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Abstract

:

Forest degradation, driven by human and natural factors, diminishes ecological functions and carbon storage. Understanding the complex dynamics of soil carbon pools is crucial for the global carbon cycle, although these dynamics are poorly understood. This study examines how different thinning intensities influence seasonal soil carbon cycling in degraded forests. ANOVA revealed significant differences in soil properties across treatments (p < 0.05). Redundancy analysis and random forest analyses were used to explore relationships among thinning intensities, soil properties, and carbon sequestration. Thinning significantly altered soil attributes, as revealed by field experiments and data analysis. Moderate thinning (20% intensity) significantly enhanced litter retention and soil nutrient levels year-round (p < 0.05). Seasonal variations affected soil carbon dynamics and lower thinning intensities improved carbon sequestration in spring and summer. Conversely, higher thinning intensities led to carbon loss in autumn and winter. Litter carbon, fine root carbon, and correction factor significantly respond to thinning intensities year-round as examined through redundancy analysis and random forest analyses. Findings indicate moderate thinning effectively enhances soil carbon sequestration in degraded forests. Strategically planned thinning could aid climate change mitigation by boosting forest soil carbon storage, influencing forest management and conservation.
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1. Introduction


Forests are essential ecosystems, crucial to the modern world [1]. Forests, rich in biodiversity and key to the global carbon cycle, provide habitats for many species [2]. Through photosynthesis, forests capture atmospheric carbon dioxide and transform it into organic matter, which is the main method of carbon storage in soil [3,4]. Soil stores carbon as organic carbon over extended periods, though some is eventually reconverted to carbon dioxide and emitted into the atmosphere [5]. However, human activities like excessive logging and agricultural development, along with natural factors such as wildfires and pest infestations, are increasingly destroying and degrading forests [6]. Consequently, these degraded forests’ soils suffer a significant reduction in both ecological functions and carbon storage capacity [7]. The protection and restoration of these forests to enhance their ecological integrity and carbon storage is imperative. Effective forest management strategies are increasingly recognized for their importance. Management-induced adjustments to forest structure can differently impact the soil carbon cycle in various seasons, affecting the forest’s role as a carbon sink [8,9].



The soil carbon pool is critical for carbon storage in forest ecosystems, significantly affecting overall carbon storage. Its fluctuations are key in defining the ecosystem’s function as either a carbon source or sink [10]. Despite the soil carbon pool’s critical role in the global carbon cycle, our understanding of carbon sources, losses, and cycles within this complex system remains limited [11]. Consequently, the soil carbon cycle, a critical component, has garnered considerable attention from scientists [12]. Soil carbon storage, a vital element of the global carbon cycle, directly impacts greenhouse gas emissions and atmospheric carbon dioxide levels [13]. Degraded forests reduce carbon sequestration and can increase carbon release, thus, accelerating climate change [14]. Hence, comprehending and enhancing these forest soils’ carbon cycle processes is vital in tackling global climate change [15]. The soil carbon cycle comprises two main components: carbon input and output. Carbon inputs primarily derive from decomposing plant residues and atmospheric carbon deposition, while outputs occur through soil respiration and leaching [16]. Given that carbon deposition and leaching are influenced by precipitation, litter decomposition and soil respiration, which release carbon, are key indicators of the soil carbon cycle, and are often used to assess the system’s carbon status [17,18]. A profound understanding of the soil carbon cycle is essential for predicting and managing forest ecosystems’ carbon cycle [19]. Accurate quantification of carbon inputs and outputs is crucial in evaluating the soil carbon cycle, as factors like soil temperature and moisture affect the decomposition rate of plant residues [20]. Additionally, in identical experimental plots, atmospheric deposition remains relatively constant [21]. Seasonal and environmental conditions influence soil carbon outputs, like those released through soil respiration [22]. This interplay of factors renders predicting and managing forest ecosystems’ carbon cycle complex. Consequently, adopting suitable ecological restoration measures is crucial for comprehending the soil carbon cycle’s seasonal variations and devising effective forest management strategies.



Ecological restoration measures are vital in forest ecosystems for enhancing forest quality and increasing soil carbon storage capacity. These measures, including thinning, reforestation, and sustainable forestry management, produce diverse effects [23]. Sustainable forestry management practices, like limiting logging intensity, practicing selective logging, and preserving forest land diversity, are crucial for boosting forest carbon storage capacity [24,25]. These methods contribute to the balance and stability of forest ecosystems, ensuring long-term carbon fixation and storage. Varying ecological restoration measures can have different impacts on soil carbon cycling. For instance, factors such as the intensity of forest thinning, afforestation type and density, and climate conditions influence carbon fixation rates and amounts [26]. Thus, selecting suitable restoration strategies is crucial for maximizing soil carbon storage. Thinning, a strategic forest management approach, lowers stand density to boost understory vegetation growth and biodiversity, thus, elevating soil organic matter and improving soil carbon storage [27]. Selective tree removal enhances the health and growth of the remaining trees, increasing the forest carbon sequestration and reducing emissions from tree disease and death [28]. Appropriate thinning alters forest structure and composition, aiding regeneration, combating climate change, and benefiting the long-term carbon cycle in forest ecosystems [29]. The careful application of thinning techniques is vital for boosting forest carbon storage and combating climate change [30].



This study examines how ecological thinning affects soil carbon cycling’s seasonal variations in degraded forests. Conducting field experiments and data analysis, this study compared the seasonal impacts of varying thinning intensities on soil carbon cycling in degraded forests. We analyzed how restoration measures affect soil carbon inputs and outputs across seasons, identifying the significance of soil environmental factors on thinning intensity during these changes. This study addresses a knowledge gap in the forest soil carbon cycle, focusing on seasonal variations in thinning intensity effects. It explores the impact of different thinning levels on soil carbon sequestration and release, providing insights into soil carbon stock dynamics in degraded forests. Findings indicate moderate thinning enhances soil carbon storage, which is essential for climate change mitigation and forest management. The research findings enhance our understanding of soil carbon cycling mechanisms and offer a scientific basis for developing effective forest management and restoration strategies.




