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Abstract  22 

Biological litter decomposition and the litter-associated microbial organisms were 23 

monitored for three years to characterize litter decomposition in early and late 24 

successional stages. Two forests were used for the investigation: pioneer a forest 25 

dominated by birch (Betula platyphylla var. japonica) and a climax forest by oak 26 

(Quercus mongolica var. grosseserrata) in the cool-temperate region of northern Japan. 27 

Three types of litter were used: birch, oak and mixed litter. The litter decomposition was 28 

effective during the first year but 50% of the original litter remained even after three 29 

years. Carbon-to-nitrogen ratios in the litter decreased largely in the first year and became 30 

stable thereafter. The litter decomposition rates were not different among the litter types 31 

and between the forests. The temporal changes in phospholipid fatty acids (PLFAs) 32 

showed that fungal biomass reached its peak in the first year and the bacterial biomass 33 

increased steadily until the end of the experiment. The concentrations of fungal PLFAs in 34 

the litter did not differ between the litter types but were lower in the oak forest. The litter 35 

decomposition was performed mostly by fungi, in particular in the early stages, while 36 

bacterial decomposition depended on the litter types and/or the forest types. Gram-37 

negative bacteria reached their peak of PLFAs in the second year while gram-positive 38 

bacteria PLFAs increased gradually during the three years. Therefore, the succession of 39 

microorganisms in the litter occurred from fungi to bacteria and from gram-negative 40 

bacteria to gram-positive bacteria in the two forests. Unlike in the case of coniferous or 41 

monotonic forests, the effects of forests and litter types on litter decomposition for the 42 

first year were weak. The forest types on litter decomposition appeared only for the long-43 

term litter decomposition. The successional changes of microorganisms occurred from 44 

fungi to bacteria for long-term litter decomposition processes with increasing N 45 

concentration in the litter.  46 

 47 

Keywords: Microbial succession ⋅ Leaf litter decomposition ⋅ Bacterial and fungal ratio ⋅ 48 

Carbon to nitrogen ratio ⋅ Phospholipid fatty acids (PLFAs) ⋅ broad-leaved forest 49 
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 50 

Abbreviations: PLFAs, phospholipid fatty acids; PPFD, photosynthetic photon flux 51 

density; C/N ratio, carbon-to-nitrogen ratio; B/F ratio, bacteria to fungi ratio; GLM, 52 

generalized linear model; GLMM, generalized linear mixed-effects model; CCA, 53 

canonical correspondence analysis; HFA, home-field advantage 54 

  55 
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1. Introduction 56 

 57 

 Litter decomposition determines N and C dynamics in terrestrial ecosystems and is 58 

promoted by three processes, physical, chemical and biological degradation (Wardle et al., 59 

2004; Hobbie, 1992). Of these processes, the biological decomposition, conducted mostly 60 

by bacteria and fungi, affects C/N flux between forest floor and trees (Lladó et al., 2017) 61 

and controls the fertility of forest ecosystems (Osono, 2007; Møller et al., 1999).  62 

 The litter decomposition by bacteria and fungi is regulated by the micro-climate, 63 

influenced by temperature, precipitation, vegetation and litter type (Parton et al., 2007). In 64 

addition, forest structures affect the composition of fungal and bacterial communities in 65 

the soils (Prescott and Grayston, 2013) and in the litter (Urbanová et al., 2015). Litter 66 

decomposers regulate C and N consumption in the early litter decomposition stages, while 67 

moisture and legacy in the soils play a major role in the later stages (García-Palacios et al., 68 

2016). Since litter decomposition is slow in cool-temperate region, to investigate the 69 

microbial activities in the litter, long-term monitoring is required. However, few studies 70 

have been conducted for long term in this study area so far.  71 

 The composition of microorganisms involved in litter decomposition varies depending 72 

on the stage of decomposition. The fungi/bacteria ratio decreases greatly in the first eight 73 

months in the oak forests of Czech Republic (Voříšková et al., 2013). The diversities of 74 

bacteria and fungi change with succession (Tláskal et al., 2016; Purahong et al., 2016), 75 

although the relationships between bacteria and fungi are unclear. In the cool temperate 76 

regions of Japan, the dominant species along a successional sere change from birch to oak. 77 

This implies that litter mixed with birch and oak are often developed. During vegetation 78 

succession in temperate and cool-temperate regions, including Japan, birches (Betula) often 79 

develop pioneer forests and oaks (Quercus) form later and/or climax forests (Ishikawa and 80 

