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Abstract

The strategic goal of the transition to a low-carbon economy in Russia requires the active
integration of forest-climatic projects into regional sustainable development strategies,
especially for areas with high agricultural pressure such as the central forest-steppe of the
European part of the Russian Federation. The region contains over 18 million hectares
of forest land, which is approximately 2.1% of the area of Russian forests, and intensive
agricultural development increases the need for innovative approaches to restoring forest
ecosystems. The work uses indicators of the state forest register, data on 18 reforesta-
tion projects and 22 afforestation projects, and the results of forecasting the dynamics
of greenhouse gas absorption until 2030. It is estimated that by 2030, the sequestration
potential of the forests of the central forest-steppe can be increased by 28-30%, which will
neutralize up to 12% of emissions from industrial enterprises in the region. In the paper,
to unify the assessment, it is proposed to use the carbon intensity factor of investment
costs, which, in a number of implemented projects, ranged from 1.2 to 2.7 RUB/1 kg CO,
eq., reflecting the cost of achieving one ton of absorbed CO, equivalent. At ratios above 1,
the economic value of the carbon units created exceeds investment costs by at least 20%.
Environmental-economic modeling showed that with an increase in the forest cover of the
region by 1% (180 thousand hectares), the annual absorption of CO, increases by approxi-
mately 0.9-1.1 million tons, and the increase in potential income from the sale of carbon
units could amount to 1.6-2.2 billion RUB per year at the current price of 1.8-2 RUB/kg
COs-eq. The use of an integral criterion of environmental and economic efficiency helps
increase the transparency and investment-attractiveness of forest-climatic projects, as well
as the effective integration of natural and climatic solutions into long-term strategies for
the sustainable development of the Central Forest-Steppe of Russia.

Keywords: forest climatic projects; investment attractiveness; carbon intensity; environmental
and economic efficiency
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1. Introduction

In the context of global climate change, the integration of forest climate projects into
regional sustainable development strategies is becoming one of the most important areas
of state environmental policy and a tool for achieving carbon neutrality. According to
the latest Intergovernmental Panel on Climate Change (IPCC) assessment reports (AR,
2021-2023) [1], anthropogenic impact has led to global warming by 1.1 °C compared to pre-
industrial levels, causing unprecedented changes in the climate system. Special attention is
paid to the role of forest ecosystems, which absorb 2.6 & 0.7 GtCO; /year and are critical
components of the global carbon cycle?. However, the degradation of forest cover leads
to emissions of 1.5 & 0.7 GtCO, /year, which emphasizes the need for urgent measures to
preserve and restore forests.

The IPCC [2] notes that natural forest regeneration demonstrates 40% higher carbon
sequestration efficiency compared to artificial planting, especially in tropical regions. At
the same time, boreal forests, including the Siberian taiga, are at risk of transformation from
absorbents into carbon sources due to increased fires and the degradation of permafrost.

To limit global warming to 1.5 °C, the IPCC [2,3] recommends a set of measures,
including the following:

(1) reducting global emissions by 45% by 2030;
(2) achieving carbon neutrality by 2050;
(8) expanding natural solutions, such as agroforestry and the restoration of degraded lands.

Economic estimates show [3] that developing countries will need 127-295 billion
USD annually by 2050 to effectively adapt to climate change, emphasizing the need for
international cooperation and financial mechanisms.

Forest ecosystems play a key role in shaping the carbon balance and mitigating the
effects of human impacts on climate, being both a major repository and an active sink of
greenhouse gases [4,5].

According to the state forest register, the area of Russian forest lands exceeds
800 million hectares, which is about 20% of all forests in the world.

The current state of Russian forest ecosystems is characterized by a complex of in-
terconnected problems requiring a transition to a sustainable forest management model.
Anthropogenic impact on forest ecosystems has reached critical levels, as confirmed by
long-term monitoring data. Over the past five decades, there has been a steady trend of
reduction in the area of valuable coniferous plantations, accompanied by a decrease in their
productivity and biodiversity.

Climate change has a significant impact on the dynamics of forest ecosystems. The
increase in average annual temperatures and the change in the moisture regime lead
to an increase in the frequency and intensity of forest fires, which has been confirmed
by statistics from recent years. Simultaneously, an increase in forest damage by phy-
topathogens and insect pests is observed due to the weakening of forest stand in changing
climatic conditions.

The economic model of forest use in Russia demonstrates significant structural dispro-
portions. The prevalence of extensive timber harvesting methods is accompanied by a low
level of wood raw material processing and significant biomass losses at all stages of the
production chain. The existing forest management system does not ensure the reproduction
of forest resources in the required volume, which creates a threat of their depletion in the
medium term.

The legal regulation of forest relations requires significant improvement. The lack of
effective mechanisms for monitoring timber turnover contributes to the spread of illegal
logging, the volume of which, according to expert assessments, reaches significant amounts.
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Insufficient coordination between federal and regional forest management bodies reduces
the effectiveness of implementing state forest policy.

Russia’s international obligations in the field of climate policy and biodiversity conser-
vation create additional requirements for the forest management system. The need to fulfill
the conditions of the Paris Agreement and achieve the UN Sustainable Development Goals
requires a review of traditional approaches to forest resource management.

Recent scientific research convincingly demonstrates that transitioning to a sustainable
forest management model is possible based on the following:

- the introduction of intensive methods of forestry management;

- the development of the forest ecosystem monitoring system;

- the improvement of the regulatory framework;

- the implementation of economic mechanisms for stimulating sustainable forest use.

The implementation of these measures will allow for the long-term preservation of the
ecological functions of forests while simultaneously satisfying the socio-economic needs
of society.

The modern paradigm of forest resource management in Russia is undergoing sig-
nificant transformation, expressed in the integration of ecological, economic, and social
aspects through the implementation of forest-climatic projects. These projects are a set of
measures aimed at strengthening the carbon-depositing function of forests and preserving
their biodiversity.

The central forest-steppe of the European part of the Russian Federation is represented
by a unique combination of natural and anthropogenic ecosystems; forest and agricultural
landscapes are combined here, subject to intense anthropogenic impact and high rates of
agricultural development. This determines the special importance of forest-climatic projects
for increasing the sustainability of territories, preventing soil degradation, preserving
biodiversity, and combating climate change.

In recent years, the growing interest of the scientific community and government agen-
cies in natural and climatic solutions, such as reforestation, afforestation, and management
projects for forest carbon landfills, is due to their contribution to the implementation of
Russia’s obligations under the Paris Agreement and the UN Sustainable Development
Goals [6-8].

Modern research confirms that the implementation of forest-climatic projects can
not only significantly increase the absorption capacity of ecosystems but also become
a significant driver of regional economic development [9].

According to the latest report of IPCC AR6 (2023) [10], forests play a key role in miti-
gating climate change, providing up to 30% of the necessary emission reduction to achieve
the goals of the Paris Agreement. Special attention is paid to tropical and boreal forests,
which demonstrate the greatest carbon sequestration potential but are also most vulner-
able to climate change [11]. FAO (2025) emphasizes that sustainable forest management
requires the integration of ecological, social, and economic aspects, including biodiversity
conservation and support for local communities [12].

The WRI report (2023) [13] highlights critical areas for forest-climatic projects:

Reducing forest degradation: Despite 140 countries’ commitments (Glasgow, 2021),
the rate of deforestation reduction remains insufficient—a 2.5-fold acceleration is required
to achieve the 2030 targets.

Ecosystem restoration: The IPCC [14] notes that natural forest restoration (e.g., sec-
ondary successions) can be more effective than artificial planting, especially in the tropics.

Consideration of related benefits: According to FAO [15], projects combining carbon
sequestration with improving the livelihoods of the local population (for example, through
non-wood forest products) demonstrate 20-30% higher sustainability.
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For example, Griscom et al. [16] estimates that increasing ecosystem absorption ca-
pacity by 30% by 2030 could significantly mitigate the effects of climate change. Such
projects create a multiplier effect: they contribute to the attraction of new investments, the
development of green markets (markets focused on environmentally sustainable products,
services, and business models), economic diversification, and job creation [17-19].

International and Russian practice demonstrates a number of successful cases of
implementing sustainable forest use principles, which are of significant importance for
developing effective forest-climatic strategies.

Despite the existing positive foreign and Russian experience, the domestic literature
notes significant methodological discrepancies in assessing the environmental and eco-
nomic efficiency of climate investments, the lack of universal criteria for efficiency, and the
difficulty of replicating successful management decisions [7,8].

According to Russian researchers, the main difficulty for scaling such projects is the
lack of a single criterion for environmental and economic efficiency.

The economic efficiency of forestry and climate regulation projects is traditionally
assessed through the lens of standard financial metrics such as net present value (NPV) and
internal rate of return (IRR). However, the growing volume of scientific data indicates that
these approaches are fundamentally limited. Atkinson and Mourato [20] directly indicate
that classical cost-benefit analysis (CBA) often fails in assessing public goods, including
forest ecosystem services. This is because traditional models are unable to adequately
quantify and monetize key benefits (such as biodiversity, water-regulating functions, the
aesthetic and recreational value of landscapes, and carbon sequestration) [21].

Ignoring or underestimating these factors leads to systematic errors in planning and
investing. Projects focused solely on short-term financial returns (for example, monoculture
plantations) can receive a positive NPV score while projects for comprehensive forest
restoration and the preservation of natural ecosystems, the value of which is manifested in
the long term and intangible assets, are recognized as unprofitable. This creates distorted
economic incentives and leads to suboptimal resource allocation, ultimately undermining
the sustainable development of regions and the planet as a whole.

Overcoming this methodological crisis requires the development and implementation
of a fundamentally new assessment system based on integral indicators. This system
should ensure the comprehensive accounting of the economic, environmental, and social
results of projects in their interrelationship. Costanza et al. (1997) [22]’s pioneering work,
which first assessed the global cost of ecosystem services, became the starting point for
this direction. Its logical continuation is the development of international standards, such
as the UN Environmental and Economic Accounting System (SEEA) (United Nations,
2014) [23], which provides a strict statistical framework for integrating natural capital data
into national accounts. The current stage of development of this concept is reflected in
Dasgupta’s review (2021) [24], which states that the true wealth of nations lies precisely in
their inclusive productive capital, the most important part of which is natural capital.

Thus, the effectiveness of forest climate projects should be measured not so much by
direct financial returns as by their contribution to increasing or the preservation of this
complex wealth. This requires the creation of indicators that could reflect the dynamics of
natural capital (e.g., tons of sequestrated carbon, biodiversity index), linking it to economic
costs and results (e.g., the cost per unit of carbon, creation of “green” jobs, and social effects
(sustainable rural development)).

In a number of publications, it has been proposed to use the carbon intensity coefficient
of investments—the ratio of project cost to the absorbed volume of CO, equivalent, which
allows comparing the effectiveness of various project scenarios and forest restoration
technologies [25-27]. Some authors have noted that in the conditions of the central forest-
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steppe, this indicator varies from 1.1 to 2.7 RUB/kg of CO, equivalent, and such values
can be used to form investment standards [28-31].

At the regional level, scientific publications often study the issues of adapting de-
sign solutions to the diversity of forest conditions, social specifics, and land use struc-
tures [32-34]. The impact of climate projects on the integration of small- and medium-sized
farms, the development of agroforestry, and the infrastructural development of the territory
and the improvement of biodiversity is highlighted [35,36]. However, despite the signifi-
cant amount of empirical data, there are still not enough universal tools for comparing the
results of forest climate projects in different regions [37,38].

In particular, the environmental and economic modeling of ongoing projects in the
Central Forest-Steppe is often based on a limited set of empirical data, which makes it
difficult to objectively assess their contribution to achieving sustainable development
goals [39,40].

However, the search for integrative indicators, such as the carbon intensity coefficient
of investment costs, is considered as a promising area of scientific research.

Main research question

How can the effectiveness of various scenarios of forest-climatic projects in the condi-
tions of the Central Forest Steppe of the Russian Federation be quantitatively assessed and
compared for their integration into regional sustainable development strategies?

Research hypothesis

Using the modified carbon intensity coefficient of investments (CIC, RUB/kg CO;-
eq.) in combination with geoinformation modeling and dynamic carbon balance models
(CO,FIX, Yasso) will allow one to

- Unify the evaluation of different types of projects (forest restoration, forest develop-
ment, carbon field management);

- Consider regional specifics (types of forest growing conditions, anthropogenic load);

- Optimize investment allocation with a forecast accuracy of £15%.

The main goal of this research is the development of a methodological approach for
the comprehensive ecological and economic assessment of forest-climatic projects based on
the following:

- The analysis of 40 implemented projects (2015-2023).

- Geospatial modeling (Sentinel-2, Landsat-8, GIS analysis).

- The dynamic modeling of carbon balance (CO2FIX 3.2 for biomass, Yasso for
soil carbon).

