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Forests cover about 40 % of the European Union (EU), providing a wide spectrum of invaluable ecosystem
services to more than half a billion people. In order to protect and harness this crucial asset, EU policies are
advancing multifunctional management. This study lays a basis for such an eﬀort by mapping the supply of key
forest ecosystem services (FES) across the entire EU: wood, water supply, erosion control, pollination, habitat
protection, soil formation, climate regulation and recreation. To further support the operationalization of
multifunctionality and targeting of policies, our analysis delineates hotspots, assesses synergies and tradeoﬀs,
and identiﬁes spatial bundles.
We generated maps at 1-km resolution starting from existing datasets through simple modelling (Tier 1). Out
of these maps, we denoted the highest supplying pixels (i.e. top 20 %) as hotspots, and performed correlation
analysis to detect synergies and tradeoﬀs. Finally, we used cluster analysis to identify FES bundles. Our analysis
shows that hotspots of single FES are spread across the entire EU and that forests of mountain regions and
Central Europe (particularly France, Germany, Slovakia) supply signiﬁcant amounts of multiple FES. The cluster
analysis resulted in four bundles: “balanced” in the northeast, “wood & water” in the center, “soil carbon” in the
north and “rural-recreational” in the south. While a purely quantitative analysis of the produced maps may be
misleading because of the strong links between FES supply and climatic and socio-economic conditions, overlaying hotspots and bundles with administrative layers can be a ﬁrst step to inform about the role of diﬀerent
countries and regions in securing the sustainable supply of European FES.

1. Introduction
Forest ecosystems provide a wide spectrum of services that human
societies enjoy and depend upon. These include tangible goods such as
wood and non-wood products, regulating functions such as soil stabilization, carbon sequestration and water retention, and cultural beneﬁts
such as recreational opportunities and spiritual values (Saarikoski et al.,
2015). Ecosystem services (ES) are interlinked and contribute to the
well-being of human communities (MEA, 2005; Haines-Young and
Potschin, 2010; FAO, 2015). To ensure continued provision of ecosystem services, forest landscapes need to be managed in a way that
pays attention to the diﬀerent functions of forests and secures their
sustainability. As population growth and climate change increase
pressure on forest resources worldwide (DeFries et al., 2010;
Hanewinkel et al., 2013), the idea of a multifunctional management
that seeks to guarantee all functions supported by forests, is receiving a
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great deal of attention in scientiﬁc literature (Wolf and Primmer, 2006;
Gustafsson et al., 2012; Langner et al., 2017), technical reports (Sabogal
et al., 2013) and policy (UN, 1992; EC, 2013a).
Sustainable multifunctional management is at the core of the
European Union’s (EU) forest policy (EC, 2013a; Bouwma et al., 2018),
which oversees 1.4 million km2 of forest area, representing 3% of the
world’s forests, and providing beneﬁts to around 520 million people,
that is 7% of the world’s population. The EU Forest Strategy, in particular, highlights the importance of “balancing various forest functions,
meeting demands, and delivering vital ecosystem services” (EC, 2013a).
It supports protection and management eﬀorts aimed at maintaining,
enhancing and restoring “forest ecosystems’ resilience and multi-functionality as a core part of the EU’s green infrastructure, providing key
environmental services as well as raw materials” for both urban and
rural areas (EC, 2013a). Additionally, the EU green infrastructure
policy calls for nature-based solutions (NBS) and the enhancement of
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(PCA) to assess tradeoﬀs among 13 ES at the European level, showing
positive correlations among such FES as wood, climate regulation and
recreation (in fact, the amount of wood is inherently related to carbon
storage) as well as between these and pollination, and between these
and erosion control. Results similar to Maes et al. (2011) were drawn by
Jopke et al. (2015), who also highlighted how synergies between
timber provision and regulating services may be more common in unmanaged rather than managed forests (i.e. in managed forests timber
provision is typically inversely related to other services) (Maes et al.,
2011).
The third question can be answered through spatial cluster analysis,
which may be performed on a limited set of principal components rather than all the original ES variables to ensure orthogonality of the
inputs and therefore avoid double counting of correlated ES (Plieninger
et al., 2013; Turner et al., 2014; Ferrari et al., 2016; Barò et al., 2017;
Schirpke et al., 2019). A thorough analysis and mapping of ES bundles
in Europe was carried out by Mouchet et al. (2017a; 2017b), who
identiﬁed three major clusters (spatial bundles), the ﬁrst of which
predominantly represents FES and overlaps almost perfectly with
forested areas. European-level bundles were also mapped by Maes et al.
(2011) and Schulp et al. (2014b), yet in these studies bundles were
simply intended as either groups of ES associated with one resource
(e.g. timber-related ES, health-related ES) or the summation of multiple
ES.
While some of the above-mentioned studies have provided valuable
insights about European FES, relatively little has been done to speciﬁcally address the hotspot, synergy-tradeoﬀ and bundling questions for a
signiﬁcant number of FES over the entire EU (Van der Plas et al., 2018).
Our analysis aims to map the supply of key FES across the EU, to delineate FES hotspots, to identify synergies and tradeoﬀs among FES, and
to allocate spatial bundles of FES. The study is comprehensive in scope
as we consider the entire EU forested land and analyze a total of eight
ES of all categories (i.e. provisioning, regulating, cultural) that are
tightly connected to forest ecosystems.
The paper is organized as follows. In the methods section, which
comes after a description of the general features of EU forests, we will
describe the reasoning behind FES choices, as well as our approach to
mapping FES, delineating hotspots, assessing synergies and tradeoﬀs,
and identifying spatial bundles. In the results section, we will report on
the spatial distribution of FES, hotspots, correlations among FES, and
bundles. Finally, in the discussion section, we will elaborate on our
ﬁndings and their policy implications, and comment about strengths
and weaknesses of the method.

