Doctoral Dissertation I KU

UNIVERSITAT FOR BODENKULTUR WIEN
University of Natural Resources
and Life Sciences, Vienna

Assessment of Europe’s potential wood supply

submitted by

Christoph PUCHER, MSc

in partial fulfilment of the requirements for the academic degree

Doktor der Bodenkultur (Dr.nat.techn.)

Vienna, March 2023

Supervisor:

Univ.Prof. Dipl.-Ing. Dr.nat.techn. DDr.h.c. Hubert Hasenauer
Institute of Silviculture

Department of Forest- and Soil Sciences



Affidavit

| hereby declare that | have authored this dissertation independently, and that | have not used
any assistance other than that which is permitted. The work contained herein is my own except
where explicitly stated otherwise. All ideas taken in wording or in basic content from
unpublished sources or from published literature are duly identified and cited, and the precise
references included. Any contribution from colleagues is explicitly stated in the authorship

statement of the published papers.

| further declare that this dissertation has not been submitted, in whole or in part, in the same
or a similar form, to any other educational institution as part of the requirements for an

academic degree.

| hereby confirm that | am familiar with the standards of Scientific Integrity and with the
guidelines of Good Scientific Practice, and that this work fully complies with these standards

and guidelines.

Vienna, 1 March 2023 Christoph PUCHER (manu propria)



Acknowledgements

The work leading to this thesis was funded by Bio-Based Industries Joint Undertaking under
the European Union’s Horizon 2020 research and innovation program, TECH4EFFECT—
Techniques and Technologies or EffectiveWood Procurement project [Grant Number 720757].
Additional financial support came from the «GIS and Remote Sensing for Sustainable Forestry
and Ecology (SUFOGIS)» project funded with support from the EU ERASMUS+ program.

| acknowledge the open data policies by European forest inventory agencies, that made this
analysis possible. Parts of the used inventory data were obtained from the previous project
‘FORest management strategies to enhance the MITigation potential of European forests’
(FORMIT), which received funding from the European Union Seventh Framework Programme

under grant agreement n°311970.

This work would have also been impossible without the work of those people who produce
publicly available gridded data sets and the open data policies of the NASA and the European

Union’s Earth Observation Programme.

| want to thank my colleagues at BOKU DI MMag. Benno Eberhard, DI Dr. Gernot Erber,
Christian Hochauer, DI Mathias Leiter, DI Dr. Elisabeth Pétzelsberger, my colleagues from the
TECH4EFFECT project Dr. Rasmus Astrup, Dr. Robert Prinz and Dr. Johanna Routa, my
supervisor Univ.Prof. DI DR. DDr.h.c. Hubert Hasenauer, and my advisory team Univ.Prof DI
Dr. Manfred Lexer and Ass.Prof. DI Dr. Mathias Neumann who supported me in various ways
throughout my PhD study.

Finally, | want to thank my family for their support throughout my academic education.



Table of content

T = NV | R i
ACKNOWIEAGEIMENTS ...ttt ennnnnnnnnnnnes ii
Table Of CONENT ...ttt aeesssessnsnnnnnnnnes ii
List Of PUDIICALIONS ......eiiiiiiiiiiiii e v
Publications that comprise the main part of this cumulative dissertation........................... v
Additional CONIDULIONS .......coiiiiiii e v
Y 01 1 =T Vi
(0 [z = LT U T U PP TP vii
1. INErOAUCTION ...ttt nnnne 1
2. Vision and ODJECHIVES .........ccooiiiiiiiii ittt 3
K T I - | - LSS 4
R Tt R [ 017 =Y o1 o] o 6
3100 FOrESEINVENTOIY ... 6
3.1.2.  Tree species maps of European forests...........cccooooiiiiiiiiiiiiiiiiieiceeeeeeen 6

3.2, RemMOte SENSING .....ciiiiiiiiiiiiiiii et 6
3.2.1.  MODIS_EURO net primary producCtion...............ccccceoooeseeeeeeeeens 7
3.2.2.  CanoPy NeIGht.. ... .. 7
3.2.3. AN COVE ... 8
3.2.3.1. MODIS [ANA COVET ..ottt 8
3.2.3.2.  COPERNICUS fOrest type ......cceeeiiiiiiiiiiiiieee et 8

3.2.4. EU-DEM digital elevation model.................uuuiiii e 9

K TR T O 14 ¢ =1 (=Y UURPPPPPPPN 9
3.3.1.  Downscaled European Climate...............uuuuuumimmiii s 9
3.3.2.  Climate limitation iINdeX ...........ouuuiiiiiiiiic e 10

34, Other data.....coooeeii e aaaaaaaaa 10
3.4.1.  Conservations status ..........coooiiiiiiiiii s 10
3.4.2.  ROAA NEIWOIK. ...t 11
Bu4.3. SOl e 11

4. Analysis and MEthOAS ...........oooiiiiiiiiiiiiiieeeeee e 12



© © N o

4.1, GENEral WOIKFIOW ... et 12

4.2. Gridded forest characteristiCs ............uviiuiiiiiiiiiiiiiiiiiii s 14
4.21. Aggregate & gap-fill ........ooovueiiiiiii 15
4.2.2.  FOreSt MasKS ......uuiiii i 15

4.3.  Harvesting SYSIEIMS. .......ouiiiiiiiiiiiiiieii e 16
RESUIES ... e 17

5.1.  Improved forest characteristics (Paper 1)..........cciiiiiiiiiiiiieeeee e 17

5.2. Assessing Europe’s potential wood supply (Paper 2)...........ooeevvevevvveiiiiiieiieniinnnnnns 20
5.2.1.  Forest available for Wood SUPPIY........uuummmmmmiiiiiicie e 20
5.2.2. Harvestable area and growing stock by harvesting system............................ 21
I T E=T o U 1] T o RPN 26
@70 o 101 o o T 28
=] 1= =Y [ 30
Y o] 01T T | 35

1S T O = o e SRR 35

S I - T oY SRR 57



List of publications

Publications that comprise the main part of this cumulative dissertation

1. Pucher, C.; Neumann, M.; Hasenauer, H. An Improved Forest Structure Data Set for
Europe. Remote Sens. 2022, 14, 395, doi:10.3390/rs14020395.

2. Pucher, C.; Erber, G.; Hasenauer, H. Europe’ s Potential Wood Supply by Harvesting
System. Forests 2023, 14(2), 398, doi: 10.3390/f14020398

The papers in full text are available in the Appendix at the end of this doctoral dissertation.

Please cite the thesis as Pucher, C., 2023. Assessment of Europe’s potential wood supply,
Dissertation, University of Natural Resources and Life Sciences, Vienna, p.85, or by citing
the individual papers.

Additional contributions

Cruz-Alonso, V.; Pucher, C.; Ratcliffe, S.; Ruiz-Benito, P.; Astigarraga, J.; Neumann, M.;
Hasenauer, H.; Rodriguez-Sanchez, F. The Easyclimate R Package: Easy Access to High-
Resolution Daily Climate Data for Europe. Environ. Model. Softw. 2023, 161, 1-8,
doi:10.1016/j.envsoft.2023.105627.

Pucher, C; Erber, G; Neumann, M; Hasenauer, H. (2022): Reconciling timber harvesting
systems with forest structure data to assess the harvesting options of European forests.
[Poster]; All-IUFRO Conference 2022, 21.09.2022 - 23.09.2022, A-1030 Vienna, Vordere

Zollamtsstrale 7

Pucher, C. (2020): Combining remote sensing and national forest inventory data for large
scale forest structure assessment. SUFOGIS Zoom dissemination conference "Forest
ecosystems in the conditions of climate change: biological productivity and remote sensing",
SEP 15-16, 2020, Zoom Meeting, Online

Erber, G; Spinelli, R; Ottaviani Aalmo, G; Jaeger, D; Schénauer, M; Hoffmann, S; Talbot, B;
Stampfer, K; Pucher, C. (2019): Flat and wet: Cable yarding on sensitive soils in Europe -
motivations, challenges and potential. [52 nd International Symposium on Forestry
Mechanization (FORMEC) 42 nd Edition of the Council on Forest Engineering (COFE),
Forchtenstein, Austria, 06.10.2019 - 10.10.2019] In: Czupy, I; University of Sopron Press,
Sopron, Hungary 2019 (Hrsg.), Exceeding the Vision: Forest Mechanisation of the Future.
Proceedings of the 52 nd International Symposium on Forestry Mechanization. , e-book 651
p.; ISBN: 978-963-334-343-2



Abstract

Around 1/3 of Europe’s land area is covered with forests. Forest ecosystems are vital for a
society as they provide numerous goods and services and play a key role in tackling the major
challenges of our time, such as climate change or the energy crisis. Supranational strategies
for tackling these issues (i.e. Europe’s forest strategy) need to be supported by consistent and
comprehensible forest reporting. Europe still lacks a uniform, harmonized forest reporting
system. Figures for the “forest available for wood supply” (FAWS) in Europe are reported in a
bottom-up approach, where the considered environmental, economic and social restrictions
vary by country. Consistent reporting of the growing stock in FAWS is key to evaluate if wood
supply can be ensured in a bioeconomy promoting the sustainable use of wood. This thesis
provides a consistent assessment of Europe’s potential wood supply. The assessment is
executed in a top-down approach which applies the same environmental and economic
restrictions all over Europe. The consistent European forest data needed for such an
assessment is produced by harmonizing national forest inventory data from 16 European
countries and applying a gap-filling algorithm to fill the gaps left by countries where no
inventory data could be gathered. The resulting forest characteristics are then combined with
other data to assess Europe’s potential wood supply. The assessment of FAWS considers
environmental (protection status) and economic (slope of the terrain, soil, forest road network)
restrictions based on the technical and economic operation range of eight mechanized
harvesting systems. The assessment shows that 74.9% of Europe’s forest area can be
considered FAWS with the potential to be economically harvested. Around 80% of the
harvestable forest area and growing stock can potentially be harvested by the fully
mechanized harvesting systems (i) harvester and forwarder and (ii) winch-assisted harvester

and winch-assisted forwarder.
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Kurzfassung

In Europa ist ungefahr 1/3 der Landflache mit Waldern bedeckt. Walddkosysteme sind
unverzichtbar fiir eine Gesellschaft, da sie wichtige Guiter und Dienstleistungen bereitstellen
und eine wichtige Rolle in der Bewaltigung der Klima- und Energiekrisen spielen. Um die
Umsetzung entsprechender Europaischer Strategien (z.B. Waldstrategie) zu unterstitzen,
sind konsistente und verstandliche Europaische Waldzustandsberichte notwendig. In Europa
gibt es allerdings nach wie vor kein einheitliches, harmonisiertes Waldberichtssystem. Bei der
Bewertung des wirtschaftlich nutzbaren Waldes unterscheiden sich beispielsweise die
bertcksichtigten umwelttechnischen, 6konomischen und sozialen Beschrankungen von Land
zu Land. Konsistente Abschatzung des Holzvorrates im wirtschaftlich nutzbaren Wald ist in
einer Biobkonomie, in der die nachhalte Nutzung von Holz gefdrdert wird, von besonderem
Interesse. In dieser Arbeit wird die potentielle Holzversorgung in Europa anhand einer
konstanten Methodik, welche in allen Landern dieselben Beschrankungen anwendet,
abgeschatzt. Fur die Produktion konsistenter Europadischer Walddaten werden zuerst
Waldinventurdaten aus 16 Europaischen Landern harmonisiert. Danach wird ein gap-filling
Algorithmus angewandt um Lander zu flllen, fur die keine Inventurdaten gesammelt werden
konnten. Die resultierenden Europaischen Walddaten werden dann mit anderen Daten
kombiniert und wirtschaftlich nutzbare Walder anhand umwelttechnischer (Schutzstatus) und
okonomischer (Gelandeneigung, Bodenbedingungen, Forststrallennetz) Einschrankungen
und den Einsatzbereichen von acht mechanisierten Holzerntesystemen identifiziert. Die
Abschatzung zeigt, dass 74.9 % der Europaischen Waldflache als wirtschaftlich nutzbar
angesehen werden kénnen. Ungefahr 80 % des wirtschaftlich nutzbaren Vorrats kann
potentiell mit dem voll mechanisierten Harvester und Forwarder Holzerntesystem (ggf. unter

Zuhilfenahme von Traktionswinden) geerntet werden.

Vii



1. Introduction

Europe’s forest area has experienced an increase of 19.3 million ha during the last 30 years
(FOREST EUROPE, 2020). Currently, over 1/3 of Europe’s total land area is covered with
forests (FOREST EUROPE, 2020). Forest ecosystems are important for society, providing
numerous ecosystem services such as timber production, provision of non-wood products,
protection of infrastructure, protection of soil, water supply, biodiversity, recreation and well-
fare. Forests are instrumental for climate change mitigation by sequestering carbon from the
atmosphere and storing it in above- and belowground biomass (FOREST EUROPE, 2020).
The provided renewable material wood can be used to substitute fossil fuels and other non-
renewable and emission-intensive materials such as concrete. Long-lived wood products will
be an integral part of a bio-based economy (bioeconomy) (European Commission -
Directorate-General for Research and Innovation, 2018) aiming to reduce greenhouse gas

emissions (Eyvindson et al., 2018).

Climate change mitigation, the establishment of a bioeconomy and the provision of key
ecosystem services cannot be tackled solely on a national level but need a supranational
effort. This is reflected in EU strategies such as the forest strategy for 2030 (European
Commission, 2021), the biodiversity strategy for 2030 (European Commission, 2020) and the
bioeconomy strategy (European Commission - Directorate-General for Research and
Innovation, 2018). The bioeconomy strategy aims (i) to manage natural resources sustainably
and (ii) to reduce the dependence on non-renewable, unsustainable resources. Likewise, the
EU forest strategy for 2030 wants to promote the sustainable forest bioeconomy for long-lived
wood products and ensure the sustainable use of wood-based resources for bioenergy. As a
consequence, the demand for the renewable raw material wood is likely to rise. This leads to
the question, if the European forestry sector is able to meet this demand, especially as forests
not only contribute to climate change mitigation but are themselves threatened by changing
growing conditions (e.g. temperature, precipitation patterns, drought) (Dyderski et al., 2018;
Hanewinkel et al., 2013; Hlasny et al., 2017) and an increase in natural disturbances (e.g.
wind throw, forest fires) (Neumann et al., 2017; Seidl et al., 2017; Senf and Seidl, 2021). This

suggests that an assessment of the potential wood supply in Europe is needed.

In Europe, forest assessments commonly rely on national forest inventories (NFI) providing
systematic, repeated measurements of tree characteristics (Tomppo et al., 2010). Two
different NFI approaches are in place and differ by country: (i) aggregated stand-level
inventories resulting from surveying and (ii) statistical point sampling based on a systematic

grid design across the country (Tomppo et al., 2010). Stand-level inventories were initially



conducted for stand management purposes and forest planning (Tomppo et al., 2010). With
the increasing demand for forest data to inform national forest policy decision making, many
countries changed and implemented a statistical sampling approach which also estimates

sampling error (Tomppo et al., 2010).

Nowadays, the majority of countries (e.g. 25 out of the EU27) use a probability-based
statistical sampling design. However, the actual sampling design still varies substantially
between countries, with differences in grid spacing between plots or clusters, the number of
plots per cluster, the proportion of permanent plots, the length of inventory cycles, or the

approximate forest area represented by each field plot (Tomppo et al., 2010).

Apart from the differences in the sampling design and forest area estimation (e.g. based on
field plots, photo interpretation, or a combination), even basic definitions like forest (e.g.
minimum area, width and crown cover) or growing stock (e.g. minimum diameter at breast
height, inclusion of stumps, branches or deadwood) vary between countries (Tomppo et al.,
2010; Tomppo and Schadauer, 2012). While there are ongoing efforts to harmonize definitions
and to establish a uniform inventory design to allow easier comparison and consistent
reporting, the comparison of forest data across countries is thus still challenging (Alberdi et
al., 2016; Gschwantner et al., 2022; McRoberts et al., 2012; Tomppo et al., 2010; Tomppo
and Schadauer, 2012; Vidal et al., 2016). This limits any analysis or assessment on the

European level due to the lack of data accessibility and consistency (Vidal et al., 2016).

Consequently, the forest reporting in Europe is based on a bottom-up approach, where
individual countries report their figures based on their own calculations which are then
aggregated to the European level (Vidal et al., 2016). An example is the State of Europe’s
Forests (FOREST EUROPE, 2020) which reports forest attributes for Europe based on

country reports.

The State of Europe’s Forests (SOEF) reports figures for forest area of and growing stock in
areas considered ‘forest available for wood supply’ (FAWS). While a reference definition for
FAWS has been established (see Alberdi et al., 2016), the considered environmental, social
or economic restrictions and threshold values (e.g. maximum extraction distance, steepness
of terrain) vary between countries, introducing further inconsistencies. In addition to SOEF,
several studies provide estimations for the biomass available for wood supply at a regional
(NUTS) or country and European level. These estimations are commonly based on modelling
approaches, e.g. using an inventory-based large scale forest resource model (Verkerk et al.,
2019, 2011), an inventory-based yield data driven carbon budget model (Nabuurs et al., 2018)

or a global forest model based on empirical growth functions (Di Fulvio et al., 2016).



Beside an assessment of forests available for wood supply, the wood mobilization needs to
be considered. Wood provision is mainly driven by the cost-efficiency of harvesting, which
depends on the growing stock and the productivity of the work force and the land owner. Since
the demand for wood will likely increase and the increased demand needs to be met on less
area of forest available for wood supply, as more forests will be protected, mechanized, cost-
efficient harvesting will be important to secure wood supply (Samset, 1985; Silversides, 1997).
Mechanized harvesting also increases work safety (e.g. Holzfeind et al., 2020), making
forestry jobs more attractive, which is important considering that the European forest sector
experiences a decline in man power due to aging (Payn, 2018). Potential operational areas of
mechanized harvesting systems are largely defined by the technical requirements at the
harvesting site (e.g. slope of the terrain, soil conditions, tree species and dimensions) and its
accessibility, as defined by the forest road network (Nordfjell et al., 2004). GIS-based decision
support systems have been used for identifying potential operation areas and selecting the
most suitable harvesting systems at the regional level (Becker et al., 2018; Berendt et al.,
2017; Bont et al., 2022; Kiihmaier and Stampfer, 2010; Marceta et al., 2020; Piragnolo et al.,
2019). Di Fulvio et al. (2016) assessed the roundwood and logging residue availability and
costs for the EU28, applying ten different harvesting systems but does not present potential
operation areas of the harvesting systems or the amount potentially harvested by system. The
potential operation areas of harvesting systems and the potential for mechanized harvesting

at the European level are therefore currently unknown.
2. Vision and objectives

The vision of this thesis is to provide a consistent estimate of wood supply by harvesting
system for the forest in Europe. A prerequisite for such an assessment are forest
characteristics data at the European level. Since such data across Europe do not exist we first
need to develop a consistent European forest characteristics data set, which is based on 16
gridded national forest inventory data in combination with remote sensing information to fill
missing country information. This data set is then used to assess and evaluate the potential
for mechanized harvesting in Europe. Assessment of the potential wood supply is based on
the protection status of forested areas and the technical and economic (e.g. slope of the

terrain, extraction distance) limitations of eight mechanized harvesting systems.
The objectives are:

- Production of an improved version of the European forest characteristics data (Paper 1)

- Assessment of Europe’s potential wood supply by harvesting system (Paper 2)



3. Data

For the assessment of Europe’s potential wood supply, various data sets about the forest,
terrain and site conditions, protection status, or climate were obtained (Table 1). The majority
of the data was publicly available. Since the data sets vary in measurement type (ground-
based in situ vs. remote), spatial (e.g. point or raster) and temporal scaling, pre-processing

was needed to ensure the consistency.

Data processing, i.e. projecting, aligning or resampling of the data, was performed using the
statistical software R (R Core Team, 2020) and ESRI ArcGIS 10.2.1 (Redlands, 2011). Usage
of data and information are now discussed in more detail based on the thematic groups (i)

Inventory, (ii) Remote sensing, (iii) Climate, and (vi) Other data.



Table 1: Overview of the data inputs and in which paper they are used.