2. Materials and Methods


2.1. Overview of the Study Area


A forest management experiment was conducted at the Dongfanghong Forestry Farm in Daqingshan County, Yichun City, situated in the Lesser Xing’an Range of Northeast China. The region, located at longitude 128°37′–129°17′ and latitude 46°50′–47°21′, experiences a continental humid monsoon climate. Figure 1 displays the fundamental climate conditions at the research location. Predominantly dark brown soil supports the area’s primary mixed coniferous and broadleaf forests. However, the forest is severely degraded, suffering from low species diversity, disrupted stand structures, and ecosystem fragility. In November 2011, researchers initiated an experiment to address these issues by improving the degraded mixed forest through thinning and reforestation. The experiment included seven thinning treatments with intensities ranging from 10% to 35% and a control group without thinning (CK), as shown in Figure 2. Each 100 by 100 m treatment was replicated three times, including three 30 by 30 m plots and a 10 m buffer zone to minimize edge effects [31,32]. Treatment areas, spaced 100 m apart, ensured consistency in environmental factors like slope, aspect, and forest type. Prior to thinning, the forest stands averaged 70 years in age, with trees reaching 10.5 m in height and 13.5 cm in DBH. Thinning involved a lower layer tending method, which involved removing non-target species, excess harmful trees, and those suppressed, dying, malformed, dead, or diseased. It was accompanied by replanting, and Pinus koraiensis Siebold & Zucc. and Picea koraiensis Nakai were selected as the species for replanting. In 2021, a field survey measured species, DBH, height, and tree counts with a DBH over 5 cm across the seven experimental plots (Table 1).




2.2. Experimental Design and Sample Collection


2.2.1. Litter Decomposition


In July 2021, three 1 m × 1 m litter collection baskets were deployed in each thinning plot to collect all newly fallen senescent leaves, encompassing both coniferous and broadleaf types. Leaves collected were merged into one sample, brought to the lab, and dried in an oven at 65 °C until they weighed consistently. For the initial carbon content analysis, 45 g of this material was set aside. The remainder was placed into nylon mesh bags measuring 15 cm × 15 cm with a 1 mm mesh, with each bag containing 15 g. Five sample quadrats were established diagonally at each plot and thinning intensity level, after clearing the soil surface of existing litter and debris. The decomposition bags were then secured to the soil surface with wire, with four bags placed in each quadrat. Bags were removed from each quadrat after 46 (autumn), 101 (winter), 294 (spring), and 370 (summer) days to assess the mass and carbon content changes in the decomposed litter [33].




2.2.2. Fine Root Decomposition


We collected fine roots using the soil coring method [34]. In July 2021, a soil corer (50 mm diameter and 25 cm length bit) was used to extract soil cores up to 20 cm deep. The cores were placed in sterilized bags for transportation to the laboratory. Initially, soil cores were water-soaked to detach roots from soil, with fine roots under 2 mm in diameter being selected. Living and dead roots were then differentiated by the fine roots’ color, shape, elasticity, and cortex separation from the stele, using flotation. Fine roots were oven-dried at 65 °C to a constant weight for initial carbon content analysis. Remaining fine roots were packed into 10 cm × 10 cm, 60-mesh nylon bags, each weighing 2.0 g (accuracy: 0.0001 g and margin of error: ± 0.0005 g). In each thinning intensity plot, five quadrats were diagonally arranged, hosting four fine root decomposition bags each. Bags were retrieved after 46 (autumn), 101 (winter), 294 (spring), and 370 days (summer) for analysis of mass and carbon content changes in decomposed fine roots.




2.2.3. Soil Sample Collection


In July 2021, we organized five quadrats in a “Z” formation across plots with different thinning intensities, collecting soil samples from depths of 0 to 20 cm in each quadrat. We used a 100 cm3 ring knife to collect a portion of the samples, aiming to measure physical soil properties like temperature, moisture content, and bulk density. Another set of samples was sieved through a 2 mm mesh before being frozen, for evaluating chemical properties such as pH, organic carbon, total nitrogen, and the carbon-to-nitrogen ratio.





2.3. Analytical Methods


2.3.1. Soil Properties


The study measured soil properties including pH, temperature, moisture, bulk density, organic carbon content, total nitrogen content, and the carbon-to-nitrogen ratio. Soil pH is measured by mixing soil with water in a 1:5 w/v ratio then shaking for 30 min, followed by analysis with a Sartorius AG pH meter (Göttingen, Germany) [35]. Soil temperature and moisture are precisely measured using the LI-8150 system (Lincoln, NE, USA), which includes a Type E thermocouple and an EC-5 soil moisture probe. Soil bulk density determination typically employs the core method [36]. The potassium dichromate–sulfuric acid oxidation method quantifies soil organic carbon (SOC) content [37]. The Kjeldahl method is used to quantify total nitrogen (TN) content in soil [38]. The carbon-to-nitrogen ratio is derived from the ratio of organic carbon to total nitrogen.




2.3.2. Litter and Fine Root Carbon Content


Aboveground litter and belowground fine roots, once crushed and sieved, are digested with an H2SO4–H2O2 mixture to create a stock solution. The carbon content is then determined through the potassium dichromate oxidation method [37].




2.3.3. Residual Rate and Decomposition Rate


Decomposition rates are determined using the Olson negative exponential decay model [39,40]:


      M   1       M   t     =   a e   − k t    



(1)




where M1 represents the initial mass (g) of aboveground litter and belowground fine roots, Mt denotes their mass (g) at time t (years), and k is the decomposition coefficient.



The mass residue rate (MR) and nutrient residue rate (NR) for both aboveground litter and belowground fine roots are defined by the following parameters:


  M R =     M   1       M   t     × 100 %  



(2)






  N R =       C   t   M   t         C   1   M   1     × 100 %  



(3)




where C1 denotes the initial nutrient concentration (mg/g), while Ct denotes the concentration post-decomposition over time t.



Litter carbon release (LC) is calculated as:


  L C = L B × C   %   −   L B   n   ×   C   n     %    



(4)




where LC represents the carbon released from litter, LB denotes the initial mass of the litter prior to decomposition, C (%) indicates the carbon content percentage in the litter, LBn represents the mass of litter remaining post-decomposition, and Cn (%) specifies the carbon content percentage in the residual litter.



Fine root carbon release (FRC) is calculated as:


  F R C = F R B × C   %   −   F R B   n   ×   C   n     %    



(5)




where FRC represents the carbon released from fine root, FRB denotes the initial mass of the fine root prior to decomposition, C (%) indicates the carbon content percentage in the fine root, FRBn represents the mass of fine root remaining post-decomposition, and Cn (%) specifies the carbon content percentage in the residual fine root.




2.3.4. Soil Carbon Storage and Respiration


Carbon storage in soil layers is calculated as follows:


    S   S O D   =   ∑  i = 1   n        C   i   ×   P   i   ×   T   i       10   − 1      



(6)




where SSOD represents the organic carbon storage (t/hm2) at a specified depth. Here, Ci is the average organic carbon content (g/kg), Pi the bulk density (g/cm3), and Ti the thickness (cm) of the ith layer. The variable n indicates the total number of soil layers.



