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ABSTRACT: Forests are central to climate change mitigation, serving both as natural carbon sinks and as renewable
resources within the bioeconomy. However, the effectiveness of forests in contributing to emission reduction and climate
policy goals remains difficult to quantify due to limited and fragmented indicators. This paper introduces two comple-
mentary metrics — the Inverted Carbon Footprint (ICF) and the Wood Footprint (WF) — designed to assess the absorptive
and material dimensions of forest-climate interactions. Using national data for Poland (1999-2021) and comparative
European sources, the study evaluates trends in forest area expansion, timber harvesting, and wood product utilisation.
Results indicate that although Poland's total forest area continues to increase, the rate of afforestation is declining, lead-
ing to diminishing marginal gains in CO, absorption. Conversely, rising timber production and exports suggest a high
wood footprint relative to the EU average, reflecting both the economic strength and the material intensity of Poland’s
forest sector. The findings underscore the dual challenge of sustaining carbon sequestration capacity while managing
growing industrial demand. The paper highlights the need for harmonised data systems and standardised footprint indi-
cators to integrate forest-based metrics into EU carbon accounting and circular economy frameworks. Strengthening
such tools can enhance evidence-based policymaking and support the transition toward low-carbon, resource-efficient
forest management in Europe.
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Introduction

Forests serve simultaneously as natural carbon sinks and renewable resources within the bioec-
onomy, placing them at the core of global and European strategies for climate change mitigation.
While their ecological, social, and economic functions are well recognised in forestry and environ-
mental sciences, their integration into climate economics and policy modelling remains limited.
Existing analytical frameworks rarely provide quantifiable and comparable indicators that capture
the dual role of forests in both carbon sequestration and resource use, particularly within Central and
Eastern European contexts, where data fragmentation constrains evidence-based policymaking.

The purpose of this article is to assess the applicability of composite indicators for evaluating the
climate-related functions of forests in Poland, situated within the broader European Union frame-
work. Specifically, the study examines how the inverted carbon footprint and wood footprint can be
employed to describe the interrelations between forest area dynamics, timber extraction, and carbon
removals, thereby offering a simplified yet coherent analytical tool for forest-climate interactions.

An exploratory approach was adopted, combining secondary analysis of institutional data -
drawn from Statistics Poland (GUS), Eurostat, FAO, and KOBiZE - with the development of original,
descriptive indicators suitable for cross-country comparison. Rather than providing a detailed car-
bon balance model, the analysis aims to illustrate the indicative potential of such metrics for inform-
ing national and EU-level climate governance. By linking forest resource data with climate policy
evaluation, this study contributes to the evolving discourse on economic instruments and accounting
methods supporting sustainable forestry and decarbonization strategies.

Literature Review

The growing body of research on the role of forests in climate change mitigation has evolved from
descriptive analyses of ecosystem functions toward more integrated, quantitative assessments. One
of the landmark contributions in this field is the work by Griscom et al. (2017), which introduced the
concept of Natural Climate Solutions (NCS). The authors demonstrated that improved land steward-
ship - through conservation, restoration, and sustainable management of forests - could deliver up
to 37% of the cost-effective global CO, mitigation required to meet the Paris Agreement targets. This
framework underscored the cost-efficiency and scalability of forest-based climate actions.

The IPCC Special Report on Climate Change and Land (2019) further highlighted forests as criti-
cal components of both mitigation and adaptation. It emphasised the need for sustainable manage-
ment practices that enhance carbon removals, preserve ecosystem services such as biodiversity and
water retention, and strengthen the resilience of forest systems under growing climatic pressures.

Within the European Union, Nabuurs et al. (2017) argued that realising the climate potential of
European forests requires reforms in the Land Use, Land Use Change and Forestry (LULUCF) frame-
work, with policies adapted to national forest structures, age composition, and growth dynamics.
Similarly, the FAO Global Forest Resources Assessment (2020) documented global trends in forest
area, biomass, and emissions, noting that although deforestation rates have slowed, forest quality
and functionality continue to decline - necessitating refined indicators that go beyond simple area-
based metrics.

In light of this evidence, the indicators proposed in this study - the inverted carbon footprint and
the wood footprint - seek to operationalise the link between forest dynamics, carbon sequestration,
and material use. They respond to the growing demand for quantitative and comparable tools that
facilitate the integration of climate and forestry policies at both national and EU levels.

The literature consistently confirms the pivotal role of forests as natural carbon sinks within
global mitigation strategies (Bonan, 2008; Pan et al., 2011; FAO, 2020). Globally, forests remove up to
2.4 billion tons of CO, annually, equivalent to roughly 30% of fossil fuel emissions (Pan et al., 2011).
However, the magnitude of this removal depends on multiple factors, including forest age structure,
species diversity, management intensity, and exposure to climate-related disturbances such as
droughts, fires, and pest outbreaks (Thompson et al., 2009; De Frenne et al.,, 2021).

DOI: 10.34659/€is.2026.98.3.1243



ECONOMICS AND ENVIRONMENT 3(98) = 2026 3

Crucially, increases in forest area alone do not necessarily yield proportional increases in carbon
removals. Habitat quality, sustainable management, and biodiversity are decisive determinants of
sequestration efficiency (Schulte et al., 2022; Kauppi et al., 2022; Pickering et al., 2025). Diverse and
well-managed forests exhibit higher ecological resilience and greater capacity to maintain long-term
carbon stocks than monocultures or short-rotation plantations.

Responding to these challenges, recent studies have sought to develop composite indicators that
integrate ecological and economic dimensions - capturing both the carbon balance of forests and the
resource footprint of wood-based production (Nabuurs et al,, 2015; Hurmekoski et al., 2022). The
wood footprint, for instance, quantifies the total wood input - direct and indirect - embedded in the
production of goods, thereby linking consumption patterns to forest resource pressure.

Despite growing international evidence, the application of such metrics at the national level, par-
ticularly in Central and Eastern Europe, remains limited. Poland exemplifies this research gap: while
extensive data exist on forest area and biomass, quantitative indicators connecting these datasets to
climate mitigation outcomes are underdeveloped.

