
Citation: Ko, Y.; Song, C.; Fellows, M.;

Kim, M.; Hong, M.; Kurz, W.A.;

Metsaranta, J.; Son, J.; Lee, W.-K.

Generic Carbon Budget Model for

Assessing National Carbon Dynamics

toward Carbon Neutrality: A Case

Study of Republic of Korea. Forests

2024, 15, 877. https://doi.org/

10.3390/f15050877

Academic Editor: Baozhang Chen

Received: 8 April 2024

Revised: 9 May 2024

Accepted: 13 May 2024

Published: 17 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Generic Carbon Budget Model for Assessing National Carbon
Dynamics toward Carbon Neutrality: A Case Study of
Republic of Korea
Youngjin Ko 1 , Cholho Song 2 , Max Fellows 3, Moonil Kim 4 , Mina Hong 5 , Werner A. Kurz 3 ,
Juha Metsaranta 6, Jiwon Son 1 and Woo-Kyun Lee 1,*

1 Department of Environmental Science and Ecological Engineering, Korea University,
Seoul 02841, Republic of Korea; ko871004@gmail.com (Y.K.); jiw0n3@korea.ac.kr (J.S.)

2 OJEong Resilience Institute (OJERI), Korea University, Seoul 02841, Republic of Korea;
cholhosong@gmail.com

3 Canadian Forest Service, Natural Resources Canada, Victoria, BC V8Z 1M5, Canada;
max.fellows@nrcan-rncan.gc.ca (M.F.); werner.a.kurz@gmail.com (W.A.K.)

4 Department of ICT-Integrated Environment, Pyeongtaek University, Pyeongtaek 17869, Republic of Korea;
futuring.kim@ptu.ac.kr

5 Agriculture Forestry and Ecosystem Services (AFE) Group, Biodiversity and Natural Resources (BNR)
Program, International Institute for Applied Systems Analysis (IIASA), Schlossplatz 1,
A-2361 Laxenburg, Austria; alsdk920902@korea.ac.kr

6 Natural Resources Canada, Canadian Forest Service, Northern Forestry Centre, 5320-122 Street,
Edmonton, AB V8Z 1M5, Canada; juha.metsaranta@nrcan-rncan.gc.ca

* Correspondence: leewk@korea.ac.kr; Tel.: +82-2-3290-3016; Fax: +82-2-3290-3470

Abstract: Forests play a crucial role in South Korea’s carbon neutrality goal and require sustainable
management strategies to overcome age-class imbalances. The Generic Carbon Budget Model (GCBM)
offers a spatially explicit approach to simulate carbon dynamics at a regional scale. In this study, we
utilized the GCBM to analyze the carbon budget of forests in South Korea and produce spatiotemporal
maps for distribution of the forest biomass. The growth parameters of five representative tree species
(Pinus densiflora Siebold & Zucc., Larix kaempferi Carr., Pinus koraiensis Siebold & Zucc., Quercus
mongolica Fisch. ex Ledeb., Quercus variabilis Blume), which are the main species in South Korea,
were used to operate the model. In addition, spatial data for harvest and thinning management
activities were used to analyze the effects of anthropogenic activities. In 2020, the aboveground
and belowground biomass were 112.98 and 22.84 tC ha−1, and the net primary productivity was
8.30 tC ha−1 year−1. These results were verified using comparison with statistics, a literature review,
and MODIS NPP. In particular, broadleaf is higher than conifer forest in net primary production.
The Canadian GCBM with Korean forest inventory data and yield curves successfully estimated the
aboveground and belowground biomass of forests in South Korea. Our study demonstrates that
these estimates can be mapped in detail, thereby supporting decision-makers and stakeholders in
analyzing the carbon budget of the forests in South Korea and developing novel schemes that can
serve regional and national aims related to forest management, wood utilization, and ecological
preservation. Further studies are needed to improve the initialization of dead organic matter pools,
given the large-scale afforestation efforts in recent decades that have established South Korea’s forests
on predominantly non-forest sites.

Keywords: forest modeling; climate change; forest management; net primary productivity;
aboveground biomass; belowground biomass; moderate resolution imaging spectroradiometer;
ecological preservation

1. Introduction

The Paris Agreement (PA) provides a framework for all nations to combat climate
change, requiring each country to declare its own specific plan for reducing greenhouse
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gas (GHG) emissions [1]. As of 2023, there are 194 individual nations and the EU that
are parties to the PA. South Korea ratified the PA in 2016. The submitted national plans
are referred to as nationally determined contributions (NDCs) and encompass several
sectors, such as energy, transportation, buildings, and land use. According to the Inter-
governmental Panel on Climate Change (IPCC), land—an essential basis for supplying
food and water—accounted for 23% (12.0 ± 2.9 Gt CO2 eq yr−1) of the GHGs emitted
from anthropogenic activities during 2007–2016. The IPCC developed the Good Practice
Guidance for Land Use, Land-Use Change, and Forestry (GPG-LULUCF) for monitoring
and reporting forest carbon stocks and their changes. The aim of the GPG-LULUCF is to
enhance the existing methodologies, with the main principles being transparency, accuracy,
consistency, completeness, and comparability [2]. In the land sector, spatial boundaries can
be delineated according to national circumstances, based on the GPG-LULUCF [3,4].

Natural carbon sinks include forests, cropland land, grasslands, wetlands, settlements,
and other lands, which are grouped into six LULUCF categories [5,6]. Forests represent a
significant portion of natural carbon sinks. Moreover, in 2019, climate crisis response actions
were highlighted by the schemes on carbon neutrality developed by the international
community, wherein the role of forests was further highlighted. Therefore, forests are
important resources for reaching carbon neutrality [7,8]. According to the Global Carbon
Project, the CO2 sink from land use during 2006–2015 was 11.6 Gt CO2 per year, accounting
for approximately 31% of the total annual CO2 anthropogenic emissions [9].

Carbon neutrality refers to achieving a balance between the amount of carbon dioxide
emitted and removed by human activity. Forests play a crucial role in carbon neutrality by
acting as carbon sinks, absorbing CO2 through photosynthesis and storing it in biomass
and soil. Their ability to sequester carbon makes forests essential in efforts to mitigate
climate change and achieve carbon neutrality. In 2020, South Korea’s greenhouse gas
emissions (GHG) amounted to 656.22 million tons, with a target set to achieve carbon
neutrality by 2050 [10]. This plan contains goals to reduce emission by 40% before 2030
compared to 2018, such as through using carbon sinks to absorb 26.7 million tons CO2
per year before 2030. Forests account for 63.2% of the land area (100,431 km2) in South
Korea, ranking fourth among the forest-area proportions of the Organization for Economic
Cooperation and Development countries [11]. This is the result of the Korean reforestation
strategy implemented since the Korean War [12]. However, several challenges arise from
the imbalance in age classes stemming from the intensive reforestation strategy. Therefore,
understanding the state of forest stands and managing forests through sustainable methods
are essential approaches for enhancing their future contributions to carbon sinks.

Climate change affects the growth and productivity of forests by altering the patterns
of temperature and precipitation both directly and indirectly [13–16]. These alterations may
lead to a decrease in CO2 absorption resulting from a decrease in tree growth and shifts in
the forest distribution and vegetation belts of evergreen coniferous forests [17–19]. This
indicates that forest growth patterns are threatened by climate change and directly tied to
carbon stocks. This can create challenges in achieving climate action goals. Consequently,
additional efforts are required to monitor and mitigate impacts on forests resulting from
climate changes [20,21].

