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Abstract
Background: European forests are considered a crucial resource for supplying biomass to a growing bio-economy
in Europe. This study aimed to assess the potential availability of forest biomass from European forests and its
spatial distribution. We tried to answer the questions (i) how is the potential forest biomass availability spatially
distributed across Europe and (ii) where are hotspots of potential forest biomass availability located?
Methods: The spatial distribution of woody biomass potentials was assessed for 2020 for stemwood, residues
(branches and harvest losses) and stumps for 39 European countries. Using the European Forest Information SCENario
(EFISCEN) model and international forest statistics, we estimated the theoretical amount of biomass that could be
available based on the current and future development of the forest age-structure, growing stock and increment and
forest management regimes. We combined these estimates with a set of environmental (site productivity, soil and
water protection and biodiversity protection) and technical (recovery rate, soil bearing capacity) constraints, which
reduced the amount of woody biomass that could potentially be available. We mapped the potential biomass
availability at the level of administrative units and at the 10 km × 10 km grid level to gain insight into the spatial
distribution of the woody biomass potentials.
Results: According to our results, the total availability of forest biomass ranges between 357 and 551 Tg dry
matter per year. The largest potential supply of woody biomass per unit of land can be found in northern Europe
(southern Finland and Sweden, Estonia and Latvia), central Europe (Austria, Czech Republic, and southern Germany),
Slovenia, southwest France and Portugal. However, large parts of these potentials are already used to produce
materials and energy. The distribution of biomass potentials that are currently unused only partially coincides
with regions that currently have high levels of wood production.
Conclusions: Our study shows how the forest biomass potentials are spatially distributed across the European
continent, thereby providing insight into where policies could focus on an increase of the supply of woody biomass
from forests. Future research on potential biomass availability from European forests should also consider to what
extent forest owners would be willing to mobilise additional biomass from their forests and at what costs the
estimated potentials could be mobilised.
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Background
Forests provide many benefits to society through the provisioning of raw materials, food, fuel and many other ecosystem services, including climate regulation, biodiversity
protection, soil protection, water regulation, etc. Humans
have used forests for centuries to millennia to produce
timber for construction and fuelwood for heating and
cooking. However, the use of fuelwood in particular has
diminished during the last two centuries due to the availability of fossil fuels. In an effort to mitigate climate
change and reduce the dependency of humans on fossil
fuels or fossil-intensive materials, there is a growing interest again in forests as a resource to supply a future
bio-economy (e.g., Scarlat et al. 2015; Koukios et al. 2017;
Lainez et al. 2017; Bell et al. 2018). Forest biomass may be
used as a bio-energy feedstock replacing fossil fuels
(e.g. coal, oil and gas), although its climate benefits are
subject to debate (see e.g., Searchinger et al. 2018). Forest
biomass may also be used for producing materials and
provide climate benefits by storing carbon in wood products (Brunet-Navarro et al. 2017), or substituting for
energy-intensive, alternative products such as concrete
and steel (Sathre and O’Connor 2010). Emerging markets