Soil respiration (SR) assessments near our sampling points utilized the LI-8150 system. A 20 cm inner diameter PVC soil collar was installed in the soil one day before the survey, protruding 2–3 cm above the surface to safeguard the original litter at its boundary. Measurements were taken every half hour over a 24 h period using the LI-8150 multiplex system. The formula to calculate the quarterly respiratory carbon loss is presented as:


  S R C =   F × 365 × 24 × 10,000 × 0.2727   / 1,000,000  



(7)




where SRC (t/hm2) denotes the quarterly respiratory carbon loss and where F represents the daily soil respiration rate. Here, 365 signifies the number of days in a year, and 0.2727 corresponds to the carbon fraction in carbon dioxide.




2.3.5. Construction of Soil Carbon Balance


Excluding parent material factors, the soil carbon sequestration (Figure 3) reveals that soil carbon is mainly influenced by litter, fine roots, soil respiration, atmospheric deposition, and leaching. Consequently, the equation for net quarterly soil carbon fixation is:


  ∆ S C = L C + F R C + A I − S R C − L L  



(8)




where ΔSC represents the net quarterly soil carbon change and LC, FRC, AI, SRC, and LL denote carbon fluxes from litter, fine roots, atmospheric deposition, soil respiration, and leaching per quarter, respectively. Given that atmospheric deposition and leaching are influenced by rainfall and the absorptive capabilities of plant roots and soil, and considering the uniform rainfall across all experimental sites, the indices AI and LL effectively indicate the soil’s carbon retention or loss capacity due to rainfall.



The equation simplifies by combining these indices:


  ∆ S C = L C + F R C − S R C + C F ( ε )  



(9)




where CF(ε) is viewed as encompassing other factors influencing soil carbon balance or serves as a correction factor. Alternatively, net quarterly soil carbon fixation is the difference between soil carbon storage in consecutive quarters:


  ∆ S C =   S C   n + 1   −   S C   n    



(10)




where SCn+1 denotes the soil carbon storage for quarter n + 1, while SCn represents the storage for quarter n.



Iteration of Equations (9) and (10) yields the formula accounting for other factors (correction factor) in soil carbon balance:


  C F   ε   =   S C   n + 1   −   S C   n   − L C − F R C + S R C  



(11)









2.4. Data Processing


Single-factor analysis of variance (ANOVA) and the least significant difference (LSD) method in SPSS 26.0 were used to assess the significance of varying thinning intensities on soil properties. Redundancy analysis (RDA) was conducted using the Vegan package in R version 4.1.0. RDA was used to explore the relationship between soil carbon cycling indicators and environmental factors across the four seasons. The “Boruta” algorithm, a random forest-based analysis method implemented in R, was employed to identify significant factors influencing varying intensities of thinning. All graphics were created using R version 4.1.0 and Origin 2021.





3. Results


3.1. Changes in Soil Physicochemical Properties


Thinning intensity significantly affected soil pH, temperature, moisture, organic carbon, total nitrogen, and the C/N ratio throughout the seasons (Table 2). Spring thinning E (30%) significantly raised soil pH compared to the untreated control (CK). Lower thinning intensities enhanced soil moisture and C/N ratios, whereas very high intensities reduced them (p < 0.001). As thinning intensity increased, total nitrogen content tended to decrease. Soil pH changes were relatively stable in the summer compared to the CK thinning. Thinning intensity, particularly at high levels, significantly increased soil moisture and organic carbon (p < 0.001). Autumn thinning significantly increased soil moisture over CK, with notable differences between thinnings (p < 0.001). The CK thinning sustained elevated total nitrogen levels (p < 0.01). Autumn thinning treatments had significantly impacted soil pH and C/N ratio. By winter, soil pH had decreased and moisture content had increased with higher thinning intensities. At 30% thinning intensity, SOC had peaked, significantly differing from other levels (p < 0.05). TN had reached its peak at a 35% thinning intensity. From spring to summer, soil pH, SM, and SOC had shown an increase. Between summer and autumn, there had been slight decreases in soil pH, moisture, and organic carbon. Winter brought a significant drop in soil temperature and an increase in moisture content for most samples. Furthermore, the C/N ratio in winter was substantially higher than in other seasons.




3.2. Litter and Fine Root Decomposition


The decomposition rate of litter mass initially declined rapidly, then slowed, peaking within the first two months (Figure 4A). After a year, the average remaining mass rate across various thinning intensities was 52.15%. During this period, the control plot (CK) showed the lowest remaining mass rate at 45.03%, whereas the moderate thinning intensity (25%) area had the highest at 65.89%. Using the Olson decay model (a negative exponential equation), we described the fine root decomposition mass loss pattern and calculated the decomposition constant k (Table 3). A one-way ANOVA showed the significant effects of thinning intensity on the decomposition coefficient (F = 9.138, p < 0.05), with coefficients ranked from highest to lowest as follows: C (20%), CK (0%), B (15%), E (30%), A (10%), F (35%), and D (25%). The decomposition coefficient was highest at 20% thinning intensity (0.7469) and lowest at 25% thinning intensity (4.713). For the control area, the decomposition coefficient stood at 0.7390. It took 0.94 to 1.24 years to decompose 50% and 4.05 to 4.06 years for 95% decomposition. Over a year, carbon content in the litter gradually decreased across all thinning intensities, showing a decline with increasing decomposition days (Figure 4C). After a year, the remaining rate of carbon content varied from 52.21% to 73.59%. The highest remaining rate occurred at 10% thinning intensity (73.59%), with the lowest at 15% (52.21%). The control plot (CK) had a relatively lower carbon content remaining rate of 53.07%. Overall, the litter’s carbon content remaining rate gradually decreased with increasing thinning intensity.



Fine root mass across all thinning intensities declined over time (Figure 4B). Decomposition rates initially were fast in the first two months and slowed in later periods. After a year, the average remaining fine root mass was 70.61%. Plot B (15%) showed the slowest, and the control plot (CK) the fastest decomposition rates among all thinning intensities. Initially, fine roots released carbon content rapidly, but slowed over time. The Olson decay model revealed significant variability in constants across thinning intensities (p < 0.05) (Table 4). Decomposition coefficients ranked from highest to lowest as follows: CK (0%), F (35%), C (20%), A (10%), D (25%), E (30%), and B (15%). Notably, the unthinned plot (CK) decomposed fastest, and plot B (15%) slowest. For the unthinned plot, decomposition to 50% was estimated at 1.57 years and to 95% at 6.8 years. After a year, significant variations in the carbon content remaining rates appeared across thinning intensities (Figure 4D). The control plot (CK) maintained a relatively higher carbon content remaining rate. Overall, the carbon content’s mass remaining rate initially increased with thinning intensity, then decreased. Specifically, plot D (25%) recorded the highest carbon content remaining rate at 34.37%.




