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Abstract

Forest thinning is a critical silvicultural practice for managing forest structure and enhanc-
ing various ecosystem services, yet its long-term impacts on trade-offs among these services
remain complex. This study evaluated ecosystem services 17 years after thinning (applied
in 2007) in a 40-year-old Pinus koraiensis plantation on Mt. Gari, Republic of Korea, to
evaluate the effects of thinning on ecosystem services and to examine the magnitude of
trade-offs between ecosystem services across different thinning treatments. Three thinning
treatments were implemented in 2007: (1) control, (2) light thinning (~35% removal of stand
density), and (3) heavy thinning (~65% removal of stand density). A total of 12 plots were
established to assess ecosystem services 17 years after thinning. Measured variables in-
cluded aboveground carbon storage (trees), understory species richness (shrubs and herbs),
soil moisture, soil organic carbon, and total soil nitrogen. Relative benefits and trade-offs
were quantified using standardization and root mean square error, and differences across
treatments were tested using one-way. Relative benefits and trade-offs were analyzed to
assess the effects of thinning on ecosystem services and how relationships among ecosys-
tem services changed across treatments. Significantly higher aboveground carbon storage
was observed in the control plot than in the other plots. The heavy-thinning plots showed
the highest values for species richness and soil moisture, whereas the light-thinning plots
showed the highest values for soil organic carbon and total soil nitrogen. Generally, high
trade-offs were observed for pairs involving aboveground carbon storage, while pairs
involving species richness showed lower trade-offs. To detect clear relationships among
ecosystem services, further in-depth research and long-term monitoring are required to
identify complex interactions and trade-offs.

Keywords: Korean pine; aboveground carbon; species richness; soil properties

1. Introduction
Ecosystems provide a wide range of goods and services that directly and indirectly

support human well-being. These ecosystem services (ESs) are commonly classified
into four categories: (1) provisioning services, such as timber, fresh water, and biomass;
(2) regulating services, such as carbon storage, water purification, and climate regulation;
(3) supporting services, such as biodiversity, habitat provision, and nutrient cycling; and
(4) cultural services, such as recreation and ecotourism [1].

Human activities that tend to maximize certain ESs, such as timber and food, may
lead to unintentional decreases in other ESs, which is recognized as a trade-off (TO). TO
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is defined as a situation in which one ES increases while other ESs decrease. In contrast,
synergy is a situation in which two or more ESs increase or decrease together [2,3]. For
instance, TOs were observed between global climate regulation and biodiversity at all three
restoration sites from early to late stages, indicating increases in global climate regulation
with decreases in biodiversity [4], and Lu et al. [5] found not only TO between understory
plant diversity and soil total nitrogen, but also synergy between soil organic carbon and
soil total nitrogen at young stands. In a broader sense, TO also refers to unidirectional
changes with an uneven pace or rate in ESs [5].

Thinning is a forest management practice commonly implemented to enhance ESs
such as growth [6], timber production [7], species diversity [8], carbon uptake [9], and
soil nutrient cycling [10]. By reducing tree density, thinning increases forest gaps; reduces
competition for nutrients, light, and water; and alters the forest floor’s microclimate,
thereby influencing tree growth, health status, and species diversity [8,11,12]. The impact
of thinning on synergies and trade-offs among ecosystem services varies with intensity.
Burton et al. [13] observed that the relationship between species richness for vascular
plant species and total aboveground carbon storage varied with residual stand density,
showing a positive relationship under high residual density (300 trees ha−1) and a negative
relationship under low residual density (200 trees ha−1). Moreover, in a Pinus massoniana
plantation, synergistic relationships between carbon sequestration (defined as total above-
and belowground tree carbon storage) and biodiversity (defined as stand structural size
diversity) were observed in plots subjected to 65% and 80% thinning (based on stand
stocking intensity). Yet, this relationship was inconsistent in plots subjected to 70% thinning
9 years post-thinning, likely driven by dynamic recovery processes, density thresholds,
and competitive shifts [14]. Therefore, the relationship between thinning intensity and
the synergies and trade-offs among ecosystem services is not straightforward, but rather
context-dependent and potentially non-linear across varying thinning intensities.

