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Abstract: Evaluating the carbon storage of forests and identifying the factors that influence it are
essential in working towards the “dual carbon” goal. This assessment will facilitate research on
carbon neutrality and promote regional ecological protection and development. This study utilized
the “One Map” data of forest resources (2020) and the first year (2017) of the establishment of the
national park in Wuyi Mountain National Park (WMNP). The continuous biomass expansion factor
method, in conjunction with the vegetation carbon content coefficient, was employed to estimate
the forest carbon storage within the park’s forested areas. Subsequently, the distribution of forest
carbon storage was analyzed using remote sensing estimation methods, and a comparison was made
between the forest carbon storage of these two years. Finally, correlation analysis and path analysis
were conducted to identify the primary factors influencing forest carbon storage. The study findings
reveal that in 2020, the total carbon storage in forests reached 4.851 × 106 t C, with an average carbon
density of 49.55 t C·hm−2. Furthermore, the study identified positive correlations between dominant
tree species, age groups, and elevation with carbon storage, whereas slope length and aspect were
found to have negative correlations. Dominant tree species were observed to have the greatest impact
on forest carbon storage in both 2017 and 2020, followed by age groups. These findings offer valuable
scientific insights for the implementation of forest carbon storage pilot projects in WMNP.

Keywords: Wuyi Mountain National Park; forest carbon storage; carbon density; influencing factors;
path analysis

1. Introduction

The forest carbon sink is a process through which forest ecosystems absorb and
sequester carbon dioxide, making it a crucial factor in reducing atmospheric carbon dioxide
concentrations [1,2]. As the largest carbon pool in terrestrial ecosystems, forest plays an vital
role in promoting economic and social development and environmental protection [3,4].
According to the inventory data of seven forest resources in China from 1977 to 2013, the
raw carbon storage of China’s forests has increased by 72.62%, reaching 7.27 Pg C, of
which the carbon storage of natural forests accounts for about 85%, and is expected to
continue to increase in the future [5]. China has a longstanding commitment to developing
green industries and mitigating climate change. This commitment is manifested through
various measures, including optimizing forest management, and strengthening natural
resource protection. In comparison to industrial emission reduction, forest carbon storage
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is considered a more cost-effective approach to reducing emissions due to its simplicity
and comprehensive benefits [6]. Consequently, the relationship between forest carbon
sinks and industrial carbon sources has become a crucial aspect of carbon emission trading
mechanisms, leading to a broader and more comprehensive focus on research related to
forest carbon sinks.

Similarly, studying the influencing factors of forest carbon sinks is also crucial for
predicting future changes in forest carbon storage and formulating relevant forest manage-
ment strategies [7]. The carbon storage of various vegetation types in forests was primarily
influenced by variations in carbon content. As forests age, forest carbon storage generally
increases, although the specific amount can vary depending on the vegetation types present
in different regions [8]. The study by Cavanaugh et al. indicated that aboveground carbon
storage in tropical forests increases with the dominance of genera with larger maximum
diameters [9]. Xu et al. found that canopy density and forest age are key driving factors for
carbon storage in subtropical forest vegetation [10]. Furthermore, Li et al. [11] investigated
carbon storage and driving factors in trees within 480 plots of subtropical forests in China.
Their study indicated that forest age is the most influential factor in tree carbon storage [11].
At the same time, forest carbon storage driven by site conditions and environment was
also influenced by factors such as terrain, elevation, and plant diversity [12–14]. In addi-
tion to the inherent attributes of natural environmental conditions and forest ecosystems,
socio-economic conditions also have a significant impact on the supply of forest carbon
sinks [15]. Therefore, revealing the main influencing factors of forest carbon storage can
contribute to guide forest management, further promote the development of forest carbon
sinks, and achieve the protection and utilization of forest resources.

National forest parks and nature reserves are among the oldest and most common
types of national parks within China’s national park system. They serve as the primary
zones for the protection of natural resources in the country [16]. From 1982 to 2017, the
implementation of protection measures has led to an increase in forest carbon storage within
these national forest parks and nature reserves [17]. The forests within these regions exhibit
higher average carbon density and carbon storage compared to other forest resources,
making them a significant carbon sink within China’s forest ecosystem [16–18]. Since 2016,
the pilot project for establishing a national park system in China has not only promoted the
overall development of national forest parks and nature reserves but also played a pivotal
role in setting an example for the establishment of natural protected areas with national
parks as their focal point [16]. Therefore, it is of great importance to understand the status
of plant productivity and carbon sink functions within national forest parks. This will
enable a comprehensive evaluation of the ecosystem service functions of national forest
parks and their contribution to carbon neutrality.

