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Introduction: Soil organic carbon (SOC) accumulation changed with forest succession and hence impacted the SOC storage. However, the variation and underlying mechanisms about SOC during tropical forest succession are not fully understood.

Methods: Soil samples at four depths (0–10 cm, 10–20 cm, 20–40 cm and 40–60 cm), litter, and roots of 0–10 cm and 10–20 cm were collected from three forest succession stages (plantation forest, secondary forest, and old– growth forest) in the Jianfengling (JFL) National Nature Reserve in Hainan Island, China. The SOC, soil enzyme activities, physiochemical properties, the biomass of litter and roots were analyzed.

Results: Results showed that forest succession significantly increased SOC at 0–10 cm and 10–20 cm depth (from 23.00 g/kg to 33.70 g/kg and from 14.46 g/kg to 22.55 g/kg, respectively) but not at a deeper depth (20–60 cm). SOC content of the three forest succession stages decreased with increasing soil depth and bulk density (BD). With forest succession from plantation to secondary and old–growth forest, the soil pH at 0–10 cm and 10–20 cm depth decreased from 5.08 to 4.10 and from 5.52 to 4.64, respectively. Structural equation model (SEM) results showed that the SOC at depths of 0–20 cm increased with total root biomass but decreased with increasing soil pH value. The direct positive effect of soil TP on SOC was greater than the indirect negative effect of decomposition of SOC by soil acid phosphatase (AP).

Discussion: To sum up, the study highlighted there was soil P– limited in tropical forests of JFL, and the increase in TP and total root biomass inputs were main factors favoring SOC sequestration during the tropical forest succession. In addition, soil acidification is of great importance for SOC accumulation in tropical forests for forest succession in the future. Therefore, forest succession improved SOC accumulation, TP and roots contributed to soil C sequestration.
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1. Introduction

Forest soil carbon is the main component of the terrestrial ecosystem carbon pool. Small variations of this component will affect atmospheric carbon concentrations and future global climate changes (Fang et al., 2015). Tropical forests cover only 6% of the world’s land area but contain about 40% of the terrestrial ecosystem carbon (Ren et al., 2014), with old–growth forests still accumulating carbon stably in soil (Zhou et al., 2006). However, tropical primary forest areas have been decreasing under the global climate change and human disturbances over the last century (Ma et al., 2022). Studies found a reduction in soil organic carbon (SOC) during the conversion of tropical primary forests to other land–use types (Zhou et al., 2018). Conversely, when forest vegetation is restored, the SOC will increase with positive forest succession (Deng et al., 2013). Meanwhile, long–term observational data show that soil in the northern hemisphere and temperate forests has always acted as a carbon sink, but there are relatively few studies on its dynamic change in tropical forests (Zhu et al., 2020). Therefore, studying the variation characteristics of SOC during tropical forest succession is important to understand the carbon sequestration capacity of forest soil.

SOC accumulation during forest succession is largely influenced by biotic and abiotic factors (Smith, 2008; Hu and Lan, 2020). In terms of abiotic factors, TN and TP are two important factors that influence SOC by regulating SOC input and output, because nitrogen and phosphorus are critical elements for plant growth (Schleuss et al., 2019). The high N/P ratios will increase nitrogen uptake by plants, promote plant growth and increase SOC input (Peng et al., 2019). In terms of biotic factors, the accumulation of SOC depends on the balance of the input of exogenous SOC from litter and roots and the output of SOC through microbial consumption. It is important source of soil nutrients from litter decomposition that replenished by forest ecosystems (Rubino et al., 2010). Huang et al. (2011) reported that the increase of litter decomposition with forward succession help accumulate SOC. The increase of roots and their secretions can also increase SOC in the late afforestation restoration stage (Hu et al., 2016). In addition, soil microbes, one of the main decomposers of organic carbon, act on the decomposition of soil organic matter by regulating enzymatic activity. Soil microbes secreted extracellular enzymes to decompose complex organic matter for obtaining carbon and other nutrients, which also have important impacts on the sequestration of forest SOC (Cui et al., 2019). To reveal the biotic, abiotic factors and their interact effect on SOC accumulation during tropical forest succession is of importance for guiding tropical forest management and SOC sequestration.