Input Group Description Paper
Forest inventory Inventory Plot based point inventory data. Used for producing the gridded forest structure data. 1
Tree species maps of European forests Inventory Tree species maps for European forests providing the dominant tree species and the share of 20 tree species. 2
Forest structure Inventory Gridded forest structure data for ten forest stand characteristics. Produced in Paper 1. 1,2
MODIS_EURO net primary production Remote Sensing European remote sensing net primary production (NPP) data based on the MODIS MOD17 algorithm. 1
Canopy height Remote Sensing Global canopy height data produced from space borne LiDAR (light detection and ranging data). 1
MODIS land cover Remote Sensing MODIS MCD12Q1 land cover data based on MODIS reflectance data. 1
COPERNICUS forest type Remote Sensing COPERNICUS Forest Type 2018 product based on SENTINEL reflectance data. 2
EU-DEM digital elevation model Remote Sensing Digital elevation model based on SRTM and ASTER remote sensing instruments. 2
. . Daily downscaled European climate data generated by downscaling coarse E-Obs climate data with finer-
Downscaled European climate Climate . . 1
resolution WorldClim data.
Climate limitation index Climate Product of normalized average growing season length, average_ a.nnual short-wave solar radiation and average 1
vapor pressure deficit.

Conservation status Other Common Database on Designated Areas (CDDA) information about the conservation status of areas. 2
Road network Other OpenStreetMap (OSM) road network data. 2
Soil Other European Soil Database (ESDB) soil data. 2
Auxiliary Other Shapefiles of the country borders and the biogeographical regions of Europe. 1,2



3.1. Inventory

3.1.1. Forest inventory

Plot based regional and national forest inventories provide in situ (ground-based) systematic
tree measurements and are traditionally used in many (but not all) European countries to
derive forest stand characteristics such as mean height of trees, mean diameter at breast
height, volume or age structure (Tomppo et al., 2010). This thesis uses plot inventory data
from 16 European countries (Albania, Austria, Belgium, Croatia, Estonia, Finland, France,
Germany, Ireland, Italy, Netherlands, Norway, Poland, Romania, Spain, Sweden),
representing over 350,000 inventory plots. These countries have a gridded systematic point
sampling inventory design and provided the following plot-level forest information with some
information missing in some countries (e.g. height not reported in Romania): carbon content,
biomass for individual compartments (stem, branch, foliage, root), volume, height, diameter at
breast height (DBH), stem number, basal area, stand density index, age class, and tree

species group.

Each forest inventory has its own definitions and methods (Tomppo et al., 2010). Therefore,
harmonization is needed to make the estimations of the individual forest inventories
comparable (Alberdi et al., 2016; Gabler et al., 2012; Gschwantner et al., 2022; Neumann et
al., 2016a; Stahl et al., 2012; Tomppo and Schadauer, 2012; Vidal et al., 2008). For the
inventory data used in this thesis, harmonization was done according to age classes, tree
species groups, and partly to volume and biomass definitions. The inventory data was used

to produce gridded forest structure data (Paper 1).

3.1.2. Tree species maps of European forests

Tree species is an important factor for the selection of a harvesting system. We obtained tree
species maps from Brus et al. (2012). The maps were produced using spatial interpolation of
national inventory data from 18 countries. For areas where no inventory data was available, a
regression model calibrated on ICP-Forests-Level-| plot data was used for mapping (Brus et
al., 2012). They provide maps for the dominant tree species and the share of 20 tree species
at 1 x 1 km resolution. In this thesis, we utilized the dominant tree species map in the

assessment of the potential wood supply by harvesting system (Paper 2).

3.2. Remote sensing

Remote sensing provides consistent, spatially-explicit data for large areas. When integrated

with in situ forest data (e.g. from national forest inventories) it (i) can improve the accuracy of
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describing forested areas and (ii) allows us to obtain spatially-explicit products (Tomppo et al.,
2008). In this thesis, remotely sensed net primary production, canopy height and land cover
data were used to produce gap-filled forest characteristics maps based on the point inventory
data (Paper 1). Remote sensing was also used to identify forested areas and to calculate the

slope of harvesting sites for the selection of the harvesting system (Paper 2).

3.2.1. MODIS_EURQO net primary production

Net primary production (NPP) quantifies the uptake of atmospheric CO; and its conversion
into plant biomass (Running et al., 2004). It is the difference between gross primary production
(GPP), which quantifies the total uptake of atmospheric CO-, and plant autotrophic respiration.
NPP is an indicator for the productivity of ecosystems, like the potential supply of biomass in
forest ecosystems (Neumann et al., 2016b). Ecophysiological modelling allows the calculation
of NPP from satellite reflectance and climate data (Running et al., 2004). The MOD17
algorithm estimates NPP based on the normalized difference vegetation index (NDVI) derived
from remote sensing reflectance data of the MODerate resolution Imaging Spectroradiometer
(MODIS) sensor onboard the Terra and Aqua satellites (Running et al., 2004). In this thesis
we used the MODIS_EURO data provided by Neumann et al. (2016b). MODIS_EURO uses
the original MOD17 algorithm with a European regional climate dataset (Moreno and
Hasenauer, 2015) to provide improved NPP estimations for Europe at 0.00833° (~1 km)
resolution for the years 2000 to 2010. NPP was used as a co-variate in the gap-filling algorithm

producing the gridded forest characteristics data (Paper 1).

3.2.2. Canopy height

Light detection and ranging (LIDAR) determines range based on the traveling time of emitted
and reflected light pulses. The waveform produced by the returned signals can be used to
derive vegetation height based on the first (canopy top) and last (ground) Gaussian peak

within the waveform (Brenner et al., 2003; Simard et al., 2011).

Global space borne LIiDAR data are available from the GLAS sensor onboard the ICESat
satellite. Simard et al. (2011) used this data to produce a global wall-to-wall canopy height
map at 0.00833° (~ 1km resolution). Gaps in the ICESat data were filled using a regression
tree based gap-filling algorithm which utilizes various global ancillary variables providing
information about the climate, elevation, tree cover and protection status (Simard et al., 2011).

Canopy height was used in this thesis to produce gridded forest structure data (Paper 1).



3.2.3. Land cover

Satellite images are commonly used to produce land cover maps. The maps are generated
either by photo interpretation or by classifying features within the remotely sensed image
according to their different reflection characteristics (Aplin, 2004). In this thesis, two different
land cover products were used: (i) MODIS MCD12Q1 Version 6, and (ii) COPERNICUS Forest
Type 2018. The land cover products differ in the sensor used to gather the reflectance data,

the spatial and temporal resolution and coverage, and the land cover classes.

3.2.3.1. MODIS land cover

The MODIS MCD12Q1 Version 6 uses reflectance data of the MODIS sensor to provide global
land cover data at yearly intervals from 2001 to 2020 at 500 m resolution for six different land
cover classifications (Friedl and Sulla-Menashe, 2019). In this thesis, land cover data for the
year 2005 and the University of Maryland (UMD) classification, which consists of 17 different
land cover classes, was used. This classification distinguishes five different forest types: (i)
Evergreen Needleleaf Forests, (ii) Evergreen Broadleaf Forests, (ii) Deciduous Needleleaf
Forests, (iv) Deciduous Broadleaf Forests, and (v) Mixed Forests. In addition, we also
considered the three land cover classes (i) Woody Savannas, (ii) Savannas, and (iii)
Cropland/Natural Vegetation Mosaics as partly forested. A MODIS based forest mask at 500
m resolution was generated, where each forested cell contributes a forest area ranging from
1.25 ha (barely forested) to 25 ha (fully forested), depending on the land cover class. The
MODIS land cover data was used to produce the gridded forest structure data and for the

calculation of the total growing stock per country (Paper 1).

3.2.3.2. COPERNICUS forest type

The COPERNICUS Forest Type 2018 product of the Copernicus Land Monitoring Service is
provided by the European Environment Agency (EEA) (EEA, 2020). Reflectance data
collected by the MultiSpectral Instrument on board the SENTINEL-2A+B satellites were used
to derive the dominant leaf type which in turn is the basis for the forest type product. The forest
type product covers the EEA members and cooperating countries (EEA39) and distinguishes
(i) non-forest areas, (ii) broadleaved forest, and (iii) coniferous forest at 10 m spatial resolution
and a Minimum Mapping Unit (MMU) of 0.5 ha. Following the FAO forest definition, tree
covered areas in agricultural and urban contexts are excluded. The forest type product is
available either in its 10 m original resolution or at an aggregated 100 m resolution, where a
100 x 100 m grid cell is considered forested if at least 50 % of its enclosed 10 m cells are

forested. Based on the aggregated version, a COPERNICUS forest mask was generated,
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where each 100 m cell identified as forest is considered fully forested and contributes 1 ha of
forest area. The data was then aggregated to 500 x 500 m resolution and used in the

assessment of current harvesting options in Europe (Paper 2).

3.2.4. EU-DEM digital elevation model

Slope information was needed for the selection of the harvesting system as the operation
range of different harvesting systems (e.g. ground-based, winch-assisted, cable yarding) is

limited by the slope of the terrain.

Digital elevation models (DEMs) can be used to calculate the slope. Global digital elevation
models have been produced from remote sensing data by studying the interference patterns
caused by combining two sets of radar signals. In this thesis, we obtained the EU-DEM (EEA,
2017) which was created by merging the data gathered by the SRTM (Shuttle Radar
Topography Mission) and ASTER (Advanced Spaceborne Thermal Emission and Reflection
Radiometer) instruments. Later, the EU-DEM was improved using SPOT 2011 imagery and
ICESat data. The EU-DEM covers Europe at a horizontal spatial resolution of 25 m and a

vertical accuracy of +/- 7 metres RMSE (root mean squared error).

The DEM was used to calculate the slope in percent for each 25 m x 25 m cell based on its
eight neighbouring cells using the raster package (Hijmans, 2021) in R (R Core Team, 2020).
We then assigned each 25 m slope cell to one of three slope classes: (i) < 30 %, (ii) 30 to 60
%, and (iii) = 60 %. Finally, the slope class for each 500 m x 500 m cell was derived by
combining slope class shares and the mean slope of the 500 m cell. This information was then

used for harvesting system selection (Paper 2).

3.3. Climate

3.3.1. Downscaled European climate

The downscaled European climate data (Moreno and Hasenauer, 2015) provides daily
precipitation, minimum temperature and maximum temperate at 0.0083° x 0.0083° resolution
for the years 1951 to 2012. For the production of the climate data, finer-resolution (0.0083°)
WorldClim (Cornes et al., 2018) data was used to downscale the coarse (0.25°) daily E-Obs
(Cornes et al., 2018) climate data. This was done by applying a spatial delta method with a
monotone cubic interpolation of anomalies (Moreno and Hasenauer, 2015; Mosier et al.,
2014). WorldClim provides global long-term monthly averages of climatic variables. E-Obs

provides gridded daily climate data for Europe by interpolating weather station data. Since its



original release, the downscaled climate data has been updated, with the current Version 3
now covering the period 1951 to 2020 (Pucher and Neumann, 2022; Rammer et al., 2022). In
addition, an R package for easily accessing the climate data has been developed (Cruz-
Alonso et al., 2023). The original downscaled European climate data was used to produce the
NPP data (see 3.2.1 MODIS_EURO net primary production) and climate limitation index used
in this thesis (Paper 1).

3.3.2. Climate limitation index

The climate limitation index is the product of a normalized average growing season length,
average annual short-wave solar radiation (SWRAD) and average vapour pressure deficit
(VPD) (Moreno and Hasenauer, 2015). Both SWRAD and VPD are calculated using the
MtClim algorithm, with the downscaled climate data and a digital elevation model as inputs
(McRoberts et al., 2002; Moreno and Hasenauer, 2015). Average growing season length is
estimated using the onset of the increase of leaf area index (LAI) in spring and the end of the
decrease in LAl in autumn using MODIS Leaf Area Index data (Myneni et al., 2002). Both NPP
and climate limitation index were not calculated as part of this thesis as they were still available
from previous studies carried out by Neumann et al. (2016b) and Moreno et al. (2017). The
climate limitation index was used as a co-variate in the gap-filling algorithm producing the

gridded forest characteristics data (Paper 1).

3.4. Other data

3.4.1. Conservations status

The Common Database on Designated Areas provided by the European Environment Agency
(EEA) provides shapefiles with information about the conservation status and the availability
of forested areas for harvesting. The International Union for Conservation of Nature (IUCN)
categories “la - strict nature reserve”, “Ib - wilderness area”, and “ll - national park” which
correspond to the MCPFE (Pan-European Ministerial Conference on the Protection of Forests
in Europe) classes “1.1 No active intervention” and “1.2 Minimum Intervention” are considered
unavailable for harvesting activities (Frank et al., 2005). Conservation status was used to

assess the current potential wood supply in Europe (Paper 2).
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3.4.2. Road network

Freely available OpenStreetMap (OSM) road network data was used to calculate road density
as a proxy for extraction distance. OSM road shapefiles were obtained from Geofabrik
(www.geofabrik.de) and cover the period between January and April 2019. Only road types
relevant to forestry operations (i.e. secondary, tertiary, unclassified and track) were used in
the calculation. Road density was calculated for the four radii (i) 100 m, (ii) 300 m, (iii) 600 m
and (iv) 1000 m which correspond to the maximum extraction distance of different harvesting
systems (see Table 2 below). This information was used for harvesting system selection
(Paper 2).

3.4.3. Soll

Soil bearing capacity gives an indication for the trafficability of a soil. Bearing capacity depends
on the soil type, soil texture and soil moisture content. Since bearing capacity in general
decreases with increasing moisture content, the use of heavy machinery on soils with
groundwater access is limited to very dry or frozen periods to minimize soil damage (Allman
et al., 2017; Cambi et al., 2015; Goltsev and Lopatin, 2013). In this thesis, the European Soil
Database (ESDB) v2 (Panagos, 2006) of the European Soil Data Centre (Panagos et al.,
2012) was used to identify soil types influenced by groundwater: (i) gleyic and stagnic
Albeluvisol, (ii) gleyic and fluvic Cambisol, (iii) gleyic Fluvisol, (iv) Gleysol,(v) gleyic Luvisol,
(vi) Phaeozem, (vii) Planosol, (viii) gleyic Podzol and (ix) Umbrisol (IUSS Working Group
WRB, 2015). Soil trafficability was used for harvesting system selection (Paper 2).
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4. Analysis and methods

Forests will play a key role in overcoming the climate and energy crisis. In Europe, consistent
forest assessment is limited by the lack of a common forest reporting system. The majority,
but not all, of European countries have established a national forest inventory (NFI). NFls
systematically collect forest data which are then used for forest resource assessment and
reporting. The problem of forest reporting in Europe is that, as of yet, attempts to harmonize
the individual NFIs have been unsuccessful. This means that NFls of individual countries use
their own sampling design, definitions and calculation methods. Across country analysis and
comparison are further complicated by data policies often limiting the access to the forest
inventory data, with only regional or country statistics publicly available. Europe’s forest
reporting is consequently based on a bottom-up approach, with each country reporting their

own figures based on their own methodology and calculations.

Forest reporting in Europe would greatly benefit from publicly accessible, harmonized,
consistent, and spatially-explicit forest data covering all of Europe. Given the current situation
of Europe’s forest inventory system as outlined above, the following steps are necessary to
produce such data: (i) harmonization of the different NFls as far as possible (ii) filling of gaps
where no inventory data is available. This thesis provides the methodology to produce partly
harmonized, consistent, and spatially-explicit European forest data. The usefulness of the data
is then demonstrated based on one of many possible application cases, specifically the

estimation of Europe’s potential wood supply by harvesting system.

4.1. General workflow

For the production of consistent, spatially-explicit European forest data, it is, first, pivotal to
gather point forest inventory data from all over Europe. This ensures that the variety of
European forest, spanning from the Mediterranean region in the South to the Boreal region in
the North and passing the mountainous Alpine region between them, is sufficiently
represented in the data. In a first step, the data coming from different countries with different
inventory systems are harmonized. After harmonization, gaps that are still present either
because a country still lacks an inventory system or the inventory data could not be obtained
are filled. For this purpose, a gap-filling algorithm is applied. Areas without inventory data are
filled by identifying similar (according to climate and remote sensing data) areas with data.
The gap-filled maps then provide consistent and spatially-explicit forest characteristics data

for Europe (Paper 1).
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The forest characteristics data are then applied in the assessment of Europe’s potential wood
supply by harvesting system. A huge benefit of the forest characteristics data is its spatially-
explicit nature, which allows for its combination with other spatially-explicit European data (e.g.
forest mask, conversation, slope, soil). We assess Europe’s potential wood supply by
harvesting system by combining the forest characteristics data with other European spatial
data and applying a set of eight mechanized harvesting systems. The ‘forest available for
wood supply’ (FAWS) is identified based on the protection status, and the terrain (slope and
soil), road network, and stand (tree species and dimensions) conditions using a top-down
approach with consistent methodology all over Europe. The result is a European assessment

of forest area of and growing stock in FAWS by harvesting system (Paper 2).

Figure 1 shows the workflow for the production of the improved forest characteristics data and

their application in assessing Europe’s potential wood supply by harvesting system.

Inventory Reinote Climate Other Data
sensing
A 4 1
"-_“___ ’_.__,_.L-_‘_J_,::'--g::'——' ]
's'/, - ~ \ ,I
-
[ Aggregate & gapfill ] [ Forest mask ] P -
| &
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]
8 x 8 km forest
: [ characteristics ] Methods
: |
v
Asses Europe’s potential wood
supply by harvesting system
v \4
Improved forest characteristics Europe’s potential wood supply
(Paper 1) by harvesting system (Paper 2}
Results

Figure 1: Workflow showing the inputs and methods used in and the results of the thesis.
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4.2. Gridded forest characteristics

For this study, point forest inventory data from 16 European countries (Albania, Austria,
Belgium, Croatia, Estonia, Finland, France, Germany, Ireland, Italy, Netherlands, Norway,
Poland, Romania, Spain, Sweden) were obtained (Figure 2). Data from the different national
forest inventories were harmonized according to age class, tree species group and partly
volume and biomass definitions as described in Neumann et al. (2016b). For a European
forest resource assessment, the gaps where no inventory data exists or could not be obtained
needed to be filled. For this purpose, we applied a gap-filling algorithm to produce wall-to-wall
European forest characteristics data.

@ inventory points

Figure 2: Map showing the gathered point inventory data.
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4.2.1. Aggregate & gap-fill

First, the point inventory data were aggregated to 8 x 8 km resolution by averaging the metric
variables (e.g. height and volume) and calculating the proportion and most frequent values for
nominal values (age class, tree species group). Aggregation to 8 x 8 km was performed to
ensure enough inventory points are within a cell to have statistical confidence in the derived

cell values (Moreno et al., 2016).

In a next step, a two-step gap-filling algorithm was applied to fill areas where no inventory data
could be obtained: (i) cells were clustered by similarity and (ii) a k-Nearest Neighbor (kNN)
algorithm was used to assign each cell with missing gridded inventory data its nearest
neighbor with inventory data belonging to the same cluster. The kNN non-parametric approach
makes predictions for an object with unobserved values based on the k most similar objects
with observed values, with the similarity of objects being based on the distance between the

objects in a user-defined co-variate space (McRoberts et al., 2002).

In our case, clustering by similarity was based on the MODIS MCD12Q1 land cover type and
biogeographical region of the cell. For the kNN algorithm, the co-variates NPP, NPP trend,
canopy height and climate limitation index were used. This follows the procedure given by
Moreno et al. (2017): The climate limitation index matches forests with similar productivity
curves, and canopy height acts as a proxy for the forest development stage. NPP and NPP

trend determine the position along the productivity curve (Moreno et al., 2017).

The resulting aggregated and gap-filled data at 8 x 8 km resolution provides mean forest stand
characteristics like mean volume per cubic metre, mean diameter at breast height or share of
mixture types. We did not use the forest inventory data for forest area estimation, but based

our forest area estimations on remotely sensed forest masks.