nature and natural processes in spatial planning and territorial development (EC, 2013b), for which forest ecosystems are central. Yet, the
integration of these diﬀerent goals into other policy sectors and across
regions and governance levels can be challenging (Winkel and Sotirov,
2016).
In fact, the practical implementation of the diﬀerent EU strategies
promoting the sustainable use of natural processes and capital for
ecological and social wellbeing requires an in-depth knowledge of
where diﬀerent forest ecosystem services (FES) are supplied across the
EU territory. This can be achieved through mapping (Burkhard et al.,
2012; Crossman et al., 2013; Santos-Martín et al., 2019), as advocated
by the MAES (Mapping and Assessment of Ecosystems and their Services) initiative (Maes et al., 2013, 2015), and shown by various PanEuropean maps of ES produced recently (Schulp et al., 2014a; Stürck
et al., 2014; Vandecasteele et al., 2017), some of which speciﬁcally
focus on ES intimately linked to forests (e.g. biomass production,
carbon storage) (de Rigo et al., 2013; Avitabile and Camia, 2018).
However, while existing maps convey detailed information about the
spatial distribution of European ES, including some of those deeply
connected to forest ecosystems, they cannot, if considered separately
from each other, respond to some important questions decision-makers
might face when adopting the multifunctional approach advocated by
EU forest policy.
The ﬁrst question is which forest areas are the greatest providers
(i.e. highest supply per unit area) of ES. These areas, which are generally referred to as ES hotspots (Egoh et al., 2008; Garcia-Nieto et al.,
2013; Geneletti et al., 2018), are in fact of crucial importance for
ecosystem health and human well-being, and may be given special
conservation status. The second question is how the provision of one
FES is related to the provision of others, or whether synergies or tradeoﬀs occur between diﬀerent FES (Raudsepp-Hearne et al., 2010; Seppelt
et al., 2011; Geneletti, 2013), which is a very important information for
the design of cost-eﬀective and legitimate policies (Hauck et al., 2013).
The third question is whether diﬀerent forest areas provide similar
ensembles of multiple ES, as this would reveal their (ir)replaceability
(particularly at a national or sub-national level) and their connection
with human-controlled land uses (Bai et al., 2011). Such ensembles,
known as ES bundles (Maes et al., 2011; Mouchet et al., 2017a, 2017b),
are a direct consequence of synergies and tradeoﬀs (Bennett et al.,
2009; Raudsepp-Hearne et al., 2010), and constitute unique providers
of multiple ES, reﬂecting relevant socio-ecological subsystems (Dick
et al., 2010; Raudsepp-Hearne et al., 2010).
The ﬁrst question, which addresses a major topic in conservation
planning (Chan et al., 2006; Schröter and Remme, 2016), can be answered through a variety of approaches. When the goal is to identify
hotspots of single ES, this can be achieved by selecting from a map a
ﬁxed number of cells with the highest levels of ES supply (Eigenbrod
et al., 2010; Bai et al., 2011; Geneletti et al., 2020), imposing some
biophysical thresholds (e.g. carbon storage above 40 tons ha−1) (Egoh
et al., 2008) or clustering (O’Farrell et al., 2010). When the goal is to
delineate hotspots of multiple ES, this can be achieved by overlapping
various ES’s hotspots (Garcia-Nieto et al., 2013) or applying more
complex measures of occurrence, such as intensity (i.e. number of sites
providing a service) or richness (i.e. number of diﬀerent services per
land cover unit) (Plieninger et al., 2013). An example of such analyses
for European ES is provided by Schulp et al. (2014), who detected
potential hotspots of climate regulation, erosion protection, ﬂood regulation, pollination and recreation, reviewing and comparing maps
from various sources to check their accuracy and consistency.
The second question can be answered through correlation-based
analysis of ES supply values, whereby a positive correlation highlights a
synergy and a negative correlation highlights a tradeoﬀ (Turner et al.,
2014; Geneletti et al., 2018; Roces-Diaz. et al., 2018), although synergies and tradeoﬀs may also be roughly detected through simple map
overlay (Swallow et al., 2009).
Maes et al. (2011), for example, used Principal Component Analysis

2. Basic features of EU forests
The EU, which currently includes 28 countries, has a total area of
4.3 million km2 and is home to about 520 million people. Forests –
namely, land with a canopy cover above 10 % and an area of more than
0.5 ha (FAO, 2018) – and other wooded land – namely, land with a
canopy cover of 5–10 % and an area of more than 0.5 ha or land with a
canopy cover above 10 % comprising shrub, bushes, trees (FAO, 2018)
– cover around 182 million ha or about 40 % of the EU territory
(Eurostat, 2016), with forests alone covering roughly 140 million ha.
Larger unfragmented forest areas are mostly concentrated in CentralNorthern countries like Sweden, Finland, the Baltic Republics and Poland, as well as in mountain regions, particularly the Alps, the Pyrenees,
the Iberian Range, the Carpathians, the Apennines, the Pindus and the
Rhodopes (Fig. 1). The more fragmented forest landscapes of the Central and Southern lowlands are associated with a stronger human presence and therefore larger extensions of agriculture and urban and periurban land uses. Nonetheless, at the EU-level, forest cover has been
growing at an average 0.4 % annual rate in the last decades owing to
aﬀorestation and the abandonment of remote areas (e.g. mountain
pastures) by human communities, which has left space for natural
succession (Tattoni et al., 2017). Due to the signiﬁcant latitude and
2
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Fig. 1. The EU forest cover as per classes 311, 312 and 313 of the 2012 CORINE land cover.

2013a). Similarly, biomass is expected to provide more than 40 % of the
2020 renewable energy target, meaning that the amount of wood required for energy purposes in the near future will be equivalent to today's total harvest (EC, 2013a). Meanwhile, climate change is having
and, according to climate modelling, will have enormous impacts on
forest ecosystems, including a modiﬁcation of species composition, the
intensiﬁcation of ﬁres and other extreme events (e.g. storms) and the
diﬀusion of pests (EEA, 2017). Under these circumstances, sustainable
forest management driven by a careful analysis of the potential of different areas to supply various FES is key to guaranteeing long-term
beneﬁts to human communities.

elevation gradients, forest and vegetation types vary dramatically
across the continent: from Mediterranean scrub to boreal forest, from
tundra to Alpine woodland (EEA, 2007).
Roughly 60 % of EU forests are privately owned, though the proportion of public vs. private forests varies dramatically both between
and within countries. In general, forests are predominantly private (i.e.
more than 50 % of forest land is private) in Western Europe, with the
exception of Andalusia and Aragon in Spain, Trentino, Abruzzo and
Sicily in Italy, South-western and North-eastern Germany, most of
Ireland and the northernmost part of Sweden and Finland, whereas they
are predominantly public (i.e. more than 50 % of forest land is public)
in Eastern Europe, with exceptions in Romania and Estonia (Pulla et al.,
2013).
The habitat role of EU forests is crucial: about 9 million ha of the
total forest area are undisturbed by humans (i.e. forests where natural
forest development cycle is conserved, showing characteristics of natural tree species composition, natural regeneration and minimal evidence of man-made activity) and more than 14 million ha are designated as Natura 2000 sites, that is nearly one ﬁfth of the whole
terrestrial Natura 2000 network (EC, 2010; Forest Europe, 2011).
Further, most of the areas not included in the Natura 2000 network host
species that are protected under EU legislation.
Wood and forest biomass are the main source of ﬁnancial revenue
from forest products and the most important source of renewable energy, respectively. While in the recent past only 60–70 % of the annual
increment was being cut, and therefore wood stock was rising, harvest
rates may increase by about 30 % by 2020 compared to 2010 (EC,

3. Methods
The study involved four major steps: mapping of FES; delineation of
hotspots; analysis of synergies and tradeoﬀs; and identiﬁcation of spatial bundles.
3.1. Mapping of FES
Continental-scale mapping of ES is generally performed at resolutions between 100 m and 1 km through the application of relatively
simple models fed by spatially-explicit raster data about land use/land
cover (Kienast et al., 2009; Schulp et al., 2014a), elevation (Guerra
et al., 2016) or vegetation characteristics (Vandecasteele et al., 2017),
as well as point-based information (e.g. meteorological data), which
may be used for calibration (Guerra et al., 2016). Such approaches are
3
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Santoro et al., 2018
–
Maes et al., 2015; Guerra et al., 2016
Zulian et al., 2013
Vallecillo et al., 2016
Hiederer and Köchy, 2012
de Rigo et al., 2013; Barredo et al., 2012
Paracchini et al., 2014
m3 ha−1
mm yr−1
tons ha−1 yr−1
–
%
tons ha−1
tons ha−1
–

No reference is reported for Water supply as this was mapped through modelling with InVEST.