- Econometric analysis (cost discounting, NPV, carbon price sensitivity).

A systematic analysis of academic literature for the period 2015-2023 revealed sig-
nificant gaps and methodological limitations in the research area. Despite the growing
interest in the topic, the existing research is characterized by fragmentation and the lack of
a comprehensive approach, which makes it difficult to formulate unambiguous conclusions
and practical recommendations.

The main gaps determining the relevance of this research are as follows:

Lack of a unified metric system for comparative analysis: Currently, there is no unified
methodological apparatus in the scientific and professional environment that allows for
a comparable assessment of the environmental and economic effectiveness of projects.
Using heterogeneous indicators and approaches leads to the impossibility of directly
comparing the results of various studies and levels the value of comparative analysis.

Insufficient development of spatio-temporal models of carbon dynamics: Existing mod-
els are often static or highly aggregated and do not take into account spatial heterogeneity
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and temporal variability in key parameters. This creates significant uncertainty in long-term
carbon sequestration forecasting and assessing the sustainability of the achieved results.

Limited empirical data on project multiplier effects: The current research is mainly
focused on direct (primary) results while indirect effects (such as social welfare, related in-
dustry development, technological transfer, and institutional environment change) remain
poorly studied. The lack of verified empirical data on multipliers hinders a comprehensive
assessment of the overall value and contribution of projects to sustainable development.

Thus, the scientific problem lies in overcoming the identified methodological limita-
tions by developing an integrated approach that will eliminate the indicated gaps. Compil-
ing these gaps is crucial for increasing the accuracy, reliability, and practical applicability of
research results in this field.

The motivational basis for conducting this research was the need to solve a complex
problem at the intersection of environmental policy, economics, and fundamental science.
Firstly, the stated goal of the Russian Federation to increase CO, absorption by 30% by 2030
(the Paris Agreement) requires not only political will but also scientifically based, localized
tools for its implementation.

Secondly, forest-steppe ecosystems occupying vast areas represent a zone of conflict
of interest between forestry and agriculture, making traditional approaches to carbon
management unsuitable. This creates an urgent need to develop new economic models
capable of taking into account the specifics of these territories and revealing their potential.

Finally, thirdly, the scientific significance of the work is supported by the opinion
of the international expert community [1], which has recognized transitional ecosystems
as priority objects for study in the context of climate change mitigation. Conducting this
research is a direct response to this scientific challenge.

Scientific novelty and contribution of the research

This research makes a comprehensive contribution to the development of carbon
balance management methods in transitional forest-steppe ecosystems. The work’s contri-
bution is methodological and empirical in nature and consists of the following:

1.  Methodological contribution:

A new “Cost-Absorption-Capitalization” (CIC) integral indicator has been developed,
which allows for a comprehensive assessment of projects through the simultaneous ac-
counting of three key aspects: direct costs for implementation, CO, absorption volume,
and the cost of related ecosystem services. This indicator eliminates the gap identified in
the literature in the field of unified metrics for comparative analysis and provides a tool
for justifying investment decisions. A geoinformation (GIS) platform has been created and
tested to optimize the spatial placement of forest-climatic projects. The platform allows
for the modeling of scenarios taking into account the heterogeneity of the territory and
includes a database on five types of forest conditions in six pilot regions, which ensures the
high detail and practical applicability of the results for management bodies and businesses.

2. Empirical contribution and scientific novelty:

For the first time, CO,FIX and Yasso carbon dynamics models were applied and
adapted for the conditions of the forest-steppe zone. The calibration of the models was
carried out based on a representative array of data from the State Forest Register and
verified by original field measurements (n = 540 cores). This has significantly increased
the accuracy of carbon balance forecasting and fills the gap associated with the lack of
space-time modeling for transitional ecosystems. Regional coefficients of carbon intensity,
ranging from 1.1 to 2.7 RUB per kg of CO;-eq., were calculated and validated. The obtained
coefficients are unique empirical data that allow for a correct economic assessment of the
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cost of reducing carbon emissions and absorption in specific regions, which is crucial for
justifying climate policy and business models.

Thus, the work’s combined contribution lies in creating a scientifically based and
practically oriented toolkit for planning, evaluating, and optimizing forest-steppe climate
projects, which directly contributes to achieving the climate goals of the Russian Federation.

Practical Significance of the Research

The practical significance of this research lies in providing an evidence-based toolkit
for key stakeholders involved in climate and environmental policy. For state institutions,
the developed methodological apparatus enables the establishment of a national carbon
balance monitoring system, which is crucial for meeting obligations under the Paris Agree-
ment, specifically Article 6. This same toolkit is applicable for verifying reporting within the
framework of the Sustainable Development Goals (SDGs 13 and 15) and allows for the opti-
mization of budget funding for forest-climate initiatives through the use of differentiated
carbon intensity coefficients.

Commercial enterprises gain access to a methodology for calculating the economic
efficiency of climate projects that accounts for market volatility through variable parameters
such as the discount rate and carbon price. The research also provides an algorithm for
selecting optimal solutions based on NPV sensitivity analysis and standardized approaches
to risk assessment, which are essential for investors operating in the carbon market.

For regional administrations, the value of the work is in the typification of management
decisions for the forest-steppe zone, incorporating a complex set of biological parameters
and technological standards. The provided GIS platform with integrated remote sensing
data serves as a tool for spatial planning, and the predictive carbon balance models, with
their validated accuracy, form the basis for reliable long-term planning and reporting.

These solutions allow for a shift from local pilot initiatives to the systematic imple-
mentation of forest-climatic projects within the federal district. Thus, the paper closes
key gaps in evaluating forest climate projects by offering a standardized approach for
decision-making based on remote sensing data, carbon modeling, and economic analysis.
The results are already being used in pilot projects of the Central Forest Steppe and can be
scaled to other regions of the Russian Federation.

Thus, the development and implementation of tools for comprehensive environmental
and economic assessment and further integration of forest-climatic projects into regional
strategies for the sustainable development of the Central Forest-Steppe of the Russian
Federation represent an urgent scientific task, the solution of which will improve the
efficiency of the implementation of state programs for natural and climatic development
and investment policy in the forest sector.

2. Materials and Methods

Given the increasing role of carbon sequestration projects and their integration into
the Russian forestry management system, the development of environmental and economic
models for assessing the effectiveness of forestry measures is of particular relevance. The
correctness of such assessments directly depends on the quality and structure of the initial
data, the modeling systems used, and multi-stage verification of the results, including by
means of remote monitoring and comparative analysis with industry standards.

The research was carried out on the basis of assessing the effectiveness of forest-
climatic projects implemented in the regions of the Central Forest-Steppe of the European
part of the Russian Federation (Belgorod, Voronezh, Kursk, Lipetsk, Oryol, and Tambov
regions) in 2015-2023. Data from the State Forest Register (SFR, 2015-2023), regional depart-
mental reports, project documentation for reforestation and afforestation (n = 40 projects),
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and statistical information from Federal Forestry Agency and Federal State Statistics Service
were used as an empirical basis.

To achieve the objectives, an integrated analytical framework was formed, including
the following.

1.  Forest inventory and taxation data:

Data from the state forest register (SFR, forms 1-14; sources—unified interdepartmen-
tal information and statistical system of Federal Forestry Agency, forestry departments of
regional departments), characterizing the area and qualitative composition of plantings,
age structure, and taxation indicators (average age, completeness, stock, average diameter,
height, growth).

2. Sectoral official reporting;:

Data from the Federal State Budgetary Institution’s Forestry Complex Information
Center of the Ministry of Natural Resources of the Russian Federation, including form
Ne15 (‘On the implementation of production indicators for forest management’), as well as
annual reports of regional executive authorities on forestry for 2018-2023.

3. Forest plans of the constituent entities of the Russian Federation:

Approved Forest Plans of the Belgorod, Voronezh, Kursk, Lipetsk, Oryol, and Tambov
regions (current editions), containing materials on long-term planning for the development
of the forest fund, assessment of protection categories, and distribution of forest and
non-forest lands.

4. Earth remote sensing (ERS) data:

Original space images Sentinel-2 (10 m resolution, ESA, archive 2017-2023), Landsat
8/9 (30 m resolution, NASA /USGS), PlanetScope (3 m resolution), WorldView (0.5-2 m
resolution), and domestic satellite data (Resurs-P, Kanopus-V). Pre-processing, vectoriza-
tion, and classification, carried out in QGIS 3.22 and ENVI 5.6 environments using machine
learning algorithms (Random Forest, SVM).

5. Cartographic basis and reference materials:

Vector layers of the regions of the Russian Federation, digital relief models, cadastral
maps combined with information from the public cadastral map, and topographic maps at
a scale of 1:100,000.

6.  Up-to-date market data for carbon offset:

Monitoring price indicators on regional and international platforms (SPB Exchange,
S&P Global Platts, Carbon Trade Exchange, Verra Registry, Russian and foreign consulting
reports on price dynamics for voluntary carbon offices for 2020-2023).

7. Expert-normative sources:

Methodological guidelines for quantitative assessment of greenhouse gas absorption
volumes by vegetation (order of the Ministry of Nature of the Russian Federation dated
27 May 2022 [25], as well as National Instructions for Carbon Accounting in Forests [26],
State Standard R 59563-2021 [27]).

In this research, the method of comparative analysis of scenarios was used, which
allowed for a quantitative assessment of the carbon potential of various forest restoration
and afforestation schemes. The methodology was based on a differentiated approach to
tree formation, taking into account forest growth conditions and carbon balance targets.

The basic scenarios reflected traditional approaches involving the creation of mono-
culture plantations: in xerophytic conditions (Al, A2)—pure pine plantations (10P), in
mesophytic conditions (B2)—also pine crops (10P), and in hygrophytic conditions (C2,
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D2)—pure oak forests (100). These scenarios served as control options for evaluating the
effectiveness of alternative solutions.

Project scenarios were developed based on the principles of adaptive forest manage-
ment and involved the creation of complex polydominant plantations. In mesoxerophilic
conditions (A1), the 5P4C1E scheme (50% pine, 40% caragana, 10% elm) was used, and in
conditions of A2, 5P3E2C (50% pine, 30% elm, 20% caragana) was used.

For mesophilic habitats (B2), a mixture of 3P3B2P120 (30% pine, 30% birch, 20% poplar,
20% oak); in humid conditions (C2), 403P3P1 (40% oak, 30% pine, 30% poplar); and in the
most productive (D2), 502M3P1 (50% oak, 20% maple, 30% poplar) are recommended.

The methodology took into account the species ecological characteristics of tree species,
their mutual influence in mixed plantations, and the dynamics of carbon balance in different
time horizons. Special attention was paid to the analysis of synergistic effects arising from
the combination of coniferous (pine), hard-leaved (oak, elm), and soft-leaved (birch, poplar)
species, as well as nitrogen-fixing shrubs (caragana).

The developed scenarios allowed for a comparative assessment of the carbon potential
of various forest restoration schemes, taking into account

- biomass formation rate;
- plantations’ resistance to biotic and abiotic factors;
- the ability to store carbon in the phytomass and soil for a long time.

The implemented approach provided a scientific basis for selecting optimal tree com-
positions for various forest vegetation conditions, taking into account their carbon potential
and environmental sustainability.

8.  Results of own and published field measurements:

Field surveys at sites of potential implementation of climate projects (selective planting
of test areas, determination of woody biomass and growth using dendrometric techniques).

To predict carbon sequestration volumes, the CO2FIX carbon balance simulation
model version 3.2 was used [28]. The model parameters were parameterized based on the
information collected from the different sources presented in Table 1.

Table 1. Parameters for assessing the dynamics of forest plantations.

Parameters Pine  Birch Oak  Maple Poplar Elm  Caragana Source of Data
Wood density (t/ m°) 0.42 0.51 0.58 0.52 0.46 0.55 0.46 [29,30]

Carbon content of stem

wood (tC/t dry matter) 0.51 0.48 0.48 0.48 0.48 0.48 0.48 [29]
Carbon content of leaves

(tC/t dry matter) 0.47 047 047 047 047 047 0.45 [29]

Carbon content in branches

(tC/t dry matter) 0.51 0.48 0.48 0.48 0.48 0.48 0.48 [29]
Carbon content in roots

(tC/t dry matter) 0.51 0.48 0.48 0.48 0.48 0.48 0.48 [29]

Leaf renewal rate (year ') 0.18 1.0 1.0 1.0 1.0 1.0 1.0 [29]

Branch renewal rate (year™!) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 [29]

Root renewal rate (year™!) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 [30]

Tables of the growth course of modal stand of the corresponding tree species, intended
for ecoregions of the mixed and leaved forests zone, as well as for forest-steppe, as well
as the corresponding tables of biological productivity (TBP) [31-33], were used as initial
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information on forest stand. Current annual growth (CAG) values related to I-III bonity
classes were selected from these tables. For each studied region of the Russian Federation
and category of TBP, taking into account the average composition of plantings and their
average bonity, the calculation of the current annual growth of wood (in m3/ha/year) was
carried out by interpolation between the values given for adjacent classes of bonity.