Generally, stakeholders are interested in quantifying past and future carbon stocks
in forests to make informed decisions related to land-use policies, because international
agreements require countries to monitor and report forest carbon dynamics regularly [3].
As explained by the United States Environmental Protection Agency (USEPA), the storage
of carbon in forest biological materials (aboveground and belowground biomass, dead-
wood organic matter, litter, and soil carbon) is crucial for maintaining the stability of forest
ecosystems and the global carbon cycle [22]. Notably, a change in carbon storage can occur
due to natural and anthropogenic factors such as wildfires, insect infestation, natural refor-
estation, and harvesting. The biomass of a tree can be calculated from its stem volume [23].
Several coefficients are used for converting stem volume to biomass and carbon, including
the basic wood density, biomass expansion factors, and root shoot ratios, which can be
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based on the IPCC standards. In addition, the biomass production in a forest ecosystem
or the creation of new organic matter is essential for understanding the carbon flux of the
forest. Net primary production (NPP) and net ecosystem production (NEP) quantify the
ability of an ecosystem to capture and store carbon, which is critical for mitigating climate
change [24]. By understanding these processes, humanity can manage and protect the
environment and assess the overall health of a forest. Furthermore, monitoring the NPP
and NEP of a forest can support policymakers in taking informed decisions regarding land
use, forest management, conservation, and sustainability.

Forest growth models are powerful tools for understanding and estimating forest
ecosystem dynamics [3,5,16]. These models can be used for various applications, such as
sustainable forest management and climate change mitigation. However, there are several
limitations in using a forest growth model that cannot reflect the complexity of influencing
factors such as forest characteristics, environment, or uncertainty regarding land use and
natural disasters. In addition, ecological interactions and regional differences should be
considered. The Carbon Budget Model of the Canadian Forest Sector (CBM–CFS3) is
a representative forest growth model to understand the forest and global carbon cycle,
that is consistent with the IPCC guidelines for predicting the emission and removal of
GHG emissions from LULUCF [3]. Notably, it is an empirical model used to estimate
forest growth and the yields of stands using field data, including the tree diameter, height,
age, and on-site conditions. Furthermore, CBM-CFS3 is a time-step-based carbon model
that operates at the stand level and utilizes commonly available forest inventory and
merchantable yield data from the forest sector to simulate carbon dynamics [15,25].

The generic carbon budget model (GCBM) is a spatially explicit model that can sim-
ulate the carbon dynamics of a region in a grid-based format and at a user-determined
scale [25–27]. The model can be applied to various aspects of forest management,
e.g., climate change mitigation, conservation, the distribution and management of mosses
and peatlands, and fire severity; the model can be applied to support forest management
efforts in various countries [28–31].

Here, we employ the GCBM to develop spatially explicit future forest carbon budgets
for South Korea’s forest. We introduce climate sensitive growth curves with regional and
species-specific parameters to represent the dynamics of relevant Korean tree species under
the impacts of climate change.

2. Materials and Methods
2.1. Study Area

This study focuses on South Korea (latitude: 33◦09′–38◦45′ N, longitude: 124◦54′–131◦06′ E),
which is located in East Asia. South Korea has a temperate climate with four distinct seasons
and receives a substantial amount of rainfall, particularly during the summer. The forests
in South Korea cover an area of 6,348,834 ha, encompassing mountains and uplands with a
complex terrain and consisting of evergreen coniferous (approximately 36.9%), deciduous
broad-leaved (approximately 31.8%), and mixed (approximately 26.5%) forests [11]. Five
percent of the total forest area is comprised of unstocked forest land and bamboo, both of
which have been excluded from this study. In this study, major tree species, namely Red
pine (Pinus densiflora), Japanese larch (Larix kaempferi), Korean pine (Pinus koraiensis), Mon-
golian oak (Quercus mongolica), and Cork oak (Quercus variabilis), are hereinafter referred to
as P. densiflora, L. kaempferi, P. koraiensis, Q. mongolica, and Q. variabilis, respectively. These
species were analyzed to determine the forest carbon dynamics in South Korea (Figure 1).
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Figure 1. (a) Study area; (b) forest cover map for South Korea; and (c) locations of the National Forest
Inventory (NFI) plots used in this study.

2.2. Selection of Key Indicators of Carbon Dynamics for South Korean Forests

In the GCBM, NPP is calculated as the sum of net biomass increment plus litterfall [3].
NEP (NEP = NPP–Rh) is the change in carbon stocks before disturbances and is calculated
as the difference between the NPP and the carbon loss from heterotrophic respiration
(Rh) [24]. Both NPP and NEP are calculated for each grid cell across the entire study area,
based on the boundaries specified by the user [32].

We estimated the amounts of the aboveground and belowground biomass, dead
organic matter, NPP, NEP, NBP, and Rh using the GCBM approach, and simulated the future
changes in carbon flux in the forests of South Korea for the RCP 8.5 scenario. Our analysis
included an analysis of the carbon dynamics of dead organic matter in deadwood, litter,
and soil organic matter (pool as defined by IPCC and in [3]). Dead organic matter pools
were initialized following the default procedures of the GCBM (and CBM-CFS3) model [3],
assuming that the last stand initiating disturbance was wildfire. This may result in the
overestimation of deadwood pools, in situations where the last stand replacing disturbance
was clear-cut harvest of where stands originate on previously non-forested lands.

2.3. Generic Carbon Budget Model

The GCBM was built on the open source platform of the spatially explicit Full Lands
Integration Tool (FLINT) developed by Moja Global [25]. The GCBM uses the scientific
algorithms of the CBM-CFS3 in a spatially explicit modeling environment [3,29,32]. The
CBM-CFS3 model uses stand growth and yield curves, tree species, age class, disturbance
events, and climate conditions to quantify the effects of past and future land use and
land-use changes on forest carbon dynamics and to simulate the carbon stock changes in
the aboveground and belowground biomass, dead organic matter (DOM), and soil carbon
content at the stand and landscape levels [3,15,27]. The carbon stocks of forests include
five tree biomass components, specifically merchantable parts, other wood, foliage, coarse
roots, and fine roots, within the softwood (coniferous) and hardwood (broadleaf) species
group [3]. The spatially explicit GCBM uses parallel processing to simulate each pixel across
a timeseries before proceeding to the next pixel, thus enabling the application of the model
to large landscapes. However, the model requires spatially explicit disturbance information,
including forest management data related to forest thinning and harvesting. These data are
input as spatial layers that specify the year and type of disturbance [25]. Thus, we used the
data for forest harvesting and thinning and evaluated the forest stand age and volume to
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specify the anthropogenic activities in the forest lands [5] (Figure 2). In the present study,
the spatial data for the GCBM were stored in a format using the EPSG 4326 projection,
and the simulation was conducted at the resolution of 0.001◦ (approximately 100 m in
resolution); the climate data were processed at a spatial resolution of 0.01◦ (approximately
1 km in resolution).

2.4. Data
2.4.1. Forest Cover Map (FCM)

The FCM was used as a representative map of the forest cover in South Korea. The map
(1:5000; produced from the NFI data, aerial photographs, and the data of the delineated
tree species), which includes DBH class, age, and density (to consider the forest status,
species, and age class), was used as the input data (in the form of raster files) (Figure 1). The
FCM provides forest status in South Korea. Utilizing this dataset, this study categorized
forests into five major tree species for analysis. Additionally, the FCM was utilized to
ascertain site index and forest age in 2020. Therefore, this study operated the model under
the assumption of no change in forest area.

2.4.2. National Forest Inventory (NFI) and Yield Tables

The Korea Forest Service (KFS) released the 5th and 6th National Forest Inventory
(NFI) data, collected from 2006 to 2015; these data were previously collected for analyses
of forest health, with repeated assessments of tree biomass [33]. The inventory data were
collected for approximately 4100 permanent sampling plots on a 4 × 4 km grid (Figure 1).
Through a field survey, several forest characteristics, including forest type, tree species,
age, diameter at breast height (DBH), height (h), and number of trees (Nha) were recorded
alongside the topographical factors such as elevation, slope, aspects, and coordinates of
sampling plots. The coefficients required for the GCBM were calculated based on the NFI
dataset. In this study, the mean DBH growth was estimated with radial growth considering
the climatic conditions and topography (Equation (1)). Height was determined using the
site index and the stand’s age, which was derived from the age classification provided
by the forest cover map (FCM). The FCM categorized forest age into intervals of 10 years,
allowing for comparison with age data obtained from the NFI.

