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Abstract

Climate change is driving the need for forest management strategies that simultaneously
enhance ecosystem resilience and contribute to climate change mitigation. Voluntary carbon
markets (VCMs), regulated in the European Union by the Carbon Removal Certification
Framework (CRCF), offer potential financial incentives for such management, but eligibility
criteria—particularly biodiversity requirements—limit the applicability of certain species.
This study assessed the ecological and economic outcomes of six alternative management
scenarios for a 4.7 ha, 99-year-old Scots pine (Pinus sylvestris) stand in western Hungary,
comparing them against a business-as-usual (BAU) regeneration baseline. Using field
inventory data, species-specific yield tables, and the Forest Industry Carbon Model, we
modelled living and dead biomass carbon stocks for 2025-2050 and calculated potential CO,
credit generation. Economic evaluation employed total discounted contribution margin
(TDCM) analyses under varying carbon credit prices (€0-150/tCO;). Results showed that
an extended rotation yielded the highest carbon sequestration (958 tCO, above BAU) and
TDCM but was deemed operationally unfeasible due to declining stand health. Black locust
(Robinia pseudoacacia) regeneration provided high mitigation potential (690 tCO;) but was
ineligible under CRCF rules. Grey poplar (Populus X canescens) regeneration emerged as the
most viable option, balancing biodiversity compliance, climate adaptability, and economic
return (TDCM = EUR 22,900 at €50/tCO,). The findings underscore the importance
of integrating ecological suitability, market regulations, and economic performance in
planning carbon farming projects, and highlight that regulatory biodiversity safeguards
can significantly shape feasible mitigation pathways.

Keywords: CO,; bioeconomy; emission trading; voluntary carbon market

1. Introduction

Climate change is increasingly recognized as a critical factor shaping contemporary
forest management [1,2]. Rising temperatures, altered precipitation patterns, and the
increasing frequency of extreme weather events are placing unprecedented stress on forest
ecosystems, affecting their health, productivity, and resilience [3]. In this context, forest
managers are compelled to adopt strategies that not only maintain timber production but
also enhance ecosystem stability and resilience.

Close-to-nature or nature-based forest management has gained attention as a promis-
ing approach to address these challenges [4-7]. By emulating natural processes and promot-
ing structural and species diversity, this management paradigm can increase forest adapt-
ability to climate change while supporting biodiversity conservation [8]. Moreover, forests
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play a crucial role in climate mitigation through their carbon sequestration capacity—the
ability to absorb and store atmospheric carbon dioxide in biomass and soils—highlighting
their potential contribution to both climate adaptation and mitigation strategies [9].

Forests contribute to climate change mitigation primarily through carbon sequestration
and long-term carbon storage. Through the process of photosynthesis, trees absorb atmo-
spheric CO; and store it as carbon in various ecosystem pools, including living biomass,
dead wood, litter, and soil. Effective forest management enhances this sink function by
maintaining or increasing these carbon stocks over time [10]. Additionally, when trees are
harvested sustainably, part of the carbon is stored ex situ in long-lived harvested wood
products (HWPs), particularly in construction materials, thereby delaying atmospheric
release [10-12]. Forest products can also contribute to climate mitigation indirectly through
product and energy substitution effects, by replacing more carbon-intensive materials
(e.g., concrete or steel) and fossil fuels [13]. Together, these mechanisms position forest
management as a critical tool in achieving net-zero carbon targets.

Sustainable forest management requires balancing ecological, social, and economic
objectives [1]. Economic sustainability, defined as the capacity to maintain productive
and profitable forest operations over the long term, is intrinsically linked to environmen-
tal sustainability, as long-term economic viability depends on the continued provision
of ecosystem services [14]. In this context, sustainable financing mechanisms, includ-
ing market-based instruments, are increasingly relevant, enabling investments in forest
management practices that generate both ecological and financial returns.

Voluntary carbon markets have emerged as one such mechanism, allowing forest
managers to monetize carbon sequestration through the sale of carbon credits [15]. In
2021, the global voluntary carbon market was valued at around USD 2 billion (about EUR
1.7 billion), with projections indicating substantial growth to nearly USD 40 billion (about
EUR 34 billion) by 2030 [16-18]. Forest-based carbon credits are expected to represent a
significant share of this expansion. By 2022, 54% of newly registered projects were related
to forestry and land-use activities [16,19], suggesting a growing future supply of credits
from these sectors. In 2023, forestry projects accounted for 32.7% of all credits issued world-
wide, making them the second-largest contributor after renewable energy (36.8%) [16,20].
Forest carbon offset projects therefore represent one of the most important mechanisms
for mitigating climate change by sequestering carbon through activities such as afforesta-
tion/reforestation (A/R), avoided conversion (AC), and improved forest management
(IFM). Despite their significance, relatively few studies have examined the carbon storage
performance and co-benefits of the different types of forest carbon projects [16].

While voluntary carbon markets offer opportunities for additional revenue streams
and climate mitigation, they also face challenges, including verification standards, mar-
ket transparency, and long-term carbon permanence. To address these issues, the Euro-
pean Union has introduced the Carbon Removal Certification Framework (EU/2024 /3012,
CRCF) [21], which establishes regulatory standards for voluntary carbon markets, aiming
to increase market integrity, reduce risks of over-crediting, and enhance transparency [22].

The decisions made by forest managers on a daily basis, such as the level and timing
of forest harvest or the selection of tree species, influence the resilience of forest stands in
the face of climate change, the revenue generated from timber, and the capacity for carbon
sequestration. The significance of the latter is twofold: firstly, its climate mitigation effects
are important, and secondly, depending on the conditions of various carbon markets, it
may also provide opportunities to generate additional income from carbon markets.

This study examines six alternative forest management scenarios in a specific forest
stand, evaluating their implications for adaptation, mitigation, and participation in carbon
credit markets. By integrating ecological, economic, and regulatory perspectives, this anal-
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ysis aims to provide practical insights for forest managers seeking to optimize management
strategies under climate change while leveraging voluntary carbon market opportunities.

2. Materials and Methods
2.1. General Description of the Forestry Region

The study area is located in the Kemeneshat forestry region in Hungary. This region
stretches along the Réba Valley, from the Szigetkoz-Rabakoz area to the Orség. The majority
of its area lies in Vas County and Zala County, with an average elevation of 186 m above
sea level.

