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Abstract

:

The biodiversity of litter can regulate carbon and nutrient cycling during mixed decomposition. It is common knowledge that the decomposition rates of mixed litters frequently deviate from those predicted for these component litter species. However, the direction and magnitude of the nonadditive effects on the degradation of mixed litters remain difficult to predict. Previous studies have reported that the different carbon fractions of leaf litters responded to litter mixture differently, which may help to explain the ambiguous nonadditive effect of diversity on bulk litter decomposition. Therefore, we conducted decomposition experiments on 32 litter mixtures from seven common tree species to test the responses of different carbon fractions to litter diversity in subtropical forests. We found that the overall mass loss of the mixed litter was faster than that estimated from single species. The relative mixing effects (RMEs) of different carbon fractions exhibited different patterns to litter diversity and were driven by different aspects of litter functional dissimilarity. Soluble carbon fractions decomposed more slowly than expected from single species, while lignin fractions decayed more quickly. Moreover, we found that the RMEs of bulk litter decomposition may be determined by the lignin fraction decomposition. Our findings further support that distinguishing the response of different carbon fractions to litter diversity is important for elucidating the nonadditive effects of total litter decomposition.
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1. Introduction


The increasing loss of biodiversity worldwide has raised concerns about its associated changes to ecosystem functioning [1]. The biodiversity of litter can modify carbon and nutrient retention and release during mixed decomposition [2,3]. An earlier assessment found that 50% of all litter mixtures accelerated decomposition (synergistic effect) and 20% of all cases retarded mass losses (antagonistic effect) when compared to those estimated from single species [4]. Recent meta-analysis reviews also indicated that decomposition was faster when litter contained multiple species [5,6]. Up to now, these studies have not yet summarized a generalized nonadditive relationship between biodiversity and leaf litter decomposition [7,8].



The magnitude and direction of litter mixing effects may depend on the definition and measurement of litter diversity and decomposition [5,8]. Diversity has been distinguished as species richness, functional diversity, and phylogenetic diversity [9,10,11]. Indeed, both species richness and phylogenetic diversity were found to have poor predictability for mixing effects on litter decomposition [12,13]. The underlying reasons behind the weak correlation may be that litter’s functional traits, rather than its taxonomic or phylogenetic identity, modulate decomposition [8,14]. Several studies have reported the significant relationships between litter mixing effects and functional diversity [6,15,16,17], which may provide differential information on multiple traits among different litter species [18].



In addition, exploring the potential process of litter decomposition may help to understand the ambiguous nonadditive effect of diversity on decomposition [5]. Previous studies have summarized roughly four mechanisms which are examining the complex consequences of litter diversity effects on decomposition [2,3,15,19]. (1) Nitrogen transfer from nitrogen-rich to nitrogen-poor litter can facilitate decomposition [2,20]. (2) Microclimatic conditions are improved in litters with a high water-holding capacity, or habitat diversity is increased in structurally diverse litter layers [21,22]. (3) Specific compounds such as polyphenols released from species-specific litter may stimulate or inhibit decomposition [18]. (4) Priming induced by a fast-decomposing carbon pool may accelerate or decelerate the decomposition of a slower-decomposing pool [23].



Focusing on the decomposition processes of different carbon fractions may provide a new perspective for us to understand litter diversity effects [8]. Plant litters usually consist of water-soluble compounds, hemicellulose, cellulose, and lignin [24]. Labile carbon, such as water-soluble compounds in litters, may be consumed by decomposers or leached with rainfall in the early decomposition stage [3], while recalcitrant carbon fractions (hemicellulose, cellulose, and lignin) are degraded by microorganisms or specialist microorganisms during the middle and later decomposition stages [25]. Due to the contrasting decomposition difficulty and different release order [26,27,28], it can be expected that different carbon fractions may respond differently to litter mixture [8,19]. One previous study has reported that synergistic effects dominate in the early stage of decomposition, while the mixing effects switched to antagonistic effects in the later stages of decomposition [29]. If we only focus on the decomposition of the litter’s overall mass, we are likely to overlook the litter diversity effects of different carbon fractions, thus blurring the overall diversity effects [19].



Although different carbon fractions may have different responses to litter mixture, they have rarely been evaluated. Currently, there are only two relevant research studies, reported by [8,19]. The former showed that litter mixture slowed the decomposition of the labile carbon fraction, while having no effect on the recalcitrant carbon. The latter reported that litter diversity accelerated the decomposition of the labile carbon while slowing down the recalcitrant carbon. These two studies have showed completely opposite results in different carbon fractions, and the mechanism behind these opposite results is still unclear. Therefore, the effects of litter diversity on the litter decomposition of different carbon fractions remain uncertain and is worth further exploration.