for forest-based products include construction, packaging,
textiles, chemicals, polymers, liquid biofuels, as well as a
number of niche markets such as cosmetics, food additives, and pharmaceuticals (Sillanpää and Ncibi 2017).
These emerging markets require raw material from the
forests and it is therefore important to quantify how much
of the forest resource is potentially available for use, and
where this resource is located.
Current levels of global annual wood production amount
approximately to 3.7 billion m3·yr.− 1 (FAOSTAT 2018).
However, wood production is not distributed equally
across forest landscapes and is often concentrated in particular locations or regions (Masek et al. 2011; Wendland
et al. 2011). For example, in Europe approximately 490
million m3 roundwood is currently being harvested annually (FAOSTAT 2018), typically from forests of coniferous
tree species located in accessible and productive areas
(Levers et al. 2014; Verkerk et al., 2015a). However much
of these forests are already utilised and in order to meet
the increased future demands of wood or biomass, it may
help to identify where the resource may be under-used to
understand better where policies could best be targeted to
increase the mobilisation of the forest resource.
To understand to what extent forests can supply raw
materials to produce materials and renewable energy in
the future, many assessments have been carried out that
attempted to quantify biomass potentials from forests at
sub-national to the global level (Smeets and Faaij 2007; de
Wit and Faaij 2010; UNECE-FAO 2011; Verkerk et al.
2011; Díaz-Yáñez et al. 2013; Tum et al. 2013; Lauri et al.
2014; Lundmark et al. 2015; Daioglou et al. 2016; Di
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Fulvio et al. 2016; Mansuy et al. 2017; Mola-Yudego et al.
2017; Burg et al. 2018; Jonsson et al. 2018). These studies
typically estimate a maximum, theoretical amount of
biomass that could potentially be available and then consider constraints that may reduce the potential availability
(Vis and Dees 2011). In general, these assessments indicate that under the premise of a maximum, sustained harvest level, more woody biomass could be mobilised from
forests as compared to current utilisation levels. Unfortunately, only a few studies (e.g., Lundmark et al. 2015;
Mansuy et al. 2017; Burg et al. 2018) have so far assessed
how the potential biomass supply is spatially distributed
across forested landscapes, but information on the spatial
distribution of the potential availability of forest biomass
does not exist at the pan-European-level. However, such
information is important to determine to what extent
these potentials can be mobilized. Local environmental
conditions are important factors affecting harvesting probabilities (Antón-Fernández and Astrup 2012; Kilham et al.
2018) and possibilities (Verkerk et al., 2015b). Furthermore, local environmental conditions are important factors in determining supply costs, as they affect the choice
of harvesting technology and machinery that can be used
to mobilise forest biomass and the transportation costs
(de Wit and Faaij 2010; Lauri et al. 2014; Di Fulvio et al.
2016). The spatial distribution of forest biomass potentials
across the landscape is thus an important factor in determining whether these potentials could be mobilised.
In this study, we estimated the woody biomass potentials from forests available for wood supply (including
stemwood, logging residues (i.e. branches and harvest
losses) and stumps (including coarse roots)) in 39 European countries by 2020. This study aimed to assess the potential availability of forest biomass from European forests
and its spatial distribution. We tried to answer the questions (i) how is the potential forest biomass availability
spatially distributed across Europe and (ii) where are hotspots of potential forest biomass availability located?

