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Abstract

:

Forest ecosystems are essential to the global carbon cycle because they are the biggest terrestrial carbon reserves. In the management of forests, thinning is a commonly employed strategy, impacting the respiration and biomass loss of trees, thereby modifying forest carbon dynamics. However, there is a lack of scientific research to confirm the impacts of thinning intensities on carbon storage in trees, soil layers, shrubs, and ground vegetation layers as well as its impact on wood production and growth rate. The goal of this study was to find the optimal thinning levels for increasing carbon sequestration during the growth stage of the Korean pine (Pinus koraiensis) middle-aged plantations in Northeast China. In this study, thinning intensity (0, 10, 11, 16, 18, and 22%) affected the carbon storage of trees, tree growth, volume, and, we suspected, soil layer, shrubs, and vegetation (herbs, litter, and grass) also. Specifically, after four years of thinning, the 18% treatment significantly increased total carbon storage, individual organ storage, growth, and tree volume (p < 0.05). These results give us abundant information about how thinning affects the dynamics of carbon storage, wood production, and the interactions between soil and plants in P. koraiensis plantations, contributing to multi-objective management strategies for optimizing carbon sequestration, wood production, and ecosystem health.
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1. Introduction


The forest is the most valuable terrestrial ecosystem and plays a crucial role in maintaining rural livelihoods, preserving ecology, and storing carbon [1,2,3] as it represents the planet’s largest carbon sink and carbon pool [4]. Forests contribute 861 ± 66 Pg to the global carbon stock and a sink rate of 2.4 ± 0.4 Pg per year, warranting it essential in the climate change mitigation efforts [2,5,6]. In addition to meteorological and geographic elements and vegetation characteristics, a forest’s capacity to store carbon varies on its structure, forest cover, biodiversity, density, and management practices [7,8]. Concerns about climate change and global warming have increased interest in terrestrial carbon sequestration as a way to look into potential mitigation strategies [9]. Mitigating global climate change can be achieved primarily through increasing the capacity to absorb CO2 from the atmosphere and, moreover, reducing CO2 emissions. Various forest management practices can improve soil carbon input [10,11] and raise forest productivity, which in turn can improve the capacity of stable carbon pools to store carbon and reduce the effects of global warming.



Thinning is the method of forest management that is most frequently used to control plantation development [12,13]. It affects the respiration and biomass loss of trees, which alter the carbon dynamics in forests. Additionally, over a number of years, the removal of aboveground trees alters the way organic matter decomposes in the soil [14,15,16,17]. Thinning can also increase light availability in forest stands and speed up litter decomposition by decreasing the density at the canopy level. Under some thinning procedures, this may result in greater carbon storage in the herb and shrub layers [18]. A thinning intensity of 20%–25% can successfully reduce the depletion of organic carbon in seasonal freeze–thaw forest settings [19]. By improving light availability and lowering competition from overstory trees, thinning can also promote the growth of understory vegetation [20].



The majority of research on thinning currently concentrates on its effects on soil nutrients [21], forest products [22], and understory plant species diversity [23]. However, the effect on forest carbon sequestration has received less attention. The primary method for maximizing forest structure and raising the productivity and quality of forests is through thinning [24]. In order to improve standing trees’ competitiveness, growth, and general health, thinning controls how growing space is distributed [25]. Simultaneously, thinning management offers an option for wood production, which helps lessen the strain from logging and prevents further degradation and deforestation [26]. Moreover, thinning can be accomplished by clearing unhealthy or dead trees, reducing the initial stand density and significantly enhancing the growth of the trees that are kept [27].



The 8th China Forest Resources Inventory [28] states that China has 21.6% of the total land area covered by forest, approximately 208 million hectares of total forest area. Of this, 122 million hectares, or 58.6%, is covered by natural forests. The effects of thinning on trees, shrubs, herbs, and soil on an ecosystems’ ability to store carbon are still not well understood in particular regions like northeastern China, which is China’s largest forest region and may be the area most affected by global warming [29]. Scientific studies are needed to test the effects of global warming on soil, shrubs, and tree carbon storage. In order to maximize carbon sequestration throughout the growth stage and provide a basis for enhancing carbon storage density in multi-objective management, this study looks into how thinning affects carbon storage inside the Pinus koraiensis plantation and determines the ideal thinning intensities.