SGij = f (WI, PEI, TWI), (1)

Nha reflected the changes in the stand density for each tree species (P. densiflora, L.
kaempferi, P. koraiensis, Q. mongolica, and Q. variabilis) [14,34]. Stands’ mortality rates are
determined by the relative density index, derived from Sterba’s maximum stem number
calculation [35]. An equation for estimating maximum stand density is derived using the
DBH development formula, based on mean dominant tree height and mean DBH. Kim
et al. (2017) not only established the relationship between estimated maximum and actual
stand density ratios, but also analyzed the mathematical correlation between maximum
stand density reduction and actual mortality [14].(

Mortility
Nmaxi − Nmaxi+1

)
= a·eb· Nhai

Nmaxi Mortalityi = a·eb( Nhai
Nmaxi

)·(Nmaxi − Nmaxi+1) (2)

Mortalityi represents the real mortality rate at the stand age i; Nhai indicates the
stand density at the stand age i; and Nmaxi is the maximum stand density at the stand
age i (Equation (2)). Additionally, residual and seasonal temperature components of the
mortality model for each tree species were analyzed to better understand mortality patterns
influenced by climate.

The biomass allometric equations portrayed a significant relationship between the
growth rate of stems and other biomass components [23]. The equations for each part
(stems, branches, foliage, and roots) were used for the forest biomass estimations
(Equation (1)) [23]. Additionally, the yield tables established by the KFS were used to
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estimate the growth (height) of all the tree stands; this table included the mean and domi-
nant trees, based on the site index and age of each stand, as documented by the National
Institute of Forest Science [16,36]. Therefore, the abovementioned coefficients and a raster
file for the site index were used as input data to estimate the forest carbon dynamics in the
GCBM module.

Biomassij = aij × DBHbij × hcij (3)

where i denotes the five major species used in this study, whereas j denotes an individual
tree component including the stem, branch, foliage, and root; a, b, and c are the coefficients
of the biomass allometric equations (Equation (3); Table 1). The carbon conversion factor
(CF), with a default value of 0.5 (from the IPCC), was used for the conversion of biomass
to carbon.
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Table 1. Coefficients for biomass allometric equations used in this study [23].

Coefficients
Species

P. densiflora L. kaempferi P. koraiensis Q. mongolica Q. variabilis

Stems

a 0.034 0.005 0.046 0.098 0.053

b 1.734 2.458 1.732 1.406 1.81

c 1.025 0.904 0.896 1.135 0.881

Branches

a 0.008 0.143 0.454 0.018 0.082

b 3.586 4.482 3.574 3.083 2.553

c −1.158 −2.90 −2.530 −0.493 −0.608
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Table 1. Cont.

Coefficients
Species

P. densiflora L. kaempferi P. koraiensis Q. mongolica Q. variabilis

Foliage

a 0.077 0.022 0.026 0.023 0.108

b 1.931 1.877 2.471 2.609 1.63

c −0.566 −0.023 −2.091 −0.833 −0.406

Roots

a 0.034 0.004 0.060 0.312 0.09

b 2.394 2.588 2.440 1.336 2.217

c −0.16 0.541 −0.336 0.551 −0.072

2.4.3. Climate and Topological Data

Representative concentration pathway (RCP) scenarios were used to predict future
climatic conditions; this approach is used in various fields of study [37]. In this study, we
used the RCP 8.5 scenario, wherein there is no reduction in the GHG emissions (business
as usual).

The Korea Meteorological Administration (KMA) provided the data for the RCP
8.5 scenario, which included the timeseries data of the emissions, concentrations of GHGs,
aerosols, chemical gases, and land use and land cover of the region [38]. In this study, we
used the annual and monthly temperature and precipitation data in the scenario, RCP
8.5, to consider the effects of forest growth and mortality on the forest cover in South
Korea from 2010 to 2050. To estimate the tree diameter growth, the warmth index (WI)
and precipitation effectiveness index (PEI) were calculated using the monthly temperature
and precipitation data [34]. In addition, the data for annual temperatures were used to
estimate the tree mortality in each stand through evaluating the changes in the stand
density resulting from climate change.

Furthermore, we used the topological data of the region and a digital elevation model
(DEM) to calculate the topographic wetness index (TWI), which is a measure of the biologi-
cal processes of the forest stand, including the forest site quality, vegetation patterns, and
annual NPP. The TWI was calculated based on the slope and the flow direction and accumu-
lation using the DEM; the data were input in the model in the form of a raster file [39–41].
The index was used for estimating the tree diameter growth in each forest stand.

Therefore, the calculated climate and topological data, including the WI, PEI, annual
temperature, and TWI, were used as the input data for the spatial layer of the GCBM module.
These parameters modified annual growth rates. WI, PEI, and annual temperature were
factors affecting forest growth. WI, calculated based on annual temperature, influences
radial growth. Specifically, while the radial growth of coniferous trees in South Korea
decreases, that of oak forests tends to increase with WI [13,34]. It means that increasing
temperature will change the pattern of forest growth, distribution, and mortality of South
Korea’s forest [13,18,34]. Meanwhile, TWI exhibits a positive correlation with radial growth,
suggesting greater water availability, especially in flat areas where TWI tends to be higher
compared to steep terrain.

2.4.4. Forest Management Scenario Data

Carbon from the atmosphere can be stored in forests, and ecosystem services can be
enhanced through sustainable forest management [30,41,42]. Enhancing carbon storage
through forest management can contribute to the long-term accumulation of forest carbon
stocks [43,44]. The GCBM requires spatial data to identify the spatial locations and year
of anthropogenic activities, including those related to forest management; specifically,
harvesting and thinning. In the present study, the data were input to simulate future forest
conditions, with a focus on the effects of thinning and harvesting. The spatial data about
forest management from a previous study were used as the input data for 2011–2050 [5].
South Korea is experiencing an imbalance in its forest age structure, resulting in a higher
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incidence of early-stage forest management, such as intensive thinning in the initial phases
of model operation. From 2023 to 2033, there appears to be a relatively lower level of forest
management activity. The amount of overall forest practices is considered the target of
the forest management policy in the 6th Basic Forest Plan of South Korea. The previous
study conducted research on forests in South Korea, dividing them into managed forests
and protected forests. The forest management area pertains to managed forests, while it
was assumed that protected forests undergo no harvesting and thinning (Figure 3). To
achieve the target of the plan, the data related relating to forest thinning were considered
for calculating the stand volume, and the harvesting data were considered based on the
rotation age of each species. The harvesting data were implemented using the clear-cut
harvesting with salvage disturbance type in the GCBM framework [32]. The thinning
data, based on the spatial location of the forest management area, were utilized to apply
commercial thinning to 25% of the designated area within the GCBM.

Figure 3. Results for the forest management (harvesting and thinning) scenario for the study area,
based on the 6th Basic Forest Plan (2011–2050).

2.4.5. Moderate Resolution Imaging Spectroradiometer (MODIS) 17A3H

The MODIS 17A3H dataset, derived from the MODIS sensor, provides terrain metrics
such as elevation and slope. This dataset is valuable for terrain analysis and environ-
mental modeling. In our study, we compared the GCBM results, specifically net primary
productivity (NPP), with MODIS-derived NPP values from 2020. A random sampling
approach was utilized, dispersing 1000 points across the study area. At each point, net
primary productivity (NPP) values were extracted from both the GCBM and MODIS 17A3H
datasets. Subsequently, scatterplots were generated to compare these NPP values with
those from 2020. Additionally, the slope, intercept, correlation, p-value, and standard error
were determined to further analyze the relationship between the two datasets.

3. Results

The GCBM simulation covered an area of approximately 6.3 million ha, which is the
total forest land area of South Korea. We used anthropogenic disturbance data to determine
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the forest growth and mortality resulting from the impacts of climate change for the entire
simulation period. Using the model, we developed spatially explicit annual maps of the
forests in South Korea at a resolution of 1 hectare. The maps portray the spatiotemporal
distribution of the total biomass across the forests within the country in raster form; the
data depicted include the aboveground and belowground biomass, along with the carbon
fluxes in South Korea. These data were summarized to portray the annual time-series of
forest carbon fluxes. The data for carbon fluxes from 2011 to 2050 were estimated to analyze
how carbon fluxes represent forest growth and mortality changes and how they are, in
turn, influenced by climate change (RCP 8.5). This study evaluated the generalizability
of the model by applying a Canadian-developed model, GCBM, to Korea. This approach
underscores the ability of our developed model to be applied across broader contexts,
rather than being limited to specific regions or time frames. By applying the Canadian
model to Korea, we demonstrated the applicability and effectiveness of the model across
diverse environments, thus providing valuable insights to support decision-making in
forest and carbon management.

