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Abstract: The growing pressure on society due to global change requires better integration of
ecosystem services (ES) into decision-making. Despite a growing number of ES assessments, Europe-
wide information on recent changes of multiple ES is still rare. This study aimed at analysing changes
in ES values between 2000 and 2018 across Europe based on land use/land cover (LULC) distribution.
We mapped 19 ES for 52 ecoregions and identified six major groups of ecoregions with similar
LULC distribution and trends. Our results indicated that provisioning ES mainly increased in the
forest-dominated region (G2), decreasing in the near-natural grassland region (G1), the region with
agricultural mixed systems (G3), and the intensively-used steppic region (G6). Regulating ES slightly
decreased in G1 and G6, but increased in G2 and the wetland-dominated region (G5). Cultural ES had
generally low negative trends for most ecoregions. In addition, our results revealed ecoregions with
differing trends in ES that could be related to specific socioeconomic developments. Our findings
provide spatial and quantitative information that can be used for policy development at European
national and regional levels—as well as for monitoring of ES.

Keywords: ecological regions; CORINE Land Cover; sustainability; monitoring; ecosystem service
mapping; cluster analysis; landscape change impacts

1. Introduction

Landscapes provide a variety of ecosystem services (ES) that are vital for human
wellbeing, e.g., food and timber production, provision of clean drinking water, carbon
sequestration, protection from natural hazards, aesthetic inspiration, and recreational op-
portunities [1]. Changes in ES have largely been attributed to changes in land use/land
cover (LULC) [2-6], as many LULC types are characterised by specific ES [7,8]. Since
humans started managing landscapes in order to sustain their livelihoods, human activ-
ities have greatly influenced LULC distribution. It seems, however, that LULC changes
proceeded more rapidly during the last century in many European regions [2,9,10]. In
particular, industrialization, population growth, and urbanization caused major changes in
farming practices, a strong spatial dislocation between food production and consumption,
and shifts in the demand for ES [11-13]. For example, changes in income and lifestyle
increased the role of recreational ES [14], while an intensification of use and the spatial ex-
tension of artificial surfaces led to a decline in natural and seminatural ecosystems, affecting
many regulating ES such as climate regulation, flood control, and erosion protection [3,15].

In light of increasing pressure on ecosystems and human wellbeing due to LULC
changes and climate change [4,5,16], policy makers began integrating ES into planning
and decision-making in the European Union (EU) to counteract the negative impacts of
global change [17]. ES have already been embedded in several policies [17], e.g., the
Green Infrastructure Strategy [18], the EU Biodiversity Strategy for 2030 [19], the EU Forest
Strategy [20], and the Regulation on the prevention and management of the introduction
and spread of invasive alien species (IAS) [21]. In other current policies, such as the
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Common Agricultural Policy (CAP) [22] or the Water Framework Directive [23], ES are
not explicitly mentioned, but those policies do target specific ES such as food production
and clean water. The future CAP reform, which is due to be implemented in 2023, aims to
explicitly support ES, especially production-relevant ES such as pollination, pest control,
healthy soil, and clean water ES [24]. A further field of application just began with the EU’s
mission areas, including the “Soil health and food” and “Healthy oceans, seas, coastal and
inland waters” initiatives under the Horizon Europe framework programme [25]. These
EU missions acknowledge the importance of maintaining ES and are aimed at contributing
to the goals of the European Green Deal and Sustainable Development Goals [25].

Spatial information on ES may support policy-makers in various ways [26]. Maps can be
useful for evaluating priority areas for biodiversity conservation or for restoring ecosystems
and related ES [27-29]. By mapping multiple ES, it is possible to identify synergies and trade-
offs among ES [8,30,31] (i.e., specific ES may be threatened when prioritising other ES) [32].
This is important for decisions related to LULC changes, as specific LULC types favour certain
ES while reducing other ES [7,8]. In particular, the intensification of agricultural use for higher
yields has negative effects on regulating and cultural ES [1,33,34]. The comparison of ES
supply with demand across regions or countries can also reveal spatial mismatches [35-37],
which can support decision-makers in developing nature-based solution and sustainable
management strategies. For example, the spatial dislocation of agricultural production
from the consumers increases the global trade of agricultural products, but dietary shifts—
together with local substitutes—may reduce the land and water footprint [38]. Moreover,
maps are a powerful instrument for communication and raising of awareness, in addition
to providing an objective basis for discussion [39]. Finally, maps from different time steps
can indicate spatiotemporal dynamics of ES and reveal areas that require particular attention
from decision-makers [3,34,40]. Such maps are also highly suitable for monitoring purposes,
e.g., for evaluating the success of management actions and policies [27,41].