4.2.2. Forest masks

The produced mean forest stand characteristics are independent of the forest area within an
8 x 8 km cell and can therefore be combined with any forest mask providing forest area
information. Further, the resolution of the forest mask is not limited to the 8 x 8 km resolution,
allowing the use of higher resolution data better able to delineate forested and non-forested
areas. In this thesis we produced two different spatially-explicit forest masks based on two
different remotely sensed land cover data: (i) MODIS and (ii) COPERNICUS (see also 3.2.3.

Land cover).
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4.3. Harvesting systems

Profitable provision of wood depends on the growing stock and the productivity of harvesting
operations. Mechanized harvesting systems commonly have a high productivity, allowing cost-
efficient harvesting as well as an increase in harvesting safety (Holzfeind et al., 2020;
Silversides, 1997). Applicability of a harvesting system depends largely on the general
accessibility of and the technical requirements at the harvesting site as defined by the slope
of the terrain, soil bearing capacity, road network density, tree dimensions, and species

composition (Nordfjell et al., 2004).

In this thesis, we applied a set of eight mechanized harvesting systems differing in harvesting
method, technology and level of mechanization (see Table 2). Each harvesting system has a
technical operation range which can be matched with the parameters (i) slope, (ii) soil
conditions, (iii) extraction distance, (iv) tree species, and (v) diameter at breast height (DBH)
to see if a harvesting system is suitable. The harvesting systems were used to identify ‘forest

available for wood supply’ and assess the potential wood supply in Europe (see Paper 2).

Table 2: Overview of the eight defined harvesting systems. Each harvesting system is characterized by its
limitations regarding terrain (slope, soil), road infrastructure (extraction distance) and stand conditions

(species, DBH - diameter at breast height).

Technical Limitations

Harvesting System Slope Soil Ex?ractlon Trefe DBH
Distance Species

Chainsaw and skidder
1  Harvesting method: tree length <30% - <100 m - -
Level of mechanization: Partially mechanized

Chainsaw and forwarder
2 Harvesting method: cut-to length method <30% Limited <1000 m - -
Level of mechanization: Partially mechanized

Harvester and forwarder tree
3 Harvesting method: cut-to length method <30% Limited <1000 m limited species
Level of mechanization: Fully mechanized specific

Chainsaw and winch-assisted forwarder
4 Harvesting method: cut-to length method <60 % Limited <300m - -
Level of mechanization: Partially mechanized

Winch-assisted harvester and winch-assisted

P d tree
5 frorwar 9r <60 % Limited <300 m limited species
Harvesting method: cut-to length method e
specific
Level of mechanization: Fully mechanized
Steep terrain harvester and tower yarder tree
6  Harvesting method: cut-to-length method <60 % Limited <600 m limited species
Level of mechanization: Fully mechanized specific
Chainsaw and tower yarder
7  Harvesting method: cut-to-length method <100 % - <600 m - -
Level of mechanization: Partially mechanized
Chainsaw and tower yarder with integrated or tree
excavatqr-based processor <100 % - <600 m limited species
Harvesting method: whole tree method specific

Level of mechanization: Highly mechanized
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5. Results

5.1. Improved forest characteristics (Paper 1)

For the production of the European, spatially-explicit gridded forest characteristics dataset,
point inventory data from 16 European countries were used (see Figure 2). The data were
aggregated to 8 x 8 km resolution and the two-step gap-filling algorithm was used to fill areas
where no inventory data could be obtained (see 4.2.1 Aggregate & gap-fill). The result of the
gap-filling are wall-to-wall, gridded forest characteristics maps for Europe (Figure 3).

The gridded forest structure maps provide the following, forest area independent, mean forest
characteristics at 8 x 8 km resolution (Figure 3): carbon content (tC/ha), biomass for individual
compartments (stem, branch, foliage, root) (t/ha), volume (m3¥ha), height (m), diameter at
breast height (cm), stem number (stems/ha), basal area (m?ha), age class (%), the tree

species group (%), and stand density index.

In order to validate the data and demonstrate how the data can be used to describe the current
forest state, the total growing stock per country was calculated and compared with the reported
values of the State of Europe’s Forest 2015 (FOREST EUROPE, 2015). Country totals were
calculated by multiplying the growing stock in m*® per hectare obtained from the forest
characteristics maps with the forest area in hectare for each 500 x 500 m cell from the MODIS

forest mask (Figure 4a). Country values are the summary of the cell values within the country.

The comparison with the reported values (Figure 4b) showed that while some countries might
be over- or underestimated, the forest structure maps can provide realistic estimations at the
European level. More importantly, the methodology was able to provide realistic estimations
for many of the countries where no national forest inventory data was available, such as Czech
Republic (CZ), Hungary (HU), Latvia (LV), Slovenia (Sl), and the United Kingdom (UK).
However, especially in the South-East region, a slight tendency of overestimating countries
where no inventory data were available (Figure 4b) could be observed (e.g. BA Bosnia, BG
Bulgaria, SK Slovakia, RS Serbia).

The ability to provide realistic estimations at the European level was an important precondition

for assessing Europe’s potential wood supply.
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Figure 3: Gridded forest structure maps for Europe at 8 x 8 km resolution. Here the maps for mean
volume, mean tree carbon, mean height, mean diameter at breast height, most frequent age class and
most frequent tree species group are shown. Maps for biomass by compartment, stem number, basal

area and stand density index are not shown.
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Figure 4: Description of the current forest state regarding volume. (a) Map showing the absolute volume
in m3 for each 500 x 500 m cell. The map is produced by combining the gridded forest characteristics
map at 8 x 8 km resolution with the MODIS forest mask at 500 x 500 m resolution. Based on this map
the total volume per country can be calculated. (b) Comparison of the total volume per country
calculated using the map and the total volume per country as reported by State of Europe’s Forests
2015.
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5.2. Assessing Europe’s potential wood supply (Paper 2)

Since parts of Europe’s forest is not available for sustainable harvesting, the Food and
Agriculture Organization of the United Nations (FAO) distinguishes between (i) ‘forest
available for wood supply’ (FAWS) and (ii) ‘forest not available for wood supply’ (FNAWS)
(Alberdi et al., 2016). FAWS have no environmental, social or economic restrictions, while
FNAWS includes forest in protected areas not available for harvesting (e.g. national parks or
nature conservation) as well as forests where harvesting may not be feasible due to
inaccessibility of the forest area, lack of profitability or low yield productivity (Alberdi et al.,
2020). The first step in assessing Europe’s potential wood supply was therefore to identify

‘forest available for wood supply’.

Although efforts have been made to harmonize the assessment of ‘forest available for wood
supply’ (FAWS), assessment on the European level is currently based on individual country
reports with the definition of FAWS varying by country (Alberdi et al., 2020, 2016). In our
assessment of FAWS we chose a top-down approach with consistent definition and
methodology all over Europe. Such an analysis needs consistent, spatially-explicit data
covering the whole study area, i.e. Europe. Spaceborne remote sensing can provide such data
(e.g. digital elevation models or land cover maps), but its ability to map forest resources (e.g.
biomass or volume) are currently still limited (Zhao et al., 2016). This gap is filled with the
produced improved forest characteristics for Europe (see Results 5.1 Improved forest

characteristics) which enable a consistent forest resource assessment at the European level.

9.2.1. Forest available for wood supply

The forest characteristics data were combined with other spatial explicit European data
(conservation, land cover, road network, slope, soil, tree species, see chapter 3. Data) to

identify the ‘forest available for wood supply’ (FAWS).

First, the COPERNICUS forest mask at 500 m resolution was blended with the conservation
data to exclude forest where harvesting is prohibited. Following the suggestion by Alberdi et
al. (2020) we consider forest areas belonging to the MCPFE classes “1.1 No active
intervention” and “1.2 Minimum Intervention” as not available for wood supply. For the
remaining forest cells, profitability of a harvesting operations was assessed by applying a set
of eight different harvesting systems which differ in harvesting method and level of

mechanization (see 4.3 Harvesting systems).
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Applicability of a harvesting system and profitability of a harvesting operation were limited by
(i) slope of the terrain, (ii) soil conditions, (iii) extraction distance, (iv) tree species, and (v) tree
dimensions. These factors were evaluated using the slope, soil, road network, tree species,
and forest characteristics data (see 3. Data). As the selection of a harvesting system is largely
driven by the terrain (slope and soil) and road network situation at the harvesting site, and the
respective data was available at a higher resolution compared to the 8 x 8 km resolution of
the forest characteristics data, a 500 m x 500 m resolution was chosen for identifying the
potential harvesting system. If at least one of the eight harvesting systems could be applied
the respective forest cell was considered as ‘forest available for wood supply’ (FAWS) (Figure
5a). If none of the eight harvesting systems was applicable, the forest area was considered to

have a “limited accessibility”.

The assessment showed that in Europe, the 34 countries considered in our analysis, 74.9 %
(137.4 Million ha) of the total forest area (183.4 Million ha) are ‘forest available for wood supply’
(FAWS) (Table 3). From the area of ‘forest not available for wood supply’ (FNAWS), 4.3 % are
not available due to the protection status and another 20.8 % due to having a limited

accessibility.

The share of FAWS and FNAWS varies between geographic regions. While in Central-West-
Europe 90 % of the area is FAWS, its share is only 62.2 % in South-East Europe where 34.9
% of the area have a “limited accessibility” (Table 3). North Europe has, at 7.1 %, the highest

share of protected area, while the share is only 1.1 % in Central-West Europe.

We were also interested in the growing stock in FAWS. The growing stock in each 500 m cell
of FAWS was calculated by multiplying the mean volume per hectare obtained from the forest
characteristics data with the forest area provided by the COPERNICUS forest mask. The total
growing stock in FAWS amounts to 25 billion m? (Table 4).

9.2.2. Harvestable area and growing stock by harvesting system

Over two thirds of the area (70.8 %) of and growing stock (66.7 %) in ‘forest available for wood
supply’ (FAWS) can be potentially harvested by the fully mechanized harvester and forwarder
(HFW) system (Figure 5b and Tables 3 and 4). An additional 15 % of the area and growing
stock can be potentially harvested by the fully mechanized harvesting systems winch-assisted
harvester and winch-assisted forwarder (WHWF) and steep terrain harvester and tower yarder
(SHTY). Only around 6 % of the growing stock in FAWS can solely be harvested with chainsaw
and tower yarder systems (Table 4). This shows a high potential for mechanized harvesting

in Europe.
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In North Europe, over 95 % of the area of and growing stock in FAWS can be harvested by
fully mechanized harvesting systems (HFW, WHWF, and SHTY), with HWF being the
dominant system (Tables 3 and 4). In comparison, in South-East Europe, the HFW is only
suitable for 45.8 % of the area of and 42.7 % of the growing stock in FAWS. Together with
WHWEF and SHTY, over 75 % of the area and growing stock in South-East Europe remains
harvestable by fully mechanized harvesting systems. Central-West Europe has the lowest
potential for mechanization, but still 78.1 % of the area of and 74.9 % of the growing stock in

FAWS are harvestable by a fully mechanized harvesting system.
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Figure 5: Assessment of the ‘forest available for wood supply’ (FAWS) in Europe at 500 m resolution. (a) European forest area categorized into FAWS (green)
and ‘forest not available for wood supply’ (FNAWS). FNAWS is further separated into protected areas (purple) and areas with limited accessibility (orange). (b)
Map showing the harvesting system with the highest level of mechanization suitable for each 500 m cell of FAWS. Harvesting systems: (i) Chainsaw and skidder
(light blue), (ii) Chainsaw and forwarder (dark blue), (iii) Harvester and forwarder (orange), (v) Chainsaw and winch-assisted forwarder (pink), (v) Winch-assisted
harvester and winch-assisted forwarder (dark purple), (vi) Steep terrain harvester and tower yarder (light purple), (vii) Chainsaw and tower yarder (light green),
(viii) Chainsaw and tower yarder with integrated or excavator-based processor (dark green).

23



Table 3: Summary of the forest area in Europe (all 34 countries considered) and the share of area of
‘forest available for wood supply’ (FAWS) by harvesting system for Europe and five European regions.
‘Forest not available for wood supply’ (FNAWS) comprises protected forest where commercial
harvesting is prohibited as well as forest areas where commercial harvesting is allowed but is non-
profitable due to limited accessibility. All other forest areas are considered as ‘forest available for wood
supply’ (FAWS). The regions are defined according to the State of Europe’s Forests (FOREST
EUROPE, 2020) and include the following countries: (i) Europe: all of the 34 countries mentioned; (ii)
North Europe: Denmark, Estonia, Finland, Latvia, Lithuania, Norway, Sweden; (iii) Central-West
Europe: Austria, Belgium, France, Germany, Ireland, Lichtenstein, Luxembourg, Netherlands,
Switzerland, United Kingdom; (iv) Central-East Europe: Czech Republic, Hungary, Poland, Romania,
Slovakia; (v) South-West Europe: Italy, Portugal, Spain; (vi) South-East Europe: Albania, Bosnia and

Herzegovina, Bulgaria, Croatia, Greece, Montenegro, North Macedonia, Serbia, Slovenia.

Central- Central- South- South-

North West East West East

Europe Europe Europe Europe Europe Europe
Total (Million ha) 183.4 66.7 38.1 26.6 293 22.7
Protected (%) 4.3 71 1.1 2.5 4.8 29
Limited accessibility (%) 20.8 25.8 8.9 20.2 14.6 34.9
FAWS (Million ha)  137.4 448 34.3 20.5 23.6 141
(%) 74.9 67.1 90.0 77.3 80.6 62.2

Distribution of FAWS among Harvesting Systems (in %)

Chainsaw and skidder 2.6 1.7 5.2 3.7 0.6 1.1
Chainsaw and forwarder 4.7 0.4 8.0 41 71 6.8
Harvester and forwarder 70.8 94.7 61.7 74.7 50.5 45.8
Chainsaw and winch-assisted 10 0.0 13 15 192 29
forwarder
Winch-assisted hawe§ter and winch- 117 14 143 9.1 23.4 299
assisted forwarder
Steep terrain harvester and tower 4.2 12 21 4.2 78 13.2
yarder
Chainsaw and tower yarder 0.6 0.0 0.6 1.1 0.8 1.9
Chainsaw and tower yarder with 43 07 6.8 16 8.7 6.1

integrated or excavator-based processor
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Table 4: Share of growing stock in ‘forest available for wood supply’ (FAWS) per harvesting system for
Europe, the five European regions and their countries. FAWS corresponds to forest where harvesting
is allowed from a legal perspective and is profitable. Harvesting Systems: CSK Chainsaw and skidder,
CFW Chainsaw and forwarder, HFW Harvester and forwarder, CWF Chainsaw and winch-assisted
forwarder, WHWF Winch-assisted harvester and winch-assisted forwarder, SHTY Steep terrain
harvester and tower yarder, CTY Chainsaw and tower yarder, CTYP Chainsaw and tower yarder with

integrated or excavator-based processor.

Volume Distribution among Harvesting Systems
FAWS CSK CFW HFW CWF WHWF SHTY CTY CTYP
Million m? % % % % % % % %
Europe 25119.0 3.2 6.1 66.7 1.7 12.2 3.9 1.1 5.1
North Europe 6307.9 2.4 0.8 94.5 0.0 1.0 0.9 0.0 0.5
Denmark 117.7 3.5 220 745 0.0 0.0 0.0 0.0 0.0
Estonia 183.6 29.7 0.0 70.3 0.0 0.0 0.0 0.0 0.0
Finland 1991.8 0.3 0.4 99.3 0.0 0.0 0.0 0.0 0.0
Latvia 261.7 18.4 0.0 81.6 0.0 0.0 0.0 0.0 0.0
Lithuania 301.8 9.9 1.6 88.5 0.0 0.0 0.0 0.0 0.0
Norway 662.0 0.8 0.1 78.0 0.0 9.1 7.3 0.0 4.6
Sweden 2789.3 0.1 0.3 99.3 0.0 0.2 0.2 0.0 0.0
Central-West Europe 7979.3 5.2 9.9 58.3 1.7 15.1 1.5 0.7 7.7
Austria 1124.9 5.5 21 23.3 1.9 35.7 1.9 1.8 27.9
Belgium 2111 6.0 17.7 731 0.3 2.8 0.1 0.0 0.0
France 2200.5 3.8 8.8 61.0 1.1 15.5 3.3 0.8 5.7
Germany 3619.6 5.2 13.3 67.8 2.0 9.8 0.2 0.1 1.6
Ireland 89.3 13.9 1.9 79.3 0.1 3.3 0.9 0.0 0.5
Lichtenstein 1.2 1.5 4.4 11.7 1841 7.1 0.0 51.2 6.0
Luxemburg 14.2 7.1 5.8 74.9 3.2 7.9 0.4 0.4 0.5
Netherlands 45.6 49.9 1.1 49.0 0.0 0.0 0.0 0.0 0.0
Switzerland 312.6 2.6 2.7 23.2 4.6 24.7 21 4.6 355
United Kingdom 360.3 6.6 116 726 0.5 5.1 2.0 0.2 1.3
Central-East Europe 5713.5 3.3 5.5 70.8 2.3 9.7 4.7 1.8 1.8
Czech Republic 856.2 0.8 3.8 82.1 0.6 11.0 1.3 0.1 0.3
Hungary 466.8 9.2 3.3 81.0 0.0 5.0 0.9 0.0 0.6
Poland 2474 .4 5.0 4.4 86.7 0.6 2.2 0.7 0.3 0.1
Romania 1403.0 0.7 7.1 451 5.4 16.4 13.8 6.0 5.5
Slovakia 513.1 1.5 11.1 36.2 7.2 29.2 8.5 2.4 3.8
South-West Europe 2211.0 0.7 3.0 38.6 2.0 29.5 8.3 1.6 16.3
Italy 1282.3 1.1 2.2 27.2 2.3 32.7 8.2 2.0 24.2
Portugal 150.8 0.4 5.5 69.8 0.6 18.5 4.4 0.2 0.6
Spain 777.9 0.1 3.8 51.3 1.8 26.3 9.3 1.1 6.4
South-East Europe 2907.5 1.4 10.7 427 3.6 20.9 12.3 3.0 5.6
Albania 43.6 0.5 5.7 18.3 7.9 26.4 18.7 100 126
Bosnia and Herzegovina 404.1 0.1 9.9 47.8 1.8 191 14.8 1.6 5.0
Bulgaria 695.4 1.2 9.2 46.5 34 18.7 13.3 3.5 4.3
Croatia 407.0 4.5 17.8 53.8 3.6 11.5 5.6 2.0 1.2
Greece 314.0 0.0 5.1 30.5 2.8 341 14.3 2.5 10.7
Montenegro 76.2 0.0 3.8 31.5 3.5 29.4 17.9 4.0 9.9
North Macedonia 95.8 0.0 8.5 33.0 5.9 214 19.8 71 4.3
Serbia 511.4 1.3 13.8 423 3.6 18.1 14.8 3.3 2.7
Slovenia 360.0 1.6 9.4 36.1 5.3 27.5 5.5 2.9 11.7
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6. Discussion

Pressing issues like climate change mitigation or securing wood supply require supranational
efforts and cannot be tackled on the national level. In support of these efforts, common forest
reporting systems producing comparable estimations and allowing consistent analysis across
country borders are needed. Europe still lacks such a forest reporting system. The produced
gridded forest characteristics data are one important step towards consistent forest reporting
and resource assessment in Europe. It provides mean forest characteristics including volume,
biomass, tree dimensions (height and diameter), age class, basal area and tree species group
at 8 x 8 km for Europe (Figure 3). For its production, national forest inventory data from 16
European countries were harmonized according to age class, tree species group, and partly
biomass and volume definitions. The produced forest characteristics data are publicly
available, allowing large scale forest analysis in Europe, usually limited by availability and

accessibility of European forest data.

Confidence in the produced forest characteristics data is given by the cross-validation results,
showing that the methodology is robust and accurate (see Appendix 9.1 Paper 1). Comparison
with FAO statistics revealed that, at a country level, the estimated growing stock can notably
differ from reported figures, even for countries where inventory data was obtained (Figure 4).
These differences could partly be explained with differences in forest area estimation,
problems with the harmonization of definitions and variables, and comparison of different time
periods (see Appendix 9.1 Paper 1). For countries where no inventory data could be obtained,
the quality of the gap-filling relies on the ability of the gathered inventory data from the 16
European countries to accurately describe the forest conditions in these countries. In South-
East Europe, where the gap-filling relied on limited data from Albania and Croatia, a bias
towards overestimating the growing stock could be observed (Figure 4). At that time, it was
not possible to gather additional data in the region but it was identified as an important step
for future improved versions. Besides these differences for some countries, it was shown that
the forest characteristics data can be used to produce realistic and unbiased growing stock
estimations for the European forest (Figure 4). This was an important prerequisite for

assessing Europe’s potential wood supply.

