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Forestry management practices, such as thinning and pruning, significantly

influence biomass accumulation and carbon sequestration, which are critical

for climate change mitigation. This study examines the impact of thinning

and pruning intensities on biomass and carbon stocks in 50-year-old Larix

principis-rupprechtii Mayr plantations at Saihanba Mechanical Forest Farm in

Northern China. The research involved 45 plots subjected to 15 treatments, each

with 3 replicates. The Comprehensive assessments were made for aboveground

biomass (AGB), belowground biomass (BGB), and total biomass. The statistical

significance of di�erences between treatment groups was assessed using

Analysis of Variance (ANOVA) and Regression analysis. The results demonstrated

significant reductions in AGB, BGB, and total biomass with increased thinning

intensity, up to 42.9% for AGB and 42.6% for BGB compared to the control

treatment. The percentage decrease in total biomass from the control treatment,

T0P0, to the most intensive treatment, T4P2, is approximately 42.5%. The

percentage decrease in total carbon over the control treatments is about

42.7%. The soil organic carbon (SOC) decreased by 35.6% compared to the

control treatment. Pruning influences tree structure and health. The findings

highlight the complex interactions between forest management practices and

carbon dynamics, emphasizing the adoption of light to moderate thinning

and pruning strategies. These approaches can sustain the forest’s carbon

sequestration capabilities while maintaining forest health and productivity. This

study provides empirical evidence to guide future forest management decisions,

emphasizing the critical balance needed to maximize forest health and carbon

sequestration potential.
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1 Introduction

The rapid increase in greenhouse gas emissions, particularly

carbon dioxide (CO2), is widely recognized as the primary cause of

global warming (Barzagli and Mani, 2019; Bhatti et al., 2024). The

importance of addressing this issue is evidenced by international

agreements such as the Kyoto Protocol and the Paris Agreement,

which emphasize the need to reduce atmospheric CO2 levels (Ussiri

and Lal, 2017; Nunes et al., 2020). One of the most effective natural

methods for carbon sequestration is photosynthesis, where trees

absorb and store carbon. Forests play a critical role as carbon sinks

within the carbon cycles of terrestrial ecosystems (Sha et al., 2022).

The Kyoto Protocol has addressed the potential of forests in

reducing climate change through Articles 3.3 and 3.4, where forest

carbon storage, particularly through afforestation and reforestation,

is a significant factor in carbon reduction at the local, regional,

national, and global levels (Dar et al., 2020). In 2015, the Paris

Agreement established the long-term temperature goals to limit the

global average warming to 2◦C and try to keep it below 1.5◦C by

the end of the twenty-first century (Huang and Zhai, 2021). China

contributed 26% of global greenhouse gas emissions (Zheng et al.,

2019). The Chinese government, as the first developing country

to submit the Nationally Determined Contributions (NDCs),

committed to reaching the peak of CO2 emissions before 2030

and to making efforts to achieve carbon neutrality before 2060 in

September 2020 (Sun et al., 2022).

Thinning can also influence forest carbon dynamics by affecting

tree respiration and biomass loss (Fekadu Hailu et al., 2021). By

expanding the canopy and thereby optimizing light distribution

(Gonçalves, 2021; Dobner et al., 2019). Thinning creates spaces

between crowns, which frequently fill up, further benefiting

forest structure, Despite the known benefits of thinning in forest

management their specific impacts on carbon sequestration and

biomass in forests (Wang et al., 2024a; Ganatsas et al., 2024).

Pruning, another crucial forest management technique,

primarily aims to enhance timber quality by producing logs free

of knots (Matsushita et al., 2022; Lu et al., 2018). It also plays a

significant role in improving light availability within the canopy,

and cone formation in larch orchards correlates well with increased

light intensity (Li et al., 2021) Pruning can impact growth in height

and diameter, but these effects are generally limited and temporary

(Lewark, 2022; Dufour, 2019). Low-intensity pruning can improve

light usage efficiency and increase photosynthetic rates in the

upper canopy by removing the less efficient, lower regions of the

crown (Forrester et al., 2013).