Physical and intellectual interactions with ecosystems

a

Soil formation
Atmospheric composition
Physical and experiential interactions
CULTURAL

REGULATING

Materials
Nutrition
Mediation of ﬂows
Maintenance of biological conditions

Biomass
Water
Mass ﬂows
Lifecycle maintenance and habitat protection

Wood
Water supply
Erosion control
Pollination
Habitat provision
Soil formation
Climate regulation
Recreation

Growing stock volume
Water yield
Avoided soil erosion
Relative pollination potential
Relative bird species richness
Soil organic carbon
Carbon storage
Recreation opportunity

Referencea
Indicator
ES (Class)
Group

PROVISIONING

3.1.1.2. Water supply. Similar to what was done in previous studies
(Mokondoko et al., 2018), we estimated freshwater supply as the
amount of water running oﬀ each land parcel in the landscape owing
to the combined eﬀect of precipitation and evapotranspiration, using
the Annual Water Yield model of InVEST 3.3 (Integrated Valuation of
Ecosystem Services and Tradeoﬀs). The model, which is based on an
approximation of the Budyko curve (Zhang et al., 2008), does not

Division

3.1.1. Provisioning FES
3.1.1.1. Wood. The provision of wood was mapped as the overall
amount of wood available for timber production using a global
dataset of growing stock volume (m3 per hectare) derived from Earth
Observation data in the framework of the European Space Agency’s
(ESA) GlobBiomass project (Santoro et al., 2018). According to the
dataset’s metadata, growing stock volume is deﬁned at a 1-km
resolution as the volume of all living trees with a diameter breast
height (DBH) in excess of 10 cm, measured over bark from ground (or
stump) height to top. Small branches, foliage, ﬂowers, stump and roots
are excluded from the measurement. Santoro et al. (2018) estimated
growing stock volume combining space borne Synthetic Aperture Radar
(SAR), LiDAR and optical observations (Landsat-7), and a variety of
forest and climatic datasets (used for training) for the year 2010.
Models to turn earth observations into biomass values were tuned
locally to account for the variability of forest structure across space
(Santoro et al., 2018).

Section

Table 1
FES considered in this study, indicators selected to map them and references to the publications describing how the datasets used to map the related FES were created.

suited to the large scale of analysis and the strong link between the
modelled services and land use/land cover (Maes et al., 2012), and are
consistent with Tier 1 level mapping (Grêt-Regamey et al., 2015). In
this study, FES were mapped at 1-km resolution, predominantly by
direct extraction of relevant information from existing raster datasets
generated in previous mapping exercises (mostly, those produced by
the European Commission’s Joint Research Centre), though some Tier 1
modelling using land use/land cover, forest, soil, elevation and climatic
data was also performed to generate new datasets (e.g. water supply) or
adapt existing datasets to the scope of the present study (e.g. recreation). Basic raster operations, such as resampling, were performed on
some of the existing raster datasets to make them comply with the
common resolution requirement.
The selection of FES to map was based on the Common International
Classiﬁcation of Ecosystem Services (CICES) (Haines-Young and
Potschin, 2013), as it provides a consistent standardization in the way
ES are described and is the classiﬁcation scheme employed in the EU
initiative on Mapping and Assessment of Ecosystems and their Services
(MAES) (EC, 2014). Two main criteria were used to select FES: close
link to forest ecosystems (i.e. services that are mostly provided by, or
signiﬁcantly associated with, forest ecosystems) and availability of relevant high-quality data for the entire EU. This resulted in selecting two
provisioning, ﬁve regulating and one cultural FES (Table 1).
The deﬁnition of appropriate supply indicators for the selected FES
was also based on two criteria, namely the scientiﬁc relevance of an
indicator for a speciﬁc FES and the availability of suﬃciently highquality spatial datasets to map the indicator over the entire EU. The ﬁrst
criterion was assessed by reviewing scientiﬁc literature and indicator
proposals included in the second MAES report (EC, 2014), which is
connected to mapping exercises recently conducted by the European
Commission’s Joint Research Centre (JRC). The second criterion was
assessed by verifying the availability of spatially-explicit datasets generated by peer-reviewed Pan-European studies at high or very high
resolution (generally from 1 km to 100 m) that could be used directly or
through simple processing to map the indicator. Indicators for the selected FES (Table 1) were mapped at a resolution of 1 km over the EU
forested area as per Corine land cover classes 311, 312 and 313, which
refer to land occupied by broadleaved forest, coniferous forest and
mixed forest, respectively (canopy cover of at least 30 % or a minimum
500 subjects ha−1 density).

Unit
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foraging sites) with an estimate of nesting sites (to obtain relative
pollinator abundance), and correcting this with information on climate
and elevation (i.e. accounting for pollinators’ reduced activity levels
and ability to ﬁnd nesting sites at lower temperatures and higher
altitudes). In order to generate the actual FES indicator, the JRC’s
dataset was resampled to a 1-km resolution.

distinguish between surface and subsurface water, but assumes that all
water passing through a land parcel will eventually reach an outlet (i.e.
a watershed’s lowest point or a hydropower plant) via one of these
pathways. The eﬀect of soil type, soil depth and vegetation on water
yield is accounted for in the model, hence acknowledging the role of
forests in the provision of this ES.
Several inputs are required by the model to run properly. We
computed data about average annual precipitation at each location by
summing up monthly datasets available in the WorldClim global climate database (http://www.worldclim.org), which provides monthly
averages estimated at a 1-km resolution over the period 1970−2000.
The average annual reference evapotranspiration was obtained from
the Global Reference Evapotranspiration Version 2 dataset (Trabucco
and Zomer, 2019). The root restricting layer depth, namely the soil
depth at which the penetration of roots is inhibited, was obtained from
the JRC European Soil Data Centre’s (ESDAC) European Soil Database
(Panagos et al., 2012; Hiederer, 2013). The plant available water content (i.e. fraction of water stored in the soil that is available for plants)
was derived from the relevant map (Available Water Capacity) in the
“Topsoil physical properties for Europe” database by ESDAC (Panagos
et al., 2012; Ballabio et al., 2016). As the dataset does not cover Cyprus,
information for this country was computed from spatially-explicit data
of the fraction of clay, sand, silt, gravel and organic matter (from the
European Soil Database) using the Soil-Plant-Air-Water (SPAW) Field
and Pond Hydrology Model of the United States Department of Agriculture (USDA). Land use/land cover information was directly imported
from the Corine land cover, while watersheds were delineated from the
European Digital Elevation Model (EU-DEM) using GIS-based hydrological tools. Finally, the maximum root depth per vegetated land use
class was extracted from the Forest and Agriculture Organization (FAO)
guidelines (Allen et al., 1998) and Schenk and Jackson (2002), whereas
the evapotranspiration coeﬃcient (Kc) was extracted from Allen et al.
(1998) and Nistor et al. (2017) for vegetated areas, and from InVEST
guidelines for urban areas and water bodies.

3.1.2.3. Habitat provision. The ability of forest ecosystems to provide
and maintain habitat for terrestrial species was mapped using the JRC’s
Habitat Quality dataset (Vallecillo et al., 2016), which reports for each
portion of the territory (10 km × 10 km) a value of relative bird species
richness, intended as the ratio between local richness and the average
richness in the regional context (%). The JRC built the Habitat Quality
Index (HQI) starting from occurrences of 148 common bird species
included in the European Common Bird Index (EBCC, 2012) (33 of
which are considered forest bird species as forest is their predominant
habitat for breeding and feeding), whose distribution was mapped using
a maximum entropy method with various climate and land use
variables as predictors (for the full list of species, refer to Vallecillo
et al., 2016). Local species richness, computed as the sum of all species’
presence, is then compared to regional species richness, which is
estimated considering a radius of 250 km around each location. In
order to generate the actual FES indicator, we performed a resampling
of the JRC’s Habitat Quality dataset, increasing its resolution to 1 km.
3.1.2.4. Soil formation. A common indicator of soil formation is soil
organic carbon, as this moderates a wide array of processes and
properties including soil aggregation, soil hydrological properties,
microbial population, etc. (Lal, 2014), and is related to management
and biodiversity (Maes et al., 2018). The amount of organic carbon in
the soil was mapped using data from the amended Harmonised World
Soil Database, which was created at a 1-km resolution combining
spatially-explicit information about soil organic carbon content (%),
dry bulk density (g cm−3), volume of stones (%) and depth of soil layer
(m) (Hiederer and Köchy, 2012). We summed up estimates for the
topsoil (0−30 cm) and the subsoil (30−100 cm) to get a more
comprehensive information.