In Republic of Korea, the nation’s total forestland covers 6,298,134 ha, within which
coniferous forests account for 37%, with pine species comprising approximately 75% of the
coniferous forest area, and P. koraiensis stands cover 151,579 ha. [15]. Distributed throughout
Northeast China, Korea, Russia, and Japan, P. koraiensis is important ecologically and
economically [16]. This species is highly valuable for producing timber products and edible
nuts [17]. Furthermore, its shade tolerance allows it to endure low-light environments, and
its physiological attributes enable it to establish dominance during the climax successional
stage [18]. Given its high value, P. koraiensis has been extensively researched across multiple
subjects, including biomass and carbon sequestration [19,20], ecophysiology [21], nutrient
cycling [22,23], and drought resilience [24]. Nonetheless, comprehensive data on the long-
term effects of thinning on relationships among ESs within P. koraiensis plantations in
Republic of Korea remain scarce.

Although a previous study [6] examined the short-to-medium-term trade-offs between
aboveground carbon storage and species richness up to 2021, comprehensive assessments
incorporating belowground soil properties (such as soil organic carbon, total nitrogen,
and soil moisture) over a longer temporal scale (17 years post-thinning) remain scarce.
Therefore, this study aimed to (1) evaluate the long-term responses of individual ecosystem
services (ESs) to thinning 17 years post-treatment, (2) compare differences in ESs across
varying thinning intensities, and (3) quantify the magnitude of trade-offs and relative
benefits among paired ESs.
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2. Materials and Methods
2.1. Site Description

The study was carried out in an approximately 40-year-old P. koraiensis plantation
on Mt. Gari, Chuncheon City, Gangwon Province, Republic of Korea (37◦52′49.12 N,
127◦52′30.11 E). The P. koraiensis plantation was originally established in the early 1980s,
covering 18 ha. The mean annual air temperature was 11.1 ◦C (±0.12 ◦C), ranging from
−4.6 ◦C to 24.6 ◦C, and mean annual precipitation was 1347.3 mm (±70.8 mm) from 2000
to 2020 [6]. The soil type was dry, brown forest soil with a shallow depth and low organic
content [22]. Precommercial thinning (~25% reduction in stand density) was applied
uniformly across the entire study area in 2002 before establishing study plots. Additionally,
the uniform precommercial thinning applied in 2002 (~25% reduction in stand density)
served as a preconditioning factor that shaped the uniform initial stand conditions prior to
the experimental thinning treatments initiated in 2007–2008.

To conduct this research, the study plots were established between 2005 and 2006.
Their elevation ranged from 430 to 500 m above sea level, with generally a west-facing
aspect and slopes between 10◦ and 26◦ P. koraiensis was the dominant woody species
with a mean diameter at breast height (DBH: 1.2 m) of 22.5 cm and a stand density of
572.3 trees ha−1. In 2006, four 20 m × 20 m plots were established for each of the three
thinning treatments, for a total of 12 plots. Experimental thinning was conducted from
March 2007 to March 2008, and all harvested trees were completely removed from the
site. This intervention was implemented as below thinning. To achieve the target thinning
intensities, residual spacing was strictly maintained, requiring at least 3 m between trees
in the light-thinning plots (LT, ~35% reduction in stand density) and at least 5 m in the
heavy-thinning plots (HT, ~65% reduction in stand density) (Table 1; Figure 1).

 
(a) Before thinning in 2006. (b) Con in 2024. 

 
(c) LT in 2024. (d) HT in 2024. 

Figure 1. Site view at the study site at Mt. Gari, Chuncheon. (a) Before thinning in 2006, (b) the
unthinned control in 2024, (c) 17 years after light thinning in 2024, and (d) 17 years after heavy
thinning in 2024. (Note: while the Con and LT plots are predominantly composed of Pinus koraiensis,
minor hardwood species such as Rhus javanica and Morus bombycis are present in the heavy-thinning
plot, with a combined representation of approximately 5%).
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Table 1. Characteristics of the study site on the P. koraiensis plantation in 2006, 2008, and 2024. Con, LT,
and HT indicate control, light-thinning, and heavy-thinning plots, respectively. Values in parentheses
represent the standard errors.

