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Abstract

:

Research Highlights: Soil carbon storage (SOC) decreased due to forest fragmentation through lower proportion of macroaggregate distribution, higher storage of fine roots and litter falls, and lower fine root production rate. Background and Objectives: Globally, forest fragmentation processes lead to enormous losses of SOC in forests. We investigated SOC and its determinants in forest fragments experiencing edge disturbances in south China. Materials and Methods: Soil aggregate characteristics, dynamics of fine roots, and litter fall were studied from forest edges to interiors. Generalized linear mixed models were used to model the contributions of fine root and litter fall dynamics to carbon concentration in aggregates. Results: Large and small macroaggregates had higher proportion of aggregate distribution and contributed more carbon to SOC in all types of plots in the present study. SOC significantly increased from forest edges to interiors due to carbon concentration of these two aggregate types increasing from edges to interiors, while the proportion of different aggregate distributions was similar within each plot. The same trend was found with increasing forest patch size. Fine root biomass storage had the strongest impact on carbon concentration in large macroaggregates and microaggregates, with higher fine root biomass storage associated with lower carbon concentration. In addition, biomass storage and production rates of both fine roots and litter falls decreased from forest interiors to edges. Our results showed that SOC was significantly decreased due to the lower proportion of large and small macroaggregate distribution, and lower fine root production rate in forest fragments. Conclusions: SOC loss due to effects of forest fragmentation and forest edges occurred through decreased concentrations of soil aggregates and fine root production rates. Results from this study will enhance our ability to evaluate soil aggregate, fine root, and leaf litter fall contributions to SOC within forest fragments, and to suggest basic recommendations for the management and conservation of these forest fragments.
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1. Introduction


Soil stores the largest reserve of organic carbon in terrestrial ecosystems [1]. In studies of soil organic matter, physical separation of soil into aggregate and particle-size fractions has received increased attention because it enables separation into pools of differing compositions and biological functions [2]. Soil aggregates are the basic units of soil structure and consist of primary particles and binding agents. They contain about 90% of the soil organic matter in the soil surface layers [2]. Aggregates play an important role in soil structure stability, soil organic carbon protection, and nutrient availability, as well as differential microbial activity. Aggregate formation is a key process of soil development, which promotes carbon stabilization by hindering decomposition of particulate organic matter and its interactions with mineral particles [3]. Since physical protection of soil organic carbon within stable soil aggregates is considered to be one of the major soil organic carbon stabilization mechanisms, the effect of land management on aggregate stability in croplands is accepted as a key factor in determining soil organic carbon levels. Many studies have evaluated how soil aggregates respond to micro-environmental conditions [4]. However, much less is known about aggregate formation in fragmented forest soils.



Forests are frequently disturbed by human activities, including urban and agricultural development, deforestation, and road construction [5,6]. As forests become fragmented, the remnant forest patches have different sizes, ages, and degrees of isolation, each of which changes biological communities and the functional attributes of species across taxa [7]. Habitat fragmentation can strongly influence biodiversity and ecosystem services. Forest fragmentation results in the gradual succession of aboveground vegetation and consequently a change in litter fall quantity and quality, root biomass, and soil properties. These, in turn, lead to changes of carbon in the soil organic fractions.



In rural areas of southern China, there are many semi-natural fragments of typical subtropical evergreen broadleaved forests. These fragments are usually well-protected and left undisturbed for religion reasons [8]. Local people generally referred to them as Fengshui forests. Fengshui forests are typical fragment forests widely distributed in southern China.



Anthropogenic forest fragmentation has resulted in new forest edge formation [9]. Forest edges have different microclimates compared to those of forest interiors. Edges often have more light and wind, and are warmer and drier than forest interiors [10,11]. The microclimate of fragments could affect the production and decomposition of organic matter, resulting in losses or gains of carbon stocks [12]. The scale and intensity of edge effects depends on vegetation type, edge structure, and edge orientation [13]. In addition, edge effects at a given site within a forest patch depend on the distance from edge, and on the area of forest patch [14,15]. Laurance [16] showed that edge effects are a main reason for the tree mortality, particularly for large trees. This could further influence carbon stock, as wind turbulence and physiological stresses kill trees at forest edges. Barros [12] calculated that SOC (soil carbon storage) increased in Amazonian forest fragments due to tree mortality. Indeed, most of our knowledge about edge effects on carbon accumulation and loss in fragments comes from the Amazonian tropical forests [17], and we lack empirical evidence from other types of forests. Ma [18] studied carbon storage in sub-tropical forest fragments and found that carbon density of forest fragments was significantly influenced by patch size and edge effects. Other studies showed that fragments can be responsible for 9% to 24% of the annual global carbon loss [14]. There remains, however, a lack of information on the buildup and breakdown of carbon fractions and soil aggregation in forest fragments.



