.; Miwa, K.; Ngara, T.; Tanabe, K. Good
practice guidance for land use, land-use change and forestry. Good Pract. Guid. L. Use Land-Use Chang. For. 2003. Available
online: https://www.ipcc.ch/publication/good-practice-guidance-for-land-use-land-use-change-and-forestry/ (accessed on 28
November 2021).

57. Marchetti, M.; Sallustio, L.; Ottaviano, M.; Barbati, A.; Corona, P.; Tognetti, R.; Zavattero, L.; Capotorti, G. Carbon sequestration
by forests in the National Parks of Italy. Plant Biosyst. Int. J. Deal. Asp. Plant Biol. 2012, 146, 1001–1011. [CrossRef]

58. Canaveira, P.; Manso, S.; Pellis, G.; Perugini, L.; De Angelis, P.; Neves, R.; Papale, D.; Paulino, J.; Pereira, T.; Pina, A. Biomass Data
on Cropland and Grassland in the Mediterranean Region. Final Report for Action A4 of Project MediNet. 2018. Available online:
http://www.lifemedinet.com/ (accessed on 28 November 2021).

59. Burke, T.; Whyatt, J.D.; Rowland, C.; Blackburn, G.A.; Abbatt, J. The influence of land cover data on farm-scale valuations of
natural capital. Ecosyst. Serv. 2020, 42, 101065. [CrossRef]

60. Tomlinson, S.J.; Dragosits, U.; Levy, P.E.; Thomson, A.M.; Moxley, J. Quantifying gross vs. net agricultural land use change in
Great Britain using the Integrated Administration and Control System. Sci. Total Environ. 2018, 628, 1234–1248. [PubMed]

61. Morel, J.L.; Chenu, C.; Lorenz, K. Ecosystem services provided by soils of urban, industrial, traffic, mining, and military areas
(SUITMAs). J. Soils Sediments 2015, 15, 1659–1666. [CrossRef]

62. Sambucini, V.; Marinosci, I.; Bonora, N.; Chirci, G. La Realizzazione in Italia del Progetto CORINE Land Cover 2006; ISPRA: Rome,
Italy, 2010; ISBN 9788844804770.

63. Tomaselli, V.; Dimopoulos, P.; Marangi, C.; Kallimanis, A.S.; Adamo, M.; Tarantino, C.; Panitsa, M.; Terzi, M.; Veronico, G.;
Lovergine, F. Translating land cover/land use classifications to habitat taxonomies for landscape monitoring: A Mediterranean
assessment. Landsc. Ecol. 2013, 28, 905–930. [CrossRef]

64. Spadoni, G.L.; Cavalli, A.; Congedo, L.; Munafò, M. Analysis of Normalized Difference Vegetation Index (NDVI) multi-temporal
series for the production of forest cartography. Remote Sens. Appl. Soc. Environ. 2020, 20, 100419. [CrossRef]

96



Citation: Morri, E.; Santolini, R.

Ecosystem Services Valuation for the

Sustainable Land Use Management

by Nature-Based Solution (NbS) in

the Common Agricultural Policy

Actions: A Case Study on the Foglia

River Basin (Marche Region, Italy).

Land 2022, 11, 57. https://doi.org/

10.3390/land11010057

Academic Editor: Luca Congedo

Received: 3 December 2021

Accepted: 27 December 2021

Published: 31 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Ecosystem Services Valuation for the Sustainable Land Use
Management by Nature-Based Solution (NbS) in the Common
Agricultural Policy Actions: A Case Study on the Foglia River
Basin (Marche Region, Italy)

Elisa Morri * and Riccardo Santolini

Department of Humanistic Studies (DISTUM), Campus Scientifico Enrico Mattei, Carlo Bo University of Urbino,
61029 Urbino, Italy; riccardo.santolini@uniurb.it
* Correspondence: elisa.morri@uniurb.it

Abstract: Agricultural land is a very important ecosystem that provides a range of services like
food, maintenance of soil structure, and hydrological services with high ecological value to human
wellbeing Ecosystem Services (ESs). Understanding the contribution of different agricultural practices
to supply ESs would help inform choices about the most beneficial land use management. Nature-
based Solutions (NbS) are defined by IUCN (International Union for Conservation of Nature) as
actions to protect, sustainably manage and restore natural or modified ecosystems, which address
societal challenges (e.g., climate change, food and water security, or natural disasters) effectively and
adaptively, while simultaneously providing human wellbeing and biodiversity benefits. Some actions
farmers can implement in the new Rural Development Programs (RDP 2021–2022 and 2023–2027)
can be considered as NbS and could affect the quantity, quality, and time of some ESs related to water
regulation and supply, N adsorption and erosion protection. This study aims to evaluate these ESs
in different scenarios in the upper Foglia river basin (Italy) and at a local scale (farming), and to
highlight the issue to compensate farmers for the production of public goods which benefit the whole
society (ESs) by the implementation of RDP’s actions. These scenarios highlight how actions have
positive effects on ecosystem services and their economic value related to land use management, on
maintaining agricultural practices by integrating Water Frame Directive (2000/60/EC), Directive
2007/60/EC on the management of flood risks and highlighting the potential role of farmers in a high
diversity landscape. This study highlights a new way to evaluate the processes of natural capital in
the production of public goods, which benefits the whole society (ESs), by emphasizing the economic
and environmental role of farmers in producing them and putting on the table data to trigger a PES
(Payment for Ecosystem Services) mechanism. To facilitate decision making, robust decision support
tools are needed, underpinned by comprehensive cost-benefit analyses and spatially modeling in
which agriculture can be a strategic sector to optimize food production and environmental protection
in harmony with the Farm to Fork (F2F) strategy.

Keywords: ecosystem services; nature-based solutions; conservative agriculture; erosion protection;
water regulation and supply; N balance

1. Introduction

Agriculture is a dominant form of land management worldwide, and agricultural
ecosystems account for almost 40% of land area [1]. In the European Union (EU) territory,
rural areas account for over 77% (47% farmland, 30% forests) and their inhabitants, farming
communities and other residents, representing approximately half of the entire population.
The EU’s Common Agricultural Policy (CAP) aims to support agriculture to ensure food
security (in the context of climate change) and to promote sustainable and balanced devel-
opment throughout the European rural areas, including those where production conditions
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are difficult [2]. Furthermore, there is a growing need for rapid and extensive actions to
avoid the serious impacts of climate change, whose risks are at the top of the rankings in
terms of impact and probability over the next 10 years [3]. The most worrying events are
the floods triggered by extreme storms with possible landslides, especially in rural areas.

Even for hill and mountain areas, agricultural and forestry activities have been the
main territorial modeling factors, in some cases creating very suggestive landscapes,
but also affecting the territories often arranged for the degradation of soils and hydro-
geomorphological instability [4]. Particularly in Italy, with a man’s widespread presence in
a differentiated landscape, specific agricultural and forestry practices have built an exten-
sive water regulation network and stabilization of slopes contrasting erosion, especially in
the past [5].

This work aimed to evaluate Ecosystem Services (ESs) as a benefit to the population
provided by natural capital, associated with the water regulation (quality and quantity),
soil erosion and N adsorption. The ESs were evaluated by comparing different scenarios
provided by agriculture actions as derived from the Rural Development Programs (RDP)
scheme (2014–2020), in an ecological Functional Unit (sub-basin of the Foglia river, Central
Apennines) and at the local scale, to highlight the issue to economically recognize farmers
for the production of public goods (ES), which benefits the whole society, emphasizing
the economic and environmental role of farmers in producing them. Since the 1950s, the
agriculture intensification with monoculture systems, the intensive tillage, and the high
applications of fertilizers and pesticides maximizing crop and livestock production caused
the loss of environmental quality and human well-being (landslide, flood, etc.) with higher
costs recovery for the local communities [6–8].

Given this scenario of adaptation to climate change and improving the resilience
of the landscape, agriculture is called upon to perform several functions: to meet the
needs of citizens concerning the supply (availability, price, variety, quality, and safety);
to protect the environment and ensure farmers a decent standard of living. At the same
time, it is necessary to preserve rural communities and landscapes as a valuable part of
Europe’s heritage.

Since the mid-1980s, the European Commission introduced a range of policies. Over
the last two decades, the CAP has been reformed and modified following three priorities:
efficient food production, sustainable management of natural resources, and balanced
development of the rural areas across the EU [9].

From CAP, the RDP are elaborated by the Member States to target funding from the
European Agricultural Fund for Rural Development (EAFRD) to farmers [10]; it considers
the agricultural sector as a key component in a sustainable economy [11] and Reg. (EU)
1305/2013 of the European Parliament and the Council on support for rural development
by the EAFRD introduces Agri-Environmental-Climate (AEC) measures (art. 28) [12] and
Agri-Environmental Schemes (AES) that play a crucial role for meeting society’s demand
for positive environmental outcomes from agriculture [13]. Whereas agricultural systems
produce most of our food, they drive significant environmental degradation. This tradeoff
between development and environmental conservation objectives is not an immutable
outcome as agricultural systems are simultaneously dependents and providers of ecosystem
services [14,15] depending on agricultural practices.

Furthermore, the enhancement of ESs needs to be addressed at different scales and
should include the interaction between agriculture practices conserving biodiversity and
stakeholders (farmers, managers, policymakers, etc.) to optimize service delivery [16]. AES
represent one of the main tools of RDP: they are packages of actions implemented volun-
tarily by farmers who receive financial support in return for adopting environmentally-
friendly practices [17], that could be optimized to reduce the adverse effects of agriculture,
as improving water quality [18].

In particular, sustainable management of natural resources and climate action is one
of the three objectives of the CAP post-2013 [19] and the new CAP (2023–27) eco-schemes,
providing stronger incentives for climate-and environmentally-friendly farming practices
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and approaches (such as organic farming, agroecology, carbon farming, etc.) as tools to the
environmental care and landscapes objectives. These actions can be considered Nature-
based solutions (NbS), namely solutions inspired and supported by nature, which are
cost-effective and simultaneously provide environmental, social, and economic benefits
and help build resilience. Such solutions bring more and more diverse, natural features and
processes into landscapes and agroecosystems through locally adapted, resource-efficient,
and systemic interventions [20].

In addition, one of the most innovative aspects of CAP post-2013 was the introduc-
tion of payments for agricultural practices beneficial for the climate and the environment,
which is generally referred to as “the greening component with measures as to comply
with crop diversification, requirements, to maintain permanent grassland and to have
ecological focus areas on farmland” [21]. The greening component has a prominent role
in ensuring biodiversity objectives and the potential to protect and support ecosystems
producing important ESs [11–21]. Consequently, the effect on the environment has been
strengthened, providing payments to farmers who make commitments for making manda-
tory greening actions in order to get direct payments (1st pillar) and developing AEC
measures in the EU’s rural development policy (2nd pillar) through a set of actions relating
to environmental protection and maintenance of the landscape, also as an adaptation to
climate change. Regulation 1305/2013 stipulates that “restoring, preserving and enhancing
eco-systems related to agriculture” and “promoting resource efficiency and supporting
the shift towards a low carbon and climate-resilient economy” are two of the EU’s six
policy priorities for its rural development policy in the period 2014–2020 with payments to
support afforestation, agroforestry, organic farming; compensating farmers for costs and
income loss associated with restrictions introduced by the Wild Birds, Habitats and/or
Water Framework Directives, etc. [21]. These aspects are increasingly topical and urgent
in the next CAP (2023–2027) and are the target of objectives of agriculture and climate
mitigation (obj. no. 4), efficient soil management (obj. no. 5), biodiversity, and farmed
landscapes (obj. no. 6).

These measures are aimed to encourage farmers to protect and enhance the envi-
ronment on their farmland by compensating them for the provision of ESs [9]. Whit-
tingham [22] highlights the link between ESs and AEC payments and suggests that the
compromise strategies combining patterns of biodiversity and ecosystem services may be
the best solution for future initiatives, especially when operating at scale landscape [23,24].
In this context, agriculture can affect a wide range of ESs, including food and materials for
human consumption, but also non-market services, such as water quality and quantity, soil
and air quality, carbon sequestration, pollination services, seed dispersal, pest mitigation,
biodiversity, and protection from disturbances [25–28].

These ESs are not usually considered in the development of agricultural management
strategies [29] because they are not directly linked to the market as food or raw materials [4]
or lack incentives for the provision that come with prices [15].

However, in addition to forest ecosystems [30,31], the contribution of agricultural
land and practices on water supply and erosion control (regulating services) is mainly
associated with the reduction of water losses and sediment by runoff or water evaporation
that contribute to water retention and groundwater recharge.

When agronomic management practices are performed with respect to environmental
quality, agroecosystems can produce high ecological and economical values and public
goods, appreciated by people but that often are not recognized by market values [15].
Reed et al. [32] affirm that to link ecosystem service provision with payments to farmers,
it is necessary to identify and put a price on each service, either directly by offering
contracts for a set of outcomes or indirectly by offering contracts for a set of actions.
Farmers’ behavior and motivations play a central role in terms of overall measure uptake,
and therefore policy success at the European [33] as well as at the Italian level [34,35],
highlighting the importance of a positive attitude towards nature conservation by farmers
as one motivation for participation in AEC measures [36].
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Marche Region in the RDP 2014–2020 and for 2021 defines the Agro-Environmental
Agreement (AEA) as “a set of commitments for farmers in a limited area, supported
through a mix of RDP measures activated to reach specific environmental goals”. In
addition, other recent policies promote innovative management regimes, particularly for
ecosystem services of regulation and water-related, which can provide potential funding
mechanisms to integrate the actions of the Biodiversity Strategy 2030 [11] with the actions
of the Water Framework Directive (2000/60/EC-WFD) and the Directive 2007/60/EC on
the assessment and management of flood risks, by including in the public and/or private
sectors actions aimed to preserve and enhance ecosystems and their services by the green
and blue infrastructure and the restoration of degraded ecosystems.

Traditionally, agroecosystems were considered primarily as a source of provision-
ing services associated with food and raw materials production (fiber and biomass for
bioenergy) [15,21,37], sometimes reducing other ecosystem services [38]. The efforts of
farmers have focused on the provision of services as they are strongly linked to the market
that generates income. At the same time, there are also non-market services while their
contribution is reduced or absent due to unsustainable agricultural practices [29] that can
cause serious instability problems.

Studies suggested that it may be possible to manage agroecosystems to support many
ecosystem services while still maintaining or enhancing the provisioning services that
agroecosystems were designed to produce [29,39,40] considering how agricultural practices
can result in synergies between agricultural production and ESs [41].

In this context, regulation services are the most important related to the water cycle
and soil instability, taking a different level of interest from other ESs [42,43]. The availability
of water, both in terms of quantity and quality, is also heavily influenced by the functioning
of ecosystems [38–44]. For example, the secondary drainage network may be an important
sink for bioavailable nitrogen owing to its hydrological connections with terrestrial systems,
high rates of biological activity, and streambed sediment environments that favor microbial
denitrification [45].

The agroecosystems depend heavily on a cluster of regulation ESs, provided by natural
ecosystems that can be measured in an Ecological Functional Unit in which is possible to
determine levels of natural capital usability, as security of ecosystem function supporting
other services, and also as tools to evaluate agriculture’s dependence on natural capital or
to address sustainable planning [43–46].

Many studies try to evaluate the value of agroecosystem services [8,15,47] also in
Italy [29,48] and how agri-environment schemes under the Common Agricultural Policy
could be adapted to derive a higher return of ecosystem services from agricultural land [32],
but the incorporation of ecosystem services into agricultural land-use decision-making
remains limited [7].

Extensive literature, starting from the paper of Costanza et al. [49], evaluates the ESs
at a global or local scale [50–52]; however, there is a lack of detailed understanding of ESs
in a different scenario of agricultural practices [53], especially in Italy where the focus was
on mainly an in peri-urban context [54,55].

We conducted an ESs evaluation related to water regulation (quality and quantity) and
soil erosion to show how agriculture actions as derived from the RDP scheme (2014–2020),
can be a tool to highlight the role of farmers in protecting the landscape, contrasting climate
change, producing public goods, and also economically recognizing their role and involve
it in a PES (payment for ecosystem services) mechanism [56].

Concerning this, Jack [21] suggests that the private markets may increasingly develop
to provide payments for landowners who help protect ecosystem services.

This study was supported by “Consorzio di Bonifica delle Marche” Institution, with the
aim to involve the farmers in an AEA to solve problems of water quality and erosion of the
study area that are also in accordance with the results required by the WFD (2000/60/EC)
and the Directive on the assessment and management of flood risks (2007/60 /EC).
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In this research, we have tried to make NbS solutions concrete with actions based on
the management of natural dynamics, capitalizing on the accumulated knowledge of ESs.
In that sense, we define nature-based solutions as any transition to the use of ESs with
decreased input of non-renewable natural capital and increased investment in renewable
natural processes.

This study starts with the identification of the ecological Functional Unit in which ESs
as water regulation and supply, soil erosion, and N adsorption are evaluated in different
scenarios of agricultural practices with the application of the AEA to understand how
CAP’s actions are able to produce a public benefit and to recognize the role of farmers
in producing it. Subsequently, we evaluated the same ES at a farming scale to inform
farmers on the value of some agricultural practices in maintaining ecosystem services and
producing benefits to the local population and put this information on decision makers’
attention to trigger PES mechanisms.

2. Study Area

The study area is the Foglia River Basin, located in Italy’s northern region of the
Apennine Mountains, the northern Marche Region (Figure 1). This river basin, with a
torrential regime, is representative of many others reaching the Adriatic Sea in terms of
geomorphology and socio-economic dynamics.

 

Figure 1. The study area of the upper Foglia river basin.

In particular, we focused on the upper part of the Foglia river basin that covers
approximately 22,720 ha (total 70,000 ha). It is characterized by a combination of agricultural
areas (43%), forests (40%), and natural and semi-natural grasslands (11%); urban areas
cover 6% of the total area as derived by land use map [57].

The agricultural and zoo-technical activities in this area caused water degradation as
indicated by the Regional Environment Protection Agency (ARPA) data on water quality
monitoring (www.arpamarche.it accessed on 12 July 2015), and in the middle and lower
part of the river basin, there are high irrigation, drinking and industry demands and
water quality problems (namely, pollution by nitrates and eutrophication). Since the 1980s,
progressive deterioration in groundwater quality and increasing demand has generated a
greater use of surface water as the main source (56%), thus requiring physical and chemical
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treatments. In addition, several minor water systems (<2000 AE) are not able to remove all
nutrients (e.g., organic load); many of these systems are not connected to drain networks.

Furthermore, a high percentage of the river basin risks soil erosion: 33% of land use
types in the Foglia river basin are at a relatively high erosion risk (5–20 t ha−1 yr−1) [58].

These problems are connected to the Mercatale reservoir located in the study area, with
a water storage capacity of approximately 5.91 Mm3, currently reduced to 4.8 Mm3 caused
by silting. Water stored in this basin is used for irrigation (3500 ha) and drinking water
(1 Mm3 for 8 municipalities) from the “Consorzio di Bonifica delle Marche” Institution.

The Mercatale reservoir represents an important reservoir to support water demand
that significantly increases during summer because of 5.7 million tourists, especially along
the coast, in addition to the 130,000 residents of the study area.

The timing of water demands and availability and erosion issues critically depend
on land use in the upper regions of the basin. This area was one of those selected by the
Marche region to apply an Agro-Environmental Scheme (AES) in which some agricultural
practices can promote ecosystem services.

3. Materials and Methods

Considering the problems of the study area (water regulation/supply/quality and
siltation connected to the Mercatale reservoir), 3 ESs were investigated, as described in the
following paragraphs.

3.1. Water Regulation and Supply

The water regulation and supply services (WRSS), (Equation (3)), were estimated as
composed by the volume of available water (AW) and considering the supply portion
withheld by different land use as the contribution to water storage and natural release
efficiency of water conservation (EW).

AW, (Equation (1)), was evaluated by considering each land use class extension’s
average surplus values (S). In particular, surplus values are approximated by the difference
between precipitation input (P) and real evapotranspiration (ETR) [59], as described in
Morri et al. [30].

AW = ∑ Sij × Aj (1)

where Sij is surplus (mm) over i-pixel with j-land cover typology and Aj is the land cover
extension (m2).

The EW coefficient for different land cover typologies derived from Hümann et al. [60]
for forest and was elaborated from Nedkkov and Burkhard [61] for the other land use
classes (Table 1).

Table 1. Efficiency of water conservation provided by different land use classes (derived from
Humann et al. [60] for forest and elaborated from Nedkkov and Burkhard [61] for the other land
use classes).

Land Use Classes
Efficiency of Water

Conservation EW (% of S)

Urban area (industrial, road, urban fabric); bare rocks 0
Arable land 17

Continue and discontinue grasslands; complex cultivation
patterns; Sclerophyllous vegetation 33

Shrubby buffer strips; vineyards; transitional woodland-shrub 50
Broad-leaved forest, hygrophilous forest, mixed forest;

arboreous buffer strips 67

Coniferous forest or mixed (mainly coniferous) 83
Water bodies, water courses 100

This coefficient was applied to the AW value for each land use class (Equation (3)) to
evaluate water storage and release regulation. Urban areas have a value of 0 considering
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that available water is not stored in this kind of land cover and can contribute to runoff or
overland flow.

For the S evaluation, meteo-climatic data were related to monthly precipitations data
for the period 1982–2011 from Regional Information System Weather-Hydro-pluviometric-
SIPMIP (http://84.38.48.145/sol/indexjs.php?lang=it, accessed on 12 July 2015).

The period 1982–2011 was selected to have an historical series of data and consider
the start of global climatic change to understand if the hydrologic cycle can depend on
it [62–64]. Maps of climatic average annual and monthly data were created (temperature
and precipitation).

Real evapotranspiration (ETr) was calculated as described in Zhang et al. [65] that
consider the w parameter (plant-available water coefficient) related to land cover to simulate
different scenarios considering different land use in the study area (Equation (2)).

ETr = 1 +
W E0

P

1 + W E0
P +

(
EO
P

)
−1

(2)

where P is the precipitation, E0 is the potential evapotranspiration calculated as indicated
in Zhang et al. [65], and w are the parameters for forests (2), grassland and arable lands (0.5),
urban or bare rock (0.1). For the other land use classes not considered by Zhang et al. [65],
for the w parameter evaluation, we constructed a regression line with the Kc parameter
that describes the effect of both crop transpiration and soil evaporation as modeled by
FAO [66] (Figure 2). Data are shown in Table 2.

Finally, the economic value of water regulation and supply service (WRS expressed in
€) was calculated as described in Equation (3):

WRSS = CDW × ∑ j ∑ i × EWj × AWij (3)

where CDW is the price of a unit of bulk water (0.35 €/m3) defined by the local water
service company (Hera and Marche Multiservizi), EWj is the retaining coefficient for j-land
cover typology, and AWij is available water over i-pixel with j-land cover typology.

Figure 2. Regression line from Kc parameters (FAO) and W parameters for the land use classes not
indicated in Zhang et al. [65].
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Table 2. Parameters used for evaluation of soil loss by erosion and the real evapotranspiration.

Land Use Classes C Kc W

Transitional woodland-shrub 0.01 0.8 1.2
Sclerophyllous vegetation 0.01 0.8 1.2

Industrial and commercial units 0 0.001 0.1
Sport and recreation ports 0.01 0.63 0.5

Green urban areas 0.01 0.63 0.5
Water bodies 0 1 0.1

Broad-leaved forest (Fagus) 0.01 1 2
Broad-leaved forest (Quercus) 0.01 1 2

Hygrophilous forest 0.01 1 2
Coniferous forest 0.01 1 2

Broad-leaved forest 0.01 1 2
Mixed forest (mainly coniferous) 0.01 1 2

Mixed forest (mainly
broad-leaved) 0.01 1 2

Construction sites 0 0.001 0.1
Water courses 0 1 0.1

Shrubby buffer strips 0.01 0.63 0.5
Arboreous buffer strips 0.01 0.63 0.5

Continue grasslands 0 0.001 0.1
Discontinue grasslands 0.55 0.001 0.1
Road and rail networks 0.335 0.62 0.5

Bare rocks 0.55 0.001 0.3
Arable land 0.335 0.67 0.8

Arable land-bare surface 0 0.001 0.1
Complex cultivation patterns 0.55 0.7 0.2

Urban fabric 0.28 0.67 0.5
Vineyards 0.01 0.8 1.2

Grassing vineyards 0.01 1 2

3.2. Erosion Protection

The study area’s erosion protection service (EP) emerges as a decrease in soil loss by
erosion in different scenarios. Thus, the economic value of soil protection was estimated
as the avoided cost of restoring soil where erosion might occur, similarly as described in
Morri et al. [30]. Because conservative agricultural management is the most effective in
soil protection, this value was estimated by the difference in the potential erosion between
different scenarios applying conservation agriculture management.

The difference of soil loss expressed as ton ha−1 y−1 from different scenarios ap-
proximated the contribution to erosion reduction and was expressed as a benefit of the
conservative agriculture measures for soil protection. Such a contribution was multiplied
by the average cost for transporting and restoring a unit volume of soil and divided by the
average soil density, as expressed in Equation (4), where C is the cost for transporting and
locating a unit volume of soil (41 €/m3) [67], X2 − X1 is the difference between the average
soil loss (t ha−1 yr−1) provided by different scenarios, and SD is the soil density (1.4 g/m3)
of the study area [68].

EP= C × (X2 − X1)/SD (4)

To evaluate the soil loss as erosion risk by water in the study area we used the Revised
Universal Soil Loss Equation (RUSLE model) [69], as expressed by Equation (5):

A = R × K × LS × C × P (5)

where:

A = estimated average soil loss (ton ha−1 y−1).
R = rainfall-runoff erosivity factor (Jm−2 mmh−1).
K = soil erodibility factor (t ha−1 R unit).
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L = slope length factor (dimensionless).
S = slope steepness factor (dimensionless).
C = cover-management factor (dimensionless).
P = support practice factor (dimensionless).

The R factor quantifies the effect of raindrop impact and reflects the amount and rate
of runoff likely to be associated with rain. For the study area, R-values were derived by
Diodato [70] using regional relationships for estimating the erosion index from only three
rainfall parameters as annual precipitation (a), annual maximum daily precipitation (b),
and annual maximum hourly precipitation (c) that are reported in Italian Hydrographic
Service newsletters as described in Equations (6) and (7):

EI30-annual = 12.142 × (abc) 0.6446 (6)

where EI30-annual (in MJ mm ha−1 y−1) is the annual erosive empirical index to calculate
R as:

R =
1
N

× ∑N
1 EI30−annual (7)

where N is the year period.
K factor was provided by the Agency for Agro-food Sector Services of the Marche

Region (ASSAM) [58]; LS factors were calculated by using the semiautomatic method
for ARCGIS 10 of Pelton et al. [71] (http://gis4geomorphology.com/ls-factor-in-rusle/,
accessed on 4 June 2015).

C factor depends on land use, and it varies from eroded cultivated soil (C = 0) to
eroded non-cultivated soil (C = 1). In the study area, the C factor was defined from the land
use map for each land cover class as indicated in Table 2 and derived from ASSAM.

P factor reflects the impact of support practices as the average annual erosion rate. It is
the soil loss ratio with contouring and/or strip cropping to that with straight row farming
up-and-down slope. P-values for different slope classes were used as indicated in Table 3
for the contouring practices that can be potentially developed in the study area.

Table 3. p factor values for contouring practices for each slope class (from Kirkby and Morgan [72]).

Erosion Classes Slope Classes (%) p-Value

1 1–2 0.6
2 3–8 0.5
3 9–13 0.6
4 14–16 0.7
5 17–20 0.8
6 21–25 0.9

We estimated average soil loss and produced maps for the study area for each of the
different scenarios considered.

3.3. N Balance

N balance was estimated for the Foglia river and the upper river basins. It was derived
from the soil system budget [73] developed by the Italian Nitrogen Network [74], to verify
whether uncoupled input and output terms generate N surplus or deficit. A positive N
value means that a certain nitrogen amount (“N surplus”) is either retained within soils
or run off to surface water and leached to groundwater. A negative N means that input
terms are not sufficient to sustain crop requirements and atmospheric losses (denitrification
and volatilization).

The soil system budget was calculated on an annual basis (year 2010) as the net
difference between N inputs (livestock manure, synthetic fertilizers, atmospheric deposi-
tion, biological fixation, and wastewater sludge) and N outputs (crop uptake, ammonia
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volatilization and denitrification in soils) within the catchment’s agricultural land (for
details see Soana et al. [75]).

N budget calculations were performed at a spatial resolution of individual municipali-
ties (35) using farming census data (ISTAT, National Statistics Institution, 6th Agricultural
Census 2010; http://censagr.istat.it/dati.htm, accessed on 4 June 2015), then aggregated to
the catchment scale employing GIS techniques.

Final data of balance was expressed in tons N yr−1.
For the scenario, we calculated how the wooded buffer strips contribute to N adsorp-

tion, referred to N balance of the upper Foglia river basin. For the N adsorption provided
by wooded buffer strips (3 m × 1000 m), we considered the value of 405 kg N and the
economic value of 0.7 €/t for the denitrification service [76,77].

3.4. Developing Scenarios
3.4.1. Scenarios at Upper River Basin Scale

To understand how the land use change at the upper river basin scale can improve the
quality of the ecological system and ecosystem services values, we suppose 4 scenarios that
could be realized with the application of the AEA in the RDP of Marche Region (2014–2020).
We have considered different actions that can be involved in AEA, for example, wooded
buffer strips provide many ecosystem services relating to mitigating impacts of climate
change and provide for water purification [78], or cover crops in vineyards can help mitigate
many of the problems associated with excessive precipitation or soil erosion [79–95].

In particular, the scenarios are:

1. T0 scenario: state of the art from 2008 land use map [57] with 2% of the arable land
cover as a bare surface in winter (Agriculture Regional Information System).

2. T0_bis scenario: improving from the T0 scenario, the Urban Development plan for dis-
continuous urban fabric, industrial units, services and public facilities, parking, roads.

3. AAA scenario: from the T0 scenario, some agri-environmental actions are developed:
addition of wooded buffer strips (European Reg. n 1305/2013) [80] of 5 m along with
the first drainage network and 3 m along with the secondary drainage network, grass-
ing vineyards (measure 10.1 RDP 2014–2020), winter cover for arable land (measure
10.1 RDP 2014–2020), the addition of herbaceous vegetation (3 m) along the road
neighboring arable land and along the erosion furrows (5 m), variation of P parameter
about RUSLE model from 1 to 0.5 and 0.6 [72], considering that 15% of arable land
(slope class < 13%) are subject to contour plowing (it is the farming practice of plowing
and/or planting across a slope following its elevation contour lines. These contour
lines create a water break, which reduces the formation of rills and gullies during
times of heavy water run-off, which is a major cause of soil erosion).

4. AAA bis scenario: from AAA scenario, it is assumed that arable land with a slope >
20% is transformed into grassland (e.g., alfalfa). This action aims to promote land man-
agement that minimizes potential erosion. In particular, this action could permit the
conversion of almost 4500 hectares of arable land in grasslands that represent a specific
habitat for some species of animals and plants, increasing the biodiversity level.

3.4.2. Scenarios at Farming Scale

For the realization of scenarios at farming scale, we analyzed the local condition of
agricultural practices, and we selected, based on local agronomist knowledge and on RDP
measurement (2014–2020), the actions that could be undertaken by farmers in the study
area, to facilitate erosion protection, water regulation and supply, and N adsorption. We
selected two farms as a sample of approximately 189 (F1) and 118 ha (F2), with arable land
surfaces of 157 and 89 ha, respectively.

We reject the realization of new:

• Vineyards: because of the failure of the production chain and the difficulties in pro-
moting the product (high average age);
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• Orchards: because of the high installation costs, the lack of fruit and vegetables local
sector, and the inadequate training of farmers to never practiced crops;

• Olive groves: because of weather and altitude problems.

We supposed 4 scenarios for the 2 sample farms with more conservative measures
from T0 to T3:

• T0: actual traditional agronomic practices;
• T1: minimum tillage practices in the 35% of arable land;
• T2: conservation agriculture techniques: no-tillage, direct seeding and working bands

on arable crops, crop residues left in an agricultural field, ban on continuous cropping;
• T3: conversion of arable land to grassland, meadows permanent grass of specialized

perennial crops (vines, olives, and fruit), and creation of not used buffer zones along
the watersheds (5% of the farming area).

For these scenarios, we estimated the value of selected ESs and considered potential
payments to farmers deriving from RDP measures adoption (€ ha−1). In addition to erosion
protection and water regulation and supply values, we also considered other benefits as
CO2 sequestration by soil (t ha−1) by applying a carbon market price expressed as emission
permit price of 31 €/t CO2 [81], biodiversity increase (n. of earthworms) [82], fertility
soil improvement (qualitative evaluation), and fuels use saving (l ha−1 as Kg ha−1 CO2)
deriving from LIFE project HELPSOIL data (http://www.lifehelpsoil.eu/en/, accessed on
10 April 2015). We did not apply the N balance at the local scale because the model was
constructed for the river basin scale, and the minimum data set is municipal level.

For the water regulation and supply service, we considered the economic value as
derived for the upper river basin (Supplementary Materials Table S1) but considering only
the agricultural classes in retaining available water for the T1 and T2 scenarios and the
grassland, buffer strips and grassing vineyards water retention value for the T3 scenario
obtaining a value of 112 € ha−1 and 172 € ha−1, respectively.

4. Results

4.1. Land Use Change

Land use transformations bring about changes in the provision of ESs. Table 4 indi-
cates the land use change of different supposed scenarios. Data showed an increase of
approximately 55 ha for industrial or commercial units, and 99 ha for urban fabric class
considered as a land use unable to produce ESs. Expected scenarios provided an increase
of approximately 33 ha of buffer strips (0.14%), grassing vineyards (0.1%), and a decrease
of arable land with a bare surface (0.33%).

Continue grasslands increased approximately 200 ha from T0_bis to AAA scenario
and strongly increased from T0 to AAA_bis scenario of approximately 4678 ha representing
28.6% of the total area (Table 4). Grassland extensively managed, as expected in the
scenario, has a high capacity to deliver multiple ESs as parts of agricultural systems even if
understudied [83].

4.2. Evaluation of Selected Ecosystem Services at Upper River Basin Scale
4.2.1. Water Regulation and Supply

Surplus data (mm) was derived from the water balance equation as the difference
between precipitation and evapotranspiration. In the study area, the average real evap-
otranspiration value is approximately 566 mm/y from a minimum of 410 mm/y to a
maximum of 685 mm/y. Considering evapotranspiration and climatic data, with an av-
erage precipitation value of approximately 1009 mm/y, surplus ranges from 217 mm/y
to 730 mm/y with an average of 442 mm/y. Available water (m3) was obtained using the
average surplus value multiplied by the extension of each land use class.

Considering available water raster values for the extension of each land use class for
the Foglia upper river basin, the study showed available water of approximately 100 Mm3

for all scenarios without important variation.
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Table 4. Land use classes extension and % for each scenario.

- T0 T0_bis AAA AAA_bis

- Area

- ha % ha % ha % ha %

Transitional woodland-shrub 682.0 3.0 682 3.0 681.9 3.0 681.9 3.0
Sclerophyllous vegetation 364.6 1.6 364.6 1.6 364.6 1.6 364.6 1.6

Industrial and commercial units 56.9 0.2 111.6 0.5 111.6 0.5 111.6 0.5
Sport and recreation ports 18.2 0.1 18.2 0.1 18.1 0.1 18.1 0.1

Green urban areas 352.7 1.5 333.5 1.5 330.6 1.5 330.6 1.5
Water bodies 54.6 0.2 54.6 0.2 54.6 0.2 54.6 0.2

Broad-leaved forest (Fagus) 35.6 0.2 35.6 0.2 35.6 0.2 35.6 0.2
Broad-leaved forest (Quercus) 6411.6 28.2 6410 28.2 6409 28.2 6409 28.2

Hygrophilous forest 245.7 1.1 245.1 1.1 245.1 1.1 245.1 1.1
Coniferous forest 489.8 2.2 489.6 2.2 489.3 2.1 489.3 2.1

Broad-leaved forest 0.3 0.0 0.3 0.0 0.3 0.0 0.3 0.0
Mixed forest (mainly coniferous) 113.9 0.5 113.8 0.5 113.8 0.5 113.8 0.5

Mixed forest (mainly broad leaved) 2041.5 9.0 2041 9.0 2040 9.0 2040 9.0
Construction sites 3 0.0 2.2 0.0 2.2 0.0 2.2 0.0

Water courses 48.5 0.2 48.4 0.2 48.4 0.2 48.4 0.2
Shrubby buffer strips 0 0.0 0 0.0 25.3 0.1 25.3 0.1

Arboreous buffer strips 0 0.0 0 0.0 7.8 0.0 7.5 0.0
Continue grasslands 1842.4 8.1 1838 8.1 2039 9.0 6520 28.6

Discontinue grasslands 259.1 1.1 254 1.1 252.8 1.1 252.8 1.1
Road and rail networks 578.4 2.5 569.9 2.5 569.8 2.5 569.8 2.5

Bare rocks 228 1.0 228 1.0 226.9 1.0 226.9 1.0
Arable land 8663.8 38.1 8562 37.6 8407 36.9 3926 17.2

Arable land-bare surface 75.3 0.3 72 0.3 0 0.0 0 0.0
Complex cultivation patterns 54 0.2 54 0.2 52.6 0.2 52.6 0.2

Urban fabric 124.1 0.5 223 1.0 219.6 1.0 219.6 1.0
Vineyards 18.3 0.1 18.3 0.1 0 0.0 0 0.0

Grassing vineyards 0 0.0 0 0.0 17.9 0.1 17.9 0.1
Total 22,762.3

Considering the percentage of retained water from different land use classes (Table 1),
data showed a value of approximately 37 Mm3 of available water stored and released in
the T0 and AAA scenarios and almost 40 Mm3 in the AAA_bis scenario corresponding
to an economic value for the water regulation and supply service of almost € 14 × 106

(Table 5). Water regulation values are less in the scenario T0_bis because of more urban
surface extension with respect to the T0 scenario.

Table 5. Available water and water regulation and supply service values for each scenario.

Scenarios

Available Water T0 T0_bis AAA AAA_bis

Mm3 100.73 100.77 100.66 100.72
Water regulation and supply service

Mm3 36.91 36.18 36.77 39.85
€ × 106 (0.35 € m3−1 bulk water cost) 12.92 12.66 12.87 13.95

€ ha−1 569 557 566 614

Detailed data for available water and stored and released water are described for each
land use class in Supplementary Materials Table S1.

