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Introduction: The peat carbon pool stores 30% of the total global soil carbon accounting for 3–4% of the global land surface. The stability of the peatland carbon pool is a key factor affecting global carbon cycling that is seriously disturbed by climate change and regional human activities. However, the impact of these factors on carbon pool stability remains poorly understood.

Methods: Based on the physicochemical properties and carbon compounds of 973 peat samples from Jilin Province (China), which are widely distributed in different altitude regions of the Changbai Mountains, we investigated the stability of the carbon pool in different dominant plants and degradation types of peatlands and assessed the effects of regional environmental factors on the peatland carbon pool.

Results and Discussion: Our results showed that the carbohydrate content of peat soils in different peatland types ranged from 33.2 ± 6.9% to 40.5 ± 4.8%, and the aromatic content ranged from 19.8 ± 1.2% to 22.7 ± 2.3%. Bulk density is the most important physicochemical factor, and annual average temperature is the most important environmental factor that influences carbon stability. The effects of selected environmental factors on the peatland carbon pool covered by different plants were different, and the carbon stability in shrub peatlands is more sensitive to climate characteristics than in peatlands dominated by the other two plant types. Peatland degradation decreases the carbon stability in herb and herb/shrub peatlands and increases the carbon stability in shrub peatlands, leading the peatland carbon pool to be more easily influenced by regional human activities than natural peatlands.
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1. Introduction

Peatlands store approximately 500 ± 100 Pg of carbon, which accounts for 30% of the global soil carbon pool and only 3% of the total global land area (Yu et al., 2010; Loisel et al., 2014). Water-saturated and low-pH environments are the major causes of carbon storage in peatlands, which is much higher than that in other ecosystems (Ye et al., 2012; Wu and Roulet, 2014; Loisel et al., 2017). Peatlands are mainly distributed across mid- and high-latitude regions, which are more sensitive to climate change than other regions, and the peatland carbon pool has become vulnerable to climate change in recent years (Solomon et al., 2007; Xu et al., 2018; Loisel et al., 2020). The stability of the peatland carbon pool acts as a key factor that affects its response to climate change and must be evaluated (Leifeld and Menichetti, 2018; Qiu et al., 2020; Cong et al., 2022).

Organic matter chemistry is widely used as a key factor for evaluating the decomposition process and chemical stability of peatland carbon pools (Sjögersten et al., 2016), and several typical chemical compounds of organic matter have been widely selected as indicators (Wilson et al., 2016; Cong et al., 2020). As the carbohydrate content in peat soils increases, organic matter is more easily decomposed, and more CO2 is released through microbial activities under aerobic environment, which means that an increase in carbohydrate content decreases the stability of the peatland carbon pool (Leifeld et al., 2012). Phenolic acid acts as an important factor that inhibits microbial activities and decreases the decomposition rate of organic matter (Fenner and Freeman, 2020). Thus, the release of phenolic compounds from shrubs has been widely hypothesized to be a key factor that increases carbon stability and protects the peatland carbon pool in warm and dry environments (Wang et al., 2015). The aromatic contents in peat soils in low-latitude peatlands with warm environments are significantly higher than those in high-latitude peatlands with cold environments, and the chemical stability of the carbon pool in low-latitude peatlands is significantly higher than that in high-latitude peatlands (Hodgkins et al., 2018). Furthermore, as the mean July temperature increased and the annual precipitation increased, the carbohydrate content in peat soils decreased and the aromatic content increased markedly, indicating an increase in the stability of the peatland carbon pool (Cong et al., 2020). These results indicate that peatland carbon pools with high aromatic contents and low carbohydrate contents are more stable than others, and these special carbon chemical compounds are majorly influenced by regional climate factors (Verbeke et al., 2022).

