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Cellulose and lignin are the principal constituents of plant litter, and their degradation plays an important role in the maintaining the soil carbon balance in terrestrial ecosystems. Yet, our knowledge of the responses of litter mass loss and cellulose and lignin degradation to litter quality, environmental factors, and taxonomic diversity indices along an elevational gradient in subtropical forests remains sparse. To gain insight into litter decomposition dynamics and its influencing factors, we investigated the cellulose and lignin degradation of foliar litter that from the two most dominant tree species along an elevational gradient (900–1,600 m) in a subtropical forest on Daiyun Mountain, China. Our results showed the following. (1) The degradation rate of cellulose was higher than that of lignin for litter collected at each elevation. The mass loss for foliar litter at different elevations was greater in the early period (0–180 days) than later period (180–270 days). (2) Litter quality, as well as environmental factors and taxonomic diversity indices, together influenced the foliar litter mass loss rate in addition to the rates of cellulose and lignin degradation. The key environmental factors included air and soil temperature, which had significant correlations with litter decomposition positively. The litter quality, namely is N (nitrogen) and P (phosphorus) contents, had significant positive correlations with degradation rates of cellulose and lignin in litter, and vice versa for lignin/N and C/N ratios. Some of the taxonomic diversity indices had positive correlations with litter decomposition, indicating that the input of highly diver litter material leads to a non-additive effect. (3) The litter decomposition was affected by the combination of litter quality, environmental factors, and taxonomic diversity indices. Of these, however, the environmental factors are the main factors that controlled the litter decomposition along elevational gradients in this subtropical forest. The results could provide a theoretical basis for understanding foliar litter nutrient release for the subtropical forest ecosystem of China.
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1. Introduction

Plant litter decomposition is crucial for the cycling of soil organic matter in terrestrial ecosystems, and is influenced by litter quality, environmental factors, and taxonomic diversity indices (Yin et al., 2019; Hong et al., 2021). Cellulose and lignin are the primary components of leaf litter, accounting for over 50% of the carbon stored in plants (Bradford et al., 2016). Several studies have highlighted the importance of cellulose and lignin degradation in litter decomposition and nutrient cycling (Bradford et al., 2016; Yin et al., 2019; Yang et al., 2021). Berg and McClaugherty (2020) proposed a hypothesis that the rate of cellulose degradation increases in the later stages of litter decomposition due to the presence of lignin surrounding labile litter components in plant cell walls (Berg and McClaugherty, 2020). Additionally, microclimate conditions can impact litter decomposition, leading to further degradation of litter cellulose in response to environmental changes (He et al., 2019). However, climate warming can disrupt the original cellulose and lignin degradation processes during litter decomposition (Yin et al., 2019). Therefore, a comprehensive understanding of how cellulose and lignin respond to climate-induced degradation is crucial for better understanding soil carbon and nutrient cycling.

The initial quality of plant litter is determined by the plant species composition, which has a significant impact on the substrate’s quality (García-Palacios et al., 2016; Krishna and Mohan, 2017). Litter quality is a critical factor that regulates litter decomposition (Veen et al., 2015). Several studies have confirmed that litter quality is a reliable indicator for predicting nutrient release from subsequent litter (Cornwell et al., 2008; Bradford et al., 2014; Veen et al., 2015). Bokhorst et al. (2013) demonstrated that the initial quality of litter significantly affects the rate of litter mass loss. In another study, Yang et al. (2019) found that litter with higher initial nitrogen and phosphorus concentrations is more conducive to degradation. Additionally, the species composition of plants affects the degradation of cellulose in litter, which is negatively correlated with initial litter lignin and cellulose concentrations, as well as the C/N ratio (Zhang et al., 2016). Furthermore, the variability in microclimate conditions can affect cellulose and lignin degradation in litter more than litter quality (Aerts, 1997; He et al., 2019). Thus, it is essential to determine the relative contributions of litter quality and environmental factors to the degradation of cellulose and lignin in litter.