Accordingly, the present study aims not only to describe trends in forest area and wood produc-
tion but also to introduce and test two complementary indicators - the inverted carbon footprint and
the wood footprint. Together, they provide a foundation for integrating forestry, economics, and cli-
mate policy analysis within a unified methodological framework. This work thus contributes to the
broader discourse on low-carbon transitions, resource efficiency, and forest-based climate strategies
(Stern, 2007; European Commission, 2020; Le Quéré et al., 2018).

Methodology

The study adopts an exploratory, mixed-method approach designed to assess the applicability of
composite indicators in evaluating the climate-related functions of forests in Poland, situated within
the broader EU context. The analysis proceeded in three main stages.

1. Data collection and sources

Empirical data were obtained from institutional and statistical sources, including:

Statistics Poland (GUS) - Local Data Bank (BDL) on forest area and afforestation;

National Centre for Emissions Management (KOBiZE) - GHG inventories and CO, removal data;

Eurostat - forestry production, land use, and material flow indicators;

Food and Agriculture Organisation (FAO) - Global Forest Resources Assessment (2020);

State Forests (Lasy Panistwowe) and the Forest Data Bank (BULiGL) - national-scale datasets on

forest management.

2. Construction of composite indicators

Two complementary indicators were developed:

Inverted Carbon Footprint (ICF) - defined as the ratio of total annual CO, removals by forests (in

tonnes) to national GHG emissions, reflecting the relative contribution of forests to emission

reduction efforts. This indicator captures the absorptive capacity of national forest ecosystems
within the broader mitigation portfolio.

Wood Footprint (WF) - defined as the relationship between timber harvesting intensity and

forest area, adjusted for the economy’s overall demand for wood-based materials. The indicator

reflects the material pressure exerted on forest resources by production and consumption.

Both indicators were constructed using simplified, transparent formulas to ensure comparability

across datasets and time periods. The purpose was not to reproduce a detailed carbon account-

ing model but to illustrate the indicative potential of such tools for preliminary policy assess-
ment.
3. Comparative analysis and validation

The indicators were calculated for Poland and, where possible, for selected EU member states to
enable regional benchmarking. Cross-country interpretation accounted for variations in forest struc-
ture, age distribution, afforestation dynamics, and policy frameworks. To enhance robustness, pre-
liminary results were cross-validated against national GHG inventory data and LULUCF reporting
standards.
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This methodological framework aligns with the ecosystem services perspective (MEA, 2005) and
the EU Forest Strategy 2030, linking carbon sequestration functions with sustainable resource use.
The inverted carbon footprint extends the conventional notion of the carbon footprint by emphasis-
ing CO, removals rather than emissions, while the wood footprint builds on the material flow analysis
(MFA) tradition (Lettenmeier et al., 2014; Wiedmann & Lenzen, 2018).

Together, these indicators form a complementary analytical pair: the former assesses the climatic
contribution of forests, and the latter evaluates the resource intensity of economic activity. Their joint
application offers a practical and transparent toolset for policymakers seeking to integrate forestry
into national decarbonization strategies and the EU’s broader climate neutrality objectives.

The importance of forests for the environment, the economy, and society

Forests fulfil a wide spectrum of ecological, economic, and social functions, forming a corner-
stone of both sustainable development and climate policy. Their multifunctionality reflects the com-
plex interplay between environmental processes, market systems, and societal well-being. The aca-
demic literature offers various typologies of forest functions, emphasising the need to integrate these
perspectives into comprehensive policy frameworks.

Kashyna-Pleskot (2016) distinguishes three major categories of forest functions - ecological
(protective), social, and productive - while Xanic et al. (2010), based on an extensive literature review,
identify utility, protection, and recreation as key dimensions of forest value. Building upon these clas-
sifications and drawing on European and national policy frameworks (e.g., EU Forest Strategy 2030;
Connecticut’s Official State Forestry Reports, 2022), the functions of forests can be summarised in a
refined typology:

Productive function - encompassing the use of wood as a renewable raw material for industrial

sectors such as timber,; furniture, paper, and construction, as well as its increasing role in the

bioeconomy and renewable energy production;

Protective function - referring to the regulatory impact of forests on natural processes, including

water retention, precipitation cycles, air quality, climate stabilisation at both global and local

scales, and soil protection against erosion;

Social function - encompassing the cultural, recreational, and health benefits of forests, their

contribution to ecological education, rural employment, and quality of life in both urban and

peripheral regions.

These dimensions are deeply interconnected. The productive function contributes simultane-
ously to economic growth and societal welfare (for instance, through bioenergy or circular material
flows), while the protective function underpins critical ecosystem services, including carbon remov-
als, oxygen generation, and microclimate regulation. The social function, in turn, reinforces human
well-being and public health, increasingly recognised as part of the green economy indicators and
sustainable development metrics employed in EU policy evaluation.

From an ecological standpoint, forests constitute indispensable habitats for biodiversity conser-
vation. The Amazon Rainforest, for example - home to over 2,500 tree species - supports more than
three million species of organisms, demonstrating the intricate link between forest diversity and
global ecological stability (Thompson, 2020; De Frenne et al., 2021).

At the global level, according to data from Poland’s Local Data Bank (BDL), total forest area is
estimated at approximately 3.999 billion hectares, corresponding to 30.6% of the Earth’s land sur-
face. This equates to an average of 0.62 hectares of forest per capita - over 2.5 times greater than the
per capita forest area in Poland. The largest forest resources are concentrated in Russia (20%), Brazil
(13%), Canada (9%), the United States (7%), and China (5%). Collectively, EU member states account
for about 161 million hectares, representing roughly 4% of the world’s forests. In Poland, forest area
totals 9.435 million hectares, or 0.23% of the global total and approximately 6% of EU forest resources
(BDL, Eurostat).