In 2017, Wuyi Mountain National Park (WMNP) was first established and the relevant
regulations and management systems for the pilot work of the Wuyi Mountain National
Park System were organized and drafted. In addition, WMNP is fully responsible for the
protection, management, planning, and construction of various natural resources within
its jurisdiction. As one of the first five national parks in China in 2021, WMNP is not only
a protected zone located in a World Heritage-Mixed Property in China but also the most
complete, typical, and largest subtropical forest ecosystem in China [19]. This national
park has high plant diversity, which is mainly composed of mature forests [20]. Similarly,
mature forests have a high carbon density and relatively stable carbon storage [14,21,22].
Since most forests in WMNP are relatively mature and the dominant tree species are mainly
subtropical evergreen broadleaved trees and conifers [23,24], their carbon storage may
play a dominant role in WMNP. Therefore, these superior conditions provide a natural
experimental platform for research work on forest carbon sinks. In addition, many studies
have shown that, due to strict conservation measures, fast-growing young plants will
become the main body for future increases in forest carbon sinks [25–27].

However, previous research on the carbon sink of WMNP mainly focused on soil
organic carbon [28–30], as was incomplete research on the carbon storage capacity of
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typical forests [19]. Consequently, there still exists a significant knowledge gap pertaining
to the present state of forest carbon storage and carbon sink potential in WMNP. Here, we
took WMNP as the research object, evaluated the variations of forest carbon storage and its
influencing factors based on the continuous biomass expansion factor method, correlation
analysis, and path analysis, respectively. We attempt to answer the following two scientific
questions: (1) Will the forest carbon storage of WMNP increase from 2017 to 2020 (i.e., in
the early stages and three years after the establishment of the national park)? (2) What
are the primary factors that dominate the variations of forest carbon storage in WMNP?
The purpose is to deepen our understanding of forest carbon storage and its influencing
factors in WMNP, and provide a theoretical basis for carbon sink decision-making and
forest management.

2. Materials and Methods
2.1. Study Site

WMNP located in the northern part of Fujian Province, China, ranges from 117◦24′13′′

to 117◦59′19′′ longitude and 27◦31′20′′ to 27◦55′49′′ latitude [20], and was listed as a World
Cultural and Natural Heritage Site by the United Nations Educational, Scientific, and Cul-
tural Organization (UNESCO) in 1999. Wuyi Mountain contains the largest and most repre-
sentative forest types with higher diversity of the subtropical forest of China. This region is
the most outstanding zone for biodiversity conservation in southeast China and a refuge
for many ancient relict species, many of them endemic to China [31]. WMNP encompasses
Fujian Wuyi Mountain National Nature Reserve (56,474.20 hm2), Wuyi Mountain National
Scenic Zone (5357.53 hm2), Jiuqu Stream Upper Protected Zone (25,084.16 hm2), and other
newly zoned areas (13,225.16 hm2) that include adjacent public welfare forests (Figure 1).
According to the document “Wuyi Mountain National Park Master Plan (2017–2025)”
and the forest resources data in “One Map” of WMNP, the total land area of the park is
100,141.52 hm2, with a forest coverage rate of 96.7%.
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2.2. Forest Resource Data

In this study, the forest resource data for the year 2017 was collected based on the Forest
Resource Inventory and Planning (FRIP) survey in the early stages of WMNP. Additionally,
the forest resource “One Map” data for the year 2020 is derived from the fourth Forest
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Resource Inventory and Planning survey conducted in Fujian Province in 2018, along with
the annual update of forest resources in 2019. It is important to note that the forest resource
survey data for these years were all obtained from the FRIP survey.

In addition, the FRIP conducted in WMNP in 2018 utilized new technologies such as
RS (Trimble, Sunnyvale, CA, USA), GIS (Esri, Redlands, CA, USA), GPS (Garmin, Olathe,
KS, USA), and mobile terminals to accurately record forest resource survey data. High-
resolution aerial imagery with a precision of 1:1000 obtained in 2019 served as the base
map and was combined with a topographic map at a scale of 1:10,000 to establish sub-
compartment divisions. GPS technology was employed to determine the coordinates of
each sub-compartment, facilitating the assessment of various factors based on technical
specifications. The survey data was collected using a paperless approach and processed in
conformity with the Fujian Provincial Forest Resource Management Information System.