Litter decomposition is a crucial ecosystem process influenced by environmental factors (Gavazov, 2010; He et al., 2019). Elevation plays a crucial role in shaping ecosystem properties and processes in mountainous regions, providing a unique opportunity to study terrestrial ecosystems. Microclimate heterogeneity at different elevations (Suseela and Tharayil, 2018; Wang et al., 2021) can lead to various taxonomic diversity patterns, including a monotonous decline and an intermediate height expansion pattern (Lomolino, 2001). The latter suggests that taxonomic diversity at mid-elevation is higher than at high and low elevations (Lomolino, 2001). The environmental energy hypothesis states that species richness is mainly influenced by the direct control of energy on species’ physiological activities, while the hydrothermal dynamic hypothesis posits that taxonomic diversity on a large scale is explained by the combination of moisture and energy (Wang et al., 2009; Huang et al., 2017). Recent studies have shown that the taxonomic and phylogenetic diversity of tree communities follows an intermediate height expansion pattern along elevations in subtropical forests (Li et al., 2021). Furthermore, in areas with high taxonomic diversity, mixed litter decomposition is faster than single litter due to a mixed non-additive effect (Duan et al., 2013; Porre et al., 2020). However, little is known about litter decomposition dynamics as shaped by litter quality, environmental factors, and taxonomic diversity indices along elevational gradients in forests.

In this study, we investigated how litter quality, environmental factors, and taxonomic diversity indices affect litter decomposition along an elevation gradient of subtropical forest on Daiyun Mountain. This mountain is home to the largest Pinus taiwanensis Hayata community in southeastern China and has a clear hierarchical structure of forest vegetation, offering a suitable platform to explore how microclimate heterogeneity affects litter decomposition (Su et al., 2015). Previous studies have shown that coniferous litter generally decomposes more slowly than broad-leaved litter due to its higher concentration of cellulose and lignin. At elevations of 900–1,300 m, there is a mixed forest of coniferous and broad-leaved species, while at 1,400–1,600 m, the forest is predominantly coniferous. Studies by Xu et al. (2017) and Chen et al. (2022) have shown that temperature, rainfall, and the C, N, and P contents of the litter vary along the elevation gradient of Daiyun Mountain. However, the degradation of cellulose and lignin in litter in response to litter quality, environmental factors, and taxonomic diversity has not been studied for Daiyun Mountain. Our study addressed three main questions: (i) What are the patterns of litter decomposition, including its litter mass loss and cellulose and lignin degradation rates, along the elevational gradient? (ii) What are the correlations between litter decomposition and litter quality, environmental factors, and taxonomic diversity indices? (iii) What is the influence of litter quality, environmental factors and taxonomic diversity indices upon litter decomposition dynamics?



2. Materials and methods


2.1. Study site

Daiyun Mountain National Nature Reserve (25°38’∼25°43’N, 118°05’∼118°20’E) is located in Dehua County, Fujian Province, China. The reserve has a peak elevation of 1,856 m and a lowest elevation of 650 m. It is well-known for its biodiversity and serves as a transitional zone between the south and middle subtropical regions. The climate in the reserve is characterized by a subtropical marine monsoon, with an annual average temperature ranging from 15.6 to 19.5°C. The coldest month, January, has an average temperature of 6.5–10.5°C, while the hottest month, July, has an average temperature of 23–27.5°C. The annual average sunshine duration is 1875.4 h, and the reserve experiences 220 foggy days per year. The main soil type found in the reserve is ferric acrisols, as reported in previous studies (Xu et al., 2017; Jiang et al., 2020; Chen et al., 2022).



2.2. Sampling plots’ set-up

On the southern slope of Daiyun Mountain, we established an elevational gradient spanning from 900 to 1,600 m, with eight sampling locations at intervals of 100 m. Following the methodology of CTFS (Tropical Forestry Science Center; Condit, 1998), we set up fixed plots to sample the plant community at each elevation. Each sampling plot was 20 m × 30 m and divided into three 10 m × 20 m quadrats, selecting representative forest communities with well-defined forest patterns, and the general information of sample plots along elevations in Daiyun Mountain were refer to Li et al. (2021). We recorded the longitude, latitude, elevation, slope, aspect, and other topographic factors of each quadrat using a GPS unit [the detailed information were recorded in reference of Jiang et al. (2019)].