To enrich the diversity effects of litter decomposition on the overall mass and different carbon fractions, we conducted experiments on mixed litter decomposition and single-species litter decomposition using seven common tree species in subtropical forests. We hypothesize that (1) the overall mass loss of the mixed litter may be faster than that estimated from the single species; (2) different carbon fractions may have different responses to litter diversity, and the faster overall mass loss may be owing to the faster loss of the labile carbon fraction; and (3) the functional dissimilarity of mixed litter traits may drive the mixing effects of different carbon fractions.




2. Method


2.1. Experiment Site


The study was conducted in Wugongshan forest farm, Anfu County, Jiangxi Province, China (27°18′ E, 114°16′ N; 200–290 m a.s.l.). The mean annual temperature is 17.7 °C, with mean annual precipitation of 1400–1600 mm, belonging to a subtropical monsoon climate; the substrate is predominantly ultisols. The forest is dominated by evergreen coniferous species such as Pinus massoniana, Cunninghamia lanceolata, Pinus taeda, and Pinus elliottii. The shrub layer mainly includes Loropetalum chinense, Camellia oleifera, and Vitex negundo var. cannabifolia, among others. In this study, the decomposition experiment was conducted in a pure Masson pine forest. General information on forest stand and soil are shown in the Supplementary Materials (Table S1).




2.2. Experimental Design


This study established 39 combinations, including 7 single-species treatments (P. massoniana, Liquidambar formosana, Schima superba, Quercus glauca, Quercus rubra, Castanopsis sclerophylla, and Phoebe bournei) and 32 multiple-species mixture treatments (Table 1). Two gradients were included in the experiment: the tree species diversity gradient and the functional trait diversity gradient (Table 1). On the tree species diversity gradient, combinations ranging from 2 to 7 tree species were established. For each tree species diversity gradient, all possible litter combinations of the gradient were listed, and the functional diversity index (FDis) was calculated using the FD software package in R language (Version 4.3.0). After calculating the functional diversity index (FDis), six combinations were selected from each tree species gradient based on the ascending order of FDis. The selection criteria were that the six combinations were evenly distributed in the functional diversity index. For the six-tree-species and seven-tree-species litter combinations, all seven possible combinations of six tree species and one combination of seven tree species were selected for the experiment.



In autumn 2020 and spring 2021, freshly senesced leaf litters were collected from the forest floor in Wugongshan forest farm, and placed indoors to dry naturally. For each combination, litterbags were filled with air-dried litters (6 g oven-dried mass at 65 °C), with each component species in equal proportions. The air-dried litter leaves were dried in an oven to calculate the moisture content of each species for converting the oven-dried weight. The litterbags were made of nylon mesh (1 mm aperture) with a size of 20 × 25 cm. On 16 April 2021, 624 litterbags (39 treatments × 4 replicates × 4 harvests) were placed on the pure Masson pine forest floor in four blocks. The bags were randomly located within blocks and separated from each other by at least 20 cm. Litterbags were harvested about every three months from the four blocks on 30 July 2021, 25 October 2021, 13 January 2022, and 16 April 2022, respectively. The bags were brought back to the laboratory, and the litters were manually cleaned of adhering soil, allochthonous litter, ingrown plant material, and soil animals, and were separated by tree species. The remaining litter were then oven-dried (65 °C for 48 h) and weighed.




2.3. Litter Traits Determination


The litter carbon fractions were measured via a proximate analysis [30]. The carbon fractions of litter included water-soluble extractables (water-soluble carbon, nitrogen, phosphorus, and simple sugars), non-polar extractables (keratin, waxes, and phenolic compounds), acid-hydrolyzable components (hemicellulose and cellulose), and acid-unhydrolyzable components (lignin, condensed tannins, and their decomposition products). The non-polar extractables and water-soluble extractables were extracted using the Soxhlet extraction method and the water bath heating method [31]. Then, 72% sulfuric acid was added to extract the acid-hydrolyzable components, and the remaining residue that was washed with boiling distilled water was the acid-unhydrolyzable components. In this study, we combine water-soluble compounds and non-polar extractables as “Soluble” carbon fractions hereafter, and define acid-hydrolyzable components as “Cellulose” and acid-unhydrolyzable components as “Lignin” carbon fractions.



To calculate the functional diversity of the litter mixtures, we analyzed the physical and chemical properties of each species. The physical properties include the specific leaf area (SLA), leaf thickness (LT), leaf toughness (TH), tensile strength (TS), standard water-holding capacity (Wstd), and saturated water-holding capacity (Wmax). The specific leaf area was calculated based on the ratio of the leaf area to the dry weight of the leaf litter. The leaf thickness was measured using a vernier caliper. The toughness and tensile strength were measured using a tensile tester. The standard water-holding capacity was calculated based on the ratio of the difference between the leaf weight after soaking for 1 h and the dry weight. The saturated water-holding capacity was calculated based on the ratio of the difference between the leaf weight after soaking for 24 h and the dry weight [32]. The chemical properties include the total carbon (C), nitrogen (N), phosphorus (P), potassium (K), copper (Cu), magnesium (Mg), manganese (Mn), iron (Fe), zinc (Zn), calcium (Ca), lignin, and cellulose. The chemical elements were measured through a multi-element analyzer (FLASH 2000 CHNS/O). The lignin and cellulose content of litters were determined using the acid-washing method [33,34]. We also computed the C/N, C/P, N/P, lignin/N, and lignin/P ratios as litter stoichiometry traits. All trait information for the seven tree species is given in the Supplementary Materials (Table S2). Based on these litter traits and the relative abundance of the single-species litter in the litter mixtures, we calculated the litter functional dissimilarity (FD) using Rao’s quadratic entropy [35] as follows:


    F D   i k   =   ∑  i = 1   N      ∑  k = 1   N      p   i   ×   p   k   ×   d   i k        








where pi and pk are the relative abundance (masses) of functional types i and k, respectively, and dik is the trait dissimilarity based on the pairwise Euclidean distance between species i and k in the functional trait space.




2.4. Data Analysis


To analyze the diversity effects on the litter decomposition, we first calculate the decomposition rate of total mass and different carbon fractions (soluble, cellulose, and lignin carbon fractions). The remaining rates (R) of litter total mass or carbon fractions were calculated using the following formula:


  R =     M   t   ×   C   t       M   0   ×   C   0     × 100 %  








where M0 and Mt are the dry litter mass of the initial and each harvest, respectively. C0 and Ct are the carbon fraction concentrations of the initial and each harvest, respectively. To compute the decomposition rates (k), we fitted the remaining rates (R) of the litter mass and carbon fractions with the three commonly used models: (1) the single exponential, (2) double exponential, and (3) asymptotic decomposition models [31,36]. Based on the corrected Akaike Information Criterion, the single exponential model had better fitting performance than the double exponential or asymptotic models in this study.



To determine the effects of litter mixing on the decomposition of the litter total mass/carbon fractions, we calculated the relative mixing effects (RMEs) [37] of each litter mixture through the observed and expected mass loss or decomposition rate (k) as follows:


  R M E s =   O b e − E x p   E x p   × 100 %  








where Obe is the observed mass loss or decomposition rate (k) and Exp is the average mass loss or decomposition rate (k) calculated based on the values decomposed separately by the composed species. The mean RMEs and 90% confidence intervals are calculated in the Supplementary Materials (Table S3). When a given mixture’s confidence interval does not include 0, its RME is nonadditive. Nonadditive RMEs indicate either a lower (antagonistic) or a higher (synergistic) rate of decomposition than what is expected based on a single species (RMEs = 0). Mixtures that conform to expectations are considered to have decomposed additively.



To detect the mixing effects in the process of decomposition, we analyzed the relationships between the RMEs and litter total mass/carbon fraction losses. To assess the relationships between the functional diversity of the mixtures and the RMEs of the litter total mass/carbon fraction losses, we used a principal components analysis (PCA) to synthesize the multiple indices of the litter’s functional dissimilarity. Then, we used Pearson correlations to visualize the relations between the PCA axes of the litters’ functional diversity and the RMEs of the litter total mass/carbon fractions in the PCA maps. We used multiple mixed-effects regression modeling to explore the relationship between the PCA axes of the litters’ functional diversity and the RMEs of the litter total mass/carbon fraction decomposition rates (k), and then fitted the simple mixed-effects linear regressions with the smallest p-value PCA axes in multiple mixed linear regressions (Table S4). The structure of the models was as follows:


  Y ~   X   i     β   i   + B l o c k / M i t u r e   T y p e   μ + ε  








where Y is the dependent variable (RMEs of litter total mass or different fractions’ decomposition rates), Xi is the known vector of values for a given fixed predictor, i (PCA axes of the litters’ functional diversity), β is an unknown vector of fixed effects for predictor i, μ is an unknown vector of random effects corresponding to the random effect of the mixture type nested in the block, and ε is an unknown vector of random errors.



To clarify the driving factors of decomposition of the litter total mass/carbon fractions, the partial least squares regression (PLS-R) models were used to explore the effects of the initial litter’s physical and chemical traits on the decomposition rates (k) of the litter total mass/carbon fractions. Because the litter traits were usually autocorrelated, the partial least squares models could effectively eliminate multicollinearity between the trait variables [38]. The relative influence of a single trait variable on the decomposition rate may be represented by the variable importance of projection (VIP), which is the sum of the variable’s influence over all model dimensions divided by the total variation explained by the model. If the VIP value is greater than 1, it indicates that the single trait variable is the most relevant and significant for explaining the decomposition rate [31]. The model strength was assessed based on the proportion of variance in the dependent variable that was explained by the model (R2) and the proportion of variance in the dependent variable that was predicted by the model (Q2). A PLS component is considered significant when Q2 exceeds a critical value of 0.097 [39].



A one-way ANOVA with Tukey’s multiple comparisons was applied to examine the differences in mass loss and decomposition rate between species. All data were checked for normal distribution and homoscedasticity of residuals. The one-way ANOVAs were conducted with SPSS 16.0 (SPSS Inc., Chicago, IL, USA). Mixed-effects models were fit using the lmer function in the lme4 R package with a log-likelihood criterion [40].