3.1. Comparison of Biomass and Carbon Flux Estimates
3.1.1. Estimation of Aboveground, Belowground Biomass and Dead Organic Matter

The total biomass increased during the simulation period (2011–2050) (Figure 4).
Biomass decreased every ten years, followed by an increase in 2018, 2028, 2030, and 2048,
which could be attributed to the effects of forest management activities on the total biomass
(Figure 5). The average aboveground biomass amounts were 112.97, 121.63, 129.48, and
136.46 tC ha−1 for 2020, 2030, 2040, and 2050, respectively, within the RCP 8.5 scenario
(Table 2). The average belowground biomass amounts are increasing to 22.84, 24.05, 25.19,
and 26.24 tC ha−1 for 2020, 2030, 2040, and 2050, respectively, for the RCP 8.5 scenario.

Figure 4. (a) Aboveground and (b) belowground biomass estimations for 2020, 2030, 2040, and 2050
(from left to right) for the representative concentration pathway (RCP) 8.5.
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Figure 5. Aboveground and belowground biomass estimations for the forests of South Korea for the
representative concentration pathway (RCP) 8.5.

Table 2. Aboveground and belowground biomass in the representative concentration pathway (RCP)
8.5 scenario.

Stock (tC ha−1)
Year

2020 2030 2040 2050

Aboveground biomass
Min 0.00 0.00 0.00 0.00

Mean 112.97 121.63 129.48 136.46
Max 279.89 356.86 533.28 713.72

Belowground biomass
Min 0.00 0.00 0.00 0.00

Mean 22.84 24.05 25.19 26.24
Max 62.13 79.22 118.38 158.44

Carbon density in the soil and litter carbon pools remained relatively stable. Soil C
stocks decreased by 2.39 tC ha−1 or 1.4%, while litter C stocks increased by 1.89 tC ha−1

or 2.9%. A large reduction in the deadwood carbon pool was estimated by the GCBM.
Carbon stocks in the deadwood C pool decreased by 30 tC ha−1 or 43.2% from 2010 to 2050
(Figure 6; Table 3).

Table 3. Relative and absolute change in carbon density in deadwood, litter, and soil C pools from
2010 to 2050 in the representative concentration pathway (RCP) 8.5 scenario.

Carbon Stock (tC ha−1)
Year

2010 2020 2030 2040 2050 Ratio (Change)

Dead Organic Matter (DOM)

Deadwood 69.56 60.89 51.96 45.06 39.54 0.568
(−30.01)

Litter 66.35 69.75 69.54 69.19 68.24 1.029 (1.89)
Soil Carbon 175.07 175.08 174.53 174.04 172.68 0.986 (−2.39)
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Figure 6. Average carbon density (tC ha−1) in deadwood, litter, and soil carbon pools.

3.1.2. Estimation of Net Carbon Fluxes

From 2010 to 2050, NPP and NEP increased (Figure 7). Heterotrophic respiration (Rh)
initially increased to 2017, then decreased, levelling off in the last decade. The NPP values
for 2020, 2030, 2040, and 2050 were 8.30, 8.36, 8.51, and 8.70 tC ha−1 year−1, respectively,
within the RCP 8.5 scenario; for the same years, the NEP values were 0.12, 0.35, 0.57, and
0.75 tC ha−1 year−1, respectively, and the Rh values were 8.34, 8.16, 8.09, and 8.11 tC ha−1

year−1 (Table 4), respectively. These values were significantly influenced by the amount
and type of forest management. In the initial period, the net biome production (NBP) was
negative, reflecting the high harvest rates in the first years of the simulation.

Table 4. Carbon flux within forests (South Korea) in the representative concentration pathway (RCP)
8.5 scenario.

Carbon Flux (tC ha−1 year−1)
Year

2020 2030 2040 2050

Productivity

Net Primary
Production (NPP)

Min 0.06 0.01 0.01 0.01
Mean 8.30 8.36 8.51 8.70
Max 24.29 45.58 37.76 43.50

Net Ecosystem
Production (NEP)

Min −21.85 −22.42 −20.34 −26.37
Mean 0.12 0.35 0.57 0.75
Max 13.65 −22.42 −20.34 −26.37

Emissions

Heterotrophic
Respiration (Rh)

Min 3.30 2.02 1.59 1.48
Mean 8.34 8.16 8.09 8.11
Max 24.24 24.99 23.33 26.46



Forests 2024, 15, 877 12 of 19

Figure 7. (a) Net primary production (NPP); (b) net ecosystem production (NEP); (c) heterotrophic res-
piration (Rh); and (d) net biome production (NBP) for 2011–2050 for the representative concentration
pathway (RCP) 8.5 scenario.

3.2. Comparison of the Results of Previous Studies and Moderate Resolution Imaging
Spectroradiometer (MODIS) 17A3H

The aboveground and belowground biomass and carbon fluxes estimated from the
GCBM in this study were compared with those estimated in previous studies and the na-
tional statistics, and MODIS data. One thousand points across South Korea were randomly
distributed, with each point representing one pixel, and the NPP values at those points
were extracted for comparison. The results of these studies were used to carry out direct or
indirect comparisons.

The estimated NPP was 8.30 tC ha−1 in this study. The NPP data were cross-referenced
with the MODIS NPP (MOD17A3H) project conducted by the National Aeronautics and
Space Administration (NASA). The MODIS NPP dataset spans the period from 2000. The
MODIS NPP data from 2020 were compared with the model estimates. Although the NPP
data obtained from the GCBM simulation, which accounted for climatic fluctuations, and
the MODIS NPP dataset, which was based on distinct spectral reflectance characteristics,
exhibited temporal variations, they also demonstrated an overall positive correlation.
However, the GCBM results often underestimated the NPP compared to the values derived
from the MODIS NPP product (Figure 8).
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Figure 8. Relationship between net primary production (NPP) from the generic carbon budget model
(GCBM) and moderate resolution imaging.

4. Discussion

The results of our study were obtained using a national-scale approach based on the
GCBM results of spatially explicit estimates of the carbon dynamics of the forests in South
Korea. Some parameters for the major species found in South Korea were used with the
GCBM to evaluate the effects of climate variability and the changes in biomass and carbon
fluxes. The existing studies that used CBM-CFS3 have not provided accurate maps as
output data, which can benefit various stakeholders and support decision-makers through
depicting the temporal and spatial patterns in forests. More specifically, these results
can be provided as a time series of spatially explicit maps (with a resolution of 100 m)
for supporting the decision-making process related to forest management. In addition,
through the maps produced by the model, the spatial distributions of aboveground and
belowground biomass can be evaluated to facilitate a comparison between the regional and
local scales. A resolution of 100 m was used to accurately capture forest characteristics. This
resolution reflects the forest distribution characteristics at the region, landscape, and stand
levels. The average area of private forests in South Korea is less than 3 ha [45]. Therefore, a
resolution of 100 m was useful in studying common forests.