3.1.2. Regulating FES
3.1.2.1. Erosion control. The ability of forests to limit erosion was
mapped as avoided soil erosion, namely the amount of soil that is not
lost annually owing to vegetation, using the relevant dataset created by
the JRC (Maes et al., 2015; Guerra et al., 2016). The dataset, which has
a resolution of 100 m, reports the diﬀerence between soil loss in the
absence of vegetation and soil loss in the presence of vegetation, where
loss was computed using the Revised Universal Soil Loss Equation
(RUSLE). The latter assumes soil loss to be a function of erosivity
(kinetic energy of raindrops), erodibility (susceptibility of soil particles
to removal by rain), topography (slope length and degree), vegetation
cover, soil conservation and management practice (Renard et al., 1997).
Maes et al. (2015) combined Pan-European datasets, geospatial analysis
and the LUISA (Land Use Integrated Sustainability Assessment)
modeling platform to compute the indicator, whereby the vegetation
cover factor was estimated using the relation between NDVI and factors
provided in literature (Wischmeier and Smith, 1978), and considering
only one forest type (i.e. broadleaved, coniferous and mixed forests
merged into one class). We performed a resampling to bring the JRC’s
dataset to a 1-km resolution.

3.1.2.5. Climate regulation. Forests contribute to climate regulation
through a variety of processes including carbon ﬁxation, moisture
production and temperature control. Given the magnitude of the
impacts of climate change and the emphasis placed by EU forest
policy on climate change mitigation measures (EC, 2013a), the ability
of forests to contribute to climate regulation was mapped using the PanEuropean dataset of forest above- and below-ground carbon stock
produced by the JRC at a 1-km resolution (de Rigo et al., 2013). This
was created combining a map of forest types (i.e. coniferous vs.
broadleaved), a map of ecological zones and numerical factors of
average forest biomass content and carbon fraction by ecological
zone (Barredo et al., 2012). JRC scholars generated the 1-km
resolution forest map using the 100-m resolution CORINE land cover
and considering the “mixed forest” class as a 50 % coniferous-50 %
broadleaved land cover; extracted ecological zones from the map of
Global Ecological Zones for the Global Forest Resources Assessment
(FAO, 2001); and relied on IPCC guidelines to obtain the abovementioned conversion factors (IPCC, 2006).

3.1.2.2. Pollination. Pollination is intimately linked to forest
ecosystems as these, and particularly forest edges, support wild
pollinator insects (e.g. honey bees, bumblebees), therefore sustaining
the yield of neighboring crop ﬁelds (Kells and Goulson, 2003). This
service was mapped using the JRC’s map of Relative Pollination
Potential (RPP) (Zulian et al., 2013), which describes the relative
capacity of ecosystems, including forest edges, to support crop
pollination at a 100-m resolution. The JRC computed the RPP index,
which is dimensionless and ranges between 0 and 1, by combining
information on ﬂoral resources and foraging ranges (to identify

3.1.3. Cultural FES
3.1.3.1. Recreation. Among various cultural functions of forests,
recreation is the most important and economically valuable. The
recreation potential of a forested land parcel is related to its intrinsic
natural value (i.e. environmental quality, scenic beauty) and its
accessibility as, unlike other ES types, cultural services can only be
delivered and enjoyed if the beneﬁciary can actually get onsite. We then
assessed the recreation value of forests by reclassifying the Recreation
Opportunity Spectrum (ROS) map produced by the JRC (Paracchini
5
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skewness of indicators, the Spearman index was used to quantify the
degree of association between indicators.
3.4. Identiﬁcation of spatial bundles
We identiﬁed spatial bundles by means of cluster analysis of FES
maps as suggested by Plieninger et al. (2013). Our analysis was run on
principal components of FES indicators (instead of raw indicators) as
these represent uncorrelated attributes of FES (Plieninger et al., 2013;
Ferrari et al., 2016). Principal components were identiﬁed through
Principal Component Analysis (PCA), which was performed on FES data
sampled at the above-mentioned random locations, relying on the
Kaiser-Guttman criterion (eigenvalue > 1) to establish the minimum
number of components that adequately describe the structure of the
data. Loadings supplied by the PCA were used to compute principal
component maps, and K-means cluster analysis was run on them, to
identify bundles of FES. The ideal number of clusters, i.e. bundles, was
determined qualitatively by assessing the dominance of diﬀerent FES
within each cluster, as shown by Turner et al. (2014).

Fig. 2. Scores used to quantify recreation supply as the multiplication of values
of quality and accessibility assigned by the JRC to map the Recreation
Opportunity Spectrum of European landscapes (Paracchini et al., 2014).

4. Results

et al., 2014) over the EU at a 100 m resolution. The ROS map is
developed starting from the original ROS concept, namely the idea that
the combination of physical, social and managerial conditions
determine diﬀerent recreation settings (Clark and Stankey, 1979), to
provide an assessment tool for recreation provision in Europe. In
particular, the JRC considered nine main recreation opportunities
that are given by combinations of three classes of recreation
potential/quality (low, medium, high), which is a function of
naturalness (i.e. degree of human inﬂuence on each land cover class
according to literature and management conditions), presence of
protected areas (i.e. Natura 2000 sites) and water attractiveness (i.e.
bathing water quality, distance from the coast, protected coastline), and
three classes of accessibility (poor, medium, easy) summarizing the
distance of a site to the closest road and the closest residential area.
In order to convert the JRC’s ROS classiﬁcation into an indicator of
recreation supply, we assumed the latter to be proportional to the
product of the two ROS variables (i.e. quality and accessibility). Hence,
we reclassiﬁed the ROS map produced by the JRC according to the
scheme of Fig. 2. The reclassiﬁed map was then made continuous by
running a neighborhood operation assigning each pixel the mean of
pixels within a radius of 1000 m. This is consistent with the idea that
the supply of recreation opportunities at a speciﬁc location is aﬀected
by supply at neighboring locations. We ﬁnally performed a nearest
neighbor resampling to bring the resolution to 1 km.

The supply of FES varied dramatically across EU forests (Fig. 3). For
example, wood provision (measured as growing stock volume) was as
high as 450 m3 ha−1 in some forests of the Alps and Southern Germany,
but dropped to a mere 5 m3 ha-1 in forest landscapes of the Spanish
lowlands. In terms of habitat protection, forests in the Northern
Apennines (Italy) supported a bird species richness that is 100 % higher
than the regional one (i.e. within a radius of 250 km), whereas some
Austrian forests supported bird species that is 60 % lower than that of
surrounding areas. Recreational opportunities were exceptional, in
terms of environmental quality and accessibility, in many German
forests, but much more limited in remote forests of Northern Scandinavia.
Forests constituting a hotspot of wood provision were generally
found in the big mountain ranges, particularly the Pyrenees, the Alps,
the Apennines and the Carpathians, and at mid latitudes, particularly in
France, Germany, Austria, Poland, Czechia and Slovakia. Areas characterized by strong precipitation and medium to high latitude, and
particularly northwestern Spain, the Pyrenees, the Alps, Western
Croatia and Western Sweden, constituted a hotspot of water supply. The
hotspot of soil erosion control, not surprisingly, was found in mountain
areas, particularly the Pyrenees, the Alps, the Apennines and the
Carpathians, where vegetation strongly reduces soil loss. Pollination
potential was particularly high in France and Southern Europe, where
the landscape is often characterized by a mix of relatively small forest
patches and agricultural areas. Forests providing habitat to particularly
large (relative) proportions of bird species were found across the entire
EU, but they are particularly concentrated in Central Spain, Southern
France, the Apennines, the Slovenian Alps, Central Germany, Bulgaria
and Northern Scandinavia. The hotspot of soil formation was almost
entirely concentrated in Scandinavia and Scotland. Forests playing a
major role in climate regulation were mostly found at mid latitudes in
Germany and Eastern Europe, though some patches were spread across
Southern France, Southern Sweden and the Baltic Republics. The recreation hotspot was generally associated with mountain areas as well
as forest landscapes in France, Germany and Poland.
Table 2 provides an overview of the proportion of each country’s
forests that is a hotspot for each of the 8 FES. All countries had at least
one ﬁfth of their forests as a hotspot of one service and most had more
than one third (Table 3). In most countries, forests included hotspots of
up to six or seven services. Austria, Slovakia and particularly Slovenia
had very large extents of their forests showing these characteristics. The
forests of six countries – Belgium, France, Germany, Hungary, Poland
and Sweden – included hotspots of all services considered in this study.
The map of Fig. 4 shows, for each land parcel, the number of