3. Results


3.1. The Decomposition Patterns of Litter Mass and Carbon Fractions


There were significant differences in the litter total mass and different carbon fraction loss and decomposition rate among the different tree species (Table 2 and Figure 1). After one year of decomposition, the litter mass loss ranged from 23.1% (P. bournei) to 51.6% (L. formosana). The decomposition of the soluble carbon fraction (ranging from 54.9% to 79.7%), cellulose carbon fraction (27.3%–66.2%) and lignin carbon fraction (14.9%–28.9%) showed similar patterns (Table 2). Overall, the decomposition rate of the soluble carbon fraction was the fastest, while that of the lignin carbon fraction was the slowest (Figure 1). Species at the early successional stage such as P. massoniana, L. formosana, and S. superba had higher decomposition rates, and species in the later stage of succession such as P. bournei and C. sclerophylla had lower decomposition rates.




3.2. Relationships between Litter Traits and Decomposition


The initial litter’s physical, chemical, and stoichiometric traits explained 37.4%~49.6% of the decomposition rates, which not only strongly drove the decomposition rates of the litter total mass, but also significantly regulated the decomposition rate of the different carbon fractions (Figure 2). Higher initial litter chemistry traits for N, Mn, and Ca significantly accelerated the decomposition rates of the litter total mass and carbon fractions, while initial C, Fe, and Cu suppressed the decomposition. Initial litter physical traits of SLA, Wstd, and Wmax significantly promoted the decomposition of the litter total mass and carbon fractions, except for the lignin fraction. A higher initial litter stoichiometric trait for N/P also supported the decomposition rates, while C/N and Lig/N significantly limited the decomposition. For the litter’s carbon quality, higher initial litter soluble compounds had a significant positive effect on the decomposition rates of the soluble fractions.




3.3. The Relative Mixing Effects of Litter Mass and Carbon Fractions


Overall, the relative mixing effects of the litter total mass and carbon fraction decomposition were mostly manifested as nonadditive effects (Table 3); 72% of the decomposition of the litter total mass was faster than expected based on a single species (synergistic), and six mixtures were consistent with the expected decomposition rate (additive), whereas only three mixtures were slower than expected (antagonistic). Different carbon fractions exhibited different patterns. All soluble carbon fractions decomposed more slowly than expected, while almost lignin fractions decomposed more quickly than expected, and about 43% of cellulose fractions exhibited antagonistic effects.



In the litter decomposition process, the total mass loss was higher than expected based on a single species and showed synergistic effects for the mixtures. The RMEs of the total mass loss gradually increased with time, with an average RME of 8.09% across harvests (p < 0.001; Figure 3a). The soluble fraction loss was slower than expected based on a single species and showed an overall antagonistic effect for the mixtures. The RMEs of the soluble fraction loss increased with time, switching from negative to near-null, with an average RME of −29.34% across harvests (p < 0.001; Figure 3b). The RMEs of the cellulose fraction loss increased with time, with an average RME of −3.33% across harvests, switching from negative to positive (p < 0.001; Figure 3c). The lignin fraction loss was faster than expected based on a single species and showed an overall synergistic effect. The RMEs of lignin loss decreased with time, with an average RME of 207.72% across harvests (Figure 3d).




3.4. Relationships between Functional Dissimilarity and RMEs


The RMEs of the decomposition rates (k) of the litter total mass showed a synergistic effect and increased with the third PC axis of the litters’ functional diversity (PC3, p < 0.05; Figure 4b and Figure 5a), which was positively related to a dissimilarity in C, Zn, Cu, SLA, Wmax, Wstd, Th, and Lig/P and negatively related to a dissimilarity in N, Ca, Mg, Mn, C/N, N/P, and Lig/N (Figure 4b). The RMEs of the k of the soluble fraction showed an antagonistic effect and decreased with the second PC axis of the litters’ functional diversity (PC2, p < 0.001; Figure 4a and Figure 5b), which was positively related to a dissimilarity in K, Zn, Fe, Cu, Ca, SLA, Wmax, Wstd, and solubles and negatively related to a dissimilarity in P, TS, TN, C/P, Lig/P, and cellulose (Figure 4a). The RMEs of the k of the cellulose fraction decreased with the fifth PC axis of the litters’ functional diversity (PC5, p < 0.01; Figure 4b and Figure 5c), which was positively related to a dissimilarity in C, K, Fe, Cu, cellulose, and Lig/P and negatively related to a dissimilarity in N, P, Mg, and Mn (Figure 4b). The RMEs of the k of the lignin fraction showed a synergistic effect and increased with the third PC axis of the litters’ functional diversity (PC3, p < 0.001; Figure 4b and Figure 5d), which was positively related to a dissimilarity in P, Zn, Cu, Th, and C/P and negatively related to a dissimilarity in N, Fe, Ca, C/N, N/P, Lig/N, and lignin (Figure 4b).