The tropical forest in Hainan Island accounts for 31.4% of the total tropical forest area in China, which plays a key role in ecological environment construction and it’s largely affected by global climate changes (Li et al., 2019). The Jianfengling (JFL) tropical forest remains one of the few well–preserved tropical primary forests in China (Guo et al., 2015). The slash–and–burn and traditional agricultural methods used over the last century are what have caused severe damage and the subsequent restoration of tropical forests, and form an ideal area to study the variations and influencing factors of SOC during the tropical forest succession. In this study, three forest succession stages, plantation forest, secondary forest, and old–growth forest in JFL, which belong to early, middle and late succession stages were selected. The SOC and other soil physicochemical properties, soil enzyme activities, litter and roots biomass were investigated in different forest succession stages. The objectives were to: (1) explore the variations of SOC and enzyme activities at different succession stages and soil layers; (2) find the effects of soil environmental factors, litter and roots on SOC during tropical forest succession. We proposed two hypotheses: (1) SOC increases with forest succession from plantation forest to secondary forest and old–growth forest; (2) the increase of litter and root biomass is beneficial for SOC accumulation. The study results are expected to provide theoretical reference for soil carbon management in tropical forest.



2. Materials and methods


2.1. Study site

The study site, the JFL National Nature Reserve, is located in the southwestern part of Hainan Island, China (18°23′–18°50″N 108°36′–109°05′E). The area has a typical tropical monsoon climate with a wet season from May to October and a dry season from November to April in the following year (Jiang et al., 2017). The mean annual temperature ranges from 25.2°C in coastal tablelands to 19.7°C in mountainous rainforest areas (Xu et al., 2015). The mean annual precipitation ranges from 1,500 to 2,600 mm, with a maximum of 3,500 mm, 80%–90% of which falls in the wet season. The soil types are mainly montane lateritic red or yellow earth according to the World Reference Base for soil resources, and granite is the main soil parent material (Yang et al., 2018).

Our study site mainly includes three forest succession types: old–growth forest (OF), secondary forest (SF), and plantation forest (PF). Three 20 m × 20 m plots were established in each forest. In total, there were nine sample plots. We used the space–for–time substitution method, which has been commonly used for similar soil changes over time under consistent climatic conditions (Walker et al., 2010). The OF is natural mature forest without human disturbance for a long time, while SF and PF are the natural regeneration forest which developed on the OF after different degrees of human disturbance. These forests have similar geographical and climatic conditions with uniform temperature and precipitation. Cryptocarya chinensis, Gironniera subaequalis, Mallotus Hookerianus (Seem.) Muell. Arg, and Nephelium topengii (Merr.) H. S. Lo are the dominant species in OF, which maintains a high biodiversity (Fang et al., 2004). The SF naturally regenerated following selective logging of OF in the 1960s and mainly consists of Castanopsis fissa, Castanopsis tonkinensis, Sapium discolor, Syzygium tephrodes, and Schefflera octophylla (Xu et al., 2009). Cunninghami alanceolata (Lamb.) Hook. is the dominant species in the PF, and it was established after being felled in the 1980s. The basic sample sites information is shown in Table 1.



TABLE 1 Location and basic characteristics of sampling plots in different succession stages in the Jianfengling National Nature Reserve.
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2.2. Sampling design

In September 2021, we collected litter, root and soil samples along the forest succession stages from PF, SF, to OF. At each forest stage, three sampling plots were selected. At each plot, we divided into four subplots (10 m × 10 m), and litter was collected randomly with three replicates by litter traps (50 cm × 50 cm). A total of 27 above–ground litter samples were obtained. At each sampling plot, root samples at 0–10 cm and 10–20 cm soil depths were collected using an auger (inner diameter, 9.5 cm), and then fully soaked in water for 5 h in the laboratory, and washed with water for 20 mesh to carry out root picking. Roots were divided into two types according to root diameter: they were defined as fine roots and thick roots with root diameter ≤ 2 mm and root diameter > 2 mm, respectively. Root biomass was determined after being oven–dried at 65°C for 24 h.