3.3. Seasonal Variation in Soil Respiration Rates


Soil respiration across all thinning intensities exhibited a seasonal pattern of increasing initially and then decreasing (Figure 5). Soil respiration rates were relatively low for all thinning intensity groups in spring. Respiration rates for most thinning intensity groups peaked in summer, declined in autumn, and reached their lowest in winter, nearly returning to April’s levels. In summer, thinning intensity C peaked at a respiration rate of 5.519 μmol m−2 s−1, while the control group (CK) recorded a lower rate of 1.951 μmol m−2 s−1, maintaining the lowest rate among all groups. Summer was the peak period for soil respiration rates across all groups. By autumn, despite a decrease, respiration rates remained relatively high for most groups, suggesting a diminishing influence of high temperatures and seasonal factors on soil respiration rates. By winter, soil respiration rates for all groups significantly decreased, approaching spring’s initial levels. In winter, thinning intensity C′s respiration rate dropped from its July peak to 0.792 μmol m−2 s−1, and the control group (CK) decreased further to 0.42 μmol m−2 s−1.




3.4. Seasonal Changes in Soil Carbon Balance


Significant seasonal changes in soil carbon dynamics (Table 5). In spring and summer, CF values were positive across all thinning intensities. This pattern suggested soil carbon sequestration first increased then decreased as thinning intensity rose during these seasons, indicating significant carbon fixation (Table S1). As thinning intensity rose, soil carbon adsorption and sequestration initially increased, then decreased. Specifically, lower thinning intensities, such as 15%, significantly boosted soil carbon sequestration in spring. This effect, however, was absent in autumn and winter. Conversely, in autumn and winter, higher thinning intensities led to greater carbon loss, not increased adsorption capacity. In autumn, negative CF values from thinning intensities, except for 30% (E), indicated net carbon loss from inadequate soluble carbon adsorption due to rainfall. This trend was especially pronounced at thinning intensities C, D, and F, where larger negative CF values signaled significant soluble carbon loss from rainfall. In winter, all thinning intensities showed negative CF values, reflecting decreased soil and root system capacity to retain soluble carbon. The overall decline in CF values highlighted seasonal effects on soil carbon cycling, particularly during winter’s cold and dry conditions.




3.5. Influence of Environmental Factors on Thinning Intensity


We used Redundancy analysis (RDA) to explore the relationship between soil carbon cycling indicators and environmental factors throughout the four seasons (Figure 6). In spring, the RDA showed that RDA1 explained 60.64% of the variability and RDA2 explained 39.36% (Figure 6A). CF was positively correlated with soil moisture (SM), temperature (ST), and carbon-to-nitrogen ratio (C/N), and negatively with total nitrogen (TN) and pH. Additionally, SRC was found to positively correlate with pH. The findings for summer indicated that RDA1 accounted for 87.04% of the variability, with RDA2 at 12.96% (Figure 6B). A parallel or near-parallel vector between SRC and SOC suggested a positive correlation. For autumn, RDA revealed that RDA1 accounted for 84.66% of the explained variability, with RDA2 at 13.15% (Figure 6C). CF was positively correlated with the carbon-to-nitrogen ratio (C/N) and pH. In winter, RDA1 was found to explain 80.17% of the variability, with RDA2 at 19.16% (Figure 6D). CF was positively correlated with C/N and pH, while SRC was negatively correlated with SM, and SCQF also showed a negative correlation with TN.



In spring, SM and CF significantly influenced responses to varying thinning intensities (Figure 7A). Furthermore, FRC, SOC, TN, and soil pH were also crucial. The results for summer revealed that the significance of CF was paramount, with FRC and SM also playing essential roles in reacting to varied thinning intensities (Figure 7B). Autumn maintained the high importance of FRC and CF, with SRC, SM, and LC also being significant (Figure 7C). Winter saw an increased importance of SOC and TN, while FRC, SRC, soil pH, LC, and CF continued to be critical (Figure 7D). A year-round analysis identified CF, FRC, and LC as consistent factors significantly impacting responses to varying thinning intensities. SM was particularly crucial in spring and summer, while the importance of SOC and TN became more pronounced in winter.





4. Discussion


4.1. Effect of Thinning Intensity on Soil Physicochemical Properties


Thinning, a forestry management tactic, significantly impacts soil’s physicochemical properties through the selective removal of trees to optimize forest structure [41]. This approach modifies soil temperature and moisture, and indirectly changes chemical properties like pH, organic carbon, and total nitrogen content, impacting the C/N ratio [42]. Our study showed that spring thinning boosts soil moisture and organic carbon, with summer thinning potentially amplifying these benefits. These changes significantly enhance soil nutrient cycling and boost the ecosystem’s carbon capture and storage capabilities. Studies indicated that thinning raises soil organic matter content and reshapes the microbial community due to enhanced sunlight and air flow, thus, stimulating microbial activity in the topsoil [41,43]. Additionally, thinning decreases plant cover, impacting soil moisture evaporation and infiltration, and thereby changing soil moisture levels [44]. Thinning also boosts forest resilience by lowering tree density, reducing the impact of extreme climate events like droughts and floods, safeguarding soil resources, and enhancing recovery potential [45].



Thinning’s impact on soil physicochemical properties varies significantly with the seasons. Understanding these seasonal variations is essential for optimizing thinning’s ecological effects. Spring thinning maintains soil moisture and organic carbon, thanks to increased precipitation and reduced evaporation [46]. Conversely, summer thinning may worsen soil drought with high temperatures and intense evaporation, while also enhancing organic matter decomposition and nutrient cycling [47]. Seasonal changes also affect thinning’s effectiveness. Winter and early spring thinning minimally impact soil, thanks to low temperatures and snow cover, but summer’s high temperatures and drought can amplify these effects [48]. Therefore, incorporating seasonal variations modulates thinning outcomes, offering strategies to maximize soil quality and ecosystem services for forest management and ecological restoration. In summary, thinning changes forest structure and significantly affects soil physicochemical properties across seasons, underscoring the need for seasonal forest management strategies. A deeper understanding of thinning’s seasonal effects on soil and ecosystems helps optimize forestry management, enhancing ecosystem health and sustainability.