Forests play a crucial role in the global carbon cycle, serving

as significant carbon sinks when preserved and as sources of

carbon when burned (Joshi and Singh, 2020; Mehmood et al.,

2025). Increasing forest cover is vital for enhancing carbon

sequestration and combating global warming, particularly in areas

with low forest density and growing populations (Kay et al., 2019;

Zhang et al., 2023). Accurate assessment of forest carbon sources

and sinks is essential for the development of the global carbon

market (Olivier and Berdowski, 2021; Ke et al., 2023). Despite

the known role of trees as carbon sinks, estimating their carbon

sequestration potential involves considerable uncertainty, largely

due to challenges in converting field data into reliable biomass

estimates (Khan et al., 2020). Biomass equations, which utilize

allometric relationships between tree dimensions, are essential to

this process (Daba and Soromessa, 2019). Factors such as biomass

distribution among aboveground and belowground components,

tissue carbon content, and stand basal area significantly influence

total forest carbon (Siddiq et al., 2021).

Greenhouse gas (GHG) emissions and other harmful gases are

among themost prominent world issues due to their climate change

impacts (Murphy, 2024; Singh, 2021). Previous research has shown

that other carbon sources, such as biomass, are more suitable,

which could reduce these concerns (Salehi et al., 2022). Forest

biomass is generally categorized into fuelwood and industrial

roundwood (Perea-Moreno et al., 2019). Fuelwood is harvested

from forestlands and is burnt directly to produce heat or is

converted into bioenergy and biofuel to produce heat and power.

This burning of fuel woodmakes the carbon free, which is locked in

the biomass, thereby contributing GHGs to the atmosphere (Caurla

et al., 2018).

In northern China, warm temperate subalpine regions are ideal

for growing larch Larix principis-rupprechtii Mayr, a species well-

suited to afforestation due to its strong environmental adaptation

and valuable wood quality. These larch forests are critical carbon

sinks with significant social, economic, and ecological benefits

(Giweta, 2020; Krueger et al., 2017). Accurate biomass estimates

for Larix principis-rupprechtii Mayr are crucial for evaluating their

carbon sequestration potential and supporting China’s goal of

carbon neutrality (Yuan et al., 2023; Hao et al., 2024).

Although thinning and pruning have been extensively studied

as individual treatments, their combined effects on biomass

partitioning and carbon storage remain poorly understood,

particularly in mature larch plantations in northern China’s

high-altitude temperate regions. The intensity of silvicultural

interventions plays a critical role in shaping forest carbon

dynamics. For instance, heavy thinning reduces stand density and

leaf area index, leading to immediate declines in aboveground

biomass and soil carbon due to reduced litter input and increased

exposure to soil surfaces (Zhang et al., 2018; Long et al., 2004).

Although residual trees may experience compensatory growth,

their contribution to carbon stocks often does not offset the initial

loss over short- to medium-term periods (Teron et al., 2024;

Li et al., 2024a). Similarly, intensive pruning decreases canopy

volume and photosynthetically active area, temporarily limiting

carbon assimilation and delaying biomass recovery (Suchocka

et al., 2021). These ecological dynamics form the basis of

our hypothesis that increasing the intensity of thinning and

pruning will lead to measurable reductions in total biomass and

carbon stocks.

Previous research shows considerable response variability

depending on species, stand age, and management intensity.

However, few empirical studies have systematically assessed

above-ground and below-ground carbon dynamics under varying

intensities of thinning and pruning. Therefore, this study addresses

the following questions: (1) How do different thinning and

pruning intensities affect biomass accumulation and carbon

stock in mature Larix principis-rupprechtii Mayr plantations? (2)

What are the interactive effects of thinning and pruning on

stand structure, tree-level growth, and soil organic carbon? (3)
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FIGURE 1

Location of the study sites in China, Chengde City, Hebei Province, Saihanba Mechanical Forest Farm.

Which management intensities optimize carbon sequestration

while maintaining forest productivity? This research seeks to

fill a critical knowledge gap by providing quantitative insights

that can inform climate-responsive silvicultural planning in

larch ecosystems.

2 Materials and methods

2.1 Location and description of the study
area

The study area included the Saihanba Forest Farm, which is

located in Hebei Province and ranges between (41◦22
′

-42◦58
′

N,

116◦53
′

-118◦3
′

W). The research site is in the warm temperate

continental monsoon climate zone. The altitude of the area is

1,010–1,940m. The mean annual temperature is −1.2◦C, and

the average annual temperature ranges from −43.3◦C to 33.4◦C.

The annual rainfall is 452.2mm, and the annual evaporation is

1,388mm (Ali et al., 2025).