The spatially-explicit nature and European coverage of the gridded forest characteristics data
allowed a top-down assessment of the ‘forest available for wood supply’ (FAWS) in Europe
(Figure 5). The chosen methodology, for the first time, allowed to apply the same
environmental (protection status) and economic (accessibility, slope of terrain, soil conditions,
and to some extent profitability) restrictions and threshold values all over Europe. So far,
figures for FAWS in Europe (e.g. FOREST EUROPE, 2020) were reported based on a bottom-
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up approach, with restrictions and threshold values varying by country. The estimated area of
and growing stock in FAWS for the 34 European countries considered in our study, are, at 137
million ha and 25 billion m?, around 12 million ha and 1.9 billion m* lower compared to the
figures reported in the State of Europe’s forest (FOREST EUROPE, 2020). This difference
can be attributed to the different calculation methods (top-down vs. bottom-up). Around 4.3 %
or 8 million ha of forest are protected according to the MCPFE classes “1.1 No active
intervention” and “1.2 Minimum Intervention” (Figure 5 and Table 3). Additional areas might
not be available for wood supply due to national regulations which are not considered in our
analysis. Around 21 % or 38 million ha of Europe’s forest is not available for wood supply due
to a limited accessibility with current mechanized harvesting systems (Figure 5 and Table 3).
A low road density was identified as the most limiting factor for the application of mechanized
harvesting systems (see Appendix 9.2 Paper 2). Especially in North and South-East-Europe

a better forest road infrastructure could increase the share of FAWS.

This study evaluates, for the first time, the potential for mechanized harvesting of European
forests by suggesting a high mechanization potential for Europe (Figure 5). Around 80 % of
the forest area of and growing stock in ‘forest available for wood supply’ (FAWS) can be
harvested by a fully mechanized harvesting system (Figure 5 and Tables 3 and 4). The study
revealed a high potential for mechanized harvesting in all five European regions considered
in the study. Even in the region with the lowest potential for mechanized harvesting, Central-
West Europe, around 3/4 of the area of and growing stock in FAWS can be harvested by fully
mechanized systems (Tables 3 and 4). Here it is important to note, that the study might tend
to overestimate the area and growing stock harvestable by fully mechanized harvesting
systems, as the forest characteristics data levels the actual diameter at breast height (DBH)
distribution in an area and higher DBHs might limit the use of harvester or cable yarder with

processor (see Appendix 9.2 Paper 2).

The potential for mechanized harvesting in Europe assessed in this study can be different to
the observed level of mechanization (Lundback et al., 2021). Differences can be attributed to
social and economic factors influencing the willingness to harvest and the selection of
harvesting systems: the forest ownership structure (e.g. the share of privately and publicly
owned forest land), the implemented silvicultural system, the economic condition of forest
owners, the availability and price of equipment and workforce, or the prioritization of other
ecosystem services (e.g. protection of soil or infrastructure) (Lundback et al., 2021). These
factors are not considered in our analysis, since we only looked into the technical/economic
(e.g. extraction distance, slope of the terrain) and environmental (protection status)
restrictions, which would rule out the use of a specific harvesting system, before even

considering other factors like the economic condition or the availability of the equipment.
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7. Conclusions

Forest resource assessment in Europe is often limited by the inconsistency and inaccessibility
of forest information. This problem was solved by producing an openly accessible, spatially-
explicit, gridded forest characteristics data set at 8 x 8 km resolution for Europe. The data
were produced based on partly harmonized inventory data from 16 European countries and
by applying a gap-filling algorithm to fill areas where no inventory data could be obtained. With
these forest characteristics data the “forest available for wood supply” (FAWS) in Europe was
determined using a top-down approach, which applied the same environmental (protection
status) and economic (accessibility, slope of terrain, soil conditions, and to some extent
profitability) restrictions and threshold values (e.g. maximum slope, maximum extraction
distance) in all countries. Applying eight mechanized harvesting systems to identify FAWS

allowed an assessment for mechanized harvesting potential in Europe.

The assessment of FAWS and potential for mechanized harvesting is of high relevance as
forest, biodiversity, and economy strategies in Europe will likely lead to (i) the promotion of
using wood in long-lived wood products and an expected increase in the demand for wood
and (ii) the need to meet this demand on a decreasing area for harvesting as more forest
areas will be protected and taken out of management. The potential operational area of
mechanized harvesting systems should encourage the promotion of mechanized harvesting
in Europe to ensure wood supply. It should also encourage the development of mechanized
harvesting systems to minimize the negative impact on the forest site and to be prepared for
future harvesting conditions (e.g. shift in tree species composition to a higher share of
broadleaved tree species, change in harvesting season) (Berendt et al., 2017; Marchi et al.,
2018; Schweier et al., 2019).

Assessment of Europe’s potential wood supply is only one of many possible applications for
the produced gridded forest characteristics data. Other applications are quantifying the carbon
stored in Europe’s forest threatened by invasive alien pests (Seidl et al., 2018), or assessing

the impact of conservation policies (Moreno et al., 2019).

The produced forest characteristics are an important step towards a harmonized European
forest resource assessment but also highlights information needs in Europe: (i) the lack of a
uniform and harmonized inventory system and (ii) the unavailability or inaccessibility of high-
resolution European data (e.g. forest or soil information). For both the establishment of a
common forest inventory system, as well as an open data policy the United States of America
(US) can serve as a role model. In the 1990s, the US transitioned from state-wide and regional

forest inventories to a standardized forest inventory across the country, with common plot
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configuration, sampling design, measurement protocols, estimation formulae, and reporting
standards (Tomppo et al., 2010). Great parts to the data gathered by the Forest Inventory and

Analysis National Program are openly available on their website.
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Abstract: Today, European forests face many challenges but also offer opportunities, such as climate
change mitigation, provision of renewable resources, energy and other ecosystem services. Large-
scale analyses to assess these opportunities are hindered by the lack of a consistent, spatial and
accessible forest structure data. This study presents a freely available pan-European forest structure
data set. Building on our previous work, we used data from six additional countries and consider now
ten key forest stand variables. Harmonized inventory data from 16 European countries were used
in combination with remote sensing data and a gap-filling algorithm to produce this consistent and
comparable forest structure data set across European forests. We showed how land cover data can be
used to scale inventory data to a higher resolution which in turn ensures a consistent data structure
across sub-regional, country and European forest assessments. Cross validation and comparison with
published country statistics of the Food and Agriculture Organization (FAO) indicate that the chosen
methodology is able to produce robust and accurate forest structure data across Europe, even for
areas where no inventory data were available.

Keywords: modelling; bioeconomy; carbon sequestration; biodiversity; forest management; conser-
vation; national forest inventory; monitoring

1. Introduction

Since the pre-industrial period, the anthropogenic greenhouse gas emissions including
carbon dioxide (CO;,) have steadily increased and will have important impacts on human
and natural systems [1]. Forests play an important role within the global carbon cycle
because they store a large amount of carbon and mitigate climate change affects [2]. The
reduction of greenhouse gas emissions by replacing fossil material and energy with renew-
able resources, such as biomass, is important to avoid the further increase in atmospheric
CO; concentration. Thus, the use of wood products is expected to increase since wood
is important for a bio-based economy, aiming for a reduction in emissions from the com-
bustion of fossil fuels. In addition, forests provide other important valuable ecosystem
services such as the protection of infrastructure in mountainous areas, habitat for wildlife
and recreation areas especially near large cities [3].

Forest ecosystems mitigate climate change effects, but they are also directly affected by
climate change through changing growing conditions (e.g., temperature, precipitation and
length of drought periods). Forest adaptation to changing environmental conditions takes
time due to the long lifespan of trees [4,5]. Climate change is often associated with an increase
in weather extremes such as drought or storm events followed by wildfires, wind throw and
bark beetle infections [6,7]. This is an additional challenge to the forestry sector because the
demanded ecosystem services need to be provided and secured for the future [8,9].

European forests cover about 33% of Europe’s total land area [3] and extend from the
Mediterranean in the south to the Boreal regions in the north. They grow in elevations from
sea level to high mountainous areas. These differences in the regional growing conditions
have led to distinct ecosystems which are additionally shaped by the long-lasting historic
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management history in Europe [10]. Therefore, climate change, as an additional driver for
forests, will also have distinct regional affects due to the geomorphological and climatic
conditions [11-13]. Forest ecosystems and the belonging tree species are characterized by
their eco-physiological heritage plus their land management history, both important for the
adaptation potential of forest ecosystems [14,15].

Assessing the mitigation and adaptation potential of European forests requires consistent
forest data across Europe. Such information may come from national forest reports or the
Global Forest Resource Assessment (FRA) published by the United Nations Food and Agri-
cultural Organization (FAO). These reports are often based on forest inventory data [16-18].

In Europe, National Forest Inventories (NFI) are commonly used to provide informa-
tion for forest ecosystem service assessments [17]. However, it is important to note that the
forest inventory monitoring system differs by country which leads to difficulties in compar-
ing the results across countries and within Europe [19,20] since no consistent data collection
system across Europe is in place. Each country has its own forest inventory system with
its own methodology ranging from gridded sampling designs to forest surveys and/or a
combination of remote sensing data with terrestrial forest information [17]. The FAO had
some success in harmonizing definitions for their reports; however, only country totals
such as aboveground biomass or deadwood are published [3,16]. Efforts to harmonize the
different inventory systems or even establish a consistent forest monitoring system across
Europe have proven to be a challenge [17,20-23].

The European Forest Information Scenario Model (EFIScen) uses and provides a freely
available database for 32 European countries based on aggregated data at the county
level [24]. These data are derived from information provided by the National Forest Inven-
tories from each country and grouped by “forest types”. Since the size of the counties differ,
the spatial boundaries are unknown, and the level of detail may vary between countries.
Various gridded datasets were generated using the EFIScen data [25-27]. However, they
only provide a limited set of forest attributes.

In response to the need for consistent spatial forest data across Europe,
Moreno et al. [28] developed the first freely accessible pan-European spatially explicit
gridded forest structure dataset using forest inventory data from countries with a system-
atic NFI system, that allowed data access. To our knowledge, few countries in Europe
have no systematic plot-based forest inventory (such as Hungary, Bulgaria and Lithua-
nia), some countries have a combination of satellite and terrestrial driven forest inventory
(e.g., Italy) and the majority of countries have a systematic gridded permanent plot-level
NFI in place. Moreno et al. [28] applied a gap-filling algorithm using remotely sensed net
primary production (NPP), canopy height and climate data to produce a consistent gridded
forest structure data set across Europe which allows analysis by countries, climatic and/or
any other regional gradients. The data have been used for improving climate-sensitive
models [29,30], for assessing climate limitations on forest structure and the mitigation
potential of European forests [31,32]. Furthermore the data have been used for studies on
the impact of conservation policies [33] and for quantifying the live tree carbon threatened
by invasive alien pests [34].

The goal of this paper is to provide an improved version of this gridded forest structure
data using the methodology of [28]. Based on the experiences of working with the previous
data set, we added additional forest inventory data from four countries and for two regions
previously not covered, included additional plot-level forest structure variables and further
improved the resolution and the accuracy of this spatial forest data set. The objectives of
our study are:

1.  to provide an improved gridded forest structure data set on 8 x 8 km resolution
across Europe,

2. toassess the error components of the new forest structure data,

3. toobtain land cover information to generate consistent gridded forest structure maps
at 500 m resolution enabling upscaling to regions and/or countries, and
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4. to evaluate the provided higher resolution maps by calculating country totals and
compare these data to the original NFI data and the FAO statistics.

2. Materials and Methods

The principal approach of our study is to only use point sampled National Forest
Inventory (NFI) data covering 16 different countries and apply a gap-filling algorithm for
countries and regions where no such data are available. The R statistical software is used
for data preparation, statistical analysis and data visualization [35]. The gap-filling is done
using the Python script written and made publicly available by Moreno et al. [28]. Figure 1
provides the workflow and the used data including the methodological steps:
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Figure 1. Flow-chart for the methodology to derive a gridded gap-filled forest structure dataset from
individual NFI plot tree data across Europe. Grey, round-edged boxes represent input and output
data and ellipses calculation steps. Light grey, dotted boxes summarize grouping of the input data
and the two-step gap-filling algorithm.

2.1. National Forest Inventory Data

The National Forest Inventory (NFI) data are obtained from 16 European countries
and consist of recorded tree information from 350.489 inventory plots (Table 1). All selected
countries maintain a gridded systematic point sampling National Forest Inventory. Data
for 12 countries were available from a previous study by Moreno et al. [28] with additional
details available in [36]. Data from the Czech Republic, used by Moreno et al. [28] were not
used in our study. We obtained data from four additional countries, Albania, Croatia [37],
Ireland [38] and the Netherlands [39]. We complemented the data from Italy [40,41] (now
covering the whole country) and Belgium (now including also the region Wallonie). Over-
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all, about 90.000 additional plot data were gathered. Each country has its own inventory
system and sampling design (see Table 1) and use their own definitions and methods.
All countries provided plot-level data based on their inventory system. The data were
gathered, processed and harmonized as described in Neumann et al. [36]. Harmoniza-
tion was done according to tree species groups, age classes and as far as possible for
biomass and volume definitions (for details see [19,36]). However, basic definitions of vol-
umes (e.g., inclusion of branches or measuring over or under bark) and sampling designs
(e.g., diameter thresholds) cannot be changed which makes harmonization difficult [20-22].
The resulting data comprise a full set of plot-level forest variables derived from the recorded
tree information on each plot and cover information such as the carbon content, biomass for
individual compartments (stem, branch, foliage, root), volume, height, diameter at breast
height, stem number, basal area, stand density index, age class and the tree species group.
In the previous study [28], only six variables (carbon for whole tree, volume, basal area,
diameter at breast height, height, age) were considered, while we extend the forest stand
characteristics data to ten variables.

The plot-level inventory data are aggregated to 8 x 8 km grid by averaging the metric
variables. For the nominal values (age class and tree species group), we calculate the
proportion and most frequent value within an 8 x 8 km grid-cell based on the number
of inventory points belonging to each class or group. At 8 x 8 km resolution, on average
eight inventory plots are within a cell to ensure statistical confidence in the cell values [42].
It is important to note that Moreno et al. [28] used 0.133 x 0.133 degree resolution and
WGS84 projection leading to a varying cell size from approximately 111 x 89 km at 37°
latitude (e.g., southern Spain) to 111 x 43.5 km at 67° latitude (e.g., northern Finland). In
this study, we use the ETRS89-LAEA projection with a fixed cell size of 8 x 8 km across
latitude, providing consistent cell size and resolution in the whole study area (Figure 2).

Number of NFI plots per § x 8 km cell

30
5310°

25

L
410 - 20

3%10°

2x10° o

l 3x‘1oﬁ S 4><Imﬁ T 5><Im5 S e;mﬁ ‘
Figure 2. Number of National Forest Inventory (NFI) plots within a given 8 x 8 km cell. In this figure,
values higher than 30 plots/cell are truncated for display reasons. Gaps (white regions) indicate
regions or countries without NFI data.
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Table 1. Summary of the 16 used National Forest Inventory (NFI) datasets. Fixed Area Plots (FAP) and Angle Count Sampling (ACS) [43]. For ACS we provide
the basal area factor, while for FAP we show plot area. Min. DBH is the minimum diameter at breast height (DBH) required for each tree to be included in the
sample. Sampling Date Range provide information about the observation period by country. Arrangement of sample plots indicates whether the inventory plots are

arranged as single plots or within clusters.

Country Sampling Method Fa‘ii‘g:ﬁﬁfﬁ a) Plot Area (m?) Mu(l‘;nll))BH Number of Plots Samﬁlalrr:geDate Arrangemlflr(l)ttsof Sample DIS?II:) Ctz zfrtlr)leen
Albania FAP - 25,200 and 400 7 911 2003 Clusters of 5 plots 1x1
Austria ACS + FAP 4 21.2 5 9562 2000-2009 Clusters of 4 plots 3.889 x 3.889
Belgium FAP - 15.9-1017.9 7 5091 1996-2014 Single plots 1x05
Croatia FAP - 38.5-1256.6 5 7136 2005-2009 Clusters of 4 plots 4 x 4onavg.
Estonia Survey - Undefined 0 19,836 2000-2010 Random Random
Finland ACS 2 (south) 1.5 ; 0 6806 1996-2008 Clusters of 14-18 6-8 (south) 6-11
(north) (north)
France FAP - 113-706 7.48 48,182 2005-2013 Single plots 2x2
Germany ACS 4 - 7 56,295 2001-2012 Clusters of 4 plots 4x40r8x8
Ireland FAP - 500 7 1597 2016 Single plots 2x2
Italy FAP - 50 and 530 5 21,958 2000-2009 Single plots Random
Netherlands FAP - 50-1256 5 3966 1998-2013 Single plots Random
Norway FAP - 250 5 9200 2002-2011 Single plots 3x3
Poland FAP - 200-500 7 28,158 20052013 Cluster of 5 plots 4 x4
Romania FAP - 200-500 5.6 18,784 2008-2012 Cluster of 4 plots 4x4or2x2
Spain FAP - 78.5-1963.5 7.5 69,483 1997-2007 Single plots 1x1
Sweden FAP - 154 0 37,225 2000-2013 Cluster of 12 plots 10 x 10
350,489 1996-2016
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2.2. Land Cover and Bioregions for Clustering

Following Moreno et al. [28], we use a bioregion map with six different regions:
(i) Alpine, (ii) Atlantic, (iii) Boreal (including Boreal, Arctic and Norwegian Alpine),
(iv) Continental (including Continental, Black Sea and Steppe), (v) Mediterranean and
(vi) Pannonia. For land cover information, we use version 6 of the MODIS MCD12Q1
product with the University of Maryland (UMD) classification [44] representing land cover
conditions of 2005. Spatial aggregation from 500 m to the 8 km resolution was needed to de-
termine the most frequent land cover type within the 8 km grid cell. Only cells dominated
by a vegetation land cover type are used for the gap-filling, while cells that are dominated
by urban and other non-vegetated land are excluded.

2.3. Co-Variates for Gap-Filling

We use the following variables as co-variates in the gap-filling algorithm: Net primary
production, net primary production trend, canopy height and a climate limitation index.

Net Primary Production (NPP) at 0.0083° resolution is derived using the original
MOD17 algorithm for global calculations in combination with a European climate dataset
which has improved the NPP estimations for European forests [45,46]. For net primary
production trend, a linear regression line is fitted to the annual NPP values of 2000 to 2012
at the original 0.0083° resolution. The trend is given by the slope of the regression line.

Tree canopy height is obtained from a global spaceborne lidar data forest canopy
height map at 0.0083° resolution [47]. The climate limitation index is the product of
three normalized climate datasets: relative growing season length, average annual short-
wave solar radiation and average annual vapor pressure deficit. Average growing season
length is estimated by using the average time between the onset of the increasing leaf
area index (LAI) in spring and the end of the decreasing LAI in autumn using the MODIS
Leaf Area Index data [48]. Both short-wave solar radiation and vapor pressure deficit are
calculated using the MtClim algorithm which uses climate data and a digital elevation
model as inputs [46,49]. Therefore, by using the climate limitation index the elevational
gradient is also considered. The climate limitation index was still available from the
previous work carried out by Moreno et al. [28]. All data are aggregated to 8 km resolution
by calculating the average value within the cell.