2.3. Data collection

We recorded species identity, diameter at breast height (DBH), and tree height information for all trees with a DBH greater than 1 cm in each sampling plot, using the China Flora database1 for species identification (Supplementary Table 1). To quantify taxonomic diversity and explore its correlation with litter decomposition, we selected four common indexes of species Margalef, Shannon-Wiener, Simpson, and Pielou, based on survey data of the arbor layer in the sample plots of the comprehensive observation site of typical forest ecosystems in China (Fang et al., 2004). According to the survey data of arbor layer in the sample plots of the comprehensive observation site of typical forest ecosystems in China, four common indexes of species Margalef, Shannon-Wiener, Simpson and Pielou (Supplementary Table 4) were selected to use to quantify taxonomic diversity and explore their correlation with litter decomposition in this study (Fang et al., 2004). Margalef index: This index measures the richness of species in a community relative to the number of individuals present. It calculates the species diversity as the natural logarithm of the number of species divided by the total number of individuals in a community. The higher the value of Margalef index, the more diverse the community is. Shannon-Wiener index: This index measures the diversity and evenness of species in a community. It calculates the diversity as the negative sum of the product of the natural logarithm of the proportion of each species and the proportion itself. The higher the value of Shannon-Wiener index, the more diverse and even the community is. Simpson index: This index measures the dominance of species in a community. It calculates the diversity as the inverse sum of the squared proportion of each species. The higher the value of Simpson index, the more dominated the community is by a few species. Pielou index: This index measures the evenness of species in a community relative to the maximum possible evenness. It calculates the evenness as the diversity divided by the natural logarithm of the number of species in a community. The higher the value of Pielou index, the more even the community is Jost (2006); Gamito (2010).

Based on the survey results, we selected the two most important tree species to conduct litter decomposition experiments, and three pairs of each of these species were used in each quadrat (see Supplementary Table 1). During the peak of autumn defoliation in 2018, we collected fresh fallen leaves that showed clear signs of aging but had not yet decomposed. We weighed 40 g of litter (20 g of leaves of each dominant species) for each decomposition period and placed them into a nylon decomposition bag (20 cm × 20 cm) with 0.1 mm holes on both sides. We used the residual amount of each sample to determine the initial litter quality. At each elevation, we placed 36 bags, for a total of 288 bags. On March 5, 2019, we randomly distributed the litter decomposition bags in the sampling plot, separating them by more than 2 cm and distributing them up and down the slope. We connected the bags of each square with a rope and fixed them with nails. The bags remained in place for the duration of the recovery time from June 5, 2019 to March 7, 2020, with sampling intervals of approximately 90, 180, 270, and 360 days for measuring decomposition. At each time interval, we randomly retrieved three bags from each site, shook off any dirt, fine roots, and impurities, and placed them in a sterilized, sealed polyethylene bag. We transported the samples to the laboratory in sealed bags. Then, we washed away impurities such as soil with pure water, picked out any visible roots of plants, to avoid losing tiny pieces of organic material, we used a series of sieves with progressively smaller mesh size. First, we used a larger mesh size to remove larger pieces of organic material and soil. Then, used a smaller mesh size to remove smaller particles. Repeat this process with progressively smaller mesh sizes until we have removed as much impurities as possible without losing the tiny pieces of organic material that we want to keep, and we have been modified in the paper, and oven-dried the bag content at 70°C to a constant weight, then weighed and recorded the dry weight to calculate the litter decomposition rate.

For the soil sampling, we first removed fallen leaves from the litter layer at the sampling point. We used an auger to collect soil samples from 0 to 20 cm depth at each point, and homogenized the samples to form a composite soil sample for each soil layer in each plot at each elevation. The soil and litter samples were transported to the laboratory and dried at 70°C until reaching a constant weight for further analysis. Litter cellulose concentration was determined with a cellulose kit from Comin (CLL-1-Y, SuZhou, China)2; The litter lignin concentration was determined with a lignin kit, also from Comin (MZS-1-G, SuZhou, China; see text footnote 2). Air temperature data were collected using an American MAXIM iButton recorder (MAXIM Integrated, iButton, San Jose, CA, USA) (model DS1923-F5) at the center of each elevation’s sample point, placed at a height of approximately 1.5 m from the soil surface. Soil temperature data were collected using an iButton temperature recorder (DS1922L-F50) buried 10 cm below the ground surface. Temperature data were automatically recorded every 2 h from 12:00 a.m. onward on a daily basis, and the experimental average values for each month were used as the soil or air temperature data for each of the eight elevations forming the gradient. Total carbon (TC) and total nitrogen (TN) were measured using a nitrogen analyzer (VARIOMAX CN, Elementar, Hanau, Germany) as a proxy for litter quality, and total phosphorus (TP) was measured using an inductively coupled plasma emission spectrometer (PE OPTIMA 8000, PerkinElmer, Waltham, MA, USA). The soil C, N, and P data are presented in Supplementary Table 2, and details regarding the litter quality results can be found in Supplementary Table 3.