The common soil types in the region include aeolian sandy

soil, meadow soil, brown soil, and gray forest soil. The total

operating area is 94,000 hectares, of which the forest area is 73,333

hectares, planted forest 57,333 hectares, and natural forest 16,000

hectares; the forest coverage rate is 80%, total forest volume is

5.025 million m3. The most important vegetation zones include

grassland, meadow, conifer and broad-leaved mixed forest, broad-

leaved forest, and shrub forest; the forest density is 75.5%. The

main trees are Larix principis-rupprechtii, Picea asperataMast., and

Betula platyphylla Suk., and the main shrubs are Rhododendron

micranthum Turcz., Syringa oblata Lindl. var. alba Rehder., and

Sambucus williamsii Hance. The main herbaceous plants are

Galium verum L. and Menyanthes trifoliata L (Tao et al., 2023; Xu

et al., 2022; Figure 1).

2.2 Field sampling

The Larix principis-rupprechtii Mayr plantation was utilized

for a silvicultural experiment involving thinning and pruning

operations. The thinning and Pruning operation was done in June

2010. Initially, selective thinning was conducted before establishing

the trial, focusing on removing smaller or deformed stems. The

plantation was then subjected to various treatments, including five

levels of thinning intensity (T0—control thinning at 0%, T1—

light thinning at 10%, T2—moderate thinning at 20%, T3—heavy

thinning at 30%, T4—extreme heavy thinning at 35%) and three

levels of pruning intensity (P0—control pruning at 1:2, P1—light

pruning at 1:3, P2—high pruning at 2:3). The objective of the

thinning operation was to selectively reduce the number of stems

per hectare according to the intensity level. Simultaneously, the

pruning operation aimed to remove the middle crown branches of
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FIGURE 2

The methodological layout of the sampling plots in Stands of 50-Year-Age of Larix principis-rupprechtii Mayr plantation. The thinning operation was

intended to reduce the number of stems/ha by selective thinning (depending upon intensity level). In contrast, the pruning operation was designed

to lower the middle crown branches of the individual tree (depending upon the intensity level).

the trees, based on the specified intensity level. In August 2023, a

comprehensive site survey led to the establishment of 45 sample

plots, each with a plot size of 20m × 20m. At this time, the forest

was 50 years old. The plantation was evaluated across these 45

plots, with 15 distinct silvicultural treatments, each consisting of

3 replicates (Figure 2).
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TABLE 1 Mean ± standard error (SE) of stand structural attributes under di�erent thinning and pruning treatment combinations (n = 3 replicates per

treatment).

Treatments Mean DBH (cm) Height (m) Basal area (m2/ha) Volume (m3/ha) Density (stems/ha)

T0P0 23.43± 0.42 18.84± 0.33 41.53± 0.64 382.69± 12.93 942± 30

T0P1 23.88± 0.4 19.22± 0.1 40.02± 1.36 374.72± 14.21 858± 8

T0P2 24.65± 0.66 19.06± 0.01 39.32± 0.25 364.09±2.44 840± 36

T1P0 25.12± 0.84 18.79± 0.85 40.79± 3.23 374.49± 42.50 808± 65

T1P1 25.10± 0.34 18.46± 0.50 37.99± 2.47 338.38± 21.66 758± 60

T1P2 24.93± 0.29 19.01± 0.13 36.10± 0.89 333.70± 9.72 725± 29

T2P0 25.91± 0.21 19.00± 0.64 37.58± 2.74 349.15± 37.52 700± 52

T2P1 24.37± 0.56 20.09± 0.14 33.38± 1.35 325.32± 16.59 667± 22

T2P2 25.20± 0.43 19.19± 0.13 33.57± 1.90 312.92± 19.55 658± 17

T3P0 26.00± 1.00 19.90± 0.35 33.80± 1.78 326.72± 19.57 625± 14

T3P1 26.50± 1.36 20.03± 0.42 30.30± 3.35 294.80± 37.79 542± 42

T3P2 26.69± 0.63 20.22± 0.61 30.01± 1.19 292.69± 20.49 525± 25

T4P0 26.07± 0.59 20.24± 0.36 30.50± 3.80 301.36± 43.59 558± 44

T4P1 25.96± 1.07 19.84± 0.90 27.51± 2.33 266.63± 33.57 492± 8

T4P2 26.25± 0.18 19.45± 0.53 26.61± 1.06 251.19± 14.29 483± 22

Values represent average diameter at breast height (DBH, cm), tree height (m), basal area (m²/ha), stand volume (m3/ha), and tree density (stems/ha). Treatment codes follow a factorial structure

where T0–T4 represent increasing thinning intensities (0%, 10%, 20%, 30%, 35%) and P0–P2 denote pruning intensities based on crown length ratios (1:2, 1:3, 2:3, respectively).

TABLE 2 Treatment-wise total biomass and total carbon (±SE).