4.2. Effects of Thinning on Soil Carbon Input and Output


Thinning indirectly impacts litter and fine root decomposition rates by changing the understory’s light, temperature, and humidity levels [49]. Reduced canopy cover increases sunlight exposure, elevates surface temperature, and potentially alters soil moisture, collectively enhancing litter decomposition [50]. Thinning alters litter’s chemical composition and quantity, further affecting its decomposition [51]. Fine root decomposition is vital for soil nutrient cycling and the forest ecosystems’ carbon balance. Accelerating litter and fine root decomposition increases soil organic carbon inputs, enhancing soil carbon cycling [52]. Thinning reduces tree and potentially fine root biomass, impacting fine root decomposition rates [53,54]. Studies indicate fine root decomposition rates post-thinning vary with soil microbial communities and environmental conditions [52,55]. This study reveals moderate thinning intensity boosts litter and fine root decomposition rates, aiding soil carbon accumulation and soil carbon storage growth. However, excessive thinning may inhibit decomposition, impairing soil carbon cycling and forest quality. Soil respiration, a critical component of forest ecosystems’ carbon cycle, involves soil microbes breaking down organic matter to release carbon dioxide [56]. Studies show thinning may boost respiration rates through higher soil temperatures and better aeration, although decreased plant biomass could lower organic carbon inputs, impacting soil respiration [57,58]. This study reveals significant seasonal variations in soil respiration rates, with a notable peak in summer, linked to temperature and soil moisture changes. Thinning positively influenced the soil microenvironment and altered soil respiration’s seasonal pattern, especially by intensifying the summer peak, benefiting the carbon cycle. Seasonal variations significantly influence thinning’s effects on ecological processes, with seasonal factors crucial to the forest ecosystems’ response [24,59]. Thinning effects are most pronounced during the growing season due to heightened microbial activity, which accelerates litter, fine root decomposition, and soil respiration [60].



Thinning, a forest management technique, complexly affects soil carbon storage and dynamics. Research indicates the varied impacts of forest management strategies on soil organic carbon dynamics, highlighting their critical role in carbon cycling [61]. Thinning is regarded as an effective strategy to boost soil carbon sequestration, aiding in global warming mitigation [62]. Our research found moderate thinning markedly enhanced soil properties, elevating both moisture and carbon storage levels. Aligning with Settineri et al., this study confirms moderate thinning positively impacts soil chemistry and carbon storage [63]. In 2015, Bravo-Oviedo et al. explored thinning’s impact on p. sylvestris L. in Southern Europe, noting improvements in soil organic carbon concentrations and overall soil health [64]. Ma et al. demonstrated moderate thinning raised soil organic carbon in Northeast China’s Larix forests, underscoring thinning’s beneficial effect on soil carbon storage [65]. However, Abdallah et al. reported no significant changes in surface or deep soil carbon due to logging controls [66]. Rozak et al. observed significant declines in above-ground carbon stocks due to selective logging, noting that unmanaged or lightly logged forests maintained higher carbon stocks than heavily logged ones [67]. Differing from previous research, this study zeroes in on a specific forest type at Dongfanghong forestry farm, potentially influencing result comparability. Research indicates that appropriate thinning intensities can significantly boost soil carbon in forests [68,69], though impacts vary with forest type, climate, soil properties, and stand structure [70]. The impact of thinning on soil carbon content varies across forest types, due to soil, climate, and ecosystem characteristics [71,72,73]. These factors jointly influence the specific impacts of thinning on soil carbon dynamics [74]. Comprehending thinning and forest management’s effects on soil carbon is crucial for developing effective policies, optimizing carbon storage, and minimizing emissions [75]. Scientists stress the importance of adopting targeted management measures, tailored to specific forest types, soil conditions, and climates [76,77]. While recognizing moderate thinning’s role in boosting soil carbon storage, this study notes its applicability may be limited by certain environmental conditions. This study underscores considering regional and specific environmental factors in thinning for effective, sustainable management. Thus, forest management can promote ecosystem health, enhance forest soil as a carbon sink, and support climate change mitigation.




4.3. Seasonal Effects of Thinning on Soil Carbon Cycling Dynamics


Grasping the seasonal variations in soil carbon balance is vital for understanding ecosystem dynamics and the global carbon cycle. As a major carbon reservoir, soil changes directly impact the climate. Temperature, precipitation, and sunlight, as seasonal environmental factors, significantly influence soil carbon inputs and outputs [59,78]. In spring and summer, increased thinning intensity correlates with positive soil carbon fixation, as shown by positive CF values, indicating enhanced carbon absorption. Rising temperatures and longer daylight hours stimulate plant photosynthesis, boosting soil carbon inputs [79]. During this time, vigorous plant growth absorbs significant carbon dioxide and boosts soil organic carbon via root exudates [80]. The warm and moist environment speeds up microbial decomposition of organic matter, often leading to carbon inputs surpassing outputs and, thus, soil carbon accumulation [81]. In autumn and winter, higher thinning intensities lead to negative CF values, signaling increased carbon losses, especially from soluble carbon washed away by rainfall. Lower temperatures and reduced sunlight slow plant growth and photosynthesis, thus, decreasing carbon inputs [82]. Lower temperatures may reduce microbial activity and soil respiration, but increased precipitation can heighten dissolved organic carbon loss, with undecomposed plant litter also contributing to carbon losses [83,84,85]. Consequently, soil experiences carbon loss in autumn and winter.



Thinning influences soil carbon cycling by modifying soil properties and environmental conditions in forests, impacting carbon sequestration and release. Reducing tree density via thinning enhances light penetration and air flow, thereby regulating soil temperature and moisture [86]. This alters the soil’s carbon-to-nitrogen ratio and microbial activity, directly influencing carbon cycling processes such as absorption, storage, and release [87]. Moreover, thinning improves soil conditions, fostering root development and increasing carbon sequestration capacity [76]. Adjusting thinning’s intensity and timing can control soil carbon cycling efficiency, offering a scientific foundation for forest management. This study’s RDA uncovered complex seasonal relationships between soil carbon cycling indicators and environmental factors, highlighting the crucial role of the CF in maintaining soil carbon balance throughout the year. The springtime data showed soil moisture and temperature positively affected CF, underscoring the importance of optimal microenvironmental conditions for soil carbon sequestration. Summer and autumn analyses further confirmed a positive correlation between SOC and SRC. Winter data highlighted the risk of carbon loss due to low temperature and moisture. Many studies have identified soil moisture and temperature as key factors influencing the soil carbon cycle [88,89]. Soil temperature influences microbial activity and root growth, affecting the decomposition and accumulation of soil organic carbon [90]. Soil moisture affects soil respiration and microbial water availability, thereby influencing carbon outputs [91,92]. Using a random forest model, this study highlighted the importance of spring SM and CF in response to varying thinning intensities and demonstrated the vital roles of FRC, SOC, TN, and soil pH in regulating soil carbon balance. Analysis from summer to winter further showed the continued impact of these variables, especially CF, FRC, and LC, on their significant response to thinning intensities throughout the year.