In recent decades, great progress in mapping and analysing ES has been made [26].
Many studies analysed changes over time, indicating important impacts on ES due to
LULC changes [2,6,11,34,42—44]. For example, the transformation of natural or seminatural
ecosystems and the intensification of agricultural land has been associated with a decline in
regulating ES, such as lower water quality due to higher nutrient runoff, lower pollination
ES due to pesticide poisoning, and habitat loss [3,15,45]. The abandonment of mountain
grassland usually leads to a decline in forage production and many cultural ES while
increasing timber production, non-wood products, climate regulation, and protection from
hazards [2,34]. However, most studies addressing impacts on ES from LULC changes are
limited to the local or regional scale. At the European level, several studies depict the
current state of ES across Europe [46—48]. Only a few studies, however, addressed changes
over time, mostly concentrating on selected ES such as crop production [35], and regulating
services such as air quality regulation, climate regulation, and flood regulation [3,5]. Other
studies examined changes in specific landscapes, e.g., coastal areas [40], riparian zones [49],
or European cities [50]. In summary, most studies to date have focused on a few specific
ES and/or regions. However, spatially explicit information on multiple ES is greatly
lacking, and insights into recent changes of ES across Europe are still limited. In particular,
European-wide assessments linking LULC to multiple ES over time are required in order
to reveal the impacts of management decisions on ES and to identify pathways leading to
different levels of impact. This study was aimed at analysing changes in ES between 2000
and 2018 across Europe. We mapped ES for 52 ecoregions and identified six major groups,
depicting general trends. Our results provide information that can be used for decision-
making and developing policies by identifying general trends—as well as highlighting
specific cases in addition to providing a basis for monitoring purposes.

2. Materials and Methods

We mapped and analysed 19 ES across Europe for the years 2000 and 2018 based
on LULC distribution and ES values from Tasser et al. [7]. ES values represent ES sup-
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ply weighted with sociocultural preferences. ES supply was quantified based on various

standardised indicators (ranging from 0 to 1), which measured different aspects related

to water, soil, flora, fauna, microorganisms, agricultural production, and landscape struc-

ture [7]. Sociocultural preferences (ranging from 1 = low to 5 = high) were derived from

surveys [51,52] and multiplied with ES supply. For further details, see Tasser et al. [7].
The mapping and analysis comprised several steps (Figure 1).

Data basis Analysis steps Results
LULC maps (1) Aggregating LULC
2000/2018 types
ES values for (2) Attributing ES
LULC types values
Ecoregions (3) Cluster analysis
(4) Analysing
impacts

Figure 1. Steps for analysing trends in ES values across Europe at the level of ecoregions (authors’
own elaboration).

1. Aggregating LULC types: We used the CORINE Land Cover (CLC) [53,54] in grid
format with a spatial resolution of 100 x 100 m to map ES values across Europe
for 2000 and 2018. To assign ES values to LULC types, we aggregated the 44 CLC
classes into 11 major LULC types (Table Al). These 11 LULC types mostly correspond
to the second level of thematic detail according to the hierarchical nomenclature of
CLC [53,54]. Settlement areas and wetlands were aggregated at the first thematic level
of CLC.

2. Attributing ES values: We generated maps for each ES and both time steps (2000 and
2018) by attributing ES values to the respective LULC type (Table A2). Since some
LULC types were missing in Tasser et al. [7], we integrated ES values from other
studies [52,55,56]. Moreover, we distinguished raster cells with slope < and >30° for
a refined mapping of protection from hazards (R1) by adapting ES supply [57,58] and
set the sociocultural preference to 1 in areas with a slope below 30°, as there is no
demand for this ES. The resulting ES maps had high spatial resolutions (100 x 100 m)
and needed to be converted to a coarser scale to depict trends at the European level.
We used a map of European ecological regions [59] (henceforth referred as ecoregions)
at a scale of 1:2.5 million (Figure A1) to calculate area-weighted mean values for
each ES and each ecoregion from the fine-scale raster maps. The ecoregions represent
relatively homogeneous ecological conditions and were delimited based on climatic,
topographic and geobotanical data by a large team of experts from several European
nature-related institutions and the WWF [59].

3. Cluster analysis: Due to the high number of ecoregions (1 = 52), we applied cluster
analysis to group ecoregions with similar LULC composition as well as similar LULC
changes. We applied hierarchical cluster analysis in SPSS Statistics (version 26, IBM,
Armonk, NY, USA) using the squared Euclidean distance to measure the dissimilarity
of the variables and applied Ward’s linkage method to aggregate the clusters.

4. Analysing impacts: To depict characteristics and trends in LULC and ES values at the
ecoregional level, we first calculated area-weighted mean values of LULC types and
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Mean ES value in 2018
Provisioning ES

ES values for each ecoregion and each cluster based on the raster maps (generated in
steps 1 and 2). Changes in LULC and ES values between 2000 and 2018 were then
derived for each ecoregion by calculating the differences between the two time steps.

3. Results
3.1. Spatial Patterns and Trends in ES Values

ES values varied considerably across ecoregions (Figure A2). They also differed
significantly in the three ES categories (Figure 2, Figure A3). The lowest values, on average,
occurred for provisioning ES (maximum value = 2.2) due to a limited number of ES with
high ES values for each LULC type. For example, food and fodder are mainly produced
on agricultural land, while timber, mushrooms and wild berries grow mainly in forests
(Tables A1 and A2). Ecoregions with a high share of intensive agricultural land cover
types (i.e., permanent crops, arable land, and fertilised grassland) had clearly lower ES
values than ecoregions with a high proportion of forest. This difference was amplified for
regulating and cultural ES, for which mean ES values were highest in ecoregions with a
high proportion of forest or other seminatural LULC types (e.g., unfertilised grasslands,
shrubs). Such LULC types are important; they protect against hazards (R1), increase
the availability of usable water (R2), host many habitats and species (R3, R4, and R5),
have positive effects on climate (R9), provide opportunities for recreation and aesthetic
experiences (C1-C4), and are culturally valuable (C5). In contrast, the lowest ES values for
regulating and cultural ES are found in ecoregions with a high proportion of arable land
and permanent crops.