In this study, a 42-year-old Korean pine plantation was studied based on six thinning intensities in Qingping Forest Farm in Northeastern China to (1) evaluate the carbon stock density in stands with different thinning intensities; (2) assess carbon stock density in the shrub, herb, and litter layers; (3) examine the total carbon stock of the soil in different layers with different thinning intensities; and (4) calculate wood production across stands with different thinning intensities. We calculated the forest carbon storage of the plot, which provides the scientific basis for forest thinning management to increase forest carbon sequestration.




2. Materials and Methods


Qingping Forest Farm, Changting Town, is situated in the southwest of Mudanjiang City, Hailin City, Heilongjiang Province, China (128°02′–129°01′ E, 44°03′–44°41′ N) (Figure 1). The site slope is 11° on average with an elevation of 508 m. Annual precipitation varies between 500 and 1100 mm. The lowest (−35 °C) and highest temperatures (33 °C) occur in January and July, respectively, with an average annual temperature of 2.7 °C. The climate is temperate continental monsoonal with dry, cold, windy, and snowy winters and cool, rainy, and humid summers. Snowfall is concentrated in December and January with ground snow thickness ranging from 30 to 60 cm and up to 120 to 180 cm in deep mountainous areas.



2.1. Experimental Procedures


In the Qingping Forest Farm, we randomly arranged five experimental cultivated plots with thinning intensities of 10% (F1), 11% (F2), 16% (F3), 18% (F4), and 22% (F5), along with one uncultivated control plot with zero thinning (CK, 0%). Each plot had an area of 0.06 ha and was circular in shape. The major information of the species and the numbers of trees in each of the six plots is recorded in Table 1. We note that, although stand density was not equal in the sample plots before thinning, all plots, including the control plot, had almost the same parameters, such as gradient, slope, aspect, stand type, temperature, moisture, elevation, and precipitation, not least of all because the sample plots were close to each other.



Inside the plot, we collected samples of soil, shrubs, and vegetation (herbs, litter, and grasses). Various tools, such as a compass, ultrasonic altimeter, and DBH tape, were utilized to accurately measure tree height and diameter at breast height of all trees in a plot. Tree density was calculated by dividing the total number of trees by the area. All tree carbon data were determined by an analysis of the carbon stock density of each organ as per ref. [30] (Table 2).




2.2. Soil Collection


In the autumn of 2023, soil samples were taken at three soil depths, 0–20 cm, 20–40 cm, and 40–60 cm, randomly from five points in each plot using a soil trowel.




2.3. Soil Bulk Density Calculation


For bulk density, soil was collected from the three soil depths of 0–20 cm, 20–40 cm, and 40–60 cm randomly from five points in each plot. Bulk density cores were collected using a 100 cm3 ring corer from these three depths at the five random points. A knife was used to ensure that the soil surface was flat before sampling and then to remove excess soil protruding the ring corer. The dry soil weight (g) was divided by soil volume (100 cm3); the average of the five soil bulk densities per grid cell was used for further analyses.




2.4. Vegetation Sample Collection


We assessed both shrubs and vegetation during the field survey. In the big circular plot, five 5 m × 5 m shrub quadrats were selected (four quadrats at the corner and one at the center of the plot). Similarly, within the shrub quadrats, 1 m × 1 m vegetation quadrats were established. We collected shrubs from each of the five shrub quadrats (Figure 2).



Vegetation was collected in three layers (upper, middle, and below). Following the determination of vegetation depth, surface litter, herbs, and grasses within each vegetation quadrat were meticulously gathered in the upper layer. In the middle layer, leaf litter was taken (hummus layer). In the lower layer, we took a hummus/soil mix. The vegetation samples from each layer were then combined per shrub quadrat (n = 3) and dried for 2–3 days in the oven at 65 °C. All plant and litter samples underwent subsequent weighing. This methodology ensured a comprehensive and accurate assessment of both aboveground and belowground biomass, contributing valuable data to the study’s ecological insights.




2.5. Determination of Conventional Soil and Vegetation Total Carbon


For the soil total carbon determination, we kept the soil over a 24 h drying period at room temperature. Following this, 50 mg of powdered soil samples were weighed, wrapped in tinfoil paper, and prepared for determination. Subsequently, an elemental analyzer (Vario MACRO cube, Elementary Analyses System GmbH, Langenselbold, Germany) was utilized to provide the soil’s carbon content [33]. For the purpose of determining the vegetation carbon content, the collected samples underwent a 105 °C oven-drying process for 24 h, followed by sieving (0.15 mm). Subsequently, 25 mg of powdered vegetation samples were weighed, enveloped in tinfoil, and analyzed for carbon content using the Vario MACRO cube elemental analyzer [33].