Geologically, the region is underlain by Pannonian clay, overlain by fluvial sand
deposits. The topography is varied, ranging from flat lowlands to hilly terrain. The
landscape was primarily shaped by sedimentary rocks deposited by water and wind.
The climate is temperate with adequate annual precipitation, although in recent decades,
climatic changes have shifted conditions towards moderately warm and moderately dry,
with a negative water balance.

The western part of the region belongs to the Raba catchment, the eastern part to the
Marcal, and the southeastern part to the Zala catchment. Numerous streams and smaller
rivers occur in the area; these rarely dry out, but their discharge fluctuates greatly. The
region also contains several smaller lakes, with a combined surface area of about 20 ha.
Groundwater is typically present only in valley bottoms, such as the Sarviz Valley.

Over 85% of the area is covered by brown forest soils, of which more than 70% are
clay-illuvial brown forest soils. Other soil types include pseudogleyic brown forest soils,
brown earths, and chernozem brown forest soils. In areas with shallow groundwater,
meadow chernozem and meadow soils are found.

The vegetation of the region is as diverse as its geomorphology. Phytogeographically,
it belongs to the West Transdanubian floristic district. The herb layer is dominated by
species of slightly calcifuge, dry forest habitats, such as Agrostis capillaris, Satureja hortensis,
Ajuga genevensis, Veronica officinalis, and Rhinanthus serotinus. Native tree species of the
Kemeneshat include pedunculate oak (Quercus robur), sessile oak (Quercus petraea), Turkey
oak (Quercus cerris), European beech (Fagus sylvatica), Norway maple (Acer platanoides),
field maple (Acer campestre), field elm (Ulmus minor), wild service tree (Sorbus torminalis),
white poplar (Populus alba), trembling poplar (Populus tremula), and Scots pine (Pinus
sylvestris) [23].

2.2. Description of the Forest Subcompartment

The Kald 75/C forest subcompartment, encompassing 4.7 hectares, is part of the larger
Farkas Forest located near the village of Kald in western Hungary (Figure 1). Its designated
primary function is timber production. The subcompartment is not under nature protection,
nor is it included in the Natura 2000 network.

The stand consists almost entirely of Scots pine (Pinus sylvestris) with a minimal lower
layer of hornbeam (Carpinus betulus). There are no shrub and herbaceous layers, except
along the edges of the stand. The Scots pine is 99 years old the hornbeam is 69. The cutting
age was set at 90 years; so, the stand is now overmature. Field inspections revealed that the
amount of deadwood and dieback has increased compared to the condition described in
the forest management plan, and the health status shows a declining trend.

2.3. SiteViewer 3.0 Climate Change Projections and Associated Target Stand Recommendations

According to the SiteViewer 3.0 [24] decision support system [25], the study area falls
into the hornbeam-oak (Querco petreae-Carpinetum) forestry climate zone based on the data
from the 1981-2010 period. In the recent past, the site conditions were favourable for Scots
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pine (Pinus sylvestris) stands (Figure 2). For the period of 2011-2040 the area is predicted
to classify as sessile oak-turkey oak forestry climate (Quercetum petreae-cerris), based on
the RCP 4.5 climate change scenario. The preferred tree species of this forestry climate
category are Scots pine, Turkey oak (Quercus cerris), Grey poplar (Populus x canescens), and
Black locust (Robinia pseudoacacia). (Figure 2). Although further drying is predicted in the
future—for the period of 2041-2070 and 2071-2100—the area is expected to remain in the
same forestry climate class (Figure 2).
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Figure 1. The location of the study area.
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Figure 2. Spatial distribution of forestry climate categories for the periods 1981-2010, 2011-2040,
2041-2070, and 2071-2100. Source: SiteViewer 3.0.

2.4. Field Measurement

In July 2022, a stem-by-stem survey of the tree stand was carried out in cooperation
with the Forest Planning Department of the Sarvar Forestry Directorate. The height and
diameter of each tree were measured. The survey served as the basis of the timber volume
estimation, which was subsequently used for timber assortment planning.

The estimated timber volume in the estimation report largely matched the stand
description in the National Forestry Database. Therefore, in our calculations we used the
incremented 2024 values from the database.
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2.5. Forest Management Scenarios

In this study, six forest management scenarios were tested from climate adaptation
and climate mitigation points of view. The scenarios are summarized in Table 1. Climate
adaptation was analyzed through evaluating to what extent the management options fit to
the predicted climate scenario and what wood products will be possible to produce in the
future. Climate mitigation was measured by the carbon sequestration potential, which was
estimated based on yield tables.

2.6. Principles and Regulatory Constraints Guiding Scenario Design

To ensure alignment with internationally accepted standards, the experimental scenar-
ios in this study were designed based on key principles of forest carbon credit certification
commonly applied in Voluntary Carbon Markets (VCMs), as well as the legally binding
criteria set forth in the European Union’s Carbon Removal Certification Framework (CRCEF,
Regulation EU/2024/3012) [21].

Table 1. Overview of forest management scenarios assessed in the study.

Scenario Name

Role in the

Core Management Action Rationale for Species Selection . .
Experimental Design

Scenario 1: Baseline

Since the current tree stand is
overmature, the obvious option is to
harvest it and regenerate it with the
same species. The long-term rationale
of this approach is to further cultivate
Scots pine in the study area as it can

Harvest the overmature produce high-value timber on this .
. . . Baseline (BAU)—most probable
stand and regenerate with  site. For the carbon sequestration
. . . . management pathway
the same species calculations, this scenario was

selected as the baseline (Business as
Usual, BAU), as it represents the most
probable management pathway,
against which the mitigation impacts
of the other alternatives can

be compared.

Scenario 2: Extended
forest rotation

In this scenario the current tree stand
is kept, and the rotation period is
extended for a further 25 years. This
is a feasible option only if climatic
conditions do not change significantly
and the vitality of the stand does not
undergo further decline. However,
considerable dieback is already
present, which means that growing
stock is expected to gradually
decrease. Under conditions of climate
aridification, a sudden stand collapse
is also possible

Keep current stand, extend
rotation by 25 years

Alternative—mitigation
comparison with BAU

Scenario 3: Extended
rotation with total
stand mortality

In this scenario, the stand is
maintained without harvesting for
25 years, but 100% mortality occurs
within 10 years. According to the
forest manager’s expert judgement,
this is the most likely outcome under
extended forest rotation.