Regulating ES ) Cultural ES
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Figure 2. ES values regarding the three ES categories in 2018 (above) and changes between 2000 and 2018 (below) for
ecoregions across Europe. For individual ES, see Figure A2 (authors own elaboration).

Changes in ES values between 2000 and 2018 also varied among individual ES
(Figure A4), but overall changes were generally low for the three ES categories
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Groups of ecoregions

(Figures 2 and A5). The largest changes in ES values occurred for provisioning ES. ES
values increased over large areas in the Scandinavian countries and the Iberian Peninsula,
as well as in Corsica and in the eastern European forest steppe. In contrast, provisioning
ES decreased in several parts of the Iberian Atlantic coast, in the intensively-used northern
European coastal regions, in Great Britain and Ireland, in the Po Valley in Italy, along
the coast of the Balkans, and in the Central Anatolian Highland. Changes in regulating
and cultural ES were of lower magnitude. There was a small increase in regulating ES in
the forested regions of Corsica and central Spain. On the other hand, they decreased in
many coastal regions, in Great Britain and Ireland, and in the Anatolian Central Highlands.
Cultural ES increased only slightly in some parts in Eastern Europe. Decreasing trends
occurred mainly in Ireland and in the United Kingdom (particularly Scotland), as well as
along the Greek and Turkish coastlines.

3.2. Regions with Similar LULC

The 52 ecoregions were grouped into six major regions with similar LULC distribution
and trend by hierarchical cluster analysis to identify general patterns and trends in ES
values across Europe (Figure 3).

LULC distribution
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Figure 3. Groups of ecoregions as a result of hierarchical cluster analysis (left), based on current LULC distribution
and LULC changes between 2000 and 2018 (middle) and related ES values and changes between 2000 and 2018 (right).
Provisioning ES: pasture and fodder production (P1), agricultural food production (P2), timber production (P3), gathering

mushrooms and wild berries (P4), provision of clean drinking water (P5); regulating ES: protection from hazards (R1),

prevention of water scarcity (R2), provision of habitats (R3), maintaining biodiversity (R4), providing habitats for pollinating
insects (R5), pest control (R6), disease control (R7), maintenance or increase of soil fertility (R8), positive effect on the climate
(R9); cultural ES: opportunities for leisure activities (C1), attractive housing and living space (C2), experience of animals &
plants (C3), aesthetic inspiration (C4), cultural heritage (C5). Authors” own elaboration.

The near-natural grassland region (G1) comprises 12 ecoregions that are predom-
inantly covered by seminatural land cover types (e.g., unfertilised grasslands, shrubs,
forest, and open habitats, covering about 82% of the land, with 18% of the area intensively-
used). Ecoregions belonging to this group are mainly found in Iceland, the Scandinavian
mountains, and the Turkish Pontic and Taurus mountains.

The forest-dominated region (G2) consists of 15 ecoregions that are mainly covered
by forests and shrubs (64% of the area). Intensively-used land for agriculture (18%) and
unfertilised grasslands (5%) decreased significantly in favour of forests over the past
20 years. This group mainly includes ecoregions located in the Scandinavian countries as
well as mountainous ecoregions in central and southern Europe.
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The region with agricultural mixed systems (G3) includes 10 ecoregions and is domi-
nated by crop cultivations (36%), fertilised grassland (24%), and forest (25%). In addition,
settlement areas, which have increased significantly over the past 20 years at the expense
of arable land, account for 7%. This group dominates in Ireland, Great Britain, central and

eastern Europe, and parts of central Italy.

The crop-dominated region (G4) contains five ecoregions and is predominantly used
for crop cultivation (53% of the area with increasing trend), with a further 30% used for
other agricultural purposes. The Po Valley in Italy, the Pontic-Caspian steppe, and the

central Anatolian highlands belong to this group.

The wetland-dominated region (G5) comprises two ecoregions in Northern Ireland
and Scotland. Wetland habitats (34%) and grasslands (33%) are the main LULC types,
followed by shrubs (18%) and forests (9%). Between 2000 and 2018, wetlands and forest

increased at the expense of unfertilised grassland and shrubs.

Finally, the intensively-used steppic region (G6) includes 8 ecoregions in which 61%
of the area is used for agriculture. Forest cover accounts for only 16% of the area, with
another 18% being drought-resistant shrub vegetation. This group is mainly found in the

drylands and coastal regions of the Mediterranean.

3.3. Change Patterns in ES Values

Ecoregions belonging to the same identified group generally had similar trends in ES
values (Figures 4 and A6—-AS8), but there were outliers. A slight decrease in provisioning ES
occurred in the near-natural grassland region (G1), the region with agricultural mixed sys-
tems (G3) and the intensively-used steppic region (G6), whereas provisioning ES increased
in the forest-dominated region (G2). No clear trends were identified for the crop-dominated
region (G4) or the wetland-dominated region (G5). Looking at LULC changes in G5, the
area used for agriculture decreased significantly (—32%) over the past 20 years in favour
of wetlands and forests in ecoregion 16 (North Atlantic moist mixed forests ecoregion),
resulting in a decrease in agricultural food production (P2). In contrast, agricultural food
production increased by 28% in the Scottish inland (24, the Caledon coniferous forest
ecoregion), while significantly more fertilised grassland (—14%) was abandoned, leading

to the difference in pasture and fodder production (P1) between the two ecoregions.
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Figure 4. Changes in ES values between 2000 and 2018 for six groups of ecoregions: (G1) near-natural grassland region, (G2)
forest-dominated region, (G3) region with agricultural mixed systems, (G4) crop-dominated region, (G5) wetland-dominated
region, and (G6) intensively-used steppic regions. Circles indicate outliers and stars represent single values. Authors’