During recent decades, recognition of the importance of soil carbon sequestration has encouraged the study of the mechanisms involved in the maintenance of soil carbon within soil aggregates [19]. Several researchers have reported the relationship between soil aggregate size and soil carbon concentrations [20,21,22]. Aggregate formation is one of the main soil-forming processes, distinguishing soil from the parent materials. Plant litter, microorganisms, and soil minerals assemble into soil aggregates. Plant residues and root exudates are assumed to be the main drivers of aggregation in most models of soil structure development. In addition, carbon in soils is affected by the balance between carbon input from vegetation and carbon losses by decomposition [17,23]. Carbon inputs come mainly from leaf and root litter [24]. Fine roots (<2 mm in diameter) are important sources of carbon in litter inputs within forest soils because of their rapid turnover rates [25]. Fine root biomass and structure significantly influence soil carbon cycling rates [26,27]. Plant litter is also an important carbon input to soil [28]. Litter decomposition rate is related to many parameters in numerous studies [29], which lead to different organic carbon decomposition patterns, and therefore different SOC sequestration capacity [30,31]. The sequestration potential of carbon in soils is regulated by the chemical composition of plant litter. Litter indirectly moves atmospheric carbon to soils through the physiology of soil heterotrophs that control litter degradation and the formation of soil organic matter through the breakdown and re-synthesis of plant inputs, and by the soil mineral matrix, which stabilizes soil organic matter through physicochemical associations [29]. However, the rate of litter decomposition and incorporation into soil organic matter does not equate the stabilization and turnover rate of litter-derived carbon in the soil. How soil aggregates and SOC are affected by dynamics of fine roots and litter falls in human-modified habitats is still not well understood. Study of the response of SOC in soil aggregates of different lability and sensitivity to root and litter dynamics is needed.



For a better understanding of the underlying mechanisms of carbon uptake and loss in soil due to forest fragmentation, we investigated SOC, soil aggregate distributions, and dynamics of fine roots and litter in forest fragments in south China. We hypothesized that (1) SOC, characteristics of soil aggregates, dynamics of fine roots, and litter falls would be affected by forest fragmentation; and (2) contributions of fine roots and litter to aggregate-associated SOC differed. Results of this study will increase our understanding of process of forest fragmentation and will also contribute to global research on soil carbon loss due to forest fragmentation.




2. Materials and Methods


This study was conducted in Guangzhou city, southern China. Guangzhou is located at 22°26′–23°56′ N and 112°57′–114°03′ E. The capital of Guangdong province, Guangzhou, has an area of 7434 km2 and a human population of over 13.08 million people. The prevailing climate is sub-tropical monsoon climate and the annual mean temperature is 21.8 °C. Rainfall mainly occurs between April and September with a mean annual precipitation of 1600 mm. This region was originally covered by tropical and sub-tropical species [32].



A total of nine forest fragments of three different patch sizes were selected in the present study: large forest (LF, ~35 ha), medium forest (MF, ~15 ha) and small forest (SF, ~5 ha) patches, each replicated three times. We choose fragments for sampling according to the following criteria: (1) relatively well protected and with low human disturbance, and (2) within the same altitudinal range and with similar climatic conditions. Three 20 × 20 m plots were established in each large forest fragment (LF). “Interior plots” (IP) were in the core areas of the large fragments; “Edge plots” (EP) were near the edges of the large fragments; and “Middle plots” were between the former two plots. Only one 20 × 20 m plot was established in the core area of each medium (MF) and small (SF) forest fragment. In total, there were total 15 plots in these nine forest fragments.