3.2. Delineation of FES hotspots
We delineated hotspots of single FES from each FES map as the 20 %
of forest pixels ensuring the highest supply of the relevant FES
(Eigenbrod et al., 2010; Schröter and Remme, 2016).
We then built a map of hotspots of multiple FES by summing up
binary maps of single hotspots, which were generated by assigning 1 to
hotspot pixels and 0 to all other pixels. As such, values of the output
map can range between 0 (no hotspot) and 8 (hotspot of all FES).
3.3. Analysis of synergies and tradeoﬀs
We analyzed synergies and tradeoﬀs by assessing pairwise correlations among all FES indicators in search of signiﬁcant positive (synergies) and negative (tradeoﬀs) associations, consistent with work by
Turner et al. (2014); Geneletti et al. (2018) and Roces-Diaz et al.
(2018).
We sampled values of FES indicators at 70,000 random locations at
no less than 1 km from each other, therefore covering 5% of all
1 km x 1 km forest parcels. Given likely non-linear relationships and
6
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Fig. 3. Maps of the eight FES, shown according to a quintile graphical representation (i.e. each class represents 20 % of EU forested lands). The top quintile (blue
color) for a given FES represents the hotspot of that FES. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article).

latter category was mostly represented by forests in big mountain
ranges, but also in Northwestern Spain, Southern France, Southern
Belgium, Germany, Southern Sweden and Croatia (Fig. 4). Some
forested areas in Germany, the Alps and the Tatras supplied large

services of which it is a hotspot. While about 15 % of all forests were
not a hotspot of any of the considered services, over 60 % of them
constituted a hotspot of one or two services and nearly one ﬁfth of them
were a hotspot of three or four services simultaneously (Table 3). The

Table 2
Share of each country’s forests that is a hotspot of diﬀerent FES (as a single land parcel may be a hotspot of multiple FES, columns do not sum to 100 %).
Share of national forest (%)
Provisioning

Austria
Belgium
Bulgaria
Croatia
Cyprus
Czechia
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania
Luxembourg
Malta
Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain
Sweden
UK

Regulating

Cultural

Wood

Water supply

Soil erosion

Pollination

Habitat provision

Soil formation

Climate regulation

Recreation

54.1
47.6
16.3
29.3
0.1
48.0
19.8
7.2
0.1
28.1
53.6
5.3
20.4
20.3
21.9
11.9
30.7
42.5
0.0
35.4
46.9
0.0
26.7
46.2
48.8
3.7
4.0
54.1

79.3
62.0
1.7
44.1
0.7
13.2
16.1
1.2
2.0
25.4
23.9
13.8
2.4
94.0
16.9
2.9
1.8
25.8
0.0
49.7
6.2
31.8
11.9
25.7
80.2
21.4
26.2
79.3

64.3
14.7
22.4
45.9
32.9
23.5
0.0
0.0
0.0
25.7
19.5
24.7
14.2
11.1
64.3
0.0
0.0
26.8
0.0
0.2
6.6
26.9
38.1
61.9
74.2
40.5
1.7
64.3

11.5
15.2
32.9
32.5
52.9
14.2
6.0
15.6
9.1
37.4
9.3
41.2
36.0
18.4
39.0
17.3
9.2
14.0
100.0
16.0
8.9
61.6
27.0
16.3
24.1
52.3
1.8
11.5

7.8
22.6
38.0
3.2
53.4
19.6
18.1
7.1
25.7
21.4
18.1
25.8
9.8
24.1
32.3
0.1
13.9
2.0
0.0
12.0
11.0
23.1
14.2
7.7
37.1
29.8
15.9
7.8

0.1
0.7
0.0
0.1
0.0
0.2
0.4
18.9
66.0
1.0
2.1
0.0
2.6
36.1
0.0
4.7
3.7
0.0
0.0
4.3
4.3
0.0
0.1
0.0
0.1
0.1
50.9
0.1

55.3
45.8
0.1
73.8
0.0
68.2
19.8
3.2
0.6
14.0
67.0
0.0
2.4
0.0
0.1
31.7
9.1
32.4
0.0
21.0
51.3
0.0
37.7
61.6
84.9
0.0
6.9
55.3

8.8
30.7
37.8
14.2
28.2
20.0
11.3
9.1
5.9
29.8
57.9
16.7
29.8
1.2
22.9
16.4
20.9
16.7
0.0
28.4
31.0
14.4
14.4
44.7
31.9
26.6
3.7
8.8
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(+12 %). The ﬁrst component was strongly related to wood, climate
and recreation, reﬂecting a tradeoﬀ between erosion control and soil
formation (Table 5). The second component captured the tradeoﬀs
between pollination and wood, and pollination and climate regulation
(Table 5). The third and fourth components were strongly associated
with water supply and habitat provision, respectively (Table 5).
A qualitative analysis of the outputs of cluster analyses run with
diﬀerent numbers of clusters (K) suggested the most meaningful classiﬁcation (i.e. best characterization of each cluster) was obtained with
K = 4 (Fig. 5). The ﬁrst cluster or bundle (“Balanced”), which was
characterized by an average or above-average supply of ﬁve out of eight
FES (i.e. wood, habitat, soil, climate, recreation), primarily occurred in
forests that are concentrated in the Northeastern part of the continent
(particularly Poland, Baltic Republics, Southern Sweden and Southern
Finland), and covered an area equivalent to around 31 % of EU forests.
The second bundle (“Wood & water”), which was characterized by
markedly above-average supply of wood, water supply, erosion control
(this one three times the EU average) and climate regulation, occurred
in the forests of mountain regions and central Europe (particularly
France, Germany, Czechia and Slovakia) (total area = about 24 % of EU
forests). The third bundle (“Soil carbon”), which was characterized by
strongly above-average values of soil formation but lower-than-average
values of everything else (except water), occurred in the far North
(Sweden and Finland) (total area = about 23 % of EU forests). The
fourth bundle (“Rural-recreational”), which was characterized by
markedly above-average values of pollination potential combined with
average recreational values, was predominantly found in non-mountainous Southern Europe (total area = about 21 % of EU forests).
Table 6 expresses the occurrence of the four bundles in each country
as percentage of forest area. While little over a third of countries had
two of the bundles occurring in at least one quarter of their forests,
Romania was the only country to have three. Among countries with two

Table 3
Area and share of EU forested areas that are a hotspot of various numbers of FES
(i.e. area and share of forest land parcels that are among the top 20 % suppliers
of 0, 1, 2, etc. FES). The ﬁrst row reports ﬁgures for forested areas that are no
hotspot, whereas the last row only reports zeros because no forest land parcel is
a hotspot of 8 FES.
Number of FES

Area (km2)

Share (%)