In addition to climatic factors, chemical compounds of organic matter are mainly influenced by their sources and the storage environment (Heller et al., 2015). Considering the dominant plant community and plant biomass in peatlands, plant litter from herbs and shrubs acts as the major organic matter (OM) source, and the carbon compounds of OM in the surface soils of these two types of plant communities are significantly different (Normand et al., 2017). In general, more lignin content is available in shrub stems than in herb plant litter, which causes the aromatic contents and the stability of the carbon pool in shrub peatlands to be higher than that in herb peatlands (Wang et al., 2015). In recent years, the increase in human activities has also become an important disturbance factor that has serious effects on peatlands, such as decreasing the water table and accumulating more nutrient/pollution elements (Gao et al., 2018). For example, the increase in atmospheric nitrogen deposition not only increases gross ecosystem production but also increases the decomposition rates of the soil carbon pool (Bragazza et al., 2006; Wu et al., 2015), which accelerates the carbon cycling rates in peatlands and may also cause serious changes in the stability of the peatland carbon pool. Serious environmental disturbances may also cause peatland degradation, such as a decrease in the water table through drained or climate drying and an increase in pH values through the accumulation of more nutrients (Dohong et al., 2017; Šimanauskienė et al., 2019). The degradation of peatlands has serious effects on peat soil accumulation and promotes peat decomposition (Drollinger et al., 2020). Liable carbon compounds are more easily decomposed in degraded peatland carbon pools and increase the residual carbon recalcitrance to environmental changes, which may also cause the chemical stability of residual carbon compounds to be higher than that in natural peatland carbon pools (Leifeld et al., 2020). Thus, the dominant plant types, degradation, climate characteristics, and regional human activities not only cause serious changes in the peatland environment but also have potential effects on the chemical compounds of organic matter and the stability of the peatland carbon pool. However, these effects remain uncertain.

Peatlands in Jilin Province (China) are mainly covered by herb and shrub plants and are located in the Changbai Mountains, which are widely distributed in different altitudes from 17 to 1,550 m (Xing et al., 2015). The different altitudes caused the peatlands in this region to develop under different climatic characteristics and regional environmental disturbances. In addition, the increasing population in Northeast China during the 20th century caused serious effects on peatlands in the Changbai Mountains and more serious effects on low-altitude peatlands than those located at high altitudes (Gao et al., 2016). The marked differences in climatic factors and anthropogenic disturbances may also have serious effects on the stability of peatland carbon pools in different altitude regions; however, these are still unclear.

To address these knowledge gaps, the goals of this study were to assess the stability of the peatland carbon pool in Jilin Province based on detailed physiochemical properties and carbon chemistry analysis of peat soils in different peatland types. Second, we wanted to identify the differences in peatland carbon pools under the different dominant plant types and evaluate whether peatland degradation causes serious effects on the peatland carbon pool. Finally, by comparing the natural and anthropogenic factors with the peatland carbon pool stability, we aimed to clarify the effects of climate characters and human activities on the stability of the peatland carbon pool in Jilin Province.



2. Materials and methods


2.1. Site description and sampling

The peatlands studied in Jilin Province are mainly located in the middle part of the Changbai Mountains in Northeast China. In this study, we collected 973 peat samples from typical peatlands in Jilin Province, which cover the different dominant plants in natural and degraded peatlands and are widely distributed in different altitude regions (Figure 1). Based on the dominant plants, the peatlands were divided into herb peatland (i.e., the dominant plants are Carex sp., Typha orientalis Presl), herb/shrub peatland (i.e., the dominant plants are Betula platyphylla Suk., Spiraea salicifolia L., Carex sp.), and shrub peatland (i.e., the dominant plants are Betula platyphylla Suk., Spiraea salicifolia L., Sphagnum palustre L.). Unlike natural peatlands, the degraded peatlands are threatened by regional human activities (e.g., graze, drainage, and reclamation) or extreme climate change (e.g., drought). Most of degraded peatlands are distributed in the middle and south of Jilin Province and the natural peatlands are distributed in the eastern of Jilin Province. The sampling sites were randomly selected in 2013 and were widely distributed in the middle of the Changbai Mountains to reflect the regional peatland carbon pool. The studied peatlands have a temperate continental monsoon climate with mean annual temperatures of −0.5–6°C and a mean annual precipitation of 500–900 mm (Fick and Hijmans, 2017). The regional human influence index (HII) of selected peatlands ranged from 10 to 41 (WCS and CIESIN, 2005), and the altitudes ranged from 17 to 1,550 m. Considering the number of peat samples and peat sites, one samples from each site would be better than several samples from different depth in several selected typical peatlands for evaluating the chemical stability of peatland carbon pool in Jilin Province. The peat samples for each site were a mixture of the whole peat layer to ensure that the samples reflected the average carbon content and stability of the peatland carbon pool at selected sites. The location of each site was determined using a portable global positioning system (GPS; Figure 1). The samples were stored in polyethylene plastic bags and brought to the laboratory for analysis. The samples were loosely disaggregated to facilitate air-drying at 20°C.
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FIGURE 1
 Locations of peatland sampling in Jilin Province, China.