2.4. Data analysis

The calculation formula used for the litter decomposition rate (Mr) was as follows: Mr = (M0–Mt)/M0/T × 100%, where M0 is the initial dry mass sample (g); Mt is the litter dry mass (g) at time T, with T being the number of elapsed litter decomposition days. The calculation formula for litter cellulose or lignin degradation rate is as follows: E = [(C0 × M0–Ct × Mt)/C0 × M0] × 100, where E is the degradation rate of material (%); Ct is the concentration of cellulose or lignin (g/kg) in the litter at time T; C0 is the initial concentration of litter (g/kg); M0 and Mt are the same as above. And exponential models for 50% (T50%) and 95% (T95%) litter decomposing time referred to Olson models (Olson, 1963).

Prior to analysis, normality and linearity checks were performed on the data, which included cellulose and lignin concentrations, litter quality, environmental factors, and taxonomic diversity indices corresponding to each period. We used one-way analysis of variance (ANOVA) to analyze the litter mass loss, cellulose and lignin concentration and degradation rate at different elevations in different time periods. Duncan’s test was used for multiple comparisons. For a general linear mixed model (GLMM), Y = Xβ + Zμ + e, where Y represents the measured value vector of the response variable, X is the design matrix of the fixed effect independent variable, β is the fixed effect parameter vector corresponding to X, Z is the design matrix of the random effect independent variable, μ is the fixed effect parameter vector corresponding to Z, and e is the vector matrix of the residual. The homogeneity of the variances we used a Levene’s Test, and the residuals for normality with a Shapiro test. We used the GLMM to test how elevation and time factors (fixed factors) affected litter mass loss, and litter cellulose and lignin degradation rates and their concentrations. Block was set as a random factor, with M = 3 blocks. Tukey’s honestly significant difference (HSD) was used to explore differences between means when the results were significant at P < 0.05. P-values were calculated using the “lmerTest” package in R v4.1.03 (R Core team, 2020) and random factor significance are presented in Supplementary Table 5. Pearson correlation analysis was performed using the “corrplot” package in R to examine the relationship between data collected on the 90th, 180th, 270th, and 360th day of field sampling.

The Structural Equation Model (SEM) is a powerful statistical approach for examining the relationships among multiple variables, based on their correlation coefficients or covariance matrix. In light of the fact that plant litter decomposition can be influenced by litter quality (e.g., litter TC, litter TN, litter TP, litter C/N, and litter lignin/N), environmental factors (e.g., air temperature, soil temperature, soil water content, slope, and soil pH), and taxonomic diversity (e.g., Margalef, Simpson, Shannon-Wiener, and Pielou indices) (Veen et al., 2015; García-Palacios et al., 2016), we constructed an SEM that incorporated these potential variables. We assessed the collinearity of all driving factors to eliminate any collinear relationships and removed factors with VIF > 10. VIF value between litter decomposition factors are presented in Supplementary Table 6. Subsequently, we established an initial SEM model based on known knowledge and relationships among the main driving factors. The initial SEM model was then parameterized using natural logarithm transformed and standardized data to assess its goodness of fit using the Chi-square (χ2) test, goodness-of-fit index (GFI), comparative fit indexes (CFI), and standardized root mean square residual (SRMR), in order to determine the optimal model for our study (Grace et al., 2016). The fit indices yielded a χ2 test insignificant statistic (P > 0.05), and GFI, CFI, and SRMR values that ranged from 0 to 1. Higher values indicated better model fit, with values >0.9 considered acceptable (Bentler, 1999; Shipley, 2000). The SEM structure was implemented using the “lavaan” package in R (Rosseel, 2012).




3. Results


3.1. Litter mass loss at different elevations

The GLMM analysis showed that litter mass loss was significantly influenced by elevation, time, and their interaction (Figure 1). Generally, the rate of litter mass loss decreased over time at different elevations (900–1,600 m), with the highest litter mass loss occurring at 900 m after 90 and 180 days of decomposition. At 180 days, the litter mass loss at elevations of 1,200 and 1,300 m was higher than that at 1,100 m and 1400–1600 m, and at 270 days, the litter mass loss at 1,300 m was higher than at other elevations (Figure 1). From the four time periods at each elevation, the litter mass loss was higher in the first 0–180 days than the 180–360 days of decomposition at each elevation (Figure 1). The correlation coefficient R2 of litter decomposition at different elevations indicated that the Olson index model fits the decomposition of leaves (Table 1). The decomposition time for 50% and 95% at 1,200 m was lower than that at other elevations, except for 900 m. Additionally, the decomposition time for 50 and 95% at 1,300 m was lower than that at 1,100 m and 1,400–1,600 m.