The data used to run the GCBM were based on spatial data (including forest cover
maps and climate data). Thus, the results from the GCBM may be different with national
statistics based on field surveys. South Korea utilizes forest area data from the Forestry
Statistics Yearbook for calculating the greenhouse gas inventory in the forest sector, which
diverges from the forest area determined by spatial data. As the results of GCBM were
derived from spatial data as the primary dataset, values from GCBM could be different for
the national statistics. South Korea is currently exploring diverse approaches to establish a
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comprehensive land-use matrix. The national statistical data were obtained by identifying
the aboveground and belowground biomass of the forests through field surveys and by
evaluating the characteristics of each tree species that grow throughout South Korea [33].
In South Korea, several studies estimated the ecosystem carbon and nitrogen storage
in various species, including P. densiflora, L. kaempferi, P. koraiensis, Q. mongolica, and Q.
variabilis. Noh et al. (2013) estimated the carbon and nitrogen storages in ecosystems in
2011 by dividing the low and high density stands of P. densiflora (low: 95.5 ± 13.6; high:
97.3 ± 10.6) [46]. Lee et al. (2009) estimated the carbon storage of P. densiflora, Quercus
spp., and mixed forests (199.6, 192.5, and 169.1 MgC ha−1, respectively) [47]. Seo et al.
(2016) estimated the total carbon stocks of Pinus rigida (139.27tC ha−1) [48]. Although it is
difficult to compare the exact values estimated in two studies, a comparison is possible by
understanding the overall trend. In 2020, the estimated aboveground and belowground
biomass were 112.97 and 22.84 tC ha−1, respectively. This can be compared with the
South Korea’s statistical data, forest resource assessment (FRA), obtained from the Food
and Agriculture Organization (FAO). With respect to the aboveground and belowground
biomass, the values from the GCBM were 112.97 and 22.84 tC ha−1, which were lower
than the statistical data of 131.69 and 41.88 tC ha−1, respectively. We divided the forest in
South Korea into managed forest and protected forest. Since GCBM requires spatial data
on forest disturbances, we were able to apply forest management only to managed forest
and exclude protected forest from harvest. Therefore, the aboveground biomass value is
higher in protected than managed forests, because protected forests were not harvested.

In terms of dead organic matter dynamics, changes in soil C and litter C stocks are well
within the measurement uncertainty of soil and litter carbon pools in forest ecosystems.
On the other hand, a large reduction in deadwood carbon pools may be the consequence
of the initialization of deadwood pools in the model run. Future research should focus
on alternative assumptions about the initialization of deadwood pools, specifically the
amount of deadwood and litter carbon present at the time when the large-scale afforestation
program in South Korea was initiated. Moreover, in the early decades after afforestation,
residential firewood collection in many forests was an ongoing process that would have
reduced deadwood pools. Firewood collection is currently not represented during model
initialization. In recent years, firewood collection was greatly reduced and eliminated,
allowing for increases in deadwood pools. Uncertainty in the initial values and subsequent
dynamics of the deadwood carbon pools also affects the overall conclusions of this study.
Total ecosystem C stocks in aboveground and belowground biomass and all dead organic
matter pools decreases by 5.3% from 2010 to 2050. Excluding the deadwood carbon pool
estimates, remaining ecosystem C stocks increase by 1.4% from 2010 to 2050.

In none of these analyses have we included carbon stored in harvested wood products
derived from timber harvesting or the climate mitigation benefits of the use of such wood for
products or energy. In the context of land-based climate mitigation strategies, sustainable
forest management plays an important role by continuously removing carbon dioxide
from the atmosphere, storing some of it in forest ecosystems, and some in harvested wood
products, with other biomass carbon contributing to the reduction in emissions associated
with the substitution of emission-intensive materials (e.g., steel and concrete) and fossil
fuels [30,49,50]. Through the large-scale afforestation efforts of South Korea over the past
decades, the forest area has been greatly increased putting into place sustainably managed
forests that over the period 2010 to 2050 contributed to the forest products’ sector 204.9 Mt
C of which 141.0 Mt were obtained through clear-cut harvest and 63.9 Mt C were obtained
through thinning. Future research should quantify the long-term C storage in harvested
wood products derived from wood harvested in South Korea and the emission reduction
benefits from the use of wood products to substitute other emission-intensive materials
and fossil fuels.

In this study, the results indicated a decrease in the rate of growth of both the above-
ground and belowground biomass; this finding could be linked to a decrease in the forest
sequestration capacity from forest age as well as the changes in growth rates due to the
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climate responses [51,52]. In addition, the activity of microorganisms in the soil may be
attributed to the climate-related changes in the regional precipitation and humidity [53,54].
However, in terms of the NPP, the difference in the value may be large depending on
the climate change and environmental factors that influence the climate sensitive growth
curves that we have implemented [37]. The NPP calculated in this study was higher than
that reported in previous studies (4.30–6.70 tC ha−1 [55,56], and 7.99 ± 0.62 tC ha−1 in
2000s [57]); the values of NPP differed depending on whether the tree was a conifer or
broadleaf. In this study, broadleaf forests exhibit a higher mean NPP than conifer forests,
which is similar to the results of other studies [58,59]. Additionally, the differences in the
NPP were observed among several species; e.g., pine and larch [59,60]. For each species,
we noted the differences in the physiological characteristics and environmental conditions,
such as photosynthetic characteristics and the growth rate, that affect the NPP [61]. In
addition, previous studies used different models such as the VISIT (a process-based ter-
restrial ecosystem model) and the BioGeoChemistry Management Model (BGC-MAN),
which are generally used to estimate carbon fluxes in the atmosphere [57,59,60]. The model
results portrayed that the value of NPP from previous studies using VISIT and BGC-MAN
was slightly smaller than the value of NPP from the GCBM. This is because VISIT and
BGC-MAN estimated NPP by considering the forest cover and not the tree species in
South Korea; the results were generalized based on point data [57,59,60]. Therefore, a
direct comparison of the results was not applicable. The results from this study were also
compared with the MODIS NPP from 2020, and a positive relationship between the two
was observed. The results were within the range of values representing MODIS NPP, por-
traying an overall positive correlation. These findings suggest a notable linear correlation
between GCBM and MODIS NPP, as indicated by the relatively strong positive correlation
coefficient (0.5849). The low p value shows that the observed relationship is unlikely to be
due to random chance. Furthermore, slope (0.716) and intercept (2.695) show the direction
of this relationship. Lastly, the standard error of the regression coefficient estimates is
approximately 0.039. In summary, these results indicate a statistically significant positive
linear correlation between GCBM and MODIS NPP.

The NBP portrayed negative values in the early years of model operation, indicating
that the forest carbon stocks were reduced, largely as a result of harvest and thinning. Some
of this carbon will be stored in harvested wood products, the remainder will have been
emitted to the atmosphere. Therefore, sustainable and appropriate forest management is
the key to mitigating the reduction in carbon sequestration and positive carbon flux, which
is necessary to ultimately combat climate change [62].

The aboveground and belowground biomass and the carbon fluxes of five main tree
species in South Korea were identified in the present study. Our findings notably support
the model’s potential for applications to other regions. In addition, these results detail the
nationally determined contributions through forest management.

In this study, we used the RCP 8.5 scenario. In accordance with the 6th IPCC report, the
shared socioeconomic pathway (SSP) scenarios consider radiative forcing intensity, along
with economic and technology developments, welfare, resources, and ecosystem factors.
Identifying changes in forest growth resulting from the implementation of SSP scenarios in
the future is necessary. Finally, the model was applied to post-harvest stands assuming the
same tree species composition as in the pre-harvest stands; however, this approach does
not account for the species used in reforestation as a response to climate change.

Therefore, to develop a model more suitable for South Korea, future studies should
evaluate the fine roots, soil, and reforestation characteristics (after harvesting), as well as
multiple climate scenarios.

5. Conclusions

In this study, we used the GCBM module to analyze the forests in South Korea;
the results were displayed on a spatiotemporal map to portray the forests’ distribution,
carbon stocks, and stock changes. The Canadian forest model was used successfully to
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estimate the aboveground and belowground biomass and carbon fluxes in the forests in
South Korea. This success corroborates the applicability of GCBM as an operable tool
for estimating and identifying forest carbon budgets in other regions. Negative NBP
values and a decrease in the rate of increase in the total biomass can be attributed to high
harvest rates and the imbalance in the age-class structure. It means that it is crucial to
emphasize that forest management should consider the local environment and ecology
to avoid excessive intervention. Sustainable forest management is necessary to overcome
the current imbalance in the age-class structure following intensive afforestation efforts
and to achieve carbon neutrality by reducing carbon emissions and by protecting and
maintaining carbon stocks. Although the NPP values appeared to be higher than the
estimates obtained in previous studies, they differed depending on the forest type, and the
results were verified using the MODIS-derived estimates. In this study, we utilized the
GCBM framework to identify the results of the aboveground and belowground biomass and
the NPP, NEP, Rh, and NBP values for the forests in South Korea. Our findings can support
decision-makers and stakeholders for the planning, development, and implementation
of effective forest management strategies. Furthermore, we simulated biomass and the
carbon flow according to forest management practices, and our findings can contribute
to achieving carbon neutrality in South Korea through enhancing carbon storage and
absorption capabilities.