According to the zoning technical regulations of the FRIP, the forest area includes a
tree layer, special shrub layer, and bamboo forest. However, certain forest areas, such as
sparse forests, general shrublands, unfinished forests, nurseries, and fallow land, are not
considered in forest statistics. These excluded forests only represent 1.48% of the total forest
area (Table S1). Therefore, this study focused on collecting data specifically for tree forests,
bamboo forests, and special shrub forests (including shrub economic forests) within the
WMNP. The research in this article is centered around the forest resources found in WMNP,
utilizing factors such as stand volume from the resource database. The data acquisition
objects consist of tree stands, bamboo forests, and special shrub forests (including shrub
economic forests), as specified by the state.

2.3. Classification Methods for Various Types of Factors in Forest Resources

In the WMNP forest resources database, the forest resource data encompasses the
following information: forest type and area, forest origin and age groups, site quality grades,
terrain, elevation, sub-compartment volume, and related information data. Forest types
are divided into five categories based on the main tree species and vegetation structure of
the forest, including broad-leaved forest, coniferous forest, shrub forest, economic forest,
and bamboo forest. Forest origins are divided into natural forests and artificial forests.
Natural forests arise from naturally fallen seeds or are artificially established through
natural regeneration or germination. In contrast, artificial forests are created through
techniques such as seedling planting, direct seeding, aerial seeding, or through the natural
growth of previously logged artificial forest areas. Tree forests are further categorized
into five age groups based on the average age of dominant tree species: young forest,
medium-mature forest, near-mature forest, mature forest, and over-mature forest. Site
quality grades are classified into four categories based on the second national soil survey
and related standards: fertile, sub-fertile, moderately fertile, and barren. Terrain factors
include slope length, slope, aspect, and elevation data.

In addition, the classification of dominant tree species was based on several decades
of field surveys, the collection of plant specimens, identification, and statistical analysis
conducted in the Wuyi Mountains area. Data collected from field surveys and previous
studies were used to determine the dominant tree species. Information on the main
dominant tree species in the WMNP can be found in Table S2. This table displays the
main dominant tree species, including Pinus massoniana, P. taiwanensis, Cunninghamia
lanceolate, broad-leaved hardwood, broad-leaved softwood. At the same time, we also
searched relevant literature and found that the main species of broad-leaved hardwood
with large carbon storage mainly included Castanopsis eyrei, C. carlesii, Engelhardtia fenzlii,
Cyclobalanopsis myrsinifolia, and C. fordii, etc. [23].

2.4. Data Analysis
2.4.1. Estimation of Forest Biomass

Forest biomass is estimated using the continuous biomass expansion factor method
based on the area and growing stock of different forest types in the inventory data of
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forest resources. The biomass expansion factor was calculated based on the conversion
relationship between growth stock and biomass [32–34]. The regression equation for
biomass estimation was:

B = a × V + b

where B is biomass per unit area (t·hm−2), V is the growing stock per unit area (m3·hm−2),
and a and b are parameters. The parameters of the biomass conversion model for some of
the main dominant tree species of WMNP are shown in Table S3.

2.4.2. Estimation of Forest Carbon Storage

According to the Victorian Forest Monitoring Program (VFMP) [35], forest carbon
pools encompass aboveground biomass, subsurface biomass, litter, dead wood, and soil
organic charcoal. The carbon content rate in plants refers to the carbon content of dry
matter per unit mass, which can vary depending on factors such as species, origin, age, and
site type [32]. The carbon density of woody plants in China varies based on tree species
and organs, with an average carbon sequestration rate ranging from 0.47 to 0.53 for the
entire plant [36]. In this study, the carbon content coefficient (Cc) was calculated using the
commonly used default value of 0.5 internationally [37]. The carbon storage was estimated
as the product of stand biomass and the carbon content rate of different forest types. The
calculation formula is as follows:

C = Y × CC

where C is the carbon storage, Y is the biomass, and Cc is the carbon content rate. Stand
carbon density is the ratio of stand carbon storage to stand area.