4. Discussion


4.1. The Decomposition Patterns of Different Carbon Fractions


The decomposition rates of different carbon fractions vary depending on their own chemical properties. We found that the soluble fraction decomposed the fastest, while the cellulose and lignin fractions decomposed more slowly. Previous studies have confirmed that litter mass loss can be divided into three “pools”, with a rapidly decomposing labile pool, an intermediate pool, and a recalcitrant pool [27,28]. The soluble carbon compounds such as sugars and amino acids decompose the most rapidly, followed by nonlignified cellulose and hemicellulose, and then lignified cellulose and lignin [41,42,43]. Soluble compounds in leaf litters could be degraded by decomposers or leached with rainfall in the early stage of decomposition [44], while the decomposition of more recalcitrant fractions would occur slowly over many years [8]. Interestingly, we also found that the higher the content of the soluble carbon fraction in tree species (such as P. massoniana, L. formosana, or S. superba), the faster the loss of the soluble carbon fraction. We speculated that this faster decomposition may be related to them being pioneer tree species. Their litter might contain higher soluble carbon components, enabling faster decomposition and nutrient cycling. Another study also found that basswood litter had the highest initial levels of hemicellulose and bound proteins, which were depleted in this carbon fraction more rapidly than any other species, and inferred that if the experimental observation was long enough, the same result would be seen in lignin fraction decomposition [8].




4.2. Initial Litter Traits Influence the Decomposition Rates of Litter Mass and Carbon Fractions


The decomposition rate of litter is related to various factors, which can be summarized into three parts: climatic factors, biological factors, and litter quality [45,46]. The chemistry and stoichiometry of the litter, and its physical features, can have a strong effect on the abundance and activity of decomposers, leading to different rates of decomposition [47]. In this study, the initial litter’s physical, chemical, and stoichiometric traits also strongly regulated the magnitudes and directions of the decomposition of the total mass/carbon fractions. Higher initial N, Ca, and Mn supported the decomposition of the litter total mass and carbon fractions, while initial C, Fe, and Cu suppressed the decomposition (Figure 2). This finding is consistent with the current consensus that high-N litter with low C or lignin content (similar to low C/N or lignin/N) decomposes more rapidly, especially in the early stages of decomposition [44,46,48,49]. Tree species that are rich in calcium were associated with increased native earthworm or oribatid mite abundance and diversity [50,51], thus facilitating the fragmentation and translocation of decomposing litter. Although we used 1 mm mesh litterbags to prevent earthworms from entering, small earthworms and mite larvae were still found in the bags during the sample harvests. Many studies have observed that the litter manganese concentration is positively related to the degradation of lignin across a wide variety of forest ecosystems [52,53,54], because Mn is a necessary element for the production of manganese peroxidase, found in white-rot fungi, essential for the degradation of lignin [55,56,57]. Since Cu is a bactericide and fungicide, the decomposition rate of higher-Cu litter could be reduced due to a decrease in soil microbial activity [58]. Interactions of lignin and iron have been proposed to specifically protect lignin from decomposition [59,60]. Iron oxides can preferentially associate with aromatic lignin constituents via sorption and coprecipitation to protect lignin C from microbial attacks [61,62,63,64]. The initial litter physical traits of SLA, Wstd, and Wmax significantly promoted the decomposition of the litter total mass and carbon fractions, which is consistent with previous studies [21,32,65,66]. A higher litter water-holding capacity strongly improves the microclimate for decomposers as it determines water acquisition and retention [21,32]. A higher specific leaf area represents a larger area of leaves in contact with the decomposer and greater light exposure, thereby increasing the decomposition rate [65]. The initial physical traits did not have a significant impact on the lignin carbon fraction, indicating that physical traits may have a greater impact on the early decomposition of litter.