0
1
2
3
4
5
6
7
8

218,145
507,606
383,340
193,882
73,747
17,414
1559
36
0

15.629
36.369
27.465
13.891
5.284
1.248
0.112
0.003
0.000

amounts of ﬁve services simultaneously, whereas Slovenia includes the
largest continuous extents of forest guaranteeing major supplies of six
services (Fig. 4).
The analysis of synergies and tradeoﬀs showed that all 28 pairwise
correlations between FES were signiﬁcant (almost all of them at the
0.001 level), as shown in Table 4. The highest correlation coeﬃcients
(|ρ| > 0.5) highlighted a strong synergy between wood and carbon,
and a marked tradeoﬀ between erosion control and soil formation. A
moderate synergy was observed also between climate regulation and
recreation. Tradeoﬀs occurred between pollination and soil formation
as well as between soil formation and climate regulation.
Four principal components, explaining 72.8 % of the total variance,
were retained for the analysis of bundles. In fact, while the ﬁrst three
components would have been formally suﬃcient (eigenvalue > 1), the
fourth one was also included for having an eigenvalue very close to 1
(0.94) and signiﬁcantly contributing to the explanation of variance

Fig. 4. Number of FES of which each forest parcel is a hotspot (i.e. a top 20 % supplier).
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Table 4
The internal (vertical and horizontal) lines can be eliminated from the table, similar to what done in Table 5. Just for style purposes...... Pairwise Spearman
correlations (and signiﬁcance level) between all FES. Diﬀerent shades of grey highlight strong (|ρ| > 0.5, dark grey), moderate (0.3 < |ρ| < 0.5 medium grey) and
weak (0.1 < |ρ| < 0.3, light grey) correlations.

*p < 0.05.
**p < 0.001.

relatively balanced distribution of them (i.e. less than 15 % diﬀerence).
To evaluate the administrative relevance of our bundle analysis, we
classiﬁed NUTS3 regions according to the most common bundle in their
forests (e.g. if the main bundle in region X is “Wood & water”, then X is
considered a “Wood & water” region). The resulting map (Fig. 6) would
give an idea of the FES identity of each region and therefore the regional niches administrations should focus on to ensure the supply of
speciﬁc FES. A few countries had all of their sub-national administrative regions predominantly characterized by the same bundle (e.g.
Portugal, Baltic Republics), several had their regions split between two
bundles (e.g. Sweden, Finland), and some between three (e.g. France,
Hungary) or even four bundles (e.g. UK).

Table 5
Principal component loadings (i.e. weights of the linear combinations deﬁning
principal components as a function of original variables).

Wood
Water supply
Erosion control
Pollination
Habitat
Soil formation
Climate regulation
Recreation

PC1

PC2

PC3

PC4

0.379
−0.017
0.404
−0.065
0.106
−0.480
0.498
0.446

−0.424
−0.212
0.321
0.627
−0.061
−0.426
−0.303
0.047

0.098
0.768
0.392
0.077
−0.450
0.025
−0.072
−0.183

−0.013
0.359
0.185
0.077
0.883
0.020
−0.114
−0.193

well represented bundles (i.e. each occurring in at least 25 % of forests),
Czech Republic (“Balanced” and “Wood & water”), Hungary (“Balanced” and “Rural-recreational”), Italy (“Wood & water” and “Ruralrecreational”) and Slovakia (“Balanced” and “Soil carbon”) showed a

Fig. 5. Spatial distribution of the four bundles (map) and occurrence of diﬀerent FES in each bundle (radar graphs). Graphs were built by comparing the average
supply value of a given FES within the bundle and the average supply of the same FES across the whole EU (i.e. a value of 0 means that average supply within the
bundle is equal to the EU average, a value of 1 means that average within-bundle supply is 100 % higher than EU average, etc.).
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5. Discussion

Table 6
Shares of each country’s forests characterized by the occurrence of each of the
four FES bundles (columns sum up to 100).

5.1. Hotspots at country level

Share of the forest (%)

Austria
Belgium
Bulgaria
Croatia
Cyprus
Czechia
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania
Luxembourg
Malta
Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain
Sweden
UK

Balanced

Wood & Water

Soil carbon

Rural-recreational

11.7
18.1
24.3
16.8
27.8
38.4
42.7
61.7
15.6
8.5
33.2
20.2
35.0
6.4
11.7
66.0
13.6
65.1
0.0
47.2
65.0
5.6
26.8
42.2
9.7
20.9
13.4
20.9

78.2
63.7
28.4
5.0
55.9
45.8
8.5
1.4
20.8
22.2
0.5
57.0
20.0
11.6
49.8
4.2
65.8
4.6
0.0
12.4
14.0
15.4
37.8
1.6
86.0
65.3
22.0
45.1

2.8
7.7
2.6
8.4
1.6
3.9
23.7
22.0
7.4
4.5
59.0
6.4
6.3
65.6
3.2
16.6
3.8
17.5
0.0
30.5
8.1
10.3
3.3
50.8
1.0
1.6
39.8
5.9

7.3
10.5
44.7
69.8
14.6
11.8
25.0
14.9
56.1
64.7
7.2
16.5
38.7
16.4
35.4
13.2
16.7
12.8
100.0
9.9
12.9
68.7
32.1
5.4
3.3
12.2
24.8
28.2

Our analysis shows that about half of the EU forested areas supply
large amounts of multiple FES simultaneously, that is about half of EU
forest land parcels are top 20 % suppliers of more than one FES. In
particular, mountain and central European forests, typically characterized by large extensions of conifers, show remarkably high values
for wood production, water supply, erosion control, climate regulation
and recreation. These observations are consistent with ﬁndings by
Schirpke et al. (2019). The other half of European forests provides FES
in either an intermediate generalist multifunctional fashion, i.e. low
relative quantities of any FES, or in a specialist fashion with large relative quantities of only one FES. French and Southern European forests
show high values for pollination, whereas forests characterized by high
potentials of soil formation are almost entirely concentrated in Scandinavia owing to the presence of soils with signiﬁcant organic matter
concentrations.
Most countries include hotspots of multiple FES and some have
large or very large shares of their forests constituting a hotspot of one or
multiple FES. Given such shares and the size of their forested areas,
countries like Austria, Germany and Slovakia then play a very important role in the provision and maintenance of European FES (for
example their contribution to climate regulation or habitat protection
at the continental scale). On a smaller scale, Slovenia is equally crucial
as it holds a unique natural feature in the form of large tracts of forests
simultaneously supplying very high quantities of six FES.
From a management point of view, it is worth observing that the
proportions of diﬀerent forest types (e.g. broadleaved vs. coniferous)
and the degree of naturalness of the existing forests (e.g. human disturbance, area of plantations) vary considerably both within and