4.2.2. Erosion Protection

The RUSLE model application shows a soil loss of approximately 688,978 t/y for the
T0 scenario, a slight decrease in the scenario AAA of approximately 650,000 t/y, and a hard
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soil loss in implementing conservative agricultural measures of AAA_bis scenario (Table 6
and Figure 3).

Table 6. Erosion protection value by erosion of each scenario.

Scenarios

T0 T0-bis AAA AAA_bis

soil loss_Erosion (t y−1) 688,978 672,307 649,975 265,750
difference with t0 (t y−1) - −16,671 −39,002 −423,227

difference with t0 (%) - −2.4 −5.7 −61.4
difference with t0 (m3 y−1)

(considering 1.4 gr/cm3 soil bulk density)
- −11,908 −27,859 −302,305

Erosion protection value (106 €)
(41 €/m3 Marche Region, 2010)

- 0.49 1.14 12.39

Forest area (ha) 9338 9336 9334 9334
Erosion protection value by forest (€) 784,407 784,189 784,031 784,031

Erosion protection value by applying RDP
measures (€) - - 358,184 11,610,486

Erosion protection value by applying RDP
measures (€ ha−1) 15.8 511

Figure 3. Potential soil loss by erosion in T0 scenario (left) and AAA_bis scenario (right).

Data showed a decrease of erosion of approximately 5.7% (39,000 t) from the T0 to
AAA scenario and a very high decrease of over 60% (423,227 t) to AAA_bis scenario with
the supposed transformation of arable land with a slope > 20% to grassland. From T0 to
T0bis, data highlighted a slight decrease of soil loss by erosion due to a slight increase of
artificial surface with a potential erosion equal to 0 in the RUSLE model.

Applying the 1.4 gr/cm3 soil bulk density for the study area, the potential soil loss by
erosion decrease is 11,908 m3/y, 27,859 m3/y, and 302,305 m3/y for the T0_bis, AAA, and
AAA_bis scenario, respectively.

The erosion protection value, applying the replacement cost of 41 €/m3, is 0.49, 1.14,
and 12.39 106 € for the T0_bis, AAA, and AAA_bis scenarios, respectively.

We considered the erosion protection value (€ ha−1) provided by the forest as indicated
in Morri et al. [30] for the same study area (84 € ha−1) to separate the erosion protection
value by applying RDP measures. The results of 84 €/ha for erosion protection by forest are
similar to values reported by Li et al. [84], with a valuation developed in temperate forests.
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For the AAA scenario, the erosion protection provided by RDP measures was 358 × 103 €
and over 11 × 106 € for the AAA_bis scenario with values of 15.8 and 511 (€ ha−1). This
can be the value to put on the table to discuss the PES implication with recognizing the
farmers’ role to produce ESs.

4.2.3. N Balance

The application of the soil system budget as developed by the Italian Nitrogen Network
shows for the Foglia river basin an N surplus of approximately 1727 Tons N yr−1 (Table 7).

Table 7. Soil system budget for Foglia and upper Foglia river basin.

Soil System Budget
Foglia River Basin Upper Foglia River Basin

Input Tons N yr−1 % Tons N yr−1 %
Livestock manure 1388 19 515 70

Synthetic fertilizers 520 7 104 14
Biological fixation 5075 71 72 10

Atmospheric deposition 172 2 45 6
Σ input 7156 100 736 100
Output Tons N yr−1 %

Crop uptake 4918 91 292 62
NH3 volatilization 320 6 119 25

Denitrification in soils 191 3 62 13
Σ output 5429 100 473 100

Input-output 1727 264

The most important input is mainly due to biological fixation (71%) and livestock
manure (19%), while the main output was performed by crop uptake (91%).

For the upper Foglia river basin (Figure 4), data showed a different input data: the
most important N load derived from livestock manure (515 tN yr−1) produced mainly by
swine (45%) and cattle (35%) farming. Manure was followed in importance by synthetic
fertilizers application (104 tN yr−1). Biological fixation and atmospheric deposition were
responsible for the remaining 16% of N input to agroecosystems. N input to agricultural
lands in the upper basin municipalities ranged from 30 to 224 kg Nha−1, and overall the
mean input rate was 81 kg Nha−1.

The total potential N output from agricultural lands was 473 tN yr−1 on an annual
basis, with crop harvest representing the maximum sink, approximately 62% of total output.
NH3 volatilization and denitrification in soils yielded annual fluxes to the atmosphere of
25% and 13% of total output, respectively. Annual N output from agricultural lands in the
upper basin municipalities ranged from 27 to 92 kg Nha−1, and overall, the mean output
rate was 52 kg Nha−1.

Upper Foglia N surplus represented 15% of the total Foglia river basin N surplus, and
the higher value of N load corresponded to the area directly connected to the Mercatale
reservoir that could affect water quality. Considering the buffer strips supposed in the
AAA and AAA_bis scenarios (33 ha), they took up 45 t/y N, corresponding to 17% of upper
river basin N surplus. Applying the value of denitrification actions, the N sequestration
provided by buffer strips was €31,185.

4.3. Evaluation of Selected Ecosystem Services at Farming Scale

Data described in Table 8 highlight the erosion protection value of farmland 1 (F1) and
farmland 2 (F2) in more conservative scenarios. It was about the range of €4450–4650 for
the T1 scenario, €19,250–17,750 for the T2 scenario, and €24,900–22,700 for the T3 scenario
for F1 and F2, respectively.
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Figure 4. Spatial distribution of N surplus. Units are kg Nha−1/year.

From T0 to T3 scenario, erosion decreased by 17, 74, and 95% for F1, and 19, 74,
and 94% for F2, respectively, with a significant erosion decrease in the more conservative
scenario at the local scale.

The water regulation and supply service, considering the value of 112 € ha−1 (T1 and
T2 scenario) and 172 € ha−1 (T3), corresponded to € 3484–6170 for the T1 scenario, €9956–
17,630 in T2 and €20,667–30,956 for the T3, the more conservative agricultural scenario.

Applying HELPSOIL data to the agricultural measurements provided in the different
farming scenarios, we supposed carbon sequestration varies from 68,312–38,576 in T1 to
451,922–301,712 in T3 for F1 and F2, respectively. In addition, data showed a biodiversity
increase in the number of earthworms between the traditional agriculture (T0) and the
conservative one (T1-T2-T3), and fertility soil improvement from medium to good. Fuels
use saving expressed as Kg ha−1 of avoided CO2 is €319–180 in scenario T1 until €697–1043
in more conservative scenario (T3).

5. Discussion

Agricultural systems provide provisioning ESs that are essential to human well-being.
Nevertheless, they also provide a range of other ESs, including regulating services and
services that support provisioning.

Agricultural management practices are key to realizing the benefits associated with
ESs and reducing disservices from agricultural activities applying solutions contained in
RDP programs as challenges that will be magnified in the face of climate change. The
European Commission aims to invest in NbS as living solutions inspired by, continuously
supported by, and, using nature, designed to address various societal challenges in a
resource-efficient and adaptable manner and provide simultaneously economic, social, and
environmental benefits (European Commission 2015). These solutions can also contribute to
the landscape and ecosystem resilience with local-based, resource-efficient, and systematic
actions [20]. These solutions are useful in addressing the socio-economic challenges of the
21st century with the primary aim of maintaining and/or increasing welfare production at
lower costs. The ecological restoration process—planning, site construction, monitoring,
etc.,—generates economic output and employment, forming the “ecological restoration
economy” [85].
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Considering different RDP actions connected to regulation ecosystem services, we
simulated different scenarios at the upper river basin and local scale, with solutions based
on ecological functions recovery considering the economic and environmental benefits of
restoration, highlighting the potential role of agriculture in developing these actions also
through the RDP tools.

The ecological regulatory functions and their services have been evaluated since
they are the fundamental and physiological architecture of maintenance and operation of
ecosystems and basic gears for the delivery of other services and can be used to estimate
the critical use thresholds compared to the other ESs [43–86].

This study analyses selected regulation ecosystem services provided by agroecosys-
tems as erosion protection, water regulation and supply, and N balance in terms of ecologi-
cal functions and services in different scenarios at the upper river basin and farming scales.

Data show the decrease of soil loss and the increase of erosion protection service
provided by collecting conservative agriculture measures from actual state to a final scenario
(AAA_bis or T3) both at the upper river basin and farming scales.

Considering spending for consolidation actions in the upstream Foglia river basin for
10 years (1997–2006) as a value of €6 × 106 (Marche Region data bank, Pesaro Urbino Protec-
tion of territory Service), the calculated value of erosion protection for 10 years (€3.6 × 106)
corresponds to over half of spending for landslide or consolidation interventions. The
value of N denitrification provided by buffer strips in the AAA and AAA_bis scenario is
over €30,000.

The value of water regulation and supply provided by the most conservative scenario
(AAA-bis) is almost 14 × 106, corresponding to half of the spending for flood defense in
the period 1991–2007 for the Foglia river basin (Marche Region data bank, Pesaro Urbino
Protection of territory Service).

As highlighted by Maes and Jacobs [20], the integration of the actions expressed by
these scenarios represents an indication of the opportunities that farmers can implement,
especially through cooperation actions (AEA), in which every action was integrated with
the others so that the net effect may be evident and effective in the territory.

The synergy achieved through territorial cooperation can have a twofold effect: to
improve the overall resilience of the territory by integrating the Water Directive (WFD
2000/60/EC) and the Directive 2007/60/EC on the assessment and management of flood
risks, by improving the regulation ESs and on the other side, by identifying the appropriate
stakeholders who can recognize the economic weight of the ecosystem regulation functions
and related service.

The proposed scenarios in this study are useful for limiting erosion and increasing
the water quality in the study area and, in particular, reducing problems concerning the
Mercatale reservoir managed by “Consorzio di Bonifica delle Marche” for irrigation and
drinking water. These measures can preserve water quality and quantity and reduce
siltation on the tributary of the Mercatale reservoir, increasing its useful life. In this context,
data derived from this study can be put on the discussion table with some values of
ecosystem services supplied by farmers (F1 and F2) in the more conservative scenario (e.g.,
T3) that could be paid by the “Consorzio di Bonifica delle Marche” stakeholder as buyer of
ESs, as highlighted in the PES example of Figure 5.
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Figure 5. Hypothetic PES scheme (elaborated from Pagiola and Platais [87]) with Ecosystem Services
values provided by farmers with actions as proposed in scenario T3.

At the national level, the great scientific debate on ESs and the opportunity to its im-
plementation that generates economic output and employment, which forms the ecological
restoration economy, allowed to insert in the national Law n. 221, (dated 28 December
2015) “Environmental provisions to promote green economy measures and to contain
excessive use of natural resources”, a specific article (no. 70) regarding the PES as a tool to
compensate providers of ESs by pricing their values for users.

Furthermore, part of the value of these ecosystem services could be recognized as
the cost of the natural resources that water tariffs could absorb for downstream people
who use them. Ministerial Decree 39/2015 developed guidelines for defining resource and
environmental costs for the different water use sectors at the national level.

These mechanisms can encourage the conservation of natural ecosystems through
environmentally-friendly practices to preserve natural resources, thereby also improving
the welfare in rural areas [88,89] and at the same time contribute to enriching the debate on
ecosystem services provided by actions actuated by farmers.

For this reason, results of these evaluations, based on a stakeholder consultation
(Consorzio di Bonifica delle Marche and regional agricultural sector), will be presented to
farmers by local agricultural associations considering that farmers’ awareness of their role
and economic motivation play a central role in terms of developing synergic actions useful
to natural capital conservation and in maintaining flows of ecosystem services [36].

Local-scale evaluation considering two different farms further highlights the suitability
in terms of employment and economic output multipliers for farmers and farms, especially
by agro-environment agreement that emphasizes regulating ESs management and also
generating public goods that can be finalized to the PES tool identifying an ES buyer.

The ESs-based approach can be a point of convergence for policies that simultaneously
address concerns for food provision and the integration policies of water regulation WFD
(2000/60/EC), the Directive 2007/60/EC on the assessment and management of flood risks
and biodiversity strategies.
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The European Commission [90] advocates an Action Plan that better speeds up the
practical implementation of nature protection directives, reversing biodiversity loss and
degradation of ESs also concerning resilience to climate change and their mitigation.

For these reasons, the actions that can be implemented by farmers in the new rural
development programs (RDP 2023–2027) can be considered as NbS and could positively
affect the quantity, quality, and time of some ESs related to water regulation and supply,
N adsorption, and erosion protection [91]. These actions can protect, sustainably manage,
and restore natural or modified ecosystems, which address societal challenges (e.g., climate
change, food and water security, or natural disasters) effectively and adaptively, while
simultaneously providing human well-being and biodiversity benefits.

6. Conclusions

Agriculture undeniably can be a balanced tool for production and land management in
harmony with the Farm to Fork (F2F) strategy, the ten-year plan developed by the European
Commission to guide the transition towards a fair, healthy, and respectful food system of
the environment. However, a territorial vision and planning of actions are necessary, which,
if integrated, can develop emerging properties beneficial for a territory’s resilience. The
actions of the European agricultural strategy can be grouped within NbS, whose objectives
offer solutions to the social challenges that involve working with nature as an integrated
approach that could address the twin crises of climate change and biodiversity loss [92].

NbS may involve the conservation or rehabilitation of natural ecosystems and/or the
enhancement or creation of natural processes in modified or artificial ecosystems, applied
at both micro and macro scales [93]. Therefore, NbS focuses on protecting and restoring
ecosystems, increasing functionality, and addressing societal challenges while improving
human well-being and biodiversity [94].

The evaluation of ESs, therefore, represents a useful tool for developing different types
of actions:

1. Build resilience scenarios to help make informed choices about the most advantageous
agricultural practices and to consider these values for sustainable management and
monitoring of the territory.

2. Develop synergistic actions so that the territory can offer an effective and lasting
response to climate change.

3. Maintain a greater focus on ecosystem services support efforts to emphasize multi-
functionality in agriculture, to manage a broader set of ecosystem services, including
provisioning, but also cultural services, which rarely have a price on the market, thus
highlighting the potential of the role of farmers in a very diverse landscape context.

4. Develop opportunities regarding the payment of ESs as recognition of the maintenance
of functions useful to the territory and structures of collective interest, such as—in
this case—the Mercatale basin for irrigation purposes.

This approach promotes considerations on the benefits provided by the activities of
farmers in the conservation of natural resources and the search for synergies between
food production and conservation of the resilient landscape with its ecosystem services by
applying some actions of the new community agricultural policy, such as NbS, in harmony
with the objectives of the Farm to Fork strategy.
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Abstract: Urbanization and related land consumption are one of the main causes of ecosystem
services loss. This is especially the case for soil-related services affecting ecosystem functions and
limiting accessibility to natural resources. Satellite remote sensing and environmental databases
enable in-depth analysis of urban expansion and land changes, which can be used to monitor trends
in the provision of ecosystem services. This work aims to describe a multilayered approach to the
assessment of biophysical loss of ecosystem services flows in Italy caused by an increase in land
consumption in the period 2012–2020. The results show higher losses in wood production, carbon
storage, hydrological regime regulation, and pollination in the northern regions of Italy, as well
as in some southern regions, such as Campania and Apulia. Habitat quality loss is widespread
throughout Italy, whereas crop production loss varies on the basis of the locations in which it occurs
and the crop types involved. Loss of arable land and fodder production mainly occurs in northern
regions, whereas southern regions have experienced a drop in permanent crop production. This study
highlights the importance of using integrated data and methodologies for well-founded approaches,
with a view to gaining a thorough understanding of ecosystem services-related processes and the
changes connected therewith.

Keywords: ecosystem services flows; land monitoring; land cover; land consumption; Italy

1. Introduction

Compact and dispersed patterns of urban expansion [1,2] are a global phenomenon
and are one of the most important factors in landscape change [3,4]. Starting from the 20th
century, the increasing demand for land to be used for buildings and infrastructures led to
greater urbanization of previously natural and agricultural areas [5], making urbanization
a major cause of land consumption. More generally, land consumption can be considered
to be the change from non-artificial land cover to artificial land cover, with a distinction
having to be made between permanent consumption (due to permanent artificial land
cover, such as concrete or asphalt) and non-permanent consumption (due to reversible
artificial land cover or soil alteration processes, such as, soil compaction in construction
sites or excavations in quarries) [6,7]. The process of urbanization, and the related increase
in impervious surfaces, affects other types of land use and land cover [8], triggering a
series of effects on the environment, which results in it being the main cause of land
degradation [9]. The main effects consist of the loss of fertile soils [10], the adverse impact
on water balance [11], the increase in surface water runoff and flood risk [12], the negative
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influence on local microclimates due to urban heat islands [13,14], landscape fragmentation,
and the loss of biodiversity [15,16]. Such effects limit the accessibility to natural resources
and the provision of ecosystem services (ES), defined as the goods and benefits that people
derive from ecosystems [17,18]. ES provision is a dynamic process and can be measured, in
terms of flow, as the annual potential number of services provided by ecosystems [19,20].

Recent studies have focused mainly on drivers of change and the impact thereof on
ES as a relevant issue to be understood, as well as the related implications on ecosys-
tems functions and conservation [21], also including soil functions. Soils play a crucial
role in providing several so-called soil ES [22,23], in particular provisioning and regula-
tion services [24,25], contributing for example to food and wood production, hydrologi-
cal flow regulation, carbon sequestration, pollination, habitat function, and biodiversity
conservation [26]. Indeed, there is, through soil functions, a direct link of soil properties to
specific ES, as indicated in Adhicari et al. [27]. In recent decades, policies and strategies
have highlighted the importance of ES in maintaining livelihoods, and have stressed the
fact that, for the purpose of providing ES, the natural land and agricultural system depend
on soil. This is also confirmed by the recent EU Soil Strategy for 2030 [28], the EU Biodi-
versity Strategy for 2030 [29], and the Common Agricultural Policy [30]. The increasing
amount of attention that is, with a view to fostering sustainable land development, paid at
the international level to ecosystems, and the need to consider how changes in ecosystems
affect human well-being [17,31,32], have given rise to an assessment being made both at a
global level—based on the Aichi Biodiversity Targets [33] and the 2030 Agenda [34]—and
at a European level [35]. The concept of ES, and the related frameworks that have been
developed in connection therewith, have been recognized as being vital for supporting
territorial management policies [17,22,36]. The various initiatives aim to improve the map-
ping of ecosystems, become apprised of the functional interactions and the pressures to
which they are subjected, as well as establish indicators that assess changes in the provision
of ES, in terms of the biophysical and economic aspects thereof [37].

ES assessment is a complex process, which involves integrating different scientific
fields and several databases that vary in accuracy, scale, updating, and availability. There-
fore, an approach based on various thematic layers is required, so as to have an overview
of ES loss that supports the resource management decision-making process. Furthermore,
monitoring land use and land cover spatial distribution, especially in urban areas, is es-
sential for providing accurate and timely information to be used as input data that allows
soil-based ES provision changes to be assessed. Within this context, major advances in
satellite remote sensing have improved data collection and analysis methodologies used
for the purpose of detecting artificial land covers [38–41]. These include the Sentinel satel-
lite constellations of the EU Copernicus Programme [42] which provide high-resolution
(spatial, spectral, and temporal) multispectral and SAR images suitable for measuring land
consumption in a detailed manner [6].

In Italy, where land degradation processes due to land consumption are increasing,
especially in agricultural and peri-urban areas [43], the Italian Institute for Environmental
Protection and Research (ISPRA) is in charge of a monitoring program at the national level
regarding: (i) land consumption mapping, based on a Sentinel satellite images analysis that
is integrated with the photointerpretation of national orthophotos; (ii) land cover mapping,
based on the integration of the Copernicus Land Monitoring Services (CLMS) datasets
(Corine Land Cover, High Resolution Layers, Urban Atlas, Riparian Zones, and Natura
2000) and the national land consumption map; (iii) estimate of land degradation and ES
changes (biophysical and economic) caused by annual land consumption. This study is the
first work that is focused on Italy and that, in trying to collect and harmonize existing data,
analyzes nationwide soil-based ES loss with a detailed spatial resolution. The paper aims
to describe the multilayered approach that has been adopted in assessing biophysical loss
of ES flows caused by land consumption increase in the period 2012–2020, as recorded by
the aforementioned national monitoring program.
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After having introduced the topic of ES and ES losses due to urban expansion, we
describe the procedure adopted for the purpose of assessing changes in six ES in the period
under examination. We describe the input data used and the methodologies applied for the
purpose of analyzing the reference data and the additional thematic layers. The section in
which the results are set out shows what losses were recorded for each ES. We then discuss
the results of the analysis and considering the procedure’s achievements and shortcomings.
Finally, we summarize the conclusions derived therefrom.

2. Materials and Methods

2.1. Study Area

Italy is located in the Mediterranean basin (southern Europe), it covers around
300,000 km2 and is divided into 20 administrative regions. It is a peninsula characterized by
two mountain ranges (the Alps and the Apennines), wide river valleys, two major islands
(Sardinia and Sicily), and various other small islands. Italy’s physiography and geographi-
cal position have led to it having heterogeneous features in terms of climate (ranging from
a Mediterranean climate along the coastline to an alpine climate at the higher elevations)
and in terms of land use/land cover, with urban areas concentrated in the plains and along
the coasts, which cover 7.1% of the national territory (year 2020) (Figures 1 and 2) [44].

2.2. Reference Data

The basic cartographic maps used to detect changes in the provision of ES in Italy are
the national land cover map and the national land consumption map. These maps are the
common data source for all the ES analyzed in this study.

The national land cover map is based on the integration of the Copernicus Land
Monitoring Services (CLMS) datasets (namely the Corine Land Cover, High Resolution
Layers, Urban Atlas, Riparian Zones, and Natura 2000 datasets). The datasets show
differences in the classification systems, resolutions, and updating frequencies adopted.
Therefore, a harmonization procedure had to be adopted in order to make the datasets
comparable. De Fioravante et al. [45] followed the EIONET EAGLE (Action Group on Land
monitoring in Europe) group framework, which provides a methodology for describing
land cover and land use data in a consistent manner. The CLMS data were integrated in
an EAGLE compliant land cover map for the year 2012 (10 m resolution), which includes
16 classes of land cover (Figure 1).

The national land consumption map is, on the other hand, a product generated by
the processing of Sentinel-1 (based on the SAR backscatter of VH polarization threshold)
and Sentinel-2 (based on Normalized Difference Vegetation Index extraction and threshold
value) satellite images, and photointerpretation of national orthophotos. The land con-
sumption map is updated every year with a spatial resolution of 10 m [6,44]. National land
consumption maps for the years 2012 and 2020 (Figure 2) were used for the purpose of
assessing ES changes.

Land consumption is mapped both in its permanent and temporary forms following
the definition given by [6,7]. By permanent consumed land, artificial surfaces composed
of impervious material (e.g., concrete, asphalt or tarmacadam), both 3D (buildings) and
2D (roads), were taken into consideration (6.6% of the Italian national territory). This
component is assumed to be irreversible, since extremely long amounts of time are required
for restoring soil to its the natural state. Reversible consumed land is the result of com-
paction in construction sites, excavations in quarries, temporary coverage with artificial
surfaces and other forms of soil alteration that do not imply permanent consumption, but
that adversely affect the soil’s natural state. However, this component is a minor (albeit
dynamic) part of the total consumed land (0.5% of the Italian national territory). In light of
the limited extent thereof and taking into account that for some portions of Italy’s territory
the distinction between permanent and temporary forms of land consumption is lacking,
both components are considered as consumed land, without any exception whatsoever
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(Figure 2). Figure 3 shows some examples of land consumption in urban, agricultural, and
natural environments in the period under investigation.

 

Figure 1. Land cover map for Italy (year 2012).

2.3. Biophysical Assessment of Loss of Ecosystem Services Flows

The biophysical evaluation of Italy’s territory concerned six ES: crop production,
carbon storage, wood production, habitat quality, hydrological regime regulation, and
pollination. The land cover and land consumption maps were used as data input for all six
ES, and other appropriate data inputs were added for each ES. Specific methodologies or
already existing analysis models were adopted for each ES, taking into consideration the
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loss of ES flow in light of the reduction in the current yearly potential provision thereof, due
to the increase in land consumption. Consumed land leads to soil-based ES being reduced
to zero, since the soil no longer performs its functions. The analyses were conducted at
the national and regional level and were performed using QGIS 3.20 [46] and InVEST 3.9.1
(Integrated Valuation of Ecosystem Services and Tradeoffs) [47] software.

 

Figure 2. Land consumption map for Italy (year 2020).
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Figure 3. Examples of land consumption in urban (a), agricultural (b), and natural (c) environments.

2.3.1. Crop Production

Crop production is essential for food supply. Land take due to urbanization nullifies
the land’s capacity to cultivate and produce the resulting goods and benefits. With a
view to estimating the provisioning of crop production, and the loss of flow in the period
under examination due to land consumption increase, data on surface cover (hectares) and
production (quintals) for each crop types were, in respect of each Italian administrative
province, taken from the national census of agriculture carried out by the Italian National
Institute of Statistics (ISTAT) (year 2013) [48]. The crop types were grouped into five classes
(fruit trees, olive groves, vineyards, fodder, and arable land). Data on crop production
were then spatialized for the purpose of obtaining the values in q/ha, and then in q/pixel
compliant with the land cover and land consumption maps’ spatial resolution. The amount
of crop production in 2012 and the potential loss in the period from 2012 to 2020 on account
of land consumption were calculated. Even though the quintal is not considered in the
International System of Units, it is widely used, especially in Europe, and it is the unit
of measurement with which data are officially released by ISTAT. For these reasons, the
results of changes in agricultural production will be presented in quintals (1 q = 100 kg).
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2.3.2. Wood Production

The production of wood raw materials is a provisioning service supplied to a large
extent by natural forest and tree plantations. As is the case with crop production, the
urbanization of areas covered by forests leads to wood production ES flow being completely
lost. The method adopted follows the For-est model [49,50] concerning the above ground
biomass, which uses the National Inventory of Forests and Forest Carbon Tanks (INFC) data
(classified by administrative region and forest typology) [51] as input data. The model takes
into consideration four main forest management categories: stands, coppices, plantations,
and protective forests. It uses, through the Richards function [49], growing stock as the only
driver for the purpose of estimating the evolution of forest carbon pools (above ground
and below ground biomass, dead wood and litter, and soil organic matter) over time. The
lack of detailed, homogenous and georeferenced data for all of the arboricultural systems
in Italy has led to the simplification of the national methodology. The average annual index
of the above ground biomass volume increase, which is calculated by the For-est model
and utilizes the historical series of INFC data, is used to assess the biophysical value of the
ES flow. All of the land cover map’s forest classes were, therefore, considered in the same
way and the same average annual index was applied to them. The change from forest area
to consumed land resulted in this index being reduced to zero.

2.3.3. Carbon Storage

Carbon storage is a regulation service provided by terrestrial and marine ecosystems
thanks to their ability to fix greenhouse gases [52]. This service contributes to the regulation
of the climate at a global level and plays a fundamental role in the context of climate
change mitigation and adaptation strategies. The model Carbon Storage and Sequestration
of InVEST software was used to assess the carbon storage loss using the INFC and the
National Soil Organic Carbon Map [53] as a data source. The land cover classes were
associated with the INFC forest typologies [54]. Four different carbon pools, according
to the Intergovernmental Panel on Climate Change classification [55], were taken into
consideration for each land cover type: above ground biomass, below ground biomass,
dead organic matter, and soil organic matter. Specific coefficients were used for the purpose
of identifying different pools’ contribution thereto [56–58].

The flow of carbon content regarding above ground and below ground biomass
volume for forest types and permanent crops is expressed as a function of the growth
rate taking as a reference point the growing stock data provided by the INFC for each
forest type, and Caneveira et al. [59] for permanent crops. In [59], the authors proposed
default carbon stock values for olive trees, vineyards, and fruit trees in which the age of
plantations is known (1, 5, 10, 15, and 20 years). The average increase for these crop types
is given by the difference between the value of 20 years and that of 5 years divided by
the 15 years that elapse. Literature values were used for other natural and agricultural
areas [60], and artificial areas are considered as zero. With regard to the carbon contained
in the dead organic substance, the necromass values are deduced from those of the above
ground biomass through coefficients (0.20 for evergreen plants and 0.14 for deciduous trees,
source [55]), whereas those in the litter specific formulas for each species reported in the
bibliography were used [56,61]. As far as the soil organic pool is concerned, the values
reported in the National Soil Organic Carbon Map were used. The map contains the values
of the carbon contained in the soil up to a depth of 30 cm, in raster format and with a
resolution of 1 km. See [45] for a detailed description of carbon storage ES assessment.

2.3.4. Habitat Quality

This is a regulation service which, in supplying different types of habitats, contributes
to human well-being by guaranteeing ecosystem functionality, biodiversity maintenance,
and environmental resilience. Various anthropogenic factors have an impact on habitat
quality, causing degradation and alteration of ecological processes [62]. With a view to
assessing the loss of ES flow due to land consumption in the period under investigation,
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the Habitat Quality model of the InVEST software has been used. In this model, habitat
quality is assessed in relation to different land use and land cover classes [47], on the basis
of the premise that areas with higher habitat quality host a greater number of species and
that habitat size and quality decrease lead to a decline in the persistence of species [63].
After having associated the land cover classes with habitat types (according to the EUNIS
classification [64]), a habitat suitability value for each land cover class, for the purpose of
assessing its ability to provide a habitat for biodiversity, has been assessed, ranging from
0 to 1, where 1 indicates habitat with the highest suitability for species biodiversity [65].
Three types of threats affecting habitat suitability have been taken into account: the habitat’s
sensitivity to being influenced by different types of threats, the impact (weight) of different
threats on each habitat type, and the maximum distance at which the threats can affect
the habitat. A threats impact value has been assessed, ranging from 0 (absence of threat)
to 1 (presence of threat). The habitat suitability values and the threats parameters, which
have been used as input data in the InVEST model, have been set through an expert-based
approach [66] (Tables 1 and 2), using a questionnaire put to over 41 national experts, whose
results are described in [67]. The result is a map of habitat quality in which the cell values
range from 0 to 1, where 1 indicates high habitat quality. The ES was estimated ranking the
range in five classes (class 1 poor habitat quality, class 5 high habitat quality) and assessing
the surface variation in the period 2012–2020 for each class.

Table 1. Habitat suitability values generated by the survey (adapted from [67]).

Habitat Type Suitability

Beaches, dune and, sands 0.74
Water bodies 0.83

Wetlands 0.96
Grasslands 0.86
Shrublands 0.81

Broadleaves forests 0.93
Conifer forests 0.82

Inland unvegetated or sparsely vegetated areas 0.55
Intensive agricultural lands 0.26
Extensive agricultural lands 0.52

Buildings and other artificial areas or impervious soils 0.09
Open urban areas 0.27

Table 2. Input values regarding the threats parameters generated by the survey: habitat sensitivity to
the types of threats, impact (weight) of different threats on each habitat type, and maximum distance
at which the threats can affect the habitat (adapted from [67]).

Threats Motorways;
Trunks; Primary

Roads

Secondary
and Tertiary

Roads

Residential
and Service

Roads

Tracks and
Bridleways

Railways
Intensive

Agricultural
Lands

Extensive
Agricultural

Lands

Buildings and Other
Artificial Areas or
Impervious SoilsHabitat Type

Beaches, dunes
and sands 0.81 0.46 0.69 0.50 0.67 0.68 0.51 0.86

Water bodies 0.72 0.64 0.60 0.36 0.51 0.76 0.53 0.72
Wetlands 0.84 0.74 0.69 0.44 0.64 0.80 0.59 0.79
Grassland 0.80 0.71 0.63 0.42 0.60 0.75 0.52 0.72

Shrublands 0.78 0.71 0.63 0.39 0.60 0.72 0.51 0.69
Broadleaves forests 0.85 0.77 0.66 0.40 0.65 0.67 0.47 0.77

Conifers forests 0.84 0.76 0.68 0.39 0.61 0.63 0.44 0.76
Inland unvegetated

or sparsely
vegetated areas

0.61 0.57 0.52 0.30 0.46 0.51 0.35 0.61

Intensive agricultural
lands 0.61 0.54 0.47 0.24 0.44 \ 0.12 0.51

Extensive agricultural
lands 0.71 0.61 0.55 0.26 0.51 0.54 \ 0.62

Buildings and other
artificial areas or
impervious soils

\ \ \ \ \ \ \ \

Open urban areas 0.56 0.52 0.46 0.19 0.46 0.31 0.21 0.56

Weight 0.86 0.69 0.61 0.28 0.62 0.69 0.42 0.79
Distance [km] 1.5 1.0 0.9 0.3 1.6 1.6 0.6 1.7
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2.3.5. Hydrological Regime Regulation

With regard to regulation services, hydrological regime regulation is an important
water cycle-related ES. The evaluation thereof is based on the BigBang 1.0 (Nationwide
GIS-based hydrological water budget on a regular grid) hydrological model developed
by ISPRA for the purpose of evaluating the factors of hydrological balance at national
level, with a GIS-based spatially distributed procedure being used that assesses the water
budget components at different spatial and temporal scales [68]. Total precipitation, actual
evapotranspiration, surface runoff, and groundwater recharge are evaluated on a monthly
basis directly on the grid with a 1 km resolution. The procedure allows the effects produced
by soil consumption increase in the period 2012–2020, in terms of increase in surface runoff,
to be verified. This is done by applying the land cover and the land consumption maps,
while the climatic conditions are considered as values mediated over the period in question.
In this paper, the BigBang 1.0 version has been used. A BigBang 4.0 version has, however,
recently been released for national accounting purposes [69] and will be tested for future
improvements in ES assessment.

2.3.6. Pollination

Pollination is an important regulation service for agriculture production and ecosys-
tems well-being [70,71] which is threatened by urbanization, agriculture intensification, and
the use of pesticide and fertilizers [72,73]. The provision of this ES depends on the availabil-
ity of nesting habitats and floral resources, and on the foraging distance of pollinators [74].
The InVEST Crop Pollination model was used to evaluate this ES. 50 species of pollinators
(bees and bumblebees) were selected for the Italian national territory [75] (Table 3), and
their characteristics were associated with the land cover classes and then analyzed, in terms
of the availability of hosting pollinating species according to the types of nesting (reeds,
rocks, cliffs, walls, plant stems, soil, and dead wood). The Italian national territory was
divided on the basis of the altitude range (less than 800 m, from 800 to 1600 m, from 1600
to 2100 m, and over 2100 m) and the three main biogeographical regions (Mediterranean,
Continental and Alpine), taking into account each of the resulting areas’ different vege-
tation and different pollen production periods. In particular, the information used were:
the type of nesting, period of activity, maximum flight distance, preferences among the
varieties of nests, presence of flowers, and pollen period for the most widespread plants.
The abundance of pollinators in each area were, therefore, considered as a “source” and
subsequently the distribution on the agricultural surfaces to be pollinated were estimated
(i.e., the potential index of abundance of pollinators that can reach an agricultural area).
The result is a map in which the availability of pollinators for a potential agricultural area
to be pollinated is estimated and the cell values range from 0 (low availability) to 1 (high
availability). The ES flow was estimated, ranking the range in four classes (class 1 poor
pollination, class 4 high pollination) and assessing the surface variation in each class in the
period under investigation.

3. Results

3.1. Crop Production Loss

In 2012, agricultural production in Italy amounted to 915,705,580 quintals (q), with
an average production of 45,785,279 q. Looking in detail at regional production (Figure 4),
fruit trees had their highest production in Sicily and Calabria (12,861,590 q and 9,909,800 q,
respectively), whereas production was below 7 q in the other regions. The region with the
highest production levels for olive groves was Apulia, with 8,213,754 q, whereas the highest
production level for vineyards was recorded in Apulia and Sicily (around 15,000,000 q)
and in Veneto with 8,099,192 q. As far as fodder is concerned, the highest production level
was recorded in Lombardy (32,761,977 q) and Emilia-Romagna (26,786,595 q), whereas
it remained below 15,000,000 q in the other regions. Emilia-Romagna also recorded the
highest production level for arable crop production (107,583,166), followed by Lombardy,
Veneto, Piedmont, and Apulia, with around 50,000,000 q.
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Table 3. Main species of selected pollinators.

Pollinators

Andrena agilissima Andrena bicolor Andrena carbonaria
Andrena dorsata Andrena flavipes Andrena morio

Andrena minutuloides Andrena nigroaenea Andrena nitidiuscula
Andrena taraxaci Anthidium manicatum Anthophora dispar

Anthophora plumipes Bombus hortorum Bombus humilis
Bombus lapidaries Bombus lucorum Bombus pascuorum
Bombus pratorum Bombus ruderatus Bombus terrestris

Ceratina cucurbitina Colletes succinctus Dasypoda altercator
Eucera longicornis Eucera nigrescens Halictus scabiosae
Halictus sexcinctus Halictus maculatus Heriades truncorum

Hoplitis adunca Hoplitis anthocopoides Hylaeus angustatus
Hylaeus communis Hylaeus clypearis Lasioglossum calceatum

Lasioglossum leucozonium Lasioglossum nitidulum Lasioglossum pauxillum
Lasioglossum villosulum Megachile parietina Megachile rotundata

Osmia bicornis Osmia caerulescens Osmia cornuta
Osmia leaiana Panurgus calcaratus Stelis nasuta

Tetraloniella salicariae Xylocopa violacea

 

Figure 4. Estimation of crop production (quintals) for five agricultural classes in 2012 at the
regional level.