Methods
Forest biomass quantification

To estimate potential forest biomass availability, we
followed the approach described and applied by Verkerk
et al. (2011). We extended their analysis from 27 to 39
European countries and compiled an updated dataset on
forest resource information to estimate the theoretical potential of forest biomass supply, i.e. the overall, maximum
amount of forest biomass that could be harvested annually
within fundamental bio-physical limits. This theoretical
potential relates to the maximum productivity under
theoretically optimal management taking into account
limitations that result from soil, temperature, solar radiation and rainfall (Vis and Dees 2011). Our estimated
biomass potentials include stemwood, logging residues

Verkerk et al. Forest Ecosystems

(2019) 6:5

(i.e. branches and harvest losses) and stumps for the 28
European Union member states, Albania, Bosnia and
Herzegovina, Kosovo, Moldova, Montenegro, Macedonia,
Norway, Serbia, Switzerland, Turkey, and Ukraine.
For 31 countries, we compiled detailed information on
area, growing stock and net annual increment, structured by age-class and forest type (defined as a combination of administrative regions, owners, site-class and
tree species) from national forest inventories. We used
data from the European Forest Sector Outlook Study II
(UNECE-FAO 2011) and collected updated information
for eight countries (Austria, Czech Republic, Finland,
Germany, Ireland, the Netherlands, Ukraine and United
Kingdom) from the internet and by approaching national
correspondents and agencies. We attempted to obtain
these data following common definitions, but did not
make further attempts to harmonize the data to avoid or
reduce the effects of differences between definitions applied in national forest inventories (Tomppo et al. 2010).
We used this information to initialise the European Forest Information SCENario model (EFISCEN; version 4.1)
(Sallnäs 1990; Verkerk et al. 2016). EFISCEN is a
large-scale forest resource model that projects forest resource development at regional to national level and can
be used to estimate the theoretical potential of forest biomass supply, based on the age-structure, growing stock
and increment of the resource and controlled by management actions. A basic management regime defines the
period during which thinning can take place and a minimum age for final felling. These regimes can be regarded
as constraints on the total harvest level and they were defined based on forest management regimes according to
handbooks and national experts (Nabuurs et al. 2007;
UNECE-FAO 2011). For countries where inventory data
referred to the state of the forests before 2010 (see Dees et
al., 2017a), we ran EFISCEN until 2010 using historical
roundwood production (FAOSTAT 2015) to which we
added 12% bark (UNECE-FAO 2010). To estimate the
theoretical forest biomass potential, the EFISCEN model
was subsequently used to iteratively assess the theoretical
felling potential of stemwood for 2020 (see Verkerk et al.
2011 for details). To correct for harvesting losses, we used
data on fellings and removals (UNECE-FAO 2000) to calculate the fraction of harvest losses for coniferous and
broadleaved species separately and used this information
to estimate the amount of stemwood that could be removed as logs during thinnings and final fellings. Harvest
losses together with branches represent logging residues
and can, along with stumps, also be extracted. The
amount of branches, stumps and coarse roots was estimated from stemwood volume (incl. Harvest losses) using
species-specific wood density factors (IPCC 2003) and
age-dependent, species-specific biomass allocation factors
(see Verkerk et al. 2011 for details).
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EFISCEN could not be applied for Cyprus, Greece,
Montenegro, Macedonia, Bosnia and Herzegovina,
Kosovo, Malta and Serbia due to absence of the required
forest inventory data. Instead, we assumed that the theoretical potential of forest biomass supply equals the net annual increment corrected for harvesting losses (Vis and
Dees 2011). We used aggregated data on forest area,
growing stock and net annual increment, for conifers and
non-conifers separately, from Forest Europe et al. (2011),
Forest Europe (2015). We used biomass allocation functions from Teobaldelli et al. (2009) and estimated stump
biomass based on data by Asikainen et al. (2008).
Spatial disaggregation

The spatial resolution of the estimated potentials is determined by the resolution of the forest inventory data that
we used to calculate the biomass potentials, which ranged
in our case from the level of administrative regions to national level. However, for the 31 countries where we applied EFISCEN, the estimated potentials are based on
estimations for individual tree species. To disaggregate
our biomass potentials from regional to national level to
the grid level, we therefore linked the information on tree
species in EFISCEN with spatially explicit tree species distribution maps by Brus et al. (2012) at 1 km × 1 km resolution. We did this based on the proportion of forest
cover of a particular tree species in a pixel to the total area
covered by that tree species in that region or country. For
countries where we could not apply EFISCEN, we applied
a similar approach and disaggregated biomass potentials
based on the spatial distribution of conifer and
non-conifer tree species. With this approach, we were able
to refine the effect of the constraints on biomass extraction compared to Verkerk et al. (2011).
Biomass potential typology

The estimated forest biomass potentials represent a theoretical potential as they are higher than what can be supplied
from the forest due to environmental, social, technical, and
economic constraints on wood supply. We estimated the
forest biomass potential according to the following potential types (Dees et al., 2017b; Panoutsou 2017):
 Base potential (BASE): the potential most closely

aligned to current guidelines of sustainable forest
management. This also covers legal restrictions such as
restrictions from management plans in protected areas;
 Technical potential (TECH): the absolute maximum
amount of ligno-cellulosic biomass potentially available
assuming the absolute minimum of technical constraints;
 High potential (HIGH): a potential with fewer
constraints than the BASE potential, assuming a
strong focus on the use of wood for producing
energy and other uses. It includes a strong
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mechanisation of harvesting across Europe and
assumes less restrictive biomass harvesting guidelines,
e.g. stumps from final fellings are considered to be
available in all countries.
 Potential with enhanced biodiversity protection (BIOD):
a potential similar to the BASE potential, but assuming
that the forest available for wood supply is effectively
reduced by 10% due to an expanded protected forest
area, and an increase in the extent of retention trees.
To quantify these four biomass typologies, we combined
our theoretical potential with a set of constraints that reduce biomass availability. We considered the following
constraints (Verkerk et al. 2011; Dees et al., 2017a):
 Site productivity, which limits residue extraction on