2.2. Physical and chemical analysis

The bulk density of peat soils was obtained from the weight of peat soils with known volumes dried in an oven at 105°C for 12 h. The pH of the peat soils was measured directly using a pH meter, and the weight ratio of peat soils to water was 0.1. The sources of residual fiber in peat samples were mainly from the undecomposed plant litters, and the percentage of fiber content was used to define the peat decomposition level. With the fiber proportion increasing, more undecomposed plant litters and the peat decomposition degree decreasing. The fiber content was determined from the dry weight of fibers retained on a 0.15 mm sieve as a percentage of oven-dried mass, and the ratio of the weight loss of peat to total peat was regarded as the decomposition degree of peat samples (Abd Rahman and Ming, 2015). Soil organic carbon was determined by external heating potassium dichromate oxidation method, and details of this method was described in Zhao et al. (2012).



2.3. Carbohydrate and aromatic contents

The carbohydrate and aromatic contents of peat soils were estimated based on FTIR spectra and selected peat heights, which were area-normalized and baseline corrected (Cong et al., 2020). The FTIR spectra of the peat soils were obtained using a Spectrum Two FTIR spectrometer (PerkinElmer, United States) using KBr pellets (150 mg dried KBr and 1 mg peat soil). Measurements were recorded from 4,000 to 300 cm−1 using a resolution of 1 cm−1. The carbohydrate content was estimated based on the regression equations of the heights of the FTIR carb (1,030 cm−1), and the aromatic content were estimated based on the height of the FTIR arom15 (1,510 cm−1) and arom16 (1,615 cm−1; Hodgkins et al., 2018).



2.4. Statistical method


2.4.1. Two-Way analysis of variance

The physicochemical and carbon properties of peat soils (i.e., bulk density, decomposition degree, pH, carbon content, carbohydrate content, and aromatic content) were analyzed using a two-way analysis of variance (ANOVA, SPSS 22.0, IBM, Armonk, United States). For peatlands in Jilin Province, the peatlands were classified by dominant plant types and divided into herb peatlands, herb/shrub peatlands, and shrub peatlands. Thus, peatland-dominant plant types (i.e., herbs, herb/shrub, and shrub) and degradation (i.e., degraded or natural) were regarded as two distinct factors, and their effects on the tested variables were evaluated through two-way ANOVA. Significant differences are reported at a probability level of 0.05, unless otherwise stated.



2.4.2. Random forest

The importance of the selected environmental factors on peat physicochemical properties was calculated using a random forest (RF) model. The RF classification was conducted using the “randomForest” package in R software. The selected soil physicochemical properties (bulk density, decomposition degree, and pH) and environmental factors (altitude, annual precipitation, annual average temperature, degradation, HII, and dominant plant type) were considered as explanatory variables, and the carbon properties were considered as the response variables. Seventy percent of the selected data were regarded as the training dataset, and the RF then searched for the predictor that best partitioned the response variable in the training dataset. The relative importance of the selected environmental factors for each physicochemical property of peat soils was calculated based on the increase in the mean squared error (%IncMSE).