The soil samples were collected at four depths (0–10 cm, 10–20 cm, 20–40 cm and 40–60 cm) using a stainless soil corer at each plot. A composite sample consisted of five soil cores, and then divided into two subsamples. In total, 72 soil subsamples were collected and transported to the laboratory with ice bags. After removing animal and plant residues, roots and other visible items, soil samples were passed through a 2 mm mesh. Finally, each sample was separated into two parts to measure (1) the basic physical and chemical properties after being air–dried, and (2) the soil enzyme activity within 1 week with soils stored at 4°C. The soil bulk density (BD) sample was collected using a cutting ring (volume of 100 cm3). We used the method of digging the soil profile, and then collected three soil samples per soil layer using cutting ring, and measured the ratio of the weight of dry soils to the volume of each soil core.



2.3. Laboratory analysis

After drying at 105°C for 12 h, soil water content (SWC) was measured by mass loss. The soil pH was measured by the potentiometric method (the soil: water ratio = 1:2.5). SOC was determined by the K2Cr2O7–H2SO4 oxidation method (Bao, 2000). Soil total nitrogen (TN) and total phosphorus (TP) were extracted by the semimicro kelvin method and determined by Continuous Flow Analyzer (PROXIMA 1022/1/1, ALLIANCE Instruments, France; Zhang et al., 2019). Soil ammonium nitrogen (NH4+–N) and nitrate nitrogen (NO3−–N) contents were determined by extracting fresh soil with 2 M KCL and analyzing it using the Continuous Flow Analyzer (SKALAR San++, SKALAR Co., Netherlands). The soil available phosphorus (SAP) was determined by ammonium chloride hydrochloric acid extraction. The activities of acid phosphatase (AP), β–1,4–glucosidase (BG), β–1,4–N–acetyl–glucosaminidase (NAG) and leucine aminopeptidase (LAP) were determined by 96–well microplates (German et al., 2011; Bach et al., 2013).

Microbial nutrient limitations were determined by calculating the vector length, and angle A with enzyme activity stoichiometry vector analysis using the following formulae (Moorhead et al., 2013):
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The larger the vector L, the stronger the carbon constraint. Angles A < 45° and >45° indicate that the microbes are limited by nitrogen and phosphorus, respectively.



2.4. Statistical analysis

To identify the differences in SOC, TN, TP, C:N, C:P and N:P ratios, soil enzyme activities and other soil properties in different forest succession stages and different soil layers, one–way ANOVA followed by the Least Significant Difference (LSD) test was applied (p < 0.05). On the basis of the homogeneity test of variance, two–way ANOVA followed by the LSD test were used to investigate the effects of soil depth, forest succession stages, and their interactions on SOC, TN, and TP and their stoichiometric ratios. Pearson correlation analysis was used to analyze the correlation between the soils’ properties and enzyme activities. The structural equation model (SEM), which combines path analysis and factor analysis, has been applied as causal inference in ecology, mainly using maximum–likelihood (Shipley, 2001). Before starting, to avoid multicollinearity, we used the variance inflation factor (VIF) threshold to eliminate those variables that were strongly correlated (Kock, 2015). Then, we established an a-prior model (Supplementary Figure S4) based on the known effects and relationships among the drivers of SOC. The SEM analyses were performed using R software (4.2.0) lavaan package. SPSS 19.0 (IBM SPSS Predictive Analytics Community, United States) software, Origin 2019b (Origin Lab Corp. United States), and R (R 4.2.0) were used for all statistical analyses and figures in the study.




