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Abstract: The article gives a comprehensive overview of the roundwood equivalents (RE) consumed
in the German bioeconomy from Germany and abroad between 1995 and 2015, i.e., the Timber Foot-
print of final Consumption (TFPcon). The calculation is based on an adapted version of Exiobase 3.4.
The sustainability of roundwood procurement for the TFPcon is assessed. A systematic embedding of
the tree compartments considered in the TFP in the context of national forest inventories and material
flow analysis is presented. The results show that, in 2015, the total volume of the TFPcon of Germany
is 90 Mm3 (slightly above the 1995 level) and is composed of 61% coniferous and 39% non-coniferous
wood. Germany is strongly dependent on roundwood sourced from abroad and thus was a net
importer of RE in 2015. Among the 17 countries with the largest supply of RE for the TFPcon, around
one third very likely include large shares of roundwood procured from deforestation or clear-cutting.
The self-sufficiency rate in 2015 was only 76%. It would be possible to increase domestic roundwood
production by 8–41% (mainly in the hardwood sector) without exceeding the sustainability limits as
defined in the WEHAM scenarios.

Keywords: roundwood equivalents; supply security; environmental monitoring; environmental
input–output analysis; sustainable consumption and production; resource footprints

1. Introduction

Growing population, increasing consumption and ongoing globalization result in an
increase in global resource use [1]. One consequence of globalization is that the locations
where goods are produced and consumed lie spatially far apart but are still linked by
supply chains [2–4]. In light of a globalized economy, respecting planetary boundaries
is a prerequisite for sustainable development [5]. Bioeconomy is proposed as one of the
key strategies towards this end by improving and expanding the role of agriculture and
forestry in meeting human needs while preserving healthy ecosystems [6].

According to the German Bioeconomy Council, the concept of bioeconomy comprises
“the production and use of biological resources (including knowledge) in order to pro-
vide products, processes, and services in all economic sectors within the framework of a
sustainable economic system” [7].

In Germany, a consortium of three projects characterizes the status quo of bioeconomy
and proposes the development of a monitoring system to generate policy-relevant infor-
mation. Within this context, the project “SYMOBIO—Systemic monitoring and modelling
the Bioeconomy” is developing a monitoring system and identifying key indicators for
assessing the status of the bioeconomy with respect to social and environmental goals in
line with the Sustainable Development Goals (SDGs) [8].
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In this context, an “indicator system for assessing the sustainability of bioeconomy”
has been published [9]. Following the Driver–Pressure–State–Impact–Response (DPSIR)
Framework [10], resource inputs determine the scale of environmental impacts associated
with extraction (input) and emissions (output). Resource and climate footprints quantify
the resource throughput of a system. Steinmann et al. [11,12] show that the fossil energy,
water, land and material footprint indicators are a good proxy for environmental impact.

The Timber Footprint (TFP) is major component of the aforementioned material
footprint and a relevant indicator for assessing the sustainability of a bioeconomy [9].
Global forests play a fundamental role in the provision of ecosystem services and the
protection of biodiversity, climate, water and soil and are therefore a topic of high priority
in international studies [13,14]. In particular, the systemic interactions of individual factors,
e.g., biodiversity and ecosystem services, are the subject of intensive research [15–17].
It is of global interest to keep forests intact and healthy, as stated by goal 15, “Life on
Land”, of the SDGs [13]. Harming these ecosystems through overuse can have serious
consequences on a local and global scale. Around 45% of terrestrial carbon is stored in forest
biomass [18]. Regarding climate change, deforestation contributes to a carbon loss of the
soil [19], increases CO2 emissions [20] and leads, especially in tropical and temperate zones,
to a decreased cooling effect [21]. In addition, deforestation has serious consequences,
such as the loss of biodiversity and extinction of species [22,23].

Buongiorno et al. [24] predict an increase in global roundwood demand by around
44% from 2005 to 2030 following the IPCC scenario A1B with a strong increase in wood
used for energy production (fuelwood). A second study by Buongiorno [25], based on the
IPCC B2 scenario, predicts an increase in roundwood production of around 61% between
2001 and 2065. Furthermore, the Food and Agricultural Organization of the United Nations
(FAO) [26] predicts an increasing demand for fuelwood, likely rising globally from 2 Gm3

in 2005 to 3 Gm3 in 2030. These predictions are supported by single country studies
as conducted in Sweden [27] and Finland [28]. The actual developments are strongly
influenced by political targets, such as the revised renewable energy directive of the EU [29].

It is likely that the predicted increase in the demand for roundwood will result
in an increased use of forest resources [30]. This additional forest resource use could
have an influence on the provision of forest ecosystem services depending on the type of
forest [31,32] and forest management [33,34].

In 2020, 4.06 billion ha of forests covered 30.8 percent of the world’s land area and
provided direct sustenance to two billion people. Tropical and subtropical forests comprised
56 percent of the forest area, while temperate and boreal forests accounted for the rest.
Natural regenerating forests were estimated to constitute around 93 percent of global
forests, while planted forests constitute around 7 percent [35].