Further studies are needed to improve the initialization of dead organic matter pools,
given the large-scale reforestation efforts in recent decades that have established South
Korea’s forests on predominantly non-forest sites.

Author Contributions: Conceptualization, Y.K., C.S., W.A.K., J.M. and W.-K.L.; data curation,
Y.K., M.H., J.S. and J.M.; model runs, Y.K. and M.F.; formal analysis, Y.K.; methodology, Y.K.,
W.A.K., M.K. and W.-K.L.; supervision, W.-K.L.; validation and visualization, Y.K., M.F. and W.A.K.;
writing—original draft, Y.K. and C.S.; writing—review and editing, Y.K. and W.A.K.; project admin-
istration, W.-K.L.; funding acquisition, W.-K.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by the OJEong Resilience Institute (OJERI) at Korea University
under the Basic Science Research Program through the National Research Foundation of Korea
(NRF) (NRF-2021R1A6A1A10045235), the ‘R&D Program for Forest Science Technology (Project
No. FTIS2022464A00-2324-0201)’ provided by the Korea Forest Service (Korea Forestry Promotion
Institute), and Korea Environment Industry & Technology Institute (KEITI) through ‘Climate Change
R&D Project for New Climate Regime (Project No. RS-2022-KE002294)’, funded by the Korea Ministry
of Environment (MOE).

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

Acknowledgments: The authors would like to thank the collaborative research between Korea
university and Canadian Forest Service Carbon Accounting Team.

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

References
1. Change, IPCC Climate. Special Report on Climate Change and Land, Summary for Policymakers; Intergovernmental Panel on Climate

Change: Geneva, Switzerland, 2019; Volume 9781107025, ISBN 9781139177245.
2. Delbeke, J.; Vis, P. Towards a Climate-Neutral Europe; Routledge: London, UK, 2019; ISBN 9789276082569.
3. Kurz, W.A.; Dymond, C.C.; White, T.M.; Stinson, G.; Shaw, C.H.; Rampley, G.J.; Smyth, C.; Simpson, B.N.; Neilson, E.T.; Trofymow,

J.A.; et al. CBM-CFS3: A Model of Carbon-Dynamics in Forestry and Land-Use Change Implementing IPCC Standards. Ecol.
Model. 2009, 220, 480–504. [CrossRef]

4. Penman, J.; Gytarsky, M.; Hiraishi, T.; Krug, T.; Kruger, D.; Pipatti, R.; Buendia, L.; Miwa, K.; Ngara, T.; Tanabe, K.; et al. Good
Practice Guidance for Land Use, Land-Use Change and Forestry; Intergovernmental Panel on Climate Change: Geneva, Switzerland,
2003; p. 590.

5. Hong, M.; Song, C.; Kim, M.; Kim, J.; Lee, S.; Lim, C.-H.; Cho, K.; Son, Y.; Lee, W.-K. Application of Integrated Korean Forest
Growth Dynamics Model to Meet NDC Target by Considering Forest Management Scenarios and Budget. Carbon Balance Manag.
2022, 17, 5. [CrossRef]

https://doi.org/10.1016/j.ecolmodel.2008.10.018
https://doi.org/10.1186/s13021-022-00208-8


Forests 2024, 15, 877 17 of 19

6. IUCN Issues Brief: Forest and Climate Change. International Union for Conservation of Nature. 2021. Available online: https:
//www.iucn.org/sites/default/files/2022-04/forests_and_climate_change_issues_brief_2021.pdf (accessed on 23 November
2023).

7. Herrador, M.; de Jong, W.; Nasu, K.; Granrath, L. Circular Economy and Zero-Carbon Strategies between Japan and South Korea:
A Comparative Study. Sci. Total Environ. 2022, 820, 153274. [CrossRef]

8. Majava, A.; Vadén, T.; Toivanen, T.; Järvensivu, P.; Lähde, V.; Eronen, J.T. Sectoral Low-Carbon Roadmaps and the Role of Forest
Biomass in Finland’s Carbon Neutrality 2035 Target. Energy Strategy Rev. 2022, 41, 100836. [CrossRef]

9. Friedlingstein, P.; O’Sullivan, M.; Jones, M.W.; Andrew, R.M.; Hauck, J.; Olsen, A.; Peters, G.P.; Peters, W.; Pongratz, J.; Sitch, S.;
et al. Global Carbon Budget 2020. Earth Syst. Sci. Data 2020, 12, 3269–3340. [CrossRef]

10. Greenhouse Gas Inventory and Research Center (GIR). National Greenhouse Gas Inventory Report of Korea; Greenhouse Gas
Inventory and Research Center: Sejong, Republic of Korea, 2020.

11. Korea Forest Service. Statistical Yearbook of Forestry 2022; Korea Forest Service: Daejeon, Republic of Korea, 2022.
12. Kim, G.; Kim, J.; Ko, Y.; Eyman, O.T.G.; Chowdhury, S.; Adiwal, J.; Lee, W.; Son, Y. How Do Nature-Based Solutions Improve

Environmental and Socio-Economic Resilience to Achieve the Sustainable Development Goals? Reforestation and Afforestation
Cases from the Republic of Korea. Sustainability 2021, 13, 12171. [CrossRef]

13. Byun, J.G.; Lee, W.K.; Kim, M.; Kwak, D.A.; Kwak, H.; Park, T.; Byun, W.H.; Son, Y.; Choi, J.K.; Lee, Y.J.; et al. Radial Growth
Response of Pinus densiflora and quercus spp. to Topographic and Climatic Factors in South Korea. J. Plant Ecol. 2013, 6, 380–392.
[CrossRef]

14. Kim, M.; Lee, W.-K.; Choi, G.-M.; Song, C.; Lim, C.-H.; Moon, J.; Piao, D.; Kraxner, F.; Shividenko, A.; Forsell, N. Modeling
Stand-Level Mortality Based on Maximum Stem Number and Seasonal Temperature. For. Ecol. Manag. 2017, 386, 37–50.
[CrossRef]

15. Kim, M.; Lee, W.; Kurz, W.; Kwak, D.; Morken, S.; Smyth, C.; Ryu, D. Estimating Carbon Dynamics in Forest Carbon Pools under
IPCC Standards in South Korea Using CBM-CFS3. Iforest—Biogeosciences For. 2017, 10, 83–92. [CrossRef]

16. Kim, M.; Kraxner, F.; Son, Y.; Jeon, S.W.; Shvidenko, A.; Schepaschenko, D.; Ham, B.-Y.; Lim, C.-H.; Song, C.; Hong, M.; et al.
Quantifying Impacts of National-Scale Afforestation on Carbon Budgets in South Korea from 1961 to 2014. Forests 2019, 10, 579.
[CrossRef]

17. Lim, C.-H.; Yoo, S.; Choi, Y.; Jeon, S.; Son, Y.; Lee, W.-K. Assessing Climate Change Impact on Forest Habitat Suitability and
Diversity in the Korean Peninsula. Forests 2018, 9, 259. [CrossRef]

18. Choi, S.; Lee, W.; Kwak, D.; Lee, S.; Son, Y.; Lim, J.; Saborowski, J. Predicting Forest Cover Changes in Future Climate Using
Hydrological and Thermal Indices in South Korea. Clim. Res. 2011, 49, 229–245. [CrossRef]

19. Nam, K.; Lee, W.-K.; Kim, M.; Kwak, D.-A.; Byun, W.-H.; Yu, H.; Kwak, H.; Kwon, T.; Sung, J.; Chung, D.-J.; et al. Spatio-Temporal
Change in Forest Cover and Carbon Storage Considering Actual and Potential Forest Cover in South Korea. Sci. China Life Sci.
2015, 58, 713–723. [CrossRef]

20. Kraxner, F.; Schepaschenko, D.; Fuss, S.; Lunnan, A.; Kindermann, G.; Aoki, K.; Dürauer, M.; Shvidenko, A.; See, L. Mapping Cer-
tified Forests for Sustainable Management—A Global Tool for Information Improvement through Participatory and Collaborative
Mapping. For. Policy Econ. 2017, 83, 10–18. [CrossRef]

21. Reyer, C.P.O.; Bathgate, S.; Blennow, K.; Borges, J.G.; Bugmann, H.; Delzon, S.; Faias, S.P.; Garcia-Gonzalo, J.; Gardiner, B.;
Gonzalez-Olabarria, J.R.; et al. Are Forest Disturbances Amplifying or Canceling out Climate Change-Induced Productivity
Changes in European Forests? Environ. Res. Lett. 2017, 12, 034027. [CrossRef]

22. United States Environmental Protection Agency (USEPA). Inventory of U.S. Greenhouse Gas Emissions and Sinks; United States
Environmental Protection Agency (USEPA): Washington, DC, USA, 2024.