Keep current stand, extend
rotation by 25 years, but
100% mortality occurs
within 10 years

Alternative—hazard scenario,
shows worst-case risk
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Table 1. Cont.

Scenario Name

Core Management Action Rationale for Species Selection

Role in the
Experimental Design

Scenario 4: Conversion
to black locust

Black locust is an introduced species,
which is not only tolerant to a wide
range of site conditions, but it has
only a few pests too. This option
would reduce the naturalness status
of the forest and is therefore included

Clear-cut and regenerate only as a thought experiment. The Alternative—mitigation
with black locust inclusion of black locust is justified by =~ comparison with BAU

its good regeneration potential under
aridifying climate conditions, its
faster growth rate, and shorter
rotation period, which offer more
favourable financial indicators and
faster carbon sequestration.

Scenario 5: Conversion
to grey poplar

Clear-cut and regenerate
with grey poplar

Grey poplar is one of the native
species that are well-suited to arid
environment. Although it is more
widespread on sandy soils, it remains
a viable option on the study site,
where its simple sylviculture
requirements make it a worthwhile
candidate. Compared with black
locust, this option does not reduce the
naturalness status, while still being a
fast-growing, short-rotation species
that enables efficient carbon
sequestration. Its main disadvantage
is the lower value of the

timber produced.

Alternative—mitigation
comparison with BAU

Scenario 6: Conversion
to Turkey oak

This scenario represents a restoration
of an oak dominated tree stand,
which would naturally occur in the
study site. However, due to the
change in climate conditions Sessile

Clear-cut and regenerate oak is replaced by Turkey oak, asitis  Alternative—mitigation
with Turkey oak more tolerant to dry conditions. comparison with BAU

This scenario is viable only if climate
change impacts are not overly severe.
The result would be a long-rotation
stand with favourable

naturalness characteristics.

The following core principles form the basis of credible carbon credit generation from

forestry activities in VCMs:

Additionality: Projects must demonstrate that carbon sequestration or emission
reductions go beyond business-as-usual practices, legal obligations, and common
industry standards.

Permanence: Carbon removals should be long-lasting and resilient to reversal from
natural disturbances or human interventions.

Leakage Prevention: The project should not indirectly cause increased emissions
elsewhere (e.g., displacement of timber harvesting).

Do No Harm and Co-Benefits: Activities must not cause significant harm to ecosystems
or biodiversity.

Quantification: Carbon removals must be measurable, reportable, and verifiable using
robust, transparent, and scientifically sound methodologies.
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Forest carbon offset (FCO) projects in both compliance and voluntary markets are
generally classified into three main categories: Afforestation/Reforestation (A/R), Avoided
Conversion (AC) and Improved Forest Management (IFM). A /R projects aim to establish or
restore forest cover either by planting trees, encouraging natural regeneration on previously
non-forested lands, or rehabilitating areas severely disturbed by natural or human impacts.
AC projects, on the other hand, are designed to conserve forestlands that face a high risk
of conversion to agricultural croplands or urban development. IFM projects focus on
enhancing carbon storage above baseline levels through improved management practices.
These include extending rotation periods, implementing selective thinning, and adopting
reduced-impact logging techniques, all of which contribute to greater long-term carbon
sequestration in forest ecosystems [16].

In a typical VCM or regulatory scheme, the certification process begins with the
project developer defining the activity and establishing a credible baseline scenario. Carbon
benefits are then quantified using approved, scientifically robust methodologies. These
calculations are subject to verification by an independent third-party auditor, who evaluates
both the accuracy of the carbon accounting and compliance with quality and sustainability
criteria. Upon successful verification, a certificate of compliance is issued. Following project
implementation and periodic recertification, the corresponding certified carbon units are
formally recorded in a registry.

The scenario development and carbon accounting procedures in this study were
designed to reflect these standard certification steps and criteria, in alignment with the
provisions of the EU CRCF Regulation. The CRCF Regulation establishes a Union-wide
voluntary certification system for high-quality carbon removals. The experimental design
and accounting procedures were aligned with CRCF provisions to ensure methodological
consistency and regulatory relevance.

The following CRCF-specific aspects were considered:

Scope: The study falls under the category of an Improved Forest Management (IFM)
project, a carbon farming activity type recognized within the CRCFE. Under the Regulation,
only carbon removals from forest-related activities are eligible, while harvested wood
products (HWPs) and product substitution effects are excluded from the accounting. Con-
sequently, the carbon balance of HWPs was not considered. Additionally, although the
CRCF allows for the inclusion of soil carbon under certain conditions, it is treated as op-
tional and was not considered in this study. Consequently, the carbon balance calculations
focus solely on above- and belowground tree biomass, excluding both HWPs and soil
carbon components.

Eligibility Requirements: The CRCF Regulation requires that certified activities comply
with Articles 4 to 7. Article 4 mandates the use of robust, conservative, and science-based
methods for quantifying carbon removals, including the need to account for uncertain-
ties. Article 5 requires that all projects demonstrate clear additionality, meaning that the
removals must exceed what would occur under regulatory or financial business-as-usual
scenarios. Article 6 outlines the need for appropriate monitoring, reporting, and liability
mechanisms to ensure transparency and accountability over time. Finally, Article 7 sets out
the minimum sustainability safeguards, with particular emphasis on protecting biodiversity
and maintaining or enhancing ecosystem services.

Baseline Definition and Emissions Accounting: As detailed methodological guidance
is not yet available for Improved Forest Management under the CRCE, the baseline scenario
in this study was constructed hypothetically based on current forest management practices
as documented in the National Forestry Database. Importantly, any emissions that may
occur during implementation (e.g., from harvesting or site preparation) are reflected in
both the baseline and alternative scenarios. This ensures that such emissions are implicitly
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subtracted from the net carbon removal benefit and do not lead to overestimation of
mitigation outcomes.

Biodiversity Criterion: In accordance with Article 7(1-2) of the CRCE, carbon farming
projects must generate co-benefits for biodiversity and ecosystem restoration, and must
not cause significant harm to the environment. This is further elaborated in Recital (24),
which states that “practices that produce harmful effects on biodiversity, such as forest
monocultures producing harmful effects on biodiversity, should not be eligible for certifica-
tion”. In this study, the selected forest subcompartment is classified as having intermediate
naturalness and contains a substantial presence of native hornbeam (Carpinus betulus),
indicating a higher ecological value than artificial monocultures. Therefore, the scenario
involving regeneration with black locust (Robinia pseudoacacia), a non-native species often
associated with biodiversity degradation and monoculture formation, is not eligible for
certification under CRCF sustainability rules.