For mixed stands, the calculation of the current annual growth was carried out as
a weighted average of the growth for individual tree species, with the share of each species
in the total composition of the stand being used as a weighting factor. This aggregation
ensured a correct reflection of the structural specifics of the phytomass of mixed forest areas
and made it possible to reliably determine the integral indicator of biomass growth.

The relative increase in the main components of biomass—stem, leaves, branches, and
roots—for species such as pine, birch, oak, and maple were calculated based on biological
productivity (TBP) tables corresponding to these species and adapted to forest-steppe
conditions. Indicators of the current annual growth of poplar were borrowed from the
specialized literature [34], and the values of the relative growth of phytomass by fractions
(branches, leaves, roots) were determined on the basis of TBP data for aspen [35] due
to the high morphological similarity of these species. Similarly, information on annual
elm growth was extracted from work [36], and the distribution of growth by fraction was
calculated using work data [37].

The methodology for calculating indicators for the caragana and its individual biomass
components was based on the results presented in [38].

To assess the dynamics of dead organic matter and soil carbon reserves, the Yasso
dynamic model was used; this allows modeling the processes of organic decomposition
and carbon accumulation in the soil, taking into account climatic and trophic factors.

In the calculations of the carbon emissions and absorption balance, planned logging
for forest care was planned, including clearings and cleaning in the 8th and 13th years
of plant life with an intensity of 15%, as well as thinning in the 35th year with the same
intensity. These operations were included in all scenarios, with the exception of thinning
for deciduous species, since the specifics of their growth and the formation of the structure
of plantings differ in different care regimes.

In the basic modeling scenario, the empirically established patterns of pine crop
survival and preservation characteristic of the forest-steppe conditions of Central Russia
were taken into account. The integration of these data obtained from authoritative scientific
sources significantly increased the adequacy of modeling the dynamics of tree development.

The application of verified regional indicators ensured the scientific validity of forecast
calculations that took into account a complex of biotic and abiotic factors influencing the
formation of forest plantations in the specific conditions of the forest-steppe zone. This
approach allowed for minimizing modeling uncertainty by considering the real observed
growth patterns of tree crops in similar forest growing conditions.

The use of benchmark values verified during long-term observations contributed
to increasing the reliability of the modeled scenarios and provided a reliable basis for
a comparative analysis of the effectiveness of various forest restoration options.

Conversion of ecosystem carbon values to values equivalent to carbon dioxide (CO5)
was carried out using a standard stoichiometric coefficient of 44 /12, reflecting the ratio of
molecular weights of carbon and CO;.

The greenhouse gas absorption in the baseline scenario in t CO, per year was calculated
using Formula (1) as follows:

ACbasic = ACbiomass + ACdwp + ACsomp (1)

where
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AC—total net absorption by the project territory in the baseline implementation scenario,
t COy;

ACbiomass—change in carbon stocks in the biomass pool (aboveground and underground)
in the base scenario, t CO»;

ACdwp—change in carbon reserves in the dead wood pool, t CO»;

ACsomp—change in carbon reserves in the soil organic matter pool, t CO,.

The overall predicted value of the change in carbon content over the project period
was determined according to Formula (2):

ACproject = ACbiomass + ACdwp + ACsomp (2)

where

AC—total change in carbon reserves after the start of project activities, t C year!;

ACbiomass—change in carbon stocks in the biomass pool (aboveground and underground),
tC year*1 ;

ACdwp—change in carbon reserves in the dead wood pool, t C year;

ACsomp—change in carbon reserves in the soil organic matter pool, t C year~!.

The resulting design line was defined as the difference between the design and baseline
scenarios by Equation (3):

ACtotal = ACproject — ACbasic 3)

At the fourth stage of the study, a comprehensive assessment was made of the struc-
ture and volume of investment costs necessary for the implementation of a full range of
forestry measures within the framework of the base and project scenarios of forest-climatic
projects for afforestation and reforestation on forest lands of the constituent entities of the
Russian Federation.

The methodological basis for determining investment costs was the standard cost
method, the adoption of which ensured comparability and reproducibility of calculations in
different scenarios. The calculation was made on the basis of calculation and technological
maps in which, for each technological stage of work, the technological sequence of oper-
ations was determined in detail and standard-forming factors and production standards
were established.

Each calculation and technological map included a description of the technological
scheme of production and the composition and volume of work performed per established
unit of measurement, having determined the needs for material and technical resources
and equipment, labor costs, and professional qualification groups of performers, the cor-
responding qualification levels, and minimum salaries for each group. The development
of calculation and technological maps was carried out taking into account the type of
forest-vegetation conditions prevailing in the studied subjects of the Central Forest-Steppe
of the European part of Russia (mesoxerophilic pine woods; mesophilic pine forests; pine
forests with a mixture of spruce, birch, and other wood species, growing on sandy loam or
clay sands (subors); oak forests; coniferous-leaved multi-tiered forests (sudubravas): forest
vegetation type (FVT) Al, A2, B2, C2, D2)).

Forest vegetation types (FVTs) are classifications used to describe different forest
communities based on factors like dominant tree species, understory vegetation, soil type,
and climate. While the exact definitions of A1, A2, B2, C2, and D2 can vary depending
on the regional or national classification system, here is a general interpretation based on
common FVT frameworks (such as those used in North America or Europe).
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In the forest-steppe zone of Russia, forest vegetation is formed in the alternation of
steppe areas and island forests, which creates special types of forest communities. Here, the
classification of forest types (A1, A2, B2, C2, D2) may differ somewhat from taiga regions
due to drier climate and specific soil types (gray forest, black soil, podzolized).

Specific features of forest-steppe forest types:

Broad-leaved and small-leaved species predominate (oak, lime, birch, aspen, pine on
sandy soils).

The influence of steppe conditions—lighter forests, sparse woodland, and rich
grass cover.

Soils: gray forest, podzolized black, and meadow-black.

Decoding of types (A1, A2, B2, C2, D2) in the forest-steppe:

1.  Hydrological series (letter index)
A—Mesoxerophilic forests (on uplands, sandy terraces).
B—Mesophilic (oak and birch forests typical of the forest-steppe).
C—Humid (depressions, river floodplains).
D—Swampy (swampy lowlands, but rare in the forest-steppe).
2. Trophicity (digital index)
1—Poor soils (sandy, sandy loam).
2—Average fertility (grey forest soils, loamy soils).
3—Rich soils (podzolized black).

Taking into account the temporary heterogeneity of investment costs for the im-
plementation of forestry measures, the basic principles set out in the ‘Methodological
Recommendations for assessing the effectiveness of investment projects’ (approved by the
Ministry of Economy of the Russian Federation, the Ministry of Finance of the Russian
Federation, and the State Construction Committee of the Russian Federation on 21 June,
1999 Ne VK 477) [39] were applied to the calculations.

This provided for cost adjustments taking into account the time factor, namely changes
over time in the key parameters of the project and its macroeconomic environment, the
dynamics of the general inflation index, the forecast of prices for individual resources and
services relative to the general inflation index, and changes in exchange rates (or internal
inflation index foreign currency) throughout the entire period of project implementation.
Based on these parameters, various scenario forecasts were formed, with the mandatory
presentation of information about the taxation system and taking into account exclusively
upcoming (future) costs and revenues.

The calculation of investment costs was carried out according to the standard discount-
ing formula, which ensures the comparability of value indicators expressed in different
time periods to estimate the future costs of forestry measures (Formula (4)):

1

CCIP3X7(1+I,)” (4)

where

Cc—current costs of forestry measures of the base period, reduced to the nth year;
P.—current costs in the base period;

i—discounting coefficient in hundredths of a unit;

n—number of periods in the future during which planned activities will be carried out.

To assess the environmental and economic efficiency of the implementation of forest-
climatic projects on forest fund lands, the indicator of carbon intensity of investment costs
was used. The carbon intensity coefficient of investment costs is understood as a relative
environmental and economic indicator that reflects the amount of investment costs required
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to implement a certain volume of forestry activities per unit of achieved effect in reducing
emissions or increasing the absorption of greenhouse gases. This indicator characterizes
how many financial resources need to be spent to achieve a given climate effect and is
calculated in accordance with Formula (5):

TVCAc

CIC =
Cc

(5)

where

CIC—carbon intensity coefficient;
TVCA—total volume of carbon absorbed, reduced to the nth year, t C.;
Cc,—current costs of carrying out activities, reduced to the n-th year, RUB/ha.

The carbon intensity coefficient of investment costs was calculated for each type of
climate project (reforestation in clearings; reforestation in burnt areas and afforestation) on
forest fund lands for six subjects in the context of five types of forest vegetation conditions:
mesoxerophilic pine woods; mesophilic pine woods; pine forests with a mixture of spruce,
birch, and other wood species, growing on sandy loam or clay sands (subors); oak forests;
and coniferous-leaved multi-tiered forests (sudubravas) in the Central Forest-Steppe zone.

In this regard, the procedure for determining the carbon intensity coefficient of invest-
ment costs is as follows (6):

: T Yi—Yiu1
C, - ﬁ - YZO + Zt:1 (1+7’)t (6)
r Qi - ZT Qi
=0 (141

For the areas under consideration, the most relevant were the forest-climatic projects
for restoration in felling (B), restoration in burnt areas (D), and afforestation (L) in treeless
forest fund lands. Accordingly, the carbon intensity coefficients of the investment costs for
the various projects were determined differentially (7)—(9) as follows:

Ygio + L -2
(1+4r)
CF; = : )
ZT Qth
=0 (141

where

CF;—carbon intensity ratio of reforestation investment costs in fellings;

i=1,2,3,4,5and corresponds to the type of forest conditions of the allocated area;
Ypji—accumulated carbon during reforestation on burnt area with the type of forest-
vegetation conditions I to year t;

Qpir—net costs of reforestation on burnt area with type of forest conditions I in year t;
T—deadline for climate project implementation;

r—discount rate.

Y, i =Y, i(t—
Yrio + X4 W
Cbai = T Ori (8)
Li-0 (1+r)

where

Cbaj;—carbon intensity factor of reforestation investment costs in burnt areas;
i=1,2,3,4,5and corresponds to the type of forest conditions of the allocated area;
Yrji—accumulated carbon during reforestation on burning with the type of forest-
vegetation conditions I to year t;
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Qrjr—net reforestation costs for burning with forest plant conditions type I in year t;
T—deadline for climate project implementation;
r—social discount rate.

T Yacd—Yimi(s—
Yimio + X1 C(?J:)EH)
CA; =

T Qi
Zt:O (1+7)t

©)

where

CAj—the carbon intensity factor of the investment costs for reforestation and afforestation
on forest-fund treeless land;

i=1,2,3,4,5and corresponds to the type of forest conditions of the allocated area;
Yacq—accumulated carbon during afforestation with type of forest plant conditions I to
year t;

Qurir—net costs for afforestation with type of afforestation conditions I in year t;
T—deadline for climate project implementation;

r—discount rate.

The totality of the costs of implementing a climate project on a land plot can be
calculated (10):
Qi227:1 Qij+Zi+ P+ Vi+ M; + Wi (10)

where

j=1,2, ..., n—directions of decarbonization in the forest area;

Qij—amount of costs for restoration, protection and protection of forests over the period of
time in the j-th direction of decarbonization;

Zi—actual costs of registering climate projects prior to implementation;
Pi—actual/planned costs of drawing up design and technical documentation;
Vi—actual/planned costs of validation of design documents and project approval;
Mi—actual/planned costs of monitoring the results of climate projects;
Wi—actual/planned costs of verifying the climate project monitoring report/

In turn, the volume of expenses for the restoration, protection, and defense of forests
over a period of time consists of the following indicators (11):

n v [ Sj*(Qscp + Qte + Qeps + Qers + Qeac + Qsces + Qscpfef
ijl Qij = Zj:l < +Qscpfcepd + Qcsc ) ()

where

Sj—reforestation area;

Qscp—site preparation costs;

Qtc—tillage costs;

Qcps—costs of purchasing seedlings;

Qcts—costs of transporting seedlings, saplings;

Qcac—costs of agrotechnical care;

Qsccs—silvicultural care cost standard;

Qscpfcf—standard for the costs of protecting forest crops from fires;

Qscpfcepd—standard for the costs of protecting forest crops from entomo pests and phyto-diseases;
Qcsc—costs of supplementing crops.
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The volume of carbon units Y;, produced as a result of the implementation of the i-th
climate project depends on many parameters: selected forestry practice for the site, planted
forest species, density of forest crops (12):

Y, = Z}“:l (S;*CC)) (12)

where

j=1,2, ..., n—directions of decarbonization in the forest area;
Sj—area occupied by the planted species group, ha;
CCj—conversion coefficients of the species group, tonnes C ha=1.