Treatments AGB
(Mg/ha)

BGB
(Mg/ha)

Total
biomass
(Mg/ha)

AGC
(Mg/ha)

BGC
(Mg/ha)

Total
carbon
(Mg/ha)

Soil carbon
(g/kg)/t

T0P0 9.78± 0.28 3.50± 0.11 13.29 4.89± 0.10 1.75± 0.04 6.64 160.32± 1.56

T0P1 9.55± 0.10 3.37± 0.03 12.92 4.78± 0.05 1.68± 0.02 6.46 131.21± 6.61

T0P2 8.81± 0.23 3.12± 0.10 11.94 4.41± 0.11 1.56± 0.05 5.97 125.95± 6.65

T1P0 8.88± 0.71 3.14± 2.25 12.02 4.44± 0.35 1.57± 0.12 6.01 152.73± 0.93

T1P1 8.31± 0.57 2.94± 0.21 11.25 4.15± 0.29 1.47± 0.10 5.63 125.83± 4.07

T1P2 8.15± 0.28 2.88± 0.10 11.04 4.08± 0.10 1.44± 0.04 5.52 121.10± 4.16

T2P0 7.91± 0.62 2.78± 0.22 10.69 3.96± 0.32 1.39± 0.11 5.34 145.03± 7.39

T2P1 7.47± 0.20 2.63± 0.07 10.10 3.73± 0.10 1.31± 0.04 5.05 119.70± 0.62

T2P2 7.32± 0.28 2.58± 0.09 9.91 3.66± 0.41 1.29± 0.05 4.95 114.05± 2.86

T3P0 7.16± 0.04 2.51± 0.02 9.67 3.58± 0.02 1.25± 0.01 4.83 135.91± 14.34

T3P1 6.32± 0.52 2.20± 0.18 8.52 3.16± 0.26 1.10± 0.09 4.26 115.41± 9.78

T3P2 6.14± 0.23 2.14± 0.08 8.28 3.07± 1.0 1.07± 0.04 4.14 108.73± 7.67

T4P0 6.48± 0.62 2.26± 0.21 8.75 3.24± 0.31 1.13± 0.10 4.37 132.31± 9.37

T4P1 5.64± 0.30 1.97± 0.09 7.61 2.82± 0.15 0.99± 0.04 3.80 109.01± 3.47

T4P2 5.65± 0.29 2.01± 0.06 7.65 2.82± 0.13 1.00± 0.05 3.83 103.33± 3.01

2.3 Data collection

The coordinates of each tree and plot were recorded using

Real-Time Kinematic (RTK) technology. For analysis, we recorded

the elevation, aspect, and slope of each plot, as well as the height

(meters), stem density (trees per hectare), and the diameter at breast

height (DBH), measured at 1.3 meters above the ground using a

calibrated Diameter tape and Caliper. Stem density was determined

by counting the number of trees within each plot. Tree heights were

measured using a Relascope (Ali et al., 2023). Soil samples were

collected from the upper 20 cm layer using a soil auger to determine

soil organic carbon (SOC; Pathak and Reddy, 2021). These samples
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FIGURE 3

Silvicultural treatments with total biomass and total carbon stocks.

were placed in plastic bags, air-dried, and then sent to a laboratory

for further analysis. This study’s systematic procedure was designed

to quantify key forestrymetrics necessary for understanding carbon

dynamics and the structural stability of the forest ecosystem.

We applied allometric equations for the various tree

components to estimate the total biomass distribution, including

stems, branches, leaves, and roots. These equations were developed

based on destructive sampling and measurements of Larix

principis-rupprechtii Mayr in the Saihanba Mechanical Forest

Farm, Northern China. The predictor variables in these equations

include DBH and tree height, key factors influencing biomass

distribution. These allometric models have been validated for the

species of interest and allow for precise calculations of above-

ground and below-ground biomass (Supplementary Table S1; Zhao

et al., 2016). To estimate the above-ground carbon (AGC) and

below-ground carbon (BGC) amount, the obtained aboveground

and belowground biomass values were multiplied by 0.5, assuming

that the total amount of aboveground and belowground biomass

had a 50% carbon content (Aye et al., 2022; Eshetu and Hailu,

2020). The amount of organic carbon in the soil was determined

by applying an external heating and oxidation technique with

potassium dichromate-concentrated sulfuric acid (Li et al., 2024b).

2.4 Statistical analysis

Descriptive statistics (mean and standard deviation) were

computed for forest structural and carbon variables across

silvicultural treatments. A two-way Analysis of Variance (ANOVA)

within a general linear model (GLM) framework was applied

to assess the individual and interactive effects of thinning and

pruning on key response variables, including DBH, tree height,

basal area, volume, stem density, and carbon pools (Feng et al.,

2025; Equation 1).