Beyond these aggregate figures, the qualitative dimension of forest resources - species composi-
tion, age structure, and management intensity - determines their long-term carbon sequestration
potential and resilience to climate-induced disturbances. Understanding these interlinked dimen-
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sions is essential for evaluating how forests can support the EU Green Deal, the LULUCF Regulation,
and national climate neutrality pathways.
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Figure 1. Forest cover in the world [%]

Source: https://www.bdl.lasy.gov.pl/portal/lasy-na-swiecie-en

Historically, forests have constituted one of the fundamental pillars of human civilisation and
economic progress. For centuries, they provided the essential material base for settlement, energy,
and production systems. As Agrawal et al. (2013, p. 3) observe, “for millennia before the Industrial
Revolution, forests, woodlands, and trees were the source of land for settlement and cultivation,
products and materials for construction, woody biomass for fuel and energy, and indeed, directly for
food and nutrition as well.” This historical perspective highlights the enduring and multidimensional
contribution of forests to human welfare.

In contemporary economies, forests continue to represent a strategic renewable resource, link-
ing climate policy with industrial innovation and rural livelihoods. According to Thunder Said Energy
(2022), approximately 50% of globally harvested wood is used for energy generation (as fuelwood or
biomass), 20% for paper and pulp production, and 30% for long-lived products, such as construction
materials and furniture, which contribute to long-term carbon storage and thereby enhance climate
mitigation efforts. This structure of utilisation reflects the dual economic and environmental signifi-
cance of forest-based value chains within the emerging circular bioeconomy.

The social dimension of forests is equally vital and often underappreciated in economic policy
analyses. Forests provide a range of ecosystem services that support human health, psychological
well-being, and community cohesion. As emphasised by the European Forest Institute (EFI), forests
exert “proven positive effects on physical, mental and social health as well as individual well-being.”
These benefits extend from short-term psychological restoration associated with nature exposure to
long-term physiological and cognitive improvements. Beyond these health outcomes, forests play a
crucial role in employment generation and income diversification, particularly in rural and periph-
eral regions, where they underpin local economies through both traditional forestry activities and
innovative wood-based industries aligned with green transition objectives.

In summary, forests function not only as oxygen producers and biodiversity reservoirs but also as
integral components of sustainable economic transformation and societal resilience. Their multi-
functionality - ecological, economic, and social - positions them as indispensable assets in achieving
the objectives of the European Green Deal, the EU Forest Strategy 2030, and the UN Sustainable
Development Goals (Mystkowski, 2011; European Commission, 2020). By bridging environmental
stewardship with industrial productivity and public well-being, forests embody the essence of a green
and inclusive economy.
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Climate change — causes, consequences, and mitigation

Climate change represents one of the most critical global challenges of the 21st century, with
far-reaching environmental, economic, and social consequences (Prandecki, 2021). Its accelerating
pace and magnitude have led scholars and policymakers to speak not merely of climate change but of
an unfolding climate and ecological crisis, characterised by systemic interactions between the bio-
sphere, economy, and human well-being (Jasikowska et al., 2022). The IPCC Sixth Assessment Report
(2023) confirms that the current trajectory of global warming - driven primarily by anthropogenic
greenhouse gas emissions - is unprecedented in human history and poses severe risks to ecosystems
and socio-economic stability worldwide.

In Europe, observable effects include rising mean temperatures, sea-level rise, and a marked
increase in the frequency and intensity of extreme weather events, such as floods, droughts, and
heatwaves. Other regional impacts include altered precipitation patterns, accelerated soil erosion,
shifts in vegetation cycles, declining agricultural productivity, biodiversity loss, and a heightened risk
of wildfires and vector-borne diseases (Prandecki, 2021; European Environment Agency, 2023).
These processes undermine not only ecological resilience but also critical economic sectors - par-
ticularly agriculture, forestry, and water management - creating long-term adaptation challenges for
Central and Eastern European economies.

The primary driver of contemporary climate change remains the rapid accumulation of green-
house gases - notably CO,, CH4, and N,O - resulting from industrialisation, deforestation, and fossil
fuel combustion (Houghton et al., 2001). Since the 1950s, the world has entered the period known as
the Great Acceleration, marked by exponential growth in industrial output, energy consumption, and
material extraction (Steffen et al., 2015). This era has been accompanied by the overexploitation of
natural resources - through overfishing, freshwater depletion, and large-scale deforestation - com-
bined with the proliferation of carbon-intensive materials, such as cement and plastics (Prandecki et
al,, 2020). As Rockstrom et al. (2009) argue in the planetary boundaries framework, humanity has
already exceeded several ecological thresholds, most notably in terms of carbon emissions, land use
change, and biodiversity loss, thereby destabilising the Earth system.

According to Poland’s Environmental Policy (Ministerstwo Srodowiska, 2019), the impacts of
climate change in Central and Eastern Europe are projected to intensify. Expected outcomes include
more frequent temperature extremes, erratic rainfall patterns leading to both floods and droughts,
decreased agricultural yields, and infrastructure degradation linked to freeze-thaw cycles. These
developments will have direct economic repercussions, exacerbating regional disparities and increas-
ing the vulnerability of local communities.

In this context, mitigation measures play a decisive role in curbing anthropogenic pressures on
the climate system. These efforts aim to limit greenhouse gas emissions, enhance natural carbon
sinks, and accelerate the deployment of low-emission technologies (Smit et al.,, 2000). Within this
mitigation framework, forests occupy a strategic position due to their dual function: they sequester
atmospheric CO, through photosynthesis and provide renewable materials that can substitute for
fossil-based products. Strengthening forest-based climate policies - through sustainable manage-
ment, afforestation, and the expansion of wood product use - therefore represents a critical element
of both national and EU-level decarbonization pathways.

Understanding these causal mechanisms and consequences of climate change provides a neces-
sary foundation for evaluating the mitigation potential of forests - a central theme of this study. For-
est ecosystems must be viewed not merely as passive absorbers of carbon but as active components
of climate governance, integral to achieving the European Green Deal’s carbon neutrality target and
to maintaining the planet’s safe operating space for humanity (Rockstréom et al., 2009; IPCC, 2023).
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Forest functions in the context of climate change

In the context of accelerating global warming, it is essential to analyse the multifaceted role of
forests through three interrelated dimensions:

the impact of climate change on forest ecosystems,

the contribution of forests to greenhouse gas mitigation, and

the role of harvested wood products (HWPs) in supporting low-carbon transitions.