After removing surface litter, three soil sample blocks of 30 × 30 cm width at 0–10 cm depth were collected at random locations within each sample plot. Soil and fine roots were separated during initial sampling and processed independently. Soil samples were placed in hard plastic boxes and then transported to the laboratory. The soil samples (100 g each) for aggregate separation were air-dried at room temperature (depending on the sample moisture content and on weather conditions) and sieved through the 2000 and 250 μm meshes on the Vibratory Sieve Shaker AS 200 (Retsch, Wuppertal, Germany) for 5 min at an amplitude of 1.5 mm. Large macroaggregates (>2000 μm), small macroaggregates (250–2000 μm), and microaggregates (<250 μm) were collected. Dry sieving was used instead of wet sieving in order to minimize the disruption of aggregates, to avoid redistribution of fine organic particles from large and small aggregates to microaggregates, and to prevent the leaching of dissolved organic matter to the microaggregate size class. All aggregate fractions were crushed and passed through a 177 μm mesh sieve, then weighed and fed into a Vario C/N elemental analyzer (Elementar, Hanau, Germany; Daniel et al., 2001). We determined the carbon content (total C) in different size soil aggregates.



The biomass of fine roots was obtained from the above three soil sample blocks within each sample plot. The fine root production rate was determined using the ingrowth core method [33]. In January 2018, 12 root-free mesh bags were systematically placed into the soil within each study plot. Mesh bags were filled with homogenous sieved mineral soil and placed at a depth of 10 cm in the mineral soil. An oven-dried humus clod was placed on top of the mesh bag. The mesh size of the bag material was 5.5 mm. Three samples were collected every three months. A total of 180 ingrowth core samples were collected during the growing seasons. Fine root decomposition rate was determined using decomposition bags. Fine root samples were randomly collected in the study area. Then, they were put into 10 × 10 cm nylon bags with 1 mm mesh openings after cleaning and air drying. Twelve polyester-net fine roots bags with 1 g dry litter were buried at 10 cm depth within each sampling plot. Three bags were collected every three months. After collecting bags, all fine root samples were transported to the laboratory and stored in a freezer to ensure minimal damage to the live tissue and minimal change in ion concentrations. At the lab, fine roots were thawed, cleaned, and oven dried at 70 °C to constant weight for dry biomass [34].



All leaf litter was collected in three 1 × 1 m subplots, which were established and surrounded by nets for in each sample plot (20 × 20 m). Litter was collected every three months. The litter decomposition rate was determined using decomposition bags. Litter samples were collected randomly within the study area. Twelve polyester-net litter bags (10 × 10 cm; 1 mm mesh) with 3 g dry litter were buried at 10 cm depth in each sampling plot. Three bags were collected every three months. Litter was placed into bags, and transported to the laboratory. Litter aliquots from each bag were dried at 70 °C to constant mass and weighed for calculation of mass loss.



Statistical analyses were performed using R 3.5.2 software [35]. The effect of forest fragmentation on aggregate composition, the distribution of SOC, and carbon concentration in aggregate size classes were tested by ANOVA followed by the Tukey HSD (Honest Significant Difference) post-hoc test (significance level p < 0.05). All data are presented as mean of three replicates ± standard error. The normality of data was tested for all variables with the Kolmogorov–Smirnov test. When necessary, data were log-transformed to meet the assumption of normality. Linear or nonlinear regression analysis were conducted to test for a relationship between aggregate proportion and carbon concentration in soil. Generalized linear mixed models (GLMM; using the “lme4” package) were used to model the contributions of fine root dynamics and litter fall to carbon concentration in aggregates. For all the explanatory variables, values were standardized by subtracting the mean value of the variables and dividing by the standard deviation. This allows for a direct comparison of the relative importance of these explanatory variables. In addition, plot ID was included as a random effect in these analyses.




3. Results


3.1. Characteristics of Three Sizes of Soil Aggregates within Forest Fragments


	
The proportion of large and small macroaggregates differed among plot types.



	
Microaggregates made up less than 10% of all aggregates, which was significantly lower (p < 0.05) than the proportions accounted for by small macroaggregates and large macroaggregates in all plots (Figure 1).



	
The proportion of aggregates that were microaggregates increased while the proportion that were large macroaggregates decreased from edges to interior at 0–10 cm depth (Figure 1).



	
The proportion of aggregates at the surface layer that were microaggregates decreased slightly as the patch size decreased.