2.6. Statistical Analyses


Our study design comprised plot-level and tree-level analyses. Plot-level included total carbon and total tree volume. Tree-level included DBH, height, and growth. In the plot-level analyses, tree-level data were summed and then divided by the area of the plot and converted into values per hectare. For the tree-level analyses, the values are given as mean values with their corresponding SD/SE.



In our analytical approach, we tested the normality of the dataset using the Shapiro–Wilk test. When the dataset was normally distributed, we employed one-way analysis of variance (ANOVA) and the post hoc Tukey test to discern significant differences. For data that were not normally distributed, we employed the Kruskal–Wallis test and Dunn’s test to discern significant differences among the variables. Statistical significance was determined with a threshold of p < 0.05. Statistical analyses were executed using RStudio, version 4.3.2.





3. Results


3.1. Effect of Thinning on Annual Total Difference in Tree Carbon Stock Density


After four years of thinning treatment, the annual total difference in tree carbon stock density increased with thinning intensity but increased slowly (Figure 3A and Figure S1). However, after 18% thinning, it decreased dramatically. The highest carbon density was found in the 18% thinned plot, followed by 16% > 11% > 10% > 0% > 22% (Table S1).




3.2. Effect of Thinning on Annual Total Difference in Tree Volume


The annual total difference in tree volume increased with the increase in thinning intensity (Figure 3B and Figure S1). Tree volume increased incrementally in all the thinning plots. The annual total difference in tree volume of each plot was different, ordered as 18% > 16% > 11% > 10% > 0% > 22%.




3.3. Effect of Thinning on the Average Annual Growth Rate of DBH and Height


The Kruskal–Wallis test showed that the annual growth rate based on DBH was significantly different between thinning plots (p < 0.001). Dunn’s test revealed significant differences in the annual growth rate of DBH among the different thinning intensities as CK~10%, p < 0.05; CK~11%, p < 0.01; CK~16%, p < 0.001; CK~18%, p < 0.001; and CK~22%, p < 0.001. Other pairwise comparisons had no significant differences (Figure 4A and Figure S2).



The Kruskal–Wallis test showed that the annual growth rate based on height was significantly different between thinning plots (p < 0.001). Dunn’s test revealed significant differences in the annual growth rate of height among the different thinning intensities as CK~10%, p < 0.05; CK~11%, p < 0.001; CK~16%, p < 0.001; CK~18%, p < 0.001; 10%~11%, p < 0.05; 10~16%, p < 0.01; 10%~18%, p < 0.01; 10%~22%, p < 0.01; 11%~22%, p < 0.001; 16%~22%, p < 0.001; and 18%~22%, p < 0.001. Other pairwise comparisons had no significant differences (Figure 4B and Figure S2). Among all of the thinned plots, 11%–18% had higher growth rates than the CK (0% thinning). At certain thinning intensities, the results suggested that the annual growth rates of DBH and height were positively affected after thinning.




3.4. Effect of Thinning on the Average Carbon Content in Soil


There was no significant difference except for soil carbon in the 40–60 cm depth layer in the 10% thinning plot, which was significantly higher than in the control plot (p < 0.05, Figure 5A and Figure S3). The carbon content in the topsoil layer (0–20 cm) was 22% > 11% > 0% > 10% > 18% > 16%. In the 20–40 cm and 40–60 cm soil layers, the carbon content in the 10% thinning was higher than in other thinning intensities. In all thinning, the soil carbon content significantly decreased with increasing soil depth. The carbon content in the 40–60 cm soil layer was significantly lower than in the 0–20 cm soil layer. The variation (SD) in 18% thinning was bigger and more consistent across soil depths than the other thinning intensities.




3.5. Effect of Thinning on the Average Bulk Density in Soil


No statistically significant difference was observed in the soil profile following thinning treatments (p < 0.05, Figure 5B and Figure S4). The lowest average bulk density was observed in the 10% thinned plot in the 0–20 cm soil layer.