[image: image]

FIGURE 1
Dynamics of mass loss of foliar litter at different elevations along Daiyun Mountain. Each bar represents the mean litter mass loss of different elevation (900–1,600 m) in that incubation site (N = 3). Sample size, N = 96, F-values from the effects of elevation, time and interactions of litter mass loss in a general linear mixed model (GLMM). Different lowercase letters indicate the difference among different elevations during the same decomposition period at a significance level of 0.05.



TABLE 1    Regression equation of residual mass in the process of litter decomposition in Daiyun Mountain.
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3.2. Litter cellulose and lignin concentration at different elevations

The concentrations of cellulose and lignin in litter were significantly affected by elevation, time, and their interaction, and both decreased over time at different elevations (Figures 2A, B). The average cellulose content in litter increased from 900 to 1,400 m at 0, 180, and 270 days. However, at 90 and 360 days, the cellulose concentration at low elevations was relatively lower than that at high elevations (Figure 2A). The cellulose concentration at different elevations showed a net release state at 360 days elevation 90, 180, and 360 days (Figure 2B). The lignin content of 1,300–1,600 m was higher than that of 900–1,200 m during the experimental stage. Additionally, it showed a net release state at 360 days (Figure 2B).
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FIGURE 2
Litter cellulose (A) and lignin (B) concentration in different decomposition stages at different elevations along Daiyun Mountain. Each box represents the mean litter cellulose and lignin concentration of different elevation (900–1,600 m) in that incubation site (N = 3). Sample size, N = 120, F-values from the effects of elevation, time and interactions of litter mass loss in a general linear mixed model (GLMM). Different lowercase letters indicate the difference among different elevations during the same decomposition period at a significance level of 0.05.




3.3. Litter cellulose and lignin degradation rate at different elevations

The degradation rates of cellulose and lignin were significantly influenced by elevation, time, and their interaction (Figures 3A, B). The cellulose degradation rate of litter at the 900 m elevation was higher than at other elevations at 90, 180, and 360 days, and at 270 days, the cellulose degradation rate at 1,300 m was higher than other elevations (Figure 3A). The litter lignin degradation rate of 1,500–1,600 m was lower than at other elevations, but at 90 and 180 days, the rate was higher at 900 m than at other elevations (Figure 3B). Generally, the cellulose and lignin degradation rates were faster at lower elevations than at higher elevations. During the experimental stage, the cellulose degradation rate continued to increase at different elevations. Moreover, the rate of cellulose degradation was higher than that of lignin at the same elevation and during the same time periods throughout the year-long litter decomposition process (Figures 3A, B).
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FIGURE 3
Litter cellulose (A) and lignin (B) degradation rate in different decomposition stages at different elevations along Daiyun Mountain. Each box represents the mean litter cellulose and lignin degradation rate of different elevation (900–1,600 m) in that incubation site (N = 3). Sample size, N = 96, F-values from the effects of elevation, time and interactions of litter mass loss in a general linear mixed model (GLMM). Different lowercase letters indicate the difference among different elevations during the same decomposition period at a significance level of 0.05.




3.4. Correlations between litter decomposition and litter quality, environmental factors, and taxonomic diversity indices

These correlation results are presented in Table 2. Litter samples’ cellulose and lignin degradation rates were significantly correlated with litter quality including both litter TN and TP (positive, P < 0.05). Litter decomposition (litter mass loss, lignin degradation rate, and cellulose degradation rate) was significantly correlated with litter quality expressed as by the litter C/N ratio and lignin/N ratio (negative, P < 0.05).


TABLE 2    Correlation between litter degradation rate and litter quality, environmental factors and taxonomic diversity indices.
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Litter mass loss and lignin degradation rate were each significantly correlated with environmental factors, including soil temperature, air temperature, and soil water content (positive, P < 0.05). Litter mass loss and lignin degradation rate were also significantly correlated with soil pH, but negatively (P < 0.05). Litter cellulose degradation rate was significantly correlated with environmental factors including both soil and air temperature (positive, P < 0.05). Litter cellulose degradation rate was significantly correlated with elevation (negative, P < 0.05).

Litter mass loss was correlated with the taxonomic diversity indices, significantly so for the Simpson and Shannon–Wiener indices significantly (positive, P < 0.05). Litter cellulose degradation rate was correlated with Simpson index significantly (positive, P < 0.01). Litter lignin degradation rate was correlated with Pielou index significantly (positive, P < 0.05).



