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Abstract
Forest fragmentation is increasing rapidly around the world, and edge effects caused by fragmented forests can
in�uence ecosystem functions and ecological processes, including coarse woody debris (CWD) decomposition.
Understanding the in�uencing mechanisms of edge effect on CWD decomposition is needed to assess the effects
of forest fragmentation on C cycling and storage. We measured rates of mass loss of CWD of Cinnamomum
camphora and Pinus taiwanensis over two years at two distances (0-5m vs. 60m) from a forest edge at two
altitudes (215 and 1400 m a.s.l.), in a subtropical forest. In addition, we determined the microbial community of
each CWD and the soil beneath via phospholipid fatty acids (PLFAs). Mass loss of CWD 60 m from the forest
edge was > 15 % greater than that at the edge (0-5m). Mass loss was positively correlated with the abundance of
microbial community and moisture content of the decaying CWD. Distance from edge explained 17.4% of the total
variation of the microbial abundance in CWD. The results indicated that the reduced abundance of microbial
communities and moisture content at forest edges reduced rates of decomposition of CWD. Long-term
experiments with more tree species and more forest types are needed to assess the edge effect's generality.

1. Introduction
Forests around the world store a large amount of carbon (C) in soils, dead and living above-ground biomass
(including coarse woody debris: CWD), which is regarded as a signi�cant C sink (Pan et al., 2011). Understanding
the factors that in�uence rates of C cycling processes in forests (including CWD decomposition) is necessary to
quantify the role of global forests in the global C cycle (Pan et al., 2011; Intergovernmental Panel on Climate
Change, 2014; Tang et al., 2018). Forest fragmentation due to natural and anthropogenic disturbances is a global
phenomenon, affecting forest ecosystem functioning (Numata et al., 2010; FAO, 2010; Haddad et al., 2015; Barlow
et al., 2016). Globally, nearly 20 % of all forest area is situated within 100 m of a forest edge (Haddad et al., 2015).
Forest edges have distinct microclimates from forest interiors, including lower soil moisture, lower humidity,
increased light availability, and increased wind and rain impacts (Laurance and Yensen, 1991; Didham & Ewers,
2012; Albiero-Júnior et al., 2020). These altered microclimatic conditions at forest edges can alter the decay rates
of CWD. In a temperate forest in the United Kingdom, blocks of wood from European beech (Fagus sylvatica)
placed at the forest edge lost mass at about half the rate of blocks placed 100 m within the forest (Crockatt &
Bebber, 2015). The slower mass loss was attributed to the lower humidity and moisture content of the decaying
wood at the forest edge (Crockatt & Bebber, 2015). In contrast, in a temperate forest in USA, Forrester et al. (2012)
reported higher respiration rates from CWD in canopy gaps than under intact canopy.

Alterations in microclimatic conditions near forest edges may also in�uence soil microbial community
composition. Previous studies have shown that the abundance of fungi strongly increased in response to changes
in microclimate conditions due to edge effects (Boddy et al., 1989; Boddy, 2001; Castaño et al., 2018; van der
Linde et al., 2018; Boeraeve et al., 2019). The fungal communities in soil and wood interact during all CWD decay
phases (Mäkipää et al., 2017; Purahong et al., 2019; Wu et al., 2020, 2021), so changes in soil microbial
communities due to edge effects could also alter fungal community dynamics within decomposing CWD.
Reduced moisture availability at forest edges can affect the growth and activity of saprotrophic fungi (Crockatt &
Bebber, 2015; Snäll & Jonsson, 2001) and mycorrhizal fungi (Boeraeve et al., 2019). In addition, the abundance of
white rot species, such as Xeromphalina campanella, Rigidoporus sp. and Skeletocutis odora, is positively
correlated with moisture content (Fukasawa et al., 2015, 2018).
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Here, we compare rates of decomposition and microbial communities in CWD in the interior and edges of a
subtropical forest ecosystem. We measured two-year mass loss of CWD of Pinus taiwanensis Hayata and
Cinnamomum camphora (Linn.) Presl at the forest edge and 60 m into the forest and characterized the microbial
community in the decaying CWD. The experiment was conducted at sites at two elevations (215m and 1400m
a.s.l.). Speci�cally, we asked: (1) do CWD mass loss rates differ between forest edge and forest interior positions?
(2), do microbial communities in decaying CWD differ between forest edge and interior positions? and (3) how do
characteristics of the microbial community relate to environmental conditions in the two environments? Based on
studies from temperate forests, we hypothesize that CWD decomposition rates will be lower at the forest edge
than in the forest interior and that the differences will be related to changes in microbial communities and
moisture.