Con LT HT

Elevation (m) 438 446 454
Aspect SW W SW

Slope (◦) 10 15 26

2006 2008 2024 2006 2008 2024 2006 2008 2024

Stand density
(trees ha−1)

562.2
(37.5)

562.2
(37.5)

543.8
(24.0)

587.5
(16.1)

389.3
(34.4)

387.5
(28.6)

562.5
(37.5)

206.3
(15.7)

200.0
(15.3)

DBH (cm) 25.2
(0.78)

26.3
(0.85)

33.2
(1.07)

23.3
(0.39)

26.0
(0.40)

36.4
(0.48)

23.0
(0.39)

27.9
(0.95)

42.1
(0.96)

Height (m) 15.1
(0.13)

15.9
(0.24)

19.4
(0.16)

13.3
(0.09)

14.3
(0.09)

19.8
(0.15)

14.3
(0.21)

15.6
(0.21)

19.8
(0.23)

Basal area (m2 ha−1)
28.0

(0.93)
30.5

(1.11)
47.5

(1.83)
24.9

(0.59)
19.7

(1.55)
39.9

(2.13)
24.1

(1.09)
12.8

(0.89)
27.8

(1.46)

2.2. Forest Inventory and Vegetation Survey

Forest inventories were conducted at three distinct intervals: before thinning in 2006,
after thinning in 2008, and during the long-term monitoring period in June 2024. In each
20 m × 20 m plot, the DBH and height of individual trees (≥6 cm in DBH) were measured
to estimate aboveground biomass (AGB) and aboveground carbon storage (AGC). Tree
DBH and height were measured with DBH tapes (KDS, Kyoto, Japan) and a hypsometer
(Vertex 5, Haglöf, Långsele, Sweden), respectively. Understory vegetation surveys were
conducted in July 2006, July 2008, and specifically on 15 July 2024, following the end of
the monsoon season. Within each 20 m × 20 m plot, all understory vegetation, including
shrubs and herbs, was surveyed using the Braun–Blanquet approach [25]. Plant species
were identified following the standard taxonomic reference provided by the Korea National
Arboretum [26]. Species richness was determined by counting the total number of species
recorded within each plot.

2.3. Aboveground Carbon Storage Calculation

Aboveground biomass (AGB) was calculated using the equations below [27].

Stem (kg) = 0.064(DBH)2.377 (1)

Branch (kg) = 0.621(DBH)1.395 (2)

Leaf (kg) = 0.025(DBH)2.175 (3)

The AGB was calculated as the sum of the three compartments from the equations.
Aboveground carbon storage (AGC) was calculated by multiplying the biomass by the
carbon coefficient (0.5).

2.4. Soil Sampling

Soil samples were collected to assess soil chemical properties and soil moisture. Four
soil pits were randomly selected in each plot, and approximately 300 g of soil was collected
from the 0–20 cm depth in each pit. The collected soil samples were sealed in plastic bags
and stored in a refrigerator. The samples were sent to the National Instrumentation Center
for Environmental Management (NICEM) at Seoul National University in Korea. Analyses
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included soil organic matter (OM), total soil nitrogen (TN), and soil moisture (SM) (Table 2).
Soil organic carbon (SOC) was calculated by dividing OM by 1.724.

Table 2. Methods used for soil property analyses in the National Instrumentation Center for Environ-
mental Management at Seoul National University.

Soil Properties Method

Soil organic matter (OM) Walkely black method and then calculated as OM
Total soil nitrogen (TN) Kjeldahl method

Soil moisture (SM) Calculated based on wet and dry weight

2.5. Relative Benefits and Trade-Offs

We quantified relative benefits (RBs) and trade-offs (TOs) using standardization and
root mean square error (RMSE), following Bradford and D’Amato [28]. This method is
a simple and effective way to quantify the degree of trade-offs between two or more
ecosystem services. Data standardization is required to calculate the trade-off because it
eliminates unit differences among ecosystem services. The standardization equation is
provided below.

ESstd = (ESobs − ESmin)/(ESmax − ESmin) (4)

where ESstd represents a standardized ES value, ranging from 0 to 1. ESobs, ESmin, and
ESmax indicate the observed, minimum, and maximum values, respectively. Total relative
benefit (TRB) was calculated as the sum of the individual ESstd values.

The RMSE equation is below.

RMSE =

√
1

n − 1∑n
i=1

(
ESi − ES

)2 (5)

where ESi and ES indicate the standardized value of the ith ES and the expected value of
the i number of ESs, respectively.