own elaboration.
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Compared to provisioning ES, the variance within and between the groups was lower
for regulating ES. In general, regulating ES decreased in G1 and G6 and slightly increased in
G4 and G5. The ecoregions within G2 and G3 had no clear trend. However, several outliers
showed significantly larger changes in ES values. The large spatial expansion of urban areas
along the coast resulted in a greater decline of regulating ES in ecoregion 50 (southeastern
Iberian shrubs and woodlands) compared to the average development in G1. Meanwhile,
unfertilised grasslands in the hinterland were increasingly abandoned or transformed
to crop cultivations and permanent cultures at favourable sites. Diverging trends in
forest cover in G2 also led to large changes in regulating ES. Forest areas and unfertilised
grassland areas increased at the expense of intensive agricultural areas in ecoregions 39
(Corsican montane broadleaf and mixed forests) and 42 (Iberian conifer forests), resulting
in a strong increase in ES values. In contrast, permanent cultures (especially tea and citrus
plantations) expanded at the expense of forest in ecoregion 15 (Euxine-Colchic deciduous
forest), leading to a decrease in regulating ES. Outliers in G4 can be associated with differing
change rates from grassland to arable land. In ecoregion 30 (central Anatolian steppe), the
increase was below average, while it was clearly above average in ecoregion 18 (central
Anatolian deciduous forests).

Cultural ES had generally low negative trends, except for G5, for which cultural
ES decreased, on average, by 7%. Outliers included ecoregion 50 (southeastern Iberian
shrubs and woodlands) in G1, where urban areas along the coast increased but unfertilised
grassland was abandoned. In ecoregion 15 (Euxine-Colchic deciduous forest), intensively-
used agricultural land increased at the expense of forest. The great decline in cultural ES in
ecoregions of G5 can be attributed to the increase in wetlands, which have generally lower
cultural ES than unfertilised grassland and shrubs (Table A2).

4. Discussion
4.1. General and Specific Trends in ES Values in Relation to LULC Changes

Our results indicated that ecoregions across Europe provide ES at different levels, de-
pending on the LULC composition. This matched the findings of previous studies [3-5,28,35].
In general, ecoregions focusing on intensive agricultural production are characterised by
lower ES values than ecoregions with a high share of seminatural LULC types such as forest,
shrubs, and wetlands. Provisioning ES generally have lower ES values than regulating and
cultural ES, primarily due to trade-offs among different LULC types [7,8], e.g., grasslands
provide fodder, arable land produces crops, and forest is mainly used for timber and a few
non-wood products. In contrast, most LULC types are associated with multiple regulating
and cultural ES, albeit with differences in their potential to provide individual ES [7,60]. The
level of provision varies among LULC types because of ecological processes and ecosys-
tem structures [6,61]. For example, evapotranspiration increases significantly in leafy areas,
dependent on water-spending strategies of plant species [62,63], leading to differences of
LULC types in terms of water supply. Furthermore, LULC types differ in the level of human
impact [6,61]; for example, the amount of fertiliser differs among different types of agricultural
usage, but fertiliser reduces water quality due to higher nitrate concentrations in the seepage,
higher phosphorus discharge and greater density of total coliforms in the surface and seepage
water [7]. Finally, topographical characteristics influence ES—because protection against
hazards and the protective functions of forests against avalanches, soil erosion, and rockfall
increase along with slope inclination [57,58]. This was taken into account in this study.

While most ecoregions within the identified groups had similar trends in ES values,
deeper analyses of the outliers are of interest, as these indicate developments that deviate
from the general trend and are triggered by special frameworks. For provisioning ES, there
were no outliers within the groups. Only the two ecoregions in G5 showed clear differ-
ences. The diverging trends are the result of clearly different developments in fertilised
grassland between the two ecoregions, leading to high differences in pasture and fodder
production (P1) and agricultural food production (P2). Both ecoregions are composed of
mosaic of pastures, hay meadows, forests, heathland and moorland, but they are histor-
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ically very diverse in landscape structure [64] and have developed differently over the
past few decades. Agriculturally used areas were largely abandoned (—32%) in ecoregion
16 (North Atlantic moist mixed forests ecoregion), whereas agricultural food production
increased by 28% at the expense of grassland in the Scottish Inland (24—Caledon conifer-
ous forest ecoregion). These differences between neighbouring regions can be explained
by contrasting socioeconomic developments. In contrast to ecoregion 16, ecoregion 24
showed prosperous economic development and high regional competitiveness [65]. The
economic weakness of ecoregion 16 was also reflected in the above-average orientation of
employment in agriculture and forestry, whereas in region 24 employment is increasingly
found in the service sector [66]. Accordingly, ecoregion 24 is experiencing a slowdown in
population development and migration from rural areas [66] with increased abandonment
of agricultural land.