In turn, the conversion coefficients of the species group can be calculated as (13):

CCj = 2,’(”:1 wWi(t, /) NeHi (j, t) (13)

where

Wi (t, j)—the pool of carbon accumulated by the Dk species at time t when the Dk species
grows in an area with the j-th type of forest vegetation conditions;

Ny—the planting density of the species Dk;

ax—the weighting factors responsible for the species composition;

Sk(j, t)—species preservation coefficient Dk in an area with the j-th type of forest vegetation
conditions at time t.

The assessment of investment income from the implementation of forest-climatic
projects was based on the use of the cash flow discount method, which allows one to deter-
mine the present value of the total cash receipts expected as a result of the implementation
of project activities. Calculations were made taking into account the following conditions
and prerequisites:

- theinflation rate—according to the forecast of socio-economic development 4% [40];

- keyrate—19% (as of 10/01/2024);

- income tax rate—20%;

- the cost of depositing 1 ton of CO,—5, 10.15, and 20 USD per ton; 1 USD = 100 RUB;

- discount rate for projects aimed at increasing the productivity and improving the
qualitative composition of forests—3%;

- deposited CO; is converted to a conventional unit according to the following rule:
1t CO;, =1 conventional unit.

To make a decision in favor of a climate project for restoration and afforestation
on forest lands in a given territory, it is recommended to proceed from the value of the
carbon intensity coefficient of investment costs, reflecting the environmental and economic
efficiency of design solutions greater than 1.

3. Results and Discussion

In recent years, the development and implementation of forest climate projects has
acquired particular importance in the context of global and national strategies to reduce
greenhouse gas emissions. The most effective measures for carbon sequestration in forest
ecosystems are determined, in particular, by forest protection and restoration regulations.
In the Russian Federation, the legal basis for forest restoration and afforestation on forest
lands is established by relevant regulations and standards, which form mandatory require-
ments for the types, volumes, and technologies of forestry work. The design of basic and
innovative models of forest-climatic projects requires taking into account not only existing
technological solutions but also the environmental, economic, and climatic potential of
the region of activity. Particular attention in this regard is paid to project baselines, which
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provide a baseline for assessing the effectiveness of innovative measures to increase carbon
depots in forest ecosystems.

The implementation of measures for forest restoration and afforestation in the territory
of the forest fund of the Russian Federation is carried out in strict accordance with the
current rules (Rules for Forest Restoration and Afforestation [41], which regulate the
technologies, sequence, and norms for carrying out forestry work in deforested areas.

The order of the Ministry of Natural Resources and Ecology of the Russian Federation
approved regulatory documents that can serve as the initial basis for the formation of
a baseline of forest-climatic projects aimed at increasing the deposition of greenhouse gases
by increasing the forest cover of territories and maintaining the sustainable development
of forest ecosystems.

The characteristics of the forest fund in the Central Forest-Steppe regions are presented
in Table 2.

Table 2. Characteristics of the forest fund in the regions of the Central Forest-Steppe of the
Russian Plain.

. Belgorod  Voronezh Kursk Lipetsk Tambov Oryol

Indicators . . . . . .
Region Region Region Region Region Region

Total forest area, ha 230.8 475.9 236.8 180.4 374.8 173.1

Forest land area, ha 223.1 381.4 224.2 169.6 349.1 102.2
Forest cover, % 8.7 8.3 8.2 8.7 10.6 8.0

Area covered by forest vegetation, 59 g 349.9 219.8 165.2 342.3 100.4

thousand ha

Total growing stock, million m? 47.14 61.84 40.55 33.13 65.92 21.56
Average stand age, years 71 60 58 61 52 59
Site index (bonitet) 2.3 2.3 25 1.5 1.6 2.0

The studied regions demonstrated significant heterogeneity in the distribution of forest
areas. The highest total forest area was recorded in the Voronezh region (475.9 thousand ha),
which was 2.75 times higher than the same indicator in the Oryol region (173.1 thousand ha).
It is noteworthy that the ratio of the total forest area to the area of forest lands varied from
1.03 in the Kursk region to 1.69 in the Oryol region, reflecting differences in the intensity of
economic use of forest territories.

Analysis of the forest cover indicator (8.0-10.6%) revealed its significant regional
differentiation. The Tambov region (10.6%) significantly (p < 0.05) surpassed other regions
in this indicator, which correlated with the peculiarities of soil and hydrological conditions.
The lowest forest cover values were characteristic of the Oryol (8.0%) and Kursk (8.2%)
regions, which can be attributed to the historically established land use structure.

Total timber reserves ranged from 21.56 million m? (Oral region) to 65.92 million m>
(Tambov region). It is interesting to note that the Tambov region, possessing only 78% of
Voronezh region’s forest area, demonstrated 6.6% more timber reserves, indicating a higher
productivity of local plantations.

The average age of the stand ranged from 52 + 3.1 years (Tambov region) to
71 £ 4.2 years (Belgorod region). The obtained data allow us to distinguish two groups
of regions:

(1) With a predominance of mature plantations (Belgorod, Voronezh, Lipetsk regions);
(2) With the dominance of middle-aged stands (other regions).
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Bonitet values formed a gradient from 1.5 (Lipetsk region) to 2.5 (Kursk region).
A negative correlation (r = —0.72) was found between the bonitet indicators and the
average age of the forest stand, which corresponded to the general biological patterns of
the age-related dynamics of forest ecosystem productivity.

In the conditions of the Central Forest-Steppe, these rules require one, when carrying
out work on forest reproduction or afforestation, to use seedlings of pedunculate oak
(Quercus robur) or Scots pine (Pinus sylvestris) as the main tree species and silver birch
(Betula pendula) as an additional species. A set of technological operations—starting from
soil preparation and planting seedlings and ending with the transfer of crops to a forested
area—is determined by standards and can be used as a base line in the implementation of
forest-climatic projects for forest restoration and afforestation.

To form a basic scenario for a forest-climatic project implemented on forest fund lands,
it seems rational to accept the volume of greenhouse gas absorption achieved as a result
of the implementation of regulatory measures as a reference indicator. In particular, for
forest vegetation conditions of types Al and A2, it is recommended to plant common pine
seedlings according to the 10P mixing scheme, with planting with an open root system
and a density of 4.4 thousand plants/ha. The basic costs for this complex of forestry
measures for forest restoration, including both one-time and current costs, amount to
158.13 thousand RUB /ha.

One-time expenses related to the implementation of forest-climatic projects include
the costs of designing restoration measures, preparing the territory, carrying out a soil and
agrotechnical complex of work, and planting forest crops, as well as administrative costs
associated with transferring plots to the status of forest lands. Current costs include the
costs of agrotechnical and silvicultural care of young plantations throughout the interval
between planting and conversion to forested area.

In accordance with the technological schemes, for forest plant conditions of type
B2, the optimal mixing scheme is 5P5B, in which planting is carried out with open root
seedlings with a similar density (4.4 thousand pieces/ha), and the weighted average cost is
175.53 thousand RUB/ha. For conditions of types C2 and D2, the clean planting of pedun-
culate oak (mixing scheme 100) with similar density and planting methodology is recom-
mended as the basic technology; the corresponding costs reach 196.46 thousand RUB/ha.

It should be emphasized that the traditional forestry schemes used can lead to the
formation of single-species (monocultural) plantings characterized by low environmental
resistance to abiotic stress, phytopathogenic agents, and pests. In this regard, when design-
ing forest-climatic initiatives, it is justified to distinguish three groups of models, taking
into account differences in forest conditions and the species composition of the created
forest communities:

1. Models for the restoration of natural capital of forests in areas where clear-cutting
was previously carried out;

2. Models for restoring forest cover in deforested areas resulting from emergencies (for
example, large forest fires);

3. Models of afforestation in areas not previously covered by forest (non-forest land).

For the third category of projects (afforestation on non-forest lands), the baseline
corresponds almost to the zero value for greenhouse gas sequestration, which facilitates
the selection of the project line, focusing primarily on the biology of the target tree species
and the type of forest vegetation conditions.

Detailed indicators of the additional costs required to achieve the project line in the
context of the mentioned groups of forest-climatic project models are presented in Table 3.
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Table 3. Costs during the implementation of forest-climatic projects (base and project lines) in the

condition:

s of the Central Forest-Steppe, RUB/ha.

Characteristics of the Conditions

Basic Scenario for the

Project Scenario for the

and Species Composition of the Implementation of a Forest Implementation of Deviation
Created Plantings Climate Project a Forest-Climatic Project
Forest restoration in felling areas
A mixing scheme project 5P4CalE 158,125.88 191,275.98 33,150.10
Ajp. mixing scheme project SP3E2Ca 158,125.88 186,327.62 28,201.74
B, mixing scheme project 3P3B2P120 175,528.55 203,920.67 28,392.12
C,. mixing scheme project 403P13P 196,460.71 216,081.13 19,620.42
D5,. mixing scheme project 5O02M3PI1 196,460.71 215,295.15 18,834.44
Forest restoration in burnt areas
Aj mixing scheme project 5P4CalE 161,329.32 208,456.72 47,127.40
Aj. mixing scheme project 5P3E2Ca 161,329.32 203,508.36 42,179.04
B, mixing scheme project 3P3B2P120 177,843.49 220,153.81 42,310.32
C,. mixing scheme project 403 P13P 200,167.57 233,735.70 33,568.13
D,. mixing scheme project 502M3 P1 200,167.57 232,918.50 32,750.93
Afforestation
Aj mixing scheme project 5P4CalE - 126,750.20 126,750.20
Ajp. mixing scheme project SP3E2Ca - 121,808.34 121,808.34
B, mixing scheme project 3P3B2P120 - 134,301.90 134,301.90
C,. mixing scheme project 403P13P - 156,021.80 156,021.80
D5,. mixing scheme project 502M3PI1 - 155,229.32 155,229.32
Legend

Scots pine (Pinus sylvestris) P

Caragana arborescens Ca

Common Elm (Ulmus laevis) E

Poplar (Populus pyramidalis) Pl

Maple (Norway maple Acer plalanoides L.) M

Pedunculate oak (Quercus robur) O

Silver birch (Betula pendula) B

A comparative assessment of the investment costs associated with the implementation

of forest-climatic projects along the base and design lines during forest restoration in burnt

areas and clear-felling areas is presented in Figure 1.
The visualization of the dependences of total investment costs on graphs makes

it possible to clearly identify differences in the volume of necessary resources for the

implementation of project activities depending on the initial conditions: the afforestation of

burnt areas and logging. It is noteworthy that projects implemented in areas affected by

man-made impacts (burns) are characterized by a higher cost baseline. This is due to the

need to ensure carbon conservation in the form of burnt wood remaining in place, which is

reflected in the requirements for the volume and technology of forestry activities.
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Figure 1. Full cost curves when implementing climate projects, taking into account the type of
forest-vegetation conditions for reforestation in felling and burnt areas.

It should be noted that reforestation projects are characterized by the specifics of
generating investment costs: the project cost line includes both the costs provided for in
the baseline scenario and the additional costs necessary to achieve an increased level of
carbon sequestration compared to the baseline.

The classification of the third group of cost models relates to forest-climatic projects for
afforestation and reflects the traditional approach to determining the structure and volume
of investment costs for this type of environmental protection measure.

When analyzing cost models associated with the implementation of forest-climatic
projects of various types, a clear differentiation in the structure and volume of additional
investments is revealed. The lowest additional costs are typical for reforestation projects
carried out on areas subject to clear cutting—in this case, the main costs come down mainly
to traditional measures for planting and caring for young plantings, and the need to carry
out additional work is minimal. At the same time, the greatest investment burden is
observed in afforestation projects on non-forest lands since these projects require a full
range of measures—from territory preparation, infrastructure creation, and agrotechnical
work to the subsequent care of new crops, which significantly increases the total cost.

Forest-climatic projects implemented in burnt areas—areas affected by forest fires—
deserve special attention. In the structure of their basic costs, a significant share is occupied
by costs associated with the disposal or processing of burnt wood, which requires the
involvement of special equipment, and additional workers and time, increasing the total
cost of the project compared to other similar activities.

Thus, the amount of necessary investment financing for the implementation of a forest-
climatic project for reforestation or afforestation in the conditions of the Central Forest-
Steppe varies in the range from 121 thousand RUB/ha up to 233 thousand RUB/ha. These
values indicate the high capital intensity of such natural and climatic initiatives, which is
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due to both the complexity of technological processes and the need to take into account
socio-economic, biological, and environmental requirements.

For five types of reforestation models (planting of forest crops after clear felling) and
five reforestation models on burnt areas, average annual values of carbon sequestration
were calculated for three main pools: phytomass, litter and tree litter, and soil organic matter.
The establishment of the basic level (line) for CO, sequestration was made on the basis
of selected technical and technological solutions and the established species composition
of forest stands and shrub plants, previously scientifically based. The annual average
additional carbon sequestration provided by new stands was defined as the algebraic
difference between the design and baseline sequestration rates.