Bradford and D’Amato [28] proposed a diagram describing TOs between two ESs
(Figure 2). The magnitude of TO between two ESs is calculated using RMSE. The distance
between the coordinates of paired ESs and the 1:1 line represents TO. The longer the distance
between the coordinate and the 1:1 line, the greater the TO. Point A on the diagram, lying
on the 1:1 line, represents zero TO, with high synergy. Point B also exhibits zero TO but with
low synergy. The distances between the 1:1 line and points C and D are equal, indicating
that the degrees of the TOs are the same but in opposite directions. The magnitude of point
E’s TO is greater than that of point D’s TO. Additionally, the relative position to the 1:1 line
represents which ES is more beneficial. Points C and D favor ES-1 and ES-2, respectively.
Point E offers greater benefit for ES-1 than point C, accompanied by a higher TO (Figure 2).

2.6. Statistical Analyses

Differences in the obtained values, relative benefits, and trade-offs across the three
treatments were analyzed using one-way ANOVA after confirming normality and homo-
geneity of variances. After ANOVA, a post hoc comparison was performed using the Tukey
HSD test (α = 0.05). Pearson’s correlation coefficient was used to test relationships among
variables. All statistical analyses were performed using R (version 4.1.2; R Core Team,
Vienna, Austria).
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Figure 2. Diagram of trade-offs (TOs) between ecosystem services (ESs). The axes range from 0 to 1
for the relative benefits of ES-1 and ES-2, and the black diagonal 1:1 line indicates synergy between
both ESs. Red dots labeled with letters (A to E) represent ES pairs: Points A and B indicate zero TO
with high and low synergy, respectively; Points C and D represent equal TO magnitudes in opposite
directions; and Point E represents a higher TO magnitude. The red lines indicate the magnitude of
TO. This figure is modified from Bradford and D’Amato [28].

3. Results
3.1. Stand Structure and DBH Frequency Distribution

The DBH frequency distribution of the P. koraiensis plantation showed distinct struc-
tural shifts across thinning intensities and monitoring years (2006, 2008, and 2024) (Figure 3).
Before the 2007–2008 thinning, a unimodal bell-shaped distribution was observed, with
trees centered around the 15.0–19.9 cm DBH class in the LT plot, 20.0–24.9 cm DBH class in
the HT plot, and 25.0–29.9 cm DBH class in the Con plot. Seventeen years after thinning in
2007–2008, the Con plot showed that tree distribution remained heavily concentrated in
the mid-size classes (25.0–34.9 cm). Conversely, the thinned plots (LT and HT) exhibited
a pronounced shift toward larger DBH classes (≥35 cm and ≥40 cm, respectively). In
particular, the HT plot showed a remarkable expansion into higher-diameter classes, with a
significant proportion of trees exceeding 40.0 cm DBH by 2024.

Figure 3. Changes in DBH frequency distribution across 2004, 2006, and 2024 under different thinning
intensities. (a) Control, (b) light thinning, and (c) heavy thinning.
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3.2. Variation in Obtained Ecosystem Services

Thinning had a significant effect on ESs in the P. koraiensis plantation (p < 0.05, Figure 4).
AGC values in both the LT (93.4 Mg C ha−1) and HT plots (68.4 Mg C ha−1) were lower
than in the Con plot (113.4 Mg C ha−1). Compared to the Con plot, thinning reduced AGC
by approximately 15% in the LT plot and 34% in the HT plot. SR (26 species) in the HT
plot was significantly higher among treatments, yet no significant difference was observed
between the LT (20.8) and Con plots (19.8). Additionally, SM in the HT plot was the highest
across treatments, but no difference was found between the LT and Con plots. SM in the
HT plot increased by 16.2% and 14.1% compared to the Con and LT plots, respectively.
SOC increased significantly in the LT and the HT plots by 31.8% and 26.5%, respectively,
compared to the Con plot. TN showed a similar pattern to SOC, with higher TN in the LT
(0.22%) and HT (0.20%) plots than in the Con plot (0.15%).

Figure 4. Differences in ESs 17 years after thinning. (a) Aboveground carbon storage, (b) Species
richness, (c) Soil moisture, (d) Soil organic carbon, and (e) Total soil nitrogen. In the box plots, the
horizontal lines and ‘×’ symbols indicate the medians and means, respectively. The upper and lower
boundaries of the boxes represent the 25th and 75th percentiles, and the whiskers represent the
maximum and minimum values excluding outliers. Different lowercase letters indicate significant
differences among treatments (p < 0.05).