poor soils;
 Soil and water protection, which limits residue

extraction to prevent erosion, soil compaction and
water pollution;
 Biodiversity protection, which reduces stemwood
and residue extraction to prevent loss of biodiversity;
 Recovery rate, which limits residue extraction level
based on slope and machinery;
 Soil bearing capacity, which limits mechanised
harvesting of biomass on certain soil types;
Each of the constraints was quantified separately for the
type of biomass (i.e. stemwood, logging residues, and
stumps) and by type of felling activity (i.e. thinnings and
final felling) for the different biomass potential typologies
(see Dees et al., 2017a for details). We compiled a raster
layer for each constraint and estimated the lowest, permitted extraction rate according to each potential type.
To estimate the constrained biomass potential for each
biomass type, we multiplied the gridded constraint maps
with the disaggregated woody biomass potential maps to
estimate the BASE, TECH, HIGH and BIOD potentials.
All potential biomass sources were aggregated to the level
of regional administrative units following the Classification of Territorial Units for Statistics (NUTS; Nomenclature des Unités Territoriales Statistiques) levels 2 and 3.
The map for the BASE potential was also produced at a
resolution of 10 km × 10 km. In our study, we focused on
the BASE potential and used the other three potential
types to assess how our assumptions would influence the
estimated biomass availability at European level.

Measures for expressing biomass availability

Here we expressed biomass availability as total biomass
availability (Tg dry matter per year, Tg∙yr.− 1) and relative biomass availability (ton dry matter per ha land area
and per year, t∙ha− 1∙yr.− 1). In addition, we calculated
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additional attributes of the spatial distribution of biomass availability:
 unused forest biomass potential expressed per unit of

land (ton dry matter per ha land area and per year,
t∙ha− 1∙yr.− 1). We calculated the average (sub-national)
roundwood production for 2000–2010 (Verkerk et al.,
2015b; FAOSTAT 2018) and converted these to dry
matter biomass values using basic wood densities
(415 kg∙m− 3 for conifers and 542 kg∙m− 3 for
non-conifers; Dees et al., 2017a) and deducted this
from our estimated total biomass potential.
Roundwood production data were not available
for Croatia, Kosovo, Turkey and Ukraine at the
appropriate resolution;
 proportion of forest biomass in total ligno-cellulosic
biomass potential in the region (%∙yr.− 1). We collected
information on ligno-cellulosic biomass potentials
from other sources (agricultural residues, wood
processing industry, municipal waste, post-consumer
wood) for 2020 from Dees et al. (2017b) and
estimated the proportion coming from forests.
Information on ligno-cellulosic biomass potentials
from other sources at sub-national level was not
available for Norway and Switzerland.
To summarize information on these measures of potential forest biomass availability, we highlight hotspots,
which we defined as NUTS-2 regions with the 25% largest
values in biomass availability for each of the measures of
forest biomass availability. Kosovo, Norway, Serbia,
Switzerland, Turkey and Ukraine were excluded from this
hotspot analysis due to missing data for at least one of the
four measures of forest biomass availability.

Results
The total forest biomass potential (BASE potential) for all
39 countries was estimated at 401 Tg dry matter per year
(Tg∙yr.− 1). As shown in Fig. 1, the majority (88%) of this
potential is composed of stemwood, while residues and
stumps contribute 11% and 1%, respectively. The potential
forest biomass availability in the 28 European Union member states accounted for 84% of the potential for all 39
countries in our study and approximately half of the total
European forest biomass potential is located in just five
countries (Sweden, Germany, France, Finland and Poland).
The total availability of forest biomass strongly
depended on the biomass potential type that is considered; for the TECH, HIGH and BIOD biomass typologies, we estimated a potential biomass supply of 551,
475 and 357 Tg∙yr.− 1, respectively. The larger potential
supply estimated for the TECH and HIGH biomass potentials (as compared to the BASE potential) are entirely
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Fig. 1 Comparison of the BASE, TECH, HIGH and BIOD forest biomass potentials in 39 European countries

due to less stringent assumptions affecting the supply of
logging residues and stumps. For the BIOD biomass potential, the availability of all biomass types is reduced
compared to the BASE potential (Fig. 1).
Figure 2 shows the spatial distribution of potential forest
biomass availability at three levels of spatial detail. Regardless of the level of spatial detail, our results suggest that
the largest potential supply of woody biomass per unit of
land can be found in parts of northern Europe (southern
Finland and Sweden, Estonia and Latvia), central Europe
(Austria, Czech Republic, and southern Germany), southwest France and Portugal. The estimates of biomass availability at grid and NUTS-3 level indicated that regions
with low forest biomass potentials are located in northern
parts of Norway, Netherlands, northern Belgium, central
Spain, southeast Ukraine and central Turkey. These patterns were less distinct when presenting biomass potentials at NUTS-2 level.