1. Impacts of Climate Change on Forest Ecosystems

Climate change exerts increasingly adverse effects on forest ecosystems, altering growth dynam-
ics and heightening vulnerability to abiotic and biotic disturbances. Elevated temperatures, pro-
longed droughts, and shifting precipitation patterns increase the incidence of windthrow, drought
stress, wildfires, and pest and pathogen outbreaks, including the spread of invasive species (COFORD,
2022). These pressures induce shifts in forest composition, modify regeneration cycles, and threaten
the stability of entire forest biomes.

In mountainous ecosystems, where climatic gradients are steep, forest productivity and ecologi-
cal stability are particularly sensitive to even minor temperature changes. Projections indicate poten-
tial losses of up to 60% of current species composition, while warmer autumns and intensified rain-
fall weaken root systems, amplifying the risk of wind damage. Milder winters, in turn, facilitate the
overwintering of pests and herbivores, accelerating infestation cycles (Ministry of the Environment,
2013). Collectively, these phenomena undermine not only timber supply but also key ecosystem ser-
vices, including carbon sequestration, water retention, biodiversity maintenance, and recreational
functions.

At the global level, the Amazon rainforest exemplifies the magnitude of these challenges. As
Thompson et al. (2009) and Boulton, et. al. (2022). emphasise, the combined stress of climate change
and land-use conversion may push even large primary forests beyond ecological tipping points,
potentially transforming them into savannah-like ecosystems with drastically reduced carbon stor-
age and biodiversity. Such transitions highlight the fragility of the Earth’s forest carbon sinks.

Global estimates by Crowther et al. (2015) suggest the planet hosts approximately 3 trillion trees,
the majority of which are located in tropical regions. Alarmingly, around 15 billion trees are lost each
year, predominantly in those same areas (Skubata, 2019; Dennehy, 2015). Numerous studies under-
line the urgency of halting deforestation and promoting forest landscape restoration as essential
components of global mitigation strategies (Streck & Scholz, 2006; Canadell & Raupach, 2008).

2. Forests as Carbon Sinks and Agents of Climate Mitigation

The mitigation function of forests - their capacity to capture and store atmospheric carbon -
remains one of the most valuable yet underutilised tools of climate policy. Globally, forest carbon
stocks are distributed primarily in living biomass (44%) and soil organic matter (45%), with the
remainder in deadwood and litter (COFORD, 2022). When forests are cleared or degraded, these
stocks are released, reversing decades of sequestration and amplifying net emissions (Melillo et. al,,
2011).

In Poland, forests sequester approximately 4-5 tonnes of CO, per hectare annually, amounting to
roughly 40 million tonnes of CO, absorbed each year. Cumulatively, Polish forests store over 1 billion
tonnes of carbon, positioning the country among the EU leaders in forest carbon stocks - estimated
at 923 million tonnes, including 738 million in aboveground biomass, 148 million in roots, and 37
million in deadwood (PGL LP, 2022).

The challenge, however, lies in balancing carbon storage with sustainable timber production.
Two interrelated questions emerge:

What policy and management interventions are necessary to harness the climate mitigation

potential of forests while safeguarding their ecological resilience?

How can carbon sequestration and economic utilisation of forests be optimised within a cli-

mate-responsible framework?
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Addressing these questions requires implementing sustainable forest management (SFM) prac-
tices - such as adaptive silviculture, selective thinning, and afforestation of degraded or marginal
lands - while avoiding the conversion of high-value natural habitats or productive agricultural areas
(Kauppi et al., 2022). Forest age structure is also critical: young stands tend to exhibit higher carbon
uptake rates, whereas older forests function primarily as long-term carbon reservoirs (Petersson et
al,, 2022). Therefore, dynamic forest management - combining selective harvesting with continuous
replanting - can optimise both sequestration and production outcomes.

3. The Role of Harvested Wood Products (HWPs)

Equally important in the climate-forest nexus is the strategic use of harvested wood products.
HWPs have a significantly lower carbon footprint than carbon-intensive materials such as steel, alu-
minium, or concrete. Substituting these materials with timber in construction and manufacturing
thus delivers measurable emission reductions through material substitution effects (Hurmekoski et
al., 2022).

Wood-based value chains extend far beyond construction, encompassing cellulose, lignin, resins,
bark-based mulches, bioenergy, and biochemicals (Dalberg, 2022). The expansion of such bio-based
industries supports not only decarbonization goals but also rural employment, innovation, and
regional economic development - key objectives of the European Green Deal and the EU Bioeconomy
Strategy.

Expanding the use of sustainably sourced wood products therefore serves a dual purpose: it
enhances climate mitigation capacity while generating socio-economic co-benefits. This integrated
approach aligns with the LULUCF Regulation and advances the concept of climate-smart forestry, in
which carbon sequestration, biodiversity conservation, and economic productivity reinforce one
another within a cohesive policy framework.

Inverted carbon footprint in Poland

In recent years, substantial methodological progress has been achieved in the field of Material
Flow Analysis (MFA) and forest product footprinting, providing valuable tools for quantifying the
climate mitigation potential of forest-based sectors. Material Flow Analysis constitutes a systematic
framework for assessing the flows and stocks of materials within a clearly defined system in space
and time, thereby enabling the evaluation of environmental impacts associated with material use -
particularly those related to wood-based products and their life-cycle emissions.

Advances in forest product footprinting, including the development of the wood footprint, have
enhanced the precision of accounting for both direct and indirect wood use along global and regional
supply chains. This approach captures not only domestic timber production but also embedded wood
consumption in traded goods, yielding a more comprehensive estimate of resource intensity and
emission displacement effects across the bioeconomy:.