3.3. Relative Benefits of Ecosystem Services

RB of ESs showed patterns similar to the obtained ESs. The values of RB ranged from
0.12 to 0.93. Therefore, the values were categorized as high RB (>0.7), moderate RB (0.4–0.7),
and low RB (<0.4). The patterns of RB clearly showed differences across thinning intensities.
The unthinned treatment provided high benefits for AGC, but low benefits for other ESs.
Conversely, LT was highly beneficial for SOC and TN, while offering low benefits for SR
and SM. Additionally, HT provided high benefits for SR, SM, and SOC, but low benefits for
AGC. Consequently, Con, LT, and HT provided the greatest relative benefits for AGC, TN,
and SR, respectively. The TRB values on both the LT and HT plots were significantly higher
than in the Con plot (p < 0.05, Figure 5).

3.4. Correlations Among Ecosystem Services

Correlations among variables are presented in Table 3. The exploratory correlation
analysis revealed that AGC tended to be negatively correlated with SR, SM, SOC, and TN,
with a notable inverse trend observed between AGC and SR. In contrast, SR showed positive
associations with SM, SOC, and TN. SM was positively correlated with SOC, whereas no
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significant correlation was found with TN. Furthermore, a close positive association was
found between SOC and TN.

Figure 5. Spider diagrams of the relative benefits of ESs at different thinning intensities. (a) Control
(Con), (b) light thinning (LT), (c) heavy thinning (HT), and (d) total relative benefits (TRB). AGC, SR,
SM, SOC, and TN represent aboveground carbon storage, species richness, soil moisture, soil organic
carbon, and total soil nitrogen, respectively.

Table 3. Pearson correlation coefficients among ecosystem service variables measured in 2024 (n = 12).

AGC SR SM SOC TN

AGC 1 −0.81 * −0.69 * −0.56 −0.49
SR 1 0.78 * 0.47 0.33
SM 1 0.19 0.09

SOC 1 0.96 **
TN 1

Note: AGC, SR, SM, SOC, and TN represent aboveground carbon storage, species richness, soil moisture, soil
organic carbon, and soil total nitrogen, respectively. p-values were adjusted for multiple testing using the
Benjamini–Hochberg (BH) method. Asterisks denote statistical significance (*: p < 0.05, **: p < 0.01).

3.5. Trade-Offs for Ecosystem Services Pairs

The TO varied among paired ESs (Figure 5). The overall mean TO was categorized as
very low or synergistic when <0.1; low when between 0.1 and 0.2; moderate when between
0.2 and 0.3; and high when >0.3. On the whole, SOC and TN generally aligned with the
1:1 line in the scatter plot, indicating that the TO between SOC and TN was very low or
assumed to be synergistic (overall mean TO = 0.07). The pair of SR and SM also showed
a low overall mean TO (0.13). For the pairs of TN and SR and TN and SM, both pairs
deviated from the 1:1 line to some extent, suggesting that their TOs were moderate (overall
mean TO = 0.21 and 0.20, respectively). Both SOC and SR and SOC and SM pairs exhibited
low TOs (0.19). Additionally, the highest TOs were observed for the pairs of AGC-related
ESs (overall mean = 0.36–0.37) (Figure 6).
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(a) 

 
(b) 

Figure 6. Trade-off of paired ecosystem services (ESs) (relative benefits) among thinning treatments.
Con, LT, and HT indicate control, light-thinning, and heavy-thinning plots, respectively. The scatter
plots illustrate individual observations categorized by treatment groups (Con: blue, LT: green,
HT: red), with solid trend lines and 1:1 diagonal reference lines representing zero trade-off and high
synergy. The x-axis and y-axis on (a) represent the relative benefit of ES-1 and ES-2, respectively.
AGC, SR, SM, SOC, and TN refer to aboveground carbon storage, species richness, soil moisture,
soil organic carbon, and total soil nitrogen, respectively. (b) Root mean square error (RMSE) metrics
quantifying the magnitude of trade-offs for paired ecosystem services (ESs) across different thinning
treatments (Con: blue, LT: green, HT: red). The bar charts represent the RMSE values for each variable
pair, where error bars indicate standard errors, and horizontal dashed lines represent overall mean
references. Different lowercase letters indicate significant differences among treatments (p < 0.05).
AGC, SR, SM, SOC, and TN represent aboveground carbon storage, species richness, soil moisture,
soil organic carbon, and total soil nitrogen, respectively.
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The deviation of the coordination of ES pairs from the 1:1 line implied that the sensi-
tivities of TOs across ES pairs to thinning intensities varied. TOs of some ES pairs exhibited
significant differences (Figure 6). In particular, the TOs of pairs SM and SOC and SM and
TN were significantly higher in LT than in other thinning intensities (p < 0.05).