2. Materials And Methods
2.1. Study area

This �eld research was conducted in a mixed coniferous-broad-leaved forest (CBF) at Lushan Mountain in Jiangxi
Province, China (29°31′~29°41′ N, 115°51′~116°07′ E). The area is characterized as a subtropical monsoon
climate with four distinct seasons. Mean annual precipitation and temperature range from 1308 to 2068 mm, and
from 17.1 to 11.6 °C, respectively (Wu et al., 2019b). According to the FAO soil texture classi�cation, soil types in
Lushan change from ferric alisols at low elevations to haplic alisols at high ones (Liu & Wang, 2010; Wu et al.,
2018b). Mixed coniferous–broad-leaved forests are dominated by several Platycarya strobilacea and Acer davidii
species, and some deciduous woodland species and shrubs (Liu & Wang, 2010).

2.2. Sampling design

In December 2015, study sites were established in a mixed coniferous-broad-leaved forest at two altitudes (215m
and 1400m). The sites at the two altitudes had similar aspect, slope steepness and position, stand age, and
understory vegetation. Characteristics of the soils at the two sites are provided in Appendix 1. At each site, three
plots were established within 0-5 m (Plot one: 2 m, Plot two: 3 m, Plots three: 2.5 m) of the forest edge, and
another three plots were established 60 m (Plot one: 60 m, Plot two: 59.5 m, Plots threee: 59 m) inside the forest.
The two tree species selected for CWD were Pinus taiwanensis Hayata and Cinnamomum camphora (Linn.) Presl.
Fresh logs about 15 cm in central diameter were selected and cut into segments about 150 cm long (Table 1).
Two CWD segments of each tree species were placed �ush on the ground 30 cm from one another and 35 cm
from the boundary of each plot. Therefore, a total of 48 CWD segments (2 altitudes × 2 edge distances × 3 plots ×
2 CWD species × 2 segments) were tested. 

2.3. Wood physicochemical properties analysis

A 2-cm-thick disk of each CWD was collected from a randomly selected place on each of the 48 logs at the
beginning of the experiment and after 3, 6, 9, 12, 15, 18, 21, and 24 months. Disks were sealed in a plastic bag to
preserve their moisture content before being transferred to the laboratory (Wu et al., 2018a, 2019a). The disk
samples were collected more than 80 cm from the mid of wood. Each CWD sample was weighed and then oven-
dried at 70°C and re-weighed, and their moisture content was calculated using equation (1).
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Where MCWD (%) was the moisture content of each CWD during each measurement, Ww (g) was the wet wood
weight, and Wd (g) was the dry weight.

The density of each CWD was calculated using equation (2): First, the weights of the disks of the CWD were
measured (m, g), and the disks were placed in a container with a speci�c amount of water and wood disks in the
container (V1, ml), the initial volume of water (V2, ml) and the density of each CWD sample (p, g/cm3) was
calculated.

Mass loss from each CWD was calculated using equation (3).

where MLCWD (%) was the mass loss of each CWD sample during each measurement, Mi (g) was the initial dry
mass, and Mt (g) was the wood mass after 3, 6, 9, 12, 15, 18, 21 or 24 months.

CWD temperature was measured at approximately 2 cm depth using a hand-held long-stem thermometer (Model
SK-250WP, Sato Keiryoki Mfg. Co. Ltd, Tokyo, Japan). Concentrations of C and N in each CWD sample were
determined using a TOC analyzer (Vario TOC, Elementar, German), and concentrations of lignin and cellulose were
determined using the ADF-sulphuric method (Rowland et al., 1994) and the Kjeldahl method (K-370, Buchi
Scienti�c Instruments, Switzerland). Soil available N (sum of the ammonium nitrogen, nitrate nitrogen, amino acid
and readily hydrolyzed proteins nitrogen) was measured through the oxidation hydrolyzed into ammonia nitrogen,
then absorbed by the boric acid solution and determined by sulfuric acid and titration (Liu, 1996). Soil available P
was extracted using HCl-NH4F solution and determined by Molybdenum-Antimony Anti colorimetric assay (Liu,
1996). Relative to P. taiwanensis, C. camphora CWD had higher initial concentrations of carbon and lignin, and
lower cellulose (Appendix 1). Soil organic matter, N, hydrolyzed N and available P signi�cantly differed between
the two sites (Appendix 2).