2.4. K-Means Clustering and k-Nearest Neighbor Gap-Filling

We apply the landcover and bioregion data and the above-mentioned co-variates in a
two-step gap-filling algorithm which (i) clusters cells by similarity and (ii) uses a k-Nearest
Neighbor algorithm to fill empty cells. In step number one, cells are grouped according to
their land cover and related biogeographical region using a k-means clustering algorithm
for assigning all grid cells to their corresponding cluster. In step number two, each cell
with missing gridded inventory data is assigned to its nearest neighbor with inventory
data belonging to the same cluster using a k-Nearest Neighbor (kNN) algorithm. The
kNN method is a non-parametric approach used to predict the values of variables by
finding the k most similar objects with observed values within a user-defined co-variate
space [49]. Similarity is based on the (Euclidean) distance between the objects in the co-
variate space [50]. Following Moreno et al. [28], two k-means cluster and one nearest
neighbor are applied. Thus, each cell without NFI data is provided with NFI data from the
cell which (i) has NFI data, (ii) belongs to the same cluster as the cell with missing data and
(iii) is from all cells fulfilling these two conditions, its nearest neighbor in the co-variate
space formed by NPP, NPP trend, canopy height and climate limitation index.

2.5. Forest Area Mask

We use the MODIS land cover data and UMD classification to produce a forest area
mask at 500 x 500 m resolution. The UMD land cover classification is among other things
based on tree cover and canopy height. We use this information to assign a forest area to
a land cover class. Each forest land cover class, (i) Evergreen Needleleaf, (ii) Evergreen
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Broadleaf, (iii) Deciduous Needleleaf, (iv) Deciduous Broadleaf, (v) Mixed, are defined by a
tree cover > 60% and a canopy height > 2 m. In our forest area mask, cells belonging to these
classes are assumed to be fully forested and contribute 25 ha (500 m x 500 m) of forest area.
Woody Savannas have by definition a tree coverage of 30%—60% and we therefore define a
factor of 0.45 for calculating the forest area for such cells, meaning that each cell contributes
11.25 ha. For Savannas, we defined a factor of 0.15 (3.75 ha) and for Cropland /Natural Vegeta-
tion Mosaics a factor of 0.05 (1.25 ha) is used. All other land cover classes (e.g., Closed/Open
Shrublands, Grasslands, Croplands) are assumed to be non-forested.

2.6. Calculation of Country Sums and Comparison with FAO Statistics

The forest area mask (ha) is combined with the gap-filled volume map (m>/ha) to pro-
duce a total volume (m?) map at 500 m resolution. The values of this map are summarized
by country and compared with the mean volumes for the years 2000 to 2010 as reported
in the State of Europe’s Forest 2015 (FAO) [3]. The period 2000 to 2010 is chosen as it best
coincides with the inventory data we used for the gap-filling (Table 1). Linear regression is
used to determine goodness-of-fit and bias of our estimations.

3. Results
3.1. An Improved Gridded Forest Structure Data

Even though the collected NFI data covers large forest areas in Europe, there are
still regions where no systematic grid-sampled forest inventory data were available (see
Figure 2). Another issue is the fact that due to differences in the data recording system
and the grid raster by country, differences between countries may occur. The missing
forest inventory information from countries where no data were available is filled with the
two-step gap-filling algorithm by identifying for every cell where no forest inventory data
are available, its most similar cell that does provide such data.

After applying the gap-filling algorithm, a full set of pan-European gridded data
comprising volume, carbon content, biomass by compartment, height, diameter at breast
height, stem number, basal area, stand density index, age class and tree species group
is generated. Volume, carbon content, biomass, stem number and basal area given in
per hectare values. All other variables represent the mean average characteristics by cell
independent of the forest area of this cell. The results by cell for selected variables are
given as maps in Figures 3—-6 and include grid-cells with low tree cover such as mixed
forest-agriculture cells or small forests in urban areas.
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Figure 3. Mean volume per forest area (m>/ha) by vegetated 8 x 8 km cell. Note that within each
cell we made no distinction between forested or non-forested area and a forest area mask is needed
to quantify extent of forests (see Figure 7). In this figure, values higher than 400 m?/ha are truncated
for display reasons.
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Figure 4. Tree Volume (m3/ha) only for 500 x 500 m cells with a minimum tree cover of at least 5%
(1.25 ha) according to the MODIS land cover classification. We combined this map with MODIS land
cover data to calculate total volume (m?) for each 500 x 500 m cell. Summing up cell values, total
volume at regional or country level are estimated. In this figure, values higher than 400 m3/ha are
truncated for display reasons.
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Figure 5. Mean carbon content per forested area (tC/ha) for vegetated 8 x 8 km cells. In this figure,
values higher than 200 tC/ha are truncated for display reasons. For details, see Figure 3.
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Figure 6. Map showing the most frequent age class for vegetated 8 x 8 km cells. For details, see
Figure 3.
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Figure 7. Mean tree height (m) for vegetated 8 x 8 km cells. For details, see Figure 3.

3.2. Accuracy of the Improved Data Set

An important issue with data is its accuracy. Thus, we next assess the error range of
the gap-filling algorithm by executing ‘leave-one-out” and ‘country-wise’ cross validations.
The ‘leave-one-out’ cross validation is performed by iteratively removing data from one cell
and gap-fill this cell using the data of all other cells. The ‘country-wise” cross validation is
performed by iteratively removing the entire data from a country and filling all cells within
that country only with data from all other countries. We calculate the mean value and the
standard deviation (SD) of the gap-filled data sets as well as the mean bias error (MBE), the
mean absolute error (MAE) and the root mean square error (RMSE). These measures are
compared with the mean value, SD and confidence interval (CI, o« = 0.05) of the original
inventory data.

The mean and SD of the gap-filled data is nearly the same as in the original data
in the case of the ‘leave-one-out’ cross validation and shows, depending on the variable
considered, no or only little bias (Table 2). The ‘country-wise” cross validation shows
negative bias for all variables, leading to lower mean values, while the SD is slightly higher
than, but still comparable to, the SD of the original data. MAE and RMSE are close to the CI
for the ‘leave-one-out’ cross validation. The ‘country-wise’ cross validation shows higher
values for the MAE and RMSE, with the MAE still being comparable to the SD.
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Table 2. Results of the leave-one-out and country-wise cross validation versus gridded NFI data
for entire Europe. N is the total number of 8 x 8 km cells evaluated which may differ by variables
since tree height and stand age were not reported by all countries. Aggregated NFI data refers to
the aggregated National Forest Inventory (NFI) plots, for which the mean value, standard deviation
(SD) and confidence interval (CI) are shown. For leave-one-out and country-wise cross validation the
mean value, SD, mean bias error (MBE), mean absolute error (MAE) and root mean squared error
(RMSE) are shown. Not Available (NA) indicate that this metric cannot be calculated.

Aggregated NFI

Data Leave-One-Out Country-Wise
Variable N Mean SD CI Mean SD MBE MAE RMSE Mean SD MBE MAE RMSE
Carbon (tC/ha) 38987 69.7 451 331 69.9 45.1 0.2 324 46.8 63.6 530 —6.1 401 57.3
Volume (m3/ha) 38962 1769 1320 86.5 177.2 131.8 0.4 86.1 126.5 163.9 150.6 —13.0 109.3 159.9
Height (m) 36,320 147 5.8 3.4 14.7 5.8 0.0 37 4.9 12.9 77 =17 58 7.6
Diameteratbreast 35957 519 87 66 219 87 00 69 98 189 112 -30 98 134
height (cm)
Most gig:’(er)“ A8 37118 31 16 NA 31 16 00 15 2.1 26 18 -05 18 24
Basal Area (m?/ha) 38,987  20.9 11.1 8.6 209 11.0 0.0 8.2 11.5 18.8 139 —-21 106 15.2
Stand Density Index (-) 38,967 559.8 543.6 2842 560.3 522.4 0.4 270.6 619.5 465.4 567.0 —94.4 356.6  780.8
Table 3. Cross validation results by country. We show here the median of the percentage relative
difference to the input gridded terrestrial data values for carbon content in tons of live tree carbon per
hectare (Carbon), volume in m?/ha, height in m, diameter in breast height (DBH) in cm, basal area
(BA) in m?/ha and stand density index (SDI). Age class (Age) is given as the mean of the absolute
most frequent age class difference between cross validation and gridded terrestrial values. Negative
values indicate an underestimation in the algorithm. For full names and units of forest structure
variables, see Table 2. NA indicates that these data are missing for this country.
Leave-One-Out Country-Wise
Country Carbon Volume Height DBH BA  SDI Age Carbon Volume Height DBH BA SDI Age
Albania 21 45.1 14.0 —6.6 379 480 1.5 16.5 126.2 27.7 —6.6 104.1 128.6 1.6
Austria 21 -0.7 -19 -1.1 -32 =37 1.9 -39 —1.6 -94 —49 —6.1 -79 1.9
Belgium —13.5 —14.0 -7.5 -123 -71 54 1.3 —-19.9 —18.9 —-8.7 —16.3 -9.2 —6.2 1.6
Croatia 8.9 11.0 0.9 —0.1 136 1.7 NA 243 28.3 -3.1 0.9 25.7 4.7 NA
Estonia -0.5 —4.4 -3.5 -08 —0.1 0.3 1.0 -9.1 —39.4 -30.6 —-6.3 —6.5 —-2.6 1.6
Finland 7.0 0.1 —-3.1 1.4 1.6 24.6 1.9 12.5 2.3 —-8.7 1.2 0.8 93.5 2.0
France 8.5 7.8 14 0.2 5.5 54 1.8 7.8 3.2 —13.0 —16.0 1.1 44 2.0
Germany —5.5 —-9.8 —6.0 -52 —-69 55 1.6 —-17.4 —28.8 —16.8 —15.3 —23.0 —-19.5 1.6
Ireland 3.0 -0.5 49 3.6 -09 -17 0.8 —47.2 —46.6 0.8 —14.2 —56.6 —60.1 1.3
Italy 9.0 79 6.2 13.6 49 0.9 1.0 12.6 8.6 15.1 325 5.4 54 1.3
Netherlands -1.0 12.3 13.1 73.1 76.0 622 1.3 -5.0 16.9 25.1 114.4 111.0 96.4 1.4
Norway 3.3 4.6 4.5 0.9 2.2 9.2 21 -15.5 —-6.8 30.5 —6.5 —-13.3 7.1 2.6
Poland —53 —-29 24 -13 =37 -19 1.2 -17.3 —7.2 10.7 —-3.1 —10.1 —5.8 1.4
Romania 3.5 -0.8 NA 5.0 2.8 3.4 11 2.2 -9.2 NA 10.9 1.1 45 1.3
Spain 22 0.8 —-0.1 -08 —08 0.3 1.1 —60.8 —54.1 —26.1 —40.0 —46.3 —38.4 1.8
Sweden —24 0.0 —-0.7 -02 —-09 -150 19 —27.6 —239 —154 —10.7 —18.7 —69.1 2.1
EU 0.2 -0.2 0.1 0.1 -0.1 0.1 1.5 -139 —16.2 —-8.8 —8.6 —11.8 —14.0 1.8

At country level, the error is expressed as the median of the relative difference in
percent between the aggregated inventory data versus the gap-filled data (see Table 3).
Our results of the cross validation on the country level exhibit for the ‘country-wise’ cross
validation a higher error than ‘leave-one-out.” No pattern is evident, suggesting that regions,
latitude or longitude, are associated with higher errors. At the EU level, the median of
the percentage relative difference is close to zero for ‘leave-one-out’, while for the county
vise validation it is around 10% and is evident for all produced variables except the most
frequent age class (see Table 3).
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200

3x10° 4x10° 5x10° 6x10°

Figure 8. Map showing carbon content (tC/ha) only for 500 x 500 m cells with a with a minimum
tree cover of at least 5% (1.25 ha) according to the MODIS land cover classification. This map can be
combined with MODIS land cover data to calculate total carbon content (tC) for each 500 x 500 m cell.
By summing up cell values, total biomass at regional or country level can be estimated. In this figure,
values higher than 200 tC/ha area truncated for display reasons.

Most frequent Age Class (years)
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Figure 9. Most frequent age class (years) only for 500 x 500 m cells with a minimum tree cover of at
least 5% (1.25 ha) according to the MODIS land cover classification.
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Figure 10. Comparison of the volume by country derived from our Forest Structure Data versus
the mean of the volumes for the period 2000 to 2010 as reported in State of Europe’s Forest 2015 [3]
(Ind 1.2B Change in growing stock on forests). Forest Structure Data refers to the values calculated by
combining the gap—filled maps with land cover information to calculate country totals. Countries
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where no inventory data was available are marked with an asterisk.

3.3. Upscaling Data

An important part of this study is to deliver consistent European forest data across coun-
tries and regions at any spatial resolution. For the upscaling, we use the forest area mask de-
rived from MODIS land cover data at a 500 x 500 m resolution. By combining the for-
est area mask with the 8 x 8 km gap-filled maps, we produce maps at 500 x 500 m
resolution which better reflect the possible heterogeneity of the landscape within an
8 x 8 km grid cell (Figures 7-9). An 8 x 8 km cell may only be partly forested and
also contain urban areas, water bodies or agricultural land. These maps can then be used
in combination with other data available at a similar resolution to study certain aspects of
European forests, such as the legal or technical accessibility of forest resources.

3.4. Evaluate the Results Using FAO Statistics

Important for this study is comparing our derived information with other available
data such as the State of Europe’s Forests (FAO) statistics [3], as this allows to assess
the quality of the gap-filling algorithm in countries, where no NFI data were available.
In general, a high agreement between our produced volume estimates versus the re-
ported values (Adj R? = 0.903) are evident (Figures 10 and 11). When looking at the
European scale, almost no bias (Slope = 0.964) is present. However, some countries
(e.g., Bulgaria, France, Romania, Spain) do show substantial overestimation or underestima-
tion (Figures 10 and 11). When only looking at countries where no inventory information
was available, there is also an overall good agreement (Adj R? = 0.787) between our estima-
tions and the reported values (Figure 11b). In this case, the estimates in general tend to be
higher than the reported values (Slope = 1.12). Individual countries can be overestimated
or underestimated, in some cases substantially (e.g., Bosnia-Herzegovina, Bulgaria, Serbia).
Estimations are close to the reported values for some countries where we had inventory
information (Austria, Belgium, Estonia, Finland, Italy, Netherlands, Poland) as well as
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countries without that information (Czech Republic, Greece, Hungary, Latvia, Montenegro,
Slovenia, United Kingdom) (Figures 10 and 11).
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Figure 11. Comparison of the volume calculated from our Forest Structure Data versus the mean
of the volumes for the period 2000 to 2010 as reported in State of Europe’s Forest 2015 [3] (Ind
1.2B Change in growing stock on forests). Forest Structure Data refers to the values calculated by
combining the gap-filled maps with land cover information to calculate country totals (see Figure 7).
Linear regression results R? (Adj R?), Intercept, Slope and p—Value (P) are shown. (a) Shows
results when using all countries, irrespective if National Forest Inventory (NFI) data were available.
(b) Shows the results only for countries where no NFI data were available. Country codes are:
AL = Albania, AT = Austria, BA = Bosnia—Herzegovina*, BE = Belgium, BG = Bulgaria*, CZ =
Czech Republic*, CH = Switzerland*, DE = Germany, DK = Denmark*, EE = Estonia, EL = Greece*,
ES = Spain, FI = Finland, FR = France, HR = Croatia, HU = Hungary*, IE = Ireland, IT = Italy,
LT = Lithuania* LU = Luxemburg®, LV = Latvia*, ME = Montenegro*, MK = North Macedonia*,
NL = Netherlands, NO = Norway, PL = Poland, PT = Portugal*, RO = Romania, RS = Serbia*,
SE = Sweden, SI = Slovenia*, SK = Slovakia*, UK = United Kingdom?*; Countries where no inventory
data were present are marked with an asterisk.

4. Discussion

Lack of a consistent and accessible European forest inventory data makes detailed
analysis at the European level difficult or even impossible [17,19]. With this study, we
provide and produce a pan-European gridded forest structure dataset based on an extensive
collection of point sampled National Forest Inventory data, remote sensing information
and a gap-filling algorithm for those areas where no gridded data were collected or gridded
inventory data were not available. With these data, we are able to depict forest structure
differences at the regional and sub-regional levels which allows detailed forest analysis
across Europe (Figures 3-6).

Cross validation is used to assess the quality and accuracy of the data. The results
show that the chosen methodology is robust and accurate which gives confidence in the
produced data. The gap-filling algorithm relies on the regional distribution of the input
inventory data and how well it covers the latitudinal and elevational gradients, climatic
conditions and bioregions in Europe. Only high coverage of the relevant conditions ensures
that the nearest object determined by the kNN algorithm really bears similarity with the
object which variable values need to be predicted. This limitation is evident when looking
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at the ‘country—wise’ cross validation results. When removing the entire data from a
country where prevailing conditions (e.g., climatic, management history) are not well
covered by the remaining data of all the other countries, the uncertainty tends to be higher.
This can be observed for Spain on the Iberian Peninsula, Ireland on the British Isles, as
well as Albania and Croatia in the north-eastern Mediterranean. This may also be evident
for the Netherlands, where our produced inventory volume and DBH values are lower
compared to the neighboring countries Belgium and Germany, which are likely to be used
for gap-filling.

When removing data from an entire country and the growing conditions are well
covered by the remaining data from the neighboring countries, the error tends to be
lower, e.g., Austria, France or Germany. Being aware of these limitations, in this study we
specifically added data from Albania, Croatia and Ireland to better cover these regions.

Differences in the sampling design or calculation method among countries, such as the
minimum diameter at breast height required for a tree to be included or biomass function
used, could also explain high errors. For instance, when removing the entire data from
Sweden, it is likely that it will be filled with data coming from the two other Scandinavian
countries. However, Sweden uses fixed area plots with no minimum diameter requirement,
while Norway, although also using fixed area plots, requires trees to have a minimum
diameter at breast height of 5 cm and Finland uses angle count sampling, which is a
different plot design altogether.

4.1. Comparison with FAO Statistics

Comparison with FAO statistics gives further confidence in the chosen methodology
and produced data, especially on the European scale where agreement between calculated
and reported values is high. This high agreement was expected when only looking at
countries were we did gather inventory data, as also the FAO statistics are mainly based on
national inventories [18]. However, for some of these countries substantial overestimation
or underestimation can still be observed. The reasons can be manifold.

In Romania, reported growing stock for the years 2000, 2005 and 2010 are estimated
using a relationship between forest area and a mean growing stock by unit of area based on
the Forest Inventory in 1985, while the estimation for 2015 is based on the National Forest
Inventory 2012, the same inventory our data for Romania comes from. The growing stock
reported for 2015 is substantially higher than the previous reported values (2222 million m?
in 2015 versus 1378 million m3 in 2010) and closer to our estimations [51]. However, in our
study, we only compare with the mean of the values reported for the period 2000 to 2010,
as this period overall coincides best with our gathered inventory data. In general, different
time periods can affect the comparison as we considered the mean of the reported values
for the period 2000 to 2010 for all countries, although the inventory data in individual
countries do not cover this whole period (Table 1).

In Sweden, a different minimum diameter requirement for trees to be considered between
FAO report (minimum of 10 cm) and NFI data (no minimum requirement) may contribute to
overestimation [52]. In general, problems with the harmonization of variables and definitions
such as stem volume [22], growing stock [20], forest available for wood supply or even forest
in general [18,21] could partly explain some of the observed differences.