Response Variable ∼ Thinning + Pruning + Thinnig : Pruning (1)

This equation enables testing of both main effects and potential

interaction effects, thereby capturing any non-additive influences

of combined silvicultural treatments on forest dynamics.

Before conducting ANOVA, diagnostic checks were performed

to ensure the model’s assumptions were met. The normality of

residuals was assessed using the Shapiro-Wilk test and verified

through Q-Q plots (Ganesh and Pragasan, 2024; He et al., 2025).

Homogeneity of variance (homoscedasticity) across treatment

groups was tested using Levene’s test. These tests confirmed that

the key assumptions were satisfied. Where mild deviations were

detected, log transformations were evaluated but were ultimately

not applied, as the original data scale yielded statistically robust and

interpretable results within the ANOVA framework.

The use of two-way ANOVA is particularly justified in this

study due to the balanced factorial design with replication (n

= 3 for each of the 15 treatment combinations), which meets

the assumptions of normality and homoscedasticity required for

ANOVA. Statistical significance was assessed using F-tests, and

post-hoc comparisons were performed using Tukey’s Honestly
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TABLE 3 Two-way ANOVA results showing the e�ects of thinning and pruning on stand structural metrics.

Parameters Factor Df Sum Sq Mean Sq F value Pr (>F) Significance

Mean DBH Thinning 4 10.894 2.7235 11.465 0.002 ∗∗

Pruning 2 0.375 0.1873 0.789 0.489

Residuals 8 1.900 0.2376

Height Thinning 4 3.498 0.8744 5.896 0.018 ∗

Pruning 2 0.086 0.0429 0.289 0.758

Residuals 8 1.186 0.1483

Basal Area Thinning 4 291.94 72.985 180.490 <0.001 ∗∗∗

Pruning 2 38.89 19.445 48.090 0.001 ∗∗∗

Residuals 8 3.23 0.404

Volume Thinning 4 18,128 4,532 94.410 <0.001 ∗∗∗

Pruning 2 3,512 1,756 36.580 0.001 ∗∗∗

Residuals 8 384 48.000

Density Thinning 4 25,4704 63,676 197.900 <0.001 ∗∗∗

Pruning 2 20,111 10,056 31.250 <0.001 ∗∗∗

Residuals 8 2,574 321.750

Reported statistics include degrees of freedom (Df), sum of squares (Sum Sq), mean square (Mean Sq), F-values, and p-values rounded to three decimal places. Significance levels are indicated

as: ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05. Exact p-values were calculated and presented up to three decimal places, or denoted as “<0.001” where applicable.

Significant Difference (HSD) tests, allowing us to compare

treatment means pairwisely. Tukey’s HSD was selected because

it robustly controls the family-wise error rate, ensuring statistical

validity when conducting multiple comparisons. Given the large

number of treatment combinations, this test was particularly

suitable to minimize the risk of Type I error while maintaining

the interpretability of differences among treatment groups. We

reported F-values, corresponding P-values, and R-squared (R²)

values to quantify the strength and proportion of variance

explained by each treatment factor (Singh and Kumar, 2022).

Regression analyses were also conducted where relevant to

investigate continuous relationships between biometric parameters

and topographic variables. All analyses were conducted using R

version 4.3.2 (Braun and Murdoch, 2021).

The ggplot2 package generated detailed visualizations. Data

wrangling and preparation were handled using dplyr. For

inferential statistics, multcomp and multcompView facilitated

multiple comparisons and visualization of statistical groupings.

Plot arrangements were managed using gridExtra and cowplot,

while grid enabled fine-tuning of graphical elements. These tools

ensured a high degree of reproducibility and clarity in both

statistical outputs and figure presentations (Lai et al., 2023).

Relationships between topographic variables (elevation, slope,

and aspect) and tree biometric parameters were assessed using

simple linear regression analysis. Each model reported the R²,

F-statistic, and P-value to evaluate the strength and significance

of the associations. Principal Component Analysis (PCA) was

also applied to reduce the dataset’s dimensionality and identify

significant variation gradients in forest structure, biomass, and

carbon stock parameters (Sharma and Kakchapati, 2018; Kaushal

and Baishya, 2021). The PCA was conducted on standardized

data using the prcomp function in R. Variable contributions

to the principal components were examined, and biplots were

generated to visualize treatment groupings and the relationships

among variables. The selection of principal components was based

on eigenvalues >1 and cumulative variance exceeding 90% (de

Oliveira et al., 2021).