Comparison with the published results on the dynamics of growth and biological
productivity of stand of various ages shows that the peak of productivity and, accordingly,
the intensity of the carbon balance occurs at the age of 45-50 years. After this, the rate of
carbon accumulation slows down significantly due to age-related changes in plant biomass.
Given that the implementation cycle of most forest climate projects is limited to 15 years,
with the possibility of extension to 45 years from the date of planting, three time periods
(credit periods) were taken into account when modeling the carbon effect: 15, 30 and
45 years. This made it possible to more objectively assess the climate effectiveness of the
investment activities under consideration and their contribution to the long-term reduction
of greenhouse gas concentrations in the atmosphere (Table 4).

Table 4. Additional annual average volumes of greenhouse gas sequestration by plantations created t
CO; eq./ha during reforestation/afforestation.

Region of the Russian
Federation

Natural-Climatic Parameters and Species Composition of
Forest-Climatic Project Models

Project Period Aq Az B G D,
5P4CalE 5P3E2Ca 3P3B2 P120 403P3 P1 502M3P1

Volumes of Greenhouse Gas Sequestration Across All Pools

15 years 3.49 3.52 6.10 7.55 7.78

Belgorod region 30 years 3.29 3.30 6.33 7.66 7.84
45 years 2.94 2.98 5.84 7.29 7.45

15 years 3.22 3.25 5.89 717 7.48

Voronezh region 30 years 3.13 3.15 6.11 7.36 7.61
45 years 2.84 2.88 5.71 711 7.34

15 years 3.25 3.34 5.94 7.29 7.49

Kursk region 30 years 2.85 3.03 6.12 7.39 7.55
45 years 2.54 2.75 5.71 7.11 7.27

15 years 3.21 3.24 6.07 7.46 7.78

Orel region 30 years 3.14 3.15 6.32 7.60 7.84
45 years 2.86 2.90 5.87 7.29 7.51

15 years 3.79 3.86 6.52 7.94 8.28

Tambov region 30 years 3.58 3.63 6.73 8.03 8.28

45 years 3.15 3.21 6.14 7.57 7.80
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Table 4. Cont.

Natural-Climatic Parameters and Species Composition of
Forest-Climatic Project Models

Region of the Russian Project Period Aq Az B & D,
Federation 5P4CalE  5P3E2Ca  3P3B2PI20  403P3PI  502M3PI
Volumes of Greenhouse Gas Sequestration Across All Pools
15 years 3.65 3.72 6.46 7.85 8.18
Lipetsk region 30 years 3.52 3.57 6.70 7.97 8.21
45 years 3.11 3.18 6.13 7.54 7.76
Legend
Scots pine (Pinus sylvestris) P
Caragana arborescens Ca
Common Elm (Ulmus laevis) E
Poplar (Populus pyramidalis) Pl
Maple (Norway maple Acer plalanoides L.) M
Pedunculate oak (Quercus robur) O
Silver birch (Betula pendula) B

Individual scenarios also took into account the possibility of extending the life cycle
of forest climate projects to 100 years or more, with the mandatory preservation of the
relevant ecosystems, which further increased their strategic importance in the context of
regional and global climate commitments.

During the first 15 years after the planting of forest crops, that is, at the stage of
formation of young trees, model calculations of forest climatic projects for forest areas of the
Central Forest-Steppe, characterized by highly fertile soils, showed the maximum potential
for carbon sequestration. During this period, carbon reserves reached from 4.22 tons of
CO; eq./ha (for the Lipetsk region) to 4.72 tons of CO, eq./ha (for the Kursk region).

These values are explained by the high growth rate of young plantings, which is due
to a combination of predominantly optimal soil and climatic conditions and physiological
characteristics of the early age of woody plants, when the maximum increase in phytomass
is observed. The richness of soils contributes to the accelerated accumulation of the
biomass of aboveground and underground organs, which determines the high rate of
carbon accumulation compared to less fertile or degraded areas.

In the age range from 15 to 30 years, there is a tendency to reduce the volume of
greenhouse gas sequestration by forest plantations in similar types of forest vegetation con-
ditions. The values of annual CO; equivalent absorption for these forest areas are 3.81 tons
of CO, eq./ha (Lipetsk region) and 4.31 tons of CO; eq./ha (Kursk region), respectively.
This reduction is primarily due to an increase in the volume of tree litter in aging forest
stand, as well as a change in the structure of biomass growth and a redistribution of carbon
flows between phytomass, tree litter, and soil organic matter.

These calculations confirm the presence of a pronounced downward trend in the
dynamics of CO, equivalent absorption volumes as plantings age, up to 45 years of age.
Further analysis shows that on soils with low nutrient supply and insufficient moisture in
older age groups, significant tree litter forms, which leads to a negative balance—that is, to
the predominance of greenhouse gas emissions over their absorption. These processes are
clearly manifested, for example, in the simulated average annual sequestration volumes
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for all pools in 45-year-old plantings of climate projects in the Kursk region, where the total
carbon balance becomes negative.

Thus, the potential and effectiveness of organizing forest climatic projects within the
Central Forest-Steppe are largely determined by the natural, climatic, and soil characteristics
of the study areas, which directly affect the productivity of forest stand and the long-term
sustainability of carbon sequestration.

At the same time, additional volumes of greenhouse gas absorption achieved in mod-
erately poor and rich soils show positive dynamics and indicate the presence of significant
opportunities for the implementation of project activities in the field of reforestation, subject
to the competent selection of areas and optimal approaches to forestry work.

To correctly assess the environmental and economic efficiency of forest-climatic
projects on the lands of the forest fund of the Central Forest-Steppe of the European part of
the Russian Federation, it is advisable to consider at least fifteen model scenarios reflecting
the variety of reforestation and afforestation options, taking into account soil characteristics,
climatic factors, and the species compositions of the created plantings. This integrated
approach makes it possible to increase the accuracy of climate performance forecasts and
ensure the adequate validity of decisions made when implementing environmental and
investment initiatives.

During the research, the values of the carbon intensity coefficient of investment costs
were calculated for forest-climatic reforestation projects implemented in forest areas with
different types of forest vegetation conditions in the regions of the Central Forest-Steppe
of the European part of Russia. These coefficients were determined separately for various
models of project implementation in burnt areas in the studied areas (Belgorod, Voronezh,
Kursk, Lipetsk, and Tambov regions) on the basis of model scenarios previously developed
by the authors.

In the 45-year forecast period, the values of the carbon intensity coefficient varied
within the range of 0.314 to 1.502 t CO;-eq./thousand RUB per 1 ha, depending on the
species composition of the plantations corresponding to certain forest growing conditions:

- A1—5P4CalE (pine, caragana, elm);

- A2—5P3E2Ca (pine, elm, caragana);

- B2—3P3B2P120 (pine, birch, poplar, oak);
- D2—502M3PI (oak, maple, poplar);

- C2—403P3PI (oak, pine, poplar).

The analysis showed that the carbon intensity of investments in forest-climatic projects
in burnt areas was relatively low, which was due to the significant volume of one-time
investments at the initial stage, as well as the need to carry out additional forest cultivation
activities compared to the baseline scenario.

In conditions of mesoxerophilic and mesophilic pine woods (A1, A2), the carbon
intensity coefficients of investment costs over a 45-year period did not reach a value
of 1, which indicates the relatively low efficiency of such projects in terms of reducing
greenhouse gas emissions per invested monetary unit.

In pine forests with a mixture of spruce, birch, and other wood species, growing on
sandy loam or clay sands (subors) (B2), the economic feasibility of climate reforestation
projects manifested itself only 30 years after the start of implementation, when the carbon
intensity coefficient exceeded 1. The highest economic potential in these conditions was
shown by projects for the Tambov region (1.255 tons of CO,eq./thousand RUB) and the
Lipetsk region (1.253 tons of CO,eq./thousand RUB), while for the Belgorod region, this
figure was 1.195 tons of CO,eq./thousand RUB, which determined the relatively lower
attractiveness of investments in this region.
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For the conditions of coniferous-leaved multi-tiered forests (sudubravas) (C2), the
maximum values of the carbon intensity coefficient were obtained for the Tambov region
(1.502 tons of COyeq./thousand RUB), while the minimum values were typical for the
Kursk region, where the coefficient was 1.400 tons of CO,eq./thousand RUB.

In oak forests (D2) in burnt areas, the highest values of the carbon intensity coefficient
were also noted for the Tambov (1.462 tons of CO, eq./thousand RUB) and Lipetsk regions
(1.457 tons of CO; eq./thousand RUB), which indicates the significant economic potential
of forest-climatic reforestation projects in these territories.

Thus, the calculation of carbon intensity coefficients indicates a significant difference in
the environmental and economic efficiency of the implementation of forest-climatic projects
depending on the type of forest vegetation conditions and the region. The highest values
of the indicator, indicating the feasibility and efficiency of investment, were achieved for
projects on burnt areas in coniferous-leaved multi-tiered forests (sudubravas) and oak forest
conditions in the Tambov and Lipetsk regions, which was due to the high productivity of
these territories and optimal conditions for the formation of a carbon depot. At the same
time, relatively low coefficient values for projects on mesoxerophilic and mesophilic pine
woods determined the lower investment attractiveness of such scenarios.

As part of the implementation of climate projects for reforestation in areas after clear
felling, the values of the carbon intensity coefficient of investment costs for various types
of forest vegetation conditions in the regions of the Central Forest-Steppe of the European
part of Russia were determined. In a 45-year perspective, this figure varied from 0.354 to
1.624 tons of COy-eq./thousand RUB per 1 hectare, depending on the species composition
of the plantings, selected for specific forest and vegetation conditions [42].

Modern research indicates significant advantages of mixed forest stands compared
to common pine (Pinus sylvestris L.) monocultures in the forest-steppe zone. Analysis
of forest ecosystem dynamics shows that monoculture pine trees in mesoxerophilic and
mesophilic pine woods (forest growing conditions types A1-A2) are characterized by
reduced resistance to biotic and abiotic factors. The progressive degradation of the forest
environment is observed, which is expressed in a decrease in biodiversity, the deterioration
of soil characteristics, and increased vulnerability to pathogens [43-45].

Experimental data show that the introduction of silver birch (Betula pendula Roth) or
asp (Populus tremula L.) into plantations in a 20-30% ratio leads to a significant improvement
in the ecological indicators of forest biogeocenoses. The mechanism of positive influence
is related to the activation of the biological cycle of substances, the formation of a more
complex spatial structure of plantations, and increasing the stability of the ecosystem as
a whole.

In terms of carbon balance [46,47], a mixed forest stand shows 15-20% higher pro-
ductivity compared to a pure pine stand of the same age. This is due to both the more
efficient use of environmental resources by different species and the improvement of soil
conditions. The increase in carbon deposits in the organic matter of the soil is particularly
significant—by 25-30% compared to monocultures.

From an economic point [48-50] of view, the transition to mixed plantations allows
for the optimization of costs for forest restoration and subsequent forest management.
Reducing the costs of protective measures and care felling compensates for the initial
investment in more complex forestry production. The additional economic effect is the
possibility of obtaining by-products of use.

However, the implementation of this model faces a number of organizational and
technological difficulties. The main limiting factors are the lack of planting material of leafy
species of the required quality, the lack of proven technologies for creating mixed crops,
and the conservatism of traditional approaches in forestry.
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To overcome these barriers, a comprehensive program of measures is needed, in-
cluding the modernization of the forest seed base, the development of new regulatory
documents, and the creation of an economic incentive system. The improvement of meth-
ods for predicting the development of mixed plantations, taking into account the regional
characteristics of the forest-steppe zone, is of particular importance.

The prospects for the development of this area are linked to the integration of sustain-
able forest use principles into forest restoration practices. This will allow for the creation
of highly productive forest ecosystems that optimally combine economic efficiency and
environmental sustainability, which corresponds to both national forestry priorities and
international environmental protection obligations.

An analysis of the carbon intensity coefficients of investment costs indicates the
different economic attractiveness of forest-climatic projects depending on the type of
forest vegetation conditions and the region of implementation. Thus, for conditions of
mesoxerophilic and mesophilic pine forests (Al; A2), based on the results of a 45-year
period, the coefficient values do not reach the threshold level of 1 t CO;-eq./thousand RUB,
which indicates the limited economic potential for implementing climate projects given the
initial characteristics—the costs of sequestration of one ton of CO; are relatively high and
the return on investment is low.

In turn, during the restoration of forests in felling conditions under pine forests with
a mixture of spruce, birch, and other wood species, growing on sandy loam or clay sands
(subors); oak forests; and coniferous-leaved multi-tiered forests (sudubravas) (B2; D2; C2),
projects become economically feasible starting from a 30-year service life since the carbon
intensity coefficient exceeds one, which indicates an increase in the efficiency of using
investment resources for the accumulation of carbon reserves in forest ecosystems.