In Italy, a loss of approximately 4,154,559 q of agricultural products due to land
consumption in the period 2012–2020 was estimated (0.45% of percentage loss). The
greatest drop occurred in the class of arable land (2,533,940 q, 0.43%), followed by fodder,
fruit trees, vineyards, and olive groves, with a loss of approximately 974,403 (0.56%),
307,691 (0.45%), 247,670 (0.41%), and 90,853 q (0.42%) in the products generated therefrom,
respectively (Table 4). At the regional level (Figure 5, Table 4), Emilia-Romagna is the region
that has the highest variation in arable land production (376,972 q, 0.35%), followed by
Veneto (372,463 q, 0.72%), and Lombardy (270,171 q, 0.50%). In the other regions, the loss is
between 50,000 and 100,000 q and it is less than 50,000 q in only five regions, with the lowest
value being recorded in the Aosta Valley, where the loss was approximately 3,536 q, which
corresponded to a loss of 0.90%. As far as the fodder category is concerned, the greatest loss
occurred in Lombardy (approximately 250,000 q, 0.76%), followed by Campania (130,000 q,
0.64%), Veneto (131,000 q, 0.75%), Trentino-Alto Adige, Emilia-Romagna, and Latium
(79,000, 87,000 and 86,500 q, respectively), corresponding to a 0.60% loss in the regional
fodder production in Latium and Trentino-Alto Adige, and 0.35% in Emilia-Romagna. In
the other regions, the loss was less than 20,000 quintals, with the exception of Piedmont
(around 42,000 q). The lost production of olive groves caused by land consumption was
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greater in Apulia, with a drop of 50,000 q (0.60%), whereas it was less than 10,000 q in the
other regions. As far as the fruit trees category is concerned, Calabria and Sicily lost almost
40,000 (0.41%) and 75,000 q (0.58%), Trentino-Alto Adige 39,000 q (0.76%), and Campania
and Apulia 30,000 q (0.65% and 0.49%, respectively). On the other hand, the loss was
lower (below 10,000 q) in the other regions. Finally, the variation in vineyards due to soil
consumption in the period under examination led to a reduction of about 10,000 q in all
of the regions, with the exception of Apulia (58,200 q, 0.38%), Sicily (60,160 q, 0.40%), and
Veneto (56,000 q, 0.69%).

Table 4. Percentage loss of crop production due to land consumption for five agricultural classes in
the period 2012–2020 at the regional level.

Crop Typologies

Regions Fruit Trees Olive Groves Vineyards Fodder Arable Land Total

Piedmont 0.19 0.00 0.17 0.38 0.32 0.31
Aosta Valley 0.67 \ 1.67 0.79 0.90 0.88
Lombardy 0.30 0.75 0.29 0.76 0.50 0.59

Trentino-Alto Adige 0.76 0.00 0.90 0.64 0.66 0.68
Veneto 0.95 0.68 0.69 0.94 0.72 0.76

Friuli-Venezia Giulia 0.35 0.00 0.45 0.71 0.50 0.53
Liguria 0.38 0.21 0.52 0.21 0.41 0.34

Emilia Romagna 0.23 0.07 0.13 0.32 0.35 0.34
Tuscany 0.23 0.18 0.17 0.26 0.28 0.26
Umbria 0.19 0.23 0.27 0.20 0.40 0.34
Marche 0.15 0.36 0.43 0.53 0.43 0.43
Latium 0.31 0.25 0.57 0.65 0.57 0.58

Abruzzo 0.40 0.54 0.51 0.29 0.57 0.51
Molise 0.09 0.47 0.32 0.22 0.22 0.23

Campania 0.65 0.32 0.60 0.93 0.64 0.71
Apulia 0.49 0.60 0.38 0.47 0.35 0.39

Basilicata 0.26 0.29 0.33 0.35 0.32 0.32
Calabria 0.41 0.22 0.42 0.33 0.29 0.32

Sicily 0.58 0.44 0.40 0.39 0.38 0.42
Sardinia 0.19 0.13 0.21 0.19 0.26 0.24

Italy 0.45 0.42 0.41 0.56 0.43 0.45

 

Figure 5. Estimation of crop production loss (quintals) due to land consumption for five agricultural
classes in the period 2012–2020 at the regional level.
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3.2. Wood Production Loss

At the national level, a total loss of 595,063 m3 of wood production was estimated. At
the regional level, Piedmont is the region with the highest loss (63,520 m3), followed by
Trentino-Alto Adige, Veneto, Lombardy, and Campania with a loss of around 50,000 m3. In
the other regions, the loss of flow is between 10,000 and 50,000 m3, apart from Molise and
the Aosta Valley, which have the lowest values (5,628 and 6.963 m3 respectively) (Figure 6).

 

Figure 6. Estimation of wood production loss (m3) due to land consumption in the period 2012–2020
at the regional level.

3.3. Carbon Storage Loss

In Italy, a loss of about 17,000 tons of stored carbon due to land consumption was
estimated between 2012 and 2020. At the regional level, the greatest loss occurred in
Piedmont, Trentino-Alto Adige, and Veneto (1902, 1731, and 1686 tons, respectively), with
a considerable contribution also being provided by the Lombardy, Campania, and Sicily
regions (between 1200 and 1500 tons). Values below 250 tons were estimated for the Marche,
Umbria, Basilicata, Molise, and Aosta Valley regions (Figure 7).

 

Figure 7. Tons of carbon storage lost due to land consumption in the period 2012–2020 at the regional level.
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3.4. Habitat Quality Loss

Figure 8 shows the surface variations of ES flow at the regional level for each class of
habitat quality. Class 1 (poor quality) records an increase of above 1% for all of the regions
(between 1% and 3%), with the highest percentages being recorded for the Trentino-Alto
Adige, and Abruzzo regions. Classes 2 and 3 record a slight decrease, with only Veneto
and Apulia reaching 1% for class 2 and class 3, respectively. Class 4 has not recorded
considerable changes, with the exception of Trentino-Alto Adige and the Aosta Valley,
where increases of 2% and 1.4%, respectively, have been recorded. Class 5 has recorded a
slight decrease, with the greatest changes being recorded for Sicily, Trentino-Alto Adige,
and Campania (0.5–0.6%).

 

Figure 8. Percentage surface variation of habitat quality classes due to land consumption in the
period 2012–2020 at the regional level.

3.5. Hydrological Regime Regulation Loss

An estimate was made, in the period 2012–2020, of the impact that the increase in land
consumption had on surface runoff (which represents the hydrological regime regulation
service). Figure 9 shows the variations in hm3 in this service caused by the consumption
of land in Italy. At the national level, an increase of about 250 hm3 of surface runoff was
estimated. The biggest increases were recorded in the Veneto and Lombardy regions (50
and 44 hm3, respectively), whereas the smallest increases (less than 10 hm3) were recorded
in the Umbria, Basilicata, Liguria, Molise, and Aosta Valley regions.

3.6. Pollination Loss

Figure 10 shows the surface variations of ES flow at the regional level for each class
of pollination. Class 1 (poor pollination) records a slight increase, with the highest value
being recorded for Apulia (0.7%). Class 2 records an increase in almost all regions, with the
highest percentages to be found in Trentino-Alto Adige and Campania (0.9%). Classes 3
and 4 record a decrease in all regions and the greater variations have been estimated in
Veneto, Friuli-Venezia Giulia, Lombardy, Campania, and Marche (between −1% and −3%)
for class 3, and the Aosta Valley and Trentino-Alto Adige (−3.4% and −1.6%, respectively)
for class 4.
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Figure 9. Surface runoff variations due to land consumption in the period 2012–2020 at the
regional level.

 
Figure 10. Percentage surface variation of pollination classes due to land consumption in the period
2012–2020 at the regional level.

4. Discussions

This study has assessed, from a biophysical point of view and with a multilayered
approach, the changes occurring in the provision of ES flows as a result of land consump-
tion in Italy This has made it possible to integrate and harmonize the large amount of
heterogeneous data available in Italy so as to better interpret the ongoing land dynamics
and how these affect the availability of goods and services offered by ecosystems. The
results have explained how transformations have occurred in Italy over the selected time
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interval, which have mainly been driven by urbanization. The loss of crop production
varies in Italy, depending on the type of crops involved. Loss of arable land and fodder
production mainly affects the northern regions, whereas southern regions show a decrease
in permanent crop production. Even if the percentage variations in crop production are
low, they are nevertheless important because, in many cases, agricultural areas are based
on important biological and cultural practices that are difficult to replace [76], and they
also play a role in carbon storage and pollination assessment. Wood production and car-
bon storage losses affect the northern regions more, as well as the Campania region. The
northern regions also show an increase in water runoff, with potential consequences for the
hydrological regime regulation service. As far as habitat quality is concerned, the increase
in the lowest quality class is widespread throughout Italy. The northern regions and the
Campania region have recorded a drop in pollination ES availability. Since urban expansion
is a process affecting more the lowlands, the higher losses in ES flows have mainly been
recorded in the northern regions which include the Po plain, and the plains of Campa-
nia and Apulia in the south. These findings are in line with the demographic dynamics
model of wealthier countries proposed since the late 1980s [77]. Indeed, whereas compact
urban growth has been frequently associated with population increase and economic de-
velopment, which is typical of most of the European countries after World War II [5], the
advanced economies have been characterized in the last decades by the outward expansion
of low-density settlements [78,79], often occurring in fertile agricultural areas [9,80]. Other
research studies dealing with the impact of urbanization on ES have confirmed losses of
stored carbon, agricultural production, habitat quality, and flood mitigation in developing
urban areas [25,81,82], also leading to land reclamation and deforestation in rural areas [82].

The accurate localization of these processes has benefited from the detailed informa-
tion provided by the input data. The high resolution of Sentinel satellites images and
CLMS datasets and their high frequency availability enable an in-depth analysis of land
consumption changes consistent with the EU requests and useful for the purpose of mon-
itoring trends in ES provisions and flows to be conducted. The outcomes show that the
proposed approach is effective in giving an overall assessment of the ES by using spatially
explicit data and models. Indeed, these products of the monitoring program are already
gathered in the national Environmental Data Yearbook [83], which is the official collection
of nationwide data and information concerning the environment in Italy. Furthermore,
they are used for national environmental monitoring policies, such as the National Capital
Accounting [84], and could be a point of reference for the implementation of the various
environmental policies, first of all the EU Soil Strategy for 2030 [28], in which the important
role played by ES in maintaining ecosystems and human well-being is highlighted.

However, there is still room for improvement, especially with regard to models and
input data. The need for more detailed information has arisen. For example, the inap-
propriate use of conventional agriculture technology and improper forest management
practices can have negative short-term effects on crop and wood production, but can also
have adverse effects on other ES in the long term. As a result thereof, a national evaluation
of biophysical loss of ES must be integrated with more detailed information, for example
on agricultural practices, forest management practices, and water balance at river basin
level. A further example to be found in this study concerns the wood production analysis.
An up-to-date database that localized arboriculture plants, forest types, age, provision, and
forms of management would be needed for the purpose of developing a methodology able
to overcome the simplification and achieve better results.

Furthermore, one of the main shortcomings arising therefrom concerns the data up-
dating frequency. While the national land cover and land consumption maps are generated
by analyzing datasets, satellite images, and remote-sensed indicators obtained from the
Copernicus program, which guarantee a frequent data updating that is compliant with
the requirements of the national monitoring program, other data concerning thematic
issues required for conducting a biophysical assessment of the ES selected in this study
are provided less promptly and are updated less regularly. These differences confirm the
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need, with a view to having more accurate and reliable results, for improved national
spatial data that enhance spatial and temporal dynamics evaluations in the provision
of goods and benefits. A data release agreement that is more suitable for a monitoring
plan should be considered, on account of the replicability of the methodology that can
only be guaranteed by satellite and spatial data being available on a regular basis. This
is an important issue to take into consideration to make the analysis of soil-based ES a
consolidated procedure for the purpose of increasing the effectiveness of sustainable spatial
planning. ES spatial distribution and evolution over time is, indeed, able to gather and
aggregate complex information [85] that can be used by decision-makers as a tool for land
sustainability evaluation [86] that encourages development with less ES degradation [87].

5. Conclusions

This study is the result of a first attempt to present an assessment of nationwide
biophysical loss ES flows caused by land consumption as an indicator of urbanization in
Italy at a detailed spatial resolution, dealing with the problem of the lack of accurate and
available information for the whole study area, and trying to collect and harmonize existing
data from different scientific fields. Indeed, the concept of ES, and the related frameworks
developed at the international level, have been recognized as fundamental for supporting
territorial management policies, and the importance of biophysical quantifications has
been emphasized, with a view to supporting economic evaluations and natural capital
management. The multitemporal analysis set out herein may serve as a tool for stakeholders
and policymakers that allows them to understand the impact of human activities, and in
particular urbanization, on land cover pattern, the rates of variation, and the causes that give
rise to changes in the provision of ES. Furthermore, remote sensing and GIS technologies
make it possible to analyze, assess, and map ES at different spatial and temporal scales
for the purpose of understanding how the provision thereof varies according to territorial
dynamics and different underlying socioeconomic circumstances, and how the synergies
and trade-offs between the various ES in certain landscapes occur.

The evaluation of soil-based ES is becoming increasingly important in the context of
land planning, since urban planning predominantly has an impact on soil resources. The six
ES investigated herein are strictly connected with soil properties and functions, and modifi-
cations of this resource on account of urban expansion can affect the ecosystems’ ability to
provide goods and benefits. Therefore, soil-based ES are a valuable reference-point and
provide useful indications to administrations for the purpose of sustainable development
policies and land planning, both at the national and local scale, even though they have to
date not yet found a stable and codified position in the land use planning process.

Moreover, our study underlines the importance of using multilayered thematic data
and the detailed localization of rapid changes that support the investigation of how ur-
banization affects ES and provides suggestions for how urban planning can be conducted
with a view to ES protection, sustainable urban development, and human well-being.
For this reason, this paper has pointed out the importance of using integrated data and
methodologies, as well as more consistent and detailed data inputs. This allows well-
founded approaches to be adopted, with a view to gaining both a thorough understanding
of ES-related processes and the changes therein that are taking place, as well as acquiring a
reference framework for the purpose of also gaining further insights that evaluate ES at
different scales, from national to local levels. Further developments and improvements
in the methodology are foreseen, especially as far as the search for updated and accurate
thematic data and the use of new analysis models is concerned. In this respect, the Horizon
2020 project (SERENA: Soil Ecosystem seRvices and soil threats modElling aNd mApping)
is currently conducting an in-depth analysis of this approach at the European level, whereas
the LIFE preparatory project (NewLife4Drylands: Remote sensing oriented nature based
solutions towards a NEW LIFE FOR DRYLANDS) is doing so at the local level. The results
generated therefrom may serve as a basis for tackling multiscale landscape management
and planning issues.
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Abstract: Green and blue infrastructure, nature-based solutions, and cultural and built heritage play
a key role in enhancing ecosystem services provision and shaping urban quality and communities’
wellbeing calling for an integrated approach to ecosystem services in urban policy and planning
and decision-making. On the other side, under-used spaces and buildings have social, cultural,
economic, as well as ecological functions and benefits, which are essential to sustainable urban
development. The EU has been developing and implementing policies for an integrated approach
to urban development and sustainable land use through the implementation of the Urban Agenda
for the EU and fourteen associated Partnerships. Thus, it engaged a broad range of institutions and
stakeholders across Europe in promoting local projects and sharing best practices on sustainable land
use and nature-based solutions, the circular economy, and cultural heritage. This paper reviews the
experiences of cities involved in the Partnerships of the Urban Agenda for the EU by illustrating
how they related to different modes of ecosystem governance and associated challenges, discussing
how three case studies integrate different dimensions of ecosystem services and regeneration in
under-used areas and what type of knowledge as well as regulation and governance modes they have
developed for supporting innovation in land use planning and management for urban ecosystem
services. The results show that appropriate alternative regulations and policies are little explored and
that cities adopt an integrated approach, combining cultural, environmental, economic, and social
dimensions in their interventions, directly or indirectly enhancing the benefits of built and natural
heritage and urban ecosystems in under-used areas. However, some issues, such as nature-based
solutions and climate change, are still partially integrated into the projects while priority is given to
the cultural, aesthetic, and economic dimensions.

Keywords: ecosystems governance; knowledge; regulations; Urban Agenda for the EU; under-used
spaces; urban regeneration

1. Introduction

The pressing climate change challenges and ongoing socio-economic and health crises
have increased the need for inclusive and sustainable public and green spaces in cities as a
means to enhance ecosystem service provision via spatial planning [1–3] and new modes
of governance [4,5].

Green and blue infrastructure, nature-based solutions (NBS), and built and cultural
heritage play a key role in shaping urban quality and community wellbeing. On the other
side, under-used spaces and buildings have social, cultural, economic, as well as ecological
functions and benefits, which are essential to sustainable urban development. With the
COVID-19 pandemic, the way of living in urban spaces has changed, the demand for
accessible green and blue public spaces is rising, and the quality of local environments and
social inclusion has gained more relevance.

In the EU and globally, there is a large amount of vacant and underused open spaces
and buildings that are considered both a challenge and an opportunity to address the issues
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mentioned above. The stock of industrial or military heritage sites in the EU has the po-
tential to contribute to re-activate and enhance the multifunctional and multi-dimensional
role of green spaces, ecosystems, and buildings, providing a broad range of ecological,
economic, and social benefits to urban communities [6–8]. In addition to their environmen-
tal functions, underused spaces and buildings have physical and intangible cultural and
natural heritage with recreational, aesthetic, therapeutic, and social and cultural interac-
tion values having relevant impacts on residents’ health and wellbeing, and on access to
services, particularly for most vulnerable people. They can provide places for community
engagement and participation in social and cultural events, and for social inclusion and
interaction [9], contributing to reduce and prevent social, economic, environmental, and
territorial inequalities (i.e., cultural ecosystem services).

At the policy level, greater emphasis on the multiple environmental and cultural
dimensions has been posed in the Pact of Amsterdam and the Urban Agenda for the EU
and later in the new Leipzig Charter, New European Bauhaus and EU Green Deal.

In connection with these policy frameworks and with the Decision V/6 of the Fifth
Ordinary Meeting of the Conference of the Parties to the Convention on Biological Diver-
sity [10], urban policies and planning are called on to increasingly adopt an integrated
approach to ecosystem services, to find appropriate knowledge, tools, regulations and
modes of governance and institutions to effectively integrate the different dimensions of
ecosystem services, particularly in the vacant and under-used spaces.

The paper aims to improve the understanding of integrated approaches and gover-
nance of ecosystem services by reviewing experiences of cities involved in the Partnerships
of the Urban Agenda for the EU, with the aim of combining sustainable land use, the
circular economy, and cultural, built, and natural heritage in under-used spaces.

The following sections review the key literature on the need for an integrated approach
to ecosystem services, then illustrate the key governance challenges addressed in the
Partnerships of the Urban Agenda of the EU.

After presenting the method and the analytical framework based on different modes
of ecosystem governance and related challenges, the paper illustrates the case studies
selected under the relevant EU Partnerships and discusses insights regarding an integrated
approach to ecosystem services and governance modes to enhance the understanding of
innovative land use planning for improving under-used areas while addressing land take
and urban sprawl challenges.

The paper found that the cases studies show how public institutions can work with
stakeholders and citizens to simultaneously address environmental sustainability, social
inclusion, and circular economy challenges.

The experiences from Poland and Spain also highlight the need for additional develop-
ment and implementation of new forms of governance and regulations able to integrate the
different dimensions of ecosystem services and support the re-use of underused or derelict
spaces and buildings where ecosystems intertwine with old urban structures and infrastruc-
ture (e.g., industrial sites). The paper opens the door to future research on the “regulation of
commons” as the institutions involved in urban policy and planning are struggling to find
appropriate processes and forms to hand over the management of under-used public spaces
and services to communities and social groups that are already engaged or interested in
management of ecosystems and other services and spaces in under-used areas.

1.1. Integrated Approaches to Ecosystem Services

The debate on the ecosystem service developed since the 1970s has produced several
approaches to assessing the benefits to society of nature for supporting decision-making.
However, only in the 1990s did the integration of ecosystem services into policies and plans
emerge with an increasing number of researchers from diverse backgrounds and disciplines
advocating the adoption of an ecosystem services perspective for better decision-making [6].
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This trend continued and intensified after the Millennium Ecosystem Assessment
2005 [11,12], which introduced a framework for analyzing socio-ecological systems, defin-
ing ecosystem services as:

“Ecosystem services are the benefits people obtain from ecosystems. These
include provisioning services such as food, water, timber, and fiber; regulating
services that affect climate, floods, disease, wastes, and water quality; cultural
services that provide recreational, aesthetic, and spiritual benefits; and supporting
services such as soil formation, photosynthesis, and nutrient cycling. [ . . . ] The
human species, while buffered against environmental changes by culture and
technology, is fundamentally dependent on the flow of ecosystem services.” [11]

Although this definition and the ecosystem categories are widely applied and have had
a broad influence on the policy and scientific debate [13], there are diverging approaches
questioning the appropriateness of these categories and how they may be applied in spatial
planning [3] and policies. For instance, the “services cascade” approach distinguishes
between ecological structures and processes created and the benefits that people eventually
obtain. This is crucial to certain types of ecosystem services, such as cultural services,
that may exist but not being accessible or their usefulness may be perceived differently in
different contexts. Hence, for understanding the relevance and value of ‘ecosystem service’
it is essential knowing the spatial, social, and cultural context and values in addition to
the structure and dynamics of ecological systems [14]. Ecosystem services are produced in
cultural landscapes over which cities develop [15].

The cultural dimension of ecosystem services is recognized in several policy docu-
ments, such as the European Landscape Convention, Millennium Ecosystem Assessment,
the Convention on Biological Diversity, and the Economics of Ecosystems and Biodiversity,
and it provides insights into relationships between natural and cultural environments, to
assess and quantify their value, and to integrate it into planning, conservation, and man-
agement [16]. At the same time, the concept of cultural ecosystem services raises awareness
on the range of services that ecosystems provide to humans and promotes the assessment
of ecosystems and landscape services as key knowledge for sustainable development and
governance, participatory and environmental decision-making, environmental democracy,
and environmental justice [17].

However, research on cultural ecosystem services and integrated approaches to ecosys-
tem services remains relatively underdeveloped and there is a need for a deeper under-
standing of terminology, categorization and attribution of cultural benefits [18], of how
culture and nature co-produce a “sense of place” [19], of how to integrate human values
and cultural practices into ecosystem management [20], as well as analytical tools, policy
instruments, and governance modes to operationalise cultural and integrated ecosystem
service concepts and approaches.

Although the legacies associated with past uses of urban vacant spaces and buildings
are known to affect ecosystems, there is a dearth of research investigating the ecological
functions of vacant urban land [21], as well as a need to understand the social dimension and
socio-cultural values of ecosystem services together with their biophysical and economic
aspects [22–24], and to adopt a holistic approach covering a broader range of ecosystem
services, widening the assessment methodologies incorporating participatory knowledge
production and research, ecosystem-based planning, and governance and regulations.

Together with an integrated approach for ecosystem services participation, co-design,
co-production, and co-management of space have been increasingly considered essential
to foster inclusion and develop sustainable planning and management solutions and
strategies. Public authorities play a key role in finding appropriate tools and governance
models, in engaging citizens and relevant non-profit, private sector, and other relevant
actors in developing and implementing plans and projects for the re-use or derelict spaces
and buildings while enhancing ecosystem benefits.
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1.2. Ecosystem Governance Challenges in the Urban Agenda for the EU

Within the extensive debate on the role of nature-based solutions and integrated
approaches to ecosystem services, there is still a dearth of knowledge on how cultural,
economic, and environmental dimensions have been integrated and operationalized in
European cities and beyond.

In the last two centuries, most urban spaces in Europe have evolved substantially [25].
Although with differences between regions and socio-economic phases, in recent decades,
many cities accumulated a large stock of vacant or under-used spaces and buildings (e.g.,
industrial sites and infrastructures, construction sites, and large health facilities such as
mental hospitals) due to the economic and social transformation processes and policy
changes [26–28]. The large amount of vacant and under-used open spaces and buildings
represents both a challenge and an opportunity for developing integrated approaches
to ecosystem service, for combining sustainable land use, circular economy, and cultural
revival and social inclusion. These opportunities have been in some cases exploited through
projects and experimentations led by citizens, community groups, private sectors, universi-
ties, public authorities or a partnership of these actors.

However, a comprehensive review of plans and projects exploring the potential of
an integrated approach to ecosystem services is lacking. Similarly, while a few recent
efforts have been made to illustrate what an ecosystem services planning approach might
entail [29], an appraisal of the implications of the existing experiences adopting a holistic
approach to ecosystem services for urban policy and planning is missing. This paper con-
tributes to address these lacunae by reviewing initiatives and projects from relevant actions
of three of the 14 Partnerships of the Urban Agenda for the EU: the Culture and Cultural
Heritage Partnership and the strictly connected Sustainable Use of Land and Nature-based
Solutions and Circular Economy Partnerships. The Partnerships of the Urban Agenda
for the EU have been introduced in the EU programming period 2014–2020 to engage
cities, Member States, the European Commission, NGOs and other stakeholders to work
together on the development and implementation of Actions to address cities’ challenges
while contributing to the green and digital transitions objectives among others. The review
addresses the types of solutions, plans, regulations, and knowledge innovations introduced
for the sustainable use and management of under-used spaces within these actions.

Addressing the above mentioned gap is essential to understand how to operationalise
the ecosystem services concepts and to integrating their cultural, socio-economic and
environmental dimension and benefits, as well as to understand the role of governance [30]
and urban planning in the supply of and access to ecosystem services [4,31,32] and in
supporting their sustainable management.

The Urban Agenda for the EU aims at involving urban authorities in achieving the
three pillars of EU policy-making and implementation: better regulation, better knowledge,
and better funding. For the purpose of this article, are considered the first two pillars as
they are connected to challenges arising from two possible scenarios as observed by the
partners of the Urban Agenda.

A first scenario, as illustrated also by the Coordinator of the Culture and Cultural
Heritage Partnership of the Urban Agenda for the EU between 2014 and 2021, is when there
is a group of active citizens or a community group with a strong interest in management and
that recognises the value of an under-used space or building, and is possibly already using
it informally. In this case, the local authority acknowledges the interest and commitment
and through a participatory process can assign the management of the space or building
to citizens, community groups, NGOs or other no-profit organisations. In the second
scenario, the local authority is not aware of the location and conditions of under-used
spaces of buildings and there is a need to acquire knowledge about them, in order to
identify appropriate management strategies and interventions [33,34]. Thus, the challenges
are to identify both appropriate processes and regulatory instruments for spaces that are
informally managed, defining urban regulation for “urban commons” and tools to map the
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under-used spaces, as well as building participatory decision-making processes to re-use
and regenerate the spaces.

The local authority can collect, transformation and design ideas and options for
under-used spaces, but in most cases doesn’t have the possibility to delegate or assign
the management of spaces or buildings to citizens, NGOs, associations or community
groups, due to the public procurement rules and lack of alternative tools or regulation.
However, there are some cases where a regulation of “common goods”, as place of value
and interest or identity for a community, has been created, defining innovative urban
regulations, such as “civic pats”, “collaboration agreements”, or “citizenship agreements”,
for the development or reuse of public buildings and areas1.

These cases follow a trend that is supported by scholars arguing that a well-structured
participatory process, open to all the relevant stakeholders and with clear objectives of
providing public services and space for common interest, can be a valid alternative to
predominant and market-based approaches, such as procurement [35], and can lead to the
identification of an appropriate “common good” (or urban commons) regulation for the
assignment of management or service provision to a diverse range of suitable actors.

Although, there is an extensive debate on urban commons and ecosystems commons,
this paper rather than engaging with this literature focus on illustrating experiences from
selected case studies to understand what insights they provide on alternative regulations,
governance, and knowledge production for an integrated approach to ecosystem services
in under-used spaces and buildings.

2. Materials and Methods

The paper uses a qualitative case study methodology with a descriptive aim. It
analyses three projects implemented under the selected Partnerships of the Urban Agenda
for the EU in Poland and Spain, with the aim to understand:

a. the extent to which projects under the selected Partnerships integrate cultural, social,
and environmental dimensions of ecosystem services and adopt a holistic approach

b. what knowledge and regulations have been experimented with, developed, and
applied in the projects to foster the integration of the different dimensions and types
of eco-system services, and

c. what insights do they provide for informed policies and planning to enhance the
benefits of ecosystems.

The projects have been selected together with the Partnership coordinator and action
leader and with the contractors supporting the European Commission Directorate-General
for Regional and Urban Policy in the implementation of the Urban Agenda for the EU2. The
data regarding the project’s objectives, initiatives, and interventions have been collected
through desk review of action plans, of handbooks and reports delivered under the relevant
Partnerships and actions, of project documents, and through interviews with a Partnership
coordinator and action leader of the Partnerships on Culture and Cultural heritage, and
on Sustainable Land-use and Nature-based Solutions and Circular Economy of the Urban
Agenda for the EU.

To address the three points above the case studies are analysed using four governance
modes as categories adapted from Primmer et al., 2015 and Winkler et al., 2021 [4,5,30]:
technical and knowledge governance; collaborative and participatory governance; trans-
formational governance and regulatory governance. These categories are linked to four
corresponding challenges: the knowledge challenge, engagement and empowerment chal-
lenge, and policy and regulation challenges (Table 1).
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Table 1. Governance modes adapted from Primmer et al., 2015 and Winkler et al., 2021 and linked to
ecosystem services integration challenges.

Governance Mode Ecosystem Service Integration Challenge

Technical and knowledge governance Knowledge challenge
Collaborative and participatory governance Engagement and empowerment challenge

Transformational governance Policy challenge
Hierarchical/Regulatory governance Regulation challenge (commons)

This analytical framework aims at providing an insight into different strategies and
initiatives for integrated ecosystem services in under-used used spaces and buildings. It
allows to investigate, first, how cultural, environmental, and socio-economic dimensions
are integrated in the analysed projects and what form of governance was adopted; second,
how the projects and interventions addressed the knowledge and participatory challenges,
particularly in terms of community engagement and empowerment, and the regulation
challenge in terms of the regulation of commons.

The following session presents the results from the review of the projects of selected
Partnerships and related actions of the Urban Agenda for the EU: the Partnerships on
Sustainable Use of Land and Nature-based Solutions and that on Circular Economy, and
the Culture and Cultural Heritage Partnership.

3. Integrating Sustainable Land Use, Circular Economy and Cultural and
Natural Heritage

The interview with the Leader of Actions 3 and 93 of the Urban Agenda Partnerships
on Sustainable Use of Land and Nature-based Solutions and the Circular Economy pro-
vided insights on projects and initiatives at the interfaces between the identification and
management of under-used land and the re-use of public spaces and building under the
circular economy framework (Catalonia). The “Handbook Sustainable & Circular Re-Use
of Spaces & Buildings” [36] prepared under the two complementary actions of the Partner-
ships mentioned above highlighted that the re-use and revitalisation of under-used urban
areas can be fostered through appropriate laws or policy, or through specific programmes
targeting the re-use and management of spaces and buildings. Cities and urban authorities
engaged in the development and implementation of solutions for the circular reuse of space
and buildings and the transition towards circular economy, and in exploring methods for
mapping and collecting best practices in the management and activation under-used land
and spaces.

The activation of under-used land and the land recycling [37], including the redevel-
opment of previously developed land, ecological upgrading of green urban areas, and
re-naturalisation of land, is closely linked to the sustainable re-use of brownfields and
former industrial sites. This circular re-use of land in urban or peri-urban areas aims at
avoiding land take and preventing urban sprawl by providing a competitive alternative to
the development of greenfields.

For activating under-used spaces to exploit their potential for reducing land take
and soil sealing, it is essential that public and private actors and stakeholders establish a
collaborative partnership and that relevant actors (from both public and private sectors)
have adequate data on under-used land and on how it could be designed, both for tem-
porary uses, and long-term and permanent land uses. This knowledge is strictly linked
to cultural values and local culture and built, natural, and cultural heritage as triggers for
the identification of sustainable and inclusive solutions and for community engagement in
design and implementation phases.

In this perspective, the interview with the Coordinator of the Partnership on Culture
and Cultural Heritage, provided experiences on the revitalisation, management and activa-
tion of citizens and social groups through cultural heritage, including cultural services in
under-used areas (Murcia), with a focus on Actions 2 and 34 of the Partnership.
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The following section, integrating inputs form the Action Leader of the Sustainable Use
of Land and Nature-based Solutions and the Circular Economy, and from the Coordinator
of the Partnership on Culture and Cultural Heritage, with data from EU reports and
projects’ documents review, illustrates the implementation of strategies and solutions
developed in Poland with the National Model for urban revitalisation and in Catalonia and
Murcia in Spain.

3.1. Integrated Regeneration Programme in Poland: National Model for Urban Revitalisation

Since 2015 Poland have been adopting a new approach to urban revitalization de-
fined as an upgrading process of derelict and under-used areas which integrates actions
for the local community, spaces, and economy and activation of local stakeholders in
the revitalisation program. An Act on revitalisation was adopted in 2015 and stated
that municipalities should identify their derelicts and under-used areas and buildings
and special revitalisation zones. Under this policy framework the Ministry of Invest-
ment and Economic Development launched the Model for urban revitalisation (regulation
challenge/hierarchical-regulatory governance) subsidising projects for more than 40 mln
PLN (about 9 mln EUR) to support cities in implementing innovative ideas and share
knowledge on revitalization processes. The programme included a call for the proposal of
models for revitalisation activities in one of the following areas of intervention: social policy,
participation in public life, housing, shaping of space, environmental protection, protection
of heritage, stimulation of the economy, urban mobility, and financing of revitalisation. The
Ministry received about 250 applications from different municipalities with city status and
selected the 23 best projects5. Three of the selected cities required large-scale revitalisation
interventions and were provided with grants and expert support by the Ministry in imple-
menting pilot projects on participation in public life, housing policy, shaping of space, and
revitalization management.

One of the selected projects, “New Downtown of the City of Ełk formula for revitaliza-
tion”, focused on the participation, activation, and creation of new public spaces as three
key pillars of revitalisation. The city of Elk built a model to engage residents both in the
revitalization programme and related projects (participation), a Model School of Social
Animator and Educators (activation) and developed the concept of Social Revitalization
Centre, a programme for managing housing both addressing revitalization challenges and
creating inclusive public spaces (new public spaces). The Model School of Social Animator
and Educators implemented small projects in tenements’ backyards such as the organisa-
tion of a parade of “Enlightened” with residents and local theatre to illustrate and promote
the results of the project. The event was organised by Elk Association Active foot, Human
Foundation and the Forum Institute Social Animators LEX, a consortium of NGOs. Since
August 2017, the city has implemented Street activities (streetworkerów) and 10 mini-projects
together with the residents for a value 50,000 PLN (about 10,000 Euro).

Under the framework of the project the local authority called for initiatives for increas-
ing residents’ engagement in activities for improving their living environment; for leisure,
sports, culture and education, health care services and integration of seniors, children
and youths social groups; for improving knowledge and awareness on environmental
issues, such as green transportation, pollution and sustainable use of green areas and on the
management of urban space and engaging community in urban planning decision-making
(engagement and empowerment challenge/collaborative and participatory governance;
regulation challenge/hierarchical-regulatory governance). In addition, corporate social re-
sponsibility (CSR) activities have been performed for building and improving relationships
between business actors and local community and local authorities.

The city of Lodz with the project “On the Trail of Textile Architecture. Revitalisation
of Księży Młyn” was selected for one of the three large scale projects under the urban
revitalisation programme. The project consists in the revitalisation of the 6.5-hectare area
of Priest’s Mill (Księży Młyn) a historical settlement and conservation of 25 city-owned
multi-family workmen’s residences built in the 1870s and 1880s by the owner of a textile
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factory, as well as the conversion of 15% of the residential buildings into spaces for retail,
social, and cultural activities such as dynamic artist workshops.

The project also created an original model of mediator with mediation, conflict and
management competences applied to eight priority revitalization projects and for engaging
residents of 700 housing units. The team of mediators first supported residents’ in finding
solutions to address their everyday life problems, then expanded its scope to socio-cultural
animation activities for engaging and activating residents and a variety of stakeholders (e.g.,
administrators of infrastructure networks, artists, police), as well as widening the areas
of intervention of the revitalisation’s projects. Mediators also manage the involvement of
employees in activities, such as cross-financing, cooperation with entrepreneurs, communi-
ties’ participation in local initiatives, and the creation of a network between institutions
(engagement and empowerment challenge/collaborative and participatory governance).

Together with the mediator supporting residents in change and relocation, consultation
and participation activities relied on local community organisers for connecting, activating,
and working with residents and institutions to create an integrated neighbourhood, and on
an area manager for representing residents and institutions, and monitoring and taking
part to all meetings and activities relevant to the future of local residents, workforce and
organisations and enterprises. The project allowed the historic tenement houses to regain
their residential function with contemporary living standards and preserve the open green
public space designed in the 19th century and the original urban fabric of the area. Most
of the apartments are city-owned and include communal flats, providing shelter to those
who cannot afford to rent an apartment on the open market and also create social mix. The
continuous and direct interaction with residents helps to prioritise those who need a house
most and contributes to enhancing ownership and building trust in local authorities.

The project turned under-used areas, considered unsafe and derelict, into one of the
most interesting spaces in the city due to their environment, atmosphere, and historical
characteristics. It contributed to the circular re-use of vacant properties, introducing new
functions and flexible uses within under-used buildings and spaces originally designed
for other activities, and creating job opportunities and service delivery with a positive
social impact.

The transformation is also considered an example of sustainable urban action as it
preserved the urban fabric and the historical features creating “Monuments of History”
always involving the citizens in the process. It illustrates the key role and potential of local
residents and their knowledge and relationship with the physical and cultural heritage of
the area, in the planning and implementation of revitalization activities, overall including:
building renovation and modernisation, open space management; spatial transformation of
residential building into spaces for productive activities; establishment of a Social Integra-
tion Club, Residents Club, social economy entities, artist workshops, programming social,
artistic and cultural projects. The activities are integrated with Lodz’s major initiatives and
plans for the restoration of green areas and the creation of new parks (e.g., the Lososiowa
street in Lodz was established in 2014, an old industrial area).

The concept of the Blue-Green Network was adopted to guide integrated planning and
management of green and blue areas in Lodz, making the city’s blue-green infrastructure a
key pillar of Lodz’s urban resilience. Ecohydrological measures were introduced as a part
of the small-scale water retention programme for Łódź and the Blue-Green Network project,
including new stormwater management for enhancing water retention potential of the city’s
waterways and a pilot project for the renaturalisation of the Sokołówka River6 [38]. The city
of Lodz also aimed at integrating biodiversity and culture in planning and managing the
urban green spaces of under-used areas, the concept of biocultural diversity as reflected in
the Green Circle of Tradition and Culture (GCTC) emphasises that green spaces are shaped
by cultural processes as they result from historical cultural and land use practices. The way
in which land was managed by different social groups and for different purposes in the
past is reflected in the green areas the city has today [38].
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In this perspective, green spaces and historical palaces and factories with their histori-
cal parks and rivers are examples of biocultural diversity, being used by different groups
of people. Within the GCTC, the sites Księży Młyn (Priest’s Mill), with its under-used
and well-preserved factory, buildings, workers’ residences, river and lake, and historical
parks, is emblematic of the integration of natural and cultural heritage reflecting historical
land-use [39].