The 2020-released State of the World’s Forest Report from FAO and UNECE [35] shows
the diversity of damage impacts on global forests. These are often forest-type-specific and
vary greatly between ecoregions and climate zones. While the net global loss of forest
cover has declined significantly since 1990, more than 6 million hectares of forest area
were lost annually in the Global South between 2010 and 2020. In Africa, there is even an
increasing trend, with around 20% more forest area loss between 2010 and 2020 compared
to 1990–2000 [35]. Here, more than 50% is driven by the production of fuelwood and
charcoal [36]. Just over one quarter of global forest loss is driven by deforestation, out of
which 95% occurs in the tropics, where Brazil and Indonesia alone account for nearly
half of this share [37]. In contrast, two thirds of forest degradation occurs in temperate
countries. High-latitude forests are increasingly threatened by fire [38] and temperate
forests by pests [39].

For monitoring, it is necessary to use indicators that allow direct comparison of the
different regions of origin, despite the variety of forest management systems [40] and
accounting methods [41]. Typical census issues are that top-down satellite images are hard
to reconcile with official statics, which only consider deforestation as change in land use,
not harvesting from forest plantations.
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In this study, the indicator Timber Footprint of German final consumption of round-
wood equivalents (TFPcon) is chosen, which allows quantification of the RE sourced from
within and outside Germany and a subsequent assessment of the respective region of origin.
This article shows the development of the Timber Footprint of Germany from 1995 to 2015,
identifying the source countries, and respective quantities, which originate from these
countries. Two different methods are used to assess the sustainability of the respective
source regions of final RE consumption in Germany. The first method uses statistical
information from international reports such as the Global Forest Resource Assessment [42],
The State of Europe’s Forest Report [43,44] to calculate the country- or region-specific ratio
of annual roundwood removal to annual net increment. This “forest utilization rate” is a
common indicator reported, for example, by the EEA [45]. The second method combines
spatially explicit information on annual forest area loss [46], growing stock volume [47]
and the underlying dominant driver of forest loss [37] to calculate the amount of round-
wood gained from deforestation and clearcutting practices that serves as a proxy for high
environmental impacts.

Our analysis answers the question of whether the German roundwood demand can
be satisfied self-sufficiently and sustainably. We also identify regions where roundwood
sourcing could be critical for a sustainable bioeconomy.

2. Materials and Methods
2.1. General Approach

A systematic embedding of the tree compartments considered in the quantification
of the TFP in the thematic framework and respective nomenclature of National Forest
Inventories and material flow analysis is presented (Section 2.2). The amount of final con-
sumption and total throughput of RE by the German bioeconomy is calculated (Section 2.3).
The sustainability of the footprint and the regions of origin is evaluated (Section 2.4).

2.2. Forest Material Accounting for the Timber Footprint

A systematic overview of the allocation of tree components to use categories and the
respective terminology commonly used in national and global forest inventories [48–50],
material flow analysis indicators [51–53] and plant ecology [54] is presented in Figure 1.
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Figure 1. Systematic overview of the allocation of tree components to a usage category adopting
forestry terminology and material flow analysis indicators. A glossary is attached in the Supplemen-
tary Information I. The white spaces indicate the cut between different categories of roundwood,
which are marked with the respective number (1–5). Category X is not apparent in the tree visu-
alization, as it consists of non-coarse wood that is not further subdivided at harvest. The green
line symbolizes the typical felling cut during the wood harvest. Natural losses are not recoverable
and therefore not allocated to a usage category. The TFP as calculated in this paper consists of the
categories 1–3 and X.
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2.2.1. Timber Footprint (TFP)

The quantity of wood accounted for in the TFP as it is presented in this study has the
unit roundwood equivalents under bark (u.b.) and comprises the same tree parts as the
FAO “Roundwood Removals” (categories 1–3 and X).

2.2.2. Roundwood Equivalents (RE)

The term roundwood equivalent u.b. (RE), as used in this study, reflects a theoretical
volume of roundwood under bark necessary as input to produce the specific output
of each economic sector included in the multi-regional input-output database (MRIO).
Depending on the sector considered, these RE are physically visible (e.g., furniture sector)
or a theoretical attribution (e.g., services sector).

2.2.3. Terminology of Forest Inventories for the Present Study

The different tree parts are allocated to different categories. Tree stems are classified
as (1) Stemwood and Treetops to (2) Roundwood for Industrial Purposes. Both categories
are used for material purposes. Large branches and oversized stem parts are allocated to
(3) Fuelwood and used for energy purposes. The three categories (1, 2 and 3) fit into the
growing stock definition of the FAO [55] with a given diameter at breast height (dbh) of
≥10 cm. Trees with a dbh diameter of <10 cm are defined as non-coarse wood (category
X). If these are felled, e.g., for stock thinning purposes, the biomass is used for energy
purposes as in category 3.