3. Results


3.1. Physicochemical properties of peat soils in Jilin Province

The average values with standard error of the bulk density, pH, and decomposition degree of peat soils in Jilin Province are shown in Table 1, and box plots of these properties are shown in Figure 2. The bulk density of peat soils in Jilin Province ranged from 0.23 ± 0.10 g.cm−3 to 0.40 ± 0.10 g.cm−3. In herb/shrub peatlands, the bulk density were 0.23 ± 0.10 g.cm−3 in natural peatlands and 0.29 ± 0.12 g.cm−3 in degraded peatlands, which were markedly lower than those in other peatland types. The decomposition degree of peat soils ranged from 62.5 ± 17.6% to 81.6 ± 10.4%, and the decomposition degree in degraded peatlands was markedly higher than that in natural peatlands, especially for peatlands covered by shrubs, which was 62.5 ± 17.6% in natural peatlands and 81.6 ± 10.4% in degraded peatlands. The pH of peat soils ranged from 4.91 ± 0.34 to 5.09 ± 0.30. Based on the two-way ANOVA results, both the dominant plant types and degradation had significant effects on the bulk density and decomposition degree of peat soils (Table 2). However, only the dominant plant types had significant effects on the pH of peat soils, and the effects of degradation on the pH of peat soils were not significant.



TABLE 1 Basic information of selected peat soils in different dominated plant types of natural and degraded peatland.
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FIGURE 2
 Boxplot of water table (A), bulk density (B), pH (C), decomposition degree (D), carbon contents (E), carbohydrate contents (F), aromatic contents (G), and the ratio of aromatic/carbohydrate (H) of peat soils in different dominated plant types of natural and degraded peatland.




TABLE 2 Two-way ANOVA for typical physicochemical properties, carbon contents, and carbon compounds in peat soils.
[image: Table2]



3.2. Carbon contents and chemical stability of peat soils in Jilin Province

The carbon content of peat soils in Jilin Province in different peatland types ranged from 14.4 ± 7.5% to 31.9 ± 9.0%, and the lowest carbon contents were observed in degraded shrub peatlands (Table 1; Figure 2). The carbon content of peat soils in degraded peatlands was significantly lower than that of natural peatlands, and the effects of dominant plant types on carbon content were also significant. Carbohydrate contents of peat soils in Jilin province ranged from 33.2 ± 6.9% to 40.5 ± 4.8%, and the average carbohydrate contents in different peatland types (i.e., dominant plant types and degradation) were significant different. Compared to natural peatlands, carbohydrate content in degraded peatlands were significantly higher than those in natural peatlands. Conversely, the aromatic content in degraded peatlands were slightly lower than those in natural peatlands. However, the effects of degradation on the aromatic content were not significant. In shrub peatlands, the average aromatic content in degraded peatlands was 19.8 ± 1.2%, which was markedly lower than that in natural peatlands which was 22.4 ± 2.9%. In others, the aromatic contents were approximately 22% and ranged from 21.0 ± 3.0% to 22.7 ± 2.3%. Interestingly, the effects of the interaction between dominant plant types and degradation on both these variables were not significant.



3.3. Importance of typical factors on peatland carbon pool

The importance of the selected environmental factors, dominant plant types, and physicochemical properties of peat soils on peatland carbon pools is shown in Figure 3. The IncMSE results shown that the importance of physicochemical properties for the peatland carbon pool are stronger than the selected environmental factors and the dominant plant types. Bulk density was listed as the most important factor for all four indicators of the peatland carbon pool, ranging from 35.30 to 89.36%. The importance of bulk density on carbon content was 89.36%, which is obviously higher than that of other factors, in which the IncMSE values only ranged from 0.95 to 21.53%. The degree of decomposition was the second most important factor (21.53%) for the carbon content. Compared with the bulk density and decomposition degree, the impact of pH on the peatland carbon pool was markedly lower, ranging from 0.57 to 6.56%. Among the environmental factors, altitude was the most important factor (12.47%) for carbon content, and the annual average temperature was the most important factor for carbon chemical stability. Compared to climate factors, the importance of the HII for peatland carbon pools was markedly lower, ranging from 0.95 to 6.43%. The importance of plant types on the peatland carbon pool was slightly higher than that of degradation and ranged from 6.26 to 9.49%.
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FIGURE 3
 Based on random forest analysis, the increase in mean squared error (%IncMSE) of selected environmental factors to carbon contents (A), carbohydrate contents (B), aromatic contents (C), and the ratio of aromatic/carbohydrate (D).