The most significant values of the carbon intensity coefficient based on the results of
a 45-year period were obtained for climate projects in the Tambov region on felling in pine
forests with a mixture of spruce, birch, and other wood species, growing on sandy loam
or clay sands (subors) conditions (B2), where, with investment costs of 203.92 thousand
RUB/ha, the coefficient was 1.355 tons of CO;-eq./thousand RUB, as well as on felling in
oak forest conditions (D2)—1.581 tons of CO,-eq./thousand RUB. Similar projects in the
Lipetsk region have shown similar high potential, where the coefficient for oak forests was
1.576 tons of CO,-eq./thousand RUB.

At the same time, from an economic point of view, the least attractive were climatic
projects for forest restoration in felling in pine forests with a mixture of spruce, birch, and
other wood species, growing on sandy loam or clay sands (subors) conditions (B2), in
the Kursk region (coefficient—1.259 t CO,-eq./thousand RUB), as well as in oak forest
conditions (D2) in the Voronezh and Kursk regions (1.486 t CO,-eq./thousand RUB). This
was due both to less favorable soil and climatic characteristics and to the peculiarities of
the growth dynamics and productivity of forest stands in these areas.

Thus, the obtained results allow us to conclude that the effectiveness of implementing
forest-climatic projects for forest restoration after felling varies significantly depending
on the region and the types of forest growing conditions. The maximum economic and
climatic effect is achieved when projects are implemented in areas with high-yielding forest
conditions, making them a priority for investment and environmental activities within the
framework of implementing national and regional climate change programs.

In the conditions of felling in the coniferous-leaved multi-tiered forests (sudubravas)
(C2) over a 45-year period, climate forest restoration projects in the Tambov region will
have the greatest economic potential among the regions under consideration. At a level
of investment costs of 203.92 thousand RUB per hectare, the carbon intensity coefficient
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here reaches 1.624 tons of CO, equivalent per thousand RUB of investment. This indicates
higher investment efficiency in terms of greenhouse gas absorption.

From an economic and climatic point of view, similar forest restoration projects in the
Kursk region proved to be the least attractive; these projects are also being implemented
in the coniferous-leaved multi-tiered forests (sudubravas) of the Central Forest-Steppe
Zone (C2). Here, the carbon intensity coefficient of investment costs is 1.515 tons of CO;-
eq./thousand RUB, which indicates a slightly lower return on investment in the volume of
absorbed carbon compared to the Tambov region.

Thus, a comparative analysis shows that, under otherwise equal conditions, forest
restoration climate projects in the Tambov region provide a better return on investment
than similar projects in the Kursk region. Such data can be used to prioritize regions
when choosing areas for implementing climate initiatives and investment programs in
forest restoration.

4. Discussion

The results of the study confirm the significant potential of forest-climatic projects in
achieving carbon neutrality in the Central Forest-Steppe, but their effectiveness directly
depends on taking into account biological and economic limitations. The introduced
coefficient of carbon intensity of investment costs (CCIIC = 1.1-2.7 RUB/kg CO»eq.) serves
as a reliable tool for assessing projects but requires critical reflection in the context of
regional characteristics. As Lukina et al. (2020) [43] notes, monocultures of Scots pine
(Pinus sylvestris) in low-yielding mesoxerophilic pine forests (type of forest vegetation
conditions A1-A2) show low efficiency due to a violation of the principle of additionality:
their carbon balance is inferior to natural regeneration by deciduous species. This is
consistent with our data, where the coefficient of carbon intensity of investment costs in
such conditions did not exceed 0.8 tons of COyeq./thousand RUB, which confirms the need
to switch to mixed plantings with a birch or aspen share of 20-30% to increase sequestration
by 15-40%.

The legal environment for forest-climatic projects is being transformed with the adop-
tion of Federal Law Ne492 (2024) [51], establishing new requirements: the registration of
projects in the register of carbon units for 5 years, separation of the concepts of forestry and
forest-climatic project, and regulation of agreements on forest lands. However, gaps remain,
especially in terms of the use of abandoned agricultural land, the potential of which, for
the Central Forest-Steppe is estimated at 1.5-2 million tons of COyeq./year. Without their
legislative inclusion in the carbon regulation system, large areas will remain unclaimed.
The analysis of the effectiveness of the different types of forest-climatic projects revealed
a clear hierarchy. The most effective projects were intensive farming in oak forests (type of
forest vegetation conditions D2), where sequestration reached 7.5-8.3 tons of CO, /ha/year
with a carbon intensity factor of investment costs of 1.6-1.8 RUB/kg CO,-eq. At the same
time, protective afforestation on the slopes of beams, although it showed moderate ab-
sorption rates (3.8-4.2 tons of CO, /ha/year), was characterized by minimal risks and the
stable survival of crops. As Strassburg et al. (2020) [44], Shvarts, E.A. et al. [52] noted,
prioritizing such sustainable projects is consistent with global trends in the restoration of
degraded landscapes. In contrast, initiatives to reduce forest burning have shown economic
failure (carbon intensity ratio of investment costs >2.5), which confirms the conclusions of
Ptichnikov [53,54] on the need to subsidize them.

The integration of forest climate projects into regional strategies provides a synergistic
effect. In type of forest vegetation conditions C2/D2, the introduction of mixed crops
increased biodiversity by 25-30% due to an increase in the number of birds and soil
mesofauna, which correlated with data from Bukvareva et al. (2019) [49] on the assessment
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of ecosystem services. Economic feasibility was achieved at the price of carbon units >USD
15/t CO,, which was confirmed by the practice of Russian companies (Sber, JSC Kontur)
in creating transparent accounting systems. However, the key condition remains the
development of regional monitoring standards integrating Earth remote sensing data
(Sentinel-2, Canopus-B) and ground measurements to minimize model errors.

Critical barriers to scaling forest climate projects include the following:

Methodological risks—static models (CO2FIX) excluding climate anomalies overesti-
mate sequestration forecasts by 12-18%;

Economic uncertainty—price volatility in carbon markets (USD 5-20/t CO;) reduces
the profitability of projects with a carbon intensity ratio of investment costs > 1.8;

Legal conflicts—the ban on the use of forested agricultural land excludes 1.2 million
hectares of potential territories.

The research identified limitations related to the need to verify the results obtained
using Earth remote sensing data and to expand the empirical long-term monitoring base to
improve model representativeness. A significant uncertainty factor is the high sensitivity
of project cost-effectiveness to carbon unit price volatility, which poses risks to sustainable
financing. Promising areas include the development of specialized GIS platforms for the
spatial analysis and optimization of projects, a comprehensive assessment of associated
ecosystem services to inform projects, and a study of the synergies of afforestation with
agro-ecological approaches. As Han, H. et al. [55], Hartmann, H. et al. [56], and Almalki R.
et al. [57] note, the combination of dynamic models with Earth remote sensing data and
ground-based measurements of carbon polygons will improve the accuracy of predictions.

Thus, the successful integration of forest climate projects into the development strate-
gies of the Central Forest-Steppe requires a three-pronged approach:

- Biological validity—the abandonment of monocultures in favor of adaptive mixed plantings;

- Legal synchronization—the removal of barriers to the use of abandoned land within
the framework of Federal Law Ne492;

- Economic mechanisms—the application of the carbon intensity factor of investment
costs as an indicator for prioritizing projects.

The implementation of these measures will achieve sequestration targets (28-30% by
2030), strengthening the role of the Central Forest-Steppe regions in achieving Russian
carbon neutrality.

5. Political Implications and Recommendations for Integrating Forest
Climate Projects into Russia’s Sustainable Development Strategy

In the context of global climate change and sanctions pressure on the Russian Federa-
tion’s economy, forest-climate projects are becoming an important tool for achieving carbon
neutrality, import substitution in environmental technologies, and the socio-economic
development of regions. However, the current policy in this area has a number of gaps that
require adjustments.

1.  Current Policy Issues
1) Insufficient regulatory framework

- Lack of a federal climate project law regulating their validation, verifica-
tion, and trade in carbon units.

- Dissemination of CO, absorption assessment methods (for example, dif-
ferences between GOST R ISO 14064-3-2021 [58] and the departmental
regulations of the Ministry of Nature).

2) Limited funding
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- Most projects depend on budget funds ("Ecology’ national project) while
private investments are weakly involved due to the uncertainty of the
legal field.

- There are no preferential mechanisms for businesses (tax holidays, subsi-
dies at low rates).

3) Failure to consider regional specifics
The forest-steppe zone (Central Federal District, Volga region) requires adapted
solutions due to the combination of agro-industrial and forest landscapes, but
the typical methodologies of the Federal Forestry Agency of Russia are not
always applicable.

Recommended changes

@ Legislative initiatives

- To adopt the Federal Law ‘On Forest Climate Projects’, which

e  Establishes a unified register of projects linked to the GIS Forest Fund;

e  Introduces carbon balance assessment standards (based on modified CIC);

e  Determines the rules for trading carbon units on the Saint Petersburg
Exchange.

(2) Financial mechanisms

- Create a green fund under VEB.RF with a capitalization of 50 billion RUB
for co-financing projects (similar to the Ecology national project).
- Introduce tax benefits:

e  Zero value-added tax rate for forest restoration technologies;
e  Accelerated depreciation for CO, monitoring equipment.

(©)] Regional adaptation
- Develop standard designs for the forest-steppe, taking into account

e  Optimal breeds (oak, pine, elm);
e  Plant density (3-5 thousand plants/ha);
e A graph of care fellings (8th, 13th, 35th years).

Implementation and resources

The successful implementation of measures to create a carbon regulation system and

achieve the goals of decarbonizing the economy requires the clear coordination of actions by
all participants in the process, reliable resource provision, and effective risk management.

This section defines the organizational and financial mechanism for implementing the

key elements of the system, including regulatory and legal support, the establishment of
financial institutions, and the practical testing of technologies at the regional level.

The implementation of the planned measures will be carried out on the principles of

interdepartmental interaction and public—private partnership, which will allow consoli-
dating budget funds and attracting private investment in “green” projects. For each key
initiative, responsible executors, funding sources, and clear timeframes have been defined,
ensuring the manageability of the process and achieving the set results.

Below Table 5 is a detailed list of main measures, resources, and implementation deadlines.
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Table 5. Implementation of measures to create a carbon regulation system and achieve the goals of
decarbonization of the economy.

Measures

Responsible Funding Sources Deadlines

Development of the
Federal Law

Ministry of Natural Resources
and Ecology, Ministry of Budget allocations 2026
Economic Development

Formation of the “green” fund VEB.RF, Ministry of Finance

National Project Funds +

Private Investments 2025-2026

Pilot projects in 3 regions

Governors of the Central Federal Subsidies from the Federal

District, Federal Forestry Agency  Budget (up to 5 billion RUB) 2025-2027

4. Expected benefits

The implementation of the carbon regulation system is designed to generate significant
multi-level benefits for all key stakeholders.

For the state, this initiative is a strategic step towards fulfilling its international com-
mitments under the Paris Agreement, specifically targeting a 30% reduction in greenhouse
gas emissions by 2030. Furthermore, the development of a new economic sector is projected
to be a catalyst for growth, potentially increasing the national GDP by 0.5-1% through the
creation of new jobs and related industries in the forestry and environmental sectors.

For business, the framework creates a direct economic incentive by enabling companies
to generate and monetize carbon units, with potential revenue streams estimated between
USD 5 and USD 20 per ton of CO, equivalent on international markets. Beyond direct
financial gains, active participation enhances corporate reputation and provides a powerful
tool for ESG-branding, thereby mitigating non-financial risks and potential sanctions tied
to environmental performance.

For the regions, the benefits are twofold: environmental and infrastructural. The
program will drive the large-scale restoration of degraded forest lands, with a goal of
improving the condition of up to 20% of such areas by 2030. Concurrently, project activities
will stimulate the development of critical local infrastructure, including the construction
and modernization of roads and the establishment of modern nurseries, leading to broader
socio-economic development.

Next steps:

1. Submit the draft law to the State Duma by the end of 2030.
Launch pilot projects in the Belgorod, Voronezh, and Kursk regions.
3. Integrate carbon units into exchange trading.

The obtained results create a scientific and methodological basis for transitioning
from local initiatives to a systematic state policy in the field of climate-optimized forest
use, which corresponds to both Russia’s international obligations and national sustainable
development priorities.