The sum of the categories 1–3 and X is reported as “Roundwood Removals” in the
FAO database. Per definition, stumps and roots would be considered under this term too if
they are removed from the forest, but since their large-scale harvest is rather uncommon in
most of the European countries today, they are excluded from Figure 1 for visualization
purposes [56].

Since Roundwood Removals are reported in m3 under bark (u.b.), category 4 (bark) is
not included. Category 5, “Harvest Residues”, consists of leaves, needles, small branches,
stumps and roots. These are tree parts which are not removed from the forest in a typical
harvest scheme. The term Roundwood Fellings, defined by FAO, comprises the roundwood
volume removed from the forest (Roundwood Removals u.b.) as well as bark and the
harvest losses, which remain in the forest. On the growth side, the term Net Annual
Increment (NAI) is used to determine the volume of roundwood over bark (o.b.) by
which the stock increases annually, taking into account the impact of natural events and
human harvesting.

2.2.4. Terminology of Material Flow Analysis (MFA) for the Present Study

The two indicators Raw Material Input (RMI) and Total Material Requirement (TMR)
are derived from economy-wide material flow accounting [51–53]. The RMI accounts for
the used extraction of biotic and abiotic raw materials and the TMR additionally considers
the unused extraction. Figure 1 exclusively considers the timber shares of RMI and TMR.
For the calculation of the MFA indicators, a conversion from wood volume to mass using
the wood-species-specific density is required. The sum of the categories 1–4 and X can be
allocated to the indicator Raw Material Input of timber (RMIbiotic, timber). If the biomass
comprised in category 5 (harvest losses) is added, the indicator Total Material Requirement
of timber (TMRbiotic, timber) is obtained. A detailed description of the implementation
of the Timber Footprint in life cycle analysis (LCA) software will be presented in an
additional publication.

2.2.5. Terminology of Plant Ecology for the Present Study

The Net Primary Productivity (NPP) is the sum of all carbon fixed by plants via
photosynthesis minus the carbon loss through respiration, root exudates and volatile
organic carbon emissions.
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2.3. MRIO Analysis
2.3.1. Footprint Calculation with Exiobase 3.4

In recent years, different multi-regional input–output databases for footprint analysis
have been created, e.g., Exiobase [57], GTAP [58], WIOD [59] and EORA [60]. These databases
can be used to quantify the product flows within and between countries. In addition,
the environmental extensions of these databases contain information about resource ex-
traction, emissions and waste disposal for the respective countries. It is therefore possible
to trace the environmental impacts of final product consumption in one country back to
their origin in other countries.

The environmentally extended input–output matrix Exiobase 3.4 [61] is used as a base
for the footprint calculation [57]. A is the matrix of input coefficients, x is the n-element
column vector of the outputs and y the n-element column vector of the total final demand.
The isolation of the output vector x results in

x = (I − A)−1y (1)

The matrix (I − A)−1 is called Leontief inverse. Given that the final demand y and
the coefficient matrix A are known, the sectoral outputs x can be calculated as the total
economic output of a respective sector in a respective nation as a function of the final
demand y of the consuming nation. The final demand of RE of the German bioeconomy is
calculated by the standard Leontief input–output model [62]. The resources included in
the Timber Footprint are stated in Table 1.

Table 1. Conceptual coverage of the Timber Footprint (m3 RE) of Exiobase 3.4.

Footprint Coverage Source

Timber Footprint

Used Domestic Extraction of:

Exiobase 3.4 adapted by
a nowcasting process

Industrial Roundwood Coniferous
Industrial Roundwood Non-Coniferous

Woodfuel Coniferous
Woodfuel Non-Coniferous

The Timber Footprint of Consumption (TFPcon) is obtained by adding the mass of
extracted roundwood within the national territory to the quantity of RE extracted abroad
to satisfy the domestic consumption of products and services, and then deducting the
quantity of domestically extracted RE used for export. Without the deduction, the Timber
Footprint of Production (TFPp) is obtained, which quantifies the total throughput of RE of
the German production system.

2.3.2. Adaptation of Exiobase 3.4 for This Study by Nowcasting

The multi-regional input-output database (MRIO) EXIOBASE v3.4 [61] covers the
years from 1995 and up to 2011. In order to take into account recent, already known
developments, the MRIO data (including the satellite accounts) are extended up to 2015,
based on available statistical information, with a focus on data relevant for the bioeconomy.

This nowcasting approach first consolidates the 200 product groups contained in the
original Exiobase 3.4 MRIO database into an aggregated version with 62 product groups.
This step reduces the number of matrix elements by a factor of 10 and thus enables a
much more flexible handling for nowcasting and forecasting experiments. The aggregation
scheme for consolidation is designed in such a way that the bioeconomic parts of the
MRIO remain unaffected. Comparisons for footprint indicator assessments based on the
consolidated MRIO show deviations of below 1% from the original solution. The major
aspects and data foundations for the nowcasting of the MRIO data for all 44 countries
and 5 Rest of World regions (ROW) are time series information for 2011 to 2015 on the
following aspects:
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1. Production quantities of crops and wood on basis of FAOSTAT that are reported in
the satellite accounts of the MRIO and that are key for the material flow analysis;

2. GHG emissions—where possible, differentiated for industries—on basis of Eurostat
and UNFCCC data that are also reported in the satellite accounts of the MRIO and
that are key for the assessment of GHG footprints;

3. Macro-economic indicators (e.g., the final consumption expenditures by household)
and Non-Profit Institutes Serving Households (NPISH) on basis of Worldbank data
for the prolongation of the final demand blocks of the MRIO;

4. Gross output at current prices for the agricultural sub-sectors on the basis of FAOSTAT
for the adjustment of MRIO rows for these sub-sectors.