23. National Institute of Forest Science. Carbon Emission Factors and Biomass Allometric Equations by Species in Korea; National Institute
of Forest Science: Seoul, Republic of Korea, 2014.

24. Kirschbaum, M.U.F.; Eamus, D.; Gifford, R.M.; Roxburgh, S.H.; Sands, P.J. Definitions of Some Ecological Terms Commonly Used
In Carbon Accounting. In Proceedings of the Cooperative Research Centre for Carbon Accounting, Carnberra, Australia, 18–20
April 2001; pp. 1–144.

25. Shaw, C.H.; Rodrigue, S.; Voicu, M.F.; Latifovic, R.; Pouliot, D.; Hayne, S.; Fellows, M.; Kurz, W.A. Cumulative Effects of
Natural and Anthropogenic Disturbances on the Forest Carbon Balance in the Oil Sands Region of Alberta, Canada; a Pilot Study
(1985–2012). Carbon Balance Manag. 2021, 16, 3. [CrossRef]

26. Voicu, M.F.; Shaw, C.; Kurz, W.A.; Huffman, T.; Liu, J.; Fellows, M. Carbon Dynamics on Agricultural Land Reverting to Woody
Land in Ontario, Canada. J. Environ. Manag. 2017, 193, 318–325. [CrossRef]

27. Magnus, G.K.; Celanowicz, E.; Voicu, M.; Hafer, M.; Metsaranta, J.M.; Dyk, A.; Kurz, W.A. Growing Our Future: Assessing the
Outcome of Afforestation Programs in Ontario, Canada. For. Chron. 2021, 97, 179–190. [CrossRef]

28. Bona, K.A.; Shaw, C.; Thompson, D.K.; Hararuk, O.; Webster, K.; Zhang, G.; Voicu, M.; Kurz, W.A. The Canadian Model for
Peatlands (CaMP): A Peatland Carbon Model for National Greenhouse Gas Reporting. Ecol. Model. 2020, 431, 109164. [CrossRef]

29. Metsaranta, J.M.; Hudson, B.; Smyth, C.; Fellows, M.; Kurz, W.A. Future Fire Risk and the Greenhouse Gas Mitigation Potential
of Forest Rehabilitation in British Columbia, Canada. For. Ecol. Manag. 2023, 529, 120729. [CrossRef]

30. Smyth, C.E.; Xu, Z.; Lemprière, T.C.; Kurz, W.A. Climate Change Mitigation in British Columbia’s Forest Sector: GHG Reductions,
Costs, and Environmental Impacts. Carbon Balance Manag. 2020, 15, 21. [CrossRef]

https://www.iucn.org/sites/default/files/2022-04/forests_and_climate_change_issues_brief_2021.pdf
https://www.iucn.org/sites/default/files/2022-04/forests_and_climate_change_issues_brief_2021.pdf
https://doi.org/10.1016/j.scitotenv.2022.153274
https://doi.org/10.1016/j.esr.2022.100836
https://doi.org/10.5194/essd-12-3269-2020
https://doi.org/10.3390/su132112171
https://doi.org/10.1093/jpe/rtt001
https://doi.org/10.1016/j.foreco.2016.12.001
https://doi.org/10.3832/ifor2040-009
https://doi.org/10.3390/f10070579
https://doi.org/10.3390/f9050259
https://doi.org/10.3354/cr01026
https://doi.org/10.1007/s11427-014-4773-4
https://doi.org/10.1016/j.forpol.2017.04.014
https://doi.org/10.1088/1748-9326/aa5ef1
https://doi.org/10.1186/s13021-020-00164-1
https://doi.org/10.1016/j.jenvman.2017.02.019
https://doi.org/10.5558/tfc2021-019
https://doi.org/10.1016/j.ecolmodel.2020.109164
https://doi.org/10.1016/j.foreco.2022.120729
https://doi.org/10.1186/s13021-020-00155-2


Forests 2024, 15, 877 18 of 19

31. Sharma, T.; Kurz, W.A.; Fellows, M.; Keenleyside, K.; Parker, S.; Richards, J. Parks Canada Carbon Atlas Series: Carbon Dynamics in
the Forests of National Parks in Canada; Parks Canada: Ottawa, ON, Canada, 2023; ISBN 9780660424194.

32. Kull, S.J.; Rampley, G.J.; Morken, S.; Metsaranta, J.; Neilson, E.T.; Kurz, W.A. Operational -Scale Carbon Budget Model of the Canadian
Forest Sector (CBM-CFS3 ) USER’ S GUIDE; Natural Resources Canada, Canadian Forest Service: Edmonton, AB, Canada, 2019;
ISBN 9780660290836.

33. National Institute of Forest Science. The 5th National Forest Inventory Report; National Institute of Forest Science: Seoul, Republic
of Korea, 2011.

34. Kim, M.; Lee, W.-K.; Son, Y.; Yoo, S.; Choi, G.-M.; Chung, D.-J. Assessing the Impacts of Topographic and Climatic Factors on
Radial Growth of Major Forest Forming Tree Species of South Korea. For. Ecol. Manag. 2017, 404, 269–279. [CrossRef]

35. Sterba, H. Estimating Potential Density from Thinning Experiments and Inventory Data. For. Sci. 1987, 33, 1022–1034. [CrossRef]
36. National Institute of Forest Science. Tree Volume, Mass and Yield Table; National Institute of Forest Science: Seoul, Republic of

Korea, 2019.
37. Fu, W.; Randerson, J.T.; Moore, J.K. Climate Change Impacts on Net Primary Production (NPP) and Export Production (EP)

Regulated by Increasing Stratification and Phytoplankton Community Structure in the CMIP5 Models. Biogeosciences 2016, 13,
5151–5170. [CrossRef]

38. Gray, V. Climate Change 2007: The Physical Science Basis Summary for Policymakers. Energy Environ. 2007, 18, 433–440.
[CrossRef]

39. Beven, K.J.; Kirkby, M.J. A Physically Based, Variable Contributing Area Model of Basin Hydrology. Hydrol. Sci. Bull. 1979, 24,
43–69. [CrossRef]

40. Kopecký, M.; Macek, M.; Wild, J. Topographic Wetness Index Calculation Guidelines Based on Measured Soil Moisture and Plant
Species Composition. Sci. Total Environ. 2021, 757, 143785. [CrossRef]

41. McKinley, D.C.; Ryan, M.G.; Birdsey, R.A.; Giardina, C.P.; Harmon, M.E.; Heath, L.S.; Houghton, R.A.; Jackson, R.B.; Morrison,
J.F.; Murray, B.C.; et al. A Synthesis of Current Knowledge on Forests and Carbon Storage in the United States. Ecol. Appl. 2011,
21, 1902–1924. [CrossRef]

42. Vergarechea, M.; Astrup, R.; Fischer, C.; Øistad, K.; Blattert, C.; Hartikainen, M.; Eyvindson, K.; Di Fulvio, F.; Forsell, N.; Burgas,
D.; et al. Future Wood Demands and Ecosystem Services Trade-Offs: A Policy Analysis in Norway. For. Policy Econ. 2023, 147,
102899. [CrossRef]

43. Diao, J.; Liu, J.; Zhu, Z.; Wei, X.; Li, M. Active Forest Management Accelerates Carbon Storage in Plantation Forests in Lishui,
Southern China. For. Ecosyst. 2022, 9, 100004. [CrossRef]

44. Global Forest Observations Initiative Integrating Remote-Sensing and Ground-Based Observations for Estimation of Emissions and Removals
of Greenhouse Gases in Forests; UN FAO Headquarters: Rome, Italy, 2013; pp. 1–164.