3.5. Interpretation of litter quality, environmental factors, and taxonomic diversity indices with respect to litter decomposition

The latent variables of litter quality, environmental factors, and taxonomic diversity indices all had a positive impact on litter mass loss and both cellulose and lignin degradation rates (Figures 4–6). The influence coefficients of litter mass loss, cellulose and lignin degradation rates as follows: environmental factors > litter quality > taxonomic diversity indices. Litter TN and TP, as well as air and soil temperatures, Shannon- Wiener and Simpson indices had indirect effects on litter mass loss and degradation of lignin positively (Figures 4, 6). Litter TN and TP, as well as air and soil temperatures, Shannon- Wiener and Simpson indices also had indirect effects on litter degradation of cellulose positively, but litter TC had indirect effects on litter degradation of cellulose negatively (Figure 5).
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FIGURE 4
Structural equation models (SEMs) for the direct and indirect relationships between environmental factors (air and soil temperature, soil water content), litter quality (N, P), taxonomic diversity (Shannon-Wiener, Simpson and Pielou indices) and litter mass loss. AT, air temperature; ST, soil temperature; SWC, soil water content; LN, initial total nitrogen of litter; LP, initial total phosphorus of litter; SW, Shannon- Wiener, red represents positive correlation, green represents negative correlation, black represents non-correlation.
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FIGURE 5
Structural equation models (SEMs) for the direct and indirect relationships between environmental factors (air and soil temperature, and soil water content), litter quality (C, N, P), taxonomic diversity (Shannon-Wiener, Simpson and Pielou indices) and litter cellulose degradation. AT, air temperature; ST, soil temperature; SWC, soil water content; LN, initial total nitrogen of litter; LP, initial total phosphorus of litter; SW, Shannon- Wiener, red represents positive correlation, green represents negative correlation, black represents non-correlation.
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FIGURE 6
Structural equation models (SEMs) for the direct and indirect relationships between environmental factors (air and soil temperature and soil water content), litter quality (N, P), taxonomic diversity (Shannon-Wiener, Simpson and Pielou indices) and litter lignin degradation. AT, air temperature; ST, soil temperature; SWC, soil water content; LN, initial total nitrogen of litter; LP, initial total phosphorus of litter; SW, Shannon- Wiener, red represents positive correlation, green represents negative correlation, black represents non-correlation.





4. Discussion


4.1. Analysis of the decomposition rate of litter and its cellulose and lignin concentrations and degradation rates at different elevations

The litter mass loss on Daiyun Mountain showed a decreasing trend with time at different elevations (900–1,600 m) (Figure 1). The mass loss is a cumulative value, meaning that as decomposition time increases, more litter is lost, resulting in a higher loss rate. The decomposition rate in the first two time periods (0–180 days) was generally faster than in the latter two time periods (180–360 days) at the same elevation and different periods (Figure 1). This result is consistent with previous studies (Wang et al., 2021) on litter decomposition in other subtropical regions. At the initial decomposition stage, soluble components in the litter are leached out, resulting in a higher decomposition rate. As decomposition progresses, recalcitrant substances become relatively more abundant, and the decomposition rate becomes controlled by microorganisms. Seasonal factors may also play a role in the observed trend. For instance, the first two sampling times were in June and September, when temperatures and rainfall were high, and microbial activity correspondingly increased, resulting in a higher decomposition rate. The last two sampling times were in December and March, during the winter when temperatures were lower, and microbial activity decreased, resulting in a slower decomposition rate. Therefore, the litter decomposition rate in the first two time periods was generally higher than that in the latter two time periods.

The concentrations of cellulose and lignin in litter at different elevations decrease over time, as shown in Figures 2A, B. At 90 days, the concentrations of cellulose and lignin at 900 m were lower than those at 1,100 m or other elevations. This trend continued until 360 days, where the concentrations of cellulose and lignin in litter at 900 m were still lower than those at 1,100 m or other elevations. These results suggest that the release of litter cellulose and lignin concentrations is faster at low elevations than at high elevations, which is consistent with the findings of studies on forest litter decomposition and nutrient dynamics in different regions of Canada (Moore et al., 2011). This may be because the concentrations of cellulose and lignin in the later stage of litter decomposition depend on the initial amounts of these compounds in the litter (Ma et al., 2019).