3 Results

3.1 Treatment-wise stand metrics

The highest DBH values were observed in the most intensely

thinned treatments, T3P2 and T4P2, compared to the control

treatment, T0P0. Similarly, tree height increased with thinning

intensity, with the tallest trees recorded in the T3P2 Treatment. The

basal area and volume decreased as thinning intensity increased.

The control treatment exhibited the highest basal area and volume.

The control treatment also had the highest stem density, while the

most heavily thinned treatment, T4P2, showed the lowest density

(Table 1).

3.2 Treatment-wise analysis of total
biomass and total carbon

The control treatment (T0P0) exhibited the highest values

for AGB and BGB, while the most heavily thinned and pruned

treatments, T4P1 and T4P2, demonstrated the lowest values for

these parameters. The total biomass, the sum of AGB and BGB,

was highest in T0P0 and lowest in T4P1. Regarding carbon

content, T0P0 also showed the highest values for AGC and BGC,

whereas these values significantly decreased in T4P2 treatment.
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FIGURE 4

Stand characteristics of thinning intensities in Stands of 50-Year-Age of Larix principis-rupprechtii Mayr plantation. Di�erent letters over bars are

significantly di�erent by Tukey HSD post-hoc test (p = 0.05; CT, control thinning; LT, light thinning; MT, moderate thinning; HT, heavy thinning; EHT,

extreme heavy thinning).

The soil carbon content was highest in the control treatment

and progressively lower in the more heavily thinned and pruned

treatments, such as T4P1 and T4P2 (Table 2; Figure 3).

3.3 ANOVA comparison of thinning and
pruning e�ects on stand metrics

The Analysis revealed that thinning significantly influenced

the mean DBH, whereas pruning had no significant effect.

Tree height was also significantly affected by thinning but

not by pruning. Both thinning and pruning had significant

impacts on basal area and Volume, with thinning causing a

greater reduction in volume, particularly in the most heavily

thinned treatments. Pruning likewise reduced volume,

though to a lesser extent. Tree density was significantly

decreased by thinning, with pruning also having a significant

effect. The effects of the thinning and pruning interactions

were further tested across all structural and carbon-related

variables. Notably, a statistically significant interaction was

found only for soil carbon, while all other variables showed

non-significant interactions (Supplementary Table S2; Table 3;

Figures 4–6).

3.4 E�ect of topographic variables on tree
biometric parameters

Regression analysis revealed a weak negative correlation

between mean DBH and elevation, suggesting a slight decrease

in DBH with increasing elevation. The relationship between slope

and mean DBH also showed a weak negative correlation, though

with an extremely low explanatory power. A similar pattern was

observed for aspect, indicating that slope and aspect have minimal

effects on DBH (Figure 7).

3.5 Influence of thinning intensities on
forest structural parameters

DBH showed a significant positive relationship with under-

thinning intensities. Similarly, tree height was significantly
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FIGURE 5

Stand characteristics of Pruning intensities in stands of 50-Year-Age of Larix principis-rupprechtii Mayr plantation. Di�erent letters over bars are

significantly di�erent by Tukey HSD post-hoc test (p = 0.05; P0, control pruning; P1, Light pruning; P2, High pruning).

influenced by EHT and HT thinning intensities, with a notable

effect observed in both cases.

Our findings indicate that EHT, HT, and MT thinning

intensities significantly influenced basal area and volume, while

LT did not significantly affect basal area and volume. Tree density

demonstrated significance under various thinning intensities

(Supplementary Table S3).

3.6 Influence of thinning intensities on total
biomass

Thinning effects on AGB are significant across LT, MT, HT,

and EHT intensities, all showing a significant impact. Similarly,

thinning intensities significantly affected BGB for all treatments.

Themost severe adverse effect on total biomass was observed under

LT, MT, HT, and EHT treatments. The overall model demonstrated

strong explanatory power, reflecting the significant impacts of

thinning on biomass metrics (Supplementary Table S4).

3.7 Influence of thinning intensities on total
carbon

Reductions in AGC and BGC were observed across all

treatment intensities (LT, MT, HT, and EHT), with statistically

significant. The model demonstrated strong explanatory power for

the variation in AGC and BGC, as indicated by high F-values and

R² values. Additionally, the treatments (LT, MT, HT, and EHT) led

to the most substantial reductions in total carbon storage, which

were also significant. The variability in total carbon storage was well

explained by the model, further reinforcing the observed trends.