Data Sources: Carbon accounting was performed using official yield tables and data
from the Hungarian National Forestry Database, in line with methods used in the Hun-
garian National Greenhouse Gas Inventory (GHGI) [26]. This ensures consistency with
national reporting standards.

Leakage Prevention: Leakage is minimized in this context due to Hungary’s strict
forest legislation. The Forest Act mandates sustainable forest management practices across
all forest lands, meaning that timber harvesting cannot simply shift to other areas with
fewer environmental constraints. Consequently, leakage risk is considered negligible and
was not included as a separate adjustment factor.

2.7. Overview of the Yield Tables Applied

The yield tables used in this study were selected based on their proximity and ac-
curacy compared with the corresponding stand description sheets. The following tables
were applied:

e  Scots pine: Solymos Rezsé yield table, 1966;

e  Hornbeam: Kollar Tamas yield table, 2024;

Black locust: Fekete Zoltan and Sopp Laszl6 yield table, 1974;

Native poplar: Palotas Ferenc, Szodfridt Istvan, and Sopp Laszl6 yield table, 1974;
Turkey oak: Kollar Tamaés yield table, 2023.

These yield tables were compared using an Excel-based application (v2024) developed

by Kollar [27], which presents the parameterized versions of yield tables derived from
the experimental network operated by the Forest Research Institute of the University of
Sopron [28-30]. Using this application, the appropriate yield table was selected based on
stand age and growing stock parameters.

2.8. Procedure for Carbon Balance Calculation

The purpose of the carbon balance calculation is to determine, for each scenario, the
amount of carbon stored in the living tree biomass during each year of the study period. As
a first step, changes in living biomass were determined based on timber harvest volumes
and stand growth. From the aboveground biomass volume, derived from yield tables, the
amount of belowground biomass was estimated using root-to-shoot ratios.

In the second step, the temporal changes in stored carbon were calculated by applying
the carbon content per unit volume of timber. As wood density and the proportion of
carbon in the dry mass vary among tree species, a separate conversion factor was used
for each species. These factors—density, carbon fraction, and root-to-shoot ratio—are
summarized in a table (Table 2). Since the stemwood volume data from the Hungarian
National Forestry Database includes branches (i.e., over bark volume with branches),
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no Biomass Expansion Factor (BEF) was applied. This approach is consistent with the
official Hungarian Greenhouse Gas Inventory and follows IPCC guidelines, ensuring that
aboveground woody biomass is accurately represented.

Table 2. Conversion factors for calculating carbon content.

Conversion Factors and Root-to-Shoot Ratio Used for Converting the Living Timber Stock to Carbon Content
According to the GHG Inventory

Density C fraction Root-to-shoot ratio
Unit of measurement Tonnes of dry matter/m> Tonnes of C/tonne of Tonnes of dry
of living timber stock dry matter matter /tonne of dry matter
IPCC GPG for LULUCF

Somogyi (2008) [31] and 2006 IPCC GL V4, Ch4,

Data source NIR 2022 (126], p. 383) Table 43 in ref. [32] %ggfe‘g‘;“f’é Ei"ﬁ"rle -
Target stand type

Turkey oak 0.64 0.48 0.25

Hornbeam 0.58 0.48 0.25

Black locust 0.59 0.48 0.25

Native poplar 0.36 0.48 0.25

Scots pine 0.42 0.51 0.25

To model the future carbon balance of biomass, and deadwood, we applied the Forest
Industry Carbon Model (FICM) [34]. A detailed description of the FICM’s structure and
key processes [13,35—-46] is provided in Supplementary Materials. In accordance with the
provisions of the CRCF Regulation, the carbon balance of harvested wood products was
not taken into account in our calculations.

In our calculations, only the forest module was applied, as under the CRCF Regu-
lation, neither the carbon balance of harvested wood products nor the effects of product
substitution are eligible for accounting in carbon farming projects.

In the hazard scenario, a large amount of deadwood is generated. The decomposi-
tion of deadwood was modelled based on a literature source providing decomposition
equations for Scots pine and hornbeam. For Scots pine, a sigmoid decomposition profile is
recommended, whereas for hornbeam a linear profile is suggested [47].

2.9. Method for Calculating the Amount of Carbon Credit Generated

Carbon credits are generated when additional carbon storage is achieved compared
to the BAU scenario. The first step in calculating CO, credits is to define this reference
baseline, which in the present case is the harvesting of the current stand followed by
regeneration with Scots pine (Pinus sylvestris). The alternative scenarios were assessed
relative to this baseline to determine how their carbon sequestration levels differ. The
resulting CO, surplus formed the basis for credit calculation. If sequestration exceeds the
baseline level, credits are generated; if it is lower, the number of credits is zero. The basic
unit of calculation is one ton of CO,, which corresponds to one carbon credit.

2.10. Financial Calculations

The purpose of the economic calculations is to compare forest management scenarios
in terms of their financial impacts within the study timeline. The forestry interventions and
growth processes associated with each scenario generate different cash flows, the combined
effects of which are assessed. To perform the calculations, it is necessary to determine
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the revenues and costs of logging, the costs of forest regeneration, and the revenues from
carbon credits.

Timber harvesting revenues consist of two main components: the net income from
the sale of Scots pine sawlogs and the net income from the sale of low-grade roundwood
(pulpwood and paperwood) (Table 3). Unit prices for the assortments were obtained from
statistics published by the Ministry of Agriculture [48].

The second factor to be considered is the cost of forest regeneration incurred under
the different scenarios. These data are provided in the Updated Forest Wildlife Damage
Assessment and Evaluation Guide [49].

Table 3. Input data for the economic calculations.

Input Data for Economic Calculations

Value (EUR/m?) Data source
Prices of Scots Pine assortment
Log 60 OSAP (2024) [48]
Low-grade roundwood 32 OSAP (2024) [48]
Logging cost
Contractor fee per cubic metre 21 Ministry of Agriculture, 2025 [50]

Financial baseline data

Discount rate (low risk) 2% own estimate

Forest regeneration costs

Harvesting Scots pine and

regenerating with Scots pine 1896 Nagy [49]
Harvesting Scots pine and
regenerating with Black locust 1233 Nagy [49]
Harvesting Scots pine and
regenerating with Native poplar 1123 Nagy [49]
Harvesting Scots pine and 1750 Nagy [49]

regenerating with Turkey oak

We calculated the Logging Contribution Margin (LCM) as the difference between total
sales revenue and variable costs (logging and regeneration costs). Overhead costs were not
accounted for.