According to Hurmekoski et al. (2022), combining MFA with carbon substitution modelling offers
a robust method for quantifying the climate benefits of replacing carbon-intensive materials - such
as concrete, steel, or plastics - with wood-based alternatives. Such integrative approaches align
closely with the objectives of the European Green Deal (European Commission, 2020) and the EU
Circular Economy Action Plan (2020), which emphasise resource efficiency, material substitution,
and the decarbonization of industrial value chains.

The conceptual framework underpinning this study builds on these methodological innovations.
By integrating MFA-based indicators with forest carbon accounting, the wood footprint can serve as
a proxy for evaluating the trade-offs between timber harvesting, forest carbon sinks, and the life-cy-
cle emissions of forest-based products. This dual perspective bridges the traditional divide between
resource use metrics and climate policy evaluation, offering a coherent analytical tool for deci-
sion-making.

Within this framework, Poland represents a particularly relevant case. The country’s forest cover
- approximately 30% of total land area - exceeds the EU average, reflecting a strong legacy of affores-
tation and sustainable forest management (Figure 2). However, comparative data on timber produc-
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tion volumes and forest area dynamics reveal an emerging imbalance between rising demand for
wood and the slower pace of forest expansion. This trend underscores the importance of developing
quantitative indicators, such as the inverted carbon footprint and wood footprint, to monitor the
sustainability and long-term climate compatibility of the forest sector.
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Figure 2. Area of wooded land in Poland and the EU average, 2015-2020 [average for 27 countries, thousand
hectares]

Source: authors’ work based on Eurostat.

As discussed earlier, forests are indispensable to climate change mitigation through their capac-
ity for carbon sequestration. To strengthen this role amid rising CO, emissions, it is essential to
expand forest cover and enhance the carbon uptake efficiency of existing stands. To evaluate this
relationship, we introduce a novel composite indicator - the Inverted Carbon Footprint (ICF) - which
quantifies the relative contribution of forests to national emission reduction efforts.

Formally, the ICF can be expressed as:

Cabs

nat

ICF = x 100

where:
C.bs — total annual CO, removals by forests (in tonnes),
E.. - total national CO, emissions (in tonnes).

This indicator thus represents the percentage of national CO, emissions offset by forest seques-
tration, offering an intuitive measure of the extent to which forest ecosystems contribute to the miti-
gation of climate change. [t complements national greenhouse gas inventories (as reported under the
LULUCF Regulation) by providing a simplified yet policy-relevant metric.

The ICF for Poland was calculated using data on forest area (public and private) and national
emissions from Statistics Poland (GUS), KOBiZE, and Eurostat for the period 1999-2021. Over these
two decades, total forest area displayed a gradual upward trend, though the annual rate of increase
has noticeably declined. Between 2015 and 2020, forest expansion nearly plateaued (Figure 2), while
the broader period 1999-2021 reveals only a mild growth trajectory (Figure 3). Year-on-year changes
(Figure 5) clearly indicate that although total area continues to grow, the pace of afforestation has
slowed significantly.

Assuming an average carbon removal rate of 4.5 t CO, per ha per year, Poland’s forests absorbed
an estimated 40.9 million t CO, annually during the study period. This value corresponds to the
annual inverted carbon footprint, reflecting the absorptive capacity of national forest ecosystems.
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As illustrated in Figure 4, the ICF exhibited a general upward tendency until 2016, followed by a

gradual decline that persisted through 2021.

The year-to-year volatility of the ICF (Figure 6) suggests that sequestration capacity is sensitive
to both biophysical conditions (e.g., droughts, pest outbreaks, and forest age structure) and institu-
tional factors, such as the pace of afforestation programs and land-use conversion. The recent down-
ward trend indicates that, despite a moderate increase in total forest area, the overall carbon removal

potential is becoming increasingly constrained.

From a policy perspective, these findings underscore the need for:
strengthened afforestation and reforestation efforts, particularly on marginal or post-agricul-

tural lands;

adaptive forest management, balancing age structure and species diversity to enhance resilience;

and

integration of forest carbon indicators into national climate monitoring systems under the Euro-

pean Green Deal and EU Forest Strategy 2030.

Regular monitoring of the Inverted Carbon Footprint provides policymakers with a straightfor-
ward yet informative tool for tracking the mitigation performance of the forest sector. By linking for-
est dynamics with emission inventories, this indicator helps bridge the gap between ecological pro-
cesses and climate governance, ensuring that forest policy remains aligned with the EU’s net-zero

emissions objective.
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Figure 3. Poland's forest area, 1999-2021 [ha]
Source: authors’ work based on GUS.
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Figure 5. Change in forest area relative to the previous year, 1999-
2021 [ha]

Source: authors’ work based on GUS.
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A comprehensive assessment of the climate-related functions of forests requires an analysis of
both their mitigation potential and the risks and constraints that threaten this capacity. Among the
most effective interventions enhancing the carbon function of forests are restoration and afforesta-
tion activities, which not only expand forest cover but also strengthen long-term carbon sequestra-
tion and ecosystem resilience.

Data presented in Figure 7 summarize the scope of afforestation and forest restoration efforts in
Poland - including both public and privately managed lands - over the period 1999-2021. The over-
all trend remains relatively stable, reflecting the continuity of forest expansion programs under the
National Forest Policy and State Forests Strategic Plan. Nevertheless, a more detailed examination of
afforestation dynamics reveals emerging challenges.

As shown in Figure 8, the number of trees planted annually has exhibited a steady downward
trend since 2016, suggesting a gradual slowdown in the pace of afforestation. This development
raises concerns about Poland’s ability to sustain its long-term commitments under the EU Forest
Strategy 2030, the European Green Deal, and the LULUCF Regulation, all of which emphasize the need
to maintain and enhance natural carbon sinks.

Several interrelated factors may explain this decline, including increasing competition for land
resources (from agriculture, urban development, and infrastructure expansion), as well as rising
costs of reforestation and seedling production. Furthermore, changing climatic conditions - such as
prolonged droughts and higher average temperatures - can reduce seedling survival rates and com-
plicate reforestation planning.