SOC exhibited a distinct trend, with the effect of EHT on SOC

being less pronounced and not statistically significant. Significant

effects on SOC were observed for the LT, MT, and HT intensities.

This is further reflected in the model’s lower explanatory power for

SOC (Supplementary Table S5).

3.8 PCA analysis with silvicultural
treatments and their parameters

The Principal Component Analysis (PCA) biplot illustrates

that the first two principal components (F1 and F2) effectively

summarize the dataset, capturing most of the total variance.

F1 is the dominant component, with F2 contributing additional

explanatory power. Together, these two components account

for over 94% of the variance, highlighting their importance in

understanding the data structure. The variable SOC strongly

correlates with F1, signifying its major contribution to the

variance, while variables like Basal Area, DBH Volume, and

Height contribute significantly to F2. Clustered variables such as

AGC, Total C, AGB, T. Biomass, BGB, and BGC show positive

intercorrelations and primarily influence F1. Treatments such as

T2P0 and T1P2, positioned on the positive side of F1, indicate

higher values for variables like AGC andAGB, while treatments like

T3P1, T3P2, and T4P0, on the negative side, reflect lower values.

Samples near the origin, such as T1P1 and T2P0, represent average
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FIGURE 6

Thinning intensities vs. stand characteristics.

values for the variables, suggesting no extreme characteristics.

This spatial arrangement highlights the relationships between

treatments, variables, and sample groups (Figure 8).

Table 4 presents the results of the Principal Component

Analysis (PCA), highlighting the eigenvalues and explaining the

variability and cumulative variance of the six principal components.

The first component (F1) is the most dominant, accounting for

most of the variance, while the second component (F2) further

contributes to the overall variability. F1 and F2 capture over 94% of

the total variance, making them the most influential components in

understanding the dataset’s structure. The remaining components

contribute progressively less to the overall variance, with the

third and fourth components (F3 and F4) explaining a smaller

proportion. The last two components (F5 and F6) offer minimal

additional explanatory power.

4 Discussion

The results are consistent with our hypothesis, demonstrating

that silvicultural treatments significantly influence biomass and

carbon stock in 50-year-old Larix principis-rupprechtii Mayr

plantations in northern China. DBH and individual tree height

increased under silvicultural treatments. Similarly, reported

thinning promotes greater DBH growth than height across various

forest ecosystems (Kim et al., 2016). Our findings demonstrate

a significant reduction in total biomass and carbon stocks with

increasing silvicultural treatment intensity. The most substantial

declines were observed in treatments subjected to heavy thinning

(HT) and extreme heavy thinning (EHT) compared to the control

treatment (T0P0). This suggests that while thinning can reduce

competition and potentially enhance the health and growth of
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FIGURE 7

E�ect of elevation, slope, and aspect on di�erent parameters.

remaining trees, it also leads to a marked decrease in the forest’s

overall biomass and carbon storage capacity.

There is a progressive decline in the AGB of larch with

increasing thinning intensity, with the control group (CK)

having a higher AGB than the thinned groups. The AGB of

the thinned group was 34.4%, representing a 36% reduction

compared to the CK group (Meng et al., 2022). Similarly, it

found that thinning did not increase net carbon stocks in

plantations, while in the case of Scots pine (Pinus sylvestris L.)

and Pyrenean oak (Quercus pyrenaica), the impact of thinning

intensities on carbon stocks was negligible (Alvarez et al.,

2016). In the 50-year loblolly pine rotation, total carbon stock

was lower in thinned stands compared to non-thinned stands.

These studies collectively reinforce that thinning intensity and

species-specific responses critically determine carbon outcomes.

However, alternative evidence suggests that moderate thinning can

have contrasting effects under specific conditions. For instance,

simulation models (Lin et al., 2018). That thinning could stabilize

carbon use efficiency and mitigate tree mortality risks under

warming climates, potentially offsetting initial biomass losses

(Collalti et al., 2018). Further reported that moderate thinning

(20%−35% removal) optimized total carbon density by promoting

a balance between aboveground biomass gains and improved soil

organic carbon. Our results indicated that pruning had a less

significant impact on biomass and carbon stocks than thinning.

This suggests that pruning influences tree structure and health

more significantly than it affects overall forest carbon dynamics

(Wang et al., 2024b).

Pruning is a common silvicultural operation that impacts tree

health and structure (Clark and Matheny, 2010). Pruning can be

one of the best practices for forest management (Grabosky and

Gilman, 2007). However, tree growth rates showed no significant
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FIGURE 8

PCA bi-plot representing the ordination of treatment, forest biometric parameters, total biomass, and total carbon (F1–F2). A Scree plot indicating

the number of significant principal components.