These differences in the definitions of forest and forest available for wood supply
lead to different forest area estimations which can be another reason for overestimation
or underestimation [53]. The FAO defines forest as, “land spanning more than 0.5 ha with
trees higher than 5 m and a canopy cover of more than 10%, or trees able to reach these
thresholds in situ. It does not include land that is predominantly under agricultural or
urban land use” [54]. In addition to the presence of trees the definition is also land-use
based, meaning that temporarily unstocked areas intended for forestry or conservation
use are included [54,55]. In our study;, a forest area mask is generated using MODIS land
cover data, which relies on the presence or absence of tree cover to identify forests and
cannot account for intended land use [55]. The coarse resolution of 500 x 500 m (25 ha)
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also means that not only the Forest or Woody Savanna land cover types contain forest as
basically every cell irrespective of the land cover class can contain forest as defined by the
FAQ, i.e., aland spanning more than 0.5 ha with trees higher than 5 meters and a canopy
cover of more than 10%. We partly considered this in our forest area mask by assuming all
Forest land cover cells to be fully forested, compensating for small forest areas in cells with
land cover classes which did not contribute to forest area in our study. We also introduced
forest area factors for selected other land cover classes, such as Woody Savannas, Savannas
or Cropland/Natural Vegetation Mosaic. Differences between reported global forest cover
change in the Global Forest Resources Assessment 2015 (FRA 2015) and global remote
sensing estimations by Hansen et al. [56,57] could also possibly be explained by the used
tree cover threshold of 25% and also by the coarse resolution of the MODIS images used
in the earlier of the two studies [55]. We also explored the usage of the high-resolution
25 x 25 m CORINE land cover data to estimate forest area (Appendix A) [58]. Underes-
timation of forest area might be the main reason for the substantial underestimation of
volume in France and Spain. In both countries, the share of 500 m cells belonging to one of
the Forest MODIS land cover classes are low compared to other countries. As savannas and
shrublands cover large areas in these countries, our approach may be unable to account
for all the small forest areas in cells belonging to these and other classes. This could be
improved by using a different approach based on forest cover data or using different land
cover data such as CORINE [59,60]. However, detailed analysis of all possible reasons for
overestimating or underestimating and optimizing our estimations were not the aim and
scope of our study. Furthermore, when using the gap-filled data, one is not limited to the
forest area mask proposed in this study but can use any other forest area mask.

In countries where no inventory data were obtained, overestimation or underestima-
tion can, in addition to the reasons already mentioned, also be related to the inventory data
not covering the prevalent conditions in these countries well enough (see also Section 4.1).
In south-east Europe, we were only able to gather data from Albania and Croatia, which
might not be sufficient to accurately describe the situation in other countries belonging to
this region, as suggested by the observed overestimation in many of these countries (Bosnia
and Herzegovina (BA), Bulgaria (BG), Greece (EL), the Republic of North Macedonia (MK)
and Serbia (RS)). As a consequence, although we were able to add the data from Albania
and Croatia for this study, additional data from that region are likely needed to improve
the forest structure data.

4.2. Potential Applications

A big advantage of high-quality spatial explicit gridded forest structure data is the
ability to combine it with other spatial explicit information, such as soil information,
conservation status, land cover, climate data or terrain data. This allows for detailed
analysis which can contribute to solving and providing relevant questions related to the
carbon mitigation potential of European forests, the impact of conservation policies or how
forest resources are threatened by changing disturbance regimes [31-34]. A most recent
example is the assessment of the harvestable forest area and stocking volume in Europe [61].
The study combines the Forest Structure data with conservation status, slope, soil and
road infrastructure data to quantify the legal and technical accessibility of forest resources
for mechanized harvesting. The availability of wood resources is an important question
in regard to the potential of using wood products to substitute non—renewable fossil
products. Another application is initializing large-scale, climate-sensitive bio-geochemical-
mechanistic forest simulation models. All these studies can support decision makers during
the transition towards a bio-based economy.

4.3. Room for Improvement

The lack of a common inventory system across European forests with standardized
definitions as well as sampling designs and measurement methods, make a comparison
of even basic forest variables, such as forest area or growing stock difficult in Europe.
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Our harmonization of the different national forest inventory data with the improved data
sources and methodology is important part for consistent pan-European forest studies. If a
common inventory system as well as a common forest area mask could be established, the
methods described in this study could be used to support countries in official reporting of
key forest variables. The results of this study are an important attempt to provide consistent
forest structure data to the scientific community.
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Appendix A

During the course of our study, we also explored the usage of CORINE land cover
data for the production of the forest area mask. The higher resolution 25 x 25 m data is
better able to detect small forested areas which might be overlooked when using the coarse
500 x 500 m MODIS land cover data (see Section 4.1). For the CORINE forest area mask,
each cell belonging to a Forest land cover class contributed 0.0625 ha (25 x 25 m) of forest
area, while cells belonging to other land cover classes did not contribute any forest area.

In some countries such as Finland, France, Norway or Spain, difference in estimated
forest area is substantial, while in other countries (e.g., Austria, Bulgaria, Romania) the
difference is only minor (Figure Al). Especially in France and Spain, the forest area
estimated with the CORINE data is likely way closer to the true value compared to the
estimations based on the MODIS data. However, although overall the model estimations
better fitted the reported values (Figure A2a), this was not true when only looking at
countries where we did not have inventory data (Figure A2b). Therefore, we decided to
still use the MODIS land cover data for forest area estimation as this data set are already
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used in the gap-filling algorithm. It is important to stress that the gap-filled maps can
be combined with any other forest area mask and using forest area mask with higher
resolution is encouraged. In this study, we simply provide one way of creating a forest area
mask using MODIS land cover data, which was sufficient for our needs. It was not the aim
of the study to provide the best possible forest area mask.
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Figure A1. Comparison of the forest area estimations based on MODIS [44] and CORINE [58] land cover
data sets. MODIS refers to the forest area mask as used in this study (see Section 2.5) while CORINE
refers to a forest area mask based on CORINE land cover data which was not used in the study (see
Appendix A). Countries where no inventory data were available are marked with an asterisk.
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Figure A2. Comparison of the volume calculated from our Forest Structure Data versus the mean
of the volumes for the period 2000 to 2010 as reported in State of Europe’s Forest 2015 [3] (Ind
1.2B Change in growing stock on forests). Forest Structure Data refers to the values calculated by
combining the gap-filled maps with land cover information to calculate country totals (see Figure 7).
In this case, underlying forest area estimations are based on CORINE land cover data, compared
to Figure 11 where forest area estimations are based an MODIS land cover data as used in the
study. Linear regression results R? (Adj R?), Intercept, Slope and p—Value (P) are shown. (a) Shows
results when using all countries, irrespective if National Forest Inventory (NFI) data were available.
(b) Shows the results only for countries where no NFI data were available. Country codes
are: AL = Albania, AT = Austria, BA = Bosnia—Herzegovina*, BE = Belgium, BG = Bulgaria*,
CZ = Czech Republic*, CH = Switzerland*, DE = Germany, DK = Denmark*, EE = Estonia,
EL = Greece*, ES = Spain, FI = Finland, FR = France, HR = Croatia, HU = Hungary*,
IE = Ireland, IT = Italy, LT = Lithuania*, LU = Luxemburg*, LV = Latvia*, ME = Montene-
gro*, MK = North Macedonia*, NL = Netherlands, NO = Norway, PL = Poland, PT = Portugal*,
RO = Romania, RS = Serbia*, SE = Sweden, SI = Slovenia*, SK = Slovakia*, UK = United Kingdom*;
Countries where no inventory data were present are marked with an asterisk.
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Abstract: Forests cover about 1/3 of Europe’s land area and are an important source in providing
goods and services such as timber, drinking water, biodiversity, and carbon storage. They are
important for a bioeconomy to mitigate climate change effects by reducing greenhouse gas emissions
from the combustion of fossil fuels. The purpose of this paper is to assess Europe’s potential wood
supply by harvesting system. Gridded forest characteristics data are combined with other European
spatially-explicit data. A set of eight mechanized harvesting systems is applied to assess the “forest
available for wood supply” (FAWS) in Europe. The results show that 74.9% of the total forest area in
Europe can be considered FAWS and has the potential to be harvested under the current economic
and technical harvesting conditions. The remaining forest area is under legal protection (4.3%) or
has limited accessibility with the current mechanized harvesting systems (20.8%). Around 79% of
the FAWS can be accessed with ground-based machinery, and another 16% if their operation range
is extended using special attachments (e.g., chains or band) or winch-assisted systems. Around 5%
of the FAWS is only accessible by cable yarding machinery. With the fully mechanized harvesting
systems (i) harvester and forwarder and (ii) winch-assisted harvester and winch-assisted forwarder,
about 80% of the harvestable forest area and growing stock can potentially be utilized.

Keywords: harvesting systems; European forest data; bioeconomy; harvestable forest; FAWS

1. Introduction

While a severe decline in forest cover is evident in large parts of the world, Europe is
the only continent with a continuous increase in forest area during the last 100 years [1].
Currently, more than 1/3, or 227 million ha, of Europe’s total land area is covered with
forests [1]. Forests in Europe provide a variety of ecosystem services, such as timber
production, water supply, biodiversity, protection of infrastructure, as well as recreation
and welfare. Further, they are of increasing importance in mitigating climate change effects
due to their carbon storage potential.

In achieving the climate targets of Europe, the transformation towards a sustainable
forest bioeconomy is necessary [2]. Renewable wood from sustainable forest management
will be an integral part of it, with a focus on the promotion of long-lived wood products [3,4].
It is expected that the importance of sustainable forest management will increase.

Europe’s forest area can be distinguished into forest areas available for sustainable
harvesting versus protected forests not available for harvesting, e.g., national parks and
nature conservation [5]. According to the State of Europe’s Forests 2020 report, about
50 million ha, or 23.6% of the forests in Europe, are in protected areas [1]. In most of
these areas, limited harvesting is allowed if the other services, such as conservation of
biodiversity, the protection of the forest soil or infrastructure, the provision of non-wood
products (e.g., drinking water) or recreation near urban areas, is secured. Only in 5% of
Europe’s forest area no harvesting is allowed due to its legal protection status [1]. However,
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with the EU aiming to protect and restore already degraded ecosystems [6], this share is
expected to rise.

Even if no legal harvesting restrictions exist, timber harvesting may not be feasible due
to low yield productivity, inaccessibility of the forest area, or lack of profitability. Therefore,
the Food and Agriculture Organization of the United Nations (FAO) distinguishes forest
areas into (i) ‘forest available for wood supply” (FAWS) and (ii) ‘forest not available for wood
supply’ (FNAWS) [5]. FAWS include forests with no environmental, social or economic
restrictions, while FNAWS cover forest areas with legal restrictions on timber harvesting
but also those forest areas which lack profitability. According to the State of Europe’s
Forests 2020, around 77% of Europe’s forest can be considered FAWS and the remaining
23% FNAWS.

Commonly, information about the forest area, as well as the stocking biomass, is
available at the country and sub-country level (NUTS—Nomenclature of territorial units
for statistics) (see [7-9]). It includes the harvesting possibilities according to different
regulations for Land Use as well as Land Use Change and Forestry (EU-LULUCEF) [10].

The provision of wood as raw material depends on the growing stock and the work
force for cost-efficient harvesting. Since the European forest sector faces a severe decline in
man power due to aging [11] and the forest area available for wood supply will decline
if more forest areas are protected [6], cost-efficient, mechanized harvesting systems are
of increasing importance to secure the provision of wood [12,13]. Mechanized harvesting
additionally increases harvesting safety [14] and makes forestry jobs more attractive. A
recent example is the increased use of winch-assisted systems for mechanized timber
harvesting operations on steep terrain [14,15].

The implementation of a timber harvesting system depends largely on the technical
requirements at the harvesting site (e.g., slope, soil bearing capacity, tree dimension, and
species), and the accessibility of the forest area defined by the road network density [16]. In
general, from all applicable harvesting systems at a harvesting site, the most mechanized
harvesting systems is the most cost-efficient. The cost relationship between harvesting systems
can, however, change depending on local factors such as the silvicultural system (e.g., clearfell,
group, or selection system) or the price and availability of the work force [17-19]. GIS-
based spatial solutions have been used at the regional level to select the most suitable timber
harvesting system [19-25]. Di Fulvio et al. [26] assessed the availability, costs of roundwood,
and the logging residues on a European level using the G4M computer model [27] and by
defining 10 different harvesting options according to felling, extraction, and storage method.

The purpose of this study is to provide an estimate of the forest area and growing
stock potentially available for mechanized harvesting in Europe. We obtain gridded forest
characteristics data, combine this data with other European spatially-explicit information,
and apply a set of eight different mechanized harvesting systems. The ‘forest available for
wood supply’ (FAWS) is estimated using a top-down approach, which applies the same
restrictions and threshold values across European forests.

We are interested in:

e  Quantifying the area of ‘forest available for wood supply’ (FAWS) versus the ‘forest
not available for wood supply’ (FNAWS)—The harvestable forest area;

e  Delineating the area of and growing stock in FAWS by harvesting system for Europe,
European geographic region, and country—Harvestable area and growing stock by
harvesting system.

2. Materials and Methods

We assess the harvesting options in Europe’s forest by combining forest characteris-
tics [28] and other spatial data (e.g., slope, soil, road network; see next chapter) with the
technical limitations of different harvesting systems. We use the Geographic Information
System (GIS), ESRI® ArcGIS (Version 10.2.1, Redlands, CA, USA) [29] for initial data pro-
cessing (e.g., re-projecting data) and handling the OpenStreetMap road data (see 2.1.5 Road
network below). The statistical software R (Version 4.1.2, Vienna, Austria) [30] is used
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for further data processing (e.g., aggregation), the analysis of the data (e.g., identifying
the harvesting systems), and the creation of the maps. The harvesting system analysis
is conducted on a 500 m x 500 m-grid using the ETRS89-LAEA (European Terrestrial
Reference System 89-Lambert Azimuthal Equal-Area) projection. The workflow of our
analysis, including the input data, is shown in Figure 1.

Input Data

Forest area —[ COPERNICUS Forest

—[ Conservation Areas

——[ Slope

—[ Soil
Harvesting system’s Identify forest available for wood supply” — :
limitations —[ Road

).
Pl
]

—é—[Forest Characteristics: Diameter

—J_J ——/

FIRLEStAic AreH Sl growng Stk ——I: Forest Characteristics: Volume ] :
by harvesting system : :

Figure 1. General workflow of the analysis. COPERNICUS forest data are used for generating a forest
area mask. ‘Forest available for wood supply’ is the forest area where harvesting is legally allowed as
well as profitable. Conservation areas data are used to identify protected forest where harvesting is
prohibited. The defined harvesting systems are used to identify areas where economically profitable
harvesting is feasible. Harvestable forest area and growing stock are cumulated by the harvesting
system and are provided at a European and regional level.

2.1. Input Data
2.1.1. COPERNICUS Forest

Forested areas are identified using the Forest Type 2018 product of the Copernicus
Land Monitoring Service, provided by the European Environment Agency [31]. The data
are available either at the original 10 m resolution or aggregated at a 100 m resolution. In
our analysis, we use the aggregated forest type product where a 100 m x 100 m grid cell
(1 hectare) is considered a forest cell if at least 50% of the enclosed 10 m cells are covered
with forests. The forest area for each 500 m cell is derived as the sum of the forested 100 m
cells and ranges between 0 and 25 ha of the forest land.

2.1.2. Conservation Areas

According to the State of Europe’s Forest 2020, about 5% of the forested area is legally
protected and no active or only minimum interventions are allowed [1]. Protected areas
are identified from the Common Database on Designated Areas for the year 2021 (Version
19) shapefile, provided by the United Nations Environment Program World Conserva-
tion Monitoring Centre (UNEP-WCMC) in collaboration with the European Environment
Agency (EEA) [32]. Areas belonging to the International Union for Conservation of Nature
(IUCN) categories “Ia” (strict nature reserve), “Ib” (wilderness area) and “II” (national
park) are considered as not available for harvesting activities. These categories correspond
to the MCPFE (Pan-European Ministerial Conference on the Protection of Forests in Europe)
classes “1.1 No Active Intervention” and “1.2 Minimum Intervention” [33]. Using these
categories follows the suggestion by Alberdi et al. [9] for estimating the protected areas
belonging to “forest not available for wood supply” (FNAWS). A forest area mask is created,
which defines the total forested area and its proportion of “protected” versus potentially
“harvestable” area.



Forests 2023, 14, 398

4 0f 20

2.1.3. Slope

The European Union Digital Elevation model [34] with a 25 m resolution is used to
derive the slope in percent for each 25 m x 25 m cell. The calculation of the slope is based
on 8 neighboring cells using the raster package provided by [35] in the statistical software
R (Version 4.1.2, Vienna, Austria) [30]. Each 25 m cell is assigned to one of three slope
classes: (i) <30% (ii) 30 to 60%, and (iii) >60%. The three slope classes correspond to the
operation range of different harvesting systems (see Section 2.2 Harvesting Systems below).
The slope class for each 500 m grid cell is derived by combining the slope class share and
the mean slope of the 500 m cell.

2.1.4. Soil

Soil bearing capacity is an indicator for trafficability and is strongly affected by soil
type, soil texture, and soil moisture content. In general, bearing capacity decreases with an
increasing moisture content [36,37]. Particularly, soils with groundwater access cannot be
traversed by heavy machinery or traffic is limited to frozen or very dry periods [38].

We use soil data at a 1 km x 1 km resolution from the European Soil Database v2
(ESDB) [39] of the European Soil Data Centre [40] to identify soil types influenced by
groundwater. Combining the AGLIM1, AGLIM2, PEAT, FAO85-FULL, FAO85-LEV1 and
WRB-LEV1 attributes, the following soil types influenced by groundwater are considered:
(i) gleyic and stagnic Albeluvisol, (ii) gleyic and fluvic Cambisol, (iii) gleyic Fluvisol, (iv)
Gleysol, (v) gleyic Luvisol, (vi) Phaeozem, (vii) Planosol, (viii) gleyic Podzol, and (ix)
Umbrisol [41]. Terrain roughness (microtopography) may further limit the use of wheeled
and tracked machinery [22]. However, as no data are available at the required level of
detail, ground roughness is not considered in our analysis.

2.1.5. Road Network

Freely available road network data from the OpenStreetMap (OSM) community project
are used to calculate road density as a proxy for the extraction distance. OSM road data
for each country are obtained as shapefiles from Geofabrik (www.geofabrik.de (accessed
on 10 April 2019)) and cover the period between January and April 2019. Key-value
pairs are used to extract road types relevant to forestry operations, i.e., secondary, tertiary,
unclassified, and track. All other road types (e.g., motorway, trunk, primary, or residential)
were considered not relevant to forestry operations (see https://wiki.openstreetmap.org/
wiki/Key:highway (accessed on 10 February 2023) for details regarding the different road
types). For each 500 m cell, road density is derived using the line density tool in the ArcGIS
toolbox with 100 m, 300 m, 600 m and 1000 m radii and radius and cell centers aligned.
The four radii correspond to the maximum extraction distance of the different harvesting
systems, as explained below. The maximum extraction distance for a cell is then determined
by the lowest radius with which a road density of at least 1 m/ha is detected. Mean road
density for each 500 m cell (25 ha) is calculated using a radius of 282 m, which results in a
corresponding circular area of 25 ha.

2.1.6. Forest Characteristics and Tree Species

Forest characteristics are obtained from the latest European forest structure data set [28]
in combination with tree species distribution data from the European tree species maps [42].
The forest characteristics data (8 km x 8 km resolution) are based on 350,489 point samples
of National Forest Inventory (NFI) data from 16 countries (Albania, Austria, Belgium,
Croatia, Estonia, Finland, France, Germany, Ireland, Italy, The Netherlands, Norway,
Poland, Romania, Spain, Sweden) covering the years 1996 to 2016. For details of the
recorded inventory data by country we refer to [28].

The inventory data are aggregated to 8 km x 8 km grid cells by averaging the metric
variables (e.g., height or diameter) and calculating the proportion for nominal values (e.g.,
age class and tree species group) based on the inventory plots within one cell. The 8 km
x 8 km resolution follows the suggestion by Moreno et al. [43], who could show that on
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average a good balance between spatial resolution and accuracy of the forest characteristics
by cell exists.

For countries and regions where no inventory data were available, a two-step gap-
filling algorithm which (i) clusters cells by similarity and (ii) fills empty cells using a
k-nearest neighbor (kNN) algorithm, is applied. The clustering is based on biogeographical
regions [44] and MODIS MCD12Q1 land cover [45] information. For the kNN gap filling,
the co-variates MODIS EURO net primary production (NPP) [46], NPP trend, spaceborne
LiDAR based canopy height [47], and a climate limitation index are used to match forests
with a similar productivity curve and development stage [48]. Pucher et al. [28] showed
that gap-filled data provide realistic and unbiased estimates of the growing stock at the
European level.

The forest characteristics data provide at an 8 km x 8 km the mean forest information
such as biomass, volume, height, diameter at breast height, stem number, stand density
index, age class, and tree species group. Thus, all forested 500 m cells within an 8 km grid
cell share the same forest characteristics. The diameter at breast height (DBH) is used for
selecting the harvesting system, while the volume provides the potentially harvestable
growing stock by harvesting system.