4. Discussion


4.1. Effects of dominant plant types and degradation on peat soil properties

The chemical properties of OM in peatland carbon pools are affected by the natural conditions of formation, land use, and drainage (Heller et al., 2015; Negassa et al., 2019; Leifeld et al., 2020). Because local plants are a major source of OM in peatlands, the dominant plant community acts as one of the major factors influencing the chemical properties of OM in the peatland carbon pool (Paul, 2016). The effects of the dominant plant types on natural and degraded peat soil properties and carbon pools are shown in Figure 2.

In shrub peatlands, the pH of peat soils was higher and the bulk density was lower than those in peatlands covered by the other two plant types. The decomposition degree in herb/shrub peatlands was lower than that in the others. The pH of peat soils in peatlands, which are influenced by surface water (i.e., fen), are higher than those only influenced by rain water (i.e., bog; Rydin and Jeglum, 2013). Due to the high pH in shrub peatlands, we speculated that more shrub peatlands in Jilin province are influenced by surface water than herb peatlands. Additionally, the water table of peatlands are also important that affect the plants, and the water table in shrub peatlands is lower than that in herb peatlands (Keddy, 2010; Rydin and Jeglum, 2013). Thus, changes in the water table also act as another factor that influences the physicochemical properties of peat soils. In natural peatlands, many studies have reported that the decomposition of peat soils always increases with decreasing water table (Clarkson et al., 2013; Munir et al., 2014). The decomposition of peat soils in herb and shrub peatlands was similar in our study and obviously higher than that in herb/shrub peatlands, where the water table should be at the middle level of these three peatland types. However, because herb plant litter contains more carbohydrates and less aromatics than shrub plant litter (Wang et al., 2021a), herb plant litter is more easily decomposed than shrub plants. Thus, the decomposition degree of peat soils in herb and shrub peatlands was similar. We also speculated that the reason that the low decomposition degree of peat soils in herb/shrub peatlands is that the plant litter sources in herb/shrub peatlands are contain more stable compounds than herb peatlands and the decomposition environment are more restrictive under higher water tables than in shrub peatlands.

Compared to peat physicochemical properties, the effects of peatland-dominant plant types on carbon content, carbohydrate content, and aromatic content were lower, and the differences in the carbon pool in peatlands covered by different plants were weak. Although the aromatic content in shrub plants was higher than that in herb plants, there was no obvious difference in aromatic content between shrub and herb peatlands. Compared to carbohydrate compounds, aromatic compounds are recalcitrant and limiting the decomposition of peatland carbon pool (Fenner and Freeman, 2020). The major reason for the similar contents of residual aromatics and carbohydrates in herb peatlands and shrub peatlands is speculated to be that the decomposition processes of peat soils cause less aromatic compounds and more carbohydrate compounds from the herb plant to decompose, which cause the aromatic compounds contents increasing in residual herb peatland carbon pool.

Interestingly, the effects of degradation on peat physicochemical properties and carbon pools in peatlands covered by different plant types varied (Figure 3). The bulk density and decomposition degree in the degraded herb and herb/shrub peatlands were markedly higher than those in natural peatlands. These two properties in degraded shrub peatlands were markedly lower than those in natural peatlands. A similar trend was also found in carbohydrate content and the effects of degradation on the carbon and aromatic contents of peatlands covered by different plant types. The most important characteristic of peatland degradation is the decreasing in the water table (Guo et al., 2013; Han et al., 2021). Due to there was no clear water table for measuring the degradation of herb/shrub peatlands and shrub peatlands, especially for dry degraded peatlands. The available water table data for these two peatland types could not be used to reflect the real water level conditions. For herb peatlands, the water table could be measured in most of the degraded herb peatlands, and the results showed that the water table in degraded peatlands was clearly lower, and the decomposition degree of peat soils was markedly higher than that in natural peatlands (Figure 2). Decreasing the water table also decreases the biomass of herb plants and increases the biomass of shrub plants (Lou et al., 2018), which may be the major factor for plant litter residuals in degraded herb and herb/shrub peatlands.