3. Results


3.1. Changes of soil organic carbon in different forest succession stages

SOC was significantly affected by soil depth, forest succession stages, and their interactions (p < 0.05; Table 2). The SOC in the four soil layers increased with forest succession from PF to SF and OF, with the highest SOC of 33.70 g/kg at the depth of 0–10 cm in OF, which was significantly higher than that of in SF (25.48 g/kg) and PF (23.00 g/kg; p < 0.05). The SOC at the depth of 10–20 cm in OF (22.55 g/kg) was significantly higher than that of in PF (14.46 g/kg). In the vertical direction, SOC at the depth of 0–40 cm significantly decreased at each forest stage, but tend to be stable below 40 cm (Figure 1).



TABLE 2 F-values for two–way ANOVAs on the effects of soil depth, forest succession stages, their interaction on the concentrations of soil organic carbon (SOC), total soil nitrogen (TN), total soil phosphorus (TP), C:N, C:P, and N:P ratios.
[image: Table2]
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FIGURE 1
 Variations of SOC in different forest succession stages in the Jianfengling National Nature Reserve. SOC, soil organic carbon; PF, plantation forest; SF, secondary forest; OF, old-growth forest. Different lowercase letters indicate significant differences between different soil layers at the same stage. Different capital letters indicate significant differences in the same soil layer at different forest succession stages (p < 0.05).




3.2. Changes in soil physical and chemical properties in different forest succession stages

As shown in Table 3, the soil pH at each soil layer gradually decreased with forest succession, and the soil pH at a depth of 0–10 cm in OF was significantly lower than that in SF and PF, indicating that surface soil acidification was aggravated at the later stage of forest succession. In the vertical direction, the soil pH increased with soil depth, indicating that the acidification degree decreased with increasing soil depth. The SWC in SF was significantly lower than that in PF and OF in lower soils (0–10 cm and 10–20 cm), and the SWC in SF was significantly lower than that in OF in deeper soils (20–40 cm and 40–60 cm).



TABLE 3 The soil properties at different forest succession stages in the Jianfengling National Nature Reserve (n = 6).
[image: Table3]

The TN, TP and their stoichiometric ratios were significantly affected by soil depth, forest succession stages, and their interactions (Table 2). The TN in OF was significantly higher than that in SF and PF at depths of 0–10 cm and 10–20 cm (Table 3), indicating that TN increased with forest succession processes. The TN was positively linked with NH4+–N and NO3−–N (p < 0.01), and it was positively correlated with TP and BG (p < 0.05; Figure 2).

[image: Figure 2]

FIGURE 2
 The correlation of different soil properties in different forest succession stages in the Jianfengling National Nature Reserve. SWC, soil water content; BD, bulk density; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; NH4+–N, ammonium nitrogen; NO3—N, nitrate nitrogen; SAP, soil available phosphorus; Roots, total root biomass; Litter, litter biomass; AP, acid phosphatase; BG, β–1,4–glucosidase; NAG, β–1,4–N–acetyl–glucosaminidase; LAP, leucine aminopeptidase. Significance levels: ***p < 0.001; **p < 0.01; *p < 0.05.


The TP in the four soil layers increased with forest succession and was obviously lower in PF than in SF and OF. The C:N ratio increased with forest succession but did not change significantly in different soil depths. The ratios of C:P and N:P initially decreased and then increased with forest succession, with the N:P ratio in PF significantly higher than that in the latter two stages (Table 3).

The NH4+–N in all four soil layers did not change significantly with forest succession, while the NO3−–N increased significantly. The SAP increased first and then decreased with forest succession, where the SAP in SF was obviously higher than that in PF and OF (Table 3).



3.3. Soil enzyme activities in different forest succession stages

The activity of BG first decreased and then increased with forest succession (Figure 3A). The activity of BG decreased with soil depth. The NAG and LAP activities decreased first and then increased (Figures 3B,C). The AP activity showed a general decreasing trend with forest succession and was obviously lower in SF than in PF and OF at a depth of 0–10 cm. In the vertical direction, there was no significant difference for AP in the different soil layer in PF and SF (Figure 3D). BG, NAG, and LAP all had significant correlations with AP activity, while the NAG activity was positively correlated with LAP (Figure 2).