Scenario 1, 4, 5 and 6 start with logging and replanting with their respective species.
This generates the exact same LCM in year 0. The extended forest rotation (Scenario 2) also
involves a forest harvest at the end of the carbon farming project, in the year 26. Since the
tree stand has reached the stage of over-maturation both the volume of standing timber
and the value of the timber decline. To represent this in the calculations only 1/3 of the
harvested timber is sold, and it is sold as low-grade roundwood. In Scenario 3, when the
majority of the standing timber dies, the remaining standing timber needs to be harvested,
and the area needs to be cleared before replanting. The quality of the timber harvested
is supposed to be unsuitable for commercial purposes, therefore no income from logging
is calculated.

The timing and distribution of revenues and costs across the scenarios are illustrated
in Figure 3.
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2025 | 2030 | 2035 | 2040 | 2045 | 2050

Logging income

Scenario 1: Logging cost

Baseline Forest regeneration cost

Carbon credit income

Logging income
Scenario 2: Logging cost

Extended rotation Forest regeneration cost

Carbon credit income

Logging income
Logging cost
Forest regeneration cost

Scenario 3:

Extended rotation with
total stand mortality

Carbon credit income
. Logging income
Scenario 4: L gg. 8 7
Black locust 088INg 08 -
regeneration Forest regeneration cost
& Carbon credit income
. Logging income
Scenario 5: L gg. 8 :
0gging cos
Grey poplar 88118 -
encnoration Forest regeneration cost
E Carbon credit income
. Logging income
Scenario 6: L gg. 8 -
0gging cos
Turkey oak 88118 -
. Forest regeneration cost
regeneration

Carbon credit income

Figure 3. Timeline of cash flows under the different forest management scenarios. Green cells indicate
revenues (logging income, carbon credit income), while red cells indicate costs (logging costs, forest
regeneration costs). The timeline shows the occurrence of these cash flows under each scenario,
highlighting differences in timing. The asterisk (*) in the Extended rotation scenario (2050) indicates
that, since the tree stand has reached the stage of over-maturation, both the standing timber volume
and its value decline. To represent this in the calculations, only one-third of the harvested timber is
assumed to be sold as low-grade roundwood.

In the calculations, the price of carbon credits was not treated as constant; instead, it
was varied between €0 and €150 to examine the effect of price changes on total revenue.
The financial comparison of the scenarios was based on the Total Discounted Contribution
Margin (TDCM) calculated according to Formula (1). Since forest management is considered
a low-risk business activity, the discount rate was set at 2% above inflation.

n
TDCM — Z LCM; + CCILy

1
= a+r) g

where

TDCM: Total Discounted Contribution Margin;
LCM;: Logging Contribution Margin;

CClI;: Carbon Credit Income;

r: discount rate;

t: year variable and index;

n: length of the study period.

From a revenue perspective, biodiversity as a criterion is a crucial factor, as it deter-
mines which tree species may be used for regeneration within a carbon farming project.
According to the CRCF regulation, only projects that have a positive effect on biodiversity
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may enter the carbon market. For this reason, regeneration with black locust (Robinia pseu-
doacacia) would generate no additional carbon revenue, as it is a non-native species and thus
excluded from the list of species eligible for accreditation in carbon sequestration projects.

3. Results

Based on the comparison of the different forest management scenarios (Figure 4), the
combined carbon stock of living and dead biomass in the extended rotation cycle scenario
remains the highest until the end of the study period. However, field observations and
consultations with the forest manager indicate that a 100% mortality rate in the stand is
likely to occur within the next 10 years. In this case, according to our modelling results, the
carbon stock would decline sharply by 2050. Under these conditions, by 2042 the carbon
stock in the black locust regeneration scenario would already exceed that of the standing
dead Scots pine stand.
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—— Scenario 2: Extended forest rotation

----- Scenario 3: Extended forest rotation with total stand mortality
Scenario 4: Regeneration with black locust

—— Scenario 5: Regeneration with native poplar

—— Scenario 6: Regeneration with Turkey oak

—-- Scenario 1: Final harvest and regeneration with the same target stand

Figure 4. Combined carbon stock of living and dead biomass carbon pools in the examined scenarios.

Black locust can be characterized by a substantial carbon sequestration capacity over a
short period due to its rapid early growth. By the end of the study period, regeneration with
native poplar would also result in higher carbon sequestration compared to the abandoned
and dying Scots pine stand (total stand mortality scenario). In contrast, Turkey oak has
a low sequestration capacity within the examined period due to its slow growth, and
similarly, regeneration with Scots pine (baseline scenario) also results in lower sequestration
compared to the other scenarios assessed.

We assessed the mitigation potential of each scenario in comparison to the baseline
scenario for the period up to 2050 (Figure 5). The extended rotation cycle showed the
highest additional carbon sequestration, with 958 tCO, above the baseline. In the total
stand mortality scenario, we calculated only 108 tCO, of additional sequestration. Regener-
ation with black locust resulted in an outstanding 690 tCO; surplus; however, due to the
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biodiversity criterion, this amount cannot be accounted for as carbon credits. For native
poplar, the additional sequestration of 209 tCO; is eligible for crediting, although it remains
significantly lower than that of black locust. Regeneration with Turkey oak produced
the lowest additional sequestration during the study period, with 20 tCO,. Despite their
varying magnitudes, these values all represent additional mitigation potential compared to
the baseline scenario (regeneration with Scots pine with hornbeam admixture).

1200
1000 958
800
690
S 600
400
209
200
108
- 2

0

Scenario 2: Extended  Scenario 3: Extended Scenario 4: Scenario 5: Scenario 6:

forest rotation forest rotation with Regeneration with Regeneration with Regeneration with
total stand mortality black locust native poplar Turkey oak

Figure 5. Total mitigation effect compared to the baseline scenario.

In the Scots pine regeneration baseline scenario, no revenue is generated from carbon
credits; therefore, in Figure 6 only the difference between revenues from timber sales
and the costs of logging and forest regeneration (net revenue) is shown, expressed as
present value. In the extended rotation cycle scenario, in addition to substantial carbon
credit revenues, income from timber sales at the end of the examined cycle can also be
considered, after deducting regeneration and harvesting costs. This results in the highest
total discounted contribution margin of EUR 41,200, assuming a carbon credit price of
€50/tCO,.