In terms of regulating ES, ecoregion 50 (Southeastern Iberian shrubs and woodlands)
was far below the average of all other ecoregions in G1, especially regarding protection from
hazards, prevention of water scarcity, providing habitats for pollinators, and pest control—
all of which declined. This can be explained by high migration rates of people from the
rural areas in the hinterland to cities along the coast, leading to an above-average increase in
settlement area and a loss of forest areas and agricultural land [11]. In addition, the coastal
plains around Almeria are increasingly being used for intensive farming, particularly
greenhouses [67]. In G2, the significantly lower regulating ES in ecoregion 15 can be
attributed to above-average expansion and intensification of human use over the last
20 years. About 60% of the wetlands in the region were drained to permit installation
of tea and citrus plantations and rural development projects [67]. In contrast, the above-
average increase in regulating ES in ecoregions 39 (Corsican montane broadleaf and mixed
forests) and 42 (Iberian conifer forests) can be attributed to the expansion of forest and
unfertilised grassland at the expense of intensive agricultural areas. This development is not
surprising in ecoregion 39, which is protected through the Regional Natural Park of Corsica,
allowing nature develop largely undisturbed [68]. The Iberian Forest (ecoregion 42) is
more developed for mountain tourism with facilities for skiing and roads [67]. These linear
and small-scale developments are contrasted by a large-scale abandonment of agriculture,
leading to significant reforestation of former pastures. Furthermore, many measures were
implemented over time to protect infrastructures and to prevent clear-cutting, which also
led to a reduction in erosion. Finally, there were two outliers within regulating ES in
G4. The particularly negative development in ecoregion 18 (central Anatolian deciduous
forests) is a result of the conversion of forest to fertilised grassland and arable land [68].
Additionally, some parts of that region are important winter tourism destinations with
increasing infrastructure [67]. In contrast, ecoregion 30 (Central Anatolian steppe) consists
of a mosaic of salt steppe around smaller saline lakes, salt marshes, seasonal freshwater
wetlands, and upland steppes. Although the salt marshes and steppes do not support
fodder of a quality preferred by livestock, much of the area has been overgrazed. In 2001,
some areas were declared Specially Protected Areas; since then, Turkey’s authority has
worked on reducing human impact in the area [67]. Accordingly, our results indicated the
first positive developments. Moreover, the transformation of steppes to arable land was
lower than in other ecoregions in G4, while seminatural grasslands and shrub vegetation
increased more.

In the context of cultural ES, there were several outliers with particularly negative
developments. The strong decrease in G1 of ecoregion 50 (southeastern Iberian shrubs
and woodlands) is the result of increasing LULC types with low cultural ES values [7,52]
(e.g., urban sprawl) in combination with an intensification of agricultural use in favourable
areas and the abandonment of low-intensity agricultural activities [11]. The same applies
to ecoregion 15 (Euxine-Colchic deciduous forest) in G2, which is characterised by an
above-average expansion of intensive agricultural land (mainly permanent crops) at the
expense of forest, leading to a decrease in cultural ES [7]. Cultural ES also declined strongly
in both ecoregions in G4 due to an increase in wetland areas [56]. Additionally, favourable
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areas were converted from grassland to cropland in ecoregion 24. Arable land and wetland
have lower cultural ES than the former LULC types [7,56], which explains the negative
developments.

4.2. Limitations and Future Prospects

ES mapping approaches are based on LULC distribution are easily applicable, cost-
efficient, and suitable for monitoring purposes, as impacts on ES values can be directly
depicted [60]. The resulting maps provide synthesised information of highly complex
processes and are easily comprehensible by a broader audience, while sufficiently reflecting
the underlying mechanisms that are required for decision-making [69]. However, this
simplicity also contains uncertainties, which need to be considered when using ES maps to
develop management strategies and policies.

First, the thematic resolution of the LULC maps and related ES values may not
sufficiently distinguish LULC types with distinct ecological functions and processes—
although we used a differentiated classification of LULC types [7]. By assigning the same
ES value to a specific LULC type in different regions across Europe, specific ecological
functions and processes at local and regional scales are neglected [70]. For example, a forest
in southern Europe with a dry and warm climate includes tree species that differ from a
forest in Scandinavia or a high mountain forest [71]. Furthermore, variations in forestry
systems are largely neglected, but mixed forests provide higher levels of most ES—as well
as higher biodiversity—compared to monocultures [72]. Additionally, changes over time
within seminatural LULC types, such as the densification of shrubs and forests [10], are
not reflected. With regard to different types of agricultural use, which are generally related
to different levels of fertiliser input, species composition, and ecological processes, we
distinguished four different types (i.e., crop production, permanent cultures, fertilised and
unfertilised grassland). Further grassland types could be distinguished, e.g., hay meadows,
with different levels of fertilisation and differently stocked pastures [73,74]. The same is
true of different types of annual and permanent crops [75], but this was not considered
in this work due to the lack of spatial information at the European level. Moreover, ES
maps could be refined by differentiating conventional and organic farming systems for
annual and permanent crops, which largely differ in the provision of different ES [33,76,77].
Such changes in farming systems or cultivated crops did not result in LULC changes over
the last 20 years and were not reflected in our change analysis. The integration of further
LULC types and management systems, along with a refinement of ES values, may therefore
improve mapping results.

Second, looking only at LULC composition may not be sufficient for capturing fine-
scale landscape patterns that could alter ES values depending on the spatial configuration
of individual LULC types. For example, crop production systems can vary in patch size
from small fields with linear features (such as hedgerows) to large homogenous areas,
greatly differing in the provision of habitat for pollinating insects [78,79] or pest control [80].
Moreover, landscape structure highly influences directional ecological processes. In this
study, we integrated the effects of slope on protection from hazards, but other ES—for
example, those related to hydrological processes—could be enhanced by accounting for
flow direction [3,49,78].