[image: Figure 3]

FIGURE 3
 Variations of soil enzyme activities in different forest restoration stages in the Jianfengling National Nature Reserve. (A) β–1,4–glucosidase (BG), (B) β–1,4–N–acetyl–glucosaminidase (NAG), (C) leucine aminopeptidase (LAP), and (D) acid phosphatase (AP) activities. PF, plantation forest; SF, secondary forest; OF, old-growth forest. Different lowercase letters indicate significant differences between different soil layers at the same stage. Different capital letters indicate significant differences in the same soil layer at different forest succession stages (p < 0.05).




3.4. Changes of litter and total root biomass in different forest succession stages

With the progression of forest succession, the amount of litter per unit area increased first and then decreased, and the litter amount in SF was significantly higher than that of in PF and OF (Figure 4). However, the SOC, TN, and TP contents of litter did not change significantly with forest succession (Supplementary Figure S1).

[image: Figure 4]

FIGURE 4
 Litter biomass in different forest succession stages in the Jianfengling National Nature Reserve. PF, plantation forest; SF, secondary forest; OF, old-growth forest. Different lowercase letters indicate significant differences at different forest succession stages (p < 0.05).


From the PF to SF and OF, the total root biomass of different soil layers increased significantly (p < 0.05). Especially, the total root biomass of the 10–20 cm soil layer was significantly higher than that of the 0–10 cm soil layer (Figure 5). In different forest succession stages, the SOC, TN, and TP contents of fine and thick roots showed an increasing trend, but not all of them were significant (Supplementary Figure S2).

[image: Figure 5]

FIGURE 5
 Total root biomass in different forest succession stages in the Jianfengling National Nature Reserve. PF, plantation forest; SF, secondary forest; OF, old-growth forest. Different lowercase letters indicate significant differences between different soil layers at the same stage. Different capital letters indicate significant differences in the same soil layer at different forest succession stages (p < 0.05).




3.5. The influencing factors of soil organic carbon in different forest succession stages

The SOC substantially negatively correlated with BD and pH, while it obviously positively correlated with TN, TP, NH4+–N and NO3−–N (Figure 2). The SEM showed that the biological and environmental factors selected in this study explained 79.9% of the variations in SOC (Figure 6A). The AP, total root biomass and pH value were the three main important factors influencing SOC (Figure 6B). The AP and TP had a direct positive effect on SOC (p < 0.01), while soil TP indirectly affected SOC through its direct effect on AP activity. Total root biomass could affect SOC through its direct effect (p < 0.05). In addition, pH had an indirect effect on SOC by mainly affecting litter biomass and enzyme activities.

[image: Figure 6]

FIGURE 6
 Structural equation model (SEM) of the effect of soil properties on SOC (0–20 cm) in the Jianfengling National Nature Reserve. The model was fitted by maximum likelihood estimation. In panel (A), red arrows represent significant positive effects and blue arrows represent significant negative effects (p < 0.05), and gray dotted line indicates non–significant relationship (p > 0.05). The numbers on the line represent normalized path coefficients (*p < 0.05, **p < 0.01, ***p < 0.001). In panel (B), the total effect is the sum of direct and indirect effects. χ2, global similarity of matrix; df, degree of freedom; GFI, goodness of fit index; CFI, comparative fit index; RMSEA, approximate root mean square error; R2, variance ratio of priming effect explained by variables; SOC, soil organic carbon; TP, total phosphorus; Roots, total root biomass; Litter, litter biomass; AP, acid phosphatase; BG, β–1,4–glucosidase.