In the total stand mortality scenario, costs exceed revenues despite carbon credit
income in the early years of the examined period. This is due to the absence of timber sales
revenue at the end of the cycle compared to other scenarios.

In the black locust regeneration scenario, carbon credit revenues cannot be included
because of the CRCF regulation’s biodiversity criterion; nevertheless, the total discounted
contribution margin amounts to EUR 13,900.

For native poplar, revenue is generated from both the carbon market and timber
production, resulting in a total discounted contribution margin of EUR 22,900. Among the
scenarios examined, we recommend implementing this one, given that the substantially
higher TDCM of the extended rotation cycle scenario is not considered feasible according
to local forest management experience.

The total TDCM for Turkey oak regeneration is only EUR 13,000 due to its slow initial
growth; however, at a carbon credit price of €50/tCO;, this value becomes comparable to
that of black locust.

If the market price of carbon credits exceeds €30, the extended rotation cycle scenario
can be characterized by the highest TDCM (Figure 7). However, as previously noted, this
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scenario is not realistically implementable according to forest management experience.
Although its indicators are more modest, regeneration with native poplar appears to be
the most favourable choice from an economic perspective. Regardless of the carbon credit
price, the total TDCM of the Turkey oak regeneration scenario remains at a low level.

50,000
41,185
40,000
30,000
22,874
=
2 20,000
=
13,923 13,033
10,805
10,000
° 0
—54
-10,000 5485
Scenario 1: Final Scenario 2: Scenario 3: Scenario 4: Scenario 5: Scenario 6:
harvest and Extended forest Extended forest Regeneration with Regeneration with Regeneration with
regeneration with rotation rotation with total black locust native poplar Turkey oak
the same target stand mortality
stand

Figure 6. Present value of total contribution margin considering the biodiversity criterion at a carbon
credit price of 50 EUR/tCO;.
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Figure 7. Changes in the total discounted contribution margin as a function of carbon credit prices,

considering the biodiversity criterion.
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For black locust and Scots pine (baseline) regeneration scenarios, the TDCM is un-
affected by the carbon credit price, as neither scenario generates revenue from carbon
credits. For black locust, this is due to the biodiversity safeguard of the CRCF, which
in this case excludes non-native species from eligibility; therefore, its TDCM is derived
solely from timber revenues. For Scots pine, it functions as the baseline reference scenario
against which the other management options are compared, and thus does not provide any
additional carbon credit revenues. In the total stand mortality scenario, the TDCM remains
negative even at the highest carbon credit price. The main characteristics of the presented
scenarios and their most important results are summarized in Table 4.

Table 4. Silvicultural and carbon-trading characteristics of the different forest management scenarios.

Scenario 3:
. Scenarlf) 1: Scenario 2: Extended. Scenario 4: Scenario 5: Scenario 6:
Scenario Scots Pine Forest Rotation R
.. . Extended . Black Locust Native Poplar Turkey Oak
Description Regeneration . with Total . . .
. Forest Rotation Regeneration Regeneration Regeneration
(Baseline) Stand
Mortality
. After
Improved forest Thef\ stapd 1S clear-cutting of  After After
management maintained . . .
. o\ . Scots pine, clear-cutting of  clear-cutting of
with additional ~ without e . .
. artificial Scots pine, Scots pine,
carbon harvesting for L oo o
. regenerationis  artificial artificial
sequestration, another . . . . . .
The 99-year-old e carried out with  regenerationis  regeneration is
. maintaining the 25 years, but . . . .
Scots pine stand . A black locust. carried out with  carried out with
- . stand for an with 100% .
Description is regenerated o . Due to the anative poplar  Turkey oak.
. additional mortality L - - s .
with the same L biodiversity species. Thisis  Thisis also a
. 25 years within 10 years. o . .
tree species. . . criterion of the  also a possible  possible
without According to Lo L
. CRCF scenario with scenario with
harvesting. the forest . o .t
. . .. regulation, additional additional
Scenario with manager, this is
. black locust carbon carbon
minor the most . .
- . . generates no sequestration. sequestration.
CO; emissions.  likely scenario.
carbon revenue.
Growing stock
2030 (m? /ha) 47 411.7 170.0 23.8 8.9 8.3
Growing stock 5 384.0 0.0 1232 90.4 38.9
2040 (m? /ha) ’ ' ’ ’ ’ ’
Growing stock
2050 (m? /ha) 101.7 351.3 0.0 218.3 196.4 74.7
Harvested
timber 2025 4253 0.0 0.0 425.3 4253 425.3
(gross m?/ha)
Harvested
timber 2050 0.0 351.3 148.5 0.0 0.0 0.0
(gross m?/ha)
Mitigation
effect compared  Jine 203.8 23.0 146.8 45 43
to baseline
(tCO; /ha)
Discounted
logging income 13,465 981 0 13,465 13,465 13,465
(EUR/ha)
Discounted
logging cost 9269 4575 1928 9269 9269 9269

(EUR/ha)
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Table 4. Cont.
Scenario 3:
. Scenarl.o 1: Scenario 2: Extended' Scenario 4: Scenario 5: Scenario 6:
Scenario Scots Pine Forest Rotation .
.. . Extended . Black Locust Native Poplar Turkey Oak
Description Regeneration . with Total . . .
. Forest Rotation Regeneration Regeneration Regeneration
(Baseline) Stand
Mortality
Discounted
regeneration 1897 1133 1133 1233 1123 1750
cost (EUR/ha)
Discounted
carbon credit
income at 0.0 13,490.6 1894.0 0.0 1794.5 327.2
50 €/tCO;,
(EUR/ha)
Total
Discounted
Contribution 5595 ¢ 8762.8 ~1167.0 2962.3 4866.8 2772.8
Margin at
50 €/tCO;,
(EUR/ha)
Native species, Native species,
therefore, therefore,
increases increases
- biodiversity biodiversity
zrff;i(e;; is Additional In the case of Management compared to compared to
avzilable atthe  revenue the stand has low risk, Scots pine; Scots pine;
iven forestr without costs or collapse capable of offers a good offers a good
Advantages iirec torate y risks. in a newl scenario, the significant solution for the  solution for the
Well—know;l emer, in Y extended forest  timber climate change  climate change
market carbo%l rrglarke ¢ cycle has no productionina  scenario we scenario we
erception " advantages. short time. modelled. modelled.
perception. Revenue from Revenue from
both the carbon  both the carbon
market and tim- market and tim-
ber production.  ber production.
Revenue from
Management timber is lower Sienificant loss
with Scots pine  and appears o fgvalue n
is facing later. . Decrease in I
. ¢ . . timber; after Currently In the initial
increasing Production risk . naturalness. . :
. . mortality . limited timber stage of
challenges in during According to .
) occurs, the marketing management,
. the region, e.g., management . the CRCF 2.
Disadvantages biotic damage bevond final project reeulation. not opportunities; carbon market
& Y terminates, and st ’ industrial revenue is low
of unknown felling age, e.g., eligible for e .
. . no further utilization is due to
origin, impacts of . carbon farm-
. . . carbon credit . : not resolved. slow growth.
increasingly climate change, revenue is ing projects.
arid self-thinning, generated