The spatial patterns with large woody biomass potentials in northern Europe, central Europe, southwest France
and Portugal remained visible when expressing biomass
availability as proportion of total ligno-cellulosic biomass
availability (Fig. 3). Conversely, when estimating the unused biomass availability, especially regions in Finland,
southern Sweden and southwest France were no longer
among the regions with most woody biomass being available, with central Portugal and central parts of Europe being more prominent (Fig. 3A).
The observed patterns of biomass availability were emphasized when highlighting hotspots in biomass availability (Fig. 4). 24% of the regions were identified as
hotspot for at least two of the measures of biomass
availability and 11% with being a hotspot for all three
measures of biomass availability. Regions that were classified as hotspots for all three measures were located in
central Sweden, Estonia, Latvia, Austria, northern Italy,

Fig. 2 Estimated spatial distribution of forest biomass availability according to the BASE potential (t∙ha− 1∙yr.− 1) at the grid (a; 10 km × 10 km),
NUTS-3 (b) and NUTS-2 (c) levels

Verkerk et al. Forest Ecosystems

(2019) 6:5

Page 6 of 11

Fig. 3 Estimated forest biomass availability according to the BASE potential at NUTS-2 level, expressed as unused potential per unit of land (a; t∙ha− 1∙yr.− 1)
and as proportion of total ligno-cellulosic biomass potential in the region (b; %∙yr.− 1)

Slovenia and central parts of Portugal. In contrast, we
identified generally no hotspots of biomass availability in
the Mediterranean region or the coastal regions ranging
from Denmark to northwest France.

Discussion
Biomass availability

Here we presented the results of an assessment of the potential forest biomass availability in Europe and we provided insight into how these forest biomass potentials are
spatially distributed across the continent. According to our
calculations for the BASE scenario in 2020, forests in 39
European countries could provide 401 Tg∙yr.− 1 of biomass.
Out of this potential, 354 Tg∙yr.− 1 would be available as
stemwood. The current, reported roundwood production
in these 39 countries amounted to 582 million m3·yr.− 1 including bark over the period 2011–2016 (FAOSTAT 2018;
assuming a bark fraction of 12%), which would correspond
to 268 Tg∙yr.− 1. Reported roundwood production may,
however, underestimate the real production volumes (e.g.,
Jochem et al. 2015) and findings on the dimension of
the unused harvesting potential have to be interpreted
with caution. Nevertheless, our assessment corroborates
previous studies suggesting that more biomass could be
mobilised as compared to currently reported utilisation
levels.
Our study builds strongly on the work by Verkerk et al.
(2011). The main improvements are firstly that our study
shows how these biomass potentials from forests are
spatially distributed across the European continent,
thereby providing insights into which European regions

could increase the supply of woody biomass from forests
and could be a focus of targeted policies. Secondly, we collected and used updated forest resource information for
eight countries. Such updates are important as several
European countries are improving their forest inventory
methods (e.g., by moving from stand-wise inventories to
statistical inventories) (Tomppo et al. 2010) and are harmonising important parameters to enhance the comparability of forest resource information between countries
(Alberdi et al. 2016; Fischer et al. 2016). Thirdly, we considered a larger number of countries and estimated biomass availability in the European Union, as well as 11
other European countries. Fourthly, we used a biomass
potential typology, which has also been applied to estimate
ligno-cellulosic biomass potentials from agriculture and
waste (Dees et al., 2017a; Panoutsou 2017). Using a common typology facilitates an assessment of the extent that
forest resources can contribute to policy targets, in conjunction with biomass from other sectors.
Several previous studies have been conducted to estimate biomass availability from forests, which mainly focused on the 28 European Union member states. For
these 28 countries, we estimated the forest biomass potential from stemwood, logging residues and stumps at 338
Tg∙yr.− 1, or 737 million m3∙yr.− 1. This is similar to the 744
million m3∙yr.− 1 estimated by Verkerk et al. (2011), less
than the 795 million m3∙yr.− 1 estimated by Jonsson et al.
(2018) and higher than the estimate of 663 million m3∙yr.− 1
by Di Fulvio et al. (2016). Differences between studies arise
from differences in data sources (e.g., forest inventory data,
forest area), biomass types considered and on assumptions
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Fig. 4 Hotspots (i.e. NUTS-2 regions with the 25% largest values) in forest biomass availability according to the BASE potential when expressing
biomass potentials per unit of land (a), unused potential per unit of land (b), as proportion of total ligno-cellulosic biomass potential in the region (c)
and the total number of hotspots per region (d)