3.2. Integrating Sustainable Land Use and Circular Economy in Catalonia, Spain

INCASÓL, the Catalan Land Institute of the Government of Catalonia, implemented
several initiatives and programmes for the regeneration of vacant industrial sites, revival
and protection of cultural, built and natural heritage, and green infrastructure. They
included the support administrations in the design and implementation of an Urban Rede-
velopment Programme; management and implementation of large regeneration projects of
vacant or partially vacant industrial sites (Industrial Colonies), or tailored interventions on
specific sites mostly owned and managed by the Ministry of Planning and Sustainability.

3.2.1. Catalonia Urban Redevelopment Programme

The Catalan Land Institute, Incasòl (Institut Català del Sòl) has supported a long-
standing Urban Redevelopment Program to provide support for particularly urban de-
velopment issues to administrations at different levels (regulation challenge/hierarchical-
regulatory governance). The programme identifies municipalities with social problems and
urban problems and, e.g., helps municipalities with high-density issues in redeveloping
public spaces and buildings that are fully or partially owned by the public, transforming
them into new sustainable and accessible areas. The transformation may include the re-
location of some buildings or residents, or demolition activities to provide appropriate
public and green spaces. All the projects take into account environmental sustainability
(e.g., in terms of building material and energy efficiency) and aesthetic standards (e.g.,
improving street views and cityscape) and aim to provide social mix to avoid creating
exclusion and segregation between neighbourhoods. The programme has been working in
19 neighbourhoods and the realisation of projects takes 4–6 years. The programme com-
bines the regeneration of public open green spaces with the realisation of new affordable
residential areas. It includes new affordable housing for rent, usually built on municipal
land targeting both residents with no access to social housing or struggling in accessing the
house marked.

3.2.2. Industrial Colonies: Regeneration of Colonia Sedó

Incasòl also implemented regeneration projects in two under-used or abandoned
industrial settlements, the former textile factories of Colònia Güell and Colonia Sedó. They
have been regenerated mixing different uses, including industrial use, housing, and green
infrastructure. Colonia Sedó, covers an area of 427.46 ha and is located in the Esparraguera
municipality 35 km away from Barcelona. It was built in the mid-19th century on the banks
of the Llobregat River integrating housing, facilities and services (shops, schools, a church
and social centre), and various types of infrastructure for the workers of the textile factory.
The residential part of Colonia Sedó was acquired by Incasòl (i.e., Government of Catalonia)
in 2003 and the Colony is now a 44% public owned and 56% private site owned by several
small and medium-sized companies. To address the obsolescence, specialization, and
segregation issues of the Colony site, Incasòl has worked together with the City Council
to develop a strategy (regulation challenge/hierarchical-regulatory governance) for the
rehabilitation of the residential complex and of the old Fonda’s building, the old inn used
to provide meals and accommodation to residents. Colonia Sedó was also part of the
EUROPAN project7 on “Reinventing Rurality and Productive Heritage” with the aim to
exploit its significant historical-heritage value and the role of the natural environment
and resources, such as water, to integrate and connect the industrial urban fabric with the
cultural heritage and the sustainability and circular economy dimension. Environmental
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and heritage-related objectives have been combined through initiatives for renewable
energies and the sustainable use of water resources and old hydraulic infrastructure, for the
integration of urban agriculture into the open spaces in residential areas, for enhancing the
connectivity between the existing urban fabric and surrounding areas of natural interest
(e.g., protected natural areas of the Natural Area Plan and under the Habitats and Birds
Directive Sites Montserrat-Roques Blanques-riu Llobregat), and for integrating conservative
actions of historic heritage-listed assets (e.g., old aqueduct listed in the Inventory of Catalan
Architectural Heritage) with the realisation of new buildings and uses [40].

3.3. Integrating Cultural and Natural Heritage Management and Revitalisation in Murcia, Spain

The Municipality of Murcia, in Spain, led Actions 2 and 3 of the Culture and Cul-
tural Heritage Partnership of the Urban Agenda for the EU, aiming at the revitalisation,
management, and activation of culture and cultural sectors, public spaces, and cultural
heritage, including cultural ecosystem services in under-used areas. The actions refer to the
two possible scenarios and related challenges described in Section 1.2. They include chal-
lenges of identifying both analytical tools and participatory decision-making processes, and
regulatory instruments for under-used spaces and buildings that are informally managed.

Murcia has been a really active administration on Culture and Heritage, Murcia City
Council implemented the Urban DNA initiative for the economic and social revitalisations
of three neighbourhoods: El Carmen, Sta. Eulalia, La Paz. The initiative is part of the City
Strategy 2020 aimed at the revitalisation and regeneration of neighbourhoods based on the
specific physical, social, and cultural peculiarities and identity of each neighbourhood.

Urban DNA includes physical interventions and social innovation actions to improve
the urban environment and social relations and design new services within the neighbour-
hoods, while introducing circular re-use of space. A broad range of actors, including almost
all the departments of the Municipality of Murcia (urban development, participation, public
works, decentralization, institutional relations, urban mobility, urban security, environment,
health, economy, culture, development of European projects), universities, private sector,
local associations, community groups, and residents, were involved in a five-step process,
representing a governance model for the reuse of spaces and buildings.

Phase 1 was aimed at understanding the contexts and focused on multiple spatial and
socio-analyses of the neighbourhoods, resulting in a series of urban atlases (knowledge
challenge/technical and knowledge governance). Phases 2 and 3 of co-design consisted of
participatory needs assessment and community activation respectively (engagement and
empowerment challenge/collaborative and participatory governance). Residents and dif-
ferent social groups and stakeholders first engaged in various group works, analyses, and
debates to integrate the outputs of Phase 1 with inputs, ideas or project proposals developed
in phase 2, and then, in a second stage of co-design, provided with technical support of the
local authority in the implementation of the proposed social, cultural, urban interventions
(Phase 3). In Phase 4, citizens and community groups and relevant public bodies worked
together to realise the interventions defined in the previous phases (e.g., planting trees or im-
provement of public spaces and urban infrastructure). In Phase 5, the Municipality of Mur-
cia assigns the management of the project and of the space to a designated association and
neighbourhood group, while the urban authority remains responsible for exceptional main-
tenance of the interventions (regulation challenge/hierarchical-regulatory governance).

Following this governance model, projects and interventions integrated socio-economic,
cultural, and environmental dimensions of ecosystem services. In El Carmen neighbour-
hood, some of the interventions included the realisation of new garden, Painter Pedro
Flores, a green space of 2500 m2, with improved accessibility and children’s innovative
playground, landscaping and tree plantation, and irrigation infrastructure.
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4. Results

From the review of the three cases, it emerges that all the cities adopt an integrated
approach combining cultural, environmental, and economic and social dimensions of their
intervention, directly or indirectly enhancing the benefits of built, cultural, and natural
heritage, as well as the circular re-use of spaces, buildings, and urban ecosystems in
under-used areas.

Lodz and Elk in Poland are also examples of the integration of affordable housing,
regeneration, as well as the revitalization and re-use of open public space. The Catalonia
redevelopment programme and factory regeneration integrates social dimensions with
the environmental dimensions, linking access to housing with access to cultural and
environmental services (e.g., demolition in dense urban areas for creation of green public
spaces). However, some issues, such as nature-based solutions and climate change, are still
moderately integrated in the projects, while priority is given to the cultural, aesthetic, and
economic dimensions of the interventions.

All the cases studies widely address the engagement and empowerment challenge
by proposing different modes of collaborative and participatory governance. The case
of Murcia shows an adaptive collaborative governance approach focused on collective
learning and bottom-up participation, originating from actors who affect or are affected
by the conditions of ecosystems and under-used spaces and services. This approach also
translated into a “learning by doing” process with changes and improvements made
during the project implementation (e.g., issues in the coordination between companies and
municipal services led to introducing changes intensifying coordination efforts).

In all the cases studies, the knowledge challenge is also addressed, collecting and
operationalizing knowledge on the project site/s and community aspirations for the trans-
formation of the space (technical and knowledge governance). However, only Murcia
and Lodz define a specific implementation process for integrating technical and commu-
nity knowledge to strengthen the collaboration of public authorities, citizens, community
groups, the business sector, and other relevant stakeholders in decision-making (Murcia),
and create dedicated roles (mediator in Lodz) to facilitate and manage the interventions.
In Murcia, the citizens’ engagement, and collaboration between local administration and
residents, were crucial for the design and implementation of the interventions. The Ur-
ban DNA initiatives provided opportunities to raise awareness and enhance community
knowledge and planning capacity on the circular reuse of public spaces and buildings. The
direct engagement and co-design with citizens, community groups, research and education
institutions, as well as the private sector, was directed to help to attribute value to local,
place-based, social, cultural, economic and environmental features and generate opportuni-
ties for economic development, social innovation, and environmental sustainability.

Although the analysed projects introduce procedural and organisational changes, they
do not develop specific new regulatory mechanisms or regulation of commons. In the
case of Catalonia, it emerges how the state actors and formal institutions play a major
role in project design and decision-making. There are hierarchical, vertical interactions
and collaboration (hierarchical/regulatory governance) and technical support, involving
Incasól and the Ministry of Planning and Sustainability, and the city administrations in the
development of regeneration and re-use strategies.

The case studies provide limited evidence of transformational governance mode,
activities, or strategies for catalysing the behavioral change of relevant actors and policy
changes are not integrated in the projects and programmes, limiting the scope of the
ecosystem integration approaches.

5. Discussion and Conclusions

The results show that there is a strong integration of cultural, environmental and
socio-economic dimensions, with an emphasis on the cultural value, environment and
ecosystems, and land recycling. However, the focus on the role ecosystem services is still
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partially explored while more attention is given to the urban regeneration and brownfields
redevelopment rather than re-naturalisation.

The project interventions address the knowledge and participatory challenges, pro-
viding different solutions and strategies, however the regulation and policy dimensions
are mainly limited to the collaboration among different public institutions and levels of
governance. Alternative tools and regulations, such as common good regulations, are little
explored and implemented in the Partnerships. Future research, both case studies and
theoretical reviews, concerning alternative processes and forms to assign the management
of common spaces and services to communities and social groups that are already engaged
or interested in management of ecosystems in under-used spaces, would provide valuable
insights for innovation regulations and urban and land-use planning.

The projects illustrate the key role of the public authorities and institutions in address-
ing the sustainable challenges where the market has no interest to intervene. However, this
may generate constraints for a bottom-up approach to effectively engage and empower
segregated social groups and citizens, underpinning gentrification.

Concerning the relevance of the results for urban and land-use planning and man-
agement, it should be considered that the review of the case studies is limited to three
experiences from the Partnerships of the Urban Agenda for the EU, and that most of the
projects focused on the re-use of public spaces and building. A systematic review of addi-
tional experiences within and beyond the EU Partnerships, also including the exploration
of the potential of the re-use of private spaces and buildings, would be very relevant.

In addition, further research, including quantitative and detailed data on funds and
resources of the analysed projects and programmes, on the dimension, land use, and land
cover of the areas of interventions, on size and composition of the governance networks and
structures, and on expected or measured social and economic impacts and targets, would
provide significant insights concerning innovative urban planning, useful to operationalise
an integrated approach to ecosystem services in Europe.
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Notes

1 Some examples of this innovative urban regulations are in the Emilia Romagna Region in Italy where, in line with regional Law,
the Municipality of Reggio Emilia is experimenting “citizenship agreements” and co-design actions for the reuse of urban assets,
spaces and buildings; and in the city of Naples, Turin and Salerno, where the local authorities are developing local regulations
to introduce “collaboration pacts” as a tool to assign the management of spaces or buildings to citizens or community groups
following a specific procedure to include temporary uses of the “common goods” and require that management objectives are in
line with the public interest and spaces and activities are open to the public.

2 Framework Contract ‘Support to the implementation of the Urban Agenda for the EU through the provision of management,
expertise, and administrative support to the Partnerships’, signed between the European Commission (Directorate-General for
Regional and Urban Policy) and Ecorys.

3 The interview with the Action Leader of Actions 3 “Identifying and managing under-used land of the Sustainable use of
land and nature-based solutions” and Action 9 “Manage the re-use of buildings and spaces in a circular economy under the
complementary”, of the Urban Agenda Partnerships on Sustainable Use of Land and Nature-based Solutions and Circular
Economy, in addition to the projects in the selected case studies, illustrated the complementarity and the collaboration within the
two actions.
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4 Action 2 is “Partnership focus on Street Invasion, Atomisation and Cultural Reactivation”, and Action 3 is “Cultural Hubs for
Innovation, Modernisation and Enhancement”.

5 The 23 City selected in the programme are Chorzów, Dabrowa Górnicza, Dobiegniew, Ełk, Grajewo, Hrubieszów, Konin,
Leszno, Lublin, Milicz, Opole Lubelskie, Rybnik, Słupsk, Stalowa Wola, Starachowice, Szczecin, Warszawa, Włocławek, Wrocław,
Żyrardów, Bytom, Łódź, Wałbrzych.

6 The Pilot project is part of the EU SWITCH programme (Sustainable Water Management Improves Tommorow’s Cities’ Health)
https://cordis.europa.eu/project/id/18530 (accessed on 4 November 2021).

7 Information about the EUROPAN Project and Colonia Sedó are accessible at: https://www.europan-europe.eu/en/session/eur
opan-16/site/esparreguera-colonia-sedo-es#specific-documents (accessed on 4 November 2021).
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Abstract: Improving our understanding of the patterns and drivers of regional carbon budgets is
critical to mitigating climate change regionally and globally. Different from previous research, our
study attempts to reveal the comprehensive impact of climate change and human activities factors
on the carbon budget. Based on the Carnegie–Ames–Stanford approach (CASA) model, the IPCC
inventory method, the ordinary least squares (OLS) regression model, the Geodetector model, and the
geographically weighted regression (GWR) method, we investigated the spatiotemporal patterns of
the carbon budget in the Yangtze River Delta (YRD) region from 2000 to 2015 and analyzed the effects
of climate change and human activities on the carbon budget. The results showed that the carbon
budget in the YRD region changed from 271.33 million tons in 2000 to −1193.76 million tons in 2015.
During this period, the changes in the carbon budget per unit area in the four provinces all showed
a decreasing trend, among which Shanghai decreased the most, followed by Jiangsu, Zhejiang and
Anhui. In terms of spatial pattern, the carbon budget of the YRD region has a “core-edge” structural
feature. The closer it is to Shanghai, the core area, the more severe the carbon budget deficit; the
farther from it, the greater the carbon budget surplus. Overall, we found that human activities have
a greater impact on the carbon budget than climate change. The top three drivers were, in order,
changes in population density, GDP per capita, and unused land, with q values of 0.3317, 0.1202,
and 0.0998, respectively. Locally, the impact of the drivers on the carbon budget shows obvious
spatial heterogeneity. In particular, the population density was negatively correlated with carbon
budget changes in the entire study area, and the coefficients of GDP per capita and unused land were
negative in most counties. Based on the results, we put forward suggestions for restricting population
flow among the core area and the peripheral area, promoting industrial innovation in the core area
and ecological protection in the peripheral area, as well as implementing three-dimensional space
development in the core area and controlling the expansion of construction land in the peripheral
area. Our study can provide a scientific basis for low-carbon development in the YRD region. The
methodology and findings of this study can provide references for similar studies in other urbanized
regions around the world.

Keywords: carbon budget; spatiotemporal patterns; drivers; Yangtze River Delta

1. Introduction

Since the industrial revolution, the global economy has developed rapidly, and various
energy sources have been widely used. The resulting emissions of greenhouse gases
(including CO2, CH4, and N2O), especially CO2, have led to the gradual acceleration of the
rise in the global average temperature over the past 200 years [1–3]. The need to mitigate
climate change has become a global consensus [4]. Terrestrial ecosystems have a strong
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carbon sequestration function, and terrestrial vegetation can convert and store atmospheric
CO2 into organic matter through photosynthesis, playing a key role in mitigating global
warming [5]. Many studies have demonstrated that carbon sequestration in terrestrial
ecosystems can offset substantial anthropogenic carbon emissions [6–8]. Therefore, it is
critical to uncover the relationship between carbon emissions and carbon sequestration and
the drivers behind them.

The carbon budget of terrestrial ecosystems refers to the difference between carbon
sequestration and carbon emissions [9]. Conducting carbon budget research can help clarify
the regional carbon emission reduction pressure and carbon sink potential [10–12]. Prelimi-
nary research on regional carbon budgets mainly focused on natural ecosystems, such as
forests, grasslands, farmlands, and wetlands [13–16]. In recent years, with the deepening of
global change research and the proposal of a low-carbon economy, carbon budget research
covering natural and human social and economic activities has begun to attract academic
attention [9,17]. The assessment methods of the carbon budget mainly include field surveys,
empirical models, remote-sensing models, IPCC inventory methods, etc. [18]. Field surveys
can be used to obtain measured data on vegetation and soil carbon densities or the net
carbon exchange between ecosystems and the atmosphere. This method is suitable for
studies at the scale of sample sites and ecosystems [19]. At larger spatial scales, statistical
models are usually established to evaluate carbon budgets based on empirical relationships,
and such studies are typified by Houghton’s bookkeeping model [20]. In recent decades,
with the advancement of remote sensing and GIS technology, remote-sensing models (such
as the CASA model) have become an effective technical means to assess carbon sequestra-
tion [21]. The IPCC inventory method is widely used in carbon emission accounting due to
its simple calculation and high practicability [22]. Combining remote-sensing models with
the IPCC inventory approach can greatly improve the efficiency and accuracy of carbon
budget assessments [23]. To date, researchers have carried out many carbon budget studies
based on these methods in different regions of the world [21,24,25]. However, how to apply
scientific research results to guide carbon management in practice is still a challenge [26].

Before developing carbon management strategies, policymakers should understand what
underlying factors affect carbon budgets and where and when these impacts occur [27,28].
Climate change and human activities are considered the two main driving factors of
carbon budget dynamics [21,29–32]. Climatic change affects the ecosystem carbon budget
mainly by changing vegetation phenology, photosynthesis, respiration, soil moisture and
evapotranspiration [10,33]. Human activities, especially the impacts of land use/land cover
change (LUCC) on carbon budgets, are important factors leading to the current increase in
atmospheric CO2 concentrations [34,35]. Studies by Houghton et al. showed that from 1850
to 1990, global LUCC led to the emission of 124 Pg C into the atmosphere, of which 108 Pg
C came from the reduction in forest ecosystem area [20]. In addition, some researchers have
focused on other indicators of human activity, such as the impact of population growth
and GDP growth on the carbon budget [9,36,37]. However, most of the current driving
analysis studies only focus on one of climate change [38,39] or human activities [40,41], and
comprehensive analysis of carbon budget changes caused by multiple drivers is rare.

With the rapid development of the national economy, China has become a major
CO2 emitter [42]. To mitigate global warming, China has made unremitting efforts to
increase forest and grass areas and reduce energy consumption in recent years [43]. The
Chinese government has pledged to peak carbon emissions by 2030 and be carbon-neutral
by 2060 [44]. Located in East China, the Yangtze River Delta (YRD) region is the largest
urban agglomeration and is one of the regions with the fastest urbanization [45]. In the past
few decades, energy has played an important role in promoting the rapid development
of the YRD region, but it has also caused a high level of carbon emissions [46]. The
unbalanced regional development in this area has become increasingly prominent, and
it is urgent to formulate differentiated regional development policies. To date, some
researchers have carried out research on the carbon budget at the national scale in China [47].
Other researchers have conducted many studies on either carbon sequestration or carbon
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emissions in the YRD region [22,45,48–50]. However, studies on the spatiotemporal patterns
of the carbon budget and its drivers in this region have not yet been performed.

Different from previous research, our study tried to reveal the comprehensive impact
of human activities and climate change factors on the carbon budget and to narrow the
gaps in carbon budget research in the YRD region. We estimated the carbon budgets
of 308 county-level administrative units in the YRD region from 2000 to 2015 and explored
the drivers of the spatiotemporal patterns of the carbon budget. The purpose of our study
was to find scientific carbon management pathways in the YRD region. Given this challenge,
three questions were addressed: (1) Is there a certain characteristic in the spatiotemporal
pattern of the carbon budget in the YRD region? (2) Which drivers have a greater impact on
the carbon budget and where do these impacts occur? (3) How should we carry out carbon
management to reduce the imbalance of regional carbon budget? Our results provide a
scientific basis for the low-carbon and sustainable development in the YRD region, and our
methodology provides a reference for other rapidly urbanizing regions in the world.

2. Materials and Methods

2.1. Study Area

The YRD region includes Shanghai, Jiangsu, Zhejiang, and Anhui provinces (Figure 1),
comprising 41 cities and 308 county-level administrative units (including counties and
districts, which are uniformly expressed as counties in our research). The study area covers
an area of 358,000 square kilometers, accounting for approximately 3.7% of China’s total
area. The YRD region is located in the lower reaches of the Yangtze River (114◦54′–123◦10′ E
and 27◦02′–35◦08′ N). The region has abundant rainfall, with an annual precipitation of
704–2000 mm and an annual average temperature of 12.2–18.9 ◦C. The water system is
well-developed and the vegetation is mainly subtropical evergreen broad-leaved forest.

 
Figure 1. (a) The location of the YRD region in China; (b) the land use/land cover (LULC) pattern of
the YRD region in 2015.
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The YRD is one of the most densely populated areas in China, and it has the fastest
urbanization process in the entire country [45]. During 2000 and 2015, the process of urban
expansion led to a significant decline in ecosystem carbon sequestration [51]. However,
carbon emissions in the YRD region continued to increase during this period. Researchers
confirmed that the coupling coordination between carbon sequestration and carbon emis-
sion in this region was in an imbalanced state [52]. As of 2015, carbon sequestration had
offset less than 5% of carbon emissions in eight core cities in the YRD region [53].

2.2. Data Sources

The data required to assess the carbon sequestration, carbon emissions, and drivers are
mainly meteorological data, land use data, normalized difference vegetation index (NDVI),
population density data, gross domestic product (GDP) per capita data, administrative
boundary data, nighttime light data, and energy consumption data (Table 1).

Table 1. Data used in this study.

Data Name Data Type Year Source

County administrative
boundaries in the YRD

region
Vector data 2015

Resource environment data cloud platform
(http://www.resdc.cn/Default.aspx accessed on

30 May 2021)

Monthly total precipitation Site data 2000, 2015 China Meteorological Data Network
(http://data.cma.cn/ accessed on 5 June 2021)

Average temperature Site data 2000, 2015 China Meteorological Data Network
(http://data.cma.cn/ accessed on 5 June 2021)

Solar radiation Site data 2000, 2015 China Meteorological Data Network
(http://data.cma.cn/ accessed on 15 June 2021)

Normalized difference
vegetation index 1 km × 1 km Raster data 2000, 2015

Resource environment data cloud platform
(http://www.resdc.cn/Default.aspx accessed on

2 July 2021)

Land use/land cover 30 m × 30 m Raster data 2000, 2015
Resource environment data cloud platform

(http://www.resdc.cn/Default.aspx accessed on
5 July 2021)

Population density 1 km × 1 km Raster data 2000, 2015
Resource environment data cloud platform

(http://www.resdc.cn/Default.aspx accessed on
5 July 2021)

GDP per capita 1 km × 1 km Raster data 2000, 2015
Resource environment data cloud platform

(http://www.resdc.cn/Default.aspx accessed on
5 July 2021)

Energy emission data Text data 2000, 2015
Statistical yearbook of CNKI

(https://data.cnki.net/Yearbook accessed on
6 August 2021)

Night lights data 1 km × 1 km Raster data 2000, 2015

Harvard University Database
(https://dataverse.harvard.edu/dataset.xhtml?

persistentId=doi:10.7910/DVN/YGIVCD accessed
on 8 October 2021)

2.3. Methods

The analytical workflow for this study consisted of three key steps. First, we used
the CASA model, the IPCC inventory method and the PSO-BP neural network model
to evaluate the carbon sequestration and carbon emissions in the Yangtze River Delta
in 2000 and 2015, and then calculated the carbon budget. Second, we investigated the
spatiotemporal pattern of the carbon budget based on statistical analysis and GIS spatial
analysis. Third, we used the OLS model to eliminate the variables with multicollinearity
from multiple potential driving factors and analyzed the driving forces from the global and
local perspectives based on the Geodetector model and the GWR model, respectively. The
flow chart of this study is shown in Figure 2.
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Figure 2. The flow chart of this study.

2.3.1. Assessment of Carbon Sequestration, Emissions, and Budget
Carbon Sequestration

The CASA model was used to estimate the NPP in the YRD region [54], and then, the
amount of carbon sequestration in vegetation was obtained. The NPP estimated in the
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model can be determined from the photosynthetically active radiation absorbed by the
plants (APAR) and the actual photosynthetic efficiency (ε):

NPP(x, t) = APAR(x, t)× ε(x, t) (1)

In Equation (1), APAR(x, t) is the photosynthetically active radiation absorbed by
pixel x in month t (MJ·m−2), and ε(x, t) is the actual light energy utilization rate of
pixel x in month t (MJ·m−2). For the specific calculation, we referred to the research of
Yang et al. [55].

According to vegetation photosynthesis, every 1 g of dry matter produced by the
ecosystem can absorb 1.62 g of CO2, and the carbon content of dry matter accounts for
approximately 45% of the total NPP [56]. Therefore, the equation for calculating carbon
sequestration (CS) is as follows:

CS = (NPP ÷ 0.45)× 1.62 (2)

Carbon Emissions

In previous studies, the total CO2 emission data for China were usually calculated
by referring to the method of calculating the pollutant emission coefficient described in
the national Greenhouse Gas Inventory Guidelines published by the IPCC in 2006. This
method has high practicality and applicability, and it has been widely used to calculate
energy and fuel emissions [57–59]. In this paper, the method of Han et al. [22] was used.
The specific formula are as follows:

AE = ∑
m,n,t

(ECm,n,t × NCVm,n × EFm,n) (3)

where m, n, and t are the industry, fuel type, and year of investigation, respectively; AE is
the carbon emissions (in metric tons), and EC is the energy consumption (in metric tons).
NCV is the net calorific value (MWh/t) and EF is the CO2 emission factor (t CO2/MWh).
The details of NCV and EF refers to the study of Han et al. [22]. Due to the lack of energy
consumption data for some counties in the YRD region, in our study, a particle swarm
optimization–back propagation (PSO-BP) neural network model was used to simulate
the carbon emissions of counties with missing data using the MATLAB platform with
reference to Chen et al. [60]. To prevent overfitting, the MATLAB platform uses the method
of dividing the data into three parts: training, validation, and testing. Only the training
data were used in the training step, and the other two datasets that were not used in the
training were used for testing. The collected carbon emission data for the counties were
used as training data and testing data, and the counties with missing data were predicted
and simulated. The training sample size was 70% of the output layer data in the different
years. We achieved good simulation results (see Supplementary Figure S1). The PSO-BP
neural network codes used in this study are shown in the Supplementary File (Code).

Carbon Budget

Zhao et al. [61] defined the regional carbon budget as the comparative relationship
and balance between carbon sequestration and carbon emissions caused by all natural and
man-made activities in a certain region in a specific period of time. Our study calculated
the carbon budget with reference to Li et al. [62], and the formula is as follows:

CB = CS − AE (4)

In Equation (4), CB is the amount of carbon budget, CS is the amount of carbon
sequestration, and AE is the amount of carbon emissions. If the value of CB is positive, it
means that the carbon budget is in surplus; if the value of CB is negative, it means that the
carbon budget is in deficit.
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2.3.2. County-Level Data Analysis

Using the county level as the study unit is conducive to a more specific analysis of
the temporal and spatial characteristics of regional carbon budgets and the formulation of
more targeted emission reduction measures. Based on the Zonal Statistics tool of ArcGIS
10.8, our study counted and analyzed the values of the carbon budget and drivers at the
county level. Then, we further divided the county-level statistical values into six categories
to better demonstrate their evolution characteristics.

2.3.3. Driver Analysis

Referring to the research by Sun et al. [63] and after considering the natural status,
development characteristics, and data availability of the YRD region, at the county scale,
we selected 11 indicators as the potential drivers of carbon budget changes. The drivers
included climate change (average temperature, average annual precipitation, and annual
solar radiation per unit area) and human activities (proportion of cultivated land, forestland,
grassland, water area, built-up area, unused land; population density; and per capita GDP).
Changes in all potential drivers from 2000 to 2015 were first calculated and then regressed
with changes in carbon budget per unit area.

After selecting the potential drivers, we first performed collinearity diagnosis based
on the ordinary least squares (OLS) regression model and eliminated potential drivers with
a variance inflation factor (VIF) greater than 7.5. Then, a Geodetector and geographically
weighted regression (GWR) model were used to carry out global and local driving factor
analysis. Geodetector can be used to detect spatial heterogeneity and find out the driving
mechanism behind it [64]. The global impact of drivers on the carbon budget changes was
analyzed by the factor detection tool in Geodetector. The GWR model is a local regression
model based on the OLS model, which can reflect the degree of influence of different
geographical variables on the region [65].

We used the OLS and GWR tools in ArcGIS 10.8 for the modeling. The Geodetector
can be accessed at the website www.geodetector.cn (accessed on 10 November 2021).

3. Results

3.1. Changes in Carbon Sequestration and Emissions

From 2000 to 2015, both carbon sequestration and carbon emissions in the YRD
region showed an increasing trend, where carbon sequestration increased by 4.18%, while
carbon emissions increased by 215.86% (Table 2). Among the four provinces, Anhui
and Jiangsu both increased carbon sequestration to some extent, while the other two
showed a decreasing trend. Shanghai, in particular, saw a 14.51% reduction in carbon
sequestration. In terms of carbon emissions, Jiangsu, Zhejiang, Shanghai and Anhui were
ranked according to the increase in the total amount. According to the increase in carbon
emissions per unit area, the rankings were Shanghai (433.78 t/ha), Jiangsu (64.20 t/ha),
Zhejiang (32.16 t/ha) and Anhui (14.50 t/ha).

Table 2. Quantitative changes in carbon sequestration and emissions during 2000–2015.

Carbon Sequestration (Mt) Carbon Emission (Mt)

Area (ha) 2000 2015 2000–2015 2000 2015 2000–2015

YRD region 3.59 × 107 968.82 1009.36 40.54 697.49 2203.12 1505.63
Anhui 1.40 × 107 368.86 394.82 25.95 161.22 364.38 203.16
Jiangsu 1.07 × 107 225.53 243.19 17.67 286.39 974.57 688.18

Zhejiang 1.06 × 107 359.41 358.51 −0.90 145.96 485.21 339.25
Shanghai 0.63 × 106 15.02 12.84 −2.18 103.92 378.96 275.04
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3.2. Spatiotemporal Dynamics of the Carbon Budgets
3.2.1. Changes in the Amount of Carbon Budget from 2000 to 2015

In 2000, the total carbon budgets of Anhui, Zhejiang and the entire study area were in
surplus, while Jiangsu and Shanghai were in deficit (Figure 3a). Specifically, the ranking of
carbon budgets was as follows: Zhejiang, Anhui, Jiangsu and Shanghai, which were 213.45,
207.65, −60.86 and −88.90 million tons, respectively. In 2015, only Anhui’s carbon budget
was in surplus, and the other three provinces were in deficit. Jiangsu had the largest carbon
budget deficit gaps (−731.37 million tons), followed by Shanghai (−366.12 million tons) and
Zhejiang (−126.70 million tons). In terms of changes in carbon budgets from 2000 to 2015,
all four provinces showed a decreasing trend. The order of carbon budget reduction was
Jiangsu, Zhejiang, Shanghai and Anhui. From 2000 to 2015, the carbon budget of the entire
YRD region decreased by 1465.09 million tons.

Figure 3. Quantitative changes in carbon budgets during 2000–2015.

In 2000, the carbon budget per unit area was negative in Shanghai, Jiangsu, and
the YRD region and positive in Anhui and Zhejiang (Figure 3b). In 2015, only Anhui’s
carbon budget per unit area was positive, and the other three provinces were all negative,
especially Shanghai, which reached −577.43 t/ha. From 2000 to 2015, the changes in the
carbon budget per unit area in the four provinces all showed a decreasing trend, among
which Shanghai decreased the most (−437.21 t/ha), followed by Jiangsu (−62.55 t/ha),
Zhejiang (−32.24 t/ha) and Anhui (−12.65 t/ha).

3.2.2. Spatial Heterogeneity of the Carbon Budget Changes

We investigated the changes in the total carbon budget (Figure 4) and in the carbon
budget per unit area (Figure 5) of each county in the YRD region from 2000 to 2015. In 2000,
the carbon budget of most counties in the study area was in surplus, while the counties
in deficit were mainly distributed in southern Jiangsu, northern Zhejiang and Shanghai
(Figure 4a; Figure 5a). In 2015, more counties went from surplus to deficit in the carbon
budget, and deficit gaps were increasing in many areas (Figure 4b; Figure 5b). From the
results of carbon budget changes, most counties showed a decreasing trend from 2000
to 2015, and the areas with a large decrease were located in Shanghai, southern Jiangsu and
northern Zhejiang; only a few counties showed an increasing trend, which were scattered
in northern Jiangsu, southern Zhejiang and northern Anhui (Figure 4c; Figure 5c).
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Figure 4. Spatial distribution and changes in the carbon budget from 2000 to 2015 in the YRD region.

Figure 5. Spatial distribution and changes in the carbon budget per unit area from 2000 to 2015 in the
YRD region.

3.3. Driver Analysis

By using the carbon budget changes in the YRD region as the dependent variable and
taking climate change (average temperature, average annual precipitation, and annual solar
radiation per unit area) and human activities (proportion of cultivated land, forestland,
grassland, water area, built-up area, unused land; population density; and per capita
GDP) as the independent variables, the OLS model was first constructed. According to the
OLS results, the variance inflation coefficient (VIF) values of the proportion of cultivated
land and built-up area exceeded 7.5. To avoid multicollinearity, these two factors were
excluded, and the remaining nine factors were selected. The GWR tool in ArcGIS provides
standard error coefficients that measure the reliability of each coefficient estimate. These
estimates are more confident when the value of the standard error coefficient is relatively
small. Spatial distributions of standard error coefficients for each driver can be found in
the Supplementary File (Figure S2).

3.3.1. Global Analysis

Our study analyzed the impact of each driver on the carbon budget changes based
on the factor detection module in Geodetector. The magnitude of the q value represents
the influence of each driver. The results showed that changes in population density had
the greatest impact on the carbon budget from 2000 to 2015, followed by changes in GDP
per capita, the proportion of unused land, and average temperature per unit area, with q
values of 0.3317, 0.1202, 0.0998, and 0.0928, respectively (Figure 6). Population, GDP, and
unused land changes are factors in human activities, and temperature changes are factors
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in climate change. The q values of the remaining drivers were not high, but they could
still reflect the differences in the impact of different factors on the carbon budget changes.
Changes in the proportion of grassland and annual average precipitation had less effect on
the carbon budget.

Figure 6. Impact of various drivers on carbon budget changes based on Geodetector analysis. All
factors passed the significance test with p values less than 0.01. The land use type refers to the
proportion of the total area, and the climate change factor refers to the quantity value per unit area.

3.3.2. Local Analysis

The results of GWR analysis showed that there is obvious spatial heterogeneity in
the impact of various driving factors on carbon budget changes (Figure 7). Temperature
and carbon budget changes were negatively correlated in southern Anhui and southern
Jiangsu (around the Yangtze River) and were positively correlated in other regions. The
areas with positive precipitation coefficients were mainly located in the east and south
of Jiangsu, and the other areas in the YRD region had negative values. The areas with
negative solar radiation coefficients were mainly located along the eastern coast of the YRD
region, while most of the western regions were positive. The forest coefficient showed the
characteristics of a circle. The coefficient value centered on Shanghai was positive and
the largest, and the farther away from the center, the smaller the coefficient value which
gradually became negative. The influence of grassland on carbon budget changes also
had the characteristics of a circle, but it had become centered in eastern Zhejiang, and the
evolution trend in coefficient values was opposite to that of forest. The spatial distribution
of water area coefficients was similar to that of solar radiation, with negative values mainly
distributed in the eastern coastal zone of the study area and positive values in other regions.
The coefficients of unused land were high in the southeast and low in the northwest. Except
for some counties in the western part of Anhui, where the coefficients were negative, all
other regions were positive. Population density was negatively correlated with carbon
budget changes in the entire study area, and the minimum coefficient values were located
in the western fringe counties of Anhui and the junctions of Jiangsu, Zhejiang and Shanghai.
The per capita GDP coefficients were positive in a few counties in eastern Zhejiang and
negative in other areas; the minimum values were located in the middle of the YRD region.
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Figure 7. Spatial distribution of the GWR coefficients between carbon budget changes and each
driver in the YRD region. A positive coefficient indicates a positive correlation between the driver
and the carbon budget changes, and a negative coefficient indicates a negative correlation.

4. Discussion

In this paper, we combined the remote-sensing model and the IPCC inventory method
to explore the spatiotemporal pattern changes in the carbon budget in the YRD region of
China and analyzed the drivers leading to the changes. Different from previous studies,
this study focused on county-scale analysis and analyzed the comprehensive effects of
multiple drivers on carbon budgets. The issues we tried to discuss were threefold: (1) to
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determine the characteristics of the spatiotemporal pattern of the carbon budget in the YRD
region, (2) to analyze the driving effect of different factors on carbon budget changes, and
(3) to discuss the implications, limitations and future perspectives of this study.

4.1. Spatiotemporal Patterns of Carbon Budgets

Our study found that the increase in carbon sequestration in the YRD region from 2000
to 2015 was much smaller than the increase in carbon emissions, and the carbon budget
deficit areas were mainly located in Shanghai, southern Jiangsu, and northern Zhejiang,
which is consistent with the findings of Tao et al. [53]. The rapid urbanization process, the
increase in impervious surface area, and the large energy consumption in these areas were
the main reasons for this phenomenon. As the core city of the YRD region, Shanghai is the
growth pole of regional development. Many studies have shown that the socioeconomic
development of the YRD region has a “core-edge” structure [66–68]. We found that the
spatial pattern characteristics of carbon budgets in the YRD region are as follows: with
Shanghai as the center, it gradually changes from a carbon budget deficit to a surplus as the
distance increases, and the closer to Shanghai, the greater the deficit. This indicated that
the spatial pattern of the carbon budget in the YRD region also has a “core-edge” structural
feature. Although few studies have focused on the carbon budget in the YRD region, the
results of some carbon sequestration or carbon emission studies conducted in this region
can also support our speculation. For example, the research conducted by Sun et al. in
the YRD region showed that the ecosystem carbon storage gradually increased with the
distance from Shanghai [69]; Han et al. showed that the closer to Shanghai, the greater the
value of net carbon emissions (the difference between carbon sources and carbon sinks in
each pixel) [22]; Liu et al. demonstrated that the spatial network of the carbon emission
efficiency in the YRD region had a core–edge structure [70]. Similarly, the carbon emissions
of the Pearl River Delta, [71,72], Los Angeles, Moscow, Tokyo, New Delhi, and Sao Paulo
also have this spatial pattern [73]. According to the first law of geography, the correlation
between objects is related to the distance. Generally, the closer the distance is, the greater
the correlation between objects, and vice versa. The carbon budget is also applicable to
this law; that is, adjacent areas have similar pattern characteristics due to their similar
dominant functional positioning. Shanghai and its surrounding areas have a high degree
of geographical connection, and the dominant function is economic development. The
large amount of energy consumption and the limited area of natural ecosystems make the
region’s carbon budget deficit serious.