2.4. Sustainability Assessment of the Timber Footprint
2.4.1. Net Annual Increment

The average values of net annual increment (NAI) (m3/ha−1y−1) are taken from
the Global Forest Resource Assessment (FRA) report [42] and the SOEF 2015 report [43].
If different figures are given in the two reports, the mean value of the two reports is used.
In cases where just one report states a value, this value is used. Where none of the reports
gives a value, the FAO continental average increment rates are used [63,64], which is the
case for Australia, Canada, India and Mexico. See Supplementary Information II for details.

The forest area available for wood supply (FAWS) (ha) was taken from O’Brien [64]
based on the State of Europe’s Forests 2011 [65] and State of the World’s Forests 2011 [66].
By multiplying the NAI with FAWS, the total annual increment volume at country level
is determined.

2.4.2. Roundwood Removal Adjustment (RRA)

The FAO values are reported in roundwood removals under bark. Therefore, we add
12% bark and 10% harvest residues as a Roundwood Removal Adjustment (RRA) in order
to be consistent with the quantity of net annual increment. The RRA value of 22% is derived
from different literature sources (Supplementary Information III).

2.4.3. Sustainable Sourcing of Roundwood

The ratio of the average total roundwood removals adjusted with RRA 22% (Section 2.4.2)
and the total annual increment volume determines the use intensity of the forest. A use
intensity of less than 95% of NAI is considered sustainable (non-critical), between 95% and
105% of limited sustainability (possibly critical) and >105% unsustainable (critical).

2.4.4. Forest Growth Utilization Rate

The mean forest growth utilization rate of Germany is calculated by the ratio of
roundwood removals (RR) and the net annual increment. This indicator is used according
to the indicator “forest utilization” of the EEA [67]. Therefore, the reported roundwood
removal u.b. values are adjusted using Roundwood Removal Adjustment RRA 22% as
in Section 2.4.2. The roundwood removals are taken from the FAOSTAT database [44].
The net annual increment is reported by the German Ministry of Food and Agriculture [68].

2.4.5. Self-Sufficiency Rate

The self-sufficiency rate of Germany is the ratio of TFPcon to domestically sourced
wood, following the equation provided by [69]. The quantity of domestically sourced
roundwood is taken from FAOSTAT and the TFPcon is based on our own calculations
in Section 2.3.

2.4.6. Deforestation Wood as Possible Source for the TFP

The quantity of roundwood from clear-cutting and deforestation procurement prac-
tices i, as defined by Curtis et al. [37], of a respective country or region c is calculated as
DWc,i

(
m3) by the following steps:
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1. The annual global area of forest loss per year displayed as a raster layer with a high-
resolution grid of 30 m was published by Hansen et al. [70]. The data are freely
available for the period 2000–2019 on the website operated by the University of
Maryland [46]. For this study, information is filtered by deforestation events DA+

that occur between 2010 and 2015. Cells without deforestation events are classified
as DA0. The layer is then aggregated to a resolution of 100 m using R Version 3.6.1.
The result is a new raster layer X showing the share of deforestation area DS per
100-m cell in the observed period.

DS =
∑n

i DA+

∑n
i DA+ + ∑n

i DA0
(2)

2. This layer X is then overlaid with a raster layer showing the growing stock volume
GSV

(
m3) per cell at a resolution of 100 m for the base year 2010, published by

Santoro [47] using QGIS Version 3.14.16. By combining the two layers, we obtain
a new layer Y showing the amount of wood procured through deforestation and
clear-cut operations DW

(
m3) per 100-m cell during the observed period.

DW
(

m3
)

= DS ∗ GSV
(

m3
)

(3)

In the next step, this layer Y is then aggregated using resampling (aggregation method =
sum, weight according to the area) to a resolution of 5 arc-minutes using QGIS Version 3.16.

3. Curtis et al. [37] identified the dominant drivers of global forest loss from five different
categories i (commodity-driven deforestation, shifting agriculture, forestry, wildfires
and urbanization) for the time period 2001–2015. The information is available as
a raster layer with a resolution of 10 km. For this study, the category wildfire is
excluded from analysis based on the assumption that wood affected by forest fire
is not subsequently used. The existing layer is resampled to the resolution of 5 arc-
minutes (aggregation method = average, weight according to the area) using QGIS
Version 3.16 resulting in the layer Z.