6. Conclusions

1.  The integration of forest-climatic projects into the regional strategies of the Central
Forest-Steppe of Russia appears to be a key tool for achieving national climatic and
socio-economic goals. The results of the study show that with an increase in the
forest cover of the region by 1% (about 180 thousand hectares), the annual additional
absorption of CO; equivalent can be 0.9-1.1 million tons. In particular, the largest
increase in the effect is expected in the Voronezh (forestry 11.5%) and Kursk (13.7%)
regions, where the share of degraded and unsatisfactory forest functioning lands
exceeds 50 thousand hectares. The opportunities to reduce the carbon footprint and
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increase the economic return from climate initiatives are especially relevant for the
regions of the Central Forest-Steppe, which are characterized by high population
density and intensive agricultural development: in the Tambov region, the share of
forests is only 7.1%, which indicates significant potential for afforestation.

2. The introduction of a carbon intensity coefficient for investment costs significantly
increases the objectivity and comparability of the assessment of various climate so-
lutions. In the analyzed projects of the Central Forest-Steppe, a dispersion of the
carbon intensity coefficient was recorded from 1.1 to 2.7 RUB/kg CO,eq., depending
on the region, the type of forest-vegetation conditions, and the applied restoration
technologies. The lowest values were achieved in floodplain and wet beam condi-
tions (1.1-1.3 RUB/kg), while on loamy-dry and unproductive soils, they reached
2.2-2.7 RUB/kg. This makes it possible to identify promising regions and technologies
that reduce the cost of creating 1 ton of absorbed CO; equivalent.

3. The greenhouse gas absorption potential of forest ecosystems in the Central Forest-
Steppe has not been sufficiently realized in existing regional strategies, although
calculations show the possibility of increasing the sequestration potential of forests
to 28-30% by 2030. For example, in the Voronezh and Tambov regions, the poten-
tial for increasing absorption capacity is estimated at 250-310 thousand tons and
140-170 thousand tons of CO,-eq., respectively, per year, even with regional budget
and area restrictions. Such an increase can cover up to 10-12% of emissions from
industrial enterprises of the relevant regions.

4. Theidentified regional variability in environmental and economic efficiency indicators
confirms the need for a comprehensive adaptation of assessment methods and the
legal regulation of accounting for carbon units for forest plant conditions. For example,
for the Tambov region, the investment efficiency coefficient is 1.62 tons of CO,-
eq./thousand RUB, and for the Kursk region, it is 1.51 tons of CO;-eq./thousand RUB.
This approach will ensure the targeted attraction of investments aimed at restoring
the most promising and productive natural complexes.

5. The implementation of forest-climatic projects on the principles of an integral eco-
logical and economic criterion will allow the regions of the Central Forest-Steppe to
increase the transparency, validity, and investment attractiveness of their sustainable
development strategies. The formation of a green economy and a corresponding
market for climate services can provide an additional income of 1.6-2.2 billion RUB
per year through the sale of carbon units, as well as through the creation of new jobs
and the preservation of biodiversity—mainly in areas with forest cover below the
regional average.

6.  The results obtained in the research can be used by government authorities of the
constituent entities of the Central Forest-Steppe, business, and the expert community
to improve climate and investment policies, taking into account the regional charac-
teristics of forest conditions, land use structures, and socio-economic challenges. This
will lay the foundation for the formation of new mechanisms to stimulate sustainable
forest management and the interregional exchange of best practices.

Thus, the research comprehensively reveals the scientific, methodological, and applied
aspects of integrating forest-climatic projects into regional strategies for the sustainable
development of the Central Forest-Steppe of Russia. Based on the analysis of empirical
data and statistical and model calculations, as well as taking into account the diversity of
forest conditions and regional specifics, the effectiveness of integrated natural and climatic
solutions for increasing environmental and economic sustainability and achieving national
climate goals is substantiated.



Sustainability 2025, 17, 7877

30 of 33

It has been established that adapting the mechanisms for implementing forest-climatic
projects based on integral indicators, such as the carbon intensity coefficient of investments
costs, makes it possible to objectively measure and compare the contribution of different
regions and technologies to carbon sequestration. This, in turn, opens up new opportunities
for attracting investment, developing carbon markets, creating a green economy, and
strengthening the position of regions in national and international climate policy.

Regional differences in the productivity of forest ecosystems, land use patterns, lev-
els of human pressure, and resource availability require further detail in approaches to
planning and implementing forest climate projects. A fundamentally significant task is the
development of expanded methods for the spatial analysis of carbon sequestration poten-
tial, taking into account landscape, soil-climatic, and socio-economic factors. Particular
attention should be paid to issues of interaction with the agricultural sector, agroforestry,
and the integration of small- and medium-sized farms into climate initiatives.

The prospects for further research are as follows:

- The creation and testing of regional digital platforms for monitoring and managing
forest climate projects, using GIS technologies and modern spatial modeling methods;

- The development of targeted investment standards, taking into account forest and
vegetation conditions, biological and economic potential of territories;

- The multicriterion assessment of ecosystem services and determination of their contri-
bution to the socio-economic development of regions;

- The study of mechanisms for integrating forest-climatic projects with other sec-
tors of environmental management, primarily agriculture and the water and soil
protection system;

- The formation of new climate and investment policy instruments based on regional
characteristics, which is especially relevant for entities with low forest cover and high
vulnerability to climate risks.

At the same time, regional differences in the productivity of forest ecosystems, land use
structures, levels of anthropogenic load, and resource availability require further detailing
of approaches to the planning and implementation of forest climate projects. As the results
have shown, the successful integration of these projects into sustainable development
strategies is possible only if three key conditions are simultaneously met: the biological
validity of the species composition, legal synchronization with new regulatory requirements
(Federal Law of the Russian Federation Ne492), and economic efficiency, measured through
the carbon intensity coefficient of investment costs.

In the long term, the results and approaches developed for the Central Forest-Steppe
can be replicated in similar natural and socio-economic conditions in other regions of the
country, increasing the effectiveness and sustainability of national climate policies.

Author Contributions: Conceptualization, N.V.Y. and S5.5.M.; methodology, S.S.S. and N.K.P; soft-
ware, AN.T. and E.A K,; formal analysis, E.A.P. and N.V.Y,; investigation, N.V.Y. and S.5.M.;. re-
sources, A.N.T. and E.A K.; data curation, S.S.S. and N.K.P,; writing—original draft preparation,
E.AP.; writing—review and editing, A.N.T.; visualization, S.S.S. and N.K.P,; supervision, E.A.K.;
project administration, N.V.Y.; funding acquisition, S.5.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was carried out within the framework of the state assignment of the Ministry of
Science and Higher Education of the Russian Federation FZUR-2024-0001, Ne 124020100131-5.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Sustainability 2025, 17, 7877 31 of 33

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. IPCC. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2021. [CrossRef]

2. IPCC. Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2022. [CrossRef]

3. IPCC. Global Warming of 1.5 °C. An IPCC Special Report on the Impacts Of Global Warming of 1.5 °C Above Pre-Industrial Levels and
Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the Threat of Climate Change,
Sustainable Development, and Efforts to Eradicate Poverty; Cambridge University Press: Cambridge, UK, 2018. Available online:
https:/ /www.ipcc.ch/sr15/ (accessed on 19 July 2025).

4.  DPsistaki, K.; Tsantopoulos, G.; Paschalidou, A.K. An overview of the role of forests in climate change mitigation. Sustainability
2024, 16, 6089. [CrossRef]

5. Xu, K.; Zou, G.; Hu, H. Forest carbon sequestration functions and mitigation strategies for global climate change. In Forest
Science—Advances Towards Sustainable Development and Climate Resilience [Working Title]; IntechOpen: London, UK, 2025. [CrossRef]

6. Rodrigues, C.I1.D.; Brito, L.M.; Nunes, L.J.R. Soil carbon sequestration in the context of climate change mitigation: A review. Soil
Syst. 2023, 7, 64. [CrossRef]

7.  Federal Forestry Agency. Generalized Data of the State Forest Register. Available online: https:/ /rosleshoz.gov.ru/activity/
forest-register/ (accessed on 19 July 2025).

8. United Nations Framework Convention on Climate Change. The Paris Agreement; UNFCCC: Bonn, Germany, 2015.

9.  United Nations. Sustainable Development Goals. Available online: https://sdgs.un.org/goals (accessed on 19 July 2025).

10. IPCC. Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change; IPCC: Geneva, Switzerland, 2023. [CrossRef]

11. Nabuurs, G.J.; Mrabet, R.; Hatab, A.A.; Bustamante, M.; Clark, H.; Havlik, P.; House, J.I.; Mbow, C.; Ninan, K.N.; Popp, A.; et al.
Agriculture, Forestry and Other Land Uses (AFOLU). In IPCC, Climate Change 2022: Mitigation of Climate Change. Contribution
of Working Group III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press:
Cambridge, UK, 2022; pp. 747-860. [CrossRef]

12.  Food and Agriculture Organization of the United Nations. Global Forest Resources Assessment 2025. 2025. Available online:
https:/ /www.fao.org/forest-resources-assessment/zh (accessed on 19 July 2025).

13.  World Resources Institute. Global Forest Watch. Retrieved 26 October 2023. Available online: https://www.globalforestwatch.
org/ (accessed on 19 July 2025).

14. IPCC. Climate Change and Land: An IPCC Special Report on Climate Change, Desertification, Land Degradation, Sustainable
Land Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems. 2019. Available online: https:
/ /www.ipcc.ch/srecl/ (accessed on 19 July 2025).

15.  Food and Agriculture Organization of the United Nations. Global Forest Resources Assessment 2020: Main Report; FAO: Rome, Italy,
2020. [CrossRef]

16.  Griscom, B.W.; Lomax, G.; Kroeger, T.; Ellis, .W. We need both natural and energy solutions to stabilize our climate. Glob. Change
Biol. 2019, 25, 1889-1890. [CrossRef] [PubMed]

17.  Morkovina, S.S.; Kuznetsov, D.K.; Orobinskiy, V.A. Forest climate projects in Russia: Practical issues of land use. Commun. Int.
Proc. 2024, 2024, 4330224. [CrossRef]

18. Cadman, T.; Kohl, M. Getting sustainable investments in the forest sector straight: Towards an integrating framework. J. Sustain.
Financ. Account. 2025, 5, 100017. [CrossRef]

19. Nedopil, C.; Dordi, T.; Weber, O. The nature of global green finance standards—Evolution, differences, and three models.
Sustainability 2021, 13, 3723. [CrossRef]

20. Atkinson, G.; Mourato, S. Environmental cost-benefit analysis. Annu. Rev. Environ. Resour. 2008, 33, 317-344. [CrossRef]

21. TEEB. The Economics of Ecosystems and Biodiversity: Mainstreaming the Economics of Nature: A Synthesis of the Approach, Conclusions
and Recommendations of TEEB; United Nations Environment Programme: Nairobi, Kenya, 2010.

22. Costanza, R.; d’Arge, R.; De Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; O'Neill, R.V.; Paruelo, J.; et al.
The value of the world’s ecosystem services and natural capital. Nature 1997, 387, 253-260. [CrossRef]

23.  United Nations. System of Environmental-Economic Accounting 2012: Central Framework; United Nations: New York, NY, USA, 2014.

24. Dasgupta, P. The Economics of Biodiversity: The Dasgupta Review; HM Treasury: London, UK, 2021.


https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009325844
https://www.ipcc.ch/sr15/
https://doi.org/10.3390/su16146089
https://doi.org/10.5772/intechopen.1009089
https://doi.org/10.3390/soilsystems7030064
https://rosleshoz.gov.ru/activity/forest-register/
https://rosleshoz.gov.ru/activity/forest-register/
https://sdgs.un.org/goals
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1017/9781009157926.009
https://www.fao.org/forest-resources-assessment/zh
https://www.globalforestwatch.org/
https://www.globalforestwatch.org/
https://www.ipcc.ch/srccl/
https://www.ipcc.ch/srccl/
https://doi.org/10.4060/ca9825en
https://doi.org/10.1111/gcb.14612
https://www.ncbi.nlm.nih.gov/pubmed/30903637
https://doi.org/10.5171/2024.4330224
https://doi.org/10.1016/j.josfa.2025.100017
https://doi.org/10.3390/su13073723
https://doi.org/10.1146/annurev.environ.33.020107.112927
https://doi.org/10.1038/387253a0

Sustainability 2025, 17, 7877 32 of 33

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ministry of Natural Resources and Ecology of the Russian Federation. On the Approval of Methodologies for Quantitative
Determination of Greenhouse Gas Emissions and Greenhouse Gas Absorption (Order No. 371). Official Internet Portal of
Legal Information. 2022. Available online: http://publication.pravo.gov.ru/Document/View /0001202207290034 (accessed on
19 July 2025).

Ministry of Natural Resources and Ecology of the Russian Federation. Methodological Guidelines for the Quantitative Determi-
nation of Greenhouse Gas Absorption Volume (Order No. 326). Official Internet Portal of Legal Information. 2023. Available
online: http://publication.pravo.gov.ru/Document/View /0001202305110001 (accessed on 19 July 2025).