The increase in the degree of decomposition and changes in plant litter sources also cause changes in the stability of the peatland carbon pool (Leifeld et al., 2012). More carbohydrate and less aromatic contents in degraded peatlands means the chemical stability in degradation herb and herb/shrub peatlands was slightly lower than that in natural peatlands (Hodgkins et al., 2018). In the present study, increasing the degree of decomposition increased the bulk density and decreased the carbon content, which was clearly found in herb peatlands and herb/shrub peatlands. However, the effects of degradation on shrub peatlands were opposite to those of the other peatland types. Unlike herb plants, decreasing the water table in degraded peatlands is beneficial for shrub plant growth, and the aboveground biomass of shrub plants increases under low water table environments (Lou et al., 2015). With more plant litter from the shrub plant residue, more carbon with high aromatic contents in shrub plant litter accumulated in the peatland carbon pool, which increased the stability of the peatland carbon pool and decreased the decomposition degree of peat soils in degraded shrub peatlands (Straková et al., 2012; Cong et al., 2022). Thus, the different effects of degradation on dominant plant communities are the major factors that cause the degradation decreases the carbon content and carbon chemical stability in herb and herb/shrub peatlands and causes opposite effects on shrub peatlands.



4.2. Effects of peat physicochemical properties on peatland carbon pool

The bulk density, decomposition degree, and pH of peat soils were selected as physicochemical property indicators to evaluate the effects of peat physicochemical properties on carbon content and stability in the peatland carbon pool, and the results are shown in Figure 4. The results of the RF analysis showed that the importance of the bulk density on the peatland carbon pool was markedly higher than that of the other two factors (Figure 3). The effects of bulk density on carbon content in peat soils were negative for all peatland types, and the slope for natural herb/shrub peatlands was the highest. Carbon decomposition and mineral element accumulation in peatlands are the major reasons for the increase in the bulk density of peat soils (Bao et al., 2012; Kareksela et al., 2015; Wang et al., 2021b). With the bulk density of peat soils increasing, more carbon decomposed and less carbon residual in peat soils which is the major factor that explain the negative correlation between bulk density and carbon contents. While, as the bulk density increased, the carbohydrate content increased and the aromatic content decreased, which caused a marked decrease in the aromatic/carbohydrate ratios. More mineral elements available in peat soils with high bulk density was speculate to support more nutrients for plant growth, and more leaves with high carbohydrate contents in surface plant under sufficient nutrition environment (Poorter et al., 2012; Wang et al., 2015). More leaves with high carbohydrate contents as organic matter sources under high nutrients environment is speculated as a potential reason that cause the stability of the peatland carbon pool decreased with increasing bulk density.
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FIGURE 4
 Relation between carbon contents (A–C), carbohydrate contents (D–F), aromatic contents (G–I), and aromatic/carbohydrate ratio (J–L) with bulk density, degree of decomposition, and pH in different dominated plant types of natural and degraded peatland. The trend lines were fitted with a linear model, and the grey shadows indicate 95% confidence interval of fitted lines.


As the bulk density increases, a marked decreasing trend in natural peatlands indicates that the carbon content in natural peatlands is more sensitive to decomposition and mineral accumulation than that in degraded peatlands. However, the effects of bulk density on carbohydrate and aromatic contents in natural/degraded peatlands covered by different plants were different. For herb and shrub peatlands, the carbohydrate and aromatic contents in natural peatlands were less sensitive than those in degraded peatlands. This result indicates that the stability of the natural peatland carbon pool is less sensitive to bulk density than that of degraded peatlands. However, the opposite trend for herb/shrub peatlands showed that the increase in bulk density decreased the stability of the carbon pool in natural herb/shrub peatlands. The decreasing trend of the fitted line also showed that the effects of bulk density on carbon content in natural herb/shrub peatlands were more marked than in others, and the effects of bulk density on carbon stability (i.e., aromatic/carbohydrate ratio) in degraded shrub peatlands were more marked than in other peatland types.