4. A global 5-arc-minutes point shapefile is used to link layer Y and Z information to
each point coordinate of a respective country or region of origin c using the GRASS
point sampling tool of QGIS Version 3.14.16. The result is then summed to a country
or region resolution using R Version 3.0.4 and divided by six to obtain the annual total
volume of roundwood procured on deforestation or clear-cutting areas DWc,total

(
m3)

or the driver-specific volume DWc,i
(
m3).

DWc,total

(
m3

)
=

n

∑
i

DWc,i

(
m3

)
(4)

5. The resulting annual quantity of DWc,total
(
m3) is then compared to the official RRA

22%-adjusted annual roundwood production of the respective country or region
provided by FAOSTAT [44].

3. Results

The German Timber Footprint of Production (TFPp) for the year 2015 was calculated
at 129 Mm3 (Figure 2). According to our results, 53% of the RE of the TFPp is domestically
sourced. Around 47% of the resources in the TFPp are sourced in foreign regions. Among
the foreign suppliers of RE, Europe provides 29%, Africa 8%, Asia 4%, America 6%, and the
Middle East delivers less than 1% of the resources consumed in Germany. The major part
of the domestically sourced RE (66%) in Germany stays in the country instead of being
exported. This corresponds to 50% of the German footprint of final consumption (TFPcon).
Thirty-four percent of the domestically sourced RE is exported. As imports exceeded
exports by 56%, Germany was a net importer of RE in 2015. We calculated the German
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self-sufficiency rate [69] in 2015 as 76%. The mean self-sufficiency rate between 1995 and
2015 was 67%.
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The Timber Footprint of Production (TFPp) shows a strong increase in the first five
years of the examined period, while in the following years, we observe a fluctuating trend
caused by severe storm events. The mean is around 136 Mm3 between 2000 and 2015
(Figure 3). In 1995, the export has a share of 17% of the total footprint of production, which
doubles in the next decade. Between 2005 and 2015, exports remain at around 30% of
the total footprint of production. Germany becomes more export-oriented in the total
examined period, with an export increase by around 130%. The resource productivity
(GDP/Resource Input) increases by around 30% within this timeframe—presumably driven
by increased exports.

The development of the TFPcon of Germany between 1995 and 2015 shows a fluctuating
trend (Figure 4). The TFPcon in 2015 is, with around 90 Mm3, only slightly higher (10%)
than in 1995. The share of RE sourced within German territory of the total TFPcon increases
from 40% in 1995 to 50% in 2015. The mean of TFPcon between 1995 and 2015 consists of
57% coniferous wood and 43% non-coniferous wood. There are two peaks visible in 2000
and 2007, both followed by a strong decline, explained by the hurricanes “Lothar” and
“Kyrill”, as a result of which millions of cubic meters of roundwood had to be removed
from the forest, increasing the share of domestic extraction in the footprint.
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Between 2010 and 2015, the RE sourced from Europe for the consumption in Germany
increased by 15%, while domestically sourced RE declined by 11%. The amount of wood
sourced from Africa and Asia strongly decreased over the last decade, namely by 50% and
54%, respectively. At the same time, the amount of wood from America and Middle East
remained relatively constant.

The mean total forest growth utilization in Germany between 2005 and 2015 adjusted
for bark and harvest losses with RRA 22% following Section 2.4.2 is shown (Figure 5).
The growth utilization rate value lies at 77%. Figure 5 further highlights that conifer-
ous wood has a higher growth utilization rate (86%) than non-coniferous wood (61%).
A comparison of the abovementioned results with the average annual projected round-
wood potential between 2013 and 2052 obtained from the WEHAM scenarios Nature
Preference Scenario (NPS) and Wood Preference Scenario (HPS) [71] shows that an in-
crease in annual roundwood production of between 8 and 41% would be possible without
violating the SOS, mainly in the non-coniferous (hardwood) sector.
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The sustainability of supply is assessed by combining information about the conditions
of resource mobilization in the country of origin with the amount of RE sourced for
German consumption (Figure 6). The three categories “TFPcon of a sustainable origin”
(greens), “TFPcon of a questionable sustainable origin (yellows) and “TFPcon of presumably
unsustainable origin” (reds) are visible. According to our analysis, most countries in Europe
can be classified as sustainable sources for wood. Exceptions are Ireland and Estonia,
which are categorized as questionable sources of sustainable harvested roundwood. Based
on the data used, roundwood production exceeds the annual increment in Sweden and
Belgium. These countries are therefore classified as “presumably unsustainable” sources
of roundwood. Our analysis shows America, but not Mexico and Brazil, as a sustainable
source of roundwood. In contrast, the continent of Africa and most parts of Asia and
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Oceania cannot be classed as sustainable sources of roundwood. The underlying data for
the calculation are provided in Supplementary Information II.
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version of Exiobase 3.4 evaluated by the ratio of roundwood removals to net annual increment. The roundwood removals
are adjusted by using the RRA 22%. The figure was produced with QGIS version 3.14. Underlying data are provided in the
Supplementary Information IV.