2.4. Phospholipid fatty acid (PLFA) analyses

Microbial biomass and the relative index of bacterial to fungal biomass were estimated by PLFA analysis (Bossio
& Scow, 1998; Olsson et al., 1999). CWD samples and mineral soil (0-5 cm) under each CWD segment were
collected every three months during the study period and stored at -20℃ for PLFA analysis. Concentrations of
each PLFA were calculated relative to the 19:0 internal standard concentration. Total microbial biomass summed
by each individual PLFAs (ng g-1 dry wood material). Microbial groups of bacteria (B), fungi (F), Gram-negative
bacteria (G-), Gram-positive bacteria (G+), actinomycetes (ACT), and arbuscular mycorrhizal fungi (AMF) were
biomarkers by the characteristic fatty acids (Appendix 3) (Olsson et al., 1999).

2.5. Data analysis



Page 5/18

The effects of month, distance from the edge, and their interactions on temperature, moisture content, and mass
loss of CWD were determined by repeated measures ANOVA for each species. We used three-way ANOVA to test
the distance from edge, tree species, and altitude gradient on mass loss and microbial community changes. Due
to signi�cant interactions among altitude, edge distance, and species, all comparisons among altitude, edge
distance or tree species were performed using one-way ANOVA of Dunnett’s post-hoc. The microbial communities
in the soil (0-5 cm), under each CWD and in the CWD itself were compared by simple correlation analysis, and
differences in the PLFA signatures of the microbial community under CWD or soil among different treatments
(tree species, altitude gradient or edge distance) were tested by redundancy analysis (RDA). All data were
analysed using SPSS 20.0 (SPSS Inc., Chicago, USA). Differences were considered signi�cant at p < 0.05.

3. Results
3.1. Distance from edge effects

During the two-year experimental period, the mean mass loss of P. taiwanensis and C. camphora 60 m away from
the forest edge was signi�cantly greater than that at the forest edge at both sites (Table 2 and Fig. 1). The
moisture content of the CWD segments was also greater 60 m from the forest edge than at the edge throughout
the two-year period (Fig. 2). There was a signi�cant positive correlation between CWD's mass loss and moisture
content for each altitude, edge distance, and tree species (Table 3).

3.2. Microbial community composition

Concentrations of total PLFA, total fungi, total bacteria, G+ bacteria, G- bacteria, soil fungi, and AMF in the soil
beneath CWD of both tree species were all higher 60m from the forest edge than at the forest edge (Fig. 3).
Concentrations of total PLFA, total bacteria, total fungi, G+ bacteria, G- bacteria, fungi, and AMF in the CWD of
both tree species were also higher 60 m from the forest edge than at the edge (Fig. 4). The concentrations of
fungal components (total fungi, fungi, and AMF) in the CWD were generally higher than that of bacteria
components (total bacteria, G+ bacteria, and G- bacteria) (Fig. 4).

3.3. Relationship between soil and CWD microbial communities

Correlations between microbial communities in CWD and soil (Table 4) were generally positive in plots 60 m from
the forest edge. There were some negative correlations between CWD fungi and soil fungi at the forest edge
(Table 4).

3.4. Effects of edge distance and tree species on CWD microbial community

Distance to the forest edge had a larger in�uence on the CWD microbial community than did tree species or
altitude (Table 5). Distance to edge explained 17.4% of the total variation, while tree species and altitude
explained 3.1% and 10.9%, respectively (Table 5).

4. Discussion
Consistent with our hypothesis, mass loss of CWD within this studied subtropical forest was > 15 % greater than
that at the edge, at both altitudes, which is lower to the 23 % greater mass loss of woodblocks placed 100 m into
the forest than at the edge in a temperate forest (Crockatt & Bebber, 2015). The CWD at the forest edge had lower
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moisture content throughout the study, which is consistent with our hypothesis. Similarly, Crockatt and Bebber
(2015) reported that the moisture content of the woodblocks increased with distance from the edge.