Third, the use of CLC maps is related to mapping uncertainties due to changes in
methodology over time and interpretation issues of remote sensing data [81]. We therefore
concentrated on newer versions of CLC to reduce such mapping uncertainties at the
expense of a limited period of analysis. While an intensification of agricultural use is
immediately captured in LULC maps, land cover changes—such as natural forest regrowth
in consequence of the abandonment of agricultural activities—occur very slowly [82], and
longer monitoring periods are needed to provide deeper insights [34]. Considering only
a short period of time, however, served to explain the low change rates in ES values in
many ecoregions. For example, the greatest changes in land use, i.e., abandonment of
mountain grassland and intensification of agricultural use in the valley, occurred in the
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European Alps around the 1960s-1970s and then slowed down [2]. Such land use changes
from several decades ago are partly reflected in land cover changes and still influence ES
supply today in case of a reduction of use [61,83]. Understanding such legacy effects is
important for anticipating the consequences of today’s management decisions on future ES
values [83-86].

Finally, sociocultural preferences for ES may vary between different regions or coun-
tries, considering the cultural diversity across Europe [87,88]. Nevertheless, considering
such preferences is very important. For example, fertilised grassland is more productive
than unfertilised grassland, but when also considering sociocultural preferences, unfer-
tilised grassland shows higher ES values for most other ES [7,74]. Furthermore, it has to be
considered that the ES values used in this study refer to the potential ES supply, i.e., the
capacity of ecosystems to provide ES [60]. Our maps, therefore, do not reflect the actual use
(i.e., flow) of ES, which varies greatly within and across regions depending on individual
management decisions, accessibility, and the demand for ES [31,33,35,78]. To support
the development of sustainable management strategies across various management and
decision levels, further studies should integrate the ES demand, as spatial mismatches
between supply and demand require the transfer of ES from areas that provide ES to areas
where beneficiaries of ES are located, and vice versa [35,36,78,89].

5. Conclusions

Our results depict recent trends in multiple ES values across Europe. Based on
LULC distribution and changes, we also identified groups of ecoregions with similar
developments in ES values, as well as outliers with strongly different developments in ES
values. A detailed analysis suggested that regional decisions could lead to significantly
different developments, both positive and negative. The establishment of protected areas—
and the resulting reduction in human use—generally led to an increase in regulating
and cultural ES. A reduction in agricultural pressure led to comparable, albeit weakened,
developments. In contrast, uncontrolled and massive urban sprawl and the conversion of
grassland to arable farming, greenhouse crops, and permanent crops have had the opposite
effect and led to a decline in many ES values.

Such findings can be useful for integrating ES into local and regional management
decisions, in various European policies and EU missions that support the EU Green
Deal, and can help to achieve Sustainable Development Goals. For example, our results
revealed ecoregions with a strong decline in regulating and cultural ES due to agricultural
intensification. A shift towards more sustainable management practices and measures to
improve small-scale landscape heterogeneity could halt or revert current trends in ES and
improve production-relevant ES, which would be supported by the CAP reform in the
future. Our maps may provide an informational basis for identifying ecoregions where
further conservation measures should be implemented to counterbalance negative trends
in ES values. Our results may also be used for monitoring the effects of past conservation
efforts and land use decisions. At the regional and national level, management decisions in
ecoregions with undesired trends may be orientated on other ecoregions from the same
groups that have contrasting developments. Here, specific actions may also be defined
within EU mission areas to enhance the provision of ES.

However, it is apparent that important data on the management of different LULC
types are missing. These data are necessary to concretise the consequences of individual
developments on ES. This would also require an expansion of European databases with
homogenised spatial management data, as well as an improvement of content-related
information and better spatial resolution of LULC types. Above all, data collection should
be focused on cutting frequency and fertiliser intensity in grassland, grazing intensity
in pastures, and farming systems for arable and permanent crop use, i.e., whether con-
ventional or organic. This would allow for more detailed and targeted statements on the
consequences of political decisions in the future.
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8 - Celtic broadleaf forests 10 25 - Carpathian montane coniferous forests I 44 - lllyrian deciduous forests
I 9 - Central Anatolian deciduous forests [l 26 - Northern Anatolian conifer and deciduous forests [l 45 - Italian sclerophyllous and semi-deciduous forests
[ 10 - Central European mixed forests 27 - Scandinavian coastal coniferous forests [0 48 - Northeastern Spain & Southern France Mediterranean
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I 17 - Pannonian mixed forests I 36 - Scandinavian montane birch forest and grasslands [l 53 - Tyrrhenian-Adriatic sclerophyllous and mixed forests

I 54 - Northen Temperate Atlantic

Figure A1. Ecoregions representing relatively homogeneous ecological conditions. Data source: [59] (authors” own elaboration).
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Table Al. LULC types aggregated from CLC classes [53].

LULC Type CLC Classes
Settlement area 111,112,121, 122, 123, 124, 131, 132, 133, 141, 142
Crop cultivation 211,212,213, 241
Permanent culture 221,222,223
Fertilised grassland 231,242,243, 244
Unfertilised grassland 321,333
Forest 311, 312, 313
Shrubs 322,323,324
Open spaces 331, 332, 334, 335
Wetlands 411, 412, 421, 422, 423
Rivers 511
Lakes 512,521, 522,523

Table A2. ES values (ES supply weighted with socio-cultural preferences) for different LULC types.