3.6. Effect of Thinning on the Average Carbon Content of Vegetation Layers


The carbon content varied significantly between different thinning intensities within the same vegetation layer (Figure 6A and Figure S5). The average carbon content in the vegetation layer in the 22% thinned plot was higher than in the CK (0% thinned), and both the 22% and 10% thinned plots had significantly higher carbon content in the upper and middle layers compared with the CK (p < 0.05). The order of average carbon content for all layers was 22% > 10% > 18% > 11% > 0% > 16%. In all plots, the vegetation carbon content significantly decreased with vegetation layer (upper > middle > lower). The variation (SE) in 18% thinning was more consistent than that observed in the other thinning intensities.




3.7. Effect of Thinning on the Average Carbon Content of Shrubs


The highest average carbon content in shrubs was in the 22% thinning treatment. There was a significant difference between the 22% thinned plot and the CK as well as between the 18% thinned plot and the CK (p < 0.05, Figure 6B and Figure S6). There were no significant differences between the 18% thinned plot and the 22% thinned plot. The carbon content in shrubs increased along the gradient of thinning intensity from 10% to 22% thinning.




3.8. Effect of Thinning on Carbon Storage of Tree Organs


This study investigated the impact of thinning on carbon storage in different parts of the tree. Four years after thinning, the total carbon storage and individual organ storage increased with thinning intensity (18% > 16% > 11% > 10% > 0% > 22%) (Table 3 and Table S7).



Examining the proportion of carbon storage in each organ, the stem consistently held the highest share, ranging from 89.91% to 90.42% of total carbon storage, across the different thinning treatments. The branches and roots followed, constituting 3.78% to 4.04% and 3.78% to 3.97%, respectively. The leaves accounted for 2.01% to 2.07% of total carbon storage (Table S7). The results suggested that thinning can alter the distribution of carbon in tree organs, shown at the 18% thinning intensity in which the stem and branch contributions were somewhat increased and decreased, respectively.



The thinning plots generally showed higher tree organ carbon content in 2023 compared to the control plot (CK), except for the 22% thinning plot where it was lower. Thinning altered the carbon content in different tree organs with varying effects depending on the thinning intensity. The results suggested an overall improvement of tree organ carbon content in the thinned plots, emphasizing the potential benefits of thinning on carbon storage dynamics in forest ecosystems.




3.9. The Variation in Carbon Storage and Stand Factors


The thinning intensity had a significant negative correlation with tree carbon (r= −0.86, p < 0.05) and stand density (r= −0.88, p < 0.05), as we would expect; this also negates the concerns about tree density variation at the beginning of the experiment. Similarly, stand density had a significantly positive, high correlation with tree carbon (r = 0.92, p < 0.01) and tree volume (r = 0.83, p < 0.01) but a high, significantly negative correlation with mean tree DBH (r= −0.94, p < 0.01) and mean tree height (r= −0.96, p < 0.01). The tree carbon stock had a significantly positive, high correlation with tree volume (r = 0.98, p < 0.001) but a negative correlation with mean height (r = −0.83, p < 0.05). Likewise, soil carbon had a significantly negative correlation with maximum tree height (r = −0.83, p < 0.05). The mean DBH and mean height of trees were significantly positively correlated (r = 0.91, p < 0.05) (Figure 7).





4. Discussion


4.1. Effect of Thinning on Tree Carbon Storage


Our study’s findings indicate that, in comparison to the CK plot, the 18% thinned plot had a higher carbon stock within four years—the carbon content of the living biomass increased as a result of thinning. Following four years of thinning, as the severity of the thinning increased, the cumulative increase in carbon density rose until the 18% thinned plot, at which point it fell, achieving the maximum cumulative increment in the 18% thinned plot. Only this plot outperformed the other thinned plots in terms of carbon density. Another crucial element influencing the post-treatment carbon density growth response is the amount of time since thinning. The outcome demonstrated that, from the perspective of carbon accumulation, thinning is a technique with short-term positive outcomes [34].



Ming et al. [35] found that Masson pine forest’s tree pruning enhanced the trees capacity to store carbon. Similarly, Han et al. [36] discovered that, following thinning, Chinese pine stands’ capacity to store carbon rose noticeably. In line with earlier research, this study found that the ideal thinning intensity for the maximum carbon storage in a plantation at the Qingping Forest Farm was 18%. Harvesting a few trees has an impact on the entire stand because it gives more room for dominant and better-adapted species to flourish. Additionally, thinning can encourage species to grow quickly in stands, thereby enhancing the stand’s capacity to sequester carbon at a faster rate.