4.3. The Relative Mixing Effects of Litter Mass and Carbon Fractions


In this study, mixing litters from different plant species generally accelerated the litter mass loss compared to what was predicted based on single species, in line with our first hypothesis. Recent meta-analysis reviews also indicate that the synergistic effects in the decomposition of litter mixtures are overall predominant in forests worldwide [5,6]. Moreover, classical litter diversity studies often focus on the decomposition of overall litter mass, while neglecting the decomposition of different carbon components [19]. In our study, litter carbon fractions showed different mixing effects based on litter diversity, with antagonistic effects for soluble fractions and synergistic effects for the lignin fraction. This deviation of mixing effects on carbon fractions from that of the litter total mass was consistent with the previous two studies [8,19]. In the study of Grossman et al. (2020), litter diversity also slowed the decomposition of the labile carbon fraction, while having no effect on the recalcitrant carbon [8]. The decomposition of the soluble carbon fraction accounts for 80% of the initial mass loss of litter, which is jointly influenced by microbial decomposition and leaching [67]. The slow decomposition of the soluble carbon fraction after mixing may be due to litter diversity limiting the abundance or aggregation of single efficient and specific decomposers [8]. However, in another related work of Wang et al. (2022), litter diversity accelerated the decomposition of the labile carbon while slowing down the recalcitrant carbon; it is assumed that this contrasting response to litter diversity was related to the stability of the carbon fractions, and more labile carbon fractions were more easily decomposed in the mixed litter decomposition [19]. Clearly, our results do not support this hypothesis. For lignin carbon fractions, previous studies have shown that, due to their slow decomposition rate in the early stages of decomposition, they exhibited insensitively additive or even antagonistic effects based on litter diversity [8,19]. However, given the paucity of data available, it is difficult to put forward specific reasons and associated mechanisms for the synergistic effects of the lignin fraction in our study. Although there were differences in the response direction of the carbon fractions to the litter diversity, we can still conclude that the decomposition of the litter total mass and carbon fractions have different responses to litter diversity, which is consistent with our second hypothesis. Interestingly, whether with additive or nonadditive effects, we found that bulk litter decomposition had the same response to litter diversity as lignin carbon fraction decomposition in both our study and the previous two studies [8,19]. This might be due to the larger proportion of the lignin carbon fraction (25.7%–40.1%) than the soluble carbon fraction (16.0%–30.9%) in the litter mass, and its mixing effect would have a stronger impact on the overall litter decomposition performance based on diversity, which is inconsistent with our second hypothesis. Although we are still unclear about the mechanisms underlying the mixing effects of different carbon fractions, distinguishing carbon fractions to observe their mixing effects is of great significance for us to deeply understand the nonadditive decomposition of mixed leaf litter.




4.4. Functional Dissimilarity may Drive the Mixing Effects of Different Carbon Fractions


The relationships between the litter mixing effects (RMEs) and the litters’ functional dissimilarity indicated that the litter diversity effects of different litter carbon fractions were driven by the litter traits’ dissimilarity, which was consistent with our third hypothesis. The RMEs of the soluble carbon fraction were positively related to a dissimilarity in the water-holding capacity of the litter species (Wmax and Wstd), which could be explained by the improved microclimatic conditions via the component species’ dissimilarity in their water-holding capacity. Studies have found that a higher dissimilarity in the standardized or maximum water-holding capacity between the component litter species in a mixture increased the nonadditive effects in litter mixtures under limiting moisture conditions [19,21]. The RMEs of the cellulose carbon fraction were positively related to a dissimilarity in cellulose concentrations among the mixed litter species. The initial litter cellulose content was used as a carbon source by the decomposers to prime the decomposition of lignin [23,68], and thus, the cellulose-rich litter was susceptible to the co-metabolization of lignin and cellulose by the decomposers [8,69]. However, another work on litter decay showed that low cellulose levels in litter induces carbon limitation and causes decomposers to mine the litter for cellulose despite the presence of lignin. Therefore, the dissimilarity in cellulose concentrations could accelerate the decomposition of the cellulose carbon fraction in mixed litter. The RMEs of the lignin carbon fraction were negatively related to a dissimilarity in Fe concentrations among the mixed litter species. Iron oxides have been proposed to specifically protect lignin from decomposition [59,60]; thus, the dissimilarity in Fe concentrations in the litter combination may inhibit the mineralization of the lignin carbon fraction.





5. Conclusions


Our study on litter decomposition in subtropical forests indicated that the bulk litter decomposition of the mixed litter was faster than that estimated from the single species. The relative mixing effects (RMEs) of the different carbon fractions deviated from that of the litter total mass, with an antagonistic effect for soluble fractions and a synergistic effect for the lignin fraction. And the RMEs of the bulk litter decomposition were mainly determined by the lignin fraction’s decomposition. The different responses of litter fractions to litter diversity could provide a new perspective for us to understand the nonadditive effect of total litter decomposition and identify its underlying mechanisms. Considering the effect of litter diversity on the decomposition of a particular litter carbon fraction allows for a more refined understanding of the potential consequences of biodiversity on the cycling of nutrients and energy in forest ecosystems.
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Figure 1. Species-level decomposition rates (k; yr−1) for litter mass and different carbon fractions. Different lowercase letters indicate significant differences in decomposition rate between different species based on Tukey’s multiple comparisons (p < 0.05). Error bars indicate standard error. 
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Figure 2. Partial least squares regression model was used to explore the effects of initial litter physical and chemical traits on decomposition rate (k) of (a) litter total mass loss, (b) soluble fraction loss, (c) cellulose fraction loss, and (d) lignin fraction loss. The relative influence of a single trait variable on the decomposition rate was represented by the variable importance of projection (VIP). 
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Figure 3. The dynamics of relative mixing effects (RMEs) on (a) litter total mass loss, (b) soluble fraction loss, (c) cellulose fraction loss, and (d) lignin fraction loss in the litter decomposition process. Black lines represent the regression lines between RMEs and litter total mass/carbon fraction losses, with grey areas representing the 95% confidence intervals of regression lines. 
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Figure 4. Principal component analysis (PCA) of litter functional diversity. Black lines depict the variable loadings, and the yellow lines depict the correlation between the PCA axes and the RMEs on decomposition rates (k) of litter total mass and different carbon fractions. 
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Figure 5. The relationships between relative mixing effects (RMEs) on decomposition rates (k) of (a) litter total mass, (b) soluble carbon fraction, (c) cellulose carbon fraction, and (d) lignin carbon fraction and the PC3, PC2, PC5, and PC3 scores of litter functional dissimilarity, with grey areas representing the 95% confidence intervals of regression lines. 
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Table 1. The established 32 litter mixtures that were selected along two independent gradients of species richness (SR) and functional dispersion (FDis), and the mass losses and relative mixing effects (REMs) of litter total mass and different carbon fractions.
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No.