]
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g S 2 = g 2 g
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ES e 3 &8 ¢ ¥ E§ E ¢ 3 &g = E
g 9 5 2 2 = @ g 3 a - £
3 2 E 5 3 © g
© 9 & 5 % 2
= S g
w
Pasture and fodder production (P1) 0002 086" 085" 4.04M 223" o077h 106" 000* 077 0.00° 0007 415"
Agricultural food production (P2) 0.00® 206" 286" 000" 000" 000" 000" 000° 000° 000° 000* 429"
Timber production (P3) 0002 000" 218" 0.02M 067M 453" 166" 0.00* 1667 1667 0007 418"
Gathering mushrooms and wild berries (P4) 000 010" o017h 045" 097M 418h 177h 000* 1.77* 000 0.00° 419h
Provision of clean drinking water (P5) 029 119h 1.81h 239" 391  409h  443h 398> 395 403b 403P 452h
Protection from hazards (R1a), slope <30° 0.00% 030° 069° 073% 079° 094° 054° 030° 0547 250f 3000 100"
Protection from hazards (R1b), slope >30° 0002 1.27h 293h 313" 338h 400M 230" 1.00° 1.90% 250% 3.00' 427h
Prevention of water scarcity (R2) 3.03¢ 240" 246"  409h  434M  372h 4340 410¢  156° 3.90° 390° 445h
Provision of habitats (R3) 2634 177h  197h 220 371h 3670 338h 1149 3399 2254 0259  461h
Maintaining biodiversity (R4) 2344 195" 172h 2130 341 3030 2720 1014 3019 2009 0229 426"
Providing habitats for pollinating insects (R5) 2374 140h 140 247h 364" 2990 321 1034 3069 203 0234 420M
Pest control (R6) 2474 188h 272h 278h  312h 3210 2620 1074 3199 2114 0244 372h
Disease control (R7) 2644 242M  277h 311 324 3260 2920 1149 3419 2269 0259  401h
Maintenance or increase of soil fertility (R8) 0002 1.98h 229h 277h  237h  p4gh  257h 1491 1981 2471 3467 3.64M
Positive effect on the climate (R9) 1.30¢ 1290 237h  211h 228" 411h 269M  185°  500° 1.08° 1.08° 438h
Opportunities for leisure activities (C1) 2641 283" 2410 358h  455h 3600 356" 3.92f  243f 3491  379f  459h
Attractive housing and living space (C2) 176° 230" 1350%  256h  261h  191h  216M 0007 1677 214% 2272 304"
Experience of animals & plants (C3) 079f 165" 1540 215h  321h 326M 316" 356f  247f  372f  368f  446h
Aesthetic inspiration (C4) 256f 306" 2450 330" 3820 3630 3550 315f  299f  431f  466f 435h
Cultural heritage (C5) 386f 2820 283h  316h  359h 3240 3750 243f  159f  243f  234f 4025h
Provisioning ES 0.06& 0848 1578 1388 1568 2718 1788 0808 1.638 1.148 0818
Regulating ES 1.878 1718  2.04% 2498& 2998& 3058 2788 1468 2798 2298 1408
Cultural ES 2328 2538 2128 2958 3568 3138 3248 2618 2238 3228 3358

Sources: @ own assessment; ? inverse of Nitrogen export [55]; ¢ inverse of quick flow [55]; d calculated via plant diversity [90]; ¢ Carbon
sequestration of open grassland, [55]; f derived after [52]; 8 own calculation (mean of all ES within ES category); h [7]; 1 derived from
Table 3.1 in [56].



Sustainability 2021, 13, 7095 13 of 22

Pasture and fodder . . . Gathering mushrooms
production (P1) Agricultural food Productlon (P2) Timber production (P3) arid il b_e_rries (P4)

Provision of clean

drinking water (P5) Protection from hazards (R1) Prevention of water scarcity (R2)

e

Providing habitats for
pollinating insects (R5)

Maintenance or increase Positive effect on Opportunities for Attractive housing and
of saoil fertility (R8) the climate (R9) leisure activities (C1) living space (C2)

Experience of
animals & plants (C3)

[index]
I 0.00 - 0.50 [ 2.51 - 3.00
[ 0.51-1.00 M 3.01-3.50
[ 11.01-1.50 M 3.51 - 4.00

1.51-2.00 1M 4.01-4.50
I 201-250

N

‘ 0 1,000
mm——1km

Figure A2. ES values of individual ES for ecoregions across Europe in 2018 (authors own elaboration).



Sustainability 2021, 13, 7095 14 of 22

LULC distribution ES value
0% 20% 40% 60% 80% 100% 0 25 30 35 40 45 50 55

o
=)
o
>
S

Sea (01)
Caucasus mixed forests (07)

East European forest steppe (12)

Eastern Anatolian deciduous forests (13)

Northern Anatolian conifer and deciduous forests (26)

Scandinavian coastal coniferous forests (27)

G1

Iceland boreal birch forest and alpine tundra (28)

.
[ |
Kola Peninsula tundra (35)
Scandinavian montane birch forest and grasslands (36)
Crete Mediterranean forests (40) |
Southeastern Iberian shrubs and woodlands (50) n
Southern Anatolian montane conifer and deciduous forests (51) 0 |
Appenine deciduous montane forests (02) a0 ]
Cantabrian mixed forests (06) B @ 0000 |
Dinaric Mountains mixed forests (11) | I

Euxine-Colchic deciduous forest (15)

Pyrenees conifer and mixed forests (19)

—
Rodope montane mixed forests (20) [ I
[

Sarmatic mixed forests (21)
Alps conifer and mixed forests (23)