4.2. Effect of Thinning on Tree Stem Volume


Tree growth is significantly impacted by thinning [37]. Four years after thinning, as anticipated, tree diameter and stem volume were substantially greater in the thinned plots than in the non-thinned plot. This result is in line with earlier research that showed thinning in conifer species positively affects diameter and stem volume increments [38]. According to Choi et al. (2014), after 12 years of thinning in a plantation that was 17 years old [39], in a significantly thinned plot, individual Korean pine trees showed growth in both stem volume and tree diameter of 13.3–24.7 and 23.0%–52.0%, respectively. Severe intraspecific competition that slows down tree growth rate is most likely the reason for restricted tree growth in a minimally thinned stand [39,40].



According to Ruano et al., as a result of the increasing thinning, tree growth may not respond noticeably in the initial years following thinning [41]. Our study found that the 18% thinned plot had the best stand productivity, as shown by stock volume per hectare, although there was no discernible difference between it and the unthinned plot. Conversely, a decrease in stand output could result from more intense thinning. In comparison to the unthinned plot, the 22% thinned plot had a lower stock volume per hectare. The results of investigations in a Scots pine (P. sylvestris) forest showed a declining trend in volume increment and total volume produced per unit area from heavy thinning in comparison to unthinned plots [37,42], which is consistent with our findings. Fascinatingly, Harrington and Reukema (1983) [43] noted that, over time, the stand production in the thinned stand equals and surpasses that of the unthinned plot due to a decrease in the difference in stand volume between the two plots. Therefore, we propose that, in order to improve timber production in Korean pine forests over the long-run, later thinning should come after managing the initial planting density.



Four years after thinning, we measured the tree heights in this 42-year-old stand for our study, and the stand with 18% thinning had taller trees on average. They were not appreciably taller than the pines from the other thinning treatments though. This result suggested that the height growth of Korean pine was affected by thinning. Importantly, we add that the lower average growth rate of height in the 22% plot is due to additional management in this plot. Specifically, the Korean pine, as an important seed-producing tree species, is managed by cutting the tops of trees in order to promote favorable growth. This may at least partly explain this result, affecting also the calculated carbon stock and tree volume in this plot/thinning intensity.




4.3. Effect of Thinning on Tree Growth


The most straightforward and efficient ways to represent the stand’s management state in a non-spatial form are through the distribution of tree height and tree DBH. Forest tree tabulating and research on forest management technologies benefit greatly from the ease with which DBH may be measured in forest surveys and the accuracy and dependability of the measured values. They are frequently employed as crucial variables to comprehend stand biomass, carbon stock, and forest growth and to assess the condition of the forest [25]. The majority of study findings demonstrate that thinning can boost DBH growth by reducing the competitive pressure of water and light among tree species [44,45]. The outcomes of these earlier investigations differ from ours. Our findings demonstrated that moderate thinning intensity considerably increased growth as compared to the CK plot. In comparison to the CK plot, growth was maximum when the thinning intensity was 18%. The distinction between managed and non-managed forests could be the cause of this. Our work was conducted in plantations with a low canopy density and a poor growth environment, whereas previous thinning research has tended to concentrate on forests with favorable development conditions. Following low-intensity thinning, there is an increase in soil surface temperature and a drop in canopy density, which leads to water evaporation and hampered tree growth. The DBH expanded in a wider direction when the thinning intensity was 18%, even though this effect persisted because of the rise in the percentage of broad-leaved tree species, such as Korean pine. Comparable to previous research, variations in growth at the species level could help explain various reactions to thinning treatments [45].



Still, other research indicates that stand density following thinning has a detrimental impact on tree height growth in young Douglas fir (Pseudotsuga menziesii) plantations in the United States Pacific Northwest [46] but a positive impact for Pinus banksiana and Alnus rubra [47]. Thinning leaf foliage is quickly exposed to increased light intensity, which increases transpiration and respiration. This could account for the decline in height growth noticed in the first one to two years following thinning [48]. But others have reported that, in areas experiencing extreme drought, increasing moisture and nutrient availability could encourage the growth of taller trees [48]. In our research, we found that the plot with 22% thinning intensity had less height. There might be some hidden reason behind this that was unable to be identified. To optimize the benefits for carbon stock and species growth, managers can plan thinning levels with the assistance of an understanding of the relationship between thinning intensity and growth response.