4. Discussion


4.1. Effects of forest succession on soil organic carbon

In this study, SOC showed an increasing trend from PF to SF and OF, which supports the first hypothesis. The SOC increased with tropical forest succession, which is similar to the results of previous studies in the subtropical Dinghushan Region (Shao et al., 2017), temperate Loess Plateau (Deng et al., 2013), and subtropical Dashanchong Forest Park (Xu et al., 2018). Litter and roots are the two main resources of carbon input by plants, and the changes in litter and plant roots caused by forest succession affect soil carbon cycling (Guo et al., 2005). Generally, forest succession tends to improve the soil environment, enhance soil microbial activity, improve soil fertility, and increase the input of litter and root biomass (Li et al., 2007; Hu et al., 2016). However, there were no significant differences in litter quantity and quality between different forest stages in the results of this study (Figure 4; Supplementary Figure S1), and further, we found that total root biomass had a direct and significant positive effect on SOC, while litter had no direct effect on SOC (Figure 6A). Those results indicated that the increase in the total root biomass at a later stage of forest succession was more conducive to soil carbon sequestration, which was also consistent with the results in the restoration of tropical forests in India (Lalnunzira et al., 2019). In general, fine roots contribute more to SOC because they have a large surface area and fast turnover rates, and they are the direct way of through which plant photosynthesis transports nutrients to the soil (Zhang et al., 2021). However, Sun et al. (2018) conducted a 6-year experiment on fine root decomposition and found that the decomposition rate of fine roots was slower than that of thick roots, so the contribution of fine roots and thick roots to SOC is still controversial. The results of our study showed that fine root biomass or thick root biomass alone had no significant effect on SOC, while total root biomass had a direct and significant effect on SOC (Figure 6A), which partially supported the second hypothesis. Thus, the role of roots on SOC in tropical forests still needs more attention.

In this study, from PF to OF, the SOC in top soils (0–10 cm and 10–20 cm) increased more significantly than that in deeper soils (20–40 cm and 40–60 cm; Figure 1), which was consistent with the findings of Yang et al. (2019). The physiochemical properties of top soils and deep soils were significantly different, thus, the regulate factors and mechanism of SOC varied across soil layers (Fontaine et al., 2007; Mobley et al., 2015). Generally, surface SOC accumulation is the result of interactions between environmental factor–regulated abiotic processes and microbe–regulated biotic processes (Hooper et al., 2000). Because the surface soil contains a large amount of vegetation litter, and sufficient water and air in the surface are also conducive to soil microbial activities (Zhang et al., 2021). The SOC changed significantly during forest succession in this study at the depths of 0–10 cm and 10–20 cm (Figure 1). This can be attributed to the increase in organic materials (litter and roots), weathering and microbial decomposition reducing along the forest succession (Smith, 2008). For deep soils (20–40 cm and 40–60 cm), the input of SOC is mainly from the leaching of surface SOC and a few roots. Since the soil clay proportions were higher in the study area (Jiang et al., 2021), there was less leaching of surface SOC to the deep soil. In addition, this study found a significant negative correlation between bulk density (BD) and SOC (Figure 2), which indicates that the high soil BD is also not conducive for the leaching of surface SOC to deep soil layers. A previous study also found that the low SOC in deep soil is related to the high BD in the tropical forests of Hainan Island (Yang et al., 2016).