Fig. 6. Most common bundle occurring in the forested areas of each NUTS3 region.
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fragmented land-ownership and intensively managed forests. These
forests rank high in terms of wood supply, habitat protection, soil and
climate regulation, and recreational value (Saarikoski et al., 2017).
However, their position on mostly ﬂat terrain and their contiguous
structure limit their role for erosion control and pollination support.
The “wood & water” bundle is deeply associated with mountain
areas, particularly at mid to low latitudes, and the hilly part of Southern
France, Germany, Czechia and Slovakia. High values of biomass production and carbon storage (wood) as well as water supply and erosion
control (water) make this a remarkably multifunctional bundle, guaranteeing average or above-average levels also on all other services except soil formation. This reaﬃrms the key role of mountain regions as
ES providers (Crouzat et al., 2015; Schirpke et al., 2019) owing to both
natural features (e.g. tree species, remoteness) and management approaches, and calls for their conservation or very careful management,
particularly considering adaptation needs in the face of climate change
(Mina et al., 2017). Among various concrete measures managers can
think of in this respect are: the shift to close-to-nature silviculture,
which allows a constant forest cover to be maintained (Tudoran and
Zotta, 2020); a reduction in the reference age for tree harvesting, in
response to a stronger annual tree growth; the increase of species mix to
foster resilience; and the improvement of the thinning sequence to reduce ﬁre risk (Yousefpour et al., 2017). Anyway, ecological conditions
vary dramatically across European mountain forests and adaptation
measures should vary accordingly. While our analysis suggests that all
measures enhancing biodiversity may have a positive eﬀect, the intensiﬁcation of extreme events (e.g. storms) at the local scale calls for
ad hoc adaptation measures and a more dynamic forest and biodiversity
management (Jandl et al., 2015; Werners et al., 2016).
The “soil carbon” bundle is the most geographically clustered of all
as it is almost entirely concentrated at high and very high latitudes, and
particularly in Northern Scandinavia, Scotland and Ireland, three regions characterized by very high content of soil organic matter and
peatlands (Xu et al., 2018). The “rural-recreational” bundle mostly
occurs in Southern Europe, particularly at low to mid elevations on
undulated terrains, where forests are fragmented and interspersed with
agricultural ﬁelds (Schulp et al., 2019). These are contexts that may
have signiﬁcant habitat value and, being easily accessible from urban
centers, recreational value as well, therefore oﬀering unique cultural
opportunities (Tieskens et al., 2017). They have been the target of initiatives aimed at securing multiple ES, in particular under the EU
Common Agricultural Policy (van Zanten et al., 2014).
Although our analysis seeks to be sensitive to the administrative
regions, to support decision-making, the scale and resolution of analysis
may have emphasized the ecological factors in the connection between
bundles and socio-ecological sub-systems (Dick et al., 2010; RaudseppHearne et al., 2010). This means that the ecological context and the
embedded natural processes and conditions, rather than speciﬁc management strategies, inﬂuence the set of FES provided by a given forest
parcel. Yet, the socio-economic connections to forests cannot necessarily be distinguished from the ecological conditions. For example,
peatland areas are barren and uniform, and they have also been a target
of intensiﬁcation, e.g. through drainage (Kareksela et al., 2015). Multifunctionality appears to be connected to the intensive economic use of
forests in Southern Scandinavia, providing many ecosystem services but
not at high per unit area levels (Triviño et al., 2015; Saarikoski et al.,
2017). A stronger connection between management and FES is possibly
visible in the “wood & water” and “rural-recreational” bundles. The
former reﬂects active decisions of preserving, or the excessive costs of
eliminating, the forest cover on steep slopes, whereas the latter coincides with forest clearings executed to enable cultivation that have
created edges hosting pollinator insects and multiple bird species.
Clearly, such considerations should, by no means, encourage irresponsible management actions (e.g. extended forest clearings) aimed at
increasing the provision of one or multiple FES (e.g. pollination and
recreation) as bundles are intimately connected to speciﬁc socio-

between countries, eventually determining, among other things, the
types of available recreational opportunities or the possibility to actually extract provisioning services. For example, looking at countries
whose forests include hotspots of all services, France and Hungary both
have a majority of broadleaved forests but very diﬀerent shares of
plantations (about 10 % vs. more than 40 %); Belgium and Germany
present a relatively balanced mix of broadleaved and coniferous forests
(in Germany conifers are mostly in the South and the East) although
Belgium has over 60 % of its forests as plantations and Germany has
none; Poland and Sweden have a predominance of coniferous forests
and little plantations (as a percentage of overall area), but almost 10 %
of Sweden’s forests are undisturbed (EEA, 2016).
5.2. Analysis of synergies and tradeoﬀs
Our ﬁndings do not align with earlier observations of predominant
tradeoﬀs between provisioning and regulating FES and synergistic relationships between regulating FES (Lee and Lautenbach, 2016). Instead, we ﬁnd a mix of synergies and tradeoﬀs across all FES interactions. Consistent with the identiﬁcation of hotspots of multiple FES, we
discover various synergies among wood provision, erosion control,
climate regulation and recreation. This was expected in many ways as
biomass and carbon stock are inherently related, and the presence of
dense forests is associated with erosion control (especially on steep
slopes) and recreation opportunities. This result is also in line with what
was found by Maes et al. (2011), although they also observe synergies
between pollination and other FES that we do not detect. In fact, we
observe pollination to be positively related to erosion control, but negatively related (or unrelated) to everything else. This seems reasonable
as pollination is almost solely supported by forest edges close to crop
ﬁelds, that is fragmented forest landscapes where the supply of other
FES (particularly wood provision and carbon storage) tends to be lower.
Further, other studies have found tradeoﬀs between crop production
and regulating services (Raudsepp-Hearne et al., 2010; Jopke et al.,
2015).
Our analysis shows soil formation has a synergistic association with
water supply, consistent with Jopke et al. (2015), but it is negatively
related or unrelated to everything else. This may be explained by the
fact that soil organic carbon content is very high in northern forests
where the diﬀerence between precipitation and evapotranspiration is
also very high (and therefore water yield signiﬁcant), but considerably
lower anywhere else.
Habitat protection is the only FES that does not show signiﬁcant
correlations with any other FES. This is diﬀerent from what observed in
other studies, which showed, for example, strong correlations with
carbon sequestration and storage (Lin et al., 2018), and is possibly related to the fact that the indicator adopted to map this FES measures a
ratio of local to regional species richness rather than a purely local
variable (e.g. species richness, degree of fragmentation).
In general, the discrepancy between our results and those of previous studies with respect to associations between some FES may also
be due to the impact of forest management on the provision of FES and
how management approaches vary both within and between diﬀerent
study areas. For example, the decision to undertake selective logging
(e.g. close-to-nature silviculture) in some regions of Europe like the
Alps (Brang et al., 2014) helps to maintain mature and dense forests
that, while ensuring high values of wood supply (on a per unit area
basis), curb the removal of soil by water on erosion-prone slopes.
5.3. Bundles of forest ecosystem services
Our correlation analyses allowed the identiﬁcation of bundles of
FES. These show spatial patterns that are particularly connected to latitude, elevation and ruggedness. The “balanced” bundle is predominantly associated with low elevation ﬂat areas of northeastern
continental Europe and Southern Scandinavia, as well as with
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ecological conditions and the “artiﬁcial” enhancement of one FES may
hinder, or even dramatically reduce, the delivery of other FES (Jackson
et al., 2015).
The identiﬁcation of bundles is particularly valuable when combined with data about political and administrative jurisdictions (Fig. 6)
because it may inform about the complementarity and irreplaceability
of various regions in terms of the FES they supply. In this respect, the
maps may guide the deﬁnition of transboundary actions aimed at preserving, or sustainably managing, regions whose unique ensemble of
FES (e.g. combination of wood, carbon storage and water supply)
generates beneﬁts that span across nations. Further, it they may be used
to support local management, helping administrators identify contexts
within a region where the actual supply and ﬂow of FES are not consistent with the bundle’s characteristics and hence targeted actions (e.g.
reforestation, thinning, improved harvesting schedules) may be
adopted to bridge the gap. As already anticipated, this approach, which
may be based on comparisons between similar and/or nearby countries,
(e.g. Portugal actively guiding the natural regeneration of currently
deforested and abandoned mountain pastures to enhance the “wood &
water” bundle, which is present in adjacent Spain) should be carefully
considered, and management actions should be tailored with existing
FES provision as the starting point.
The combination of FES and administrative maps can serve as the
ﬁrst step for decision-makers to recognize the niche potential of their
region as FES provider based on the abundance of either particular FES
or bundles of FES (Primmer and Furman, 2012; Hauck et al., 2013).
This could possibly allow them to establish innovative governance
mechanisms for managing and securing FES (e.g. cooperatives of forestry operators, or partnerships between forest owners, tourist operators and administrations), and for developing new business opportunities relying on them (e.g. selling of wooden products made up of
timber from protected forests). It is worth observing, however, that the
accuracy of the information provided by maps like that of Fig. 6 heavily
depends on the administrative level considered, whereby coarser subdivisions may lead to rough assessments (e.g. all of Portugal’s regions as
providers of one bundle only) and conversely ﬁner subdivisions may
unveil the peculiar FES properties of diﬀerent territories.
More in general, knowledge about FES bundles indicates the key
areas where the potential of nature-based solutions (NBS) for risk
management and the reduction of socio-environmental vulnerability is
higher and where improvements to the green infrastructure may be
needed (Paavola and Primmer, 2019). This knowledge can thus enhance more integrative land-use planning and territorial development
that take sustainability and ecological concerns into consideration as
called upon in the Green infrastructure policy (EC, 2013b).