Tree species are important for selecting the harvesting system. The forest characteristics
data distinguish eight different tree species groups (e.g., coniferous pioneers, slow growing
coniferous). However, for our analysis, we use the more detailed (1 km x 1 km) European
tree species maps, which provide the dominant tree species and the share of 20 tree
species [42]. The dominant tree species identified for a given cell is used for selecting the
harvesting system and to distinguish forests dominated by coniferous versus broad-leaved
tree species.

2.2. Harvesting Systems

Eight mechanized harvesting systems, which differ in harvesting method, technology
and level of mechanization (Table 1) are considered. The harvesting systems are adopted
from an earlier study [20], in which a multi-attribute decision support system for selecting
timber harvesting systems on a regional level was developed. The harvesting system
“tracked harvester and cable-forwarder” [20] is replaced by “winch-assisted harvester and
winch-assisted forwarder” to reflect the technical improvements during the last decade [14].

Next, we determine which of the eight harvesting systems is suitable for a given cell by
matching the technical operation ranges with (i) slope, (ii) soil conditions, (iii) the extraction
distance, (iv) tree species, and (v) DBH. If there is more than one harvesting system
applicable, the one with the highest level of mechanization is attributed to a given cell.

2.2.1. Terrain Parameters

The slope limit for ground-based harvesting systems varies with soil bearing capac-
ity [49] and may range between 30% to 40% to avoid excessive soil damage [50]. The
operation range of ground-based machinery can be extended by special attachments (e.g.,
chains, bands) or winch-assisted systems [51]. Similar to Kithmaier and Stampfer [20],
we use a slope limit of 30% for all ground-based harvesting systems, except for the steep
terrain harvester and winch-assisted harvester and forwarder, where the limit is set to
60% [14,50] (Table 1).

Ground-based harvesting systems may have negative impacts on sensitive soils [37,52].
Thus, on groundwater-affected soils, no ground-based harvesting systems are selected
except for harvesting by chainsaw and skidder, since we assume that the skidder operates
on a pre-defined skidding road. Harvesting with a chainsaw and cable yarding is not
limited by the soil since this method is particularly suitable for extraction on sensitive
soils [13,53].
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Table 1. Overview of the eight defined harvesting systems. Each harvesting system is characterized
by its limitations regarding terrain (slope, soil), road infrastructure (extraction distance) and stand
conditions (species, DBH—diameter at breast height). For the tree species-specific DBH limits, see
Table Al in Appendix A.

Technical Limitations

Harvesting System Extraction Tree

Slope Soil Distance Species DBH

Chainsaw and skidder

1 Harvesting method: tree length <30% - <100 m - -
Level of mechanization: Partially mechanized

Chainsaw and forwarder

2 Harvesting method: cut-to length method <30% Limited <1000 m - -
Level of mechanization: Partially mechanized

Harvester and forwarder
3 Harvesting method: cut-to length method <30% Limited <1000 m limited
Level of mechanization: Fully mechanized

tree species
specific

Chainsaw and winch-assisted forwarder

4  Harvesting method: cut-to length method <60% Limited <300 m - -
Level of mechanization: Partially mechanized
Winch-assisted harvester and winch-assisted

forwarder

Harvesting method: cut-to length method

tree species

<60% Limited <300 m limited e
specific

Level of mechanization: Fully mechanized

Steep terrain harvester and tower yarder
6 Harvesting method: cut-to-length method <60% Limited <600 m limited
Level of mechanization: Fully mechanized

tree species
specific

Chainsaw and tower yarder

7 Harvesting method: cut-to-length method <100% - <600 m - -
Level of mechanization: Partially mechanized
Chainsaw and tower yarder with integrated

or excavator-based processor
Harvesting method: whole tree method

tree species

<100% - <600 m limited o
specific

Level of mechanization: Highly mechanized

2.2.2. Road Network

In general, harvesting systems are limited by an economically feasible extraction
distance, while cable harvesting systems are additionally limited by the length of the cable.
In this study, we use a maximum extraction distance of (i) 1000 m for forwarder [54],
(ii) 600 m for tower yarder [55], (iii) 300 m for winch-assisted forwarder [56,57] and (iv)
100 m for a skidder with winch [20]. Only road types relevant to forest operations were
considered in the calculations (see Section 2.1.5 Road network). While extraction on
temporary winter roads or by floating timber along lakes and rivers is possible, these
extraction methods are not considered in this study.

2.2.3. Forest Characteristics

Mechanized felling is limited by the maximum cutting diameter of the employed
harvester head or processor. Today’s harvester heads are mostly designed for a felling
diameter between 50 and 70 cm, even though there are some heads that can cut diameters
of up to 100 cm [58].

For coniferous trees, we follow the suggestion by Kithmaier and Stampfer [20] and
use a more conservative DBH limit of 40 cm for felling by harvester. For cable yarders with
integrated or excavator-based processors, this limit is set to 50 cm, because we assume that
the butt flare is prepared by chainsaw and therefore is no longer a limiting factor.

For broad-leaved trees, the mechanized processing can be hampered by the branch
diameter, forks, crooks, and sweeps, as well as the wood density [59,60]. The diameter of
the branches, which usually increases with DBH, limits the machinability with harvester
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head and processor. We set the DBH limit for mechanized felling and processing equal
to 30 cm for all broad-leaved species, except for alder, birch, and eucalyptus, which are
usually easy to debranch. Finally, poplar is considered unsuitable for mechanized felling
and processing because of its large dimension. A table showing the tree species-specific
limits is provided in Appendix A (Table A1).

2.3. Forest Available for Wood Supply

Forests in Europe can be distinguished into ‘forest available for wood supply’ (FAWS)
and ‘forest not available for wood supply’ (FNAWS) [5]. FNAWS include forest areas under
legal protection and forest areas, which are economically unsuitable for harvesting. We use
the COPERNICUS Forest Type 2018 product to determine the total forest area and combine
it with the Common Database on Designated Areas for the year 2021 EEA categories “Ia”
(strict nature reserve), “Ib” (wilderness area) and “II” (national park) to identify the forest
area under legal protection in Europe.

FNAWS also include forest areas where harvesting is economically not feasible with
the current technical standards. In our analysis, we address this by using threshold
values for the extraction distance and the tree species-specific DBH for processing (see
Table 1). We combine terrain, road, and forest stand data with the operation range of the
different harvesting systems presented in Table 1 to identify forest areas accessible with the
current mechanized harvesting systems. These areas have the potential for economically
profitable harvesting. Areas where none of the defined harvesting systems are applicable
are considered “areas with limited accessibility” and added to the FINAWS area.

2.4. Harvestable Volume by Harvesting System

For each forest cell identified as ‘forest available for wood supply’ (FAWS), we
(i) identify the suitable harvesting systems and (ii) select the harvesting system with
the highest level of mechanization. For instance, if both (i) the chainsaw and forwarder and
(ii) the harvester and forwarder system were applicable, the cell and its associated forest
area and growing stock are attributed to the harvester and forwarder harvesting system.

The growing stock for each 500 m cell is calculated by multiplying the forest area
within a cell (derived from the COPERNICUS Forest Type data) with the volume per
hectare obtained from the forest characteristics data [28].

3. Results
3.1. Forest Area in Europe

The forest area of the 34 countries of our study covers 183.4 million ha, or 1/3 of the
total land area (Table 2). About 7.8 million ha, or 4.3%, are under legal protection, while
another 38.2 million ha, or 20.8% (Table 2, Figure 2), are considered as areas with limited
accessibility with the current mechanized harvesting systems. Thus, 46.0 million hectares
(7.8 and 38.2), or 25.1%, are ‘forest not available for wood supply’ (FNAWS). The remaining
137.4 million ha or 74.9% of the forest are ‘forest available for wood supply’ (FAWS), and
represent the “harvestable forest area” of the 34 countries.

As shown in Table 2, the share of FINAWS versus FAWS varies largely by country
and major geographic region. In Central-West Europe, 90% of the forest land is FAWS,
while only 62% in South-East Europe is available for harvesting. The forest area under
legal protection ranges from 1.1% in Central-West Europe to 7.1% in North Europe. At the
country level, the variation between FNAWS and FAWS is even more pronounced and, for
FAWS, ranges from less than 50% in Estonia, Latvia, Albania, and North Macedonia to over
90% in Denmark, Austria, Belgium, Germany, and the Czech Republic (see Table 2).
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Table 2. Summary of the forest area in Europe (all 34 countries considered) and distinguished by
geographic regions and countries. The regions are defined according to the State of Europe’s Forests
(FOREST EUROPE, 2020). “Forest not available for wood supply’ (FNAWS) comprises protected forest
where commercial harvesting is prohibited as well as forest areas with limited accessibility (Lim.
Accessibility). All other forest areas are considered as ‘forest available for wood supply” (FAWS).

Total Protected Lim. Accessibility FAWS
1000 ha 1000 ha % 1000 ha % 1000 ha %
Europe 183,424.9 7864.7 4.3 38,187.6 20.8 137,372.6 74.9
North Europe 66,724.1 47135 7.1 17,226.6 25.8 44,784.0 67.1
Denmark 591.8 1.8 0.3 31.5 5.3 558.5 94.4
Estonia 2256.2 71.7 3.2 1321.2 58.6 863.3 38.3
Finland 21,037.8 1562.5 7.4 3417.3 16.2 16,058.0 76.3
Latvia 3388.2 213.5 6.3 1857.5 54.8 1317.2 38.9
Lithuania 2310.9 115.1 5.0 732.1 31.7 1463.7 63.3
Norway 10,965.6 577.6 5.3 4248.5 38.7 6139.5 56.0
Sweden 26,173.5 2171.2 8.3 5618.4 21.5 18,383.9 70.2
Central-West Europe 38,115.7 428.0 1.1 3390.8 8.9 34,296.9 90.0
Austria 3868.2 422 1.1 239.9 6.2 3586.0 92.7
Belgium 768.8 1.2 0.2 50.4 6.6 717.3 93.3
France 17,071.8 168.6 1.0 1576.6 9.2 15,326.6 89.8
Germany 11,398.4 132.0 1.2 599.6 5.3 10,666.8 93.6
Ireland 719.3 0.0 0.0 228.1 31.7 491.1 68.3
Lichtenstein 7.3 1.0 13.1 0.7 9.3 5.7 77.6
Luxembourg 92.6 41.6 449 1.8 1.9 49.2 53.2
The Netherlands 350.4 35.2 10.0 90.9 25.9 224 .4 64.0
Switzerland 1363.1 6.2 0.5 154.7 114 1202.1 88.2
United Kingdom 2475.9 0.0 0.0 448.1 18.1 2027.8 81.9
Central-East Europe 26,575.7 652.5 2.5 5375.7 20.2 20,547.5 77.3
Czech Republic 3009.9 74.5 2.5 425 14 2892.8 96.1
Hungary 2228.2 75.4 3.4 364.0 16.3 1788.8 80.3
Poland 10,685.7 141.5 1.3 1156.8 10.8 9387.4 87.8
Romania 8375.8 266.5 3.2 3572.6 42.7 4536.8 54.2
Slovakia 2276.2 94.6 4.2 239.8 10.5 1941.8 85.3
South-West Europe 29,312.6 1411.4 4.8 4281.7 14.6 23,619.5 80.6
Italy 10,894.9 859.4 7.9 1016.4 9.3 9019.1 82.8
Portugal 2867.1 10.8 0.4 341.2 11.9 2515.0 87.7
Spain 15,550.7 541.2 35 2924.1 18.8 12,085.4 77.7
South-East Europe 22,696.8 659.4 2.9 7912.8 34.9 14,124.7 62.2
Albania 1063.2 119.5 11.2 449.6 423 494.1 46.5
Bosnia and Herzegovina 2939.4 49.2 1.7 1231.5 419 1658.6 56.4
Bulgaria 4755.0 125.3 2.6 1933.4 40.7 2696.3 56.7
Croatia 2401.3 0.1 0.0 582.3 24.2 1818.9 75.7
Greece 4525.9 53.2 1.2 1006.9 22.2 3465.9 76.6
Montenegro 752.2 41.3 5.5 246.2 32.7 464.7 61.8
North Macedonia 1213.0 67.5 5.6 698.8 57.6 446.8 36.8
Serbia 3760.6 149.2 4.0 1672.7 445 1938.7 51.6

Slovenia 1286.1 53.9 42 91.5 7.1 1140.7 88.7
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Figure 2. ‘Forest available for wood supply’ (FAWS, green) as well as ‘forest not available for
wood supply’” (FNAWS) at 500 m x 500 m resolution. FNAWS is further separated into legally
protected areas (purple) or areas with limited accessibility (orange). Forested areas are identified
using COPERNICUS data at 100 m x 100 m resolution.

The Harvestable Forest Area

Harvesting operations are wusually conducted if economically profitable.
Profitability—among other factors—depends mostly on (i) forest stand characteristics, (ii) the
species type (coniferous vs. broad-leaved), (iii) the slope, (iv) the road density or extraction
distance, and (v) if ground water affects the soil, indicating sensitive harvesting conditions.

In Europe, about 2/3 of the harvestable forest area is dominated by coniferous and
1/3 by broad-leaved species (Table 3). In addition, 78.1% of the harvestable forest area is
located on slopes < 30%, while the shares of slopes from 30 to 60%, and >60%, are 18% and
4%, respectively (Table 3). Higher forest road densities result in shorter extraction distances
and allow the selection of less cost-intensive harvesting systems. Our analysis shows that
68.0% of the harvestable forest area is located within 300 m of the next forest road and
only 8.1% of the forests revealed an extraction distance of >600 m. In addition, 2.9% of
the harvestable forest area is located on soils affected by groundwater, where harvesting
operations are limited to frozen soil conditions during the winter to avoid excessive soil
damage (Table 3).
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Table 3. The area of ‘forest available for wood supply’ (FAWS), the average road density and area of
FAWS, according to dominant tree species type, slope, soil and road infrastructure conditions, are
given for Europe and by region. Dominant tree species type was provided by the tree species maps
for European forests [42]. Note that only the dominant tree species is considered and that a forest
area dominated by coniferous tree species need not necessarily be a coniferous forest. Regions: (i)
Europe: all of the 34 countries mentioned; (ii) North Europe: Denmark, Estonia, Finland, Latvia,
Lithuania, Norway, Sweden; (iii) Central-West Europe: Austria, Belgium, France, Germany, Ireland,
Lichtenstein, Luxembourg, The Netherlands, Switzerland, United Kingdom; (iv) Central-East Europe:
Czech Republic, Hungary, Poland, Romania, Slovakia; (v) South-West Europe: Italy, Portugal, Spain;
and (vi) South-East Europe: Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Greece, Montenegro,
North Macedonia, Serbia, Slovenia.

Central- Central-

North South-West  South-East
Europe Europe West East Europe Europe
Europe Europe
FAWS (million ha) 137.4 44.8 34.3 20.5 23.6 14.1
Average road density (m/ha) 17.9 9.0 30.2 17.7 19.5 11.0
% within region
Dominated by coniferous tree species 62.1 85.6 55.8 73.0 43.3 18.6
Dominated by broad-leaved tree species 349 7.3 43.2 26.6 55.0 80.4
Dominated by undefined tree species 3.0 7.1 1.0 04 1.7 1.0
Slope class 0-30% 78.1 96.8 74.9 82.5 58.2 53.7
Slope class 30-60% 17.6 2.6 18.4 16.1 329 40.0
Slope class 60—-100% 4.2 0.6 6.7 1.5 8.8 6.2
Road within 100 m 34.0 223 52.1 35.8 33.9 25.2
Road within 100 m and 300 m 34.0 324 34.0 35.6 36.2 334
Road within 300 m and 600 m 23.9 30.2 12.5 22.6 24.2 32.6
Road within 1000 m 8.1 15.1 15 6.0 5.7 8.8
Soil affected by groundwater 2.9 1.6 5.9 4.0 0.8 1.5

As expected, there are distinct differences between geographic regions and countries
within Europe. In North Europe, 85.6% of the forest area is dominated by coniferous
tree species and 96.8% of the harvestable forest area is located on flat terrain. With an
average road density of 9 m/ha and an average extraction distance > 300 m for 45% of
the harvestable forest area, it is the region with the lowest road infrastructure (Table 3). In
Central-West Europe, 3/4 of the FAWS are located on flat terrain, with 55.8% dominated by
coniferous and 43.2% by broad-leaved species. With a road density of 30.2 m/ha and 50%
of the harvestable forest area within a distance of <100 m from the next forest road, it is
the region with the best developed road infrastructure. Central-East Europe is similar to
North Europe, where the majority of FAWS are located on flat terrain and most of the area
(around 3/4) is dominated by coniferous species. Compared to North Europe, Central-East
Europe has a better road infrastructure, with on average 17.7 m/ha. With 5.9% and 4.0%,
Central-West and Central-East Europe have the highest share of FAWS on soil affected by
groundwater (Table 3).

The FAWS (forest available for wood supply) in South-West and South-East Europe
are dominated by broad-leaved species (55.0% and 80.4%) and 32.9% in South-West and
40% in South-East are located on slopes ranging from 30% to 60%. Only 8.8% and 6.2%
(South-West and South-East) are on slopes > 60%. The road infrastructure, with an average
of 11 m/ha in South-East Europe, is similar to North Europe (9 m/ha), while South-West
Europe, with 19.5 m/ha, exhibits the second highest road density of all five geographic
regions (Table 3).

3.2. Harvestable Area and Volume by Harvesting System

Next, we were interested in the spatial distribution (Figure 3) of the eight mechanized
harvesting systems. Note that if more than one harvesting system is possible, the most
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mechanized one is chosen, assuming that it is the most cost-efficient, and thus preferred
harvesting system. In addition, 70.8% of the harvestable forest area and 66.7% of the
growing stock can be utilized with harvester and forwarder (HFW) (Tables 4 and 5). Winch-
assisted harvester and winch-assisted forwarder (WHWF), as well as the steep terrain
harvester and tower yarder (SHTY), both fully mechanized harvesting systems, are suitable
on 11.7% and 4.2% of the forest area, as well as 12.2% and 3.9% of the growing stock
(Tables 4 and 5).

Chainsaw &
skidder

0 500 1000

Chainsaw &
forwarder

5,000,000

km

Harvester &
forwarder

Chainsaw &
winch—-assisted forwarder

Winch-assisted harvester &
winch-assisted forwarder

Steep terrain harvester &
tower yarder

Chainsaw & tower yarder
with motor-manual pracessing

Chainsaw & tower yarder with
W integrated or excavater
—based processor

3,500,000 4,000,000 4,500,000
|

3,000,000

2,000,000 2,500,000

| | | | |
3,000,600 3,500,000 4,000,000 4,500,00C 5,000,000 5,500,000 6,000,000

Figure 3. Harvesting systems map at 500 m x 500 m resolution. The harvesting systems shown for
each 500 m cell are identified by comparing the harvesting systems technical limitations (see Table 1)
with the terrain, infrastructure and stand conditions of the cell. If more than one harvesting system is
applicable for an area, only the harvesting system with the highest degree of mechanization is shown.
The harvesting systems are: (i) chainsaw and skidder (light blue), (ii) chainsaw and forwarder (dark
blue), (iii) harvester and forwarder (orange), (v) chainsaw and winch-assisted forwarder (pink), (v)
winch-assisted harvester and winch-assisted forwarder (dark purple), (vi) steep terrain harvester
and tower yarder (light purple), (vii) chainsaw and tower yarder with motor-manual processing
(light green), and (viii) chainsaw and tower yarder with integrated or excavator-based processor
(dark green).



Forests 2023, 14, 398 12 of 20

Table 4. Share of area of ‘forest available for wood supply’ (FAWS) by harvesting system for Europe
and the five European regions and countries. FAWS corresponds to forest where harvesting is al-
lowed from a legal perspective and is profitable. Harvesting Systems: CSK—chainsaw and skidder,
CFW——chainsaw and forwarder, HFW—harvester and forwarder, CWF—chainsaw and winch-
assisted forwarder, WHWF—winch-assisted harvester and winch-assisted forwarder, SHTY—steep
terrain harvester and tower yarder, CTY—chainsaw and tower yarder, CTYP—chainsaw and tower
yarder with integrated or excavator-based processor.