4.2. Drivers of Carbon Budget Changes

The factors influencing the carbon budget of terrestrial ecosystems vary in different
regions [74]. In this study, changes in population density, per capita GDP, and unused
land area accounted for the top three impacts on the carbon budget in the YRD region
(Figure 6). This shows that compared with climate change factors, human activities have a
greater impact on the carbon budget in the YRD region. Moreover, we found that the effects
of different drivers on the spatiotemporal pattern of the carbon budget were different
(Figure 7). The results indicated that changes in population density have a much larger
impact on the carbon budget than other drivers and were negatively correlated across all
regions. This is consistent with Tan et al. [37], who concluded that population growth has a
positive effect on China’s carbon emissions. For the core area, an increase in population
means an increase in food consumption, housing needs and transportation needs, resulting
in more energy consumption and carbon emissions [75]. For the peripheral area, the
primary industry practitioners continue to flow to the secondary and tertiary industries of
the core area or local [76]. The reduction in the labor force in the primary industry means
an enhancement of mechanization; the development of the secondary industry means
an increase in energy consumption. These will all increase carbon emissions. Our study
showed that an increase in per capita GDP in the YRD region leads to a reduction in the
carbon budget. On the one hand, industrial development needs to obtain a large quantity
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of raw materials, energy and resources from the region for the production process, resulting
in carbon emissions; on the other hand, the construction of factories occupies forestland,
grassland and wetlands, resulting in reduced carbon sequestration [77]. The increase in
population and GDP in the YRD region is also accompanied by the development of much
unused land into construction land, such as roads and high-rise buildings. These urban
infrastructures and high-rise buildings will increase the demand for energy-intensive raw
materials (such as steel, cement, etc.), thereby increasing carbon emissions [78]. In addition,
a large increase in impervious surfaces comes at the cost of encroaching on urban public
space, which will weaken the carbon sequestration function of natural ecosystems.

The relationship between water area and carbon budget is negatively correlated in the
east of the study area and positively correlated in the west, which is related to the imbalance
of economic development in the east and west of the YRD region. The eastern coastal areas
have a high degree of urbanization, and the construction and development of cities pay
more attention to the quality of life of residents. In recent years, many blue infrastructures,
such as lakes and wetlands, have been added to cities in the eastern region [79]. How-
ever, most of the increased water was converted from woodland, grassland or cultivated
land [80], thus leading to a decline in carbon sequestration and, in turn, a reduction in the
carbon budget. Due to the relatively backward economy in the western part of the study
area, the local government still regards economic development as the primary task. This
has resulted in many water areas being landfilled and developed for construction, reducing
the carbon budget. Forests are important carbon sinks in terrestrial ecosystems [34,81].
In this study, forest and carbon budgets were positively correlated in most areas with
significant spatial heterogeneity. The closer to the core area, the greater the impact of forest
change on the carbon budget. This shows that compared with peripheral cities, forests in
core areas play a more critical role in regulating the carbon budget. Grassland accounts
for a small proportion of land use types in the YRD region and has little impact on the
regional carbon budget as a whole. Grassland is mainly distributed in the southern area,
and a large area of grassland was converted into forest during the study period [49,82].
The cultivated land is mainly distributed in the northern area. Due to the Grain for Green
program, some cultivated land was converted into grassland. Therefore, the relationship
between grassland and carbon budget changes was negatively correlated in the southern
part of the YRD region and positively correlated in the northern part.

In terms of climate change factors, the overall impact of temperature on the carbon
budget is greater than that of solar radiation and precipitation (Figure 6), which is consistent
with the study by Zhang et al. [83]. We found that the effect of temperature on the carbon
budget is the opposite to that of precipitation in many regions. For example, temperature
and carbon budget are negatively correlated in southern Jiangsu, while precipitation and
carbon budget are positively correlated; temperature and carbon budget are positively
correlated in the northern area, Shanghai and most of Zhejiang Province, while precip-
itation and carbon budget are negatively correlated. Durand et al. demonstrated that
increasing solar radiation can promote photosynthesis in vegetation, thereby increasing
carbon sequestration [84]. It may also exacerbate the urban heat island effect and lead to an
increase in carbon emissions [85]. In our study, the effect of radiation on the carbon budget
showed an opposite situation in the east and the west. This may be due to the high degree
of urbanization in the eastern region. High-density buildings, asphalt pavements, and
cement pavements have larger heat absorption rates and smaller specific heat capacities,
which will further enhance the urban heat island effect under the influence of increased
radiation [86]. To mitigate the heat island effect, the eastern region consumes more energy
to cool down. The increase in carbon sequestration caused by increased radiation is not
enough to offset this part of carbon emissions. Due to the low degree of urbanization in
the western area, the impact of radiation on carbon sequestration is greater than that of
carbon emissions. Therefore, radiation in these regions is positively correlated with the
carbon budget.
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4.3. Implications, Limitations and Future Perspectives

Our study found that the spatial pattern of the carbon budget in the YRD region has a
“core-edge” structural feature. As the core of the YRD region, Shanghai and its surrounding
areas have high population density and rapid economic development and are under the
pressure of an unbalanced carbon budget. The peripheral area farther from the core area
assumed the main carbon sink function. Furthermore, we revealed that population density,
GDP per capita, and unused land change have the largest impacts on the carbon budget.
Low-carbon development not only requires effectively curbing carbon emissions from
the perspective of carbon sources but also requires increasing carbon sinks as much as
possible, thereby improving the level of carbon sequestration in the region. Based on
these study results, we make recommendations from three aspects: population, industrial
development, and land use. (1) Limit the continuous migration of the population from the
peripheral area to the core area. The increase in the urban population will inevitably bring
about a larger gathering of economic activities and an increase in built-up areas, which
in turn will result in more energy consumption and carbon emissions. Therefore, this is a
key factor in regulating the regional carbon budget. (2) Upgrade high-energy-consuming
industries in the core area and further promote regional economic growth and low-carbon
development through innovation; continue to carry out afforestation projects in peripheral
areas and develop ecological industries. Based on the accounting results of the carbon
budget, the government can formulate ecological compensation measures and improve the
carbon-trading market to compensate for the carbon sink functional area. In this way, on
the one hand, the counties in the peripheral area can use this part of the funds to improve
the salaries, employment opportunities, and medical and education levels of residents to
retain the local labor force and reduce the population pressure in the core area. On the other
hand, the counties of peripheral area can also invest more funds in ecological protection
projects. To support policy formulation, our research provided a list of counties with severe
reductions and counties with increases in carbon budgets in the YRD region from 2000
to 2015 (Supplementary Tables S1 and S2). (3) Implement a compact and three-dimensional
urban space development model in the core area to promote the intensive use of land,
control the excessive growth of artificial surfaces in the peripheral area and reduce the
occupation of natural open space.

Our results provide a scientific basis for local green and low-carbon development poli-
cies. However, this study still has some limitations that need to be improved. For example,
the carbon budget of terrestrial ecosystems is scale-dependent. This study assumed that
the YRD region is a closed area and did not consider its carbon cycle relationship with
the larger external terrestrial ecosystem. Due to data availability limitations, soil carbon
storage was not considered in this paper, which may lead to an underestimation of total
carbon sequestration. In addition, policy formulation also has an impact on the carbon
budget changes, but this study did not involve policy scenario simulation.

Despite the above limitations, the method used in this paper is highly maneuverable
and can quickly and effectively reveal the spatiotemporal patterns of the regional carbon
budget and its drivers. In the future, we plan to work on the following aspects to further
improve the current research. First, we will conduct sampling of vegetation and soil
quadrats to verify the accuracy of the CASA model and supplement the soil carbon storage
component. Second, we will combine global carbon dioxide satellite-monitoring data with
the IPCC inventory approach to improve the simulation accuracy of carbon emissions.
Third, we plan to search for available regional policy data and analyze the impacts of policy
factors on carbon budget changes.

5. Conclusions

This study explored the spatiotemporal pattern characteristics of the carbon budget
and analyzed its drivers in the YRD region. The results showed that both carbon sequestra-
tion and carbon emissions in the study area increased from 2000 to 2015, but the increase in
carbon emissions far exceeded the carbon sequestration. The study area changed from a
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carbon balance surplus in 2000 to a deficit in 2015. From the perspective of spatial patterns,
the carbon budget in the YRD region has a “core-edge” structural feature. The closer it is
to Shanghai, the core area, the more severe the carbon budget deficit; the farther from it,
the greater the carbon budget surplus. We found that population density, GDP per capita
and unused land change accounted for the top three impacts on the carbon budget in the
YRD region. Overall, human activity has a larger impact on the carbon budget than climate
change, and these impacts are mostly negative. Locally, the impact of each driver on the
carbon budget showed obvious spatial heterogeneity. The different natural environments
and socioeconomic development in different regions are the reasons for this spatial het-
erogeneity. Based on the results, we proposed limiting the continuous migration of the
population from the peripheral area to the core area, carrying out industrial restructuring in
the core area, and focusing on implementing ecological protection projects in the peripheral
area, implementing a compact and three-dimensional urban space development model in
the core area, and controlling the occupation of open natural spaces by built-up land in
peripheral areas. Our study can provide a scientific basis for low-carbon development in
the YRD region. Our methodology and findings can provide references for similar studies
in other urbanized regions around the world.
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Abstract: Given that ecological and environmental functions are greatly influenced by rapid urban-
ization, a clear understanding of the relationship between ecosystem services (ESs) and urbanization
is urgently needed to improve sustainable development in Inner Mongolia. In this study, we first
carried out ecosystem service valuation (ESV) using the value coefficient method. We then examined
the urbanization level using a comprehensive indicator system. Finally, we applied the coupling
coordination degree model to analyze the coordination relationship between ecosystem services and
urbanization from 1995 to 2020 in Inner Mongolia. The results showed that there was an increase in
both the urbanization level and all ecosystem services excluding climate regulation, environmental
purification, and biodiversity services. The coupling coordination degree (CCD) of Inner Mongolia is
not ideal, and most counties remain at a low level of coordination degree. Furthermore, spatiotempo-
ral heterogeneity was evident in the CCD of ecosystem services and urbanization as it was higher in
the center and east of the country, but lower in the north and west regions. Relevant policies should
be implemented to strengthen the advantages of local ecology, encourage environmentally friendly
industrialization, and promote ecologically and economically sustainable development.

Keywords: ecosystem services; urbanization; coupling coordination relationship; Inner Mongolia

1. Introduction

Since the beginning of the twenty-first century, China has undergone a significant
increase in urban development. The urbanization rate of China surpassed 60% at the end of
2020 [1] and, based on Northam’s classification of urbanization stages, is considered to be in
the accelerated development stage [2,3]. China’s rapid urbanization is not only illustrated
by fast population urbanization, defined as the population transfer from rural to urban
districts, but is also characterized by land and economic urbanization [4]. Urbanization
can drive natural ecosystems to become human–nature combined or human-dominated
ecosystems [5]. Recent rapid urbanization has brought about an increasing number of
environmental problems including degradation of environmental quality, scarcity of arable
land, and most importantly, the decline of ecosystem provision which has affected both the
structure and function of ecosystems in regional areas, thereby destroying ESs [6]. ESV can
be utilized to assess the human services potential provided by regional ecosystems and
to analyze the environmental transformation induced by human disturbances. In many
studies, experts have considered ESV to be a key indicator used for measuring changes in
the ecological environment [7].

ESs are defined as the benefits and welfare that humans derive from ecosystems,
either directly or indirectly [8]. More specifically, ecosystem services encompass provision
services, regulation services, support services, and recreation and culture services [9]. The
integration of provision, regulation, support, and cultural services contributes significantly
to the synergistic achievements of the United Nations Sustainable Development Goals [10].
Globally, however, ESs have declined substantially over the past few decades, and it is
predicted that these declines will continue in the decades to come [11]. Additionally, the
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structure (for example vegetation coverage and soil quality) as well as the processes (for
example animal mitigation) within ecosystems are profoundly altered [12]. Intensifying
urbanization is putting increasing pressure on ecosystems. With their vital role in con-
necting human society to nature, ecosystem services are usually impacted by urbanization
either directly or indirectly [13]. Quantifying the relationship between ecosystem services
(ESs) and urbanization is of utmost importance to identify the underlying mechanisms
between two variables and achieve sustainable development between man and nature [14].
In this context, scholars, policymakers, and stakeholders worldwide are closely focused on
investigating the interactions and coordination mechanisms between urbanization and ESs.
A solution to this common and challenging issue is urgently needed to enhance regional
sustainability [15,16]. It is imperative to better understand the coupling relationship and
assess the coordination and conflict between urbanization and ESs to strike a long-term
balance between urbanization and ecosystem protection.

Scholars have conducted numerous studies on ESs and urbanization. Studies of ESs
rely primarily on the invest model or the value scale developed by Costanza et al. [17]
for simulating and exploring ecosystem services, and ESV is calculated by continually
optimizing the value equivalent factor [18]. In addition, investigations on urbanization
have been conducted primarily based on LUCC change [19], nighttime lighting data, ur-
banization rate, and single-dimensional estimates [20]. A simple linear relationship usually
does not exist between ecosystem services and urbanization. The relationship may involve
a correlation mechanism that is dynamic and nonlinear [21]. There are different approaches
currently being applied to examine such nonlinear correlations. Wang et al. [22] analyzed
the interaction mechanism between ESs and urbanization utilizing curve estimation. Other
researchers have used piecewise linear regression to explain the relationship between two
variables in Beijing suburbs [23]. The ecological environment and urbanization are gener-
ally interconnected. Studies have been conducted on this topic specifically for metropolitan
regions of high urbanization or other administrative regions [24–26]. They are however not
able to provide a coherent assessment of the coupling coordination relationship between
ecosystem services and urbanization for the ecological environments of relatively fragile
arid and semi-arid regions and a more precise resolution for the coordinated development
between two variables in the typical arid and semi-arid regions. Nevertheless, insufficient
research is being done on coupling coordination between urbanization and ESs, particularly
in ecologically fragile zones, e.g., arid regions and plateaus, which play an essential role in
long-term sustainable development and ecological management in these regions [27]. This
study examines the spatio-temporal patterns of the coordination relationships between ESs
and urbanization in the typical arid and semi-arid region using a coupling coordination
degree (CCD) model. Further, scholars from different backgrounds and subjects have
employed different methods and models including ordinary least square model (OLS) [28],
geographical weighted regression model (GWR) [29], and panel data regression [30] model
to investigate the coupling coordination relationship between socioeconomic and ecological
systems. Nonetheless, these models can only explain urbanization’s unidirectional effect on
the natural environment and fail to take into account the spatial-temporal effect. The cou-
pling coordination degree (CCD) model fills the gaps mentioned above [31]. Additionally,
the existing literature is primarily concentrated on the regional, provincial, and municipal
scales with few studies conducted at the county level in the entire autonomous region. To
fill this research gap, the current study was implemented at the county level. Referring to
administrative units, the evaluation results are more targeted and provide more effective
guidance for actions taken by the local government [32]. Therefore, conducting evalua-
tions at the county level is a useful way of making sustainable development a reality and
improving the coupling coordination development of urbanization and ecosystem services.

As a typical resource-based area, the Inner Mongolian economy is heavily dependent
on coal mining and extraction of other natural resources to promote its economic prosperity,
which has led to extensive resource consumption and fragile environmental conditions in
the entire region. The rapidly degrading environment in turn hinders local urbanization de-
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velopment, and Inner Mongolia faces severe challenges in its attempt to achieve sustainable
development. With the above considerations, we developed a comprehensive assessment
indicator system that includes the multiple aspects of population, economy, and land to
identify urbanization. In addition, the spatial-temporal evolution characteristics of ESs and
urbanization were identified in Inner Mongolia over the period 1995 to 2020. Specifically,
this article aimed to (1) investigate the spatio-temporal distribution pattern of individual
ESs in Inner Mongolia from 1995 to 2020; (2) evaluate the urbanization level of Inner
Mongolia from 1995 to 2020 based on three dimensions relating to population, economy,
and land; and (3) utilize a CCDM model to get a clear understanding of the coordination
interaction between ESs and urbanization. The results serve as a policy-making basis for
achieving environmental protection as well as sustainable development in Inner Mongolia
and a reference for improving the coordination relationship between ESs and urbanization
in similar areas worldwide.

2. Study Area, Data Sources, and Research Methods

2.1. Study Area

Inner Mongolia stretches across Northern China covering 1.183 million km2 and
containing 25 million people [33]. It consists of 101 counties and occupies 12.3% of China’s
total land area (Figure 1). The climate in this area is largely dominated by the continental
monsoon due to its high latitude and altitude and distance from the ocean [34]. The average
annual temperature is 0–8 ◦C declining gradually from south to north. Annual precipitation
decreases progressively from northeast to southwest ranging from 50 to 550 mm, with
75% occurring between July and September [35]. The area consists of six major vegetation
ecological zones: shrub desert, desert steppe, forest steppe, typical steppe, meadow steppe,
and deciduous forest. Xilamuren, Xilingol, Horqin, and Hulunbuir are four major prairies
in the region, and Badain Jaran, Ulanbuh, Kubuqi, and Tengger are four major deserts.
According to LUCC in 2020, grassland made up 46.13%of Inner Mongolia’s total area,
followed by desert or barren land (25.37%), forested land (14.46%), cultivated land (9.99%),
wetland (3.14%), and construction land (1.02%). In recent years, Inner Mongolia has seen
rapid urbanization due to its abundant energy resources, which also contributed to the
region’s social and economic progress. During the past few years, the region’s social
economic development and the construction of infrastructure have made great progress
due to its energy resources advantages. The urbanization level has greatly improved, and
now it has entered a phase of rapid urbanization development. Rapid urbanization not
only occupies the ecological environment directly, but also exerts a coercive influence
on the environment, energy, and resources. Therefore, conflicts between the ecological
environment and urban development are becoming more dramatic.

2.2. Data Sources

In this article, LUCC datasets were obtained from the Chinese Academy of Sciences
Resource Environmental Data Center (RESDC). These LUCC data with a spatial resolution
of 1 km and accuracy of 90% were considered appropriate for this research [2]. Then, by
combining supervision classifications and manual visual interpretations as well as field
surveys, land use types were classified into grassland, forest land, cultivated land, water
body, construction land, and other land (Figure 2). Additionally, population density and
gross domestic product with a resolution of 1 × 1 km from 1995 to 2020 were also available
on the website of RESDC. For the purpose of facilitating the exploration of the spatial
distribution characteristics of Urbanization data and ESV, a grid of 2 × 2 km was applied
to spatial sampling, and using ArcGIS software, the mean values in a total of 286,793 grid
squares of the 6-phase data were calculated.
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Figure 1. Location of the study area.

Figure 2. Land use types in Inner Mongolia from 1995 to 2020.

2.3. Study Methods

A total of 286,793 grids were generated over the six-year period (i.e., 1995, 2000, 2005,
2010, 2015, and 2020) using the “Create fishnet” function tool [36]. The spatial resolution of
each fishnet cell was set to 2 × 2 km applying the ArcGIS 10.4 spatial analysis tool.

2.3.1. Assessing Ecosystem Service Values

ESV are widely evaluated by applying the equivalent factor methodology on the basis
of the value per unit area [37,38]. The ESV is evaluated here according to the improved
method of the equivalent factor [39], and the value equivalent factor is also adjusted
according to specific circumstances. The equivalent factor of ESV according to Xie et al. [40]
in a unit of measurement that is standard equals the economic value of natural grain
produced annually on one hectare of farmland, equivalent to approximately one-seventh
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of the national grain average value of that year the same. The inter-annual variations in
grain production’s economic value were considered to calculate grain value on average in
the area and the adjusted ESV of each standardized equivalent factor in the research field
referred to 2172.62 yuan/hm2. The ESV value coefficients for each unit area are presented
in Table 1. The ESV is estimated using the formula below:

ESV = ∑
i

∑
j

Ai × VCij (1)

where ESV represents the total ecosystem services value, Ai represents land use type i’s
area, and VCij is the land use type i value coefficient and ecosystem service function type f.

Table 1. Value coefficients of ESV each unit area (yuan/hm2·year).

Ecosystem Services Functions Cultivated Land Forestland Grassland Waters Other Land

Supply services Food production 263.5 83.7 71.3 248.0 3.1
Raw material production 124.0 195.3 105.4 71.3 9.3
Water supply 6.2 102.3 58.9 2569.9 6.2

Regulation services Gas regulation 207.7 641.7 375.1 238.7 34.1
Climate regulation 111.6 1922.0 988.9 709.9 31.0
Environmental purification 31.0 558.0 325.5 1720.5 96.1
Hydrological regulation 83.7 1196.6 725.4 31,694.4 65.1

Support services Soil conservation 319.3 781.2 455.7 288.3 40.3
Nutrient cycling 37.2 58.9 34.1 21.7 3.1
Biodiversity 40.3 713.0 415.4 790.5 37.2

Cultural services Aesthetic landscape 18.6 310.0 182.9 585.9 15.5

2.3.2. Comprehensive Urbanization Indicators Assessment

Urbanization is categorized into three-dimensions, which can be further broken down
into three categories: population, economy, and land urbanization [41]. Specifically, the
three key metrics were the population density (POP), the GDP density (GDP), and the
urban land percentage (UBP). Afterwards, the urbanization factor layers were obtained
by aggregating the 1 × 1 km resolution data of PD, GDPD, and BLP into each 2 × 2 km
evaluation grid. Finally, the comprehensive urbanization level (CUL) was obtained by
superimposing PD, GDPD, and BLP. The formula is as follows:

CULj =
1
3

(
PD′

j + GDPD′
j + BLP′

j

)
(2)

where CULj refers to the comprehensive urbanization level in unit grid j, and PD′
j, GDPD′

j,
and BLP′

j correspond to the standardized values of population density (PD), gross domestic
product density (GDPD), and build-up land percentage (BLP).

2.3.3. Coupling Coordination Relationship between ESs and Urbanization

The coupling associations between the urbanization and ecosystem services originated
from a measure that exists in physics [42–44]. It is illustrated that a positive dynamic
relationship forms from interactions between two or more systems in which both systems
benefit mutually [45]. Using the theory of coupling in physics, we formulate a coupling
model calculation of ecosystem services and urbanization as shown below:

C = 2

{
WUD × WES

(WUD + WES)
2

} 1
2

, C ∈ [0, 1] (3)

where C represents the coupling level of the ecosystem services and urbanization, which
has the value of 0–1; WUD represents the urbanization assessment value; and WES refers to
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the comprehensive ecosystem services assessment value. Higher C values indicate stronger
interactions between urbanization and ecosystems. The coupling degree only reflects their
correlation level in contrast to the actual development status between the two systems.
Possibly, the two systems have low values, but high coupling degrees. Thus, it is important
to note that the high coupling value is different from the high horizontal coupling. Thus,
the CCDM model was applied to measure the level of coordination between ecosystem
services and urbanization using the following formulas:

{
D =

√
C × T

T = αWUD + βWES
(4)

where D refers to the CCD of the urbanization and ecosystem; T indicate the overall synergy
effect represented in the two systems’ comprehensive evaluation index; and α and β refer to
the two systems’ weight coefficients, most commonly in 0–1. The current study presumes
that urbanization and the ecosystem are equally important; therefore, both α and β were
given the same value of 0.5 [46].

We used the CCD division standard below to analyze the coordination develop-
ment of ecosystem services and urbanization, and the divisional results are presented in
Table 2 [47,48].

Table 2. CCD standard between ESV and urbanization.

Range of D Value Level of CCD Type of CCD

0.8 < D ≤ 1 Quality coordination (L1) WUD > WES Quality coordination with lagging ecosystem
WUD ≈ WES Quality coordination of urbanization and ecosystem
WUD < WES Quality coordination with lagging urbanization

0.6 < D ≤ 0.8 Intermediate coordination (L2) WUD > WES Intermediate coordination with lagging ecosystem
WUD ≈ WES Intermediate coordination of urbanization and ecosystem
WUD < WES Intermediate coordination with lagging urbanization

0.5 < D ≤ 0.6 Primary coordination (L3) WUD > WES Primary coordination with lagging ecosystem
WUD ≈ WES Primary coordination of urbanization and ecosystem
WUD < WES Primary coordination with lagging urbanization

0.4 < D ≤ 0.5 Basic incoordination (L4) WUD > WES Basic incoordination with hindered ecosystem
WUD ≈ WES Basic incoordination of urbanization and ecosystem
WUD < WES Basic incoordination with hindered urbanization

0.2 < D ≤ 0.4 Intermediate incoordination (L5) WUD > WES Intermediate incoordination with hindered ecosystem
WUD ≈ WES Intermediate incoordination of urbanization and ecosystem
WUD < WES Intermediate incoordination with hindered urbanization

0 < D ≤ 0.2 Extreme incoordination (L6) WUD > WES Extreme incoordination with hindered ecosystem
WUD ≈ WES Extreme incoordination of urbanization and ecosystem
WUD < WES Extreme incoordination with hindered urbanization

3. Results

3.1. Spatiotemporal Change of the ESV

The distribution pattern of individual ESs in Inner Mongolia showed significant spatial
heterogeneity from 1995 to 2020 (Figure 3). Natural conditions across the study area varied
greatly, and districts varied significantly in their ability to provide ecosystem services. The
spatial pattern of water supply services in most districts has remained mostly unchanged
over the past 25 years. WY displayed the highest high–low spatial distribution pattern
attributed to regional differences in precipitation from the northeast to the southwest. The
most significant changes in WY were observed in the central region between 2000 and 2015,
with initial decreases followed by increases, mainly due to precipitation and vegetation
evapotranspiration. SR values were lower in the western region, where bare and unused
land make up most of the land use type. Higher SR districts were concentrated in the
area with abundant precipitation and dense vegetation coverage, making it evident that
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forests contributed significantly to soil retention, alleviating urbanization’s negative effect
on soil retention. The spatial pattern of SR in the west has changed dramatically since 2000.
Climate regulation services are located high in the northeastern region. It becomes clear
that high-value areas are distributed in the same way as forest types when superimposed
on the land use map, indicating that this area is highly climate-regulating. Overall, climate
regulation value decreased during the study period. FP is influenced by a variety of factors,
including the amount of farmland. The improvement of agrotechnology contributes to
an average FP increase of 1.76% despite the GFGP implementation. Recreation potential
did not show significant changes over the studied time interval. Nevertheless, this service
displayed clear spatial heterogeneity as high recreation values were mainly found near
water sources and mountains.

The spatial pattern of ESV in Inner Mongolia was relatively stable, but there was an
evident spatial distribution pattern owing to differences in land use structure and geo-
graphic location (Figure 4). Forest coverage in hilly and mountainous areas in northeastern
Inner Mongolia contributed to increased ESV. ESV in the west region was low on account
of construction land expansion under rapid urbanization and barren land distribution in
this area. Farmland and grassland mainly dominate the medium-ESV regions. In general,
ES was spatially distributed with the highest values in forests and wetlands and the lowest
values in urban areas. Total ESV had a small, fluctuating upward trend from 1995 to
2020. It increased from nearly 384.27 billion in 1995 to 386.3.7 billion in 2020, indicating
a slight improvement of approximately 0.55% in ecosystem service functions (Table 3).
Across eleven ecosystem service categories, regulation services accounted for the greatest
percentage of contributions with 67.27% of ESV in 1995 and 67.35% in 2020. Individual
ecosystem services such as environmental purification and biodiversity decreased. The
climate regulation service was the most severely impacted regulatory service, with its
value decreasing by 0.17% over the 25 years from 1995 to 2020. The total ESV increased by
approximately 2.95 billion yuan due to increased hydrological regulation.

Table 3. ESV of different ecosystem services in Inner Mongolia (108 yuan).

Ecosystem Services Functions
ESV

1995 2000 2005 2010 2015 2020

Food production 84.41 85.64 85.45 85.92 85.93 85.89
Raw material production 105.37 105.21 105.00 105.87 105.83 105.77
Water supply 86.29 87.26 84.81 86.49 87.47 87.78
Gas regulation 340.87 339.01 338.03 341.41 341.30 341.13
Climate regulation 872.14 864.00 860.91 870.96 870.99 870.63
Environmental purification 322.08 320.39 318.23 321.42 321.78 321.83
Hydrological regulation 1049.90 1062.09 1031.89 1052.72 1064.77 1068.61
Soil conservation 421.26 419.41 418.28 422.29 422.16 421.94
Nutrient cycling 33.07 33.01 32.94 33.22 33.21 33.189
Biodiversity 364.43 361.50 359.76 363.99 364.12 364.03
Aesthetic landscape 162.90 161.77 160.79 162.76 162.91 162.90
Total 3842.73 3839.30 3796.11 3847.07 3860.47 3863.71
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Figure 3. Spatial pattern of individual ESV in Inner Mongolia from 1995 to 2020.
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Figure 4. Spatial pattern of total ESV in Inner Mongolia from 1995 to 2020.

3.2. The Dynamics of Urbanization in Inner Mongolia

The comprehensive evaluation of Inner Mongolia’s urbanization level in this study
was conducted using economic, population, and land urbanization factors. The spatial
pattern of urbanization in Inner Mongolia from 1995 to 2020 has experience rapid growth,
especially since 2000, as shown in Figure 5. The urbanization level of all districts in
Inner Mongolia increased from 1995 to 2020 despite regional variations. The Hubao-E
urban agglomeration saw the greatest increase among all districts. The Hubao-E urban
agglomeration had the highest level of urbanization with a maximum value of 0.65 in
1995. There were many areas of the region with low levels of urbanization, such as Hulun
Buir, Xilin Gol, and Alxa (CUB: 0–0.12). Since the grasslands and mountains of Northern
Inner Mongolia create an ecological barrier, many ecological restoration projects have been
implemented there, resulting in a relatively low level of urbanization development in this
region. Hubao-E had the highest urbanization score, still higher than peripheral areas in
2015. The urbanization level in Inner Mongolia progressively decreased from the urban
center to peripheral areas. In other words, the highest level of urbanization was found in
the extended urban function zone, following the new urbanization zone, with the lowest
level occurring in the ecological conservation zone.
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Figure 5. Spatial distribution of urbanization from 1995 to 2020 in Inner Mongolia.

3.3. CCD between Urbanization and Ecosystem Services
3.3.1. Coupling Degree of ESs and Urbanization

Figure 6 shows the CD of ESs and urbanization in different counties of Inner Mongolia
from 1995 to 2020. The CD consists mainly of four categories: low-level coupling, antag-
onism, running-in, and high-level coupling. The coupling degree across Inner Mongolia
shows a clear spatial distribution and wide differences among counties. In 1995, approxi-
mately 38% of the counties exhibited a low-level coupling between ESs and urbanization.
High-level coupling and running-in coupling between ESs and urbanization occurred in
48% and 14% of the counties, respectively. By 2020, 4% of the counties had transitioned
to high-level coupling from the running-in coupling. The coupling degree in the Horqin
Right Middle Banner decreased from the running-in to low-level from 1995 to 2010 and
has been maintained at running-in coupling levels since 2010. Ecosystem service provision
exceeded the urbanization level of Ejin Horo Banner after 2005, and the gap between the
two progressively increased, leading to an increase in its coupling degree. The Horqin Dis-
trict coupling degree continually declined. The coupling degrees of Bairin Youqi, Hainan
District, Tumote Right Banner, and Dongsheng District steadily increased, while in Alxa
Zuoqi, it decreased from 1995 to 2020. The coupling degrees of other counties in Inner
Mongolia slightly changed but remained at the same coupling stage between 1995 and
2020.
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Figure 6. Coupling degree of ESs and urbanization in Inner Mongolia from 1995 to 2020.

3.3.2. Coupling Coordination Analysis of Urbanization and Ecosystem Services

The spatial distribution of CCD between ecosystem services and urbanization on a
county level in Inner Mongolia was analyzed using ArcGIS software (Figure 7). Regarding
the spatial pattern, the coordinative relationship performed better in the central urban
agglomeration, namely Baotou, Hohhot, and Ordos counties, which is consistently in the
primary or quality coordination development stage. In recent years, Ordos and Baotou
faced industrial transformation and labor shortages, actively developed tourism as a means
of improving their industrial structure, and invested in technological innovation to increase
enterprise productivity and decrease environmental pollution produced by traditional
industries [49]. In contrast, the cities located in the east region including Tongliao, Chifeng,
and Xilin Gol have not yet achieved a coordination relationship between ecosystem services
and urbanization, remaining in the basic or extreme incoordination phase. This is attributed
to the large amount of grassland in these cities, as well as their rapid urban development
in recent years. Intensive human activities have negatively affected ecosystem structure,
process, and function and reduced the supply of ESs, resulting in incoordination between
the two variables. The overall CCD in the western zones (Alxa) was unchanged, remaining
at the extreme incoordination level. In the north region, containing the cities of Hulunbuir
and Xing’an, the coordination relationship between ecosystem services and urbanization
failed to perform well, remaining in the intermediate incoordination stage. In conclusion,
urbanization in Inner Mongolia significantly impacted the ecosystem during the research
period. Aside from a few counties, the coordination relationship between ecosystem
services and urbanization was unfavorable, and there was a significant regional difference
with a higher value in the northeastern than the southwestern parts.
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Figure 7. Spatial pattern of CCD in Inner Mongolia.

Figure 8 illustrates the average coupling coordination value of temporal scale varia-
tions in 101 counties from 1995 to 2020, which shows the coordination level of each county
except for Alxa county. Since Alxa’s temporal changes from 1995 to 2020 are not significant,
we excluded them from Figure 8. The CCD values in approximately 66% of the counties
exhibit a fluctuating downward trend. Located primarily in city centers and surrounding
areas, these counties are mostly concentrated in the regions with the highest level of eco-
nomic development and urbanization. Because of rapid industrialization and urbanization,
land use patterns are largely disordered (construction land increases, and forestland and
grassland decrease) and natural ecosystem foundations are changed, which adversely im-
pacts the supply of core ESs. In contrast, the CCD changes in 23% of the counties showed an
upward trend, including Chahar Right Front Banner, Dengkou, Dongsheng, Dong Ujimqin,
Erenhot, Haibowan District, Hangjinhouqi, Hangjinqi, Hongshan District, Hollingol, Jining
District, Linhe District, Sunite Right Banner, Wuda District, Urad Middle Qi, Wushenqi,
Wuyuan Banner, West Ujimqin, Xilinhot, Ejin Horo, Yuquan District, and Jungar. The
Grain for Green Program and the Natural Forest Conservation Program have contributed
greatly to this growth. The implementation of these projects has considerably increased
vegetation coverage, improving the CCD. The remaining 11% of counties, including Darhan
Muminggan, Xin Barag Youqi in Hulunbuier, and Jarud in Xingan League, had no clear
changes. Urbanization and ecosystem services coexist well in these counties on account of
the low land use intensity, the small influence of human disturbances, and the relatively
dense vegetation coverage.
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Figure 8. The temporal changes of the CCD between ESs and urbanization by county.
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4. Discussion

4.1. Coupling Coordination Analysis between ESs and Urbanization

Inner Mongolia is a large arid and semi-arid region and a significant part of China’s
energy and food production base. The region has undergone dramatic changes in both
socioeconomic and ecological environments during the research period. Urbanization in
Inner Mongolia has grown rapidly: The Inner Mongolian urban population increased from
approximately 8 million in the late 1980s to 15.14 million by 2015, and built-up space as a
percentage of the provincial land area grew from 0.1% to 0.45% [33]. Growing prosperity
came at an enormous cost to the environment. Generally, urbanization can negatively
impact the ecological environment through economic development, population growth,
traffic expansions, and energy consumption [50]. In contrast, the ecological environment
can hinder urbanization development in many ways, including capital competition, popu-
lation expulsion, policy interventions, and capital exclusion [51]. The rapid urbanization
intensified the loss of ecosystem services, which adversely affected the ecological environ-
ment [52]. Thus, it is imperative to coordinate the relationship between the two factors
reasonably and ensure the long-term development and sustainability of arid and semi-arid
regions. If the contradiction between two variables decreases and both move in a positive
direction, the CCD value will increase.

High-value ecosystem services are predominantly distributed in environmentally
protected areas and low-urbanized areas, whereas low-value ecosystem services are mainly
located in highly urbanized areas. Urbanization interacts with the benefits derived from
land use types, which supports the findings of Zhou et al. [53]. Hulunbuir has the highest
value of ecosystem services owing to the rich forest coverage, but coupled situation between
ESV and urbanization has not yet reached a balanced and coordinated stage because of the
low urbanization development. Chifeng City, as a highly urbanized region, expands its
built-up land by occupying other types of arable land, which has resulted in a corresponding
decline in ecosystem service value. Therefore, an increase in built-up land area per unit can
negatively affects the total value of ecosystem services. In accordance with Tian’s findings,
a higher level of urbanization leads to greater pressure on ESV [54]. There are some studies
suggesting that population density may also relate to this phenomenon. Our results further
show that most counties’ ecosystem services-urbanization CCDs are at the preliminary
incoordination stage. While some counties are at the intermediate coordination stage, only
a few were either not coordinated or at the quality coordination stage. The majority of Inner
Mongolia counties were in the coordinate development ecological–economic coupling
transition stage and the coordination relationship between ESs and urbanization in Inner
Mongolia overall failed to reach a satisfactory level. Moreover, there were noticeable
distinctions between different counties, with an evident spatial distribution pattern of
lower CCD values in the northeast and west, with higher values in the center. Most
counties with urban agglomeration were primarily in the quality, intermediate, and primary
coordination stages, particularly the counties of Ordos, Baotou, and Hohhot. Despite
having higher levels of urbanization, these counties still realized coordination development
between ESs and urbanization. Hohhot, Baotou, and Ordos, as part of the Golden Triangle,
have become the economic and social hubs of the autonomous region owing to their
rich mineral resources, excellent geographical conditions, unique location advantages,
and good industry matching. Recently, responding to central and local policies, these
regions have an increased focus on green development, which is defined as a gradual
shift from traditional regional development modes to a sustainable development mode.
This development is in accordance with the global acceptance of reasonable protection
and orderly utilization of limited resources. However, the CCD level was not high in
most prefecture-level cities in Inner Mongolia, including Xilin Gol League, Hulunbuir,
Ulaan Chab, Chifeng, and Tongliao, which have a high population but low per capita
economic indicators. Secondary and tertiary industries are not prevalent, and the overall
urbanization rate is slower than in the urban agglomeration area. Both Baynnur City and
Alxa League have a low level of urbanization and development owing to their special
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geographical location and harsh environmental conditions. The Xing’an League is a region
rich in agricultural and animal husbandry production. Agriculture accounts for 30% of
the region’s GDP, and the agricultural population is high. However, many other economic
indicators are at low levels, resulting in a backward urbanization process. The above
analysis illustrates that Inner Mongolia is still facing the double pressure of ecological
environmental protection and socioeconomic growth.