2.4.3. Path Analysis between Forest Carbon Storage and Influencing Factors

To identify the primary influencing factors of forest carbon storage and understand
their relationship between the influencing factors and forest carbon storage, we conducted
correlation analysis (Pearson correlation coefficient) and path analysis. In this analysis,
the forest carbon storage data from 2017 and 2020 were considered, where carbon storage
per unit area was the dependent variable (y), and factors such as slope length, aspect, site
quality grades, dominant tree species, origin, age groups, and forest types were considered
independent variables (x). Notably, since the estimation of carbon storage was based on
the average diameter at breast height and tree height, these variables were not included as
independent variables. We initially established a stepwise regression equation and applied
the Akaike Information Criterion (AIC) to identify the optimal influencing factors. The
results of the stepwise regression screening showed that the independent variables for
forest carbon storage in 2017 were slope length (x1), site quality grades (x2), dominant
tree species (x3), forest origins (x4), age groups (x5), and elevation (x6). Similarly, for
forest carbon storage in 2020, the independent variables were aspect (z1), dominant tree
species (z2), age groups (z3), and elevation (z3). Subsequently, we calculated the pearson
correlation coefficient among these independent variables. Finally, based on the correlation
analysis, we employed path analysis to decompose the correlation coefficient of the impact
factor. The direct, indirect, and combined effects of the independent variables on the
dependent variable were determined through the direct path, indirect path, and total path
coefficients [38].

2.4.4. Calculation of Decision Coefficients for Influencing Factors

The comprehensive effect of each variable factor on the dependent variable through
the decision coefficient was calculated, and then the independent variables were ranked
based on the comprehensive effect score for better macro level decision-making [39]. The
calculation formula for the decision coefficient was as follows:

R2
(i) = b2

i +2∑i ̸=j birijbj = 2biriy−b2
i
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where R2
(i) is the decision coefficient, bi is the direct path coefficient between y and influenc-

ing factors, and riy is the Pearson’s correlation coefficient between y and influencing factors.

3. Results
3.1. Estimation of Forest Carbon Storage in WMNP

From 2017 to 2020, the forest area and biomass of WMNP increased by 3954.35 hm2

and 3.947 × 105 t, respectively (Table 1). The total carbon storage of the forests in 2017 and
2020 was 4.654 × 106 t C and 4.851 × 106 t C, respectively, with an increase of 1.97 × 105 t C
(Table 1). Among these, broad-leaved trees exhibited the highest carbon storage and carbon
density (Table 1). Furthermore, the carbon storage results of different dominant tree species
in the tree layer indicated (Table S2) that broad-leaved hardwood makes the greatest
contribution to overall carbon storage, accounting for 57.93% of the total carbon storage.
These findings emphasized the dominant role played by broad-leaved hardwood species
in the forest carbon storage of WMNP. Based on the total forest area and carbon storage
mentioned above, the average forest carbon density for the two years was calculated to be
49.54 t C · hm−2 (2017) and 49.55 t C · hm−2 (2020), respectively.

Table 1. Forest biomass and carbon storage of WMNP in 2017 and 2020.

Year Forest Types Area (hm2)
Biomass

(103 t)
Carbon Storage

(103 t C)
Carbon Density

(t C·hm−2)

2017

Coniferous tree 38,277.59 3308.44 1654.22 43.22
Broad-leaved tree 39,556.74 5021.88 2510.94 63.48

Bamboo forest 13,607.22 931.82 465.91 34.24
Shrub-wood 2501.51 45 22.5 8.99

Total 93,943.07 9307.14 4653.57

2020

Coniferous tree 32,903.73 3164.8 1582.4 48.09
Broad-leaved tree 49,158.17 5627.38 2813.69 57.24

Bamboo forest 12,374.82 847.43 423.71 34.24
Shrub-wood 3460.71 62.26 31.13 9.00

Total 97,897.42 9701.87 4850.93

3.2. Changes in Forest Carbon Storage of WMNP from 2017 to 2020

According to Table 1, the forest carbon storage in WMNP has shown an overall increase
from 2017 to 2020. Furthermore, areas with high forest carbon storage were primarily found
in Wuyi Mountain National Nature Reserve, followed by the Jiuqu Stream Upper Protected
Zone. Lower concentrations were observed in Wuyi Mountain National Scenic Zone and
other newly zoned areas (Figures 1–3). Overall, the average carbon density remained
relatively stable as the total carbon storage and forest area increase simultaneously.