The higher moisture content of soil and wood in the forest interior probably facilitated the detection and
colonization of CWD by microbes, which are largely soil-dwelling (Mäkipää et al., 2017; Fukasawa et al., 2018;
Law et al., 2019). Malmivaara-Lämsä et al. (2008) found that fungal biomass was about 30 % higher 20 m inside
the forest when compared to the edge, due to the higher humus moisture content inside the forest. In our study,
CWD of both tree species in the forest interior had greater total PLFA, total bacteria, total fungi, G+ bacteria, G-

bacteria, fungi, and AMF compared to CWD at the forest edge. Other studies have reported increased activity of
both wood- and litter-decomposing saprotrophic fungi with distance from the forest edge (Snäll & Jonsson, 2001;
Riutta et al., 2012; Crockatt & Bebber, 2015; Fukasawa et al., 2015, 2018; Ruwanza, 2019). Previous studies also
reported that the abundance of mycorrhizal fungi was greater within forests than at edges (Malmivaara-Lämsä et
al., 2008; Kjøller et al., 2012; Erlandson et al., 2016; Boeraeve et al., 2019). The abundance and diversity of various
soil fauna groups may also be reduced near forest edges (Goosem, 2000; Laurance et al., 2002; Lehtinen et al.,
2003; Watson et al., 2004; Laurance, 2004; Pfeifer et al., 2017).

Microorganisms community play a critical role in the process of wood decomposition (Harmon et al., 1986). The
results observed in this study could be directly explained by the variation and changes of microbial decomposers
communities in different edge distance. With the signi�cantly larger and higher concentrations of wood fungal,
bacterial and total PLFAs, the decomposition of CC and PT was faster in 60 m from the forest edge than at the
edge. In addition, this study found that edge distance (17.4%) played a more important role than tree species
(3.1%) and altitude gradient (10.9%) in determining the variation of microbial decomposers community of CWD
itself (Table 5). Therefore, those results indicated that the degree and the existence of edge effects depended on
the variation and characteristics of microbial community.

The fungal communities inhabited in wood and soil could interact and link at all the decay stage and process of
CWD, which showed critical role in the decomposing of CWD (Purahong et al., 2019; Mäkipää et al., 2017).
Therefore, CWD decomposition of different species could be determined by the signi�cant relationship between
soil and CWD microbial decomposers community observed in each edge distance and tree species combination
(Fukasawa et al., 2018; Mäkipää et al., 2017; Wu et al., 2019b). Speci�cally, our study showed a negative
relationship of fungi component between soil and CWD itself for CC and PT in forest edge, but positive
correlations in 60 m from the forest edge (Table 4), which could be an reason for the results of the decompose of
PT and CC was faster in 60 m from the forest edge than that in forest edge. Therefore, this study suggested that
fungi played a signi�cantly important role in determining the decomposition rate of CWD for the two species (Fig.
3), thus determining the variation of edge effects of CWD decomposition in subtropical forest. Previous studies
also found that the abundance and community composition of variation faunal groups could be altered by the
changes in forest edge effects (Goosem, 2000; Laurance et al., 2002; Lehtinen et al., 2003; Watson et al., 2004;
Laurance, 2004; Pfeifer et al., 2017).

Malmivaara-Lämsä et al. (2008) found an increase in arbuscular mycorrhizal (AMF) and total fungal biomass by
about 30% from the edge to 20 m inside the forest, which was directly explained by an increase in humus
moisture, which result supported our study. In addition, the decrease of moisture content at the forest edge has
been found to in�uence the decomposition rates of both wood- and litter-decomposing fungi (Riutta et al., 2012;
Crockatt & Bebber, 2015; Ruwanza, 2019) and moisture content is known to in�uence the composition of
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ectomycorrhizal fungi (EcMF) community (Erland & Taylor, 2002; Erlandson et al., 2016). Similarly, decreased
moisture availability at forest edges can be expected to affect the frequency of and decomposition by
saprotrophic fungi (Crockatt & Bebber, 2015; Snäll & Jonsson, 2001), community composition of mutualistic fungi
(Shi et al., 2002), mycorrhizal communities (Boeraeve et al., 2019) and interactions between different fungal
groups (Kilpeläinen et al., 2017). In this study, the MCWD of the two different tree species in 60 m from the forest
edge was higher than in forest edge in each altitude gradient (Fig. 2). Meanwhile, Kjøller et al. (2012) found that
the number of EcMF root tips, mycelial production and species richness were increased with increasing distance
from the forest edge. Therefore, those results could partly explain the higher MLCWD in 60 m from the forest edge
than that in forest edge.