Therefore, it is necessary to adopt different urbanization and ecological environmental
policies in different economic regions to promote the coordinative development between
ESs and urbanization in Inner Mongolia. Furthermore, the results of this study can serve as
a useful reference for coordinative development between ESs and urbanization in other
arid and semi-arid areas.

4.2. Policy Implications

We explored the coordination relationship between ESs and urbanization and found
regional differences between the center and the rest of Inner Mongolia. Generally speaking,
it is imperative to realize that the relationship between ecosystem service and urbanization
is a coordinated process, not an unbalanced one [55]. Efforts should be made to protect land
conservation and ecosystem health to ensure the synergistic development of ecosystem
services and urbanization. Specifically, it is therefore more important to put city-specific
policies into practice instead of implementing one-size-fits-all ecological restoration and
protection measures. Cities situated in the northern, eastern, and western parts of the
region must further enhance their development infrastructure and technical personnel to
turn ecological environmental benefits into benefits of regional development and achieve
green and sustainable development. The most efficient approach to increasing ESV is
to protect ecosystems with high ESV equivalence factors (forest lands, wetlands, water
bodies) [56]. Nevertheless, the government should not expand these ecosystems blindly
when setting land use policies but rather should protect the original ecological state and
ensure the integrity of the existing ecosystem. Several large-scale engineering projects
implemented in Inner Mongolia have contributed to improving the overall level of the
ecological environment, which fosters a better coordination relationship between socioe-
conomic development and the ecological environment. As for the cities in the central
part of Inner Mongolia, the intensity and quantity of new built-up land in urban areas
with extensive human disturbance need to be under strict control, and the conversion of
existing built-up land into ecological land should be promoted. Additionally, it is essential
to rationally organize and optimize green spaces in cities, including water bodies and
parks, to balance the ecological environment and human needs. Unreasonable resource
extraction and urban construction destroy ecosystem services by disrupting the supply-
and-demand balance. It is thus important for these areas to close down industries that
consume resources, develop green service industries, set up nature reserves, and form a
system of ecosystem service that is low-consumption, green, and low-carbon, rather than
one which consumes resources.

4.3. Limitations and Suggestions

This article identified the coordination interaction between ESs and urbanization
by using an arid and semi-arid region as a case study. However, the current study has
some deficiencies that need to be taken into account in future studies. First, no validation
analysis was conducted; a greater quantity of field observation data is needed to confirm
the reliability of the ES evaluation. Additionally, input data resolution greatly affects the
accuracy of the estimated result. The data pertinent to the research area are largely on
the national scale with a resolution of 1 km, leading to limitations and uncertainties in
measuring ESs. Furthermore, the developed land equivalent factor was set to 0. While ESs
provided by developed land have been viewed by many studies as having no value [57],
some studies have argued that entertainment, tourism, and culture are valuable ESs pro-
vided by developed land. That semi-artificial or artificial ecosystems replacing natural
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ecosystems in the process of urbanization will undoubtedly result in ecosystem destruction,
and this eventuality coupled with the hysteresis effect of ESs leads us to suggest setting
the developed land value to 0. Lastly, the urbanization evaluation index systems were
based only on three indices representing the aspects of the economy, population, and
land. To obtain more reliable results, future studies should consider a more accurate and
comprehensive urbanization assessment indicator system.

5. Conclusions

This study analyzed the spatio-temporal evolution of ESs and urbanization level in
Inner Mongolia from 1995 to 2020, then utilized a CCDM model to explore the coordination
relationship between the two variables. This study serves as a scientific foundation for
ecological environment management and sustainable development strategies. The results
indicate that (1) climate regulation, environmental purification, and biodiversity services
decreased while other types of services increased. In terms of ecosystem service value
categories, the regulation function has the greatest value followed by supply services and
support services, and the cultural services are considered to be the lowest value function.
There is evident spatial heterogeneity in the capacity of ES provision in different regions.
High ESVs generally were found in the forest-rich cities located in northeastern Inner
Mongolia, while medium-ESVs were found in the central and eastern plains dominated
by grassland and cultivated land. ESVs in the West Region were low due to barren land
distribution in this area. The above changes are mainly caused by the GFGP policy and
rapid urbanization, both of which have led to vegetation coverage growth and built-up
land expansion. (2) The urbanization level of Inner Mongolia had a noticeable increasing
trend. Furthermore, the urbanization degree of most districts presented an upward trend,
and urban expansion was concentrated in the developed city centers. An obvious hierarchy
of urbanization levels exists in the study region, with the higher administrative level
corresponding to the higher level of urbanization. Taking Hohhot as the core city and
Baotou as the sub-core city, the spatial distribution characteristics of urbanization decrease
from the center to the outside as well as from the south to the north. (3) Overall, the CCDs
between ecosystem services and urbanization in most counties were too low. The CCD
showed a spatial trend of higher values in the center and east, and lower values in the
west and north. Relating to the spatial distribution of coupling and coordination between
ecosystem services and urbanization, large areas of the Inner Mongolian Autonomous
Region are still dominated by imbalances.
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Abstract: In recent years, deep learning (DL) algorithms have been widely integrated for remote
sensing image classification, but fewer studies have applied it for land consumption (LC). LC is
the main factor in land transformation dynamics and it is the first cause of natural habitat loss;
therefore, monitoring this phenomenon is extremely important for establishing effective policies and
sustainable planning. This paper aims to test a DL algorithm on high-resolution aerial images to verify
its applicability to land consumption monitoring. For this purpose, we applied a convolutional neural
networks (CNNs) architecture called ResNet50 on a reference dataset of six high-spatial-resolution
aerial images for the automatic production of thematic maps with the aim of improving accuracy and
reducing costs and time compared with traditional techniques. The comparison with the National
Land Consumption Map (LCM) of ISPRA suggests that although deep learning techniques are not
widely exploited to map consumed land and to monitor land consumption, it might be a valuable
support for monitoring and reporting data on highly dynamic peri-urban areas, especially in view of
the rapid evolution of these techniques.

Keywords: deep learning; convolutional neural networks; land consumption mapping; land cover;
remote sensing; semantic segmentation

1. Introduction

1.1. Background

Soil is one of the most complex and extremely fragile natural resources which provides
fundamental ecosystem services for human wellbeing, society, and the environment, such
as food production, biomass, raw materials, climate regulation, carbon storage, etc. [1–5].
Soil health is essential to meet the needs of current and future generations; therefore, it is a
central topic in sustainable development strategies [2].

In recent years, rapid urbanization, industrialization, and infrastructure development
are among the global trends which determined many land use and land cover changes [6].
Landscape changes are shaping society, the biosphere, and endangering soil health: about
three-quarters of the Earth’s surface has undergone anthropic pressures during the last
centuries [7], becoming the most widespread cause of arable land loss, habitat destruction,
and climate changes [2,8].

Land consumption (LC) is the land transformation process related to the construction
of new buildings, the expansion of cities, the infrastructure of the territory, and other soil
sealing interventions [2,9,10]. Land consumption is defined as the loss of agricultural,
natural, and semi-natural areas due to the new artificial cover [2]. Due to LC, the soil loses
its ability to provide ecosystem services and sustain biodiversity; it negatively affects our
wellbeing and quality of our lives [2,11].

Land consumption monitoring represents a fundamental activity for effective policies
and sustainable planning [6]. Remote sensing has proved over the years to be an extremely
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powerful tool for land monitoring [7,8,12–14]. In this context, land use (LU) and land
cover (LC) classifications play a crucial role in monitoring environment dynamics, studying
phenomena such as deforestation, land degradation, or land consumption, and supporting
applications such as sustainable spatial planning and resource management policies [15,16].

In detail, the use of remote sensing has contributed to the creation of several carto-
graphic products related to land consumption at the national and European levels. Among
European products, there is the imperviousness degree layer (IMD), which is one of the
four strata (imperviousness, forest, grassland, water, and wetness) belonging to the Coper-
nicus Pan-European High-Resolution Layers (HRLs). The imperviousness product is
a raster map with a spatial resolution of 10 m and with an update frequency of three
years, which represents the degree of imperviousness of each pixel ranging from 0 to 100
(https://land.copernicus.eu/pan-european/high-resolution-layers, accessed on 29 April
2022). At the national level, ISPRA has been monitoring land consumption in Italy since
2006 through the publication and the annual update of the National Land Consumption
Map (LCM) [2,6,17]. The final product is a 10 m resolution raster for the whole national
Italian territory [2], with an overall accuracy of 99.7% [18].

This document presents a first attempt to propose a methodology to automate the
monitoring of land consumption, exploiting the innovative technologies of deep learning for
the management of big data [19] with a marginal intervention of the photointerpreter. With
the development of new technologies, Earth observation environmental data are growing
rapidly in complexity, size, and resolution [20], offering an unprecedented monitoring
possibility. This information is called “big geospatial data” [21] and it is still underused.
The underuse of this technology causes a loss of time and potential in decision-making
processes [22].

Recently, the use of the deep learning (DL) has rapidly grown in the data analysis
field. The application of this technology was made possible by two main factors: the
increased availability of data and the increased computational capability [23]. Due to the
progress made by the scientific community, DL has been successfully applied to a variety
of fields [24,25] and is now considered a state-of-the-art technology in many areas. Remote
sensing image classification is certainly one of these areas [26,27].

DL is a subcategory of machine learning (ML), which corresponds to the concept
of artificial neural networks (ANNs). By learning from a set of ground truth data, these
algorithms can perform specific tasks without explicit instructions and offer high predic-
tive accuracy even when complex non-linear relationships exist. Hierarchical learning is
followed by ANNs, which are made of multiple layers of artificial neurons. In order to
produce the outputs, the network combines the inputs and modifies them according to
weights, biases, and activation functions [28,29].

A family of DL algorithms known as convolutional neural networks (CNNs) has
recently achieved significant results in computer vision [30]. It is particularly effective at
detecting lines, angles, curves, etc., in the input image. The convolution operator is what
makes them so effective for image classification [31].

CNNs have been used for land cover classification in remote sensing data; as a
matter of fact, some studies investigated wetlands [32,33], while others investigated urban
areas [34–37]. On the other hand, several studies have primarily focused on natural
classes [38,39] or agricultural production areas [40].

These algorithms are nowadays the most popular in remote sensing due to their
exceptional performance [29]. Indeed, if compared with other traditional pixel-wise models
such as random forest (RF) or support vector machine (SVM), the CNNs have the following
advantages: the ability to work directly with raw images, the reduction in input noise, the
low overfitting tendency, and the ability to recognize elements even in rotated or distorted
images (typical in remote sensing) [23,31,41].
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1.2. Operational Requirements

Using traditional methods for cartographic production and updating involves low
update frequencies, which compromises the possibility to use them in applications that
require rapid and timely intervention [42]. The main LC/LU Copernicus data are updated
every 3 or 6 years, while the LCM is the only data available for consumed land mapping
at the national scale that has an annual update frequency. LCM updating is extremely
time consuming since it requires manual inspection of the entire national territory and
photointerpretation of the new land consumption. To this end, ISPRA has launched
studies to make this activity less burdensome and less time consuming. Currently, some
support products for photointerpretation have been introduced, called “masks of potential
changes” [1,17] that narrow the area of investigation (it can be limited to 2.4% of the national
territory) and significantly reduce the photointerpretation effort. However, there is still a
need for tools that simplify data updating while maintaining high reliability, especially in
peri-urban areas, where the greatest density of change occurs.

1.3. Objective

The study aims to show the high potential of CNNs in consumed land mapping as a
preliminary step for using these tools in land consumption monitoring. In detail, the activity
seeks for the first time to develop tools based on DL techniques that can be integrated into
the updating process of the LCM carried out by ISPRA for the Italian territory. As there
are few studies on the use of deep learning to assess land consumption, the results of this
research offer the opportunity to explore the potential of deep learning to analyze this
negative human impact on the landscape.

The objectives of the study are summarized as follows:

1. Testing of the DL in consumed land mapping;
2. Automatic production of thematic maps with the aim of improving accuracy and

reducing costs and time compared with traditional techniques;
3. Demonstration of the strategic importance of artificial intelligence for the future of

environmental monitoring, with particular reference to land consumption mapping.

The study shows an application of a CNN architecture called ResNet50 to detect
consumed land. The training and validation of the model was carried out on a first
study area located in the municipality of Rome, which was chosen in order to present a
mixed composition in terms of natural and artificial land cover classes. The classification
methodology was tested with reference to three different configurations of parameters
(called “scenarios”). The most suitable scenario has been applied to new test areas located
in the Italian region of Tuscany.

2. Materials and Methods

2.1. Study Area

The study area includes six sites located among the provinces of Florence, Siena,
and Arezzo, in the Italian region of Tuscany (Figure 1). The six areas have a total area of
67.6 km2 and are located at a latitude between 43◦29′50.19′′ N and 43◦36′4.24′′ N and a
longitude between 11◦19′46.39′′ E and 11◦32′35.33′′ E. For the training and validation of the
deep learning model, reference was made to an area of 5.7 km2 located in the municipality
of Rome (Figure 2).
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Figure 1. (a) Location of the study areas in Italy; (b) study areas.

Figure 2. (a) Training area; (b) validation area.

2.2. Overview

The proposed methodology applied the deep learning algorithms on orthophoto
images to verify the feasibility of creating land cover classification, with particular reference
to the phenomenon of land consumption. The methodology follows the Cross-industry
standard process for data mining (CRISP-DM) model, which is adapted to the study needs
owing to its flexibility of use. The CRISP-DM is already used in the data mining field
and describes the main phases of a project and their mutual relationship [43,44]. The
classification methodology was tested with reference to three different configurations
(called “scenarios”):

1. Scenario 1—binary classification distinguishing buildings from the residual areas;
2. Scenario 2—binary classification distinguishing consumed land and non-consumed land;
3. Scenario 3—identification and distinction of different consumed land classes from

natural areas.

For each scenario, different sets of model parameters were tested in order to identify
the most promising scenario and its most appropriate set of parameters. The optimal
configuration was then used in the deployment phase for the classification of images in
areas other than the training ones.
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The processes were developed using PyTorch, an open-source machine learning li-
brary available for python programming language (https://pytorch.org/, accessed on
29 April 2022). The accuracy of the classifications produced by previously trained models
was evaluated with the Semi-automatic Classification Plugin (SCP) for QGIS [45]. The
methodology (Figure 3) is described in the following sections.

Figure 3. Study workflow.

2.3. Data Pre-Processing and Modeling

The training of the predictive model was carried out starting with two high-resolution
images related to a portion of the municipality of Rome. The area was chosen because it
is characterized by a fragmented landscape and a heterogeneous composition in terms of
land cover, which is suitable for conducting land consumption studies. In detail, AGEA
data relating to 2017 with a spatial resolution of 20 cm and four channels (red, green,
blue, IR) were used (https://www.agea.gov.it/portal/page/portal/AGEAPageGroup/
HomeAGEA/Servizidiutilita/Modulistica/Modulo_richiesta%20_ortofoto, accessed on
29 April 2022). The first orthophoto (a) of Figure 2 is used for the model training, while the
second one (b) is used to verify the predictive capabilities of the model and then to validate
it. The dataset was labeled using the vector version of the Land Consumption Map (LCM)
produced and updated by ISPRA-SNPA. The vector data is available only for the territory
of the municipality of Rome and is based on images with the same characteristics as the
orthophotos used in this research [2]. The labeling process consisted of combining vector
elements with the ground truth provided by the orthophotos, in order to achieve training
and validation datasets.

2.3.1. Pre-Processing

The input datasets were preprocessed before the land cover classification based on the
DL approach:
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1. The AGEA orthophotos (in raster format) were reprojected in the UTM WGS84 ref-
erence system and resampled to obtain square pixels. The spectral resolution was
reduced to 3 bands: the blue region (500–520 nm) was removed since it is the least
significant for artificial surfaces classification, although it led to a reduction in the infor-
mation content. The radiometric resolution was also reduced: the 16 bit orthophotos
were converted into 8 bit ones.

2. The LCM was reprojected in the UTM WGS84 reference system, subjected to topo-
logical verification, and converted to Geojson format. The map has a three-level
classification system, which distinguishes different consumed land classes. The data
was reclassified to be suitable for the analysis of the three scenarios (Table 1).

Table 1. LCM reclassification table with respect to the three scenarios. For the first scenario, the class
of “buildings” was highlighted; in the second scenario the consumed land classes were separated from
natural surfaces; and in the third one, the different consumed land classes were considered separately.

Class Name LCM Code
Reclassification Code

Scenario 1 Scenario 2 Scenario 3

Buildings 111 1 1 1
Paved roads 112 0 1 2

Other non-built-up sealed areas 116 0 1 3
Unpaved roads 121 0 1 4

Construction sites and other
clayey areas 122 0 1 5

Non-consumed land 2 0 0 0
Artificial waterbodies 201 0 0 0

Roundabouts and junctions 202 0 0 0
Unpaved greenhouses 203 0 0 0

2.3.2. Deep Residual Networks

A CNN is a neural network that is an algorithm with a hierarchical structure used
to recognize patterns in data. It typically consists of three kinds of layers: convolutional
layers, pooling layers, and fully-connected layers. Various CNN models are commonly
used in remote sensing investigations such as U-Net [46], DenseNet [47], SegNet [48],
and ResNet [49] and the latter model was chosen for the study. It was decided to use
ResNet since its structure has shown good capabilities in similar applications and with a
wide range of datasets [29,49,50]. ResNet (Residual Network) was first introduced in 2015
by He [51] for image recognition purposes and has had great success in remote sensing
applications [49,52,53].

The ResNet model includes several variants which differ in number of neural network
layers: ResNet-18, ResNet-34, ResNet-50, ResNet-101, and ResNet-152. These architectures
were introduced to solve the vanishing gradient problem in order to improve the accuracy
and performance of the model. To this end, ResNet uses a novel component in addition to
the traditional ones, called residual block. The new block is a stack of layers that applies
the skip connection technique: in other words, the output of a layer is used to feed a layer
that is not directly adjacent. Considering the accuracy levels, the available times, and
computational resources, ResNet-50 was implemented.

ResNet-50 (Figure 4) consists of 50 layers which include 48 convolutions, 1 max pooling,
and 1 average pooling. A final full-connected layer and a softmax function complete the
network. Like any ResNet architecture, it starts with a convolution and max-pooling layer
using 7 × 7 and 3 × 3 kernel sizes, respectively. Afterward, the ResNet-50 proceeds with
its 4 stages, which include 3 residual blocks for each [51].
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Figure 4. ResNet50 architecture.
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2.3.3. Modeling

Modeling is the main phase of a DL experiment. The applied task can be categorized as
semantic segmentation or pixel-by-pixel classification. The goal is labeling every pixel of an
image with the corresponding semantic class using an automatic procedure. Convolutional
neural networks (CNN) are well suited to gain test set labels. For this study, monotemporal
input data was used to form a deep learning model, based on Resnet50 architecture [51].

The training phase was carried out considering 4 hyperparameters: chip size, chips per
scene, batch size, and number of epochs. A total of 60 sets of values (called “experiments”)
were defined, each corresponding to a different combination of hyperparameter values; the
60 experiments were applied to the 3 scenarios in order to evaluate which combination of
scenario and experiment provides the best results. Hyperparameter tuning is crucial for
the quality of the prediction and this depended on the data analyst assessments. Choices
were based on computer performance and on “trial and error”. Each image was divided
into chips (clippings of images) with dimensions ranging from 50 × 50 to 300 × 300 pixels,
in relation to the extent of the image. Some of these chips were randomly extracted and
used for model training: generally, we opted for a number of chips between 35 and 70 and
a batch size smaller than 8. Randomization of image chips is advantageous as it ensures
an independent distribution of samples and it is further justified in the case of study areas
affected by urban sprawl. To identify the optimal hyperparameter values, several iterations
were fitted; the model was trained using a random initialization of 5 epochs, up to the final
model with 15 epochs. By increasing the number of epochs to 15, a constant trend was
found for each scenario, which made it possible to compare them and identify the most
promising one.

The result of the algorithm training was verified graphically by overlapping the
produced maps, and through evaluation metrics reading. These metrics were calculated
starting from the confusion matrix generated during the validation step.

The main indices computed are shown below:

Precision =
(True Positive)

(True Positive + False Positive)
, (1)

Recall =
(True Positive)

(True Positive + False Negative)
, (2)

F1-score = 2 × Recall × Precision
Recall + Precision

, (3)

2.4. Deployment and Accuracy Assessment

To verify the algorithm’s ability to identify consumed land and its effectiveness on
areas other than training areas, the methodology was applied to 6 AGEA images relating to
the Tuscan territory. The areas were chosen in order to test the effectiveness of the algorithm
on territories with different degrees of consumed land. Tiles 2 and 3 have a similar presence
of consumed land compared with the training areas, while natural areas prevail in tiles 4,
5, and 6, where much of the consumed land is made up of roads. In detail, reference was
made to the scenario (and its corresponding set of hyperparameters) that showed the best
results. For this application, the chosen scenario was tested on a higher number of epochs,
specifically 30. The classifications obtained were then compared with the ISPRA LCM,
which is only available in raster format for the study area. This data is a nationwide 10 m
resolution raster with a three-level classification system capable of distinguishing different
classes of reversible and permanent consumed land. The LCM is obtained starting from the
classification of rapid-eye images, integrated with OpenStreetMap data for road mapping
and improved and updated through photointerpretation. For a detailed description of the
LCM specifications, see [6,17,54]. To compare it with the LCM, the classification was resam-
pled to 10 m of resolution, associating each pixel with a percentage artificial density value.
The artificial surface density raster was then reclassified into a binary raster, associating
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the value 1 (consumed land) to the pixels with over 51% of the territory consumed, and
0 (not consumed land) to the others. These thresholds were chosen to make the two data
comparable (in fact they are the same thresholds as the raster version of the LCM). Since
the chosen approach uses a binary classification system (consumed land–non consumed
land), the binary raster of the LCM was considered for the quantitative verification.

A confusion matrix was generated from the datasets comparison and the accuracy
assessment was performed.

Overall accuracy: classification accuracy compared with ground truth:

Overall Accuracy (%) =
number of correctly classified pixels

total number of pixels
× 100 (4)

User’s accuracy: check how many pixels of a class i are correctly classified for the user:

User′s Accuracy (%) =
number of correctly classified pixels in class i

number of pixels classified as class i (total row)
× 100 (5)

Producer’s accuracy: check how many pixels of a class i are correctly classified for
the producer:

Producer′s Accuracy (%) =
number of correctly classified pixels in class i

number of known pixels in class i (total column)
× 100 (6)

Kappa coefficient: statistical index for assessing the degree of agreement between
two assessments:

Kappa coefficient =
observed agreement − hypothetical probability

1 − hypothetical probability
(7)

3. Results

3.1. Modeling

This paragraph shows the results of testing the DL in consumed land mapping using
different model parameters and different reference classes. For the training of the algo-
rithm, 60 experiments (distinct configurations of the model parameters) were considered.
Figures 5–7 show four representative results for each of the three scenarios.

The results obtained applying the 60 experiments to the three approaches were com-
pared (Figures 5–7) in order to identify the most promising configuration. Scenario 2 shows
the best results even by varying the number of epochs and was subjected to evaluation
metrics analysis (Table 2) in order to identify the most reliable experiment. This analysis is
referred to as a 30-epoch training.

3.2. Deployment

The classification of the six orthophotos (Figure 8) relating to the study area was
conducted with reference to experiment B1 of the second scenario. The results were
analyzed in order to verify if the methodology allows the achievement of objectives two
and three. In detail, two levels of analysis were conducted:

1. First, a visual comparison with orthophotos;
2. Then, calculating the accuracy with the SCP plug-in by comparing predictions with

the binary version of the LCM (1 = consumed land, 0 = non-consumed land) (Table 3).

199



Land 2022, 11, 1919

 

Figure 5. Classification examples relating to the first scenario, with reference to 4 distinct experiments.

 

Figure 6. Classification examples relating to the second scenario, with reference to 4 distinct experiments.
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Figure 7. Classification examples relating to the third scenario, with reference to 4 distinct experiments.

Table 2. Scores of the four best experiments related to the second scenario. Class 0 identifies non-
consumed land; class 1 identifies consumed land.

Accuracy

Experiment ID

B1 B2 B3 B4
Class 0 Class 1 Class 0 Class 1 Class 0 Class 1 Class 0 Class 1

Precision 0.931 0.890 0.926 0.863 0.876 0.852 0.881 0.936
Recall 0.897 0.825 0.872 0.822 0.869 0.763 0.944 0.759

F1-score 0.914 0.856 0.898 0.842 0.873 0.805 0.912 0.838
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Table 3. Accuracy assessment by comparison with the LCM; 1 = consumed land, 0 = non-consumed
land.

Tile 1 Kappa = 0.32

Land Consumption Map

DL classification

1 0 Tot. surface
Commission

error
1 11 8 19 41.55
0 36 1075 1111 3.27

Tot. surface 48 1083 1131 -

Omission
error

76.34 0.74 - 96.07

Tile 2 Kappa = 0.73

Land Consumption Map

DL classification

1 0 Tot. surface
Commission

error
1 200 32 232 13.70
2 75 824 899 8.35

Tot. surface 275 856 1131 -

Omission
error

27.30 3.71 - 90.56

Tile 3 Kappa = 0.61

Land Consumption Map

DL classification

1 0 Tot. surface
Commission

error
1 95 37 133 28.13
0 61 941 1002 6.09

Tot. surface 156 978 1134 -

Omission
error

39.01 3.82 - 91.33

Tile 4 Kappa = 0.38

Land Consumption Map

DL classification

1 0 Tot. surface
Commission

error
1 4 2 7 34.49
0 11 1120 1131 0.95

Tot. surface 15 1123 1138 -

Omission
error

71.12 0.20 - 98.86

Tile 5 Kappa = 0.37
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Table 3. Cont.

Land Consumption Map

DL classification

1 0 Tot. surface
Commission

error
1 6 6 13 51.03
0 14 1168 1183 1.21

Tot. surface 21 1175 1195 -

Omission
error

69.74 0.55 - 98.26

Tile 6 Kappa = 0.29

Land Consumption Map

DL classification

1 0 Tot. surface
Commission

error
1 6 3 10 35.65
0 25 1100 1125 2.25

Tot. surface 32 1103 1135 -

Omission
error

80.32 0.31 - 97.46

Figure 8. Classification results of the 6 study areas relating to B1 configuration.
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4. Discussion

This research represents the first attempt to integrate DL techniques in the process of
updating the LCM produced by ISPRA at the national scale and with high frequency. In this
sense, the mapping of the consumed land is a preliminary step for the definition of support
tools for the photointerpretation of land consumption in the future for the automation of
the updating process, limiting the intervention of the operator as much as possible.

The first objective of the research concerned the verification of the applicability of
the DL for the mapping of the consumed land, with reference to the classification of very
high-resolution images for the Italian territory. Three different scenarios were illustrated:
two binary classifications and a multi-category one. The analysis of the three methodologies
highlights the second one (binary classification of consumed and non-consumed land) as
the most accurate. As a matter of fact, the strategy of merging all the artificial surfaces into
a single class produced good results. Slight variations between experiments are dictated by
chip and batch size. Decreasing the batch number and using smaller chips, more precision
was found in road boundaries and omission errors were reduced.

The second objective of the research concerned the possibility of automatically pro-
ducing thematic maps with the aim of improving accuracy and reducing costs and time.
Overall, the methodology allows to obtain consumed land classifications in a short time
with good results especially on artificial areas, while the classification of shaded areas and
reversible consumed land is still to be perfected. The first results are promising and show a
good ability of the data to identify even small consumed areas. In this sense, we intend
to perfect the methodology to produce diachronic classifications of the consumed land to
obtain layers of potential changes, suitable in the first instance to support and increase the
speed of the photointerpretation process in the most dynamic areas. In detail, the semantic
segmentation algorithm was trained and deployed on a personal computer (spec- 12 GB
RAM, Intel core i5-6200U CPU @ 2.40 GHz), which took roughly 50 min to complete the
most efficient experiment running on CPU. Considering the available computing resources,
the entire process required relatively short processing times. The speed of processing
confirms the promising capabilities of the methodology in land monitoring. In the accuracy
assessment, the classifications were compared with the LCM, which is the national bench-
mark for this theme. The methodology shows good results in the recognition of the built
areas (Figure 9a), even the smallest ones. Looking at the results of Table 3 it is important to
take into account that in some cases the algorithm correctly identifies consumed land which
is not detected by the LCM (Figure 9d). In other cases, false omission and commission
errors on properly mapped land consumed areas are related to the non-alignment caused
by the different characteristics of the two data (Figure 9e). In detail, the best results are
obtained for tiles 2 and 3 (Kappa = 0.73 and 0.61, respectively) (Table 3), which are char-
acterized by the highest presence of built-up areas, while the lowest values are related to
tiles 4, 5, and 6, which are characterized by a low density of buildings and consumed land
is primarily determined by the presence of roads. Systematic errors that affect accuracy
are due to the still experimental nature of the methodology. Commission errors are mainly
located in tiles 2 and 3 and they correspond to a river mapped as consumed land. The
error is due to the lack of training areas for this land cover class. Other minor commissions
concern uncultivated agricultural areas in the reference period. The methodology shows
higher accuracy in built-up areas, while in sparsely urbanized areas the accuracy is strongly
affected by the errors associated with the mapping of the roads. In this regard, comparing
the results of the accuracy assessment with the LCM at the third classification level helps
to analyze the consumed classes that show more classification errors. In detail, omission
errors mainly affect the road network, which is not mapped correctly in the presence of
buildings or rows of trees near the roads (Figure 9b). Portions of road not covered by
shadows or obstacles are correctly mapped. It should be noted that the LCM uses the Open-
StreetMap database for mapping roads, which has been updated by photointerpretation;
therefore, it is characterized by high accuracy even for hidden roads, which are difficult
to map only through spectral information. Other omission errors mainly refer to areas
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mapped by the LCM as reversible consumed land. This category includes unpaved roads,
sports fields, and other areas where soil has been removed (Figure 9c), many of which are
partially renaturalized. The complexity in distinguishing bare soil from sealed surfaces is
underlined in several experiences [55,56]. In this regard, a bibliographic analysis offers the
possibility to introduce and use hyperspectral data [39,57,58], SAR data [59], or consider
multitemporal data [60] to improve the recognition of urban or industrial areas and bare
soil and to verify their evolution during the year, evaluating the appearance of vegetation
or the occurrence of changes.

Figure 9. Comparison of the classification results with LCM: (a) Example of an excellent recognition
of built-up areas; (b) omission error of a secondary road in a forest area; (c) omission error referred to
as a sports field mapped by the LCM as reversible consumed land; (d) example of the DL algorithm
correctly mapping an area that LCM does not identify as consumed land; and (e) errors related to the
different resolutions of the two considered data.
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The third objective of the research aims to demonstrate the strategic importance of
using artificial intelligence for the land consumption mapping. If a first important objective
concerns refinement in the identification of reversible consumed land, a further significant
step forward will be linked to its use for the detection of land consumption. The study
was developed together with other ISPRA activities [1,6,17] for the creation of tools that
can facilitate and expedite land consumption monitoring operations. In this sense, the
methodology is already a useful tool at present, allowing the rapid production of support
layers for photointerpretation and it is useful for identifying the areas of potential change.
Compared with other tools already developed by ISPRA [17], the higher spatial resolution
of these products makes them particularly suitable for detecting changes in the peri-urban
area, where the greater density of small changes is generally concentrated. However,
future developments are possible with the methodology. Compared with the traditional
algorithms of ML (decision trees, random forest, K-nearest neighbor, etc.), the DL is an
adaptive system that is self-regulated according to the input data. The purpose of the DL is
to find the most complex and hidden relationships between data, with the aim to reduce
the human intervention as much as possible. Furthermore, ANNs allow to analyze raw
data without heavy pre-processing and they can recognize distorted and rotated elements.
The current state-of-the-art of the DL for land monitoring applications allows achieving
good results only by using very high-resolution images, which are not free of charge.
An interesting future methodology development could concern the experimentation of
the most modern architectures of ANNs with multispectral high-resolution images. For
example, the use of Sentinel images of the Copernicus Program would allow the availability
of free, multitemporal, and multispectral data, with important advantages from the point of
view of classification. The use of multispectral data allows researchers to better distinguish
the surfaces based on their spectral characteristics, while analyzing the temporal variation
of the land cover surfaces would allow evaluation of their permanence. This, together
with the choice of appropriate parameters of the neural network, are potential approaches
aimed at improving accuracy. Given the encouraging results in the medium–high-density
urban environment, DL algorithms could represent a turning point for land consumption
monitoring in peri-urban areas, which are extremely dynamic areas that need special
attention and timely interventions.

5. Conclusions

This study introduces a spectral–spatial DL-based model for consumed land mapping.
The proposed method experiments with a CNN network called ResNet50 on a reference
dataset of high spatial resolution aerial images, considering three scenarios. The perfor-
mances achieved reveal its promising capabilities in land monitoring if optimal parameters
and scenes are used for model training: as a matter of fact, the analysis of the three scenarios
shows that the training scene choice has a serious impact on classification accuracy.

Regarding objective two, the comparison with the LCM shows high congruence in
permanent consumed land mapping and, in some cases, the CNN model was proven to be
more effective than LCM. On the other hand, mapping reversible consumed land is more
challenging, due to the need to consider land use characteristics in addition to land cover.
In this sense, it is possible to try to improve the accuracy of the methodology by focusing
on a more accurate choice of training datasets and integrating different types of data
(such as multispectral images or multitemporal datasets) and on the optimization of the
parameters. The reliability of the model is strongly influenced by the choice of input data
and parameters and is therefore not suitable for application in a vast and heterogeneous
territory; however, the results show high reliability in medium–high-density areas. It
follows that the methodology would be useful to support land consumption monitoring in
peri-urban areas, which are among the areas most affected by the phenomenon [2].

Following the guidelines of the European Commission, in order to achieve the goal
“no net land take” by 2050 [61], it is necessary to map and monitor land consumption to
avoid its negative consequences, such as loss of high-quality agricultural land, the effects
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on climate change, biodiversity loss, increased risk of flooding, etc. Overall, regarding the
third theme, owing to the high accuracy obtained with the proposed model, improvements
in permanent consumed land detection can be achieved. If properly developed, this
methodology could provide a valuable aid in change detection applications. Therefore, deep
learning techniques could contribute to updating the National Land Consumption Map
and to a more efficient production of environmental indicators. Deep learning is a rapidly
expanding technology; however, it is still not widespread enough for land monitoring
and land consumption mapping, although it would lead to concrete progress in these
fields. It is therefore essential to raise research awareness even in the non-informatics field,
with the aim to acquire enough knowledge and practice to exploit the most sophisticated
cutting-edge techniques.
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Abstract: For the first time in human history, over half of the world’s population lives in urban
areas. This rapid growth makes cities more vulnerable, increasing the need to monitor urban
dynamics and its sustainability. The aim of this work is to examine the spatial extent of urban
areas, to identify the urban–rural continuum, to understand urbanization processes, and to monitor
Sustainable Development Goal 11. In this paper, we apply the methodology developed by the
European Commission-Joint Research Center for the classification of the degree of urbanization of
the Italian territory, using the ISPRA land consumption map and the ISTAT population data. The
analysis shows that the availability of detailed and updated spatialized population data is essential
to calculate SDG indicator 11.3.1, which assesses the ratio of land consumption rate to population
growth rate. Three new indicators are also proposed to describe the main trends in urban sprawl,
analyzing the spatial distribution of land consumption in terms of infill and settlement dispersion.
The research shows good results in identifying class boundaries and describing the Italian urbanized
landscape, highlighting the need for more detailed spatialized demographic data. The classification
obtained lends itself to a variety of applications, such as monitoring land consumption, settlement
dynamics, or the urban heat islands, and assessing the presence and state of green infrastructures
in the urban context, driving the development of policies in urban areas toward sustainable choices
focused on urban regeneration.

Keywords: urban–rural continuum; land consumption; land use efficiency; SDG; urban expansions;
population dynamics

1. Introduction

1.1. Effects of Urban Growth and Insights on Urbanization Dynamics in Italy

Historically, the main drivers of urban development have been economic and demo-
graphic growth but also the effects of local policies and regulations [1,2]. In recent years,
the extension of city surface areas has been increasing twice as fast as their population,
leading to an estimated increase in global land consumption of 1.2 million square kilome-
ters by 2030 [3]. This expansion will have repercussions on the habitats and ecosystem,
influencing the services they provide to humans and other life on Earth [4], e.g., they
can lead to hydrological impacts, influencing runoff in urban catchments [5] and crop
production [6]; moreover, urban centers are responsible for about 70% of global carbon
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emissions and more than 60% of resource use, while rapid urbanization is often associ-
ated with worsening air pollution [7–9]. These considerations were strengthened after the
emergency linked to the COVID-19 pandemic, which highlighted the need for resilient
cities that guarantee the highest level of well-being to citizens [10,11]. Human pressure on
soil is a key driver of the loss of biodiversity and of ecosystem services [12]. Due to their
high density of people and assets, cities must play a central role, which is manifested in
one of the sustainable development goals formulated by the United Nations within the
2030 Agenda. The 17 Sustainable Development Goals and the 169 associated targets in-
tegrate and balance the three dimensions of sustainable development, covering social,
economic, and environmental aspects [13]. The thematic of the SDG 11 is the “Sustainable
Cities and Communities” [14]; to monitor progress toward the achievement of target 11.3
(“by 2030 enhance inclusive and sustainable urbanization and capacities for participatory,
integrated and sustainable human settlement planning and management in all countries”),
the UN established indicator 11.3.1, which measures how efficiently cities use the territory,
focusing on the relation between urban expansion and the population growth in urban
area [15]. This indicator is categorized under Tier II, meaning the indicator is conceptu-
ally clear and an established methodology exists but data on many countries are not yet
available [16–18].