3.3. Path Analysis between Forest Carbon Storage and Influencing Factors

The path analysis was conducted to evaluate the influencing factors of forest carbon
storage in WMNP in 2017 (Table 2). The results showed that the correlation coefficients for
slope length, site quality grades, dominant tree species, origin, age groups, and elevation
were −0.2831, 0.0970, 0.7292, 0.4869, 0.6387, and 0.3555, respectively. Their direct effects
on forest carbon storage were −0.0356, 0.1079, 0.5444, 0.1135, 0.1333, and 0.0567, respec-
tively. It was observed that slope length had an overall negative influence on forest carbon
storage through both direct and indirect effects. Conversely, site quality grades, dominant
tree species, origin, age groups, and elevation had overall positive effects on forest car-
bon storage, with dominant tree species having the highest positive effect, followed by
age groups.
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Table 2. Path analysis of influencing factors for forest carbon storage in 2017.

Factors Correlation
Coefficient

Direct
Effect

Slope
Length (x1)

Site Quality
Grades (x2)

Dominant Tree
Species (x3)

Origin
(x4)

Age Groups
(x5)

Elevation
(x6)

x1 −0.2831 −0.0356 −0.0183 −0.1307 −0.0318 −0.0386 −0.0250
x2 0.0970 0.1079 0.0061 −0.0272 0.0057 0.0013 0.0062
x3 0.7292 0.5444 0.0085 −0.0054 0.0590 0.1053 0.0182
x4 0.4869 0.1135 0.0100 0.0054 0.2831 0.0520 0.0261
x5 0.6387 0.1333 0.0103 0.0011 0.4301 0.0443 0.0210
x6 0.3555 0.0567 0.0157 0.0119 0.1742 0.0522 0.0493

Similarly, the path analysis results for the influencing factors of forest carbon storage in
WMNP in 2020 (Table 3) indicated that the correlation coefficients for aspect, dominant tree
species, age groups, and elevation were −0.0359, 0.1797, 0.1688, and 0.1160, respectively.
The direct effects were −0.0163, 0.1159, 0.0485, and 0.0431, respectively. The overall
influence of aspect on forest carbon storage, considering both direct and indirect effects,
was negative. However, the overall positive effects of dominant tree species, age groups,
and elevation on forest carbon storage were observed, with dominant tree species having
the highest overall positive effect, followed by age groups. These findings align with the
results of the correlation coefficient analysis (Tables S4 and S5).

Table 3. Path analysis of influencing factors forest carbon storage in 2020.

Factors Correlation
Coefficient Direct Effect Aspect (z1) Dominant Tree

Species (z2)
Age Groups

(z3)
Elevation

(z4)

z1 −0.0359 −0.0163 −0.0151 −0.0039 −0.0047
z2 0.1797 0.1159 0.0021 0.0422 0.0198
z3 0.1688 0.0485 0.0013 0.1008 0.0194
z4 0.1160 0.0431 0.0018 0.0533 0.0218

3.4. Analysis of Decision Coefficients for Influencing Factors

The analysis of decision coefficients for influencing factors in 2017 revealed that the
dominant tree species had the highest coefficient, followed by age groups, origin, elevation,
slope length, and site quality grades (Table 4). This indicated that dominant tree species
have the most significant impact on forest carbon storage, with age groups being the next
influential factor. Remarkably, the decision coefficient analysis of influencing factors in
2020 yielded similar results (Table 5).

Table 4. Analysis of decision coefficients for each influencing factor in 2017.

Influencing Factors bi riy 2biriy − b2
i R2

(i) Rank

Slope length (x1) −0.0356 −0.2831 2 × (−0.0356) × (−0.2831) − (−0.0356)2 0.0189 5
Site quality grades (x2) 0.1079 0.1079 2 × (0.1079) × (0.0970) − (0.1079)2 0.0093 6
Dominant tree species (x3) 0.5444 0.4869 2 × (0.5444) × (0.7292) − (0.5444)2 0.4976 1
Origin (x4) 0.1135 0.4896 2 × (0.1135) × (0.4869) − (0.1135)2 0.0976 3
Age groups (x5) 0.1333 0.6387 2 × (0.1333) × (0.6387) − (0.1333)2 0.1525 2
Elevation (x6) 0.0567 0.3555 2 × (0.0567) × (0.3555) − (0.0567)2 0.0371 4
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Table 5. Analysis of decision coefficients for each influencing factor in 2020.