site conditions.

biotic and
abiotic damage.

4. Discussion

4.1. Climate Adaptation Evaluation

The scope of the climate adaptation evaluation is to test the forest management

scenarios against forest management objectives. These objectives are twofold: to maintain a

stable tree stand that will likely survive under the drying climate, and to provide economic

value to the forest manager.
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In Scenario 1, the forest manager can make use of the current tree stand’s high financial
value, and regeneration with the same species could be an obvious choice. However, the
current health status of the tree stand indicates that the site conditions are getting less
favourable to Scots pine, and the risk for significant forest damage is not neglectable. For
this reason, Scenario 2 can be considered as a high-risk option that not only prolongs the
realization of the financial value of the stand, but it could lead to severe financial losses.
This is exactly what is represented by Scenario 3, in which the current tree stand gradually
collapses and gets vanished in 10 years.

The rest of the scenarios (scenario 4-6) all consider an initial harvest of the current
tree stand and a regeneration with different species. Black locust is a fast-growing species
with a short rotation period (30-35 yrs). It is hardwood that is more durable than oaks
and is widely used in landscape building. Its fuelwood is also in high demand. Its
silviculture is straightforward, and it can be easily and quickly regenerated. Due to its
wide environmental tolerance, it is likely to form a stable and viable tree stand. A serious
drawback of this species is that it is an introduced species that is banned from protected
areas and cannot replace native species. Thus, in this study, we only consider it because it
could be an option elsewhere; however, in this specific case, it is not a legal choice.

Grey poplar is also relatively easy to cultivate, it can be quickly regenerated, and forest
health issues are unlikely. However, its rotation period is medium-long (50-60 yrs), and its
wood is a low-quality softwood. The less favourable wood quality results in less demand
and lower prices.

A Turkey oak stand would most closely resemble the natural forest type in this area.
However, it is more difficult to regenerate due to its slow growth and susceptibility to
damage from wild game. This species can also grow in drier conditions, and we can expect
a stable tree stand from it. However, it has a number of pests that can cause complete
defoliation, although it is adapted to such events. Its rotation period is the longest among
the above choices (8090 yrs) and the value of its wood is low. It is mostly used as firewood.

To provide a concise overview, Table 5 summarizes how each forest management
scenario aligns with the main objectives of stand viability and economic potential.

Table 5. Summary of compliance of forest management scenarios to forest management objectives.

Scenarios Stand Viability Economic Potential
Regeneration Survivability Rotation Period Production Value

Scenario 1: Harvest and regeneration + + ++
Scenario 2: Extended rotation

Scenario 3: Failed extended rotation Bl B e -
Scenario 4: Conversion to Black locust ++ ++ ++ +
Scenario 5: Conversion to Grey poplar ++ ++ + —
Scenario 6: Conversion to Turkey oak + ++ + —

++ high; + adequate; — less favourable; n.r. not relevant.

4.2. Climate Change Mitigation Potential of IFM Projects and Economic Trade-Offs

Research indicates that IFM projects can deliver substantial carbon storage benefits
when effective practices are applied [51-53]. Kaarakka et al. [54] found that IFM projects
generally maintain higher carbon densities both above- and belowground, though about
26% of these projects also carry a moderate wildfire risk. Similarly, Stapp et al. [55], in
their assessment of 136 IFM projects, reported that such projects are typically situated
in forests with exceptionally high carbon stocks—127% above regional averages—and in
areas with relatively low historical disturbance, experiencing 28% fewer disturbances than
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regional norms. Together, these findings highlight the significant potential of IFM projects
to enhance long-term carbon sequestration, while also underscoring the need to manage
risks such as vulnerability to natural disturbances and the possibility of stand collapse.

Based on the scenarios examined in our study, we conclude that although the extended
rotation cycle scenario offers the highest mitigation potential and the most favourable
economic indicators, its actual implementation is highly unlikely. This is due to the fact
that, at the time of the study, the stand had already exceeded its planned rotation age by
nine years, showed a declining health trend, and, according to the stand inventory, the
volume of deadwood and drying trees had increased compared to the condition described
in the forest management plan. Given these factors, it is far more likely that the total stand
mortality scenario would occur if final harvesting were not carried out.

Postponing final harvesting would result in negative economic consequences, as under
the total stand mortality scenario, the total discounted contribution margin (TDCM) of
returns remains negative even at the highest carbon credit price. Therefore, it is advisable
to carry out final harvesting of the overmature Scots pine stand showing declining health,
as this can be regarded as a form of damage mitigation.

Although black locust may offer considerable carbon sequestration potential and
economic benefits, its use in regeneration is not permissible under the CRCF Regulation
(EU/2024/3012) [21] in cases where the previous forest stand exhibited higher naturalness.
According to Article 7(1-2) of the CRCE, certified carbon farming activities must generate
co-benefits for biodiversity and ecosystem restoration and must not cause significant envi-
ronmental harm. This is further clarified in Recital (24), which states that “practices that
produce harmful effects on biodiversity, such as forest monocultures producing harmful
effects on biodiversity, should not be eligible for certification”. In the Hungarian context,
where many forest stands contain native tree species and are classified as having interme-
diate or higher naturalness, the introduction of black locust—a non-native species often
associated with biodiversity loss and monoculture formation—is inconsistent with these
sustainability criteria. As such, while black locust may be viable in purely degraded or
artificial stands, it is not eligible for certification in areas with existing ecological value.
This illustrates that the CRCF-regulated voluntary carbon market is designed not only to
incentivize carbon removals, but also to uphold strict biodiversity safeguards.