The 17 foreign regions that each supply more than one million m3 of RE per year
between 2010 and 2015 to the German TFPcon are analyzed in terms of their annual
wood procurement volume through deforestation and clear-cut operations as defined
by Curtis et al. [37] and the official quantity of annual roundwood removals reported by
FAOSTAT (Figure 7). The analysis assumes that the wood from forest area clearing is used
for energy or material purposes regardless of the reason for the clearing. Two thirds of
the German wood suppliers use predominantly procurement practices that lead only to
short-term loss of forest area, such as by forestry clear-cutting. However, this does not hold
for ROW Asia and Pacific, ROW America, ROW Africa, Brazil and Indonesia. Here, large
forest areas are cut down due to shifting agricultural practices (SA) or commodity-driven
deforestation (CDD) (e.g., palm oil plantations, mining). The difference between CDD and
SA is that the latter shows a regrowth of forest after a short to medium period of time,
whereas CDD does not show forest regrowth, not even in the longer term. The commodity-
driven deforestation may account for up to 41% (ROW Asia and Pacific), 49% (ROW
America), 62% (Brazil) and 199% (Indonesia) of the officially reported amount of round-
wood removals (adjusted with RRa 22%) from FAOSTAT. For ROW Africa, agricultural
shift seems to be a major driver of forest area conversion and consequently a source of
wood, with an attributable share of around 44%.



Sustainability 2021, 13, 3878 12 of 19
Sustainability 2021, 13, x FOR PEER REVIEW 14 of 21 
 

 
Figure 7. Comparison of procured roundwood o.b. on deforested and clear-cut areas (GIS analysis) with officially reported 
roundwood removals (FAOSTAT) of the 17 largest suppliers to the German TFPcon from abroad, averaged from 2010 to 
2015. The dark green column shows the official data from FAOSTAT adjusted for bark and harvest losses with RRa 22%. 
The stacked columns show the result of the GIS analysis combined with the deforestation and clear-cut driver information 
from Curtis et al. [37]. The underlying data can be found in Supplementary Information IV. 

4. Discussion 
4.1. Implications for Germany 

On the basis of the calculated forest growth utilization rate for 2015, it would be 
possible to increase the amount of domestic roundwood production without exceeding 
sustainability limits. The comparison with the alternative WEHAM scenarios [71], namely 
the Nature Preference Scenario (NPS) and Wood Preference Scenario (HPS), shows that 
an average annual increase of between 8 and 41% would be possible without violating 
sustainable conditions. The forest growth utilization rate is higher for coniferous wood 
than for non-coniferous wood (Figure 5) and the total TFPp shows a strong dependency 
on coniferous roundwood (Figure 3), which is also stated by Weimar [73]. This depend-
ency entails risks. Coniferous trees are shallow-rooted and, despite progressive forest re-
structuring measures in German forests, still dominant as monocultures [74]. This makes 
them vulnerable to natural phenomena such as storms [75] and pest infestation (e.g., bark 
beetles) [76–78]. The increased forest damage due to calamities under the hurricanes Lo-
thar in 1990 and Kyrill in 2007 underline the risks. The impact of these two hurricanes can 
be seen directly in the sharp increase in the volume of domestically sourced roundwood 
in 2000 and 2007, followed by a sharp decline over three years, resulting in the fluctuating 
trend shown in Figures 3 and 4. This results from the fact that calamity wood must be 
quickly removed from the forest to prevent beetle propagation [79], even if there is no 
market demand for further use. 

It must be mentioned that recent damages due to the dry summers in 2018 and 2019 
and the hurricane Friederike are not reflected in our data. The forest condition report of 
2020 of the Federal Ministry of Food and Agriculture (BMEL) [39] shows that 37% of the 
trees suffered severe effects of drought in 2020 (36% in 2019 [80]), which is an increase of 
8% (7%) from 2018 [39,80]. In the case of spruce, the proportion of significant crown 
thinning rose by 19% from 2018 to 2020. Only 21% of the pine trees showed no signs of 
crown thinning in 2020, which is the lowest percentage ever recorded for this species 
[39,80]. Similar trends can be observed in many other European countries, with around 

Figure 7. Comparison of procured roundwood o.b. on deforested and clear-cut areas (GIS analysis) with officially reported
roundwood removals (FAOSTAT) of the 17 largest suppliers to the German TFPcon from abroad, averaged from 2010 to
2015. The dark green column shows the official data from FAOSTAT adjusted for bark and harvest losses with RRa 22%.
The stacked columns show the result of the GIS analysis combined with the deforestation and clear-cut driver information
from Curtis et al. [37]. The underlying data can be found in Supplementary Information IV.