Influencing Factors bi riy 2biriy − b2
i R2

(i) Rank

Aspect (z1) −0.0163 −0.0359 2 × (−0.0163) × (−0.0359) − (−0.0163)2 0.0009 4
Dominant tree species (z2) 0.1159 0.1797 2 × (0.1159) × (0.1797) − (0.1159)2 0.0282 1
Age groups (z3) 0.0485 0.1688 2 × (0.0485) × (0.1688) − (0.0485)2 0.0140 2
Elevation (z4) 0.0431 0.1160 2 × (0.0431) × (0.1160) − (0.0431)2 0.0081 3

4. Discussion
4.1. Forest Carbon Storage and Carbon Density of WMNP

The assessment of carbon storage and carbon density in China’s national forest parks is
crucial for understanding their status and implementing policies related to carbon peaking
and carbon neutrality. Previous research has indicated that the total carbon storage of
forests in China is approximately 28.90 Pg C, with an average vegetation carbon density
of 42.04 ± 5.39 t C·hm−2 [36]. It is important to note that China’s average carbon density
is lower than the global average of 71.60 t C·hm−2 [40]. However, the carbon storage
and average carbon density in the 881 national forest parks of China are 3.56 Pg C and
255.18 t C·hm−2, respectively [17]. This difference is likely attributable to protective mea-
sures that have increased the preservation rate and maturity of forest stands, indirectly
leading to higher carbon storage and density. Moreover, the implementation of protective
measures and reduction in external disturbances have supported the gradual growth of
young trees, contributing to carbon storage in national forest parks [41]. These findings un-
derscore the significant carbon storage capacity of national forest parks in China, enabling
them to effectively absorb and store carbon dioxide.

The total carbon storage and average carbon density of forests in WMNP were
4.851 × 106 t C and 49.55 t C·hm−2, respectively, in 2020. Notably, these values are compar-
atively lower than the forest vegetation in the Hainan Tropical Rainforest National Park
(39.38 × 106 t C) [42] and the overall ecosystem carbon storage in the Giant Panda National
Park (60.5 × 106 t) [43]. Furthermore, the average carbon density of forests in WMNP is
also lower than that found in the forest vegetation of Hainan Tropical Rainforest National
Park (95.91 t C·hm−2) [42] and the Qinghai spruce forest in the northeast edge of the Qilian
Mountains (82.70 t C·hm−2) [44]. These discrepancies in carbon storage and density can
be attributed to variations in climate, soil conditions, and the carbon storage capacity of
plants at different developmental stages [45,46]. For instance, Hainan Tropical Rainfor-
est National Park covers an area of 4269 km2, which is four times larger than WMNP’s
1001.41 km2. Consequently, notable discrepancies in forest carbon storage resulting from
differing spatial scales are apparent. The warm and humid climate conditions in tropical
regions, such as Hainan, typically foster more fertile soil [9,47], which is more conducive to
biodegradation and biomass accumulation, ultimately augmenting forest carbon storage
and density [42]. In contrast, WMNP is situated in subtropical regions where soil may
be influenced by more pronounced seasonal climate fluctuations, like droughts or rainy
seasons, leading to substantial changes in soil texture and moisture content, ultimately im-
peding the accumulation of forest carbon storage [11,19,22]. Additionally, well-established
vegetation generally maintains higher carbon storage. The Wuyi Mountain National Na-
ture Reserve, under prolonged strict protection, harbors mature forests with abundant
carbon storage (Figures 1–3). Conversely, the carbon storage in the remaining three regions
of WMNP (e.g., Wuyi Mountain National Scenic Zone, Jiuqu Stream Upper Protected
Zone, and other newly zoned areas) is relatively low (Figures 1–3), possibly due to less
stringent forest protection measures and frequent human activities in these zones. Conse-
quently, these factors contribute to a decline in the overall carbon storage capacity of forests
in WMNP.