3.2. Carbon Concentrations and Stocks in Soils


	
Soil carbon concentration of all aggregates was in the order LF > MF > SF at 0–10 cm depth (Figure 2). Soil carbon concentrations of large macroaggregates (20.33 g/kg), small macroaggregates (18 g/kg), and microaggregates (16.13 g/kg) in SF were significantly (p < 0.05) lower than those in LF (58.6 g/kg, 58.27 g/kg, 62.33 g/kg, respectively) at the surface layer.



	
The carbon concentration of aggregates was not different between size classes within plots (Figure 2).



	
The concentration of carbon in soils significantly increased as patch size increased and from forest edges to interiors in LF (Figure 3). The carbon concentrations increased from 18.07 g/kg to 57.3 g/kg in soils comparing SF to LF and from 33.97 g/kg to 57.07 g/kg from forest edges to interiors (Figure 3).



	
Carbon concentration was significantly higher in LF than in SF, and higher in IP than in EP, respectively. The similarly trends were found in SOC of different type of plots (Figure 4).







3.3. Dynamics of Fine Roots and Litter Fall


	
Fine root biomass storage was 1.62 Mg/ha in LF, which was significantly greater than that in MF (1.48 Mg/ha). Fine root production rate was 2.18, 1.43, and 1.06 Mg/ha∙y in LF, MF, and SF, respectively, during the study period (one year; Table 1).



	
Fine root biomass storage and production rate decreased from LF to SF and from forest interiors to forest edges. However, decomposition rate increased from forest interiors to edges (Table 2). Similar trends were found in the dynamics of litter fall.







3.4. Contributions of Dynamics of Fine Roots and Litter Fall to Aggregate Carbon Concentration


	
Fine root storage had the strongest impact on carbon concentration in large macroaggregates and microaggregates, with higher fine root biomass storage having a decreased carbon concentration. However, fine root decomposition rate had positive effects on carbon content in large macroaggregates (Table 3).



	
For small macroaggregates, fine root production and decomposition rate had significantly positive effects, while fine root biomass storage, litter fall biomass storage, and litter fall decomposition had significantly negative effects on carbon concentration.



	
In addition, fine root production rate had significantly positive effects on carbon concentrations of microaggregates. Generally, contributions of fine root dynamics to carbon concentration of these three aggregates were higher than litter fall dynamics.








4. Discussion


Forest fragmentation processes can affect soil aggregation, including aggregate formation by biogenic and physicogenic processes. In the present study, soil aggregate size distribution was dominated by the macroaggregate fraction (including large and small macroaggregates) in all types of plots. Our results agreed with the findings of Li [36] who observed that macroaggregates >2 mm in size in tea plantations accounted for 70–80% of all aggregates. Some studies focused on the common factors that influenced aggregate distribution, such as tillage and agricultural management practices [21,37,38]. Six [39] suggested that macroaggregates are more stable in highly weathered tropical or sub-tropical soils because oxides are the dominant binding agent in oxide-rich soils. In addition, our results showed that the representation of microaggregates increased from forest edges to interiors. This tendency may be partly due to more roots mechanically breaking up existing aggregates [40]. Ma [11] reported that the biomass of fine roots was significantly greater in inner versus edge plots. Additionally, a moist soil environment in the core areas of fragments favored the presence of earthworms [41]. Many studies indicated that earthworms have a direct and fast impact on microaggregate formation [42]. Overall, forest edges had obvious impacts on aggregate distribution in the present study.



The link between SOC conservation and the size of aggregate particles has been found [43]. A number of studies have focused on the relationships between aggregate size classes and aggregate-associated carbon concentration. Different aggregate size fractions have different soil organic matter concentrations and turnover times according to former studies [21,44]. However, our results showed that soil carbon concentrations among different size aggregates were not significantly different among different plot types (Figure 2). There were significant differences between carbon concentration of all type of aggregates from forest interiors to edges. Previous studies on temperate soils indicated that organic matter was the main driver of soil aggregation and binding materials [45]. Conversely, LiuSui [44] reported a less influential role of organic matter in aggregation processes. Hontoria [21] suggested that generalization to other tropical soils should be done with care because oxisols have substantial contents of clay and oxy-hydroxides in the surface layer. Similarly, soils in the present study experienced a typical sub-tropical climate, and sub-tropical soil can be considered as a tropical soil for the dominance content [21]. Macroaggregate dynamics control physical soil carbon stabilization, as microaggregates formed within macroaggregates are the structures in which soil carbon is preferentially stabilized in both temperate and tropical soils [46]. Our results were consistent with the findings of Six [39] that there are only small differences or no difference between aggregate-associated organic carbon concentrations in tropical soils.