During the experimental stage, the cellulose degradation rate at different elevations continued to increase in Daiyun Mountain (Figure 3A). This result is in line with findings of He et al. (2019), who studied the degradation characteristics of cellulose and lignin during the decomposition process of dominant species in Three Gorges Reservoir, and of Fioretto et al. (2005), who studied cellulose and lignin degradation characteristics in three types of litter pools in the Mediterranean ecosystem. This result supports the hypothesis of Berg and McClaugherty (2020) that labile components in plant cell walls are surrounded by lignin (Berg and McClaugherty, 2020). Additionally, cellulose degradation rates were higher than lignin degradation rates at the same elevation and during the same decomposition period (Figures 2A, B), consistent with the findings of Ma et al. (2015, 2019). Soil microorganisms prefer to decompose cellulose and lignin, and their digestion and excretion in the intestines change the fungal and bacterial community structure in the leaf residue and increase the cellulase activity, affecting the degradation (Ma et al., 2019). Furthermore, cellulose leaching plays a role in the greater degradation rate of cellulose than lignin due to the stronger leaching effect of cellulose, aided by the high annual precipitation and relative humidity of Daiyun Mountain (Fioretto et al., 2005; Brandt et al., 2010).



4.2. Analysis of correlations among litter quality, environmental factors, taxonomic diversity indices, and litter decomposition

The higher the plant taxonomic diversity, the more litter types that can be easily mixed and non-additive litter (Duan et al., 2013). Significant correlations were found between mass loss and taxonomic diversity according to the Simpson and Shannon–Wiener indices (positive, P < 0.05, Table 2). At 90 days, the litter mass loss was higher at 1,300 m than either 1,000–1,200 or 1,400–1,600 m, while at the 180 and 270 days, the litter mass loss at 1,200–1,300 m surpassed those at 1,000–1,100 and 1,400–1,600 m (Figure 1). Both 1,200 and 1,300 m correspond to the middle elevation of Daiyun Mountain. Li et al. (2021) observed an intermediate height expansion pattern of taxonomic diversity along the elevation gradient in Daiyun Mountain, with the central region exhibiting high taxonomic diversity. Our results (Table 2) indicate that the decomposition time of 50 and 95% in 1,200 m is lower than that at other elevations, except for 900 m, and the decomposition time of 50 and 95% in 1,300 m is lower than that at 1,100 m and 1,400–1,600 m, suggesting that mixed decomposition of litter may exert non-additive effects (Duan et al., 2013). The positive correlation between taxonomic diversity and the litter decomposition rate suggests that the decomposition of litter is related to the elevation gradient pattern of biodiversity. The intermediate expansion pattern of taxonomic diversity in the middle elevation may have a certain non-additive effect on litter decomposition, which is consistent with the findings of Ricardo et al. (2019), who studied the effect of taxonomic diversity on litter decomposition in southern Brazil. They found that high taxonomic diversity leads to more types of litter input, enhancing the litter’s mixed non-additive effects. Additionally, the cumulative yield of litter is relatively higher with greater taxonomic diversity, and the ground cover layer formed by litter can increase the litter temperature at the bottom and hasten litter decomposition. Furthermore, Duan et al. (2013) found that taxonomic diversity is an important factor promoting the non-additive effect of litter, which further suggests that litter at the middle elevation in Daiyun Mountain may generate a non-additive effect on litter decomposition.

During the initial stage of decomposition, the chemical characteristics of litter can be affected by its initial carbon (C), nitrogen (N), and phosphorus (P) concentrations, as well as other chemical components (Berg and Meentemeyer, 2002; Alhamd et al., 2004; Yang and Jin, 2009). Our results (Table 2) show that the degradation rates of cellulose and lignin were significantly positively correlated with the initial total N (TN) and total P (TP) concentrations of litter (P < 0.05). This is consistent with the findings of Zhang et al. (2016), who observed that the initial chemical composition of subtropical litter, particularly high concentrations of N and P, can strongly influence the decomposition process. Furthermore, higher concentrations of N and P can stimulate the metabolic activity of microorganisms and enhance their reproductive rates. Therefore, an adequate supply of carbon substrates, N, and P is crucial to support a diverse and abundant microbial community during litter decomposition.

The initial C/N and lignin/N ratios of litter can influence its decomposition rate (Polyakova and Billor, 2007). High C/N and lignin/N ratios are unfavorable for decomposition (Halvorson et al., 2016). Our results showed a significant negative correlation between litter mass loss and C/N (P < 0.05, Table 2). Similarly, the degradation rates of cellulose and lignin were significantly correlated with C/N (negative, P < 0.05), which is consistent with previous studies (Polyakova and Billor, 2007; Halvorson et al., 2016). A high initial C/N ratio of litter hinders its decomposition, resulting in slow nutrient release. We also found significant negative correlations between litter mass loss, cellulose and lignin degradation rates, and lignin/N (P < 0.01), in agreement with Mendonca and Stott (2003), who studied the relationship between nutrient release rate, C/N, and initial lignin/N of litter. Lignin/N is a good predictor of litter decomposition because lignin is an acid-insoluble C component that is difficult to decompose and tends to accumulate in the litter’s later stages, resulting in slower decomposition rates (Herman et al., 2008; Hall et al., 2020).