G2

Carpathian montane coniferous forests (25)
Scandinavian and Russian taiga (29)
Corsican montane broadleaf and mixed forests (39)

Iberian conifer forests (42)

|
[ I
Northeastern Spain & Southern France Mediterranean (46) I @ 000 |
|
[

Pindus Mountains mixed forests (48)

South Appenine mixed montane forests (49)

Southern Temperate Atlantic (03) .
Balkan mixed forests (04) R 000 ]

Baltic mixed forests (05) I
Celtic broadleaf forests (08)
Central European mixed forests (10)
English Lowlands beech forests (14)

Pannonian mixed forests (17) . 00 |
Western European broadleaf forests (22)

Italian sclerophyllous and semi-deciduous forests (45) R 000 |
Northen Temperate Atlantic (54)
[ |

G3

Central Anatolian deciduous forests (09)
Po Basin mixed forests (18)

Central Anatolian steppe (30)

G4

Pontic steppe (33) |
Eastern Medit iferous/sclerophyllous/broadleaf forests (41) [— |

North Atlantic moist mixed forests (16)
Caleden coniferous forests (24)

Eastern Anatolian montane steppe (31)
Aegean & West Turkey sclerophyllous and mixed forest (37) |
Anatolian conifer and deciduous mixed forests (38) R 00 |
Iberian sclerophyllous and semi-deciduous forests (43) |
Illyrian deciduous forests (44) 000 |

Northwest Iberian montane forests (47) a0 ]

Southwest Iberian Mediterranean sclerophyllous and mixed forests (52) 0
Tyrrhenian-Adriatic sclerophyllous and mixed forests (53) |

m Settlement area m Crop cultivation Permanent culture mP1 mP2 mP3 P4 PS5 mR1 mR2 mR3 =R4 " RO

= Fertilized grassland = Forest Unfertilized grassland R6 R7 "R8 mR9 =C1 'C2 C3 C4 G5
Shrubs Open spaces u Wetlands

mRivers Hlakes

G5

G6
o
RRgNER

Figure A3. LULC distribution and ES values for ecoregions in Europe grouped by cluster analysis. (G1) near-natural
grassland region, (G2) forest-dominated region, (G3) region with agricultural mixed systems, (G4) crop-dominated region,
(G5) wetland-dominated region, and (G6) intensively-used steppic regions. Provisioning ES: pasture and fodder production
(P1), agricultural food production (P2), timber production (P3), gathering mushrooms and wild berries (P4), provision of
clean drinking water (P5); Regulating ES: protection from hazards (R1), prevention of water scarcity (R2), provision of
habitats (R3), maintaining biodiversity (R4), providing habitats for pollinating insects (R5), pest control (R6), disease control
(R7), maintenance or increase of soil fertility (R8), positive effect on the climate (R9); Cultural ES: opportunities for leisure
activities (C1), attractive housing and living space (C2), experience of animals & plants (C3), aesthetic inspiration (C4),
cultural heritage (C5). Authors” own elaboration.
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Figure A4. Change in ES values of individual ES for ecoregions across Europe between 2000 and 2018 (authors’ own elaboration).
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Figure A5. Changes in LULC distribution and ES values for ecoregions in Europe between 2000 and 2018, grouped by cluster
analysis ((G1) near-natural grassland region, (G2) forest-dominated region, (G3) region with agricultural mixed systems,
(G4) crop-dominated region, (G5) wetland-dominated region, and (G6) intensively-used steppic regions). Provisioning ES:
pasture and fodder production (P1), agricultural food production (P2), timber production (P3), gathering mushrooms and
wild berries (P4), provision of clean drinking water (P5); Regulating ES: protection from hazards (R1), prevention of water
scarcity (R2), provision of habitats (R3), maintaining biodiversity (R4), providing habitats for pollinating insects (R5), pest
control (R6), disease control (R7), maintenance or increase of soil fertility (R8), positive effect on the climate (R9); Cultural
ES: opportunities for leisure activities (C1), attractive housing and living space (C2), experience of animals & plants (C3),
aesthetic inspiration (C4), cultural heritage (C5). Authors” own elaboration.
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Figure A6. Changes in provisioning ES between 2000 and 2018 for six groups of ecoregions: (G1) near-natural grassland
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Figure A7. Changes in regulating ES between 2000 and 2018 for six groups of ecoregions: (G1) near-natural grassland
region, (G2) forest-dominated region, (G3) region with agricultural mixed systems, (G4) crop-dominated region, (G5)
wetland-dominated region, and (G6) intensively-used steppic regions. Circles indicate outliers and stars represent single
values. Outliers include ecoregions 14—English Lowlands beech forests, 15—Euxine-Colchic deciduous forest, 30—central
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southern France Mediterranean, 50—southeastern Iberian shrubs and woodlands. Authors” own elaboration.
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Figure A8. Changes in cultural ES between 2000 and 2018 for six groups of ecoregions: (G1) near-natural grassland
region, (G2) forest-dominated region, (G3) region with agricultural mixed systems, (G4) crop-dominated region, (G5)
wetland-dominated region, and (G6) intensively-used steppic regions. Circles indicate outliers and stars represent single
values. Outliers include ecoregions 08—Celtic broadleaf forests, 15—Euxine-Colchic deciduous forest, 30—central Anatolian
steppe, 39—Corsican montane broadleaf and mixed forests, 50—southeastern Iberian shrubs and woodlands. Authors’
own elaboration.
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