The high degree of decomposition in our selected method indicates that high amount of undecomposed plant litter (i.e., fibers) is decomposed and converted to organic matter in peat soils (Abd Rahman and Ming, 2015). Similar to bulk density, the effects of decomposition degree on carbon, aromatic content, and the aromatic/carbohydrate ratio in all peatland types were the same and negative, with opposite effects on carbohydrate content. Due to the carbohydrate compounds are more easily decomposed than aromatic compounds (Leifeld et al., 2012), residual plant litters with high aromatic and low carbohydrate contents in peat soils were not easy decomposed and converted to organic matter. And more undecomposed plant litters with high aromatic compounds contents was speculated as an important reason that cause high aromatic and low carbohydrate available in low decomposition degree of peat soils. What is more, high amount of available aromatics in weakly decomposed plant litter may also act as a major reason that inhibit the organic matter decomposition and increase carbon stability (Fenner and Freeman, 2020; Wilson et al., 2022). As the decomposition degree of peat soils increased, most of plant litter converted to organic matter, and the decrease in carbon content and aromatic/carbohydrate ratios showed that the decomposition processes not only caused carbon loss also decreased the stability of the peatland carbon pool.

Unlike bulk density and decomposition, the effects of pH on the selected carbon properties of different peatland types were different. For example, the effects of pH on carbon content in degraded and natural shrub peatlands were positive, whereas the effects on other peatland types were negative. The effects of pH on carbohydrate and aromatic contents in degraded shrub peatlands were more marked than in others. In degraded shrub peatlands, as the pH increased, the aromatic content increased and the carbohydrate content decreased markedly, and the aromatic/carbohydrate ratio also increased more markedly than in the others. The pH of peatlands is significantly influenced by water sources and nutrients availability, and peat soils with low pH are mainly found in peatlands, where the only water source is rainwater and low available nutrients (Rydin and Jeglum, 2013). As the pH increases, more nutrients are available in peat soils and cause organic matter to decompose more easily under high microbial metabolic activities (Ye et al., 2012; Zhao et al., 2022). For natural peatlands, the effects of pH on herb/shrub peatlands were more marked than in others, which indicates that the effects of water and nutrient sources in herb/shrub peatlands were also more marked than in others. However, except for degraded shrub peatlands, the weak effects of pH on the aromatic/carbohydrate ratios in all peatland types indicate that the effects of water sources and available nutrients on carbon stability were weak. Thus, the influence of increasing pH on the peatland carbon pool mainly decreased the carbon content in peat soils and had weak effects on the stability of peatland carbon pools.



4.3. Effects of environmental factors on peatland carbon pool

To assess the effects of environmental factors on the carbon content and stability of the peatland carbon pool, the altitude, annual average temperature, annual precipitation, and HII were selected as regional climate and human factors, and the correlation between these factors and carbon properties is shown in Figure 5. The importance of altitude for carbon content was highest in three of the four selected potential factors, and for carbon stability, it was slightly lower than the annual average temperature (Figure 3). With increasing altitude, the carbon and aromatic contents in herb-peatlands and herb/shrub peatlands increased, and the carbohydrate content decreased. Opposite trends were observed in shrub peatlands, and the contents of carbon and aromatics decreased markedly in high-altitude peatlands. Based on global peat samples, a previous study found that carbohydrate content was greater and aromatic content was lower at higher altitudes in similar latitudes (Verbeke et al., 2022), which was similar to the effects on shrub peatlands in our study. Thus, the response of the carbon pool in peatlands covered by different plant types to altitude increase is different and should be considered individually. Furthermore, the effects of altitude on carbohydrate and aromatic content in natural peatlands were more marked than those in degraded peatlands. Additionally, no obvious changes were observed for carbohydrate and aromatic contents in degraded peatlands in different altitude regions, and only carbon contents were increased slightly with an increase in altitude. The increase in altitude also markedly increased the aromatic/carbohydrate ratio in the natural peatlands and was more obvious in herb/shrub peatlands. The increase in the aromatic/carbohydrate ratio indicates that the chemical stability of the peatland carbon pool increased, which indicates that the peatland carbon pool in the high-altitude region was more stable than that in the low-altitude region.
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FIGURE 5
 Relation between carbon contents (A–D), carbohydrate contents (E–H), aromatic contents (I–L), and aromatic/carbohydrate ratio (M–P) with altitude, mean annual temperature, annual precipitation, and human influence index (HII) in different dominated plant types of natural and degraded peatland. The trend lines were fitted with linear model, and the grey shadows indicate 95% confidence interval of fitted lines.