This study investigated CWD decomposition during a two-year experimental period, a relatively short time span
considering the turnover time of wood. Long-term research is needed to determine decay rates and the proportion
of the CWD mass that is converted into more persistent organic-matter pools over a longer study period. Our
sampling method-collecting a 2-cm-thick disk from the end part of each CWD segment-would have increased
exposure of the segment to fungal invasion. This would overestimate actual rates of decomposition but should be
more realistic than the common practice of using woodblocks or tongue depressors.

5. Conclusion
Coarse woody debris of two tree species (Cinnamomum camphora and Pinus taiwanensis) placed at the edge of
a subtropical forest decomposed slower than that placed 60 m within the forest. Rates of decay positively
correlated with abundance of microorganisms in the CWD and the CWD moisture content. Distance from edge
(17.4%) was more important than tree species (3.1%) and altitude gradient (10.9%) in determining microbial
abundance in CWD. Our results indicate that the lower moisture content at forest edges reduce microbial activity
and CWD decomposition rates. Given the increasing rate of forest fragmentation worldwide, higher rates of CWD
decomposition at forest edges need to be incorporated into global C models.
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Tables
Table 1. Initial diameter, length and density (mean ± SE, n=6) of the log segments of the two tree species at each
altitude (215m and 1400m) and forest edge distance (edge and 60m from the forest edge). Note: experiment
material was all of similar decay stage.

Tree species Altitude Edge
distance

Average diameter
(cm)

Average length
(cm)

Average density
(g/cm3)

Pinus taiwanensis 215m edge 16.21±2.07 147.35±4.26 0.405±0.04

60m 15.87±1.94 150.06±3.88 0.411±0.03

1400m edge 15.66±2.11 147.56±4.16 0.403±0.04

60m 16.19±1.96 150.33±3.94 0.406±0.05

Cinnamomum
camphora

215m edge 15.36±2.56 149.55±4.42 0.434±0.05

60m 15.62±1.99 150.32±3.88 0.452±0.03

1400m edge 15.77±2.24 147.33±4.28 0.442±0.03

60m 15.76±1.99 151.12±3.54 0.452±0.06

Table 2. Two-year average mass loss, temperature and moisture content of CWD (mean ± SE, n=6) of the two
studied species at the two altitudes (215m and 1400m) and forest edge distances (edge and 60m from the forest
edge) in Lushan Mountain, China. Different uppercase letters indicate signi�cant differences between edge
distances for the same species (e.g., Pinus taiwanensis or Cinnamomum camphora) at p < 0.05) and altitude.
Different lowercase letters indicate signi�cant differences among the two species for the same edge distance and
altitude (p < 0.05). Different lowercase letters in brackets indicate signi�cant differences between altitudes for the
same edge distance and tree species (p < 0.05).
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Tree species Altitude Edge
distance

Mass loss

(%)

Temperature

(℃)

Moisture
content

(%)

Pinus taiwanensis 215m edge 23.3±3.8 Ba

(a)
16.71±1.32 Aa

(a)
74.16±6.34 Ba (a)

60m 27.7±3.7 Ab

(a)
16.01±1.11 Aa

(a)
79.26±6.47 Aa (a)

1400m edge 15.5±3.6 Ba (c) 11.57±1.46 Aa (c) 69.74±6.54 Ba (b)

60m 20.1±3.4 Ab

(c)
10.74±1.53 Aa (c) 75.36±6.25 Aa (b)

Cinnamomum
camphora

215m edge 29.6±4.1 Ba

(a)
17.48±1.27 Aa (a) 73.60±6.13 Ba (a)

60m 34.0±4.5 Aa

(a)
16.33±1.63 Aa (a) 79.03±7.22 Aa (a)

1400m edge 22.0±3.1 Ba (c) 12.20±1.38 Aa (c) 71.21±6.31 Ba (b)

60m 26.6±3.5 Aa

(c)
11.04±1.75 Aa (c) 76.16±6.44 Aa (b)

Table 3. Correlations of mass loss with moisture content and temperature of CWD by altitude, forest edge
distance, and tree species. ns not signi�cant, * p�0.05, ** p�0.01, *** p�0.001.