Under the known regulatory conditions, the regeneration scenario using native poplar
proved to be the most favourable. As a native species, it enhances biodiversity compared to
Scots pine and offers an effective response to the modelled drying climate change scenarios.
In the case of native poplar, revenues are generated both from the carbon market and from
timber production, resulting in a TDCM of EUR 22,900 for this scenario.

Regarding regeneration with Turkey oak, we found that although it is a native species
that improves biodiversity compared to Scots pine and is well-suited to the modelled
climate change scenarios, its slow growth results in low carbon market revenues in the
initial phase of management.

4.3. Uncertainty and Permanence Challenges in Carbon Farming Projects

Although the current health condition of the studied stand makes the successful
implementation of an extended rotation cycle project unlikely, it can be concluded that in
the case of rotation-age stands—where no significant decline in productivity, increase in
mortality, or heightened risk of biotic or abiotic disturbances is anticipated over the coming
decades—such a project could yield substantial additional revenue within the emerging
carbon market. This underscores that carbon farming projects with long implementation
horizons and strong dependence on natural processes inherently carry elevated levels
of risk. Therefore, careful site-level assessment, detailed stand structure evaluation, and
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comprehensive cost-benefit and risk analyses are critical components of the planning
process for any carbon farming initiative requiring a commitment of ten years or more.
Furthermore, transparent communication of these uncertainties to forest managers is
essential to ensure informed decision-making and long-term project viability.

In addition to planning challenges, long-term project success is also contingent on
the resilience of carbon stocks to natural disturbances and external stressors. A critical
challenge for forest-based carbon projects lies in the risk of unplanned carbon losses due
to natural disturbances. Events such as wildfires, insect outbreaks, prolonged droughts,
and other forms of unexpected stand mortality can significantly reduce carbon stocks and
thereby compromise the permanence of credited removals. These risks are particularly
acute in extended rotation scenarios, where older stands may be more vulnerable to biotic
and abiotic stressors over time. Under the CRCF Regulation (EU/2024/3012) [21], such
risks must be managed through regular monitoring and appropriate liability mechanisms,
ensuring that any reversal of carbon sequestration is detected and accounted for [56]. From
a project design perspective, this highlights the importance of integrating disturbance
risk assessments into the crediting approach, including the use of risk buffers, adaptive
management practices, and, where appropriate, insurance schemes to mitigate the potential
impact of unforeseen carbon losses on both environmental integrity and financial viability.

Another important consideration is the challenge of accurately calculating the amount
of carbon eligible for crediting, which is central to the integrity of any forest carbon
project [15]. Under the CRCF Regulation, carbon removals can only be credited ex post,
meaning that issuance of certified units requires demonstrated and verified sequestration
rather than projections. This approach increases environmental credibility but also in-
troduces technical and logistical complexity. The quantification of removals depends on
multiple factors, including growth rates, stand structure, species-specific yield tables, and
assumptions about decomposition and mortality—all of which carry inherent uncertainties.
These uncertainties can be compounded by variability in field measurements, limitations in
remote sensing data, and methodological constraints of modelling. To ensure compliance,
projects must undergo periodic monitoring and third-party verification using scientifically
sound and transparent methodologies.

Broader lessons from European carbon farming practice also underscore several
challenges and design considerations relevant to CRCF-compliant forestry projects. A
recent comprehensive review of 160 carbon farming schemes across Europe [57] high-
lights that most existing schemes struggle to meet the QU.A.LITY criteria set by
the CRCF—particularly regarding robust quantification, additionality, permanence, and
sustainability safeguards. For instance, few schemes provide long-term contracts or im-
plement monitoring systems adequate to ensure permanence, and only a minority offer
direct incentives for biodiversity or ecosystem co-benefits. Moreover, the study found that
uncertainty in soil carbon measurements, limited access to reliable monitoring, reporting
and verification (MRV) methodologies, and the absence of harmonized baselines hinder the
credibility of many ongoing schemes. These findings support the approach taken in this
study to focus solely on biomass carbon, given the unresolved complexities of soil carbon
accounting. They also point to the importance of aligning national practices with CRCF
standards to avoid fragmentation in certification outcomes and to ensure that future carbon
farming initiatives are both environmentally sound and market-ready.

4.4. Study Limitations and Future Research Directions

While the findings of this study provide important insights into the design and
feasibility of CRCF-compliant forest carbon farming projects, they are subject to certain
limitations. Most notably, soil carbon dynamics were neither modelled nor measured, even
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though they represent a significant component of the forest carbon pool. This omission
reflects both the lack of field data and the fact that soil carbon accounting is optional
under the CRCFE. Additionally, detailed methodological guidance for Improved Forest
Management (IFM) projects under the CRCF Regulation has not yet been formulated,
which limits the certainty with which baseline assumptions and eligibility rules can be
applied. The study also did not examine other potential project types, such as conversion
to Continuous Cover Forestry (CCF) or climate-adaptive structural transformation, which
could offer further mitigation and resilience benefits. Future research should aim to include
these alternative interventions, incorporate soil carbon measurements and modelling, and
adapt baseline setting and scenario design as CRCF implementation rules evolve.

5. Conclusions

In this paper, we examined the potential inclusion of a 4.7-hectare, 99-year-old Scots
pine stand, managed by the Sarvar Directorate of the Szombathely Forestry Company
(Szombathely, Hungary), in a carbon farming project under various scenarios. The baseline
scenario assumed regeneration with the same species, Scots pine, following final harvesting.
Our aim was to select the scenario that would deliver the best economic outcome.

Among the six alternative scenarios analyzed, regeneration with native poplar
emerged as the most viable option. It offers a favourable balance of biodiversity com-
pliance, adaptability to projected climate conditions, and solid financial performance
(TDCM of EUR 22,900 at €50/tCO;). While the extended rotation scenario presented the
highest mitigation and economic potential, it was deemed infeasible due to high mortality
risk. Although black locust showed significant sequestration and economic promise, it
is excluded under CRCEF rules due to its non-native status. These findings highlight the
importance of integrating ecological, regulatory, and economic dimensions when design-
ing carbon farming projects and demonstrate that biodiversity criteria, while ecologically
sound, significantly limit the range of feasible forest management options.
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