From 2017 to 2020, the total forest carbon storage in WMNP exhibited an upward
trend, with an increase of 1.97 × 105 t C (Table 1). Notably, broadleaf trees and shrubs layers
played a crucial role in the augmentation of forest carbon storage (Table 1), particularly
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in the canopy layer, where the carbon storage and density of broadleaf tree species were
the highest (Table S2). These findings emphasize the superior carbon storage capacity and
carbon storage ability of broadleaf trees. However, the overall forest carbon density in
WMNP was diminished due to the relatively lower carbon density found in bamboo forests
and shrub forests. Extensive research has demonstrated that niche complementarity and
mass ratio effects are vital mechanisms for sustaining the carbon storage of subtropical
forest trees [48–50]. These mechanisms likely facilitate carbon storage in subtropical forest
trees by optimizing resource utilization. In particular, the effective occupation of limited
space by the canopy and understory layers enhances light availability, thereby increasing
carbon capture [11]. Simultaneously, dominant species in the canopy layer are located at
the top of the tree crown, which receives the greatest abundance of light resources and
further contributes to forest carbon accumulation [51,52].

WMNP belongs to the subtropical evergreen broad-leaf forest region, characterized
by diverse natural environments and vegetation types. It is the largest subtropical forest
ecosystem at the same latitude globally [20]. Studies have revealed that biodiversity and
complex forest structures can maximize carbon storage in subtropical forests [11]. Addi-
tionally, the results indicate significant variations in carbon storage between young and
mature forests, with carbon storage in young forests more than doubling from 2017 to 2020
(Table S6). Other studies have also demonstrated a rapid increase in forest carbon storage in
young forests during the first 10–20 years after afforestation [26,27,53]. Therefore, afforesta-
tion efforts and promoting the growth of young forests hold great potential for increasing
forest carbon storage in the future [25]. Recent research indicates that plants with different
types of mycorrhizal fungi, such as ectomycorrhizal (EcM) and arbuscular mycorrhizal
(AM) fungi, exhibit differences in aboveground carbon storage [54,55]. Particularly, as
dominant species in the evergreen broadleaf forest, EcM tree species have significantly
higher aboveground carbon storage compared to AM species [54]. Moreover, under climate
warming conditions, the proportion of carbon storage in AM trees is likely to increase,
potentially promoting an overall increase in forest carbon storage [55].

4.2. Main Influencing Factors of Forest Carbon Storage in WMNP

Currently, most national forest parks consist of undisturbed or slightly disturbed
old-growth forests, and the carbon storage of these forests may increasingly be affected
by climate change. As our understanding of the ecological processes underlying carbon
sinks and sources in forest ecosystems has deepened, the accuracy of estimating forest
carbon storage and density has improved, along with a more detailed quantification of
estimation uncertainties [22,56]. Consequently, understanding the factors influencing
changes in forest carbon storage plays a crucial role in accurately estimating the carbon
storage of forest ecosystems [47]. Climate conditions, forest age, species composition,
terrain, elevation, and soil conditions have a profound impact on the biomass and carbon
storage of community vegetation [57,58]. Our findings also suggest that slope length,
aspect, site quality grades, dominant tree species, origin, age groups, and elevation are
the main influencing factors of forest carbon storage in WNMP. Dominant tree species,
age groups, and elevation consistently emerged as the common influencing factors for
both years studied. Due to their superior ecological niche, tree species in the tree layer
tend to exhibit higher carbon storage capacity, ultimately occupying the majority of forest
carbon storage, with the carbon storage ratio increasing as forest age increases [11,53].
Wuyi Mountain National Nature Reserve is situated in the central zone of WMNP, where
forest vegetation has been strictly protected for an extended period, resulting in relatively
old trees with limited human disturbances. The reserve’s vegetation primarily consists of
subtropical evergreen broad-leaved trees and conifers in the late succession period [23,24].
Therefore, these dominant forest vegetation types have become the principal components
of forest carbon storage in Wuyi Mountain National Nature Reserve, and the combined
influence of the dominant tree species and age groups drives the dynamic changes of
forest carbon storage in WMNP [59]. This result aligns with the findings on the dominant
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factors of carbon storage in subtropical forests [53] and the tropical forests globally [9].
Overall, a comprehensive understanding of the carbon storage capacity of forest vege-
tation and its influencing factors, serving as a theoretical foundation for implementing
carbon peak and carbon-neutral policies, and carbon emission trading [60]. When eval-
uating forest carbon storage and its influencing factors, attention should be given to the
carbon storage of dominant tree species in the forest tree layer. Additionally, it is nec-
essary to consider the variations in forest carbon storage and density across different
plant ages.