45. Kim, J. EU Adopts Forestry Policy Action Plan. World Agric. News 2017, 32, 66–81.
46. Noh, N.J.; Kim, C.; Bae, S.W.; Lee, W.K.; Yoon, T.K.; Muraoka, H.; Son, Y. Carbon and Nitrogen Dynamics in a Pinus Densiflora

Forest with Low and High Stand Densities. J. Plant Ecol. 2013, 6, 368–379. [CrossRef]
47. Lee, S.K.; Son, Y.; Noh, N.J.; Heo, S.J.; Yoon, T.K.; Lee, A.R.; Razak, S.A.; Lee, W.K. Carbon Storage of Natural Pine and Oak Pure

and Mixed Forests in Hoengseong, Kangwon. J. Korean Soc. For. Sci. 2009, 98, 772–779.
48. Seo, Y.O.; Jung, S.C.; Lee, Y.J. Estimation of Carbon Storage for Pinus Rigida Stands in Muju. Korean J. Environ. Ecol. 2016, 30,

399–405. [CrossRef]
49. Han, H.; Chung, W.; Chung, J. Carbon Balance of Forest Stands, Wood Products and Their Utilization in South Korea. J. For. Res.

2016, 21, 199–210. [CrossRef]
50. Papa, C.C.; DeLyser, K.; Clay, K.; Gadoth-Goodman, D.; Cooper, L.; Kurz, W.A.; Magnan, M.; Ontl, T. Modeling Climate-Smart

Forest Management and Wood Use for Climate Mitigation Potential in Maryland and Pennsylvania. Front. For. Glob. Change 2023,
6, 1259010. [CrossRef]

51. Metsaranta, J.M.; Fortin, M.; White, J.C.; Sattler, D.; Kurz, W.A.; Penner, M.; Edwards, J.; Hays-Byl, W.; Comeau, R.; Roy, V.
Climate Sensitive Growth and Yield Models in Canadian Forestry: Challenges and Opportunities. For. Chron. 2024, 100, 88–106.
[CrossRef]

52. Zhu, K.; Zhang, J.; Niu, S.; Chu, C.; Luo, Y. Limits to Growth of Forest Biomass Carbon Sink under Climate Change. Nat. Commun.
2018, 9, 2709. [CrossRef] [PubMed]

53. Classen, A.T.; Sundqvist, M.K.; Henning, J.A.; Newman, G.S.; Moore, J.A.M.; Cregger, M.A.; Moorhead, L.C.; Patterson, C.M.
Direct and Indirect Effects of Climate Change on Soil Microbial and Soil Microbial-plant Interactions: What Lies Ahead? Ecosphere
2015, 6, 1–21. [CrossRef]

54. Baldrian, P.; López-Mondéjar, R.; Kohout, P. Forest Microbiome and Global Change. Nat. Rev. Microbiol. 2023, 21, 487–501.
[CrossRef]

55. Lim, J.; Shin, J.H.; Jin, G.Z.; Chun, J.H.; .Oh, J.S. Forest Stand Structure, Site Characteristics and Carbon Budget of the Kwangneung
Natural Forest in Korea. Korean J. Agric. For. Meteorol. 2003, 5, 101–109.

56. Lim, H.-J.; Lee, Y.-H.; Kwon, H.-J. Evaluation of Community Land Model Version 3.5-Dynamic Global Vegetation Model over
Deciduous Forest in Gwangneung, Korea. Korean J. Agric. For. Meteorol. 2010, 12, 95–106. [CrossRef]

57. Cui, G.; Lee, W.-K.; Kim, D.; Lee, E.J.; Kwak, H.; Choi, H.-A.; Kwak, D.-A.; Jeon, S.; Jeon, S. Estimation of Forest Carbon Budget
from Land Cover Change in South and North Korea between 1981 and 2010. J. Plant Biol. 2014, 57, 225–238. [CrossRef]

https://doi.org/10.1016/j.foreco.2017.08.048
https://doi.org/10.1093/forestscience/33.4.1022
https://doi.org/10.5194/bg-13-5151-2016
https://doi.org/10.1260/095830507781076194
https://doi.org/10.1080/02626667909491834
https://doi.org/10.1016/j.scitotenv.2020.143785
https://doi.org/10.1890/10-0697.1
https://doi.org/10.1016/j.forpol.2022.102899
https://doi.org/10.1016/j.fecs.2022.100004
https://doi.org/10.1093/jpe/rtt007
https://doi.org/10.13047/KJEE.2016.30.3.399
https://doi.org/10.1007/s10310-016-0529-2
https://doi.org/10.3389/ffgc.2023.1259010
https://doi.org/10.5558/tfc2024-005
https://doi.org/10.1038/s41467-018-05132-5
https://www.ncbi.nlm.nih.gov/pubmed/30006620
https://doi.org/10.1890/ES15-00217.1
https://doi.org/10.1038/s41579-023-00876-4
https://doi.org/10.5532/KJAFM.2010.12.2.095
https://doi.org/10.1007/s12374-014-0165-3


Forests 2024, 15, 877 19 of 19

58. Song, C.; Choi, H.-A.; Son, J.; Ko, Y.; Pietsch, S.A.; Lee, W.-K. Assessing Forest Net Primary Productivity Based on a Process-Based
Model: Focusing on Pine and Oak Forest Stands in South and North Korea. Korean Soc. Environ. Biol. 2023, 41, 400–412. [CrossRef]

59. Song, C.; Pietsch, S.A.; Kim, M.; Cha, S.; Park, E.; Shvidenko, A.; Schepaschenko, D.; Kraxner, F.; Lee, W.-K. Assessing Forest
Ecosystems across the Vertical Edge of the Mid-Latitude Ecotone Using the BioGeoChemistry Management Model (BGC-MAN).
Forests 2019, 10, 523. [CrossRef]

60. Yoo, S.; Kwak, D.; Cui, G.; Lee, W.; Kwak, H.; Ito, A.; Son, Y.; Jeon, S. Estimation of the Ecosystem Carbon Budget in South Korea
between 1999 and 2008. Ecol. Res. 2013, 28, 1045–1059. [CrossRef]

61. Gouch, C.M. Terrestrial Primary Production: Fuel for Life. Nat. Educ. Knowl. 2012, 3, 28.
62. Peckham, S.D.; Gower, S.T.; Perry, C.H.; Wilson, B.T.; Stueve, K.M. Modeling Harvest and Biomass Removal Effects on the Forest

Carbon Balance of the Midwest, USA. Environ. Sci. Policy 2013, 25, 22–35. [CrossRef]

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/10.11626/KJEB.2023.41.4.400
https://doi.org/10.3390/f10060523
https://doi.org/10.1007/s11284-013-1085-2
https://doi.org/10.1016/j.envsci.2012.09.006

	Introduction 
	Materials and Methods 
	Study Area 
	Selection of Key Indicators of Carbon Dynamics for South Korean Forests 
	Generic Carbon Budget Model 
	Data 
	Forest Cover Map (FCM) 
	National Forest Inventory (NFI) and Yield Tables 
	Climate and Topological Data 
	Forest Management Scenario Data 
	Moderate Resolution Imaging Spectroradiometer (MODIS) 17A3H 


	Results 
	Comparison of Biomass and Carbon Flux Estimates 
	Estimation of Aboveground, Belowground Biomass and Dead Organic Matter 
	Estimation of Net Carbon Fluxes 

	Comparison of the Results of Previous Studies and Moderate Resolution Imaging Spectroradiometer (MODIS) 17A3H 

	Discussion 
	Conclusions 
	References