From a policy perspective, this trend underscores the need for a strategic revitalization of national
afforestation programs. Priority should be given to:

e targeted afforestation of degraded or marginal agricultural lands,

e restoration of mixed and climate-resilient forest ecosystems,

» incentivizing private landowners to participate in afforestation schemes, and
» integrating afforestation into regional adaptation and mitigation plans.

Sustaining and accelerating these efforts is crucial not only for achieving carbon neutrality objec-
tives but also for enhancing biodiversity, soil quality, and water retention. In this context, afforesta-
tion and restoration should be viewed not as isolated environmental initiatives, but as strategic com-
ponents of Poland’s green economic transition, consistent with EU-wide goals for nature restoration,
circular bioeconomy development, and climate resilience.
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Figure 7. Restoration and afforestation in Poland, 1999-2021 [ha]
Source: authors' work based on GUS.

Forest fires constitute one of the most significant threats to the stability of both the timber econ-
omy and the ecological integrity of forest ecosystems. Beyond their immediate environmental
impacts, fires disrupt carbon sequestration processes, degrade soil structure and fertility, and con-
tribute to short-term surges in greenhouse gas emissions, thereby undermining the climate mitiga-
tion potential of forests.
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Figure 8. Number of trees planted, 2016—2021 [pcs.]
Source: authors’ work based on GUS.

As illustrated in Figure 9, the total area affected by forest fires in Poland between 2009 and 2021
remained relatively stable, without pronounced long-term deviations. However, such aggregate sta-
bility can be misleading, as it conceals the growing variability and intensity of individual fire events,
as well as the changing climatic and anthropogenic drivers behind them.

The causal structure of forest fires is inherently complex. It reflects the interaction between
weather anomalies - such as prolonged droughts, heatwaves, and low soil moisture - and human-re-
lated factors, including land use practices, agricultural burning, and negligence. Climate change is
projected to increase the frequency and severity of fire-prone conditions in Central and Eastern
Europe, particularly under scenarios of rising summer temperatures and decreasing precipitation.

From an economic perspective, forest fires impose substantial losses on the timber industry, eco-
system services, and public finances, including the costs of fire suppression, reforestation, and lost
production. They also affect carbon accounting, as fire-induced emissions can offset several years’
worth of sequestration gains.

Consequently, fire management should be regarded as an integral element of climate adaptation
and risk governance. Key measures include:

e strengthening early warning and monitoring systems using satellite and remote sensing technol-
ogies,

« implementing adaptive silvicultural practices (e.g., species diversification and controlled thin-
ning),

e restoring fire-resistant forest structures, and

e enhancing public awareness and prevention programs.
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Figure 9. Area of forest fires in Poland, 2009-2021 [ha]
Source: authors' work based on GUS.
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Integrating fire risk management into Poland’s and the EU’s broader climate and forestry policies
- notably under the EU Forest Strategy 2030 and the European Climate Adaptation Strategy - is
essential for safeguarding both the economic value and the mitigation capacity of forest ecosystems
in the face of intensifying climate stressors.

As demonstrated in previous sections, the total forest area in Poland has continued to expand
since 1999, reflecting the long-term success of afforestation and reforestation initiatives. However,
the rate of this expansion has been steadily declining, signalling a slowdown in afforestation dynam-
ics. This emerging stagnation raises concerns about the future carbon sequestration potential of Pol-
ish forests, especially in light of the country’s commitments under the EU Forest Strategy 2030 and
the European Green Deal.

The analysis of the Inverted Carbon Footprint (ICF) corroborates this concern. Although total
forest cover continues to grow modestly, the relative absorptive capacity of forests - measured as the
proportion of national emissions offset by CO, removals - has not kept pace with increasing anthro-
pogenic emissions. This indicates that forest-based climate mitigation is approaching a plateau,
beyond which the incremental contribution of forest expansion to emission reduction may diminish
without structural policy adjustments.

Several interrelated factors contribute to this phenomenon:

Increasing intensity of timber harvesting and the expanding production of secondary wood prod-
ucts, which together may reduce standing biomass and temporarily lower net carbon stocks;
Stagnation in the area devoted to afforestation and forest regeneration, combined with a persis-
tently stable or rising area affected by forest fires, limiting the net gain in forest carbon sinks;

A downward trend in annual tree planting rates since 2016, reflecting both economic constraints
and rising competition for land from agricultural and urban sectors.

Taken together, these dynamics suggest that, without targeted policy interventions and a reorien-
tation of forest management strategies, the climate mitigation role of forests in Poland may be
significantly weakened in the coming decades.

Addressing these challenges will require a comprehensive policy response, including:
revitalisation of national afforestation and reforestation programs,

integration of forest carbon accounting into broader climate policy instruments,

promotion of climate-smart forestry practices that balance economic utilisation with long-term
carbon storage, and

enhanced monitoring of forest health, age structure, and disturbance regimes.

In this context, sustaining the sequestration efficiency of Poland’s forests should be seen not only
as an environmental priority but as an economic imperative, essential for meeting both national
emission reduction targets and EU climate neutrality objectives.

Wood footprint — global, in the European Union, and in Poland

This section of the study seeks to evaluate the evolution and interdependence of forest functions
- in particular, timber production and carbon sequestration - across global, regional (European
Union), and national (Polish) contexts. The objective is to identify how economic and ecological
dimensions of forest management interact and to what extent these dynamics influence progress
toward climate neutrality.

To this end, long-term datasets on global wood production (Table 1) were analysed to uncover
structural trends and regional disparities in the use of forest resources. These data illuminate the
shifting balance between industrial demand for wood and the capacity of global forests to function as
carbon sinks, providing an empirical basis for cross-regional comparison.

In the subsequent analytical stage, the study focuses on Poland’s forest sector within the broader
EU framework. The analysis examines the extent to which Polish forests fulfil their climate-related
functions, particularly CO, removals under the LULUCF framework, compared with other EU member
states. This comparative perspective enables an assessment of Poland’s relative contribution to the
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EU’s collective emission reduction goals and highlights areas where policy and management prac-
tices could further enhance forest-based mitigation outcomes.