4.4. Implications for Management Practice


Research has shown that soil cover and management practices, including thinning and fertilization, significantly affect soil carbon’s seasonal variation [93,94]. For example, soil cover enhances microbial activity and carbon accumulation by minimizing moisture evaporation and boosting soil moisture [95]. Additionally, adjusting soil nutrient levels through timely thinning and fertilization can influence plant growth and microbial activity, thus, regulating the soil carbon balance [96]. Our study highlights the profound impact of thinning intensity on the carbon cycle and seasonal variations in degraded forest soils. Spring thinning enhances soil pH and organic carbon, whereas summer thinning significantly boosts soil moisture and carbon, suggesting moderate thinning aids in soil carbon storage. Thinning further impacts the carbon cycle by altering litter and fine root decomposition rates. Forest management and thinning practices, by employing optimal thinning intensity and frequency, enhance soil carbon storage and forest carbon sequestration [97,98]. Adjusting thinning strategies to seasonal changes in the soil carbon cycle increases soil organic carbon content and enhances litter decomposition. Future research should explore the long-term effects of thinning intensity and frequency on forest ecosystem functions across various forest types and soil conditions, and assess its impacts on biodiversity. Additionally, research should evaluate thinning’s contribution to climate change adaptability, forest restoration, and ecosystem service sustainability. Comprehensive analysis and future studies will enable a holistic understanding of forest thinning’s impacts on ecosystems, leading to more effective management strategies.





5. Conclusions


Our study showed that thinning practices, timed seasonally, significantly influence the carbon cycle in degraded forest soils. Spring thinning raised soil pH and organic carbon levels, whereas summer thinning increased soil moisture and carbon storage. Moderate thinning, specifically at a 20% intensity, improved soil health and facilitated carbon sequestration throughout the year. Such practices help manage soil carbon emissions and improve the structure and function of forests. Our results endorse an optimal thinning regimen to enhance soil carbon storage, highlighting the imperative for additional studies on its enduring effects and contributions to climate resilience and ecosystem health. Moreover, this research underlines the impact of thinning on decomposition rates of litter and fine roots, offering essential insights into the prolonged carbon sequestration capabilities of forest ecosystems. Emphasizing seasonal variability in forest management promotes the ecological advantages of thinning, including increased productivity, carbon sequestration, and biodiversity preservation. This strategy is essential for creating effective forest management plans to combat climate change, significantly affecting both academic research and practical forest management.
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Figure 1. The 2021 climate conditions in the research area encompassed (A) monthly average precipitation, (B) monthly average temperature, and (C) monthly average relative humidity. 
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Figure 2. Experimental and control plots across seven different thinning intensities. 
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Figure 3. Soil carbon sequestration diagram. 
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Figure 4. Mass percentages of residual litter (A) and fine roots (B), and carbon content percentages in litter (C) and fine roots (D) at various thinning intensities. 
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Figure 5. Seasonal variation in soil respiration rate across thinning intensities: categorizing April, July, September, and November as spring, summer, autumn, and winter, respectively. 
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Figure 6. Seasonal redundancy analysis (RDA) of soil carbon cycling and properties during spring (A), summer (B), autumn (C), and winter (D), analyzing key parameters: litter carbon (LC), fine root carbon (FRC), soil respiration carbon (SRC), correction factor (CF), soil carbon quarterly fixed value (SCQF), potential of Hydrogen (pH), soil organic carbon (SOC), carbon-to-nitrogen ratio (C/N), soil temperature (ST), soil moisture (SM), and total nitrogen (TN). 
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Figure 7. “Boruta” analysis determined the significance of variables across varying thinning intensities for spring (A), summer (B), autumn (C), and winter (D), with the X-axis representing soil parameters and the Y-axis depicting the importance of these parameters at depth, as measured by Z-scores. 
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Table 1. Basic overview of the study site.
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	Thinning

Intensity
	Mean Diameter at Breast Height (cm)
	Mean Tree Height (m)
	Stand Density per Hectare (Trees/ha)
	Latitude
	Longitude





	CK (0)
	11.65 ± 4.92
	12.14 ± 4.59
	1456
	46°52′16.74″
	129°5′2.89″



	A (10%)
	15.36 ± 8.34
	12.92 ± 4.28
	967
	46°52′37.86″
	129°5′6.35″



	B (15%)
	15.00 ± 7.58
	12.58 ± 4.36
	1256
	46°52′34.32″
	129°5′6.57″



	C (20%)
	16.14 ± 7.51
	11.77 ± 4.81
	1022
	46°52′30.53″
	129°5′6.32″



	D (25%)
	14.36 ± 8.19
	11.14 ± 4.40
	1189
	46°52′27.18″
	129°5′4.26″



	E (30%)
	13.38 ± 6.64
	12.17 ± 4.25
	1122
	46°52′23.82″
	129°5′3.72″



	F (35%)
	14.66 ± 7.29
	13.74 ± 4.87
	1167
	46°52′20.10″
	129°5′3.94″










 





Table 2. Seasonal variations in soil properties under different thinning intensities.
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Season

	
Index

	
Thinning Intensity

	
F

	
p




	
CK (0)

	
A (10%)

	
B (15%)

	
C (20%)

	
D (25%)

	
E (30%)

	
F (35%)






	
Spring

	
pH value

	
5.33 ± 1.33 b

	
6.04 ± 0.81 ab

	
6.33 ± 1.06 ab

	
6.48 ± 1.15 ab

	
7.34 ± 0.68 a

	
6.54 ± 0.47 ab

	
6.72 ± 0.15 ab

	
1.42

	
ns




	
Soil moisture (%)

	
24.24 ± 0.45 e

	
28.50 ± 2.14 d

	
43.86 ± 1.69 a

	
33.46 ± 2.66 c

	
34.17 ± 0.23 c

	
40.67 ± 0.06 b

	
18.47 ± 2.25 f

	
84.46

	
***




	
Soil temperature (°C)