Distribution among Harvesting Systems

FAWS CSK CFW HFW CWF WHWF SHTY CTY CTYP

1000 ha % % % % % % % %
Europe 137,372.6 2.6 4.7 70.8 1.0 11.7 4.2 0.6 4.3
North Europe 44,784.0 1.7 0.4 94.7 0.0 14 1.2 0.0 0.7
Denmark 558.5 34 13.2 83.3 0.0 0.0 0.0 0.0 0.0
Estonia 863.3 28.4 0.0 71.6 0.0 0.0 0.0 0.0 0.0
Finland 16,058.0 0.3 0.4 99.3 0.0 0.0 0.0 0.0 0.0
Latvia 1317.2 18.3 0.0 81.7 0.0 0.0 0.0 0.0 0.0
Lithuania 1463.7 9.4 2.1 88.4 0.0 0.0 0.0 0.0 0.0
Norway 6139.5 0.6 0.0 77.1 0.0 9.3 8.0 0.0 5.0
Sweden 18,383.9 0.1 0.1 99.4 0.0 0.2 0.2 0.0 0.0
Central-West Europe 34,296.9 52 8.0 61.7 1.3 14.3 2.1 0.6 6.8
Austria 3586.0 5.3 2.1 24.1 19 35.6 1.9 1.7 274
Belgium 717.3 7.6 18.4 70.9 0.3 2.6 0.1 0.0 0.1
France 15,326.6 3.8 6.9 64.9 0.8 14.5 3.6 0.6 5.0
Germany 10,666.8 5.8 12.0 69.8 1.8 8.9 0.2 0.1 1.3
Ireland 491.1 13.2 1.0 81.3 0.1 3.2 0.8 0.0 0.4
Lichtenstein 5.7 1.0 3.1 8.0 22.0 4.7 0.0 57.0 4.2
Luxembourg 49.2 8.0 4.3 76.3 2.3 8.0 0.3 0.3 0.5
The Netherlands 2244 51.1 1.0 47.9 0.0 0.0 0.0 0.0 0.0
Switzerland 1202.1 2.9 19 24.8 3.4 25.7 2.2 3.4 35.7
United Kingdom 2027.8 6.6 8.6 75.6 0.3 5.5 2.1 0.1 1.2
Central-East Europe 20,547.5 3.7 4.1 74.7 1.5 9.1 4.2 1.1 1.6
Czech Republic 2892.8 0.8 3.1 84.0 0.4 10.2 1.1 0.1 0.3
Hungary 1788.8 9.4 3.3 81.4 0.0 4.6 0.8 0.0 0.6
Poland 9387.4 5.2 3.2 88.4 0.4 19 0.6 0.2 0.0
Romania 4536.8 0.9 5.1 52.7 3.4 15.9 13.1 3.7 5.1
Slovakia 1941.8 1.6 8.6 39.7 5.0 30.9 8.8 1.7 3.7
South-West Europe 23,619.5 0.6 7.1 50.5 1.2 23.4 7.8 0.8 8.7
Italy 9019.1 1.3 19 36.8 14 32.0 8.7 1.0 17.0
Portugal 2515.0 0.9 14.6 67.8 0.6 12.1 3.3 0.2 0.5
Spain 12,085.4 0.1 94 57.2 1.1 19.2 8.0 0.7 42
South-East Europe 14,124.7 1.1 6.8 45.8 2.2 22.9 13.2 1.9 6.1
Albania 494.1 0.7 2.5 23.2 3.4 30.0 23.0 4.5 12.7
Bosnia and Herzegovina 1658.6 0.2 6.5 52.0 1.0 19.1 15.0 1.0 53
Bulgaria 2696.3 1.2 6.7 51.9 2.3 18.4 13.0 2.4 4.1
Croatia 1818.9 3.9 12.1 61.3 2.1 11.8 6.2 1.2 14
Greece 3465.9 0.0 34 36.7 1.6 33.1 14.5 1.1 9.6
Montenegro 464.7 0.0 2.1 38.6 1.8 27.7 17.4 22 10.2
North Macedonia 446.8 0.0 6.6 36.5 3.6 22.4 21.1 4.5 5.2
Serbia 1938.7 1.5 9.8 47.6 2.5 18.3 15.1 2.3 2.9

Slovenia 1140.7 1.6 8.4 38.3 4.8 28.3 5.8 2.6 10.2
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Table 5. Share of growing stock in ‘forest available for wood supply’ (FAWS) per harvesting system
for Europe and the five European regions and countries. FAWS corresponds to forest where har-
vesting is allowed from a legal perspective, and is profitable. Harvesting systems: CSK—chainsaw
and skidder, CFW—chainsaw and forwarder, HFW—harvester and rorwarder, CWF—chainsaw
and winch-assisted Forwarder, WHWF—winch-assisted harvester and winch-assisted forwarder,
SHTY—steep terrain harvester and tower yarder, CTY—chainsaw and tower yarder, CTYP—chainsaw
and tower yarder with integrated or excavator-based processor.

Distribution among Harvesting Systems

FAWS CSK CFW HFW CWF WHWF SHTY CTY CTYP

Million m3 Y% Y% Y% Y% Y% Y% % %

Europe 25,119.0 32 6.1 66.7 1.7 12.2 39 1.1 5.1
North Europe 6307.9 24 0.8 94.5 0.0 1.0 0.9 0.0 0.5
Denmark 117.7 3.5 22.0 74.5 0.0 0.0 0.0 0.0 0.0
Estonia 183.6 29.7 0.0 70.3 0.0 0.0 0.0 0.0 0.0
Finland 1991.8 0.3 0.4 99.3 0.0 0.0 0.0 0.0 0.0
Latvia 261.7 18.4 0.0 81.6 0.0 0.0 0.0 0.0 0.0
Lithuania 301.8 9.9 1.6 88.5 0.0 0.0 0.0 0.0 0.0
Norway 662.0 0.8 0.1 78.0 0.0 9.1 7.3 0.0 4.6
Sweden 2789.3 0.1 0.3 99.3 0.0 0.2 0.2 0.0 0.0
Central-West Europe 7979.3 52 9.9 58.3 1.7 15.1 1.5 0.7 7.7
Austria 1124.9 55 2.1 23.3 1.9 35.7 1.9 1.8 27.9
Belgium 2111 6.0 17.7 73.1 0.3 2.8 0.1 0.0 0.0
France 2200.5 3.8 8.8 61.0 1.1 15.5 3.3 0.8 5.7
Germany 3619.6 52 13.3 67.8 2.0 9.8 0.2 0.1 1.6
Ireland 89.3 13.9 1.9 79.3 0.1 3.3 0.9 0.0 0.5
Lichtenstein 1.2 1.5 44 11.7 18.1 7.1 0.0 51.2 6.0
Luxembourg 14.2 7.1 5.8 74.9 3.2 7.9 0.4 0.4 0.5
The Netherlands 45.6 49.9 1.1 49.0 0.0 0.0 0.0 0.0 0.0
Switzerland 312.6 2.6 2.7 23.2 4.6 24.7 2.1 4.6 35.5
United Kingdom 360.3 6.6 11.6 72.6 0.5 5.1 2.0 0.2 1.3
Central-East Europe 5713.5 33 55 70.8 23 9.7 4.7 1.8 1.8
Czech Republic 856.2 0.8 3.8 82.1 0.6 11.0 1.3 0.1 0.3
Hungary 466.8 9.2 3.3 81.0 0.0 5.0 0.9 0.0 0.6
Poland 2474.4 5.0 4.4 86.7 0.6 22 0.7 0.3 0.1
Romania 1403.0 0.7 7.1 45.1 54 16.4 13.8 6.0 55
Slovakia 513.1 15 11.1 36.2 7.2 29.2 8.5 2.4 3.8
South-West Europe 2211.0 0.7 3.0 38.6 2.0 29.5 8.3 1.6 16.3
Italy 1282.3 1.1 2.2 27.2 2.3 32.7 8.2 2.0 242
Portugal 150.8 0.4 55 69.8 0.6 18.5 44 0.2 0.6
Spain 777.9 0.1 3.8 51.3 1.8 26.3 9.3 1.1 6.4
South-East Europe 2907.5 1.4 10.7 42.7 3.6 20.9 12.3 3.0 5.6
Albania 43.6 0.5 57 18.3 7.9 26.4 18.7 10.0 12.6
Bosnia and Herzegovina 404.1 0.1 9.9 47.8 1.8 19.1 14.8 1.6 5.0
Bulgaria 695.4 1.2 9.2 46.5 3.4 18.7 13.3 3.5 43
Croatia 407.0 4.5 17.8 53.8 3.6 11.5 5.6 2.0 1.2
Greece 314.0 0.0 5.1 30.5 2.8 34.1 14.3 2.5 10.7
Montenegro 76.2 0.0 3.8 31.5 3.5 29.4 17.9 4.0 9.9
North Macedonia 95.8 0.0 8.5 33.0 59 21.4 19.8 7.1 4.3
Serbia 511.4 1.3 13.8 42.3 3.6 18.1 14.8 3.3 2.7
Slovenia 360.0 1.6 9.4 36.1 53 27.5 55 29 11.7

Chainsaw and tower yarder with integrated or excavator-based processor (CTYP)
are potentially suitable on 4.3% of the forest area and 5.1% of the growing stock. On the
remaining 8.9% of the forest area and 12.1% of the growing area, mechanization is only
partly possible by employing chainsaw and skidder (CSK), chainsaw and forwarder (CFW),
chainsaw and winch-assisted forwarder (CWF), and chainsaw and tower yarder (CTY)
for harvesting.
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In North Europe, over 95% of the forest area and growing stock are potentially har-
vestable with fully mechanized systems. Within the region, HFW is the dominant harvest-
ing system (94.7% of the harvestable forest area and 94.5% of the growing stock), while
in South-East Europe this system is suitable for less than half of the harvestable area and
growing stock (45.8% and 42.7%) (Tables 4 and 5). Since WHWEF and SHTY are both suitable
for around 1/3 of the forest area and growing stock in South-East Europe, a total of about
3/4 of the forest area and growing stock are harvestable with fully mechanized systems.

Central-West Europe has the lowest potential for mechanization. Nevertheless, 3/4
of the forest area and about 3/4 of the growing stock are suitable for fully mechanized
harvesting systems, with HFW being suitable for 60% and the WHWF for around 15%
of the forest area and growing stock. South-West Europe is the region with the highest
shares (9.5% of the area and 17.9% of the growing stock) of partially and highly mechanized
harvesting systems using cable yarding (chainsaw and tower yarder (CTY) and chainsaw
and tower yarder with integrated or excavator-based processor (CTYP)), while in North
Europe, cable yarding harvesting systems are almost neglectable (see Tables 4 and 5).

At the country level, the variation is even more evident. For instance, while in North
Europe, chainsaw and skidder (CSK) is the most suitable harvesting system only on <3%
of the forest area and growing stock, it is quite important for Estonia where it is the most
suitable harvesting system on almost 30% of the forest area. In the Netherlands, the CSK
has a high share with around 50% for both forest area and growing stock because of the
groundwater-affected soil conditions, which limit the use of mechanized harvesting systems.

While the chainsaw and tower yarder (CTY) and chainsaw and tower yarder, with
integrated or excavator-based processor (CTYP) cable yarding systems, are only impor-
tant on around 5% of the European forest area and 6% of the growing stock, they are
highly relevant systems in countries such as Switzerland, with 35% CTYP. Similarly, the
winch-assisted harvester and winch-assisted forwarder (WHWEF) are important for Austria,
Slovakia, Italy or Albania, where around 30% of the forest area and growing stock are
harvested with this system.

Finland, Norway, Sweden, and the Czech Republic revealed the highest potential
for mechanization, since the fully mechanized harvesting systems area is suitable for 95%
of the forest area and growing stock. The lowest mechanization options are evident for
Lichtenstein, where only 12.7% of the forest area and 18.7% of the growing stock are
suitable for fully mechanized harvesting, followed by the Netherlands with 47.9% and
49%, respectively.

4. Discussion

The 34 European countries in our study exhibit an estimated growing stock in “forest
available for wood supply’ (FAWS) of 25 billion m? (Table 5). This number is similar to the
State of Europe’s Forest (SOEF) report [1], which estimate a growing stock of 26.9 billion
m?, covering the same countries. The 7% difference in growing stock is mainly due to the
fact that in our study, the identified area of FAWS is 12 million ha lower versus the SOEF
report (137 million ha vs. 149 million ha), while the total forest area with 183 million ha is
similar in both studies [1].

The difference in FAWS was expected, since the calculation methods differ. The SOEF
report provides the sum of individual country reports, which may differ (i) by country-
specific differences in collecting national forest inventory data, ranging from point sampling
information to surveying or combinations of remote sensing and terrestrial data, (ii) by
different threshold definitions (e.g., maximum extraction distance, slope classes, forest area
definitions), as well as (iii) different country-specific environmental, economic, and social
factors [5,9].

When estimating the protected areas belonging to “forest not available for wood
supply” (FNAWS), we followed the suggestion by Alberdi et al. [9] and considered the
Ministerial Conference on the Protection of Forests in the Europe (MCPFE) categories “No
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Active Intervention” and “Minimum Intervention”. Other areas that are not available for
wood supply due to national regulations are not considered in our analysis.

Our results show a high mechanization potential for harvesting in large parts of
Europe (Tables 4 and 5), while [61] provide an estimate of the current mechanization level
for selected countries. For most of North Europe (Estonia, Finland, Latvia) and parts
of Central-West (Germany, Ireland, UK) and South-West (Italy) Europe, the current and
potential mechanized harvesting level are similar (see [61]), while for other countries within
these regions (Lithuania, Austria, France, Spain), the gap between potential and observed
mechanization is higher. In Central-East (Czech Republic, Poland, Romania, Slovakia)
and South-East (Bulgaria) Europe, the current level of mechanization is, in general, still
relatively low [61,62]. This gap between potential and observed mechanization may be
explained by forest ownership structure (e.g., share of publicly owned forest land), financial
means of individual forest owners, economic condition of the country, the implemented
silvicultural system, simply personal preference, or the availability of equipment and
workforce [18,61,62]. These factors influence the selection of a harvesting system and the
willingness to harvest.

The suitability of a harvesting system strongly depends on the regional road density,
the slope, the soil water conditions, and the dominant tree species at the harvesting site
(Table 3). We use road density as a proxy for the extraction distance and rather conservative
values for the extraction distances by the harvesting system to address that within a 500 m
cell, the forest distribution and any obstacles (e.g., waterbodies, creeks) are unknown.

Most of Europe’s landscape can be categorized as flat or hilly with a slope of <30° (see
also [63]). Thus, harvester and forwarder (HFW), with its recent technological improve-
ments, including the winch-assisted harvester and winch-assisted forwarder (WHWE),
is the most important harvesting system. Extraction distance is not a limiting factor for
WHWEF if the road network is well-developed. However, the low average road density
in South-East Europe (11 m/h) limits the use of WHWF and other harvesting systems
on moderate to steep slopes, resulting in around 35% of the forest area having limited
accessibility. In addition, in North Europe, ground-based machinery on flat terrain is
limited by the low average road density (9 m/ha).

In our analysis we use Open Street Map (OSM) data. These data result from a com-
munity project and may underestimate the forest road density in remote areas. Therefore,
a low average road density can reflect the actual infrastructure as well as an inactivity
of the mapping community. In addition, temporary winter roads are not considered in
our analysis.

According to the European Soil Data Base (ESDB) [39], limits in trafficability due to
groundwater are mainly found in the Baltic region, the British Isles, and the Netherlands.
In these areas, large-scale sensitive soil features such as wetlands exist. Small-scale soil
features which might also limit the use of harvester and forwarder on a local level were not
considered in our analysis due to the data limitations of the ESDB [39].

Our study suggests that tree dimension limits, only in exceptional cases, the use of
harvester and forwarder (HFW), winch-assisted harvester and winch-assisted forwarder
(WHWFE), and chainsaw and tower yarder with integrated or excavator-based processor
(CTYP). One of the reasons for this result may be the fact that we obtained the aver-
age diameter at breast height (DBH) from the forest characteristics data with a given
8 km x 8 km resolution [28]. This levels the actual DBH distribution, which may lead to a
tendency of to overestimate the growing stock available for processing by a harvester or
processor. We address this effect by choosing conservative maximum DBH values which
can be processed: (i) For conifers, a DBH = 40 cm in case of harvester and a DBH = 50 cm
in case of processor, and (ii) for selected broad-leaved species, a DBH = 30 cm for both
harvester and processor. Note that, in general, harvester heads can also process thicker
trees but maximum productivity is reached at a certain diameter after which it decreases
again [58,60,64].
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The applicability of harvesting systems mostly depends on slope and accessibility
(soil, road) of the terrain. As these data were available at a higher resolution, the selection
of the mechanized harvesting system was perfomed using a 500 m x 500 m grid.

The estimated forest area of and growing stock in ‘forest available for wood supply’
(FAWS) is accessible and feasible for economically profitable harvesting with current
mechanized harvesting techniques. Forest ownership, which often affects the willingness
to harvest, and prioritization of other ecosystem services, such as protection of soil or
infrastructure, may further reduce the availability of potentially harvestable timber.

In this study, we assess the current harvesting situation in Europe’s forests without
considering potential climate change effects such as changes in tree species composition or
the harvesting season, especially on sensitive soils [22]. Any increase of protected forest
areas will decrease the ‘forest available for wood supply’. However, technical innovations
or an extension of the road network system may increase ‘forests available for wood supply’.
With the methodology presented in this study, any of these changes and how they affect
the mechanized harvesting potential can be addressed easily, given that suitable data
are available.

5. Conclusions

The forest of the 34 European countries of our study covers 183 million ha, where
4.3%, or 7.8 million ha, are protected by legal regulations, and 20.8%, or 38 million ha, have
a limited accessibility. This results in an area of 137 million ha, or 74.9%, of "forest available
for wood supply’ (FAWS). According to our results, a low road density is the most limiting
factor for mechanized harvesting. Especially in North and South-East Europe, the share
of FAWS could be improved by establishing additional forest roads. It is also important
to note that the areas with limited accessibility can still be feasible for a profitable forest
management. However, further data and/or increased care and planning might be needed
when harvesting these areas. Harvester and forwarder (HFW) is by far the most important
harvesting system since it is suitable for 2/3 of the area of ‘forest available for wood supply’
(FAWS) in Europe. Together with winch-assisted harvester and winch-assisted forwarder
(WHWE), about 80% of the area and growing stock of FAWS in Europe can be harvested by
fully mechanized harvesting systems.

Our analysis suggests a high potential for mechanized harvesting in Europe. We think
that in the context of ensuring wood supply, this is a promising result, but also want to
stress that, even though a harvesting system may be considered applicable to a certain
forest site, thorough planning and execution of forest operations are key to limit undesired
environmental impacts such as soil compaction, soil erosion, or stand damage [65,66] to
avoid a negative impact on forest growth [52].
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Appendix A

Table Al. Diameter at breast height (DBH) limitations for different tree species and harvesting
systems. Tree species ID and name according to the tree species maps for European forests [42].
Poplar (Populus spp.) is considered unsuitable for mechanized felling and processing. Harvester
refers to harvesting systems using harvester, winch-assisted harvester or steep terrain harvester.
Processor refers to the chainsaw and tower yarder with integrated or excavator-based processor
harvesting system.

DBH Limit (cm)
ID Name Harvester Processor
1 Abies spp. 40 50
2 Alnus spp. 40 50
3 Betula spp. 40 50
4 Carpinus spp. 30 30
5  Castanea spp. 30 30
6  Eucalyptus spp. 40 50
7 Fagus spp. 30 30
8  Fraxinus spp. 30 30
9  Larix spp. 40 50
10 Broadleaved misc 30 30
11 Conifers misc 40 50
12 Pinus misc 40 50
13 Quercus misc 30 30
14 Picea spp. 40 50
15 Pinus pinaster Aiton 40 50
16  Pinus sylvestris L. 40 50
17 Populus spp. - -
18  Pseudotsuga menziesii (Mirb.) Franco 40 50
19 Quercus robur L. and Quercus petraea (Matt.) Liebl. 30 30
20  Robinia spp. 30 30
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