By juxtaposing timber production levels, forest area dynamics, and carbon absorption potential,
the analysis reveals the inherent trade-offs between the economic use of forest resources and their
environmental functions. These findings emphasise the need for integrated forest policy approaches
- balancing bioeconomic productivity with ecosystem service preservation - to ensure that the forest
sector continues to serve as a cornerstone of both sustainable growth and climate resilience within
the European Union.

Global production and trade in forest products in 2020

Production Exports
Product Unit Change (%) compared to: Change (%) compared to:
2020 2020

2019 2000 1980 2019 2000 1980
Roundwood million m? 3912 -1% 12% 25% 140 2% 19% 50%
Wood fuel million m? 1928 1% 7% 15% 6 -15% 79%
Industrial roundwood million m? 1984 2% 17% 37% 134 1% 17% 43%
Wood pellets and other agglomerates million tonnes 50 3% 31 6%
Sawnwood million m3 473 -3% 23% 12% 153 -3% 34% 118%
Wood-based panels million m? 367 1% 107% 280% 88 2% 67% 490%
Plywood million m? 118 2% 103% 200% 28 6% 60% 326%
Particle board, 0SB and fiberboard million m? 250 2% 109% 335% 60 0% 1% 622%
Wood pulp million tonnes 186 2% 9% 48% 69 1% 80% 226%
Pulp from fibers other than wood million tonnes 1 1% -26% 55% 0.4 7% 15% 79%
Recovered paper million tonnes 229 -1% 59% 352% 45 -8% 83% 716%
Paper and paperboard million tonnes 401 1% 24% 137% 1m 2% 13% 218%
Forest products value USS billion 244 -10% 68% 331%

Source: https://www.fao.org/forestry/statistics/80938/en/

Data indicate that both the production and export of roundwood have increased substantially in
recent decades. Specifically, between 1980 and 2020, roundwood production rose by approximately
25%, while exports of unprocessed wood increased by nearly 50%. Even more significant is the 118%
increase in lumber exports during the same period. When expressed in absolute terms (m?), this
reflects a growing trend in the international trade of unprocessed timber.

This tendency toward exporting raw wood rather than processed products has two critical impli-
cations. First, it results in a loss of potential revenue from value-added activities that could be con-
ducted domestically, such as sawmilling or furniture manufacturing. Second, it generates only short-
term economic benefits through raw material sales, with limited long-term developmental returns
for the exporting country.

The European Union contains approximately 5% of the world’s forests (Eurostat, 2022). In 2021,
EU roundwood production was estimated at 507 million cubic meters (Eurostat, 2022), illustrating
the region’s substantial role in the global timber economy.

Production of wood products - particularly sawnwood and wood-based panels - also demon-
strates an upward trend, both at the EU level and in Poland (Figure 10). Similarly, the supply and
utilisation of forestry products (Figure 11) show consistent growth. Poland, in particular, exceeds the
EU average in both production and processing volumes, indicating its increasing role as a regional
leader in the wood industry.
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Figure 10. Sawnwood and panels, 2012-2021, Poland and the EU average [27 countries, all species, thousand
cubic meters]

Source: authors’ work based on Eurostat.
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Figure 11. Supply and use of products within forestry, 2013-2020, Poland and the EU average [27 countries,
output of forestry and connected secondary activities, million euro]

Source: authors’ work based on Eurostat.

The availability of detailed national forestry statistics allows for an in-depth assessment of tim-
ber harvesting dynamics - encompassing both public and private forests - as a key indicator of forest
management practices in Poland. As shown in Figure 12, the total volume of harvested timber
between 1999 and 2021 displays a consistent upward trend, reflecting both rising domestic demand
and the increasing commercialisation of forest resources.

This long-term expansion of harvesting activity corresponds with broader trends in bioeconomy
development and the growing role of renewable raw materials in replacing fossil-based inputs. How-
ever, it also underscores the mounting pressure on forest ecosystems to simultaneously fulfil eco-
nomic, environmental, and climate-related functions.
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In parallel, the production of secondary wood products - including wood-based panels, plywood,
engineered wood, and cellulose derivatives - has demonstrated a similarly upward trajectory over
the period 2012-2021 (Figure 13). This evolution reflects a progressive strengthening of Poland’s
wood-processing and manufacturing capacity, signifying a gradual shift toward higher value-added
utilisation of forest biomass. The expansion of processing industries contributes to employment gen-
eration, export diversification, and the integration of Poland’s forestry sector into European and
global value chains.

Nonetheless, the sustainability of this growth warrants careful scrutiny. Continued increases in
harvesting intensity and industrial output must be balanced against the biological regeneration
capacity of forests and the need to maintain long-term carbon sequestration and biodiversity func-
tions. The EU Forest Strategy 2030 and LULUCF Regulation emphasise this balance precisely - pro-
moting the sustainable use of forest resources while safeguarding their role as natural carbon sinks
and habitats.
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Figure 12. Timber harvesting in Poland, 1999-2021 [m?]
Source: authors' work based on GUS.
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Figure 13. Secondary wood products, 20122021 in Poland [annual, total - all species, thousand euro]
Source: authors' work based on Eurostat.

16

DOI: 10.34659/€is.2026.98.3.1243



ECONOMICS AND ENVIRONMENT 3(98) = 2026

From a policy standpoint, these trends highlight the importance of integrating economic perfor-
mance indicators (such as production and export growth) with ecological metrics (such as carbon
stock variation and regeneration rates). Such an integrated monitoring framework would allow poli-
cymakers to better evaluate trade-offs between short-term industrial gains and long-term ecological
resilience.

In sum, while Poland’s wood-processing sector continues to expand and diversify, ensuring its
alignment with climate neutrality and biodiversity goals will require adaptive forest governance,
investment in circular bioeconomy innovations, and enhanced data transparency in both national
and EU-level forest reporting systems.

A key indicator proposed in this study for evaluating the role of forests in climate change mitiga-
tion is the wood footprint — defined as the total volume of wood (in cubic meters) directly and indi-
rectly consumed in the production of goods and services. This metric captures not only the explicit
material inputs of wood-based products but also the embedded resource use across complex global
supply chains. In doing so, it provides a more comprehensive measure of an economy’s dependence
on forest resources and its potential contribution to carbon displacement through material substitu-
tion.