TABLE 4 Eigenvalues and explained variance for principal components.

Parameters F1 F2 F3 F4 F5 F6

Eigenvalue 10.74 0.57 0.49 0.16 0.01 0.01

Variability (%) 89.56 4.80 4.08 1.37 0.13 0.03

Cumulative % 89.56 94.37 98.45 99.82 99.96 99.99

response to pruning, understory removal, or their interactions

(Li et al., 2020). Our results show that the highest SOC levels

were recorded in control plots and decreased with increased

management intensity. SOC decreased by 35.6% compared to the

control treatment (CT). A study in the Lesser Xing’an Range,

Northeast China, found that moderate thinning intensity could

enhance soil organic carbon, litter retention, and soil nutrient

levels, improving carbon sequestration in degraded forests during

spring and summer. Higher thinning intensities led to carbon loss

in autumn and winter (Zhang et al., 2024).

That moderate thinning (20%−30%) promoted short-term

carbon sequestration, while heavier thinning (41%−50%) initially

reduced carbon storage before eventual recovery (Lin et al., 2024).

Furthermore, suggested that light thinning could enhance soil

carbon content and reduce greenhouse gas emissions, further

supporting the role of moderate interventions in sustainable forest

management (Dai et al., 2024). That 18% thinning intensity

significantly improved carbon storage and growth in Pinus

koraiensis plantations (Sakib et al., 2024). A 30% thinning intensity

provided the strongest carbon sequestration in natural mixed

forests. These findings suggest that moderate interventions could

represent a more optimal management approach compared to

heavier thinning regimes, which is consistent with the trends

observed in our study (Qu et al., 2024). The biomass generated from

thinning and pruning treatments in forest management can be used

for bioenergy production, such as biofuels or electricity generation.

Using this biomass as a substitute for fossil fuels can significantly

reduce carbon emissions, contributing to climate changemitigation

(Martinez-Valencia et al., 2021). Bioenergy from forest biomass

is considered a renewable energy source, and its use helps to

balance carbon emissions (Pang et al., 2019). Forest management

practices, like thinning, can enhance carbon sequestration and

bioenergy production (Ruiz-Peinado et al., 2017). Using forest

biomass for energy may present a sustainable alternative to fossil

fuel consumption (Wang and Azam, 2024).

This study, which included 45 plots with 15 treatments

across five thinning and three pruning intensities, provides

valuable details but also has limitations. It was conducted in

a specific geographical region (Saihanba, Northern China)

under relatively uniform site conditions, which may limit the

direct transferability of results to other ecological zones or

forest types. Additionally, the study period captured only the

mid-term effects (13 years post-treatment), whereas long-term
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dynamics of biomass recovery and carbon sequestration remain

uncertain. Notably, site-specific factors such as soil type, historical

land use, or genetic variability of Larix principis-rupprechtii

Mayr populations were not explicitly controlled, which could

introduce unquantified variability. Future research should

extend study periods to assess long-term carbon fluxes and

recovery trajectories, incorporate additional environmental

gradients (e.g., precipitation, temperature variability), and apply

high-precision biometric modeling. Moreover, investigating

thinning–pruning interactions with biodiversity outcomes,

ecosystem resilience, and microclimatic changes would yield a

more holistic understanding of sustainable forest management

under changing climatic scenarios.

5 Conclusion

This study investigated the influence of varying thinning

and pruning intensities on biomass allocation and carbon

stocks in Larix principis-rupprechtii Mayr plantations. The results

demonstrate that higher thinning intensities reduce aboveground

and belowground biomass, total stand biomass, and soil organic

carbon stocks. While thinning promoted individual tree growth,

the cumulative carbon gain at the stand level was compromised

due to reductions in tree density. Pruning had a lesser impact

and primarily affected tree form and structural attributes rather

than contributing meaningfully to stand-level carbon storage. Light

to moderate thinning, particularly when integrated with light

pruning, offers a sustainable compromise supporting forest health

without substantially reducing carbon sequestration potential.

Intensive thinning, especially in mature stands, risks waning the

ecological role of these plantations as carbon sinks. These outcomes

emphasize the need to carefully calibrate thinning and pruning

regimes within carbon-focused forest management strategies. The

findings contribute to the current discourse on forest-based climate

mitigation, reinforcing the importance of management intensity in

shaping long-term carbon outcomes. Forest planners and policy-

makers should consider conservative silvicultural interventions

as part of broader strategies to enhance carbon retention while

maintaining forest productivity and ecological integrity.
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