4. Discussion
Our findings revealed that most of the RBs were higher in both LT and HT plots than

in the Con plot. Specifically, most of the individual RBs in the HT plot showed an even
distribution in the high class, whereas those in the LT plot tended to spread across both the
moderate and high classes. However, the vast majority of RB values in the Con plots were
concentrated in the low class. This implies that thinning is an effective silvicultural practice
for enhancing certain ESs.

4.1. Effect of Thinning on Ecosystem Services

Thinning significantly reduced AGC in both LT and HT plots. This is probably due to
reduced stand density in thinned plots. Although thinning treatments increased DBH in the
remaining trees at the individual tree level, aboveground biomass decreased at the stand
level in the thinned plots; thus, AGC decreased. This result agrees with previous studies
on 45-year-old Chamaecyparis obtusa forests in southwestern Korea [9], 34- and 45-year-old
P. koraiensis plantations in central Korea [29], and around 30-year-old Quercus acuta forests
in southern Korea [30], which revealed that AGC in thinned plots was lower than in the
Con plot; the higher the thinning intensity, the lower the AGC.

Although canopy openness and light penetration were not directly measured in this
study, thinning generally creates canopy gaps that increase light availability to the forest
floor. We suggest that the invasion and colonization of light-demanding species in these
potential gaps may have contributed to the higher understory species richness observed
in our thinned plots [8,11,31]. In the study, HT had an impact on SR, whereas LT did not.
This may be because the canopy closed by recovering from the disturbance; in other words,
the gaps created by LT had already closed, yet those in the HT plots remained open. A
meta-analysis revealed that SR in the herb layer reached a peak 3 to 5 years after thinning,
and then there was no significant difference between treatments 6 to 10 years after thinning,
depending on forest type and ecological domain, indicating that the canopy had recovered
from thinning [32]. Additionally, a study reported that on a 40–60-year-old Korean pine
plantation, the canopy was closed around 10 years after LT application [6]. We hypothesize
that the canopy in the LT plots may have largely re-closed over the 17-year period. This
possibility is partially inferred from our results, which show that both SR and SM in the LT
plots returned to levels comparable to the Con plots (Figure 3b,c). In contrast, the persistent
gaps in the HT plots appeared to be associated with maintaining significantly higher SR
and SM.

The effect of thinning on soil properties is well documented in previous stud-
ies [9,33,34]. Moreover, thinning intensity also influences soil properties in the short
and long terms [35,36]. In this study, SM in the HT plot was the highest. The result is in
agreement with previous studies [11,37]. While throughfall and transpiration were not
measured in this study, we infer that the increase in soil moisture could be attributed, in
part, to potentially increased throughfall and decreased transpiration, as supported by
previous findings. Molina and del Campo [38] found that throughfall in an Aleppo pine
plantation (planted in the late 1940s) increased with thinning intensity; throughfall values
were significantly higher in the moderate (63% reduction) and high-intensity thinning
(86% reduction) treatments by 12% and 28%, respectively, compared to the control treat-
ment, owing to the creation of more canopy gaps. Moreover, Cheng et al. [39] observed
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reductions in interception loss in thinned treatments in a Larix principis-rupprechtii plan-
tation (planted in the 1960s). Also, the increase in SM after thinning may be explained
by reduced transpiration due to the decrease in tree density. Tateishi et al. [40] reported
that transpiration was related to sapflow density and sapwood area. The percentage re-
duction in transpiration was comparable to that in sapwood area [41,42]. Park et al. [21]
demonstrated that experimental thinning in a mature P. koraiensis plantation significantly
alters microclimates, enhances throughfall and soil water availability, and directly modifies
tree-level water use (sap flux density and transpiration) through reductions in stand density
and sapwood area. Reduced sapwood area following thinning may decrease transpiration.
These findings can explain why thinning increases soil moisture. In the LT plots, the canopy
is assumed to be closed 17 years after thinning, so throughfall is lower, interception loss is
higher, and transpiration may be higher compared to the HT plot.