	
15.08 ± 0.26 b

	
15.05 ± 0.44 b

	
16.63 ± 0.57 a

	
16.93 ± 0.74 a

	
16.22 ± 0.94 ab

	
15.76 ± 0.93 ab

	
15.66 ± 0.51 ab

	
3.53

	
*




	
Soil organic carbon (g kg−1)

	
23.68 ± 4.09 c

	
49.60 ± 0.80 a

	
35.76 ± 7.03 b

	
33.90 ± 6.65 b

	
36.46 ± 5.17 b

	
38.76 ± 5.07 b

	
43.66 ± 7.79 ab

	
6.15

	
**




	
Total N (g kg−1)

	
4.44 ± 0.52 a

	
3.32 ± 0.94 ab

	
1.79 ± 0.71 b

	
2.83 ± 1.19 ab

	
3.62 ± 1.47 a

	
3.37 ± 0.88 ab

	
3.62 ± 0.29 a

	
2.31

	
ns




	
C/N

	
5.36 ± 0.91 b

	
15.85 ± 4.89 ab

	
24.22 ± 16.32 a

	
12.66 ± 2.50 ab

	
11.09 ± 3.88 ab

	
12.05 ± 3.24 ab

	
12.14 ± 2.72 ab

	
2.09

	
ns




	
Summer

	
pH value

	
6.35 ± 0.22 a

	
5.63 ± 0.36 a

	
6.39 ± 0.06 a

	
5.70 ± 1.55 a

	
5.92 ± 0.28 a

	
5.51 ± 0.18 a

	
6.34 ± 0.11 a

	
1.105

	
ns




	
Soil moisture (%)

	
23.22 ± 0.08 g

	
39.11 ± 0.71 c

	
28.92 ± 0.07 f

	
40.57 ± 0.15 b

	
34.05 ± 0.45 d

	
44.94 ± 0.17 a

	
29.68 ± 0.68 e

	
989.98

	
***




	
Soil temperature (°C)

	
20.71 ± 0.26 bc

	
21.24 ± 0.23 ab

	
19.90 ± 0.22 d

	
20.28 ± 0.09 cd

	
21.59 ± 0.61 a

	
18.96 ± 0.47 e

	
21.11 ± 0.34 ab

	
19.63

	
***




	
Soil organic carbon (g kg−1)

	
37.73 ± 18.80 a

	
46.40 ± 22.92 a

	
59.08 ± 43.88 a

	
58.65 ± 17.40 a

	
56.15 ± 42.89 a

	
84.46 ± 24.62 a

	
33.46 ± 16.61 a

	
1.035

	
ns




	
Total N (g kg−1)

	
5.39 ± 0.28 cd

	
5.80 ± 0.61 cd

	
6.87 ± 0.39 b

	
7.33 ± 0.28 b

	
10.28 ± 0.60 a

	
5.93 ± 0.52 c

	
5.07 ± 0.31 d

	
47.58

	
***




	
C/N

	
7.11 ± 3.77 ab

	
7.91 ± 3.40 ab

	
8.85 ± 6.97 ab

	
7.98 ± 2.20 ab

	
5.63 ± 4.59 b

	
14.25 ± 3.85 a

	
6.72 ± 3.50 ab

	
1.29

	
ns




	
Autumn

	
pH value

	
6.74 ± 0.55 a

	
5.84 ± 0.88 ab

	
6.65 ± 0.53 a

	
6.27 ± 0.47 a

	
6.47 ± 0.24 a

	
5.16 ± 0.69 b

	
6.74 ± 0.44 a

	
3.12

	
*




	
Soil moisture (%)

	
20.11 ± 0.63 e

	
35.75 ± 0.08 b

	
30.67 ± 2.64 c

	
34.21 ± 0.25 d

	
24.14 ± 0.31 d

	
40.60 ± 0.10 a

	
14.00 ± 0.20 f

	
247.17

	
***




	
Soil temperature (°C)

	
15.38 ± 0.27 bc

	
17.61 ± 0.27 a

	
16.33 ± 0.69 b

	
16.41 ± 0.84 b

	
15.99 ± 0.84 bc

	
15.13 ± 0.30 c

	
16.03 ± 0.18 bc

	
6.37

	
**




	
Soil organic carbon (g kg−1)

	
43.50 ± 1.62 a

	
31.35 ± 0.51 c

	
36.04 ± 7.36 bc

	
40.11 ± 4.45 ab

	
41.80 ± 2.73 ab

	
42.09 ± 0.36 ab

	
43.76 ± 2.53 a

	
4.78

	
**




	
Total N (g kg−1)

	
5.22 ± 0.19 c

	
6.38 ± 0.14 a

	
5.11 ± 0.74 c

	
5.55 ± 0.26 bc

	
5.37 ± 0.54 c

	
6.23 ± 0.19 ab

	
5.45 ± 0.33 c

	
4.68

	
**




	
C/N

	
8.34 ± 0.03 a

	
4.91 ± 0.03 c

	
7.04 ± 1.08 ab

	
7.24 ± 0.95 ab

	
7.84 ± 0.94 ab

	
6.76 ± 0.19 b

	
8.03 ± 0.49 ab

	
8.51

	
**




	
Winter

	
pH value

	
6.23 ± 0.41 ab

	
6.48 ± 0.10 a

	
6.08 ± 0.56 ab

	
5.52 ± 0.79 b

	
5.73 ± 0.45 ab

	
5.77 ± 0.20 ab

	
6.05 ± 0.07 ab

	
1.65

	
ns




	
Soil moisture (%)

	
27.66 ± 0.54 d

	
34.30 ± 0.36 c

	
38.70 ± 0.12 bc

	
44.44 ± 0.27 ab

	
27.03 ± 0.06 d

	
44.99 ± 3.16 a

	
34.4 ± 8.06 c

	
14.59

	
***




	
Soil temperature (°C)

	
4.02 ± 0.60 bc

	
6.42 ± 0.33 a

	
4.87 ± 0.68 b

	
4.25 ± 0.79 bc

	
6.52 ± 0.23 a

	
3.74 ± 0.15 c

	
4.05 ± 0.68 bc

	
13.61

	
***




	
Soil organic carbon (g kg−1)

	
27.13 ± 14.97 b

	
27.41 ± 6.82 b

	
47.54 ± 14.69 ab

	
31.93 ± 15.04 b

	
40.55 ± 2.52 b

	
62.92 ± 11.82 a

	
40.27 ± 11.35 b

	
3.44

	
*




	
Total N (g kg−1)

	
2.63 ± 1.37 b

	
2.17 ± 0.81 b

	
4.13 ± 2.60 ab

	
5.23 ± 2.14 ab

	
3.90 ± 2.52 ab

	
3.33 ± 1.37 ab

	
6.53 ± 1.80 a

	
1.88

	
ns




	
C/N

	
10.47 ± 2.22 a

	
13.33 ± 3.23 a

	
17.23 ± 13.77 a

	
6.15 ± 2.17 a

	
17.15 ± 16.31 a

	
27.28 ± 8.94 a

	
6.44 ± 2.47 a

	
1.25

	
ns








Note: The values are shown as mean ± standard deviation (S.D.) (n = 3). Different letters indicate significant differences (p < 0.05) among the four different thinning intensities based on a one-way ANOVA followed by an LSD test. ns—not significant; * p < 0.05; ** p < 0.01; and *** p < 0.001.