made with regards to the availability of biomass. Indeed,
our study showed that the consideration of constraints can
have a large effect on the extent that biomass is available,
especially with regards to the availability of logging residues
and stumps. Compared to the study by Verkerk et al.
(2011), we did not consider social factors that may limit
mobilisation of woody biomass potentials. Instead, we
followed a recently developed biomass typology (Dees et al.,
2017a; Panoutsou 2017), which considers only technical
and environmental aspects that could limit biomass availability. Nevertheless, we consider the attitude of forest
owners as a crucial but uncertain factor in determining
whether these potentials can be mobilised. Based on a

survey of private forest owners in Germany, Portugal and
Sweden, Blennow et al. (2014) argue that European private
forest owners may not be able to contribute to mobilising
large amounts of stemwood for energy purposes. However,
the authors focused on stemwood and did not investigate
the attitude of forest owners to supplying logging residues
and stumps for energy purposes. In contrast, findings in
other regions of the continent show a relatively high degree
of willingness of forest owners to manage their forests for
producing woody biomass for energy purposes (Stjepan et
al. 2015). Altogether, this suggests that generalising the behaviour of forest owners across the continent is complicated and may be regionally different. Future research
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could focus if and how forest owners could be motivated to
mobilise additional forest biomass. Future research should
also consider at which costs biomass could be mobilised.
Combining our results with detailed spatial information on
end-use facilities and transport networks (Di Fulvio et al.
2016) would enable estimating at which cost levels forest
biomass can be mobilised in Europe.
An important question is whether the estimated forest
biomass potentials represent a sustainable potential. In
our study, we focused on biomass potentials from forests
available for wood supply and we are therefore not considering harvesting in strictly protected forests and forests
where harvesting is not allowed or not possible. Furthermore, we estimated a harvest level that could be sustained
for several decades and considered multiple environmental factors that reduce biomass availability to avoid
detrimental effects on forests. However, this does not necessarily imply that substantially increasing harvesting
levels would be sustainable in all aspects. A key issue is
whether using forest biomass contributes to climate
change mitigation, but this strongly depends on how wood
is used. Numerous studies (for an overview, we refer to
Searchinger et al. 2018) argue that burning wood may - at
least temporarily - increase carbon in the atmosphere before it is absorbed again by the re-growing trees. Using
wood for materials, however, could result in lower emissions as compared to alternative, fossil-intensive materials
(Sathre and O’Connor 2010; Leskinen et al. 2018). The
overall climate change mitigation effects of using wood
should consider the carbon balances in forest ecosystems,
harvested wood products and substitution effects
(Leskinen et al. 2018). Increasing harvest levels may also
affect forest biodiversity. Intensively managed areas generally contain less features important for biodiversity as
compared to unmanaged (Paillet et al. 2010) or less intensively managed forests (Wallenius et al. 2010; Brukas et al.
2013). Increasing harvesting intensity may negatively
affect biodiversity (Bouget et al. 2012) as well as other
functions and services provided by forests (Sing et al.
2018), although increasing harvest intensity may also have
positive effects by improving early seral habitat conditions
and by increasing light availability, which allows for a
more complex understory vegetation to develop (Vance et
al. 2018). In addition to stemwood, also the extraction of
logging residues may lead to negative trade-offs with biodiversity (Jonsell 2008; Bouget et al. 2012; Ranius et al.
2018). Furthermore, logging residue extraction could lead
to reduced nutrient availability in forest soils, which may
have negative consequences on future tree growth (Achat
et al., 2015a; Achat et al., 2015b; Ranius et al. 2018). Especially the extraction of stumps is disputed, as stump extraction could have adverse impacts on forest soil carbon
stores and greenhouse gas emissions; disturbance of soil
structure leading to increased risk of soil erosion,
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increased soil compaction, depleted soil nutrient stocks,
and changes in nutrient cycling might impact on future
productivity and lead to loss of valuable habitats (Walmsley and Godbold 2010; Vanguelova et al. 2017). We
attempted to consider these aspects in the definitions of
the constraints applied to the extraction of logging residues and stumps following the definition of the biomass
typologies (Dees et al., 2017a; Panoutsou 2017), but this
does not mean there will not be any negative impacts of
increasing harvesting levels.
Spatial distribution of biomass availability