	
Litter Mixtures

	
SR

	
FDis

	
Mass Loss

	
REMs




	
Total

	
Soluble

	
Cellulose

	
Lignin

	
Total

	
Soluble

	
Cellulose

	
Lignin






	
M1

	
Qg + Cs

	
2

	
2.70

	
42.89

	
54.83

	
51.198

	
22.78

	
15.81

	
−20.20

	
5.90

	
119.84




	
M2

	
Qg + Pb

	
2

	
2.93

	
36.54

	
44.09

	
40.003

	
29.08

	
20.14

	
−33.71

	
8.89

	
159.76




	
M3

	
Ss + Cs

	
2

	
2.74

	
43.42

	
47.12

	
49.750

	
30.71

	
4.16

	
−30.62

	
−10.84

	
150.94




	
M4

	
Qg + Qr

	
2

	
3.49

	
44.96

	
53.00

	
48.621

	
36.98

	
38.26

	
−14.94

	
8.62

	
255.00




	
M5

	
Lf + Pb

	
2

	
3.07

	
34.38

	
64.57

	
37.657

	
10.75

	
−7.97

	
−10.17

	
−13.59

	
−34.52




	
M6

	
Lf + Qg

	
2

	
3.80

	
43.25

	
61.79

	
39.687

	
34.18

	
−3.10

	
−18.82

	
−26.74

	
119.43




	
M7

	
Qg + Cs + Pb

	
3

	
3.37

	
35.08

	
47.42

	
36.213

	
26.67

	
8.28

	
−28.29

	
−13.54

	
141.81




	
M8

	
Ss + Qg + Cs

	
3

	
3.20

	
48.96

	
62.75

	
53.223

	
34.60

	
21.32

	
−9.43

	
0.48

	
201.41




	
M9

	
Ss + Qg + Pb

	
3

	
3.63

	
38.42

	
52.19

	
40.323

	
29.17

	
6.88

	
−23.09

	
−12.06

	
144.94




	
M10

	
Pm + Qg + Qr

	
3

	
4.75

	
43.42

	
50.84

	
48.812

	
33.87

	
16.19

	
−23.14

	
−1.13

	
185.47




	
M11

	
Pm + Lf + Qg

	
3

	
4.90

	
43.04

	
59.48

	
52.162

	
22.96

	
−5.29

	
−20.43

	
−7.23

	
33.21




	
M12

	
Lf + Qg + Qr

	
3

	
4.06

	
48.04

	
57.82

	
56.921

	
32.27

	
23.61

	
−17.32

	
13.59

	
173.30




	
M13

	
Ss + Qg + Cs + Pb

	
4

	
3.67

	
36.08

	
46.62

	
44.384

	
19.18

	
0.09

	
−30.66

	
−5.65

	
64.60




	
M14

	
Pm + Qg + Cs + Pb

	
4

	
4.31

	
39.63

	
52.22

	
48.575

	
21.55

	
9.87

	
−22.97

	
6.14

	
58.46




	
M15

	
Pm + Ss + Qg + Cs

	
4

	
4.29

	
42.96

	
32.68

	
51.577

	
37.99

	
2.20

	
−53.33

	
−5.41

	
171.35




	
M16

	
Pm + Lf + Qr + Pb

	
4

	
4.60

	
37.58

	
46.34

	
44.346

	
25.46

	
0.83

	
−31.90

	
−6.40

	
75.92




	
M17

	
Lf + Qg + Qr + Pb

	
4

	
3.97

	
39.78

	
53.03

	
47.836

	
23.45

	
13.87

	
−15.95

	
8.19

	
97.36




	
M18

	
Pm + Lf + Qg + Qr

	
4

	
4.93

	
42.21

	
55.12

	
51.496

	
24.67

	
3.16

	
−21.74

	
−1.92

	
75.61




	
M19

	
Pm + Ss + Qg + Cs + Pb

	
5

	
4.38

	
39.50

	
44.69

	
49.373

	
24.41

	
3.26

	
−34.57

	
0.19

	
79.82




	
M20

	
Qr + Ss + Qg + Cs + Pb

	
5

	
3.94

	
41.46

	
48.16

	
50.236

	
26.54

	
20.85

	
−25.18

	
8.57

	
161.45




	
M21

	
Lf + Ss + Qg + Cs + Pb

	
5

	
4.09

	
42.92

	
47.24

	
50.506

	
30.61

	
9.61

	
−32.96

	
1.63

	
125.16




	
M22

	
Pm + Lf + Qg + Qr + Cs

	
5

	
4.86

	
39.00

	
45.34

	
49.143

	
22.74

	
−2.52

	
−34.79

	
−5.18

	
68.05




	
M23

	
Pm + Lf + Ss + Qg + Qr

	
5

	
4.79

	
46.50

	
48.74

	
50.939

	
40.30

	
10.36

	
−30.79

	
−7.07

	
189.12




	
M24

	
Pm + Lf + Qg + Qr + Pb

	
5

	
4.66

	
39.13

	
51.37

	
46.964

	