At present, data limitations impede the precise calculation of wood footprint values for Poland
and other EU member states. However, a review of available statistics on timber harvesting, produc-
tion, and export dynamics suggests that Poland’s wood footprint is likely above the EU average,
reflecting its high processing intensity and strong export performance in the wood sector. The steady
increase in wood production and consumption observed since 2012 further supports the hypothesis
of rising material intensity - whether measured per capita or per product unit.

This finding underscores the urgent need for data harmonisation and methodological standardi-
sation across the EU. Developing a robust, cross-country comparable wood footprint framework
would enable policymakers to better evaluate the trade-offs between resource use, economic growth,
and carbon neutrality objectives. It would also facilitate the integration of wood-related material flow
data into EU carbon accounting, sustainable resource management, and circular economy strategies.

Conclusions

Addressing climate change requires multidimensional mitigation strategies, among which for-
ests and forest-based sectors must occupy a central role. Their relevance extends beyond the direct
ecological function of carbon sequestration to include the indirect mitigation potential of wood prod-
ucts, which substitute for fossil- and emission-intensive materials in construction, energy, and man-
ufacturing.

This study introduced and conceptually tested two complementary analytical indicators:

The Inverted Carbon Footprint (ICF) - measuring the absorptive capacity of forests relative to

national emissions, thereby reflecting the contribution of forest ecosystems to carbon offsetting

efforts;

The Wood Footprint (WF) - quantifying the material intensity of wood use in production and

consumption systems, illustrating the economic and environmental implications of forest

resource dependency.

Empirical results for the ICF demonstrate a steady increase in forest area in Poland since 1999,
confirming the long-term expansion of forest cover. However, the rate of afforestation has slowed,
leading to diminishing marginal gains in CO, absorption capacity and signalling that forest-based
mitigation may be approaching a saturation point under current management trajectories.

In contrast, analysis of the wood footprint was constrained by limited data availability, preclud-
ing precise measurement. Nonetheless, preliminary evidence indicates that Poland’s wood footprint
likely exceeds the EU average, consistent with its growing industrial capacity and export orientation
in the wood-processing sector.

Collectively, these findings highlight both the potential and the limitations of employing forests
and forest-derived materials within national and EU-level climate mitigation frameworks. They point
to several key implications:
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The necessity of improving data collection and integration on forest carbon stocks, material
flows, and wood-based product life cycles;

The importance of embedding the ICF and WF indicators into carbon accounting systems under
the LULUCF Regulation;

The opportunity to strengthen policy coherence between forest management, industrial strategy,
and climate objectives within the European Green Deal and EU Forest Strategy 2030;

The need for cross-sectoral approaches that align economic value creation with long-term eco-
system resilience and carbon retention.

In conclusion, forests represent not only a biophysical asset but also an economic instrument in
the transition toward low-carbon and circular economies. Developing quantifiable, standardised
indicators such as the inverted carbon footprint and wood footprint can substantially enhance the
evidence base for climate policy, support sustainable forest governance, and contribute to achieving
EU and national carbon neutrality targets.
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POMIAR ROLI LASOW W £tAGODZENIU ZMIANY KLIMATU:
WSKAZNIKI ODWROCONEGO SLADU WEGLOWEGO |
SLADU DRZEWNEGO JAKO NARZEDZIA OCENY FUNKCJI
KLIMATYCZNYCH LASOW W POLSCE | UNII EUROPEJSKIEJ

STRESZCZENIE: Lasy odgrywaja kluczowa role w tagodzeniu zmian klimatu, petnigc funkcje naturalnych pochtaniaczy
dwutlenku wegla oraz odnawialnego zasobu w gospodarce o obiegu zamknietym. Ocena ich rzeczywistego wktadu w
realizacje celéw polityki klimatycznej pozostaje jednak utrudniona ze wzgledu na brak spéjnych, ilosciowych wskaznikéw.
Artykut wprowadza dwa komplementarne mierniki — odwrdcony $lad weglowy (Inverted Carbon Footprint, ICF) oraz $lad
drzewny (Wood Footprint, WF) — pozwalajace na analize zaréwno zdolnosci pochtaniania CO, przez lasy, jak i intensyw-
nosci wykorzystania zasobéw drzewnych w gospodarce.Na podstawie danych statystycznych dla Polski z lat 1999-2021
oraz Zrédet europejskich przeanalizowano trendy w powierzchni laséw, pozyskiwaniu drewna i wykorzystaniu produktéw
drzewnych. Wyniki wskazuja, Ze mimo systematycznego wzrostu lesistosci tempo zalesier wyraznie spada, co prowadzi
do malejgcych przyrostéw zdolnosci pochtaniania CO,. Jednocze$nie rosngca produkcja i eksport drewna sugeruja, ze
$lad drzewny Polski jest wyzszy od $redniej unijnej, co odzwierciedla zaréwno site ekonomiczng, jak i rosnaca materiato-
chtonnos$é krajowego sektora lesno-drzewnego. Wnioski podkreslajg koniecznosé zréwnowazenia funkeji ekonomicz-
nych i klimatycznych laséw oraz rozwoju zharmonizowanych systeméw danych umozliwiajacych stosowanie
ujednoliconych wskaZznikéw w krajowych i unijnych systemach rachunkowosci weglowej. Wprowadzenie takich narzedzi
moze wzmocni¢ podstawy analityczne polityki klimatycznej i wspiera¢ transformacje w kierunku gospodarki niskoemisyj-
nej i zasobooszczednej w ramach Europejskiego Zielonego tadu.

StOWA KLUCZOWE: gospodarka o obiegu zamknietym, lasy; tagodzenie skutkéw zmian klimatu, LULUCF, odwrécony
$lad weglowy, polityka klimatyczna UE, Polska, sekwestracja wegla, $lad drzewny, zmiana klimatu, zréwnowazone
lesnictwo
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