4.4. Effect of Thinning on Soil Carbon


Different levels of soil organic carbon are impacted by forest management methods [49]. In this study, soil carbon contributes to the carbon stored in the ecosystem. Thinning considerably enhanced the soil’s capacity to store carbon by 7.2%, according to a meta-analysis of the impact of thinning on such capacity in Chinese plantations. Comparing moderate thinning (35%–55%) to other thinning intensities, soil carbon storage increased by 16.1% [50]. Another study reported that litter and soil layers with a 20%–25% thinning intensity were shown to have the most favorable effects on carbon sequestration [19]. In this study, 22% thinning had higher carbon storage in the soil at 0–20 cm depth than in the 16% and 18% thinned plots, consistent with previous research [19]. Soil carbon storage is significantly influenced by soil depth [51]. In this investigation, as soil depth increased, soil carbon storage under various thinning intensities declined. Additionally, surface layer soil bulk density is higher than bottom layer soil bulk density, which is consistent with earlier research and is linked to the action of plant roots and soil organisms that reduce soil depth-related carbon storage [52,53]. When the thinning intensity is 22%, soil carbon storage is improved, and ecosystem carbon storage can be significantly increased.



In northeast China, a comparatively tiny fraction of the total carbon stored in the forest is made up of the carbon stored in the forest’s understory, which stores less than 13%, and its surface, which stores less than 5%. Notably, the primary distribution of carbon storage in forests remains in the soil [54]. In line with Dong et al., thinning enhanced soil and tree carbon storage of the total carbon storage [55]. This could be because vegetation and shrubs can only store a certain amount of carbon, and the quantity of carbon stored in trees and soil increases with thinning intensity.



In comparison to no thinning, carbon storage increased under a 22% thinning intensity. We observed increased carbon storage in the layers of trees and shrubs, respectively, compared with the control plot (CK). By applying an ideal thinning intensity, the ability of current and comparable forest ecosystems to act as carbon sinks might be enhanced, and soil carbon levels might be optimized.




4.5. Effect of Thinning on Vegetation and Shrub Layer


Shrub and vegetation layers are crucial parts of forest ecosystems, and they store carbon in a way that is essential to the ecosystem’s health and functions, including the cycling of nutrients [56]. In plantations, appropriate thinning may improve the understory plants’ capacity to store carbon. Liu et al. (2016) also markedly raised the biomass of understory plants [57], consistent with the present study. The average carbon storage of the shrub and vegetation layers increased as thinning increased, highest under a thinning intensity of 22%. Although there were differences in the carbon storage of vegetation across thinning intensities, an overall trend was not observed. Our carbon storage of shrubs and vegetation was a little low, but it was consistent with the findings of Gao et al. (2023) [19]. The effects of decreasing shrub and vegetation layers on the carbon stock can be varied and complex. On the other hand, moderate thinning intensity may result in more carbon being stored in the layers of vegetation and shrubs, which may enhance the forest ecosystem’s total capacity to sequester carbon [58]. The findings of this study suggest that moderate thinning may facilitate the carbon storage of shrubs, as the carbon storage of vegetation layers under 22% thinning was shown to be higher than under 0% thinning. An adequate thinning intensity can be used to improve ecosystem carbon storage when stand type and habitat are similar.




4.6. The Effect of Stand Factors on Carbon Storage


In forest ecosystems, there is a strong relationship between aboveground carbon and stand density with stand density being critical to carbon dynamics. According to research, stand density affects the amount of carbon stored aboveground, and higher stand densities are frequently linked to higher aboveground carbon stores in living trees [59]. Research has indicated that stand density influences the aboveground carbon with different stand densities resulting in different carbon sequestration rates and overall amounts of carbon stored in trees [59]. Furthermore, the dynamic character of carbon storage in response to variations in stand density [59] is highlighted by the fact that the link between aboveground carbon sequestration rates and stand density can change over time, indicating the progressive nature of carbon storage in response to stand characteristics. In our investigation, there was a strong and positive link between the tree carbon stock, tree volume, and stand density.



Understanding the relationship between stand density and tree volume in forest ecosystems is essential to comprehending the dynamics of carbon and the productivity of forests. According to research, stand density, which is commonly defined as the number of trees per unit area, influences both tree volume and the total accumulation of biomass [60,61]. Our result also indicates that tree volume had a significantly positive, very high correlation with stand density and tree carbon. Furthermore, variables, such as tree species and stand age, and management techniques, such as thinning intensity [62], can affect the connection between stand density, tree carbon, and tree volume. In our result, we also found that there was no significant correlation between vegetation carbon and mean height. However, the specific correlation between stand density and tree volume may be influenced by factors such as tree species, stand age, and management techniques. While there is a general trend of increased carbon storage with greater plant height in forest vegetation, the correlation between vegetation carbon and mean height may vary depending on the study parameters and forest characteristics.