4. Discussion
4.1. Implications for Germany

On the basis of the calculated forest growth utilization rate for 2015, it would be
possible to increase the amount of domestic roundwood production without exceeding sus-
tainability limits. The comparison with the alternative WEHAM scenarios [71], namely the
Nature Preference Scenario (NPS) and Wood Preference Scenario (HPS), shows that an aver-
age annual increase of between 8 and 41% would be possible without violating sustainable
conditions. The forest growth utilization rate is higher for coniferous wood than for non-
coniferous wood (Figure 5) and the total TFPp shows a strong dependency on coniferous
roundwood (Figure 3), which is also stated by Weimar [73]. This dependency entails risks.
Coniferous trees are shallow-rooted and, despite progressive forest restructuring measures
in German forests, still dominant as monocultures [74]. This makes them vulnerable to
natural phenomena such as storms [75] and pest infestation (e.g., bark beetles) [76–78].
The increased forest damage due to calamities under the hurricanes Lothar in 1990 and
Kyrill in 2007 underline the risks. The impact of these two hurricanes can be seen directly
in the sharp increase in the volume of domestically sourced roundwood in 2000 and 2007,
followed by a sharp decline over three years, resulting in the fluctuating trend shown in
Figures 3 and 4. This results from the fact that calamity wood must be quickly removed
from the forest to prevent beetle propagation [79], even if there is no market demand for
further use.

It must be mentioned that recent damages due to the dry summers in 2018 and 2019
and the hurricane Friederike are not reflected in our data. The forest condition report of 2020
of the Federal Ministry of Food and Agriculture (BMEL) [39] shows that 37% of the trees
suffered severe effects of drought in 2020 (36% in 2019 [80]), which is an increase of 8% (7%)
from 2018 [39,80]. In the case of spruce, the proportion of significant crown thinning rose
by 19% from 2018 to 2020. Only 21% of the pine trees showed no signs of crown thinning in
2020, which is the lowest percentage ever recorded for this species [39,80]. Similar trends
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can be observed in many other European countries, with around 26% of all trees showing a
defoliation stage above the warning level in 2018 [40]. As climate change intensifies [81–83],
it is becoming increasingly difficult to meet the demand for coniferous wood within German
territory as the growing conditions deteriorate. To counteract this, forest restructuring
through natural regeneration and the replacement of coniferous monocultures with mixed
forests are being implemented as climate adaptation measures to cope with the risks of
global warming [84,85].

4.2. Implications of the German TFPcon for Countries Abroad

According to our calculations, around half of the wood of the German TFPcon in 2015
was sourced from domestic territory. The other half stemmed from foreign territory, where
the sustainability of wood procurement practices and forest management bear the risk of
violating sustainability rules. This applies particularly to the Global South, i.e., Africa,
Brazil and South-East Asia. Our results assign Sweden to the category of non-sustainable
roundwood procurement (Figure 6). This does not appear to be intuitive and may be partly
caused by data uncertainties. However, a recent study confirms problems in the Swedish
forest sector in the sense that Sweden has the highest loss of forest area in Europe and saw
an increase in harvested forest biomass of around 70% in recent years [86].

The proportion of countries in which roundwood removals are likely to include sourc-
ing from deforestation and clear-cutting areas was assessed (Figure 7). The findings of this
assessment are supported by other sources such as the World Resource Institute [87], which
underline that forest area loss due to clear-cutting procurement practices is happening
at a large scale all over the planet. The loss of forest area always has an impact on the
local environment and leads to a loss of ecosystem services [88,89]. The environmental
impacts are particularly drastic when forest areas are permanently lost, as is the case in
the categories of commodity-driven deforestation (CDD) and urbanization or over a long
period (category of shifting agriculture—SA). Since the GFW category of forestry covers
clear-cutting with subsequent reforestation, it leads to less drastic results than the other
three categories, where forest is effectively lost. Our assessment shows that out of the
17 largest suppliers to the German TFP, around one third show a drastic loss of forest area
in the categories CDD and SA between 2010 and 2015. The most notable case is Indonesia.
Here, the forest area converted by yearly clear-cutting suggests so much harvesting that
the calculated amount of wood sourced on these sites exceeds the officially reported round-
wood removals by more than 125%. This assessment indicates that Indonesia is probably
an unsustainable source of roundwood and raises questions regarding the reliability of the
official reports provided.

It can be assumed that wood procured on clear-cut or deforestation areas is sub-
sequently used as material or energy. This wood would have to be clearly labeled as
non-sustainable, regardless of whether it is used in the country or leaves the country via
exports. Here, the responsibility lies with the trading partners to insist on a complete and
transparent supply chain. However, the TFP or roundwood production of the respective
country or region is by no means the sole driver of deforestation and can only be associated
with these actions. Altogether, these results illustrate an interplay of various factors ranging
from urbanization to the expansion of agricultural land and mining activities. It is therefore
not possible to draw direct conclusions from the results about the exact contribution of
the German TFP to forest area loss in other countries. The issue is addressed in a recent
study [90] which examines the problem of traditional policy approaches and frameworks
such as REDD+ and the Tropical Forest Alliance 2020 in relation to measures against de-
forestation, and it concludes that the complexity of the reasons for deforestation is often
ignored and instead a broad discourse is advocated.