4.2. Effect of P on soil organic carbon in different forest succession stages

The results of SEM suggest that AP had a direct and positive effect on SOC of the soil layer 0–20 cm (Figure 6A). The AP decreased first and then increased with forest succession, helping in the latter stage of carbon sequestration (Figure 2). Soil extracellular enzymes are associated with soil nutrient utilization, AP can change with the demand phosphorus by soil microbes (Sinsabaugh and Shah, 2012). According to the microbial nutrient allocation theory, microbes will preferentially allocate resources to secrete enzymes that mine the most limited nutrients (Sinsabaugh and Moorhead, 1994; Xiao et al., 2018). In our study, vector analysis of soil extracellular enzymes was used to assess the nutrient limitation of soil microbes (Moorhead et al., 2013). Our results showed that the vector angle of extracellular enzymes was always >45° (Supplementary Figure S3), indicating that soil microbial biomass is limited by soil phosphorus availability (DeForest and Moorhead, 2020). The soil available phosphorus contents and nutrient ecological stoichiometry ratio also show that the tropical forest soil was severely restricted by phosphorus (Table 3), which is consistent with the phosphorus limitation of soil microbe. The soil TP (0.37 g/kg) was lower than the average TP of Chinese soil (0.56 g/kg) and subtropical soil (0.52 g/kg; Han et al., 2005), and the average soil available phosphorus (SAP) was only 1.57 mg/kg. Meanwhile, the soil N:P ratio (as the index of soil to plant nutrient status) is limited by nitrogen when the N:P ratio is <14, and phosphorus when the N:P ratio is >16 (Peng et al., 2019). In our study, this ratio was almost always >16, so it was always limited by phosphorus (Table 3). Previous studies have also shown that tropical forests with high soil acidification tend to exhibit a phosphorus constraint (Waring et al., 2014; Xu et al., 2018). Generally, the change in soil phosphorus limitation will lead to a change in microbial limitation, which affects SOC accumulation (Wang et al., 2022). Hence, soil phosphorus limitation will lead to high AP activity (Wang et al., 2020). A corresponding increase in SOC decomposed by AP. That is, AP and SOC had a positive direct effect relationship, which is consistent with the results of SEM (Figure 6).

In addition, TP had a positive direct effect on SOC (Figure 6A), because soil nutrients and microorganisms were severely restricted by phosphorus in our study area. The increase in soil TP was conducive to the acquisition of phosphorus by plants, which can improve plant productivity and thus increase the input sources of SOC (Schleuss et al., 2019). In conclusion, the negative effect of AP decomposition caused by P restriction was traded off by the direct positive effect of TP on SOC, which was conducive to C sequestration.



4.3. Effect of soil acidification on soil organic carbon in different forest succession stages

Our results suggested that the pH value has no direct effect on SOC, but it has an indirect effect on SOC by inhibiting AP activity (Figure 6A). Previous studies also reported that soil acidification (low pH) has the potential to delay the decomposition of SOM in acid soils by changing the composition of microorganisms, thus favoring SOC accumulation (Lu et al., 2021). In our study, the pH values at a depth of 0–20 cm ranged from 4.01 to 5.52, and the pH values gradually decreased with forest succession from PF to SF and OF (Table 3), indicating that soil acidification was aggregated. Zhu et al. (2021) also found that forest succession can decrease the soil acidity, especially in topsoil. Lower soil pH inhibited the activities of soil microbial activities (Wang et al., 2018a), as the most suitable pH for soil microbe is generally in the neutral range of 6.5–7.5 (San Le et al., 2022). Studies have shown that pH value was negatively correlated with hydrolase activity, which was consistent with the negative correlation between BG, AP and pH in our study (Ghiloufi et al., 2019). Thus, increased soil acidification would be beneficial for SOC accumulation by affecting AP activity under soil nutrient limited by phosphorus (Figure 6). Under the background of future N deposition, soil acidification accelerates soil carbon sequestration in tropical forests. This has important implications to better understand and predict the effects of P limitation on soil acidification in the global tropical terrestrial ecosystems.




5. Conclusion

Forest succession increased SOC significantly at the depth of 0–20 cm from PF to SF and OF, while there were no significant changes of SOC in deeper soils (20–40 cm and 40–60 cm). Microbial nutrient limitation and N:P ratio reflected that the soil was always limited by phosphorus in the tropical forest of JFL. Except for the microbe–regulated biotic processes, the TP and total root biomass were important factors affecting SOC at depths of 0–20 cm. The increase of total root biomass input rather than litter biomass contributed to SOC sequestration during the tropical forest succession. In addition, the soil acidification caused by forest succession and nitrogen deposition is beneficial to SOC sequestration in tropical forests in the future. This study provides new insights into SOC accumulation during the tropical forest succession.
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