The degradation rate of litter lignin was found to be significantly correlated with air and soil temperatures as well as soil water content (positive, P < 0.05, Table 2). This result can be attributed to the fact that the study area is situated in the humid subtropical region of China, where microbial activity dominates the degradation of litter lignin. Higher air and soil temperatures and higher soil water content provide an environment conducive to the proliferation of soil microorganisms, enabling them to produce specific extracellular enzymes to degrade lignin (Bugg et al., 2011). Moreover, we found that the litter lignin degradation rate was significantly correlated with soil pH (negative, P < 0.05) and TN (positive, P < 0.05). This may be due to the fact that microbial reproduction requires a large amount of energy in the form of nitrogen. Additionally, lower pH levels are more conducive to microbial attachment, and when combined with suitable temperature and sufficient water content, they can accelerate the consumption and decomposition of litter by various microorganisms.



4.3. Structural equation models (SEMs) between litter quality, environmental factors, taxonomic diversity, and litter decomposition

The SEMs for direct and indirect relationships between influencing factors and litter decomposition (Figures 4–6) revealed that the latter is affected by a combination of litter quality, environmental factors, and taxonomic diversity indices. Moreover, the influence coefficients of litter mass loss, cellulose, and lignin degradation rates always decreased in the following order: litter quality, environmental factors, and taxonomic diversity indices. This pattern is consistent with Joly et al. (2017), who studied taxonomic diversity’s impact on litter decomposition in Europe. Due to the significant changes in lignin and cellulose during the later stages of litter decomposition, environmental factors may exhibit greater sensitivity toward them compared to other factors (Hall et al., 2020). The late stage of litter decomposition is when the degradation of its components (lignin, cellulose, tannin, etc.) mainly occurs. Substances are slowly decomposed into simple small molecules under the action of soil enzyme activities and microbial metabolism, and the degree of degradation mainly depends on their interaction with environmental factors. For example, an increase in temperature enables the extracellular enzymes that degrade cellulose and lignin to maintain higher activity levels, thereby accelerating the degradation of both cellulose and lignin. Work by Tan et al. (2020) and Fravolini et al. (2018) also showed that the degradation process of litter cellulose and lignin is particularly sensitive to temperature. This is because when the temperature rises, it promotes the mineralization of soil nutrients and increases the activity of microorganisms, thereby accelerating the rates of cellulose and lignin degradation. In addition, soil and air temperatures have indirect positive effects on litter mass loss, and the degradation results for cellulose and lignin confirm this conclusion. Based on the correlation results, there was a significant positive correlation between air temperature and soil temperature, as well as between the litter mass loss, lignin degradation rate, and cellulose degradation rate (P < 0.05). Furthermore, there was a significant positive correlation between soil water content and the litter mass loss and lignin degradation rate (P < 0.05). Combined with the results of the structural equation model, temperature and soil water content were found to have positive effects on litter. This suggests that temperature and soil water content are the primary driving factors of litter decomposition in Daiyun Mountain.




5. Conclusion

Litter mass loss showed a downward trend during the yearlong process of decomposition examined, being greater in the early stage (0–180 days) than in late stage (180–360 days) along different elevations in the subtropical forest of Daiyun Mountain. The decomposition pattern of litter cellulose degradation rate supported the hypothesis of Berg and McClaugherty (2020), in that the degradation rate of cellulose was higher than that of lignin in litter at the same elevation in the same period of litter decomposition. The promotion of litter decomposition is facilitated by air and soil temperature, soil water content, and low soil pH, with temperature and water content being the primary drivers of the process. Litter with initially high N and P concentrations could promote the litter cellulose and lignin degradation, while the high initial litter C/N and lignin/N could constrain both cellulose and lignin degradation. Combined with the intermediate expansion pattern of taxonomic diversity found for Daiyun Mountain, the decomposition of litter was in line with the hypothesis of mixed non-additiveness of litter, indicating that a corresponding relationship exists between the elevation gradient pattern of taxonomic biodiversity and litter decomposition dynamics. Litter decomposition at different elevations is driven by the comprehensive combination of litter quality, environmental factors and taxonomic diversity indices, and environmental factors together have a great impact on net litter decomposition. Overall, our findings gained an insight to the driving factors of litter decomposition in subtropical forest along an elevational gradient.
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