it can hardly extrapolate the very role of forests in supplying drinkable
water. In fact, it mostly measures the diﬀerence between precipitation
and evapotranspiration, possibly overestimating supply in northern
forests and underestimating it in southern forests. Pollination and recreation were assessed using non-dimensional indicators, which were
the only option for these FES at this scale of analysis, but deﬁnitely not
the best option for ﬁguring out the pollination and recreational values
of diﬀerent locations.
While we believe that the selected indicators represent one of the
best options currently available to map FES at the European scale, we
also recognize that some of them may be disputable: not just because of
their level of detail, but also for capturing only one aspect of the FES
whose supply they are intended to describe. Examples include growing
stock volume, which merely describes recent non-use of forests but
partly neglects forest productivity (e.g. an analysis of MODIS satellite
data on Net Primary Production may have provided such information);
relative bird species richness, which solely focuses on one kind of
wildlife and is provided at a rather coarse resolution; and recreation
opportunity, which does not really explore the multiple elements determining the cultural value of a forested land parcel (e.g. spiritual
importance). Nonetheless, they provide a rather detailed picture of FES
spatial patterns and constitute a reliable basis for the subsequent analyses of hotspots and bundles, which can be improved once better data
become available.
In general, all indicators are deeply aﬀected by climatic and ecological conditions, which, in the case of a territory as diverse as the EU,
vary enormously. Subsequently, a purely quantitative analysis of the
maps produced in this study may be rather misleading: two forested
pixels in very diﬀerent contexts may supply strikingly diﬀerent amounts
of a speciﬁc FES not because one is “better” than the other, but because
one is intrinsically characterized by a larger content of that FES. For
example, forests in northern Europe grow in peaty soils that have much
higher organic content than Mediterranean soils. In the former case, the
loss of a moderate quantity of organic content does not alter the system
signiﬁcantly and can be recovered in a relatively short time by forest
ecosystems, whereas in the latter case a moderate loss of organic matter
needs a long time to recover. Therefore our work highlights that there is
a real need for maps that account for the relative importance of the
intrinsic characteristics of speciﬁc ecosystems and consider how these
are related to the supply (and value) of diﬀerent FES (e.g. taking into
account recovery time and ecological features).
Additionally, the selected indicators do not explicitly account for
management conditions, which in fact may have a major inﬂuence on
how the forest can supply diﬀerent FES. For example, the intensity of
logging over time may alter the density of a forest area, and therefore
its ability to supply wood and to store carbon on a per unit area basis,
its habitat quality and even its recreational potential. However, in the
framework of the growing awareness of climate and environmental issues (Verkerk et al., 2020), forest management techniques in Europe are
gradually moving towards sustainable forest management, although
some diﬀerences at national level still remain (Brang et al., 2014).
Given the above-mentioned limitations of the selected indicators,
the outcomes of our subsequent analyses may be biased in various
ways. The growing stock volume indicator may overestimate the value
of less accessible areas (e.g. steep slopes) at the expense of more accessible ones (e.g. low-elevation semi-ﬂat areas), therefore altering the
detection of synergies and tradeoﬀs with such services as water supply,
erosion control and recreation. The habitat quality indicator, solely
based on bird regional diversity, may provide a skewed interpretation
of habitat provision by forests, which may be the reason of lack of
correlations with all other FES. The soil formation indicator, which only
accounts for soil organic carbon content, has determined such a gap
between Scandinavia and the rest of Europe that may explain why this
FES is negatively correlated with climate regulation (which tends to be
low in Scandinavia on a per unit area basis) and negatively or poorly
correlated with many others.

5.4. Limitations of the study
The basic limitation of this work is related to the very large scale of
analysis, which imposed a relatively coarse map resolution and raised
the challenge of selecting indicators that, while being meaningful at
such a resolution, might be assessed consistently over the entire EU.
Although the adopted 1-km resolution is rather common in continentalscale ecosystem service studies (Avitabile and Camia, 2018;
Vandecasteele et al., 2017), it is certainly far from providing a detailed
description of landscape features, including forest cover, particularly on
heterogenous terrains (e.g. mountains). The supply of all FES may have
been inaccurately quantiﬁed in fragmented forest landscapes because of
the diﬃculty of adequately describing forest edges, and similarly the
assessment of water yield and erosion control may have been biased in
undulated landscapes, where a 1-km digital elevation model cannot
capture the complexity of the real terrain.
Among all FES, water supply is the only one that was assessed
through ad hoc modeling rather than the use of existing datasets. While
the selected indicator (i.e. water yield) provides an accurate quantiﬁcation of water runoﬀ for every forested cell (Mokondoko et al., 2018),
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A major limitation of the hotspot analysis is that, being conducted
on a cell-by-cell basis, it could detect areas of high per unit area supply,
but discarded areas of moderate supply and large size (and therefore
high overall supply). This resulted in, for example, Scandinavian forests
being almost completely dismissed as wood provision hotspots just
because they generally have medium per unit area biomass content
compared to Alpine or Central European forests. A solution to this issue
might be represented by indicators accounting for both per unit area
supply and the extent of contiguous forest cover within a basin, although this would end up in an analysis of the ﬂow of FES rather than
their supply (Haines-Young and Potschin, 2010).
Moreover, by just identifying hotspots as areas supplying the largest
amounts of one or multiple FES, we systematically neglected the value
of areas supplying fair amounts of various FES, hence representing interesting trade-oﬀ options. Managers might want to avoid this issue by
adopting optimization models, which would allow them to identify a
given number of cells (i.e. land parcels) that comprehensively maximize
the supply of a wide portfolio of FES (Orsi et al., 2011; Bugalho et al.,
2016).
Being the interactions among ecosystem services intricated and almost inﬁnite, we must admit that our synergy-tradeoﬀ analysis might
have captured only a limited amount of these relationships. Moreover,
given the size of the study area, measuring direct correlations between
diﬀerent services without controlling for regional variations, may
hinder the detection, or the accurate quantiﬁcation, of associations that
actually exist. One of the meaning and the importance of this kind of
work, however, is exactly to try to produce a clearer picture of those
relationships using a trials and errors approach.
The size, shape and attributes of bundles, being the result of clustering, were inevitably characterized by a certain degree of arbitrariness. Although, after several tests, we judged four to be the best number
of bundles, equally acceptable results could have been obtained with
three or ﬁve clusters. This consideration is very important if bundles are
to be used to design national or EU policies because diﬀerent number of
bundles might aﬀect the possibility to detect areas with peculiar characteristics within a seemingly uniform region.
Finally, our mapping exercise, like any other, represents a static
picture of an evolving system, which may change considerably from
one year to the next one because of natural processes and management
actions, such as forest expansion, urbanization or clear cutting. While
our result describes the EU forest situation as of 2010–2012, new
mapping initiative should be undertaken to support policy-making in
the future, especially in the light of ongoing climate change.
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