Temperature and precipitation also act as two important climatic factors that have serious effects on the peatland carbon pool (Figure 5). Similar to altitude, the effects of temperature and precipitation on the carbon pool in different peatland types were also different. With an increase in the annual average temperature, the carbon and aromatic contents in the shrub peatlands increased markedly, and the carbohydrate content decreased. The shrub peatland carbon pool in the high-temperature region was more stable than that in the low-temperature region, which is similar to that observed in previous studies at the global scale (Hodgkins et al., 2018; Verbeke et al., 2022). However, the effects of annual average temperature on herb and herb/shrub peatlands were the opposite, and high aromatic/carbohydrate ratios occurred in those located in the low annual average temperature region. The increase in annual precipitation decreased carbon stability in shrub peatlands and increased carbon stability in others. The high slope of the trend line between carbon properties and annual precipitation in shrub peatlands indicates that shrub peatland carbon pools are more easily influenced by precipitation than in other peatland types. Because the water tables in shrub peatlands are lower than in others (Rydin and Jeglum, 2013), the importance of precipitation for shrub peatland water sources is stronger, and the changes in precipitation more easily cause water table fluctuations in shrub peatlands, which ultimately causes the dominate plant and the decomposition degree in the peatland carbon pool to change. The increase in precipitation increased the water table and biomass of herbs or mosses in shrub peatlands, which was speculated to be the major reason for the decrease in shrub peatlands.

Except for carbohydrate content, the importance of HII in the peatland carbon pool was the lowest among the four selected factors. With HII increasing, the carbon content in shrub and herb/shrub peatlands decreased and the carbohydrate content slightly increased. The effects of HII on aromatic content in the peatland carbon pool were more marked than those of the aromatic content of degraded shrub peatlands. Similar to the aromatic contents, the effects of HII on the carbohydrate content and aromatic/carbohydrate ratio in degraded shrub peatlands were also the strongest, and the stability of the peatland carbon pool decreased with increasing HII. Although the effects of HII on natural shrub peatlands were slightly lower than those of degraded shrub peatlands, the increase in HII also decreased the stability of natural shrub peatlands more than that of natural herb and herb/shrub peatlands. The increase in the HII mainly caused more nutrients and pollution elements to accumulate in natural peatlands and decreased the surface water table due to regional agricultural water consumption (Gao et al., 2018). Thus, our results show that the carbon pool in shrub peatlands was more sensitive to regional human activities and climate change than in other peatland types. Compared with natural peatlands, degradation caused the shrub peatland carbon pool to be more easily influenced by regional human activities.




5. Conclusion

In this study, we identified the stability of the peatland carbon pool dominated by different peatland types and evaluated the effects of climate factors and human activities on the carbon pool in natural and degraded peatlands. Physicochemical factors of peat soils are the most important factors (especially bulk density) for the stability of the peatland carbon pool, and the annual average temperature is the most important environmental factor. The effects of environmental factors on carbon stability in peatlands covered by different plant types varied, and even the trend lines were opposite for some specific factors (e.g., annual average temperature and HII). Owing to the low water table and high frequency of aerobic/anaerobic changes in shrub peatlands, the stability of the carbon pool in shrub peatlands is more sensitive to climate change than in other peatland types. Compared to natural peatlands, the carbon stability in degraded herb peatlands and degraded herb/shrub peatlands was lower. Although the degradation process significantly increased the carbon stability in shrub peatlands, the degradation process also caused the shrub peatland carbon pool to be more easily influenced by regional human activities than in natural peatlands.
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