4.7. Limitations of This Study


In our study, there was a slight difference in tree density among the plots before thinning, which was a limitation of our study, although tree density still decreased with thinning intensity as we would expect. To observe the effects of different thinning intensities on soil carbon, shrub carbon, and vegetation carbon, it would be better to take datasets before and after thinning, but in our study, we were unable to do so. In the future, we highly recommend paying attention to solving limitations in tree density, soil carbon, shrub carbon, vegetation carbon, and other related variables to be able to improve the range of analyses performed. Having replicates in each thinning intensity, such as at least three replicates per treatment, would also strengthen the analyses, including to discern the effects of thinning from localized environmental and/or management conditions.





5. Conclusions


In conclusion, this study illuminates the nuanced yet substantial effects of thinning on various aspects of P. koraiensis plantations. The findings highlight the efficacy of the 18% thinning intensity in significantly improving carbon storage, tree volume, and growth rates. This particular intensity exhibited notable advantages, fostering enhanced wood production and robust growth metrics compared to the other thinning treatments.



Furthermore, the influence of thinning extended beyond the tree layer to impact the vegetation layer, indicating a potential for tailored thinning practices to positively influence both tree and understory vegetation dynamics. These comprehensive insights contribute valuable knowledge to the realm of forest management, providing a basis for optimizing carbon sequestration, promoting healthy ecosystem functioning, and guiding strategic thinning practices in P. koraiensis plantations.
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Figure 1. Geographic location of the study area in the Qingping Forest, Heilongjiang Province, northeast China. 
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Figure 2. Plot design for vegetation sample collection. (A) Experiment plot, (B) Shrubs quadrat (for the collection of shrubs), (C) Vegetation quadrat (for the collection of vegetation). See method for details. 
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Figure 3. (A) The annual total difference in tree carbon stock density of each plot (t ha−1 yr−1). (B) The annual total difference in tree volume of each plot (m3 ha−1 yr−1). 
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Figure 4. Average annual growth rate of DBH (A) and height (B) of all trees in each plot. The data in the figure are “mean ± SE”. 
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Figure 5. (A) Average carbon content in three soil layers of each plot. Different lowercase letters indicate significant differences (p < 0.05) among the different soil layers with different thinning intensities (Tukey’s HSD test). (B) Average soil bulk density in different soil layers. Different lowercase letters indicate significant differences at the p < 0.05 level among the average bulk density of soils from the different depths with different thinning intensities (Tukey’s HSD test). 
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Figure 6. (A) Average carbon content of vegetation in different layers (Tukey’s HSD test). Different lowercase letters indicate significant differences at the p < 0.05 level among the same vegetation layer with different thinning intensities. (B) Average carbon content of shrubs in different thinning plots. Different lowercase letters indicate significant differences at the p < 0.05 level among the average carbon content of shrubs with different thinning intensities (Tukey’s HSD test). 
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Figure 7. Correlation plots of thinning intensity, stand density, tree carbon, soil carbon, shrub carbon, vegetation carbon, tree volume, mean DBH, mean height, DBH max, and height max. “−” for negative relationships, while others were positive (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Table 1. The basic survey of six thinning plots. The data in the table are “mean ± SE”. Kruskal–Wallis test revealed that a statistically significant difference existed among plots with different thinning intensities as measured by DBH of all trees in 2019 (p < 0.01), DBH of only Korean pine trees only in 2019 (p < 0.05), height of all trees in 2019 (p < 0.001), height of Korean pine trees only in 2019 (p < 0.01), DBH of all trees in 2023 (p < 0.01), DBH of Korean pine trees only in 2023 (p < 0.01), height of all trees in 2023 (p < 0.01), and height of Korean pine trees only in 2023 (p < 0.001). Asterisks indicate significant differences (p < 0.05) between the corresponding thinning intensity and the control plot within the same column, determined by Dunn’s test.
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Thinning

Treatments

	
Tree Types

	
Tree Density (ha−1)

	
The Year after Thinning (2019)

	
Four Years after Thinning (2023)




	
DBH (cm)

	
H (m)