In this context, it is essential to understand the state of settlements and the main trends
in urbanization and demographic variations. The low-density urban growth known as
“sprawl” [19,20] is a common phenomenon in Europe that, in Italy, assumes the charac-
teristics of extreme dispersion, taking the name of “sprinkling” [21]. Compared to sprawl
(which is based on urban systems designed through zooning), this settlement dynamic
develops spontaneously, following different intensities based on the orography and often
in the absence of urban planning. Sprinkling is characterized by aggregates of highly
variable dimensions that generate low-density hybrid landscapes in rural areas, whose
characteristics mix with those of urban areas [22–24] (Figure 1). This configuration is the
result of planning processes of the 1960s and 1970s, which led, on the one hand, to the
creation of new zone plans on the peripheral areas and to densification, and on the other, to
the construction of new residential complexes in the countryside. This dynamic has led to
the proliferation of settlements in a widespread form on the margins of large urban centers,
influencing the growth of periurban fringes and the transposition of urban models to the
countryside [25]. Therefore, on the one hand, there is the presence of consolidated urban
forms with centrality roles, and on the other, discontinuous and low-density suburban or
periurban settlements have been formed, with marginal dimensions and roles that limit the
triggering of centrality effects [26]. This fraying of the margins of urban areas makes the
delimitation of the margins between city and countryside complex and limits the definition
of a univocal criterion for circumscribing them [27]. It is, therefore, necessary to analyze the
urban landscape on a national scale in terms of the urban–rural continuum, overcoming
the urban–rural dichotomy [28–30].

 
Figure 1. Example of sprawl in Paris (a) and sprinkling in Naples (b).
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1.2. Existing Data for the Representation of Urban Areas

Several products are available nationally and internationally for the representation
of urban areas and the urban–rural continuum, with different geometric and thematic
characteristics and different definitions.

1.2.1. Global Data—Global Human Settlement Layer (GHSL) SMOD

Eurostat proposes a harmonized methodology to improve the quality of urban statis-
tics starting from the classification of the entire territory along an urban–rural continuum.
The scheme is based on the combination of population data (represented by a grid of
1 km2) and density of artificial surfaces, with the aim of overcoming the traditional
urban–rural dichotomy [28,30]. The Joint Research Center (JRC) has implemented Eu-
rostat’s methodology by introducing the Global Human Settlement Layer (GHSL), which
offers information on a global scale, based on the combination of total resident population
density [31,32].

1.2.2. European Data—Copernicus Land Monitoring Service Data

Copernicus data refer to a definition of urban area that considers permanently popu-
lated areas and surfaces dominated by the influence of human activities, excluding agri-
cultural use. These areas include all man-made structures (buildings, road infrastructures,
and other paved areas) and the unsealed and vegetated surfaces associated with them.

The CORINE Land Cover (CLC) belongs to the Pan-European component of the CLMS
and describes land cover and land use with a minimum mapping unit of 25 hectares for
the entire European territory. Class 1 CLC distinguishes “artificial areas” according to
the prevalent use into “Urban fabric” (which includes built-up areas), “Areas mainly for
commercial and industrial use and infrastructures for transport and logistics” (such as ports,
airports, roads, and railways), “Quarries, landfills and construction sites”, and “Green
urban areas and sport and leisure facilities” [33–35].

Urban Atlas (UA) is another important CLMS data for the description of urban areas.
UA belongs to the Local component of the CLMS and provides a high-spatial-resolution
land cover and land use mapping of Functional Urban Areas (FUAs), defined as the set of
central cities and their commuting areas. The data are available for the years 2006, 2012,
and 2018 and have a higher spatial resolution for artificial classes (minimum mappable unit
of 0.25 hectares) than for natural areas (1 hectare). There are also two change layers, relating
to the periods of 2006–2012 and 2012–2018. Urban Atlas adopts a four-level classification
system based on CLC classes, with higher thematic detail for artificial areas [36].

1.2.3. European Data—European Settlement Map

The European Settlement Map (ESM) is a mapping of the human settlements in Europe
produced with GHSL technology by the Joint Research Center (JRC) and represents the
percentage of built-up area coverage per spatial unit. The ESM for 2016 was obtained by
applying machine learning techniques on multispectral and panchromatic bands of SPOT5
and SPOT6 imagery, in order to understand systematic relations between morphological
and textural features in the description of human settlement [37,38].

1.2.4. National Data—Degree of Artificialization and Degree of Urbanization

ISPRA has characterized the urban–rural continuum according to two approaches,
based on the analysis of the density of artificial surfaces (in the first case) and integrating
this information with data on population density (in the second one).

The first approach describes the density of the artificial surfaces starting from the
ISPRA National Land Consumption Map (LCM), considering the average density of the
artificial surfaces in a radius of 300 m. The LCM is a 10-m-resolution raster, produced
and updated annually [39–41]. The data have national coverage and are available for the
years 2006, 2012, and all the years between 2015 and 2021. The map adopts a three-level
classification system, which distinguishes different classes of permanent and reversible
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consumed land [42]. The third classification level is adopted for all new changes and is
available for most of the built-up areas, for the entire road network, and for all quarries,
landfills, and paved and unpaved greenhouses. The national territory was then classi-
fied into urban, suburban/periurban, and rural areas, in accordance with the thresholds
indicated by sustainable development goal number 11 of the United Nations 2030 Agenda.

The second ISPRA data is based on a procedure similar to the Eurostat/JRC one and
considers the consumed land density map together with the population density map. The
resulting data have four classes of artificial surface and population density, three of which
reflect those of the Eurostat/JRC (High-Density Urban Areas, Medium-Density Urban
Areas, and Rural Areas) and the fourth relates to areas with a high density of artificial
surfaces and low population density [42].

1.3. Describe Urban–Rural Continuum Using National Data

The study proposes a classification of urban areas for the Italian territory according to
the indications of the 2030 Agenda for Sustainable Development and the related Sustainable
Development Goals. The research is part of the activities carried out by ISPRA for the
characterization of the rural-urban continuum and for the monitoring and analysis of
the spatial distribution of land consumption [42]. For this purpose, the methodology
adopted by Eurostat and applied by JRC for the realization of the GHS-SMOD was resumed
and adapted to the ISPRA LCM and to the ISTAT demographic data. Starting from this
characterization of the urban area, an estimate of the SDG 11.3.1 indicator and of the land
consumption distribution was carried out for the period 2012–2018.

2. Materials and Methods

2.1. Overview

The study refers to the entire Italian territory (Figure 2) and takes up the methodology
proposed by Eurostat for a classification of the urban–rural continuum based on the spatial
distribution of the population.

Figure 2. Study area—the analysis refers to the whole Italian territory, which is represented with
reference to orography and major road infrastructure.
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Three main phases can be identified:

1. Creation of a spatialized population layer based on ISTAT demographic data.

The spatial distribution of the population was analyzed starting from the ISTAT data
on total municipal population, considering for each municipality a uniform distribution of
the inhabitants among the “residential” pixels. Ancillary data were introduced to identify
the residential areas: Starting from the LCM, the buildings were identified and then, using
the CLMS and ESM data, the residential ones were selected.

2. Classification of the urban–rural continuum on a national scale starting from the
spatialized population data.

Through focal analysis, the population density was evaluated around 1 km2 of each
pixel and population density thresholds were introduced to identify 4 classes of clusters,
which were then further divided into 9 subclasses based on the total population and
contiguity rules.

3. Application of the classification of the urban–rural continuum for the calculation of
SDG indicator 11.3.1.

The metadata of the SDG 11.3.1 indicator suggest calculating the “Ratio of land
consumption rate to population growth rate” considering the urban area obtained by
applying the Eurostat/JRC methodology as the reference area. However, the most detailed
and updated demographic data for Italy refers to the aggregate value of total municipal
population. Actually, no further information is available on the spatial distribution of the
population and its variations among the different urban–rural classes within the same
municipality (for example, how many inhabitants of a municipality live in its urban center
or the migrations from urban to periurban/suburban or rural and vice versa). As suggested
by Eurostat, each municipality was associated with the prevailing class (the one in which
the largest number of inhabitants lived) and the calculation of the indicator was carried out
for the entire territory of the urban municipalities, i.e., those where the urban class prevails.
To provide information on the evolution of urbanized areas within the municipal territory,
three new indicators were introduced that evaluate the distribution of land consumption
among the urban suburban/periurban and rural classes.

2.2. Spatialization of the Population

This paragraph describes the procedure for creating a spatialized population layer
based on ISTAT demographic data (Figure 3). The analysis refers to 2018 and is conducted
for the entire national territory.

ISTAT provides yearly updated population data for the Italian territory, with the
highest level of detail at the municipal scale (total municipal population). According to
the Eurostat methodology, in the absence of spatialized population data (geocoded census
or population register), a disaggregation grid can be created by combining the population
of census units with high-resolution land use data from national or global sources [31].
To allocate the population within the territory of the municipalities, ancillary data were
introduced for the identification of residential areas. First, the built-up areas were identified,
starting from the ISPRA LCM, where areas classified as 111 (buildings) and as 1 (consumed
land not yet reclassified to the third thematic level of detail) were selected. Starting from
these built-up areas, residential buildings were identified using the Copernicus CLMS
data (CORINE Land Cover, Urban Atlas, Coastal Zones, Natura 2000 and Riparian Zones)
and the ESM data. CLMS class 1 distinguishes different artificial surfaces, making it
possible to separate the “urban fabric” from “industrial, commercial, transport, and logistics
areas”, “extraction sites”, “green urban areas”, and “sport and leisure facilities”. In areas
not covered by CLMS class 1, ESM was used, which provides thematic information on
residential and non-residential buildings derived by remote sensing imagery and training
data. For each municipality, the total population of ISTAT was spatialized considering a
uniform distribution among the “residential building” pixels, as no supporting data are
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available (such as the height of the buildings or updated census sections) to distribute the
population on the municipality in a more detailed way. In the following, we refer to the
spatialized population data as “population raster”.

 

Figure 3. Workflow of the spatialization of population. The built-up areas were identified with the
ISPRA LCM; among these, the residential buildings were selected thanks to the CLMS data and the
ESM. The population was then distributed uniformly among all residential pixels.

2.3. Classification of the Urban–Rural Continuum

This paragraph describes the methodology for the classification of the urban–rural
continuum on a national scale starting from the population raster. The analysis refers to
2018 and is conducted for the entire national territory.

The classification adopted by Eurostat and JRC requires information on population
density per square kilometer. These data were obtained by calculating the focal statistics
on the population raster and associating with each pixel its own population density value
around 1 km2. The data were, therefore, reclassified into four classes, according to the
following thresholds (Table 1):

• Class 1, with over 2000 inhabitants per km2;
• Class 2, for areas with between 500 and 2000 inhabitants per km2;
• Class 3, for areas with between 100 and 500 inhabitants per km2;
• Class 4, with less than 100 inhabitants per km2.
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Table 1. Classes defined by Eurostat/JRC for the classification of settlements and their adaptation to
the Italian context. For the “Water” class, there must be no population and at least half a pixel must
be covered with water. The revision of the thresholds takes into account the differences between
the GHS-POP data (to which the Eurostat/JRC thresholds refer) and the proposed data, in terms of
spatial resolution and a different criterion for the spatialization of the population.

Code Definition
Eurostat/JRC Thresholds Proposed Thresholds

Pop. Density Pop. Size Pop. Density Pop. Size
30 Urban Centers ≥1500 ≥50,000 ≥2000 >10,000
23 Dense urban cluster ≥1500 5000–49,999 ≥2000 ≤10,000
22 Semi-dense urban cluster 300–1500 5000–49,999 500–2000 >5000
21 Suburban cells 300–1500 - 500–2000 -
13 Rural cluster 300–1500 500–4999 500–2000 ≤5000
12 Rural low density 50–300 - 100–500 -
11 Rural very low-density <50 - <100 -

50
Industrial, commercial

and services n.a. n.a. - -

60 Water 0 0 - -

Class 1 was further subdivided based on the total population, making it possible
to identify:

• Urban Centers with over 2000 inhabitants per km2 and a population of over
10,000 inhabitants;

• Dense Urban Clusters with over 2000 inhabitants per km2 and a population of less
than 10,000 inhabitants.

Class 2 was divided into two subclasses using a contiguousness criterion:

• Suburban cells, for areas contiguous to class 1 and with a population density between
500 and 2000 inhabitants per km2;

• Semi-dense Urban Clusters, for areas not contiguous to class 1 and with a population
density between 500 and 2000 inhabitants per km2 and a total population of over
5000 inhabitants;

• Rural Clusters with population density between 500 and 2000 inhabitants per km2

and a population of less than 5000 inhabitants.

Class 4 was defined “Low-Density Rural Cells”, while the areas that do not fall into
any of the above classes were classified as “Very Low-Density Urban Cells”. An additional
class was also introduced with respect to the Eurostat and JRC classification, relating to
areas with high built-up density and low population density, which are mostly associated
with production, commercial, or logistics areas. This class was identified with a focal
analysis on non-residential buildings and includes areas that have a built density higher
than 10% in an area of 1 km2.

The Eurostat/JRC thresholds were revised through trial and error in order to take into
account the characteristics of the population raster, maintaining a result as comparable
as possible to the GHS-SMOD. In detail, the population raster compared to the GHS-
SMOD has a higher spatial resolution (10 m against 1 km) and, for the spatialization of the
population, it does not consider the census sections, whose data are updated to 2011.

2.4. Calculation of the SDG 11.3.1 Indicator

The paragraph describes the application of the classification of the urban–rural contin-
uum for the calculation of SDG indicator 11.3.1. The calculation was conducted with respect
to the period of 2012–2018 on urban municipalities, i.e., those in which the population is
mainly concentrated in the urban classes. Here, a set of three unpublished indicators was
also calculated to analyze the spatial distribution of land consumption among the urban,
suburban/periurban, and rural classes.
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2.4.1. SDG 11.3.1 Indicator

The indicator SDG 11.3.1 “Ratio of land consumption rate to population growth rate”
(RLCRPGR) relates the variation in land consumption with the variation in population in
a reference period. In detail, it is defined as the ratio of land consumption rate (LCR) to
population growth rate (PGR) [16]:

RLCRPGR =
LCR
PGR

=

[(
CLt+n−CLt

CLt

)
T

]
[

ln
(

Popt+n
Popt

)
y

] (1)

where:
CLt = Total areal extent of the consumed land for the first year.
CLt+n = Total areal extent of the consumed land for the last year.
T = Number of years between CLt+n and CLt.
Popt = Total population in the first year.
Popt+n = Total population in the last year.
y = Number of years between the two measurement periods.
The indicator metadata suggest calculating the RLCRPGR assuming the territory

classified as an urban area as the reference area, according to the Eurostat/JRC methodology.
The assessment requires deep knowledge of the spatial distribution of land consumption
and population variation, in order to be able to accurately evaluate the variation in the two
quantities within the reference urban area.

With regard to the LCR, the LCM provides spatialized and yearly updated information
on land consumption, allowing for the identification of the changes occurring in the
reference urban area.

Regarding the PGR, ISTAT produces and annually updates the official demographic
data for Italy, providing the total municipal population as more detailed data. These data
do not allow for spatially characterizing in which areas of the municipality population
variations occur. Actually, it is not possible to evaluate the population variation with respect
to urban areas, as, in some cases, they only occupy a portion of the municipal territory,
and in others, they include more municipalities. In accordance with the Eurostat/JRC
methodology, the calculation was, therefore, carried out on a municipal scale, associating
the prevailing urban–rural class with each administrative unit (i.e., the one in which the
majority of the population is concentrated) [31]. The indicator was calculated for the period
2012–2018 on the municipalities classified as “Urban Center”, “Dense Urban Cluster”, and
“Semi-dense Urban Cluster”.

The value of the indicator depends on the two terms LCR and PGR. If they are
both positive (increase in land consumption and population) or negative (decrease in
land consumption and population), the indicator assumes positive values; otherwise, it is
negative. For the interpretation of the RLCRPGR indicator, it is important to observe the
sign of LCR and PGR, as the same RLCRPGR value can represent different dynamics (for
example, a negative RLCRPGR value can derive from an increase in PGR and a decrease in
LCR or from an increase in LCR and a decrease in PGR) (Table 2).
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Table 2. Interpretation of the RLCRPGR based on the values of the two terms LCR (Land Consump-
tion Rate) and PGR (Population Growth Rate).

LCR PGR RLCRPGR Description

>0
>0

>1 Land consumption grows much
more than population

0–1 Population grows much more than
land consumption

<0
0–−1 Population decreases significantly

and land consumption increases

<−1 Population decreases and land
consumption increases significantly

<0
>0

<−1 Population grows while land
consumption decreases significantly

−1–0 Population grows significantly while
land consumption decreases

<0
0–1 Population decreases much more

than land consumption

<−1 Land consumption decrease much
more than population

0 >0, <0 0 -

2.4.2. Normalized Difference of Consumed Land

In addition to the calculation of SDG 11.3.1, the auxiliary indicator “Normalized
Difference of Consumed Land” (NDCL) was also introduced, with reference to urban
areas (2), suburban/periurban areas (3), and rural areas (4):

NDCLu =
LC in urban area − LC in rural and suburban area

Total LC
(2)

NDCLs =
LC in suburban area − LC in rural and urban area

Total LC
(3)

NDCLr =
LC in rural area − LC in urban and suburban area

Total LC
(4)

The indicators were calculated for the same urban municipalities considered for the
RLCRPGR indicator. The calculation was based on the ISPRA LCM for the two reference
years and the interpretation of the three indicators allows for describing the spatial dis-
tribution of land consumption in the urban municipalities. Each of the three indicators
evaluates the portion of land consumption that affects each of the three classes (urban,
suburban/periurban, and rural) and the one that assumes the highest value represents the
prevailing trend of that municipality, in terms of:

• Urban Infill, where land consumption mainly affects urban areas, thus filling the gaps
between the existing urban fabric.

• Periurban Infill, when land consumption is concentrated in periurban areas on the
edge of the dense urban fabric.

• Dispersion, when low-density land consumption occurs in rural areas.

3. Results

3.1. Spatialization of the Population

The spatialization of the population refers to the residential areas identified on the
ISPRA LCM. Starting from the total consumed land of the LCM (2,130,088 hectares in
2018), buildings (class 111) and consumed land at the first classification level (class 1) were
selected, for a total of 536,579 and 689,645 hectares, respectively. The introduction of CLMS
and ESM data made it possible to distinguish the residential component (71.42% of the
built-up area) from the non-residential component (28.57% of the built-up area) (Table 3),
where the population was evenly distributed.
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Table 3. Extension of total consumed land and of classes 1 and 111 of the LCM and extension of
residential and non-residential areas within classes 1 and 111 of the LCM.

Area (ha)
Percentage (%)

On Total
National Area

On LCMC
onsumed Land

On LCM
Built-Up Area

Consumed land 2,130,088 7.06 - -

Built-up-class 1 689,645 - 2.37 -
Built-up-class 111 536,579 - 25.19 -

Residential 875,794 - - 71.42
Non residential 350,430 - - 28.57

3.2. Classification of the Urban–Rural Continuum

The classification of the settlements of the national territory according to the eight
Eurostat/JRC classes provided the results shown in Figures 4 and 5 and Table 4, expressed
in terms of hectares and percentages on the national surface. The data were also compared
with the GHS-SMOD data.

 

Figure 4. Urban area of Bologna: comparison between (a) classification of the urban–rural continuum
from the proposed data (2018) and (b) GHS-SMOD (2020). The two data are consistent with regard to
the distribution of the different classes; however, the proposed data represent with higher geometric
detail the edges of dense urban centers and the spatial configuration of small and medium-sized
clusters that have developed around the main metropolitan areas.

The Italian territory shows a prevalence of rural classes with low and very low popu-
lation density. The areas with the highest population density (Urban Centers and Dense
Urban Clusters) occupy just over 2% of the national territory, while the surrounding subur-
ban areas occupy under 5%. Compared to the GHS-SMOD, there is a similar distribution
of the national territory between urban, suburban/periurban, and rural classes, with the
main differences concerning the classes of Dense Urban Cluster and Semi-Dense Urban
Cluster, which are larger in the GHS-SMOD than in the proposed data.
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Figure 5. Urban–rural continuum in Italy (2018). The map shows the location and spatial configura-
tion of the urban clusters and the extension of the related expansion areas. Here, the rural spaces close
to the dense urban cores have undergone a conversion into urban uses with a tendency to connect
with each other.
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Table 4. Extension of the urban–rural continuum classes on the national territory, expressed in
hectares and percentage and compared with the GHS-SMOD data.

Classes
URCC GHS-SMOD

ha % ha %

Urban center 478,965 1.59 421,293 1.39
Dense urban cluster 161,683 0.54 412,635 1.36

Semi-dense urban cluster 44,219 0.15 253,155 0.83
Suburban cells 1,400,857 4.65 1,315,428 4.33
Rural cluster 660,323 2.19 800,973 2.64

Rural low density 5,921,639 19.65 4,555,108 15.00
Rural very low-density 20,855,863 69.20 22,381,960 73.70

Industrial, commercial, and services 441,594 1.47 - -
Water 173,558 0.58 227,783 0.75
Total 30,138,702 100.00 30,368,335 100.00

A total of 2825 urban clusters are identified on the national territory, of which 719
are classified as Urban centers, 2046 as Dense Urban Clusters, and the remaining 60 as
Semi-Dense Urban Clusters (Table 5). Overall, the Urban Centers occupy about three times
the surface of the Dense Urban Clusters and over 10 times that of the Semi-Dense Urban
Clusters. About half of the Urban Centers are in Lombardy (which accounts for a quarter
of the class), Campania, and Lazio. Lombardy is also the region where the class of Dense
Urban Clusters is most extended, while about one third of the Semi-Dense Urban Clusters
fall in Veneto, Latium, and Sicily.

Table 5. Surface and number of clusters present on the Italian territory for the three classes of Urban
Centers, Dense Urban Clusters, and Semi-Dense Urban Clusters.

Large Urban Center Dense Urban Cluster
Semi-Dense

Urban Cluster
Largest

Urban Center
LUCPI

Count ha Count ha Count ha ha %

Piedmont 32 29,926 138 10,646 3 2515 14,809 34.37
Aosta Valley 1 730 3 290 0 0 730 71.56
Lombardy 66 108,648 452 34,143 4 2817 48,016 32.98

Trentino A.A. 6 5291 48 3273 0 0 1509 17.62
Veneto 23 27,278 197 17,286 12 6780 5299 10.32

Friuli V.G. 28 8674 33 2265 6 4162 2903 19.22
Liguria 119 14,626 44 3524 1 601 7623 40.66

Emilia-Romagna 27 27,843 154 9975 2 1263 6737 17.24
Tuscany 33 29,906 109 7720 5 3472 8833 21.49
Umbria 4 3007 26 1628 4 3124 1289 16.61
Marche 18 8193 50 4258 2 1333 1438 10.43
Latium 37 52,989 142 13,173 5 5140 39,061 54.78

Abruzzo 14 8277 33 2735 0 0 4226 38.38
Molise 2 1393 9 685 0 0 836 40.24

Campania 125 74,469 103 7859 3 2176 49,065 58.06
Apulia 80 24,305 157 13,710 6 4530 4280 10.06

Basilicata 2 1381 21 2115 0 0 770 22.02
Calabria 15 7553 79 6260 1 812 2253 15.41

Sicily 74 36,482 177 14,231 5 4898 11,089 19.94
Sardinia 13 8289 71 5987 1 598 4181 28.11

ITALY 719 476,837 2046 161,762 60 44,219 - -

Regarding the extension of the larger urban centers, in Lombardy and Campania, the
centers of Milan and Naples each occupy almost 50,000 hectares, while, in Latium, the
urban area of Rome reaches just under 40,000 hectares. In the other regions, the main
centers do not reach 10,000 hectares, except for Piedmont and Sicily, which stop just above
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this threshold. The “Largest Urban Patch Index” (LUPI) expresses the extent of the largest
patch as a percentage on the total regional extent of the three urban classes. In Campania
and Latium, the two main clusters are among the largest in Italy and occupy between 50
and 60% of the regional urban class, while Lombardy’s Milan cluster, despite being the
largest in Italy, includes less than a third of regional urban areas, reflecting the high level
of urbanization of this region. The highest LUPI value is in the Valle d’Aosta, where the
Aosta cluster (despite being the smallest of the largest regional urban centers) includes
over 70% of the urbanized area of the region, confirming the low level of artificialization of
that territory.

3.3. Calculation of the SDG 11.3.1 Indicator

The attribution of the prevailing urban–rural class to the municipalities provided the
results of Table 6 and Figures 6 and 7.

Table 6. Classification of municipalities among the urban–rural classes based on the prevailing class.

Municipality

Classes n. %

Urban center 605 7.65
Dense urban cluster 470 5.94

Semi-dense urban cluster 56 0.71
Suburban cells 1216 15.38
Rural cluster 1640 20.74

Rural low density 2777 35.13
Rural very low-density 1142 14.44

 
Figure 6. The metropolitan area of Rome. (a) Urban–rural continuum classes. (b) Attribution of the
prevailing urban–rural class to the municipalities. This generalization involves a loss of detail, which
precludes the possibility of using indicator 11.3.1 for intra-municipal analyses, but it is the only way
to exploit ISTAT demographic data, which have annual updates at the most at the municipal level.
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Figure 7. Urban–rural continuum classes in Italy (2018)—Attribution of the prevailing urban–rural
class to the municipalities. Compared to Figure 5, this generalization leads to a loss of detail, which
limits intra-municipal analyses, but still allows evaluations and comparisons to be made between
different municipalities attributable to the same classes.
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For the calculation of the RLCRPGR indicator, municipalities defined as “Urban
Center”, “Dense Urban Cluster”, and “Semi-dense Urban Cluster” were taken into consid-
eration (Figure 7). Overall, 1131 municipalities belong to the three classes (14% of the total),
of which 605 classified as Urban Center, 470 as Dense Urban Cluster, and 56 as Semi-dense
Urban Cluster.

The calculation of the RLCRPGR indicator provided the values shown in Figure 8,
relating to municipalities with an increase in land consumption and, therefore, positive
LCR values. In detail, 13 of the 1131 municipalities show negative LCR values; in 6, there
are no changes in LCR, and 1112 show an increase in land consumption. For all urban
municipalities with a decrease in land consumption (LCR < 0), the whole territory was
inspected using the ISPRA LCM. In all cases, the restorations take place in areas classified
as reversible land consumption, in correspondence with areas of maneuvering and storage
surrounding the construction sites of new buildings, roads, and infrastructures, as in the
example of Figure 9. The following analysis, therefore, focused only on municipalities with
LCR > 0.

With regard to the municipalities with increasing land consumption, the following
results were obtained (Figure 10):

• In 571 municipalities (51.3% of those with LCR > 0), the indicator has values less
than 0. In these areas, the increase in land consumption corresponds to a decrease in
population. In detail, in the 397 municipalities with SDG values between 0 and −1,
the rate of population decrease is significantly higher than the rate of increase in land
consumption, while in the 174 municipalities with SDG < −1, the increase in land
consumption is higher than the population decrease.

• The SDG has positive values in 541 municipalities (48.6% of urban municipalities
with increasing land consumption). About two thirds of them have values between 0
and 1, i.e., a rate of increase in the population higher than the rate of increase in land
consumption, while in the remaining 164 municipalities, the population increases less
than the increase in land consumption.

The SDG indicator was supported by an analysis on the territorial distribution of land
consumption between urban, periurban/suburban, and rural areas relating to the period of
2012–2018 (Table 7).

Table 7. Distribution of land consumption (2012–2018) among the different urban–rural classes.

CLASSES ha % ha %

Urban center 2172 19.45
2628 23.53Dense urban cluster 347 3.11

Semi-dense urban cluster 108 0.97

Periurban/suburban area 2819 25.24 2819 25.24

Rural cluster 278 2.49
3749 33.57Rural low density 2170 19.43

Rural very low-density 1301 11.65

Industrial, commercial, and services 1972 17.66 1972 17.66

Water - - - -

Total 11,169 100.00 11,169 100.00
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Figure 8. RLCRPGR values in the municipalities classified as “Urban Center”, “Dense Urban Cluster”,
and “Semi-dense Urban Cluster” with an increase in land consumption (LCR > 0). In 51.3% of these
municipalities, the population decreases, while in the remaining ones, the population increases
together with land consumption.
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Figure 9. The image shows a road construction site area (reversible consumed land) in Novara
between 2012 (a) and 2018 (b). The central area has been transformed into a paved road (permanent
consumed land), while the purple areas have been restored after the completion of the road. In
all urban municipalities with a decrease in land consumption, the changes are associated with the
restoration of the maneuvering and storage areas surrounding the construction sites of new buildings,
roads, and infrastructures.

 
Figure 10. Value of the RLCRPGR indicator in the urban municipalities. In almost all urban mu-
nicipalities, there is an increase in land consumption. Among these municipalities, just over half
also show an increase in population, while in the remaining municipalities, the variations in land
consumption and population are uncorrelated.

Land consumption between 2012 and 2018 prevails in rural areas; in fact, over one
third of the changes fall into the “Rural Cluster”, “Rural Low Density”, and “Rural Very
Low Density” classes. Urban classes and periurban/suburban areas each host about a
quarter of the total changes, while about 17% of land consumption is in non-residential
areas for productive and commercial use. The trend toward land consumption outside
the denser urban classes is also recognizable from the analysis of the three Normalized
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Difference of Consumed Land (NDCL) indicators, which describe the prevailing trend in
each of the analyzed municipalities. The three indicators NDCLu, NDCLs, and NDCLr
assume values between −1 and 1 and, for each municipality, they have a sum equal to −1;
the one with the highest value indicates the prevailing tendency of land consumption to be
concentrated in urban areas (prevalence of NDCLu), periurban/suburban areas (prevalence
of NDCLs), or rural areas (prevalence of NDCLr).

The calculation of the three indicators for the 1131 urban municipalities shows the
results of Figures 11 and 12, with a tendency to infill in the main provincial municipalities
and a concentration of land consumption in the rural area in the other municipalities, with
a tendency toward dispersion in areas with low settlement density.

Figure 11. Value of the three indicators NDCLu, NDCLs, and NDCLr for the Italian urban municipal-
ities. Overall, a tendency toward dispersion emerges, caused by a concentration of new buildings in
rural areas.

In detail (Table 8), in 493 municipalities, land consumption is concentrated in rural ar-
eas (settlement dispersion). In 317 municipalities, land consumption has the characteristics
of the completion of periurban/suburban areas, and in the remaining 321 municipalities,
it shows a tendency to infill the voids between the dense and semi-dense consolidated
urban fabric.

Table 8. Land consumption distribution between urban, periurban/suburban, and rural municipali-
ties according to NDCL values.

CLASSES Count %

Urban Infill 321 28.38
Periurban Infill 317 28.03

Dispersion 493 43.59
Total 1131 100.00
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Figure 12. NDCLu, NDCLs, and NDCLr values in the municipalities classified as “Urban Center”,
“Dense Urban Cluster”, and “Semi-dense Urban Cluster”. With the exception of the main capitals, in
most urban municipalities, land consumption takes place in rural areas, assuming the characteristics
of settlement dispersion.

4. Discussion

The availability of adequate input data for the description of the spatial distribution of
built-up areas and population is one of the main factors influencing the representation of
settlements in compliance with the Eurostat methodology [17,43]. ISPRA LCM represents
the built-up areas on the Italian territory with high thematic and spatial detail and yearly
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updates [40,42], while, at the European level, the CLMS data allow a description of the
artificial areas LU with good coverage and high thematic detail while maintaining an
adequate update frequency (indicator SDG 11.3.1 recommends conducting the calculation
over a reference period of 5–10 years) [16]. Finally, on a global scale, it is possible to study
urban areas starting from the classification of artificial surfaces obtained from free satellite
data, such as Sentinel-2 multispectral images or Sentinel-1 SAR data [41]. Currently, the
main limitation is linked to the availability and homogeneity of demographic data [44].
ISTAT data are the national reference for demographic analysis in Italy and they are updated
yearly for the national scale and at NUTS 2, NUTS 3, and municipal levels [45]. In this study,
the availability of high-resolution LU data has made it possible to uniformly spatialize
the population on the residential areas of each municipality; however, the absence of an
updated spatialized population data limits the possibility of carrying out analysis on a local
scale, for example, linked to population flows between different urban clusters of the same
municipality. A version of the data with higher spatial detail refers to the census sections
but is subject to ten-year updates, since 1991, 2001, and 2011 [46], and the data as of 2021
have not yet been published.

The proposed representation of the urban–rural continuum is in line with Eurostat
indications, adapting to the specificities of the Italian territory and bringing the description
of these areas to a higher level than the ISPRA “degree of urbanization” [42]. The data show
a concentration of urban areas along the coastline, in lowland areas, and in the valley floors,
particularly in the Po valley. At the regional level, Lombardy has the largest extension
and the highest number of urban clusters (about 18% of large urban centers, dense urban
clusters, and semi-dense urban clusters are in this region). The yellow (suburban/periurban
areas) and light green (rural low-density areas) areas show that the expansion of the urban
clusters is concentrated along the main road infrastructures (Figure 5, Tables 4 and 5).
Compared to the GHS-SMOD, the data allow for yearly updates and the use of LCM offers
a better description of the low-density built-up areas typical of the sprinkling of Italian
rural and periurban landscapes. Moreover, the introduction of the class of “Industrial,
commercial, and services” areas, which occupy 1.47% of the total national surface, makes it
possible to understand their position and role with respect to the urban–rural continuum,
which constitutes a useful support tool for orienting effective governance policies for the
sustainable management of productive areas [47].

The classification of the urban–rural continuum was used to calculate the SDG 11.3.1
indicator on Italian urban areas. The LCM adequately identifies land consumption within
urban areas, while the population data do not allow for intra-municipal analysis. The
calculation of the RLCRPGR was, therefore, carried out on a municipal scale, associating
with each municipality the class of the urban–rural continuum where most of the population
is concentrated; the RLCRPGR was then calculated in municipalities classified as “Urban
Center”, “Dense Urban Cluster”, and “Semi-dense Urban Cluster”. The calculation of
RLCRPGR conducted on urban municipalities highlighted an increase in land consumption
in 1112 of the 1131 urban municipalities considered (over 98% of the total), and half of them
show a decrease in the population (571 of the 1131 considered municipalities), indicating a
disconnection between land consumption and population variation; however, the lack of
spatialized population data prevents an exact assessment of the migration flows within the
administrative boundaries of the municipality, limiting the effectiveness of the RLCRPGR
indicator. To better understand the dynamics occurring within the territory of the urban
municipalities, a set of new indicators was also introduced for the assessment of the spatial
distribution of the land consumption that occurred between 2012 and 2018, evaluated on
the ISPRA LCM. The analysis of the distribution of changes between the different classes
of the urban–rural continuum shows a tendency to fill urban voids in the consolidated
built-up area (infill), which affects 28.38% of the 1131 urban municipalities considered. A
similar percentage (28.03%) of the municipalities shows a tendency toward the expansion
of the cities in the periurban fringes (periurban infill), while, in the remaining 43.59% of
the urban municipalities, the land consumption is concentrated in the low-density rural
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areas, confirming the consolidated trend toward sprinkling. This trend affects the rural
areas located on the edge of the dense urban core, which are subject to a conversion and a
fusion in periurban fringes.

The application of the Eurostat/JRC methodology to the Italian context shows en-
couraging results, improving the representation of the territory compared to other current
available national and international data. The distinction between low-density clusters
and surrounding periurban areas can be further improved, but more detailed information
on the spatial distribution of the population would be needed. Furthermore, the future
introduction of LU information on the LCM will also allow a more accurate discrimination
of residential areas from non-residential ones; the integration with an auxiliary database
(i.e., satellite images and socioeconomic data) could support the creation of dasymetric
maps useful for improvement of the limitation related to the availability of disaggregated
census data [48].

5. Conclusions

Historically, city size and economic growth have been described as strictly corre-
lated [49] and, in combination with population growth, have generally driven land con-
sumption dynamics. This paradigm has lost its validity in recent years; indeed, the signifi-
cant urban growth detected in recent decades is completely unrelated to the demographic
dynamics both in Italy and at a global scale [3]. Furthermore, the intense migratory flow
to urban areas has led to an unplanned growth of cities, which usually expand their geo-
graphic boundaries [50]. In this context, monitoring the state and evolution of urban areas
is essential for defining strategies aimed at sustainable management and development of
settlements [51].

Regarding spatial expansion, the historical evolution of the Italian landscape has led
to an increase in land consumption in rural areas, and, in particular, in the urban fringe,
assuming the characteristics of sprinkling and causing a low-density expansion of the urban
fabric toward the surrounding areas [52]. This trend has led to a shift from a landscape
in which a dichotomy between urban and rural areas was clearly distinguishable, to a
continuum where dense urban fabric expands and merges with the surrounding rural
areas, generating large and dilated suburban and periurban bands [29]. In this context, it
is necessary to define and orient the planning tools in such a way that they capture these
specificities of the territory and adequately orient the decision-making processes, while
remaining connected with the European framework in terms of achieving the sustainable
development goals.

This study falls within the framework of the research activities carried out by ISPRA
for the definition of tools for the monitoring of land consumption and its influence on urban
areas and for the characterization of settlement dynamics [39–42,53–55]. These topics are
also of interest at the legislative level; the proposed law on urban regeneration [56] and the
future national law on land consumption (envisaged among the reforms of the PNRR) [57]
underline the need of tools for monitoring land consumption and the effectiveness of urban
regeneration interventions, functional to the conservation of natural and semi-natural areas
within and outside the urban area. The monitoring activity should be ensured at different
scales of investigation and be based on scientific data collected in representative contexts of
the urban area, in order to provide data and information to support decision-making and
land-government activities.

The presented work fits within this request by providing a geographic interpretation
of the urban–rural continuum of the whole national territory with high geometric detail,
allowing for the analysis of settlement dynamics within urban areas and in the surrounding
landscape, to make comparisons between different contexts and to stand as a supporting
basis for further multi-scalar analysis [58,59]. Along these lines, future insights will involve
analysis of urban morphology even at the neighborhood scale with the aim of identifying
recurring and recognizable settlement types that can support strategies to restore the
urbanized landscape in accordance with the physical elements that compose it [60–65].
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Actually, this representation of the urban–rural continuum has the characteristics to be a
reference for a wider range of further analysis at the regional scale, such as the management
and conservation of urban green infrastructures [66,67] or the monitoring of the Urban
Heat Island along the urban–rural continuum [68,69], and can support activities related to
the introduction of nature-based solutions [67] or with the study of the fragmentation of
urban forms [70].