4.3. Challenges and Solutions for the Future Development of Forest Carbon Sinks in WMNP

WMNP possesses abundant forest resources, including subtropical native evergreen
broad-leaved forests and native vegetation communities in China, which present enor-
mous potential for the development of forest carbon sinks [20]. Leveraging its favor-
able forest resources, robust development of forest carbon sinks, and the carbon storage
function of forest ecosystems are crucial for increasing carbon sink increments. Monetiz-
ing and commercializing forest ecological benefits through vegetation carbon sequestra-
tion in WMNP represent a novel approach. The development of forest carbon sinks in
WMNP can enhance biodiversity conservation, improve the quality of ecological barri-
ers, increase the regional ecological carrying capacity, and promote the virtuous cycle of
ecosystems [61].

However, forest carbon storage and the factors influencing it in WMNP are still in
the exploratory stage. It is necessary to gather the following information about WMNP:
(1) A better understanding of carbon cycling processes in forest ecosystems is necessary,
including the rates of carbon absorption, storage, and release, as well as their response to
climate change and other factors. (2) WMNP has experienced rapid land use changes that
will impact its carbon storage capacity. Further research is needed to investigate how land
use change affects carbon cycling and how to manage land use to maximize carbon storage.
(3) The rich biodiversity of WMNP plays a crucial role in carbon storage. More research
is needed to explore how biodiversity affects carbon cycling and to develop methods for
protecting and managing biodiversity to enhance carbon storage.

These challenges, arising from climate and land use changes, pose significant ob-
stacles to forest carbon storage. Considering these challenges, this study proposes the
following solutions for the development of forest carbon sinks in WMNP: (1) Strengthen
the forest resource protection and management through measures such as zoning control,
law enforcement, forest fire prevention, and pest and disease control. These measures
aim to preserve the naturalness, stability, and sustainability of the ecosystem in WMNP.
(2) Optimize afforestation plans by selecting suitable tree species for reforestation. Im-
plement targeted cultivation measures for forests at different age stages to promote an
increase in forest carbon storage. (3) Enhance theoretical research on forest carbon storage
in WMNP, including the development of accurate measurement methods and the deter-
mination of carbon storage values. This research can serve as the basis for formulating
relevant guidelines, improving management systems, and conducting scientific exper-
iments and verification. (4) Establish government-supported ecological compensation
mechanisms by increasing subsidies for natural commodity forests and ecological public
welfare forests. This will incentivize the active participation of local indigenous communi-
ties in forest conservation, thereby promoting the development and improvement of the
forest carbon storage system. It is important to note that these solutions will contribute to
the development of forest carbon sinks in WMNP while considering their sustainability and
long-term benefits.

5. Conclusions

National parks play a crucial role in conserving essential resources and habitats.
Moreover, they provide an ideal framework for assessing forest carbon sinks and ecosystem
service functions. Our study reveals that from 2017 to 2020, the overall forest carbon storage
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in WMNP exhibited an upward trend. The dominant tree species emerged as the primary
factor influencing forest carbon storage in WMNP, and age groups was also assumed to
play a significant role. Building upon the results, we put forward several measures to
promote forest carbon storage. On the one hand, these included implementing reasonable
measures (such as zoning control systems, strengthening forest fire prevention and pest
control, etc.) to maintain and protect forest carbon storage. On the other hand, these
included selecting appropriate tree species (such as native species of the family Fagaceae
with high carbon storage) to optimize reforestation plans. Furthermore, targeted planting
measures are implemented for trees of different ages (such as regularly watering, fertilizing,
and weeding young trees to promote their growth and development, and for mature trees,
maintaining soil nutrients and moisture, promoting natural regeneration of trees, etc.) to
increase forest carbon storage. In summary, these findings offer valuable perspectives for
advancing forest resource conservation and carbon sink development in WMNP.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/f15030546/s1, Table S1: List of forest land types of WMNP; Table S2: Con-
tribution of different dominant tree species in the tree layer to the total carbon storage of WMNP;
Table S3: Model parameters for biomass conversion and storage of main dominant tree species;
Table S4: Correlation coefficient of influencing factors to the forest carbon storage in 2017; Table S5: Cor-
relation coefficient of influencing factors to the forest carbon storage in 2020; Table S6: Carbon stock
of different ages group of forest stands in 2017 and 2020.
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