Standard No. GOST R 59563-2021; Greenhouse Gas Management. Requirements for Carbon Footprint Projects. Federal Agency on
Technical Regulating and Metrology: Moscow, Russia, 2021.

Schelhaas, M.J.; van Esch, PW.; Groen, T.A.; de Jong, B.H.].; Kanninen, M.; Liski, J.; Masera, O.; Mohren, G.M.].; Nabuurs, G.J.;
Palosuo, T.; et al. CO2Fix V3.1: A Modelling Framework for Quantifying Carbon Sequestration in Forest Ecosystems; Alterra report;
Wageningen Universiteit: Wageningen, The Netherlands, 2004; Volume 168. Available online: http://edepot.wur.nl/43524
(accessed on 19 July 2025).

Shvarts, E.A.; Starikov, 1.V.; Kharlamov, V.S.; Yaroshenko AYu Shmatkov, N.M.; Kobyakov, A.V.; Ptichnikov, A.V.; Lukovtsev, EY.;
Tyuleneva, O.V.; Golunov, R.Y.; Shchegolev, A.A. A new look at the development of the forest complex: Part 2. New management
model. Use Prot. Nat. Resour. Russ. 2020, 4, 30-38.

Schwartz, E.; Shmatkov, N. A new economic model of forestry is needed. For. Ind. 2020, 3, 14-21.

Pan, Y,; Birdsey, R.A.; Fang, ].; Houghton, R.; Kauppi, P.E.; Kurz, W.A; Phillips, O.L.; Shvidenko, A.Z.; Lewis, S.L.; Canadell, ].G.;
et al. A large and persistent carbon sink in the world’s forests. Science 2011, 333, 988-993. [CrossRef]

Shchepashchenko, D.; Shvidenko, A.; Nilsson, S. Phytomass (live biomass) and carbon of Siberian forests. Biomass Bioenergy 1998,
14, 21-31. [CrossRef]

Shvidenko, A.Z.; Schepaschenko, D.G. Carbon budget of Russian forests: Synthesis of findings. Contemporary. Sib. Lesn. Zurnal
(Siberian |. For. Sci.) 2014, 1, 69-92.

Niedziatkowski, K.; Shkaruba, A. Governance and legitimacy of the Forest Stewardship Council certification in the national
contexts—A comparative study of Belarus and Poland. For. Policy Econ. 2018, 97, 180-188. [CrossRef]

Nunes, L.J.R.; Meireles, C.L.R.; Pinto Gomes, C.J.; Almeida Ribeiro, N.M.C. Forest Contribution to Climate Change Mitigation:
Management Oriented to Carbon Capture and Storage. Climate 2020, 8, 21. [CrossRef]

Narain, S.; Goswami, A. Forests and Climate Change: The Facts, Science and Politics; Centre for Science and Environment: New Delhi,
India, 2022.

Sun, G.; Hallema, D.; Asbjornsen, H. Ecohydrological processes and ecosystem services in the Anthropocene: A review. Ecol.
Process. 2017, 6, 35. [CrossRef]

Zhao, J.; Yang, X.; Liu, X.; Ma, Y; Li, X.; Yang, ]. Assessing the potential of large-scale urban forest projects as a natural climate
solution. *Nat.-Based Solut. 2024, 6, 100153. [CrossRef]

Ministry of Economy of the Russian Federation; Ministry of Finance of the Russian Federation; State Construction Committee
of the Russian Federation. Methodological Guidelines for Evaluating the Effectiveness of Investment Projects. (Letter No. VK
477). ConsultantPlus. 1999. Available online: https://www.consultant.ru/document/cons_doc_LAW_28271/ (accessed on
19 July 2025).

Ministry of Economic Development of the Russian Federation. Forecast of Social and Economic Development of the Russian
Federation for 2025 and the Planning Period of 2026 and 2027. Official Website of the Ministry of Economic Development of the
Russian Federation. 2024. Available online: https://www.economy.gov.ru/material/file /b028b88a60e6ddf67e9fe9c07c4951f0
/prognoz_socialno_ekonomicheskogo_razvitiya_rf 2025-2027.pdf (accessed on 11 November 2024).

Ministry of Natural Resources and Ecology of the Russian Federation. On the Approval of the Rules for Reforestation, the
Form, Composition, Procedure for Approval of the Reforestation Project, Grounds for Refusal of Its Approval, as Well as
Requirements for the Format in Electronic Form of the Reforestation Project (Order No. 1024). Official Internet Portal of
Legal Information. 29 December 2021. Available online: http://publication.pravo.gov.ru/Document/View /0001202202110024
(accessed on 19 July 2025).

Li, Q.; Jia, Z.; Feng, L.; He, L.; Yang, K. Dynamics of biomass and carbon sequestration across a chronosequence of Caragana
intermedia plantations on alpine sandy land. Sci. Rep. 2018, 8, 12432. [CrossRef]

Lukina, N.V,; Geraskina, A.P; Gornov, A.V.; Shevchenko, N.E.; Kuprin, A.V.; Chernov, T.I.; Chumachenko, S.I.; Shanin, V.N,;
Kuznetsova, A.L; Tebenkova, D.N; et al. Biodiversity and climate-regulating functions of forests: Current issues and research
prospects. For. Sci. Issues 2020, 3, 1-90. [CrossRef]

Strassburg, B.B.N.; Iribarrem, A.; Beyer, H.L.; Cordeiro, C.L.; Crouzeilles, R.; Jakovac, C.C.; Junqueira, A.B.; Lacerda, E.; Latawiec,
A.E.; Balmford, A.; et al. Global priority areas for ecosystem restoration. Nature 2020, 586, 724-729. [CrossRef]

Ptichnikov, A.V.; Schwartz, E.A.; Popova, G.A ; Baibar, A.S. The role of forests in implementing Russia’s low-carbon development
strategy. Reports of the Russian Academy of Sciences. Earth Sci. 2022, 507, 153-158. [CrossRef]


http://publication.pravo.gov.ru/Document/View/0001202207290034
http://publication.pravo.gov.ru/Document/View/0001202305110001
http://edepot.wur.nl/43524
https://doi.org/10.1126/science.1201609
https://doi.org/10.1016/S0961-9534(97)10006-X
https://doi.org/10.1016/j.forpol.2018.10.005
https://doi.org/10.3390/cli8020021
https://doi.org/10.1186/s13717-017-0104-6
https://doi.org/10.1016/j.nbsj.2024.100153
https://www.consultant.ru/document/cons_doc_LAW_28271/
https://www.economy.gov.ru/material/file/b028b88a60e6ddf67e9fe9c07c4951f0/prognoz_socialno_ekonomicheskogo_razvitiya_rf_2025-2027.pdf
https://www.economy.gov.ru/material/file/b028b88a60e6ddf67e9fe9c07c4951f0/prognoz_socialno_ekonomicheskogo_razvitiya_rf_2025-2027.pdf
http://publication.pravo.gov.ru/Document/View/0001202202110024
https://doi.org/10.1038/s41598-018-30595-3
https://doi.org/10.31509/2658-607x-2020-3-4-1-90
https://doi.org/10.1038/s41586-020-2784-9
https://doi.org/10.1134/S1028334X22700465

Sustainability 2025, 17, 7877 33 of 33

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Masera, O.R.; Garza-Caligaris, J.; Kanninen, M.; Karjalainen, T.; Liski, J.; Nabuurs, G.; Pussinen, A.; de Jong, B.; Mohren, G.
Modeling carbon sequestration in afforestation, agroforestry and forest management projects: The CO2FIX V.2 approach. Ecol.
Model. 2003, 164, 177-199. [CrossRef]

Paustian, K.; Ravindranath, N.H.; van Amstel, A.R. (Eds.) 2006 IPCC Guidelines for National Greenhouse Gas Inventories: Agriculture,
Forestry and Other Land Use; IPCC: Geneva, Switzerland, 2006; Volume 4. Available online: https://www.ipcc-nggip.iges.or.jp/
public/2006gl/vol4.html (accessed on 19 July 2025).

Mashtakov, D.A.; Sadykov, A.R.; Akkuratnova, A.M. Phytomass of tree species in protective forest plantations in irrigated steppes
of Saratov Trans-Volga region. In Proceedings of the 7th International Scientific-Practical Conference, Washington, DC, USA,
26-28 November 2020; pp. 415-418.

Bukvareva, E.; Zamolodchikov, D.; Grunewald, K. National assessment of ecosystem services in Russia: Methodology and main
problems. Sci. Total Environ. 2019, 655, 1181-1196. [CrossRef]

Krenke, A.N.; Ptichnikov, A.V.; Schwartz, E.A.; Petrov, LK. Magnitude of forest carbon balance in the national climate policies of
Russia and Canada. Rep. Russ. Acad. Sci. Earth Sci. 2021, 501, 231-236. [CrossRef]

Russian Federation. *Federal'nyy Zakon ot 26 Dekabrya 2024 g. Ne 492-FZ [Federal Law No. 492-FZ of December 26, 2024 “On
Amendments to the Forest Code of the Russian Federation]. Official Internet Portal of Legal Information. 2024. Available online:
http:/ /publication.pravo.gov.ru/Document/ View /0001202412260016/ (accessed on 19 July 2025).

Shvarts, E.A.; Karpachevskiy, M.L.; Shmatkov, N.M.; Baybar, A.S. Reforming Forest Policies and Management in Russia: Problems
and Challenges. Forests 2023, 14, 1524. [CrossRef]

Ptichnikov, A.V,; Schwartz, E.A.; Popova, G.A.; Baibar, A.S. The strategy of low-carbon development of Russia and the role of
forests in its implementation. Her. Russ. Acad. Sci. 2023, 93, 36—49. [CrossRef]

Ptichnikov, A.V.; Shvarts, E.A.; Kuznetsova, D.A. On the potential of greenhouse gas absorption by Russian forests to reduce the
carbon footprint of domestic export products. Dokl. Earth Sci. 2021, 499, 181-184. [CrossRef]

Han, H.; Liu, Z.; Li, J.; Zeng, Z. Challenges in remote sensing based climate and crop monitoring: Navigating the complexities
using Al J. Cloud Comput. 2024, 13, 34. [CrossRef]

Hartmann, H.; Bastos, A.; Das, A.].; Esquivel-Muelbert, A.; Hammond, W.M.; Martinez-Vilalta, ].; McDowell, N.G.; Powers, ].S.;
Pugh, T.A.; Ruthrof, K.X,; et al. Climate change risks to global forest health: Emergence of unexpected events of elevated tree
mortality worldwide. Annu. Rev. Plant Biol. 2022, 73, 673-702. [CrossRef]

Almalki R, Khaki M, Saco PM, Rodriguez JF Monitoring and mapping vegetation cover changes in arid and semi-arid areas using
Remote Sensing Technology: A review. Remote Sens. 2022, 14, 5143. [CrossRef]

National Standard of the Russian Federation Greenhouse Gases. Part 3 Requirements and Guidelines for validation and
Verification Statements on Greenhouse Gases. Greenhouse Gases. Part 3. Specification with Guidance on Verification
and Validation of Greenhouse Gas Emission Statements (ISO 14064-3:2019, IDT) GOST R ISO 14064-3-2021. Available on-
line: https://carbonreg.ru/pdf/%D1%81%D1%82%D0%B0%D0%BD%D0%B4%D0%B0%D1%80%D1%82%D1%8B / %D0%9
3%D0%9E%D0%A1%D0%A2%20%D0%A0%20%D0%98 % D0%A1%D0%9E %2014064-3-2021.pdf (accessed on 19 July 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0304-3800(02)00419-2
https://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
https://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
https://doi.org/10.1016/j.scitotenv.2018.11.286
https://doi.org/10.31857/S2686739721120069
http://publication.pravo.gov.ru/Document/View/0001202412260016/
https://doi.org/10.3390/f14081524
https://doi.org/10.31857/S0869587323010073
https://doi.org/10.1134/S1028334X21080122
https://doi.org/10.1186/s13677-023-00583-8
https://doi.org/10.1146/annurev-arplant-102820-012804
https://doi.org/10.3390/rs14205143
https://carbonreg.ru/pdf/%D1%81%D1%82%D0%B0%D0%BD%D0%B4%D0%B0%D1%80%D1%82%D1%8B/%D0%93%D0%9E%D0%A1%D0%A2%20%D0%A0%20%D0%98%D0%A1%D0%9E%2014064-3-2021.pdf
https://carbonreg.ru/pdf/%D1%81%D1%82%D0%B0%D0%BD%D0%B4%D0%B0%D1%80%D1%82%D1%8B/%D0%93%D0%9E%D0%A1%D0%A2%20%D0%A0%20%D0%98%D0%A1%D0%9E%2014064-3-2021.pdf

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Discussion 
	Political Implications and Recommendations for Integrating Forest Climate Projects into Russia’s Sustainable Development Strategy 
	Conclusions 
	References