Our results showed that the accumulation of carbon in soils was mainly due to carbon concentration in aggregates rather than the distribution of aggregate size classes in each plot. Contributions of fine root dynamics to carbon concentration of soil aggregates were greater than that of litter fall dynamics. These parameters differed significantly among plots, and in agreement with our expectations, differences were related to surface soil aggregates. In addition, fine roots and litter fall decomposition are a key process in nutrient, mass, and energy dynamics of forest ecosystems, which contribute 25–80% to the total SOC annually according to former studies [12,37]. In the present study, the highest fine root and litter fall decomposition rates were found near forest edges, which contribute significantly to soil organic matter pools. However, increased decomposition rate of fine roots and litter in forest edges was contrary to our expectations. Microclimatic changes after forest fragmentation, such as increased temperature, increased wind speed, and decreased soil moisture [14,47], are affecting SOC in a different way because these factors are directly related to changing fine roots and litter fall decomposition rates as suggested by former studies [12] and our results (Table 2). Soil organic matter from fine roots and litter fall could be quickly decomposed as a function of temperature increases in the forest edges, leading to a reduction of SOC in these areas.



In forest ecosystems, litter decomposition is a complex process resulting from the interaction of abiotic and biotic drivers, such as temperature, moisture, and community characteristics [48]. Complex molecules are presumed to be preferentially stabilized as SOC based on the generally accepted concept that the chemical composition of litter is a major factor in its rate of decomposition. Hence, a direct link between litter dynamics and soil carbon quantity has been assumed and accepted in soil carbon models. Here, however, we present data from a field experiment that illustrates the influence of litter dynamics on the quantity of soil carbon. The conceptual model of soil aggregate turnover by Six [40] described the decomposition of litter into more soil carbon compounds as they are incorporated into aggregates and organomineral complexes. Relatively fresh litter fall can contribute to aggregate formation via soluble, leachable organic compounds that function as an aggregate binding agent of roots, and associated mycorrhizae and rhizodeposits are presumably the principle sources of fresh organic matter facilitating macroaggregate formation [4]. The associated slower rate of litter decomposition, which generally lags behind the rate of litter input, results in the accumulation of plant heteropolymers in soils. Moreover, most residues that remain at the final stages of the decomposition of recalcitrant litter are incorporated into soils through a physical transfer pathway, thus further increasing soil carbon in such ecosystems [30]. Fragmentation always lead to microclimatic changes, and compared to the forest interiors, edges had higher temperatures, more wind, and greater availability of resources, such as light and nutrients [49]. Microbial activity can be stimulated by higher temperatures, promoting a faster decomposition of organic matter [50]. Further, litter species richness, and especially litter of certain species, may influence decomposition by modifying fungal community composition in both foliar and root litter [51]. The formation of SOC is controlled more by the litter quantity and its interaction with the soil matrix than by litter decomposition rate. Thus, although litter dynamics affect short-term dynamics of carbon decomposition and accumulation in the soil, longer-term SOC patterns cannot be predicted based on these short-term litter dynamics effects on carbon transfer rates. Therefore, the effects of litter fall dynamics on aggregates appear to be limited to the short term and do not significantly affect the physical stabilization of soil carbon, according to previous study [46]. Because the process of soil carbon stabilization in aggregates is related to microbial degradation of litter inputs, our findings may not apply in environments where photodegradation is a dominant form of litter decay.