23.87

	
4.72

	
−25.30

	
−0.45

	
75.03




	
M25

	
Pm + Lf + Ss + Qg + Qr + Cs

	
6

	
4.72

	
44.50

	
47.70

	
48.782

	
37.30

	
8.08

	
−31.52

	
−9.27

	
175.82




	
M26

	
Pm + Lf + Ss + Qg + Qr + Pb

	
6

	
4.68

	
38.33

	
42.19

	
46.290

	
27.48

	
−1.63

	
−38.88

	
−7.54

	
101.89




	
M27

	
Pm + Lf + Ss + Qg + Cs + Pb

	
6

	
4.61

	
42.38

	
44.94

	
50.385

	
31.21

	
4.70

	
−36.46

	
−1.69

	
110.29




	
M28

	
Pm + Lf + Ss + Qr + Cs + Pb

	
6

	
4.69

	
42.44

	
49.69

	
46.902

	
32.70

	
9.55

	
−26.93

	
−7.36

	
136.37




	
M29

	
Pm + Lf + Qg + Qr + Cs + Pb

	
6

	
4.67

	
43.83

	
50.19

	
51.265

	
34.34

	
17.85

	
−26.46

	
7.37

	
158.85




	
M30

	
Pm + Ss + Qg + Qr + Cs + Pb

	
6

	
4.50

	
34.17

	
26.99

	
41.274

	
29.36

	
−6.22

	
−59.04

	
−14.43

	
144.44




	
M31

	
Lf + Ss + Qg + Qr + Cs + Pb

	
6

	
4.19

	
38.67

	
52.40

	
46.048

	
21.35

	
3.99

	
−22.84

	
−5.19

	
78.12




	
M32

	
Pm + Lf + Ss + Qg + Qr + Cs + Pb

	
7

	
4.64

	
40.04

	
53.02

	
45.733

	
25.60

	
3.75

	
−22.65

	
−8.58

	
92.50








Notes: Pm, Pinus massoniana; Lf, Liquidambar formosana; Ss, Schima superba; Qg, Quercus glauca; Qr, Quercus rubra; Cs, Castanopsis sclerophylla; Pb, Phoebe bournei.













 





Table 2. Species means (and standard errors) for decomposition loss of total mass and carbon fractions.






Table 2. Species means (and standard errors) for decomposition loss of total mass and carbon fractions.





	
Tree Species

	
Mass Loss (%)




	
Total Mass

	
Soluble

	
Cellulose

	
Lignin






	
Pinus massoniana

	
47.1(0.43) a

	
73.1(0.19) a

	
62.8(0.52) a

	
22.9(0.56) a




	
Liquidambar formosana

	
51.6(6.15) a

	
79.1(3.01) ab

	
66.2(4.40) a

	
28.9(6.06) a




	
Schima superba

	
47.0(1.51) a

	
70.5(1.58) bc

	
64.6(0.74) a

	
15.9(2.44) a




	
Quercus glauca

	
37.7(1.86) b

	
76.6(1.13) cd

	
47.5(1.93) b

	
17.4(1.99) a




	
Quercus rubra

	
27.3(1.47) b

	
54.9(3.00) de

	
47.1(0.55) b

	
18.2(2.91) a




	
Castanopsis sclerophylla

	
36.4(0.48) c

	
66.8(0.55) e

	
50.5(1.80) b

	
17.9(2.06) a




	
Phoebe bournei

	
23.1(0.81) c

	
62.4(1.21) f

	
27.3(1.58) c

	
14.9(9.73) a








Notes: Different lowercase letters indicate significant differences in decomposition rate between different species based on Tukey’s multiple comparisons (p < 0.05). Soluble, soluble carbon fraction; Cellulose, cellulose carbon fraction; Lignin, lignin carbon fraction.













 





Table 3. The mixing effects of litter total mass and carbon fraction decomposition.






Table 3. The mixing effects of litter total mass and carbon fraction decomposition.





	Decomposition Type
	Additive
	Synergistic
	Antagonistic





	Total mass
	6
	23
	3



	Soluble
	0
	0
	32



	Cellulose
	9
	9
	14



	Lignin
	0
	31
	1
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