This study shows that the availability of appropriate input data significantly affects
the quality of the resulting monitoring tools. The input data introduced for the description
of land consumption and the population have yearly updates, allowing the data to be
updated with a high frequency. In addition, the introduction of high-spatial-resolution data
for the representation of the consumed land has made it possible to obtain a classification
of the urban–rural continuum consistent with the GHS-SMOD, but with a higher spatial
detail in the description of the composition of the territory. On the other hand, the lack of
information on the spatial distribution of the population was an important limitation in
conducting analysis related to demographic dynamics, as demonstrated in the calculation of
Indicator SDG 11.3.1, where the reduction in detail of the analysis has limited the possibility
of observing intra-municipal dynamics.
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Abstract: Developing appropriate tools to understand and protect ecosystems and the services they
provide is of unprecedented importance. This work describes the activity performed by ISPRA for the
mapping of the types of ecosystems and the evaluation of their related ecosystem services, to meet
the needs of the “ecosystem extent account” and “ecosystem services physical account” activities
envisaged by the SEEA-EA framework. A map of the types of ecosystems is proposed, obtained by
integrating the main Copernicus data with the ISPRA National Land Consumption Map, according
to the MAES (Mapping and Assessment of Ecosystems and their Services) classification system.
The crop production and carbon stock values for 2018 were then calculated and aggregated with
respect to each ecosystem. The ecosystem accounting was based on the land cover map produced by
ISPRA integrating, according to an EAGLE compliant classification system, the same Copernicus and
National input data used for mapping the types of ecosystems. The analysis shows the importance of
an integrated reading of the main monitoring tools and the advantages in terms of compatibility and
comparability, with a view to enhancing the potential of Copernicus land monitoring instruments
also in the context of ecosystem accounting activities.

Keywords: ecosystem accounting; Copernicus; land cover; SEEA-EA; MAES; EAGLE; ecosystem
services; carbon stock; crop production

1. Introduction

Ecosystems represent the base units to detect land changes and to assess environmen-
tal conditions, which enables the recognition of past and current ecological processes and
the related services supplied and the analysis of future scenarios [1–3]. The ecosystem’s
biotic and abiotic characteristics and state affect the energy flow, the nutrient cycle, and
the availability of resources, species, and habitat [4–6]. In this sense, an exhaustive, effec-
tive, and operational ecosystems distribution knowledge is a fundamental aspect in land
monitoring activities [7].

The whole legislative framework settled for by the EU in recent years refers to ecosys-
tem accounting, e.g., the Biodiversity Strategy for 2030 [8] and the related European Soil
Strategy [9], the Nature Restoration Law [10] adopted by the Commission in June 2022,
and the Healthy Soils Law that is under preparation. The United Nations Statistical Com-
mission, in its 52nd session of March 2021, attributed to the National Accounting System
and to the System of Environmental Economic Accounting (SEEA) the assessment of the
contribution of the environment to the economy and the impact of the economy on the
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environment. This is in order to provide data, indicators, and statistics to stakeholders, to
monitor these interactions, and to identify more sustainable development strategies. SEEA
Ecosystem Accounting (SEEA-EA) is now the reference framework under the proposal for
the amendment of Regulation (EU) No. 691/2011 on European environmental economic
accounts to include a new module on ecosystem accounts [11]. The proposed legal module
on ecosystem accounts has been adopted by the Commission in July 2022 and proposed
to the Council and Parliament for final approval. Relevant policies consider the SEEA-EA
framework, including the Nature Directives, the Marine Strategy Framework Directive,
the Common Agriculture Policy, the EU Forest Strategy, and the EU Pollinators Initia-
tive [12–15]. The SEEA-EA may also support the reporting under the 8th Environmental
Action Programme or the revised Regulation on Land Use Land-Use Change, and Forestry
(LULUCF) (EU) 2018/841 [11]; it can also be an example for further analysis models to
implement in international projects such as the Horizon 2020 project SERENA (Soil Ecosys-
tem seRvices and soil threats modElling aNd mApping), which is conducting an in-depth
analysis of models about soil threats, soil ecosystem services, and their bundles at the
European level [16]. The Natural Capital Accounting and Ecosystem Service Valuation
(NCAVES) project highlighted the potential of the SEEA-EA in supporting the calculation
and mainstreaming of many Aichi target indicators and Sustainable Development Goal
(SDG) indicators [17] and the link with other key international environmental conventions
and platforms, including the UNCCD, Ramsar, and IPBES [18]. The UN Committee of
Experts on Environmental-Economic Accounting (UNCEEA) conducted a “Broad Brush
Analysis of SDG Indicators” identifying 40 SEEA-relevant SDG indicators that are or can
be aligned with the SEEA [19]. In detail, the usefulness of the SEEA as a tool to mainstream
the environment and biodiversity into national planning processes is explicitly recognised
via SDG Indicator 15.9.1, “Progress towards national targets established in accordance with
Aichi Biodiversity Target 2 of the Strategic Plan for Biodiversity 2011–2020”, which in part
B requires the “integration of biodiversity values into national accounting and reporting
systems, defined as implementation of the SEEA” [20]. The need to produce systematic
physical and monetary measurements of the flow of ecosystem services on a national scale
is also expressed at the national level by law 221/2015, which requires the development of
consolidated statistical and accounting systems for natural capital and the introduction of
indicators for assessing the impact of policies on it.

The SEEA-EA is a spatially based integrated framework conceived to create a coherent
and comprehensive view of ecosystems, allowing the organisation of biophysical data,
the measurement of ecosystem services, the tracking of changes in ecosystem assets, and
the linking of this information to economic aspects and other human activity. The SEEA-
EA aims to become the tool for ecosystem accounting globally by standardising data
production, thus making it accessible and comparable [21–23]. In detail, the following set
of accounts is defined [22]:

• Ecosystem extent account, which organises information on the extent of different
ecosystem types (e.g., forests, wetlands, agricultural areas, marine areas) as a starting
point for ecosystem accounting.

• Ecosystem condition account, which considers the ecological integrity of ecosys-
tems, evaluating the distance from a reference condition with respect to different
biophysical characteristics.

• Ecosystem services physical and monetary flow account, which measures the supply
and use of ecosystem services by economic units.

• Monetary ecosystem asset account, which evaluates stocks and changes in stocks
of ecosystem assets, based on the monetary valuation of ecosystem services at the
beginning and end of each accounting period.

• Thematic accounts, which organise data on themes of specific policy relevance, such
as biodiversity, climate change, urban areas, and oceans.

236



Land 2023, 12, 286

In order to provide a comprehensive measurement of Natural Capital and Ecosys-
tem Services, the European Commission initiative MAES (Mapping and Assessment of
Ecosystems and their Services) is a strong tool to support the effort to map and classify the
extent of ecosystems, providing the conceptual framework, methodologies, and indicators
to collect information on ecosystems and their services in Europe, in order to address policy
decisions. MAES responded to Action 5 of the European Biodiversity Strategy to 2020,
which lays the foundation for the development of a methodology for understanding the
condition of biodiversity and ecosystems and the pressures they are subject to. In response
to this task, since 2012, the MAES working group has developed a classification system
for ecosystems [24], and then deepened the issues related to monitoring and analysis of
ecosystem services [2]. The ecosystem classification method proposed in MAES is based
on the use of CLC classes aggregated on the basis of the relationships between land cover
(LC) and land use (LU) classes and EUNIS habitats in order to represent and collect in-
formation on large-scale ecosystems [24]. The result is a 12-class classification system,
which gathers 7 terrestrial ecosystems, a freshwater one, and 4 related to marine areas.
The ecosystem types proposed in MAES were used for the EU ecosystem extent accounts
within the INCA project (The official name of the INCA project is knowledge innovation
project on an Integrated system of Natural Capital and ecosystem services Accounting
for the European Union), which was used to test the System of Environmental-Economic
Accounting-Experimental Ecosystem Accounting (SEEA-EEA). The results were included
in the most recent version of the SEEA-EA handbook, adopted in 2021 [25]. In this context,
the INCA project has shown that by following the SEEA-EA guidelines, it is possible to
produce large amounts of data on ecosystem accounting, thus enabling consistent and
comparable information on ecosystems and ecosystem services at the European scale.

The MAES classification system has also been adopted by the Copernicus Land Moni-
toring Service (CLMS) Local Component (details are available at https://land.copernicus.
eu/local, accessed on 11 January 2023), which includes high spatial and thematic resolution
vector data relating to three main categories of areas that require specific and detailed mon-
itoring: the Riparian Zones data offer a mapping of riparian areas [26], the Coastal Zones
data map a buffer zone of 10 km from the coast line [27], and the Natura 2000 data map
protected areas [28]. The Copernicus CLMS also includes other relevant LC/LU products,
such as the CORINE Land Cover [29], Urban Atlas [30], and the new CLC Plus Backbone
data [31], and also numerous other geographic information on soils and related variables
(e.g., the state of the vegetation or the water cycle). One of the objectives of Copernicus is to
provide data organised according to criteria that guarantee comparability and interchange
between different EU countries. This need is particularly important in the context of LC/LU
monitoring, where products born in different contexts and for different needs have required
the definition of specific classification systems, which are often difficult to compare. In
order to coordinate data flows from a thematic point of view, within CLMS, the EAGLE
concept (EIONET Action Group on Land monitoring in Europe) was introduced. EAGLE
aims to define a conceptual methodology to describe land cover and land use information
from different classification systems by tracing them to the three categories: Land cover
components (LCC), Land use attributes (LUA), and Landscape characteristics (CH) [32].
This allows the understanding of overlaps and the possible conversions between different
classification systems, but also to define new ones. The EAGLE model aims to separate the
LC and LU components through data modelling systems applicable at different scales and
in different contexts, while maintaining compatibility with existing datasets.

Over the years, the Italian Institute for Environmental Protection and Research (ISPRA)
has introduced many different LC and LU products on a national scale for the Italian
territory, as much as possible in line with the EAGLE model, both through the classification
of Sentinel-1 and -2 data [33–35], and through the integration of existing data. In this sense,
a methodology was developed for the integration of Copernicus and national data, which
made it possible to produce a national scale EAGLE compliant land cover map starting
from the integration of CLMS Local (Coastal Zones, Riparian Zones, Urban Atlas, Natura
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2000) and Pan European (CORINE Land Cover, CLC Plus Backbone) LC/LU data with the
ISPRA National Land Consumption Map (LCM) [36]. This product overcomes some of the
main limitations of the CLC and MAES classification systems, such as the widespread use
of mixed LC/LU classes, and makes it possible to meet the needs of SEEA-EA Ecosystem
services’ physical accounting, becoming the basis for the assessment of ecosystem service
proposed by the annual ISPRA report on land consumption [37].

This research is a first attempt to map the MAES ecosystem types at a national scale,
in order to provide support data to the ecosystem extent accounting activity with respect to
the classes recognised internationally by SEEA-EA and considered at a national level for
the future accounting of ecosystem services. In this sense, a map of the types of ecosystems
was produced by integrating the main CLMS data and the LCM, while the ecosystem
services associated with crop production and carbon stocks in the soil were calculated and
expressed as a function of these types of ecosystems.

2. Materials and Methods

2.1. Overview

The following methodology describes the input data and the procedures adopted to
produce a map of the MAES types of ecosystems, useful for the activities of ecosystem extent
accounting in compliance with the SEEA-EA approach. The ecosystems thus identified
were associated with the values of ecosystem services relating to crop production and
carbon storage. The two ecosystem services are estimated with reference to the total stock,
starting from the LC map produced that integrated the main CLMS data with the LCM [37]
according to an EAGLE compliant classification system. The analysis was conducted for
the entire national territory, with reference to 2018 (Figure 1).

2.2. SEEA-EA Compliant Types of Ecosystems Map

To produce a map of the ecosystem typologies in compliance with the United Nations
SEEA-EA approach [22], the classification system of Table 1 was defined.

The proposed classification system of the types of ecosystems refers to the MAES
classes, which are divided at the first classification level into terrestrial ecosystems, fresh-
water ecosystems, and marine ecosystems, and then further characterised at the second
classification level.

Terrestrial ecosystems are delineated starting from CORINE Land Cover classes and
are subdivided into:

• Settlements and other artificial areas, i.e., urban areas where most of the human
population live and which also include significant areas for synanthropic species
associated with urban habitats. This class significantly affects other ecosystem types
and includes urban, industrial, commercial, and transport areas, green urban areas,
and mines, dumping, and construction sites.

• Cropland, i.e., areas mainly dedicated to agricultural production, even with the pres-
ence of important natural areas.

• Grassland, i.e., areas with a prevalence of herbaceous vegetation, which can include
managed pastures and natural and semi-natural pastures.

• Forest and woodland include areas dominated by woody vegetation; they are very
important from the point of view of the provision of ecosystem services.

• Heathland and shrub are dominated by moors, heathland, and sclerophyllous vegetation.
• Sparsely vegetated ecosystems are all naturally unvegetated or sparsely vegetated

habitats, usually with extreme climatic conditions, such as bare rocks, glaciers, dunes,
beaches, and sand plains.

• Inland wetlands include natural or modified mires, bogs, and fens, as well as peat ex-
traction sites. In these areas, water regulation and peat-related processes are associated
with specific species of animals and plants.
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Figure 1. Study area. The analysis was conducted for the entire Italian national territory.
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Table 1. MAES ecosystem types adopted for the realisation of the ecosystem type map by integrating
Copernicus data with the LCM.

Ecosystem Types

I Classification Level II Classification Level

Terrestrial ecosystems

Settlements and other artificial areas
Cropland

Grassland (pastures, semi-natural and natural grasslands)
Forest and woodland
Heathland and shrub

Sparsely vegetated ecosystems
Inland wetlands

Freshwater ecosystems Rivers, canals, lakes, and reservoirs

Marine ecosystems Marine inlets and transitional waters

Freshwater ecosystems include permanent freshwater, inland water courses, and
water bodies.

For marine ecosystems, the only class considered was “Marine inlets and transitional
water”, which includes coastal wetlands, lagoons, estuaries, i.e., areas on the land–water
interface under the influence of tides and with salinity levels greater than 0.5 ‰. The other
types of marine ecosystems were not considered as they relate to areas outside the study
area; furthermore, they are not considered in CLMS data.

In detail, the map integrates the main local and Pan-European CLMS data and the
ISPRA LCM for the year 2018 (Table 2).

Table 2. Input data used for the mapping of ecosystem types and to produce the land cover
map used for the ecosystem services assessment; LC= Land Cover classes, LU= Land Use classes,
CLMS= Copernicus Land Monitoring Service.

Name Data Type Classes MMU

National data Land Consumption map (ISPRA) Raster 17 (LC) Pixel 10 × 10 m

CLMS Pan-European Component
CLC Plus Backbone Raster 12 (LC) Pixel 10 × 10 m

CORINE Land Cover Vector 44 (LC, LU) 25 ha (status)
5 ha (changes)

CLMS Local Component

Coastal Zones

Vector
55 (LC, LU) 0.5 haNatura 2000

Riparian Zones

Urban Atlas 27 (LC, LU) 0.25 ha (class 1)
1 ha (class 2–5)

The input data were reclassified according to ecosystems of Table 1 and merged into
a single 10 × 10 m raster mosaic. The proposed typologies represent the basic units for
ecosystems state and services assessments from the local to national scale. This map aims
to provide a representation of the Italian territory with respect to the MAES classes in order
to be a useful support for the ecosystem extent accounting activity.

These ecosystem types have been associated with the values of the services relating
to agricultural productivity and organic carbon storage, calculated using the procedure
described in the following paragraphs.

2.3. EAGLE Compliant Land Cover for the Assessment of Ecosystem Services

The same input data described before (Table 2) were combined to produce a land cover
map for 2018 according to the methodology described in De Fioravante et al. [33].

The input data were converted to a 10 × 10 m resolution raster and reclassified accord-
ing to the classification system of Table 3, which is based on previous activities of the ISPRA
working group [33,36] and adopts a combination of land cover classes directly attributable
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to the EAGLE model Land Cover Components (LCC), integrated with appropriate Land
Characteristics (LCH) in order to increase the thematic detail of the classification system
and preserve the information content of the input data.

Table 3. Land cover map classification system.

Land Cover

I Level II Level III Level IV Level V Level

1
Abiotic

non-vegetated
surfaces

11 Artificial abiotic

12 Natural abiotic
121 Consolidated (bare rocks, cliffs)
122 Unconsolidated (beaches, dunes, sands)

2
Biotic

vegetated
surfaces

21
Woody

vegetation

211 Trees

2111 Broad-leaved

21111 Preval. of oaks and other
evergreen broad-leaved

21112 Preval. of deciduous oaks

21113 Preval. of other native
broad-leaved

21114 Preval. of chestnut
21115 Preval. of beech
21116 Preval. of hygrophytes
21117 Preval. of exotic broad-leaved
21118 Preval. of olive trees
21119 Preval. of orchards

2112 Needle-leaved

21121 Preval. of Mediterranean pines
and cypresses

21122 Preval. of gold-Mediterranean
and mountain pines

21123 Preval. of spruce
21124 Preval. of larch and/or Swiss pine
21125 Preval. of needle-leaved exotics

212 Shrubs
2121 Vineyards
2122 Shrubland

22
Herbaceous
vegetation

221 Periodically 2211 Pastures
2212 Arable land

222 Permanent

3 Water surfaces
31 Water bodies
32 Permanent snow and ice

4 Wetlands

At the first classification level, four macro-classes are defined (Abiotic non-vegetated
areas, Biotic vegetated areas, Water surfaces, and Wetlands). Abiotic non-vegetated areas
include any unvegetated surfaces and are subdivided into man-made artificial structures
(artificial abiotic surfaces) and natural material surfaces (natural abiotic surfaces, both
consolidated and unconsolidated). Biotic vegetated areas include any vegetated surfaces,
with or without anthropogenic influence. At the second classification level, woody and
herbaceous vegetation are distinguished. Woody vegetation is further subdivided at the
third, fourth, and fifth classification levels in different classes of broad-leaved trees, needle-
leaved trees, and shrubs, while for herbaceous vegetation, the classes of natural unmanaged
grassland, pastures, and arable land are distinguished. Water surfaces include natural or
artificial solid water (permanent ice) and liquid water (regardless of shape, position, salinity,
and origin). Wetlands are defined according to the definition provided by CORINE Land
Cover, and include inland wetlands (inland marshes and peat bogs) and coastal wetlands
(salt marshes, salines, and intertidal flats), while lagoons and estuaries are associated with
water bodies. The wetlands class was introduced at the first classification level to preserve
the information content of the input data, but it is not directly compatible with the EAGLE
model and will be better integrated in the classification system in future studies. For a
more detailed description of the classes, reference can be made to [36] and to the official
ISPRA [37] and EAGLE group [32] documentation.

The new Copernicus CLC Plus Backbone has allowed the distinguishing of different
typologies of LC and LU in the mixed classes. In detail, the woody component from
the shrub and herbaceous vegetation and the agricultural use from natural areas have
been identified. The reclassified data were then mosaicised, giving priority to the CLMS
Local data, which have higher geometric detail than the CLC. The latter was included in
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the areas not covered by Local data, while the fourth CLC classification level (available
for Italy) made it possible to detail the different broad-leaved and needle-leaved classes.
The map was used for the evaluation of ecosystem services described in the following
two paragraphs.

2.4. Crop Production

Crop production, understood as an ecosystem service, is the ecological contribution
to the growth of cultivated crops that can be harvested and used as raw material [38].
Crop production was calculated using the methodology defined by ISPRA [37,39], based
on data from the Italian National Institute of Statistics (ISTAT) agricultural census of
2013 [40]. These data are available at the municipality scale and provide information on
the area occupied by the different types of crops (expressed in hectares), and on their total
production (expressed in quintals (1 Quintal (q): 1 q = 100 kg; the unit is officially used for
data published by ISTAT, although it is not part of the International System of Units)), with
reference to both herbaceous and woody crops. Five classes of crops have been identified
(arable land, pastures, olive groves, vineyards, and orchards), and for each, the productivity
in terms of quintals produced per hectare occupied by the class has been assessed. The
productivity value was then traced back to the area of the single pixel (equal to 10 × 10 m)
for each province and attributed to all the pixels of that class on the 2018 land cover map.
The ecosystem service was calculated starting from the classes in Table 3, obtaining a map
with agricultural productivity values per pixel, which were then aggregated with respect
to the types of ecosystems. In this way, the agricultural production in 2018 associated with
each of the five crops classes for each ecosystem type was evaluated.

2.5. Carbon Storage

Carbon storage is a regulation service provided by terrestrial and marine ecosystems
thanks to their ability to fix greenhouse gases [41]. This service contributes to the regulation
of the climate at a global level and plays a fundamental role in the context of climate change
mitigation and adaptation strategies. The analysis of the carbon storage capacity referred
to the entire national territory, starting from the methodology reported by ISPRA [37] and
De Fioravante et al. [36], applied to the 2018 land cover map described above. The study
provided estimates of the stored carbon for each portion of the territory and each type of
land cover with reference to four main carbon pools [42], recognised and classified by the
Intergovernmental Panel on Climate Change [43]:

• Above-Ground Biomass (AGB) includes all the tissues of plant organisms outside
the soil (such as stems, branches, leaves, seeds, etc.). The fraction of stored car-
bon is calculated starting from the growing stock volume multiplied by specific
multiplicative coefficients.

• Below-Ground Biomass (BGB) includes the root system of plants. The volume is
calculated according to [44], considering the growing stock volume, the wood basic
density, the crown/roots ratio [44,45], and a biomass expansion factor.

• The carbon content in the Dead Organic Substance (DOS) includes the necromass, the
woody plant residues, the litter, and the residues not yet decomposed.

• The soil carbon considers organic and mineral layers up to a thickness of 30 cm. The
calculation is based on the 1 km resolution raster produced by CREA-ABP, CNR-Ibimet
as part of the Global Soil Partnership/FAO initiative [46], the data of the National
Inventory of Forests and Forest Carbon Tanks (INFC) [47], and other data from the
literature [33], assuming zero carbon stored by artificial areas.

The service was calculated starting from the classes of Table 3, obtaining a map of
carbon stock values per pixel, which were then aggregated with respect to the types of
ecosystems. In this way, it was possible to evaluate the carbon stock in 2018 for each
ecosystem type.

242



Land 2023, 12, 286

3. Results

3.1. SEEA-EA Compliant Types of Ecosystems Map

Figure 2 shows the map of the types of ecosystems for 2018, obtained from the reclassi-
fication of the CLMS and LCM data according to the MAES classes of Table 1.

Figure 2. Ecosystem type map with MAES compliant classification system (2018).
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The spatial distribution of the ecosystem typologies of Figure 2 shows the following
results (Table 4).

Table 4. Surface statistics relating to the ecosystem typologies map for the Italian territory (2018).

Ecosystem Typologies
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km2 % km2 % km2 % km2 % km2 % km2 % km2 % km2 % km2 %

Piedmont 2376 7.7 8597 7.1 2469 8.9 9045 9.8 407 3.4 2231 18.0 1 0.7 275 9.2 0 0.0
Aosta Valley 96 0.3 99 0.1 342 1.2 1135 1.2 101 0.8 1476 11.9 1 0.7 13 0.4 0 0.0
Lombardy 3989 13.0 8569 7.1 2445 8.9 6375 6.9 253 2.1 1443 11.7 28 15.6 776 25.9 0 0.0

Trentino–Alto Adige 589 1.9 747 0.6 2120 7.7 7138 7.7 377 3.1 2530 20.4 1 0.7 102 3.4 0 0.0
Veneto 3005 9.8 8038 6.6 1276 4.6 4101 4.4 268 2.2 561 4.5 9 5.1 397 13.2 682 44.6

Friuli–Venezia Giulia 902 2.9 2367 2.0 392 1.4 3371 3.6 212 1.7 457 3.7 2 1.3 67 2.3 148 9.7
Liguria 600 2.0 436 0.4 385 1.4 3767 4.1 143 1.2 67 0.5 0 0.2 20 0.7 1 0.1

Emilia–Romagna 2782 9.1 12,125 10.0 1085 3.9 5668 6.1 155 1.3 251 2.0 45 25.4 219 7.3 171 11.2
Tuscany 2024 6.6 7983 6.6 1410 5.1 10,868 11.8 345 2.8 163 1.3 35 19.9 118 3.9 42 2.7
Umbria 664 2.2 3396 2.8 614 2.2 3544 3.8 32 0.3 47 0.4 6 3.1 152 5.1 0 0.0
Marche 896 2.9 4937 4.1 617 2.2 2702 2.9 40 0.3 106 0.9 0 0.1 26 0.9 1 0.1
Latium 2426 7.9 6852 5.6 1520 5.5 5498 5.9 239 2.0 384 3.1 6 3.1 261 8.7 16 1.1

Abruzzo 782 2.5 3585 3.0 1872 6.8 3844 4.2 258 2.1 411 3.3 3 2.0 39 1.3 1 0.1
Molise 266 0.9 2103 1.7 486 1.8 1452 1.6 84 0.7 29 0.2 1 0.5 20 0.7 1 0.1

Campania 2001 6.5 5599 4.6 920 3.3 4490 4.9 352 2.9 172 1.4 5 2.6 56 1.9 5 0.3
Apulia 2120 6.9 13,720 11.3 1409 5.1 1401 1.5 381 3.1 56 0.5 7 3.7 38 1.3 224 14.6

Basilicata 477 1.6 4372 3.6 1346 4.9 3273 3.5 260 2.1 202 1.6 1 0.6 59 2.0 2 0.1
Calabria 1084 3.5 5359 4.4 1091 3.9 6414 6.9 732 6.0 316 2.6 2 1.0 74 2.5 11 0.7

Sicily 2368 7.7 14,261 11.8 3069 11.1 3064 3.3 2007 16.5 802 6.5 13 7.5 104 3.5 31 2.0
Sardinia 1265 4.1 8214 6.8 2755 10.0 5326 5.8 5505 45.3 669 5.4 11 6.2 179 6.0 194 12.7

Italy 30,712 100.0 121,360 100.0 27,623 100.0 92,479 100.0 12,151 100.0 12,372 100.0 177 100.0 2996 100.0 1530 100.0

From the analysis of Figure 2 and Table 4, a prevalence of the “Cropland” class emerges;
it occupies more than 40% of the national territory, concentrating in Sicily, Apulia, and
Emilia–Romagna, where one third of the class falls. Additionally important is the presence
of the “Forest and woodland” class, which occupies approximately 30% of the national
territory, with a prevalence in Tuscany, Piedmont, and Trentino–Alto Adige (more than
a quarter of the surface occupied by this class falls in these three regions). The “Sparsely
vegetated ecosystems” are mainly present in the alpine regions, while the “Heathland and
shrub” typologies fall in the two major islands. Almost half of the coastal ecosystems are
concentrated in Veneto and Friuli–Venezia Giulia, while more than 60% of those of the
“Inland Wetlands” are in Tuscany, Emilia–Romagna, and Lombardy.

3.2. Assessment of Ecosystem Services through an EAGLE Compliant Land Cover Map

The 2018 land cover map used for the assessment of the two ecosystem services is
shown in Figure 3.

The map refers to the EAGLE compliant classification system of Table 3, while the
composition of the land cover (Figure 4) shows a prevalence of forest areas, which occupy
approximately one third of the national territory (of which more than 80% consists of
broad-leaved trees) and arable land, which covers 30% of the national territory. Permanent
herbaceous vegetation and areas with sparse or no vegetation prevail in the high-altitude
alpine areas, while olive groves and orchards occupy approximately 5% of the national
territory and are particularly present in the south.
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Figure 3. Land cover map with EAGLE compliant classification system (2018).
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Figure 4. Surface statistics relating to the classes of the 2018 land cover map for the Italian territory.

The assessment of ecosystem services provided the results displayed in Figure 5 for
organic carbon stocks and Figure 6 for agricultural productivity, with both referring to 2018.

Figure 5. Carbon stock (2018).
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Figure 6. Crop production (2018).

The highest carbon stock values are recorded in mountainous areas with a high
presence of forest cover, in particular in the Central and Eastern Alps and in the southern
Apennines. In detail, the maximum value is recorded in Trentino–Alto Adige (Figure 7), due
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to the significant presence of needle-leaved trees, and in Piedmont, followed by Tuscany,
which is the region with the greatest extension of forest cover.

Figure 7. National and regional values of crop production and carbon stock (2018).

Agricultural productivity varies as a function of the productivity values considered
for the different territories; it shows a maximum in the Po Valley and in the hinterland
of Naples (Figure 6). The maximum values are relative to Emilia–Romagna, followed
by Apulia and Lombardy. Overall, productivity exceeds 10 billion quintals in 6 of the
20 regions (Figure 7).

3.3. Ecosystem Services Provided by the Types of Ecosystems

The results of the ecosystem services assessment refer to the single pixel of 10 × 10 m
(Figures 5 and 6). Starting with the spatialised data, the values were aggregated with
respect to the types of ecosystems, allowing the results that are shown in Figures 8 and 9,
which respectively refer to carbon stocks and crop production by ecosystem, both for 2018.
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Figure 8. Carbon stock with respect to the types of ecosystems (2018).

 

Figure 9. Crop production with respect to the types of ecosystems (2018).

Figure 8 shows a concentration of carbon stocks in the ecosystem type of “Forest and
woodland”, where 58% of the total carbon stock is concentrated, followed by “Croplands”
and “Grasslands”. The remaining classes have negligible values, due to the scarce presence
of vegetation.

More than 99% of the crop production is concentrated in the “Cropland” and “Grass-
land” classes, while marginal values can be found in “Forest and woodland” and “Sparsely
vegetated ecosystems”.

4. Discussion

The approach adopted by SEEA-EA is increasingly a reference tool in the management
and production of environmental data connected with the ecosystem assets and the services
they provide, also allowing the analysis of the connections with economic aspects and
with other human activities. In Europe, this process is rapidly evolving. Indeed, many
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countries have started to identify ecosystems’ extent and condition, and assess biodiversity,
ecosystems, and ecosystem services at the national scale [48,49]. In some cases, these
activities are aimed at improving the degree of thematic detail in ecosystem mapping,
supporting the achievement of EU legislative frameworks [50,51]. The assessments require
spatially explicit data and information to identify ecosystems and to delimit the LC/LU
classes to be considered for the calculation of ecosystem services. Delimiting the ecosystem
extent is the first of the five core accounts of SEEA-EA, with the approach defined by MAES
and adopted by the UN to perform it based on a classification of the types of ecosystems
according to classes derived from CLC. In recent years, several LC/LU CLMS data have
been introduced based on the MAES classification system and referring to critical areas
for ecosystem conservation and protection, such as Riparian Zones, Coastal Zones, and
Natura 2000. This research analyses and elaborates on these data, synthesising them with
the ISPRA LCM in a semantically consistent representation of the territory in terms of types
of ecosystems, which can be a useful basis for conducting further studies, primarily the
activity of the ecosystem extent account. The map constitutes a reference for the aggregation
of the results of the physical or economic assessment of ecosystem services, informing
about the relevance of each ecosystem in the provision of a given service. It also lends
itself to further refinements, for example, through the introduction of geological or climatic
data, or additional information for the ecosystem condition accounts, which record the
condition of specific characteristics of ecosystems at specific points in time. In this sense,
the map of the types of ecosystems is also suitable for conducting diachronic analysis
for evaluating the changes that occurred in a given period within an ecosystem, and in
its ability to provide ecosystem services or assessing trade-offs and synergies between
ecosystem services [44–46,52–54]. Actually, one of the first future research developments
will concern the calculation of the variation in the provision of ecosystem services associated
with the LC/LU changes that occurred between 2012 and 2018, to be evaluated starting
from the revised version of the ISPRA LC/LU map for 2012.

However, the map of the ecosystem typologies needs to be accompanied by more
detailed spatial data for the application of estimation models for the ecosystem services
physical flow account. In fact, the methodologies for calculating agricultural productivity
and carbon stock described above require a detailed knowledge of the shape and composi-
tion of agricultural and natural areas, allowing also to distinguish different types of tree
cover or periodic and permanent crops. The ISPRA EAGLE compliant land cover map
obtained integrating CLMS data with the LCM is conceived with the aim of maximising
the description of the territory from a thematic point of view, distinguishing trees from
herbaceous vegetation and shrubs in mixed areas classified as “Heterogeneous agricultural
areas” in the CLC and MAES input data, also considering the presence of agricultural
activities or natural areas; this allows for the estimation of ecosystem services over a large
area with a higher geometric detail and a better thematic characterisation of the territory
compared to CLC.

The fact that the land cover map derives from the same input data used for the
production of the map of the ecosystem typologies constitutes an added value for the
ecosystem services accounting, since the two products are coherent from a geometric point
of view and their integrated reading makes it possible to understand the composition of
the land cover within a certain ecosystem or, vice versa, to deepen the ecosystem functions
of the different portions of the territory pertaining to a given land cover class. In fact,
comparing the two products, the map of the ecosystem typologies shows a composition
of the territory in line with that found by observing the ISPRA land cover map, with a
prevalence of “Cropland” in the lowland areas and of “Forest and woodland” in the alpine
and Apennine areas. The shrubs are mainly on the islands, while sparse or herbaceous
vegetation prevails at high altitudes. Most of the carbon stocks fall in areas classified as
“Forest and woodland”, while almost all agricultural productivity falls in the “Croplands”;
however, in the two ecosystems, there are not only the LC/LU classes of (respectively)
trees and agricultural areas. The example of Figure 10 shows an agricultural area with a
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patch of natural vegetation in the central part (Figure 10a), which CLC classifies as 243
“Land principally occupied by agriculture, with significant areas of natural vegetation”
(Figure 10b). By tracing the CLC class to the corresponding MAES ecosystem typology,
the area falls into the “Cropland” typology (Figure 10d), while in the LC/LU map, the use
of the CLC Backbone data allowed the disambiguation of the natural woody vegetation
component from the agricultural component.

Figure 10. Examples of land cover and land use classes within the types of ecosystems. In the
example there is a patch of natural vegetation surrounded by croplands (a). The area is classified as
243 "Land mainly occupied by agriculture, with significant areas of natural vegetation" by CLC (b) and
corresponds to the "Cropland" MAES ecosystem typology (d), while in the land cover map the natural
woody vegetation component the from the agricultural component (c) has been disambiguated.

251



Land 2023, 12, 286

In this sense, the overall values of ecosystem services obtained for each ecosystem (in
this case, cropland) should be understood as the synthesis of several different contributions,
deriving from the presence of different classes of land cover and land use in each type of
ecosystem. Figure 11 shows that the “Forest and woodland” ecosystem type also includes
areas with permanent herbaceous land cover. In other cases, areas classified in the LC map
as arable land or permanent crops, but also areas covered by arboreal vegetation, both
broad-leaved and needle-leaved, fall into the “Cropland” typology.

Figure 11. Flows of land cover and land use classes within the types of ecosystems.

As in many other studies on the mapping of ecosystem types, the proposed method-
ology uses the CLC as reference data, trying to increase its geometric and thematic detail.
Some mapping experiences conducted on a national [55] and regional [47,56] scale exploit
classifications of satellite data to increase the detail of the CLC, while in other cases, the
improvement is conducted on a national scale by photointerpretation with the help of
ancillary data [50] or using national datasets [57,58].

In this research, to increase the detail in the description of the ecosystems, data
available for the entire European territory were used (the CLMS Local data), making the
methodology also applicable to medium-scale studies in other contexts, generating homoge-
neous and comparable data (the LCM can be replaced by Copernicus HRL Imperviousness).
Furthermore, the application of the methodology is not time consuming, as it does not
require significant pre-processing of the input data or intense photo-interpretation activities.
The areas not covered by CLMS Local data have a lower spatial detail; however, the use of
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CLC Plus Backbone data still allows improvement of the description of the territory in the
mixed CLC classes, disambiguating the LC classes.

5. Conclusions

This study provides insights on the integration between CLMS-derived EAGLE compli-
ant LC/LU data and the UN approach to ecosystems classification, to supply the SEEA-EA
framework for the ecosystem accounting. The five SEEA-EA core accounts integrate the
main available and forthcoming data about the ecosystem assets extent, condition, and
value at multiple spatial scales into a standardised, robust, and modular framework, also
indicating data and knowledge gaps to be filled for a more comprehensive assessment;
actually, available data often do not ensure adequate spatial and/or temporal consistency,
conditioning the effectiveness of the assessment. This work focuses on ecosystem extent
accounting and ecosystem services physical accounting, which require spatial LC/LU data
with good thematic detail and broad coverage. The Copernicus Land Monitoring Service
framework plays a fundamental role in this area, e.g., CORINE Land Cover (CLC) is one
of the most suitable datasets currently used for Ecosystem accounting [24], acting as a
proxy of ecosystem types for reporting purposes, although for a detailed assessment of
ecosystem condition and ecosystem services physical accounting, more accurate data are
needed. In this research, the CLC was integrated with the CLMS Local data and the ISPRA
LCM, providing a land cover map and a map of ecosystem typologies that represent the
territory in more detail and which satisfy the following requirements:

- They are in line with the EAGLE (the land cover map) and MAES (the ecosystem
typology map) standards in terms of classification systems;

- They are comparable and compatible with each other from a geometric and thematic
point of view;

- They are suitable for conducting ecosystem extent accounting (the land cover map)
and ecosystem services physical accounting (the type of ecosystem map).

The approach adopted by SEEA-EA is increasingly a reference tool in the management
and production of environmental data connected with the ecosystem assets and the services
they provide, assuming an important role in directives, reporting activities, international
projects, international conventions, and platforms such as the UNCCD, Ramsar, and IPBES,
and supporting the calculation and mainstreaming of Aichi indicators and SDG indicators.
On the other hand, the fact that there are currently few applications of the SEEA-EA
methodology [11] makes this field challenging and open to developments, especially for
the definition and identification of suitable input data. This research is a first attempt
to apply the SEEA-EA methodology to the Italian territory, starting from the currently
available data and proposing an approach in line with the UN and EAGLE standards. On
the one hand, this can be replicated in other EU territories with CLMS data availability
and on the other hand, it has the potential for development, both in the integration of
other SEEA-EA account activities (ecosystem condition account, monetary flow account,
monetary ecosystem asset account, thematic accounts) and in the refinement of those
already conducted, e.g., increasing the information content by integrating future CLC
Plus products.
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