Fine root and litter fall biomass, production, and decomposition rates were within the range reported from other sub-tropical forests [32]. It is well known that fine roots perform a variety of functions: they link every component of the forest ecosystem, have strong relevance for inorganic matter assimilation, function as a major source of organic matter in the soil, and last but not least, are responsible for water and nutrient uptake [52]. Previous study [53] found that the rate of SOC sequestration and the quality of SOC depend on the complex interaction between fine roots, climate, soils, and tree species. Overall, SOC is affected by the balance between carbon input from vegetation and carbon losses by decomposition [23,24]. Previous studies indicated that roots are a large source of light fraction material in forest soils [4]. Fine root biomass has been found to vary in relation to forest stand characteristics, such as tree species, stand age, density, basal area, and soil properties, or environmental factors, chiefly air temperature, amount of precipitation, geographical location, and elevation [54]. Sun et al. [55] showed positive effects of tree species richness on the evenness of vertical distribution of fine roots and, as a consequence, on fine root biomass. Finer [56] suggested that fine root biomass increases with tree species diversity in pure broadleaf forests. Species diversity explained 7% of the variation in tree fine root biomass in broadleaf stands [57,58]. Ma [11] showed that tree density and species richness were significantly greater in forest interiors than near forest edges. These may well explain the biomass production rate of fine roots and litter falls in core areas of these patches.



Our study revealed important variations of SOC between different types of plots within forest fragments in south China. Soil carbon-flow balance is positive in forest fragments, suggesting that carbon inputs derived from decomposition of fine roots and litter fall to mineral soil outweigh the losses from microbial respiration. Distance to the edge appears to have an indirect influence on this result due to microclimatic changes, leading to the decrease in soil carbon storage at forest edges. Long-term monitoring of permanent plots will be needed to track the impacts of future climate change.




5. Conclusions


We analyzed SOC and its determinants in forest fragments of differing patch sizes in south China. We found that SOC was significantly affected by forest fragmentation and edge effects. Higher SOC in both forest interiors and larger size fragments resulted from higher carbon concentration in all type of aggregates, but especially in large and small macroaggregates. In addition, fine root biomass and decomposition rate had negative and positive effects on carbon concentration in macroaggregates, respectively. Litter fall biomass and decomposition rate had negative effects on carbon concentration in small macroaggregates. In conclusion, SOC decreased due to forest fragmentation through a reduction in the proportion of all aggregates accounted for by macroaggregates, higher storage of fine roots and litter, and lower fine root decomposition rate. Our results would greatly improve understanding of soil degradation in fragmented forests due to habitat fragmentation.
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Figure 1. The proportion of all soil aggregates accounted for by three type of soil aggregates among different type of plots: (A) proportion of three types of aggregates among different forest fragments with different patch sizes; (B) proportion of three types of aggregates from forest edges to interiors. LF: large forest; MF: medium forest; SF: small forest; EP: edge plots; MP: middle plots; IP: interior plots. 
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Figure 2. Soil carbon concentration in aggregates (g/kg) among different type of plots: (A) soil carbon concentration in aggregates (g/kg) among different forest fragments with different patch sizes; (B) soil carbon concentration in aggregates (g/kg) from forest edges to interiors. 
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Figure 3. Soil carbon concentration in soils (g/kg) among different type of plots: (A) soil carbon concentration in soils (g/kg) among different forest fragments with different patch size; (B) soil carbon concentration in soils (g/kg) from forest edges to interiors. 
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Figure 4. SOC (soil carbon storage) in soils among different type of plots: (A) SOC in soils among different forest fragments with different patch size; (B) SOC in soils from forest edges to interiors. 
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Table 1. Biomass (Mg/ha), production (Mg/ha∙y), and decomposition rates (%/y) of fine roots and litter fall among different forest patches.
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	Large Forest
	Medium Forest
	Small Forest





	Fine root biomass storage
	1.62 ± 0.53
	1.48 ± 0.24
	1.60 ± 0.30



	Fine root production rate
	2.18 ± 0.42
	1.43 ± 0.52
	1.06 ± 0.30



	Fine root decomposition rate
	42.13 ± 4.02
	56.37 ± 1.38
	48.49 ± 6.26



	Litter falls biomass storage
	508 ± 52.66
	433 ± 42.85
	327 ± 35.31



	Litter falls production rate
	640 ± 14.24
	555 ± 24.82
	444 ± 42.37



	Litter falls decomposition rate
	45.09 ± 7.38
	31.40 ± 1.12
	51.32 ± 12.13
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Table 2. Biomass (Mg/ha), production (Mg/ha∙y), and decomposition (%/y) of fine roots and litter falls within plots from forest interiors to edges.
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