	
DBH (cm)

	
H (m)






	
0% (CK)

	
All trees

	
1216

	
20.1 ± 0.7

	
15.7 ± 0.2

	
21.7 ± 0.8

	
19.6 ± 0.3




	
Korean pine

	
1150

	
20.1 ± 0.7

	
15.8 ± 0.2

	
21.8 ± 0.8

	
19.6 ± 0.3




	
10%

	
All trees

	
883

	
22.3 ± 0.4 *

	
16.1 ± 0.1

	
24.4 ± 0.4 *

	
21.0 ± 0.4 *




	
Korean pine

	
850

	
22.6 ± 0.4 *

	
16.2 ± 0.1

	
24.6 ± 0.4 *

	
21.0 ± 0.4 *




	
11%

	
All trees

	
983

	
20.7 ± 0.5

	
15.2 ± 0.2 *

	
22.7 ± 0.6

	
20.7 ± 0.3 *




	
Korean pine

	
900

	
21.2 ± 0.5

	
15.4 ± 0.2 *

	
23.3 ± 0.6

	
21.1 ± 0.3 *




	
16%

	
All trees

	
833

	
23.0 ± 0.5 *

	
15.6 ± 0.2

	
25.3 ± 0.5 *

	
21.3 ± 0.2 *




	
Korean pine

	
833

	
23.0 ± 0.5 *

	
15.6 ± 0.2

	
25.3 ± 0.5 *

	
21.3 ± 0.2 *




	
18%

	
All trees

	
916

	
21.6 ± 0.6

	
15.1 ± 0.2 *

	
23.9 ± 0.6 *

	
21.0 ± 0.4 *




	
Korean pine

	
883

	
21.8 ± 0.6 *

	
15.2 ± 0.2 *

	
24.1 ± 0.6 *

	
21.2 ± 0.3 *




	
22%

	
All trees

	
833

	
22.3 ± 0.6 *

	
17.1 ± 0.2 *

	
24.5 ± 0.6 *

	
20.9 ± 0.3 *




	
Korean pine

	
833

	
22.3 ± 0.6 *

	
17.1 ± 0.2 *

	
24.5 ± 0.6 *

	
20.9 ± 0.3 *











 





Table 2. Equations for calculating stem, branch, leaf, and root biomass of dominant tree species in this study. D and H are diameter at breast height (cm) and height (m) of a tree, respectively. B is the biomass of the respective tree component (kg).
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Tree Species

	
Component

	
Equation






	
Pinus koraiensis

	
Stem

	
B1 = 0.04665 × (D2H)0.90237




	
Branch

	
B2 = 0.03123 × (D2H)0.61248




	
Leaf

	
B3 = 0.01235 × (D2H)0.64347




	
Root

	
B4 = 0.00925 × (D2H)0.73965




	
Betula dahurica

	
Stem

	
B1 = 0.01175 × (D2H)1.10252




	
Branch

	
B2 = 0.01024 × (D2H)0.80547




	
Leaf

	
B3= 0.01347 × (D2H)0.64947




	
Root

	
B4= 0.04887 × (D2H)0.63246








B1, B2, B3, and B4 are biomass of stem, branch, leaf, and root, respectively, in kg [31]. Now, total biomass (TB) = B1 + B2 + B3 + B4. Biomass stock density (kg m−2) (BSD) = TB/area plot. Biomass stock density (t ha−1) = (BSD) × 10. Carbon stock density (t ha−1) = (BSD) in ton per hectare × 0.5. Wood volume was then calculated from individual tree characteristics (diameter at breast height and height) as ref. [32]. V = 0.0000589865 D1.966609091 H 0.904763956. Where, V = individual tree volume (m3), D = diameter at breast height (cm), H = tree height (m).













 





Table 3. Tree carbon storage with different thinning treatments (annual carbon increment and relative carbon increment).
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	Thinning Treatment (%)
	2019

Total Carbon (t ha−1)
	2023

Total Carbon

(t ha−1)
	Annual Increment Carbon

(t ha−1y−1)
	Relative Increment Carbon (%)





	0
	97.3
	134.45
	9.29
	9.5



	10
	79.00
	116.99
	9.50
	12.0



	11
	76.14
	117.25
	10.28
	13.5



	16
	76.03
	117.50
	10.37
	13.6



	18
	75.75
	120.27
	11.13
	14.7



	22
	79.19
	111.16
	7.99
	10.1
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