In the study, we found that thinning increased soil chemical properties (SOC and
TN), showing SOC and TN significantly higher in both LT and HT plots than in the Con
plots. This is consistent with previous studies that observed increases in soil chemical
properties after thinning [43–45]. We propose as a working hypothesis that the higher
SOC and TN values might be mediated by potential increases in root exudation and
microbial activity driven by altered microenvironments, such as increased light and soil
temperature following thinning [46,47]. In contrast, several studies reported that soil
chemical properties did not differ or even decreased following thinning [9,35]. This may
be due to variations depending on tree species, the interval between thinning and soil
sampling, and topographical conditions [9,48].

4.2. Effect of Thinning on Relative Benefits and Trade-Offs

Several studies have revealed TO relationships between ESs under forest management
practices [49–51]. In this study, we found that TOs varied not only between ES pairs but also
across thinning intensities, although the overall magnitude of TOs did not differ among
thinning intensities. These changes are complicated because ESs are affected not only by
thinning but also by time scales, time lags, and scale-dependent ecological processes [5].

Overall, our synthesis reveals that no single treatment maximized all examined indi-
cators simultaneously, highlighting distinct management trade-offs. Specifically, the Con
plots retained the greatest AGC, whereas HT was associated with higher SR and SM, and
LT showed the highest values for SOC and TN.

While the previous study [6] emphasized that LT was a balanced option, focusing
primarily on AGC and SR, our expanded evaluation incorporating belowground proper-
ties 17 years post-thinning provides a more comprehensive, multi-objective management
perspective. Specifically, our results demonstrate that LT is best suited for soil carbon and
nutrient storage, whereas HT more effectively favors species diversity and hydrological
regulation. Consequently, rather than merely extending the temporal scale, connecting
aboveground trade-offs with belowground soil properties indicates that forest managers
must select thinning treatments based on specific management priorities.

4.3. Limitations of the Study

Although we identified valuable insights into the interactions between ESs, some
limitations remained. First, while the aboveground structural indicators (such as tree DBH
and AGC) evaluated multi-year changes across 2006, 2008, and 2024, the comprehensive
assessment of ecosystem services, particularly the belowground soil properties (SM, SOC,
and TN) and their trade-offs, relied primarily on data measured in 2024 (17 years post-
thinning). Future studies should incorporate continuous time-series data for belowground
properties. Second, applying various thinning intensities and practices is necessary. Because
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this study included only two thinning treatments (LT and HT), the results are insufficient
to propose operational thinning guidelines. Future studies should incorporate additional
intensities and ecologically oriented practices, such as variable-density thinning. Finally,
while minor micro-topographic variations (such as slope gradients ranging from 10◦ to
26◦) were observed among plots, similar environmental gradients are characteristic of
mountainous P. koraiensis plantations in this region, as documented in prior long-term
studies at Mt. Gari [22,23]. While initial pre-treatment baseline data were limited, the
distinct divergence in soil chemical properties (e.g., SOC and TN) and understory responses
observed 17 years post-treatment aligns with the cumulative temporal trajectories identified
over a decade of monitoring in the same ecosystem [22]. This confirms that the observed
patterns are driven primarily by long-term silvicultural interventions rather than baseline
topographic heterogeneity.

5. Conclusions
This study examined the effects of thinning on ESs, RBs, and TOs 17 years after

treatment. Although forest inventory and vegetation surveys were previously conducted
in 2006 and 2008, the data analysis in this study was specifically based on measurements
obtained in 2024 for AGC, SR, and soil properties. ES responses and TO magnitudes
differed among thinning treatments based on these 2024 data. Compared to the Con, the
thinned treatments showed lower AGC, whereas HT was associated with higher SR and SM,
and both LT and HT exhibited higher SOC and TN values. In particular, SR and SM were
higher only under HT. Overall mean TOs indicated synergistic or very low TOs between
SOC and TN and between SR and SM. These findings suggest that selecting an appropriate
thinning intensity is critical for achieving forest-management objectives, because benefits
and trade-offs vary substantially among ESs. Future studies incorporating continuous
time-series data are needed to clarify long-term changes in ES relationships.
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RB Relative benefit
Con Control
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