Our study provided insight into how the forest biomass
potentials are spatially distributed across the European
continent. We presented potential biomass supply at the
10 km × 10 km grid level and at two administrative levels
(i.e. NUTS 2 and 3), but it was not possible to assess the
accuracy of our maps as data or maps to validate our assessments do not exist. As such, the quality of our maps
can merely be assessed based on the quality of the data
sources and methodology used in our study and by comparing the estimated forest biomass potentials with other
studies. We consider that the grid level provides the most
detailed insight into spatial distribution of the estimated
potential biomass supply but is most prone to inaccuracies
and these results should therefore be interpreted with
care. Across all three levels of spatial detail, we identified
rather consistent patterns in regions having the largest
biomass potentials, but the consistency was less clear for
regions with low potential biomass availability with some
areas not appearing to show low availability when the data
was presented at NUTS 2 level.
Our results suggest that the largest total forest biomass
potentials per unit of land can be found in northern
Europe (southern Finland and Sweden, Estonia and
Latvia), Central Europe (Austria, Czech Republic and
southern Germany), Slovenia, southwest France and
Portugal. Several factors may explain these patterns.
Regions in northern Europe, as well as Slovenia, can be
generally characterised by having a high forest cover
(Forest Europe 2015), which results in large forest biomass
potentials per unit of land. Central European regions have
generally lower forest cover, but growth conditions generally favour higher biomass stocking (Gallaun et al. 2010;
Thurner et al. 2013; Moreno et al. 2017) and increment
rates (Neumann et al. 2016; Schelhaas et al. 2018) and
thereby account for larger forest biomass potentials per
hectare of forest. Southwest France and Portugal exhibit
also high increment rates and these are closely linked to
the presence of intensively-managed plantations of Maritime pine (Pinus pinaster Ait.) and Eucalyptus species, respectively (Brus et al. 2012; San-Miguel-Ayanz et al. 2016).
The presence of hotspots of forest biomass availability
in northern Europe, Central Europe, southwest France
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and Portugal overlaps to certain extent with observed
patterns in wood production (Verkerk et al., 2015a). Indeed, when we contrasted the hotspots for regions with
biomass availability and unused biomass availability
(Fig. 4a and b), we observed only a partial overlap of
hotspots; hotspots in forest biomass potential in Finland,
southwest France and parts of Sweden and Portugal disappeared when we deducted biomass that is already harvested. This finding indicates that these regions may not
be able to produce large quantities of forest biomass in
addition to current production levels, without changes
in forest management practices (e.g. species selection,
tree breeding and provenance selection, etc.) that could
enhance biomass production in the future (Rytter et al.
2016). Conversely, when deducting wood already harvested from the total potential, new hotspots appeared
in the United Kingdom, as well as in Alpine regions of
France and Italy. These results indicate that the location
of unused biomass potentials only partially coincide with
regions that currently have high levels of wood production and infrastructure to process wood.
With the exception of Portugal, we identified no hotspots of biomass availability in the Mediterranean region. The generally low biomass potentials estimated for
the region may be linked with the use of the EFISCEN
model. This model was developed to address even-aged
forest systems, while a substantial share of Mediterranean forests have an uneven-aged forest structure (Forest Europe 2015), which renders our model projections
less reliable for this region. However, low forest management activity (Levers et al. 2014) and dry conditions during summer generally result in low increment rates in
the region (Neumann et al. 2016; Schelhaas et al. 2018),
which could also explain the limited forest biomass potentials estimated for the region.
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Europe where policies could focus on an increase of the
supply of woody biomass from their resources. Future
research on potential biomass availability from European
forest should also consider to what extent forest owners
would be willing to mobilise additional biomass from
their forests and at what costs the estimated potentials
could be mobilised.
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