However, it is a positive development that the share of TFP from the above-mentioned
“non-sustainable regions” in wood procurement has declined significantly in recent years
(Asia—54%, Africa—50% and America—27%). Brazil and Indonesia also show a decline
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in wood procurement for TFP of −33% and −51%, respectively. This could lead to a
theoretical relief of the (over-)used forest areas in these regions.

4.3. Limitations of Current Approach and Way Forward

The quantification of the Timber Footprint is so far limited to the spatial aggregation of
Exiobase 3.4. Bjelle et al. [91] added country resolution (214 countries) to Exiobase, but only
for land footprint accounts. Recently, Cabernard and Pfister [92] added spatial detail to
Exiobase by combining it with the EORA database [93] and found that water stress and
biodiversity loss in the EU increases by up to 20% by this measure. This highlights the
large areas of uncertainty that still exist, especially for the vast Rest of the World regions.
For future regular monitoring, it would be desirable to have a database with country
resolution while maintaining high product resolution.

National forest inventories are the main data source for forest monitoring data pre-
sented in international programs such as the Global Forest Resource Assessment by the FAO
and the assessment of the state of European forests (SOEF) [94]. However, the literature
clearly indicates a great need for harmonization in the field of national forest inventories
(NFI) [41,95,96]. A comprehensive study by Gschwantner et al. [41] shows great diversity
regarding the criteria of country-specific national forest inventories. The survey methods
differ not only in terms of tree parts included in the volume prediction but also in regard
to the measurement of the dimensioning specifications used to calculate the available
harvestable roundwood volume (dbh, stem top diameter, branch diameter and stump
height thresholds) [97]. As a result, the data are not fully comparable between countries.
However, the differences identified by Gschwantner et al. [41] are not considered in this
study as they have not yet been implemented in the available official data.

The data sources used for this study all added method-specific uncertainties to the
results presented [98–100]. There is no question that the level of detail of the statements
could be increased by using higher-resolution information. The problem here is often the
availability of necessary data [98]. For future research, it would be helpful to have access
to better spatially resolved information on roundwood procurement areas, in addition
to clear-cuts, in order to be able to allocate production volumes within different coun-
tries [101]. With additional information on the intensity of use of the respective forest area,
the environmental impacts associated with roundwood extraction, such as biodiversity
impact, could be localized more precisely.

In addition, it would be useful to include certification schemes and allocate the re-
spective certified forest areas to the different countries in order to estimate the proportion
of certified wood as a source for the TFPcon. Topics such as security of supply, wood use
potentials and global trade structures should be examined in the context of the future de-
velopment of the bioeconomy. Additionally, factors such as consumer responsibility [102]
and environmental justice [103] need to be analyzed more closely in the context of interna-
tional responsibility for (sustainable) wood consumption, forest use and the SDGs [104],
especially SDG 12 and SDG 15.

5. Conclusions

The main objective of this study was to deliver a comprehensive overview of the
RE consumed by the German bioeconomy. The used method can account for RE inputs
that were used abroad to produce products and services for German final consumption
and are not (always) physically visible in the final product. The results are a discussion-
worthy supplement to those of the classical wood flow analysis on the methodical basis
of material flow analysis [105]. Furthermore, the subsequent evaluation of the footprint
clearly indicates whether roundwood procurement in an area or country of origin can
be considered sustainable. The results show two different but strong dependencies of
the German TFP. The first is the strong dependence on coniferous wood, which could
become a problem in the coming years in view of the expected consequences of climate
change. The second is the strong dependence on foreign imports of RE, which has increased
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during the period under study. In total, around half of Germany’s total throughput of RE
(TFPp) comes from abroad. The sustainability of imported RE is not always beyond doubt.
Some of the countries or regions of origin significantly exceed the maximum amount of
raw wood available under sustainable conditions (corresponding to the average growth).
Africa, Brazil and South East Asia are particularly noteworthy in this respect. Furthermore,
one third of the 17 largest suppliers of RE for the TFP sourced on foreign territory are
very likely to use large proportions of roundwood procured through deforestation or from
clear-cuts driven by agricultural expansion. Against this background, it is important to
emphasize that, based on the data available for 2015, it would be possible to increase
annual roundwood production in Germany by 8–41% (mainly in the hardwood sector)
without violating the sustainability limits defined by the alternative WEHAM scenarios
(HPS, NPS) and thus relieve the pressure of harvesting from other foreign regions.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Supple-
mentary Information I: This supplementary information provides the glossary of technical terms
used in international and national forest inventories and the timber related terms of material flow
analysis. Supplementary Information II: This supplementary information contains the net annual
increment values for single countries and the Exiobase aggregation used to create Figure 6. The data
are derived from the Global Forest Resource Assessment 2015, the State of Europe’s Forest Report
2015, as well as the dissertation of O’Brien (2016). Supplementary Information III: This supplemen-
tary information provides the sources and data for the Roundwood Removal Adjustment value RRA
22%. Supplementary Information IV: The supplementary information SI provides the data for the
Figures 2–7 from the main document.
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