Tree species Fixed effects 215m 1400m

edge 60m edge 60m

Pinus taiwanensis Mass loss × Moisture content 0.644** 0.689** 0.705** 0.731**

Mass loss × Temperature 0.035 ns 0.058 ns 0.093 ns 0.051 ns

Cinnamomum camphora Mass loss × Moisture content 0.672** 0.693** 0.711** 0.749**

Mass loss × Temperature 0.078 ns 0.051 ns 0.064 ns 0.076 ns

Table 4. Correlation between the composition of different phospholipid fatty acid (PLFA) (ng g-1 dry mass)
signatures of CWD and soil for each altitude, forest-edge distance, and tree-species combination. Total, total PLFA
concentrations; B, bacterial PLFAs; F, fungal PLFAs; F/B, the fungal to bacterial ratio; G+, Gram-positive bacteria; G-,
Gram-negative bacteria; G+/G-, ratio of Gram-positive to Gram-negative bacteria; AMF, arbuscular mycorrhizal
fungi. ns not signi�cant, * p�0.05, ** p�0.01, *** p�0.001.
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Fixed effects Altitude Edge
distance

AMF Fungi Total
Fungi

G+ G- Total B Total

Pinus
taiwanensis ×
Soil

215m edge 0.643* -0.611* -0.678* 0.822* 0.662* 0.704** 0.771**

60m 0.801** 0.778** 0.791** 0.767** 0.683* 0.778** 0.804**

1400m edge 0.654* -0.647* -0.674* 0.789** 0.771* 0.782** 0.801**

60m 0.812** 0.785** 0.799** 0.801** 0.788* 0.784** 0.797**

Cinnamomum
camphora
×Soil

215m edge 0.634* -0.645* -0.635* 0.811** 0.642* 0.661* 0.788**

60m 0.803** 0.777** 0.781** 0.781** 0.650* 0.789** 0.804**

1400m edge 0.639* -0.627* -0.647* 0.789** 0.629* 0.796** 0.792**

60m 0.811** 0.784** 0.796** 0.801** 0.640* 0.769** 0.781**

Table 5. Effects of tree species, altitude, and forest-edge distance on the selected phospholipid fatty acid (PLFAs)
signatures of CWD tested with redundancy analysis (RDA).

Explanatory variable Explained variance % Contribution % Pseudo-F P (< 0.05)

Tree species 3.1 9.5 3.8 0.036

Altitude 10.9 37.2 18.8 0.002

Forest edge distance 17.4 45.5 20.6 0.001

Figures
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Figure 1

Patterns of mass loss of two tree species of CWD (fresh wood) at each altitude (215m and 1400m) and forest-
edge distance (edge and 60m from the forest edge) during 24 months of decomposition in Lushan Mountain of
subtropical China.
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Figure 2

Temperature and moisture content of CWD of the two tree species at each altitude (215m and 1400m) and forest-
edge distance (edge and 60m from the forest edge) during the 24-month incubation.
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Figure 3

Soil phospholipid fatty acid (PLFA) (mean ± SE; ng g-1 dry soil) signatures (0-5cm) under CWD of the two tree
species at each forest-edge distance (edge and 60m from the forest edge) and altitude (215m and 1400m) in
Lushan Mountain of subtropical China. Total, total PLFA concentrations; B, bacterial PLFAs; F, fungal PLFAs; F/B,
fungal to bacterial ratio; G+, Gram-positive bacteria; G-, Gram-negative bacteria; G+/G-, ratio of Gram-positive to
Gram-negative bacteria; AMF, arbuscular mycorrhizal fungi.
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Figure 4

Phospholipid fatty acid (PLFA) (mean ± SE; ng g-1 dry wood material) signatures of the CWD of the two tree
species at each forest-edge distance (edge and 60m from the forest edge) and altitude (215m and 1400m) in
Lushan Mountain of subtropical China. Total, total PLFA concentrations; B, bacterial PLFAs; F, fungal PLFAs; F/B,
the fungal to bacterial ratio; G+, Gram-positive bacteria; G-, Gram-negative bacteria; G+/G-, ratio of Gram-positive
to Gram-negative bacteria; AMF, arbuscular mycorrhizal fungi.