 





Table 3. Regression equations between litter residual rates and time.
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	Thinning Intensity
	Regression Equation
	Correlation Coefficient (R2)
	Decomposition Constant k
	t0.5/a
	t0.95/a





	CK (0)
	y = 0.9221 e−0.7381t
	0.9219
	0.7381 a
	0.94
	4.06



	A (10%)
	y = 0.9287 e−0.5875t
	0.8831
	0.5875 cd
	1.18
	5.10



	B (15%)
	y = 0.9210 e−0.7219t
	0.9238
	0.7219 ab
	0.96
	4.15



	C (20%)
	y = 0.9078 e−0.7401t
	0.8961
	0.7401 a
	0.94
	4.05



	D (25%)
	y = 1.0165 e−0.4704t
	0.9702
	0.4704 d
	1.47
	6.37



	E (30%)
	y = 0.9363 e−0.5991t
	0.9346
	0.5991 bc
	1.16
	5.00



	F (35%)
	y = 0.9618 e−0.5595t
	0.9678
	0.5595 cd
	1.24
	5.35







Note: t0.5/a denotes the time needed to achieve 50% decomposition, whereas t0.95/a corresponds to the time for 95% decomposition. Variations in lowercase letters signify statistically significant differences in the rates of decomposition among varying intensities of thinning (p < 0.05).













 





Table 4. Regression equations between fine root residual rates and time.
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	Thinning Intensity
	Regression Equation
	Correlation Coefficient (R2)
	Decomposition Constant k
	t0.5/a
	t0.95/a





	CK (0)
	y = 0.9598 e−0.4403t
	0.9629
	0.4403 a
	1.57
	6.80



	A (10%)
	y = 0.9810 e−0.3115t
	0.9824
	0.3115 abc
	2.22
	9.62



	B (15%)
	y = 0.9733 e−0.1529t
	0.9043
	0.1529 d
	4.53
	19.60



	C (20%)
	y = 0.9738 e−0.4140t
	0.9819
	0.4140 ab
	1.67
	7.24



	D (25%)
	y = 0.9643 e−0.2841t
	0.9429
	0.2841 bc
	2.44
	10.54



	E (30%)
	y = 0.9642 e−0.2574t
	0.9364
	0.2574 cd
	2.69
	11.64



	F (35%)
	y = 0.9972 e−0.4267t
	0.9981
	0.4267 a
	1.62
	7.02







Note: t0.5/a denotes the time needed to achieve 50% decomposition, whereas t0.95/a corresponds to the time for 95% decomposition. Variations in lowercase letters signify statistically significant differences in the rates of decomposition among varying intensities of thinning (p < 0.05).













 





Table 5. Quantitative analysis of seasonal carbon budget under different thinning intensities.
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Season

	
Thinning Intensity

	
Litter Carbon Input (t/hm2)

	
Fine Root Carbon Input (t/hm2)

	
Soil Respiration Carbon Output (t/hm2)

	
Correction Factor ε (t/hm2)

	
Soil Carbon Quarterly Fixed Value (t/hm2)






	
Spring

	
CK (0)

	
1.14

	
0.12

	
0.77

	
1.33

	
1.81




	
A (10%)

	
0.87

	
0.12

	
2.27

	
3.45

	
2.17




	
B (15%)

	
1.30

	
0.18

	
1.58

	
5.05

	
4.95




	
C (20%)

	
1.15

	
0.14

	
2.41

	
3.59

	
2.47




	
D (25%)

	
1.16

	
0.13

	
1.29

	
1.69

	
1.69




	
E (30%)

	
0.94

	
0.10

	
0.97

	
1.83

	
1.90




	
F (35%)

	
1.69

	
0.15

	
1.49

	
3.81

	
4.16




	
Summer

	
CK (0)

	
0.85

	
0.03

	
1.82

	
4.70

	
3.75




	
A (10%)

	
0.63

	
0.02

	
3.99

	
6.66

	
3.31




	
B (15%)

	
0.71

	
0.01

	
2.89

	
3.27

	
1.10




	
C (20%)

	
0.59

	
0.02

	
5.15

	
7.15

	
2.61




	
D (25%)

	
0.64

	
0.03

	
2.37

	
6.35

	
4.65




	
E (30%)

	
0.81

	
0.03

	
3.54

	
4.96

	
2.26




	
F (35%)

	
0.55

	
0.04

	
2.40

	
4.08

	
2.26




	
Autumn

	
CK (0)

	
1.71

	
0.55

	
1.58

	
−3.39

	
−2.71




	
A (10%)

	
1.18

	
0.54

	
2.88

	
−1.58

	
−2.73




	
B (15%)

	
1.94

	
0.51

	
2.26

	
−3.53

	
−3.34




	
C (20%)

	
1.70

	
0.57

	
3.87

	
−2.56

	
−4.15




	
D (25%)

	
0.55

	
0.61

	
1.72

	
−4.21

	
−4.78




	
E (30%)

	
1.57

	
0.50

	
3.61

	
0.51

	
−1.03




	
F (35%)

	
1.04

	
0.54

	
2.45

	
−2.56

	
−3.43




	
Winter

	
CK (0)

	
1.22

	
0.15

	
0.39

	
−3.83

	
−2.85




	
A (10%)

	
1.01

	
0.20

	
0.61

	
−3.36

	
−2.75




	
B (15%)

	
0.52

	
0.13

	
0.44

	
−2.92

	
−2.71




	
C (20%)

	
0.79

	
0.19

	
0.74

	
−1.17

	
−0.93




	
D (25%)

	
1.34

	
0.16

	
0.48

	
−2.58

	
−1.56




	
E (30%)

	
0.83

	
0.13

	
0.63

	
−3.46

	
−3.13




	
F (35%)

	
0.72

	
0.16

	
0.50

	
−3.37

	
−2.99
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