Ito, 1988). These two forest types are broadly distributed in Japan (Krestov et al., 2015). 81 

Therefore, the comparisons of these forests are invaluable to understand successional 82 

changes in litter decomposition and microbial composition. Furthermore, the conservation 83 
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of these forests provides diverse ecosystem services, such as forestry, recreation and 84 

education, including learning succession (Mölder et al., 2019; Yokoyama and Tsuyuzaki, 85 

2015). When the succession of microorganisms is observed in relation to litter 86 

decomposition as well as vegetation succession, these changes are applied to the evaluation 87 

of ecosystem health. 88 

 The home-field advantage (HFA) hypothesis suggests that litter decomposition is 89 

encouraged by litter mixed from only a few species. This hypothesis is examined well by 90 

litter mixed with broad-and needle-leaved leaves (Gartner and Cardon, 2004; Asplund et 91 

al., 2018; Ayres et al., 2009). However, this hypothesis has not been examined well in 92 

broad-leaved forests where the litter should be made of various broad-leaved plants (Gao 93 

et al. 2016). Since the litter components are different between broad-leaved and mixed 94 

forests, the different HFA effects are expected in broad-leaved forests. Also, the succession 95 

of microorganisms in these forests has not been investigated well. Therefore, the 96 

decomposition of litter consisting of birch, oak and their mixture were monitored.  97 

 Litterbag experiments are often used to investigate litter decomposition and its related 98 

factors (Wieder and Lang, 1982; Kazakou et al., 2006). In addition, biological litter 99 

decomposition is commonly estimated by indicators of biomass and composition of 100 

microorganisms, represented by quality and quantity of phospholipid fatty acids (PLFAs) 101 

(Chapman and Newman, 2010; Šnajdr et al., 2011). The concentrations of carbon (C) and 102 

nitrogen (N) in litter show the litter quality and N/C fluxes (Berg and McClaugherty, 2008). 103 

The present study provides new insights into microbial succession by using these 104 

techniques with considering differences in litter quality in cool-temperate regions. We 105 

monitored the successional changes in the biomass of each microbial taxon and litter 106 

decomposition at two forest sites of mixed forest examining birch and oak litter to 107 

investigate how the litter decomposition and the microbial succession develops and 108 

changes over time. Using these surveys, two hypotheses were examined: (1) HFA effects 109 

were weak to decompose litter in broad-leaved forests, as compared with mixture of broad-110 

and needle-leaved litter, because of the similarity of litter species. (2) Microbial succession 111 
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occurred during the litter decomposition for a few years with changes in nitrogen and 112 

carbon concentrations in the litter.  113 

 114 

2. Materials and methods 115 

 116 

2.1. Study sites 117 

 The study was conducted in a lowland at the foot of Mount Toishi (826 m a.s.l.) in the 118 

city of Sapporo, Hokkaido, northern Japan. The survey was conducted for three years (33 119 

months) from December 2009 to August 2012. The mean annual temperature was 9.3-120 

9.8°C during the surveyed period at the distance of 8 km from the study site (Japan 121 

Meteorological Agency, 2012). The maximum daily temperature was recorded as 34.1°C 122 

in August 2010 and the minimum was at -12.6°C in February 2010. The annual 123 

precipitation during the three years was between 1254 mm and 1325 mm, of which 21% 124 

was supplied by snow during November and April. 125 

 Birch and oak forests were selected for the study. The birch forest was dominated by 126 

Betula platyphylla Sukaczev var. japonica (Miq.) Hara that is characteristic to the early 127 

successional stages (Bradshaw et al., 2005). The oak forest was dominated by Quercus 128 

mongolica Fisch. ex Ledeb. var. grosseserrata Rehd. Wils. and represented late 129 

successional stages developed after the birch forest stage as the climax. These two species 130 

are widespread in the temperate eastern Asia, including Japan (Kitao et al., 2000). The soil 131 

type classified as brown forest soil in this region (Kanda et al., 2016).  132 

 A 15 m × 15 m plot was established in both the oak and birch forests (42°59'N and 133 

141°19'E, 130-140 m elevation). The two forests were adjacent to each other. In each plot, 134 

stem height and diameter at breast height (DBH) were measured on each tree taller than 5 135 

m. The stem volumes were calculated from the height and diameter with an assumption of 136 

cylindrical shape. The results were as follows: The oak forest had 818 m3/ha with 800 137 

stems/ha. The oak explained 75% of the stem volume. The birch forest had 877 m3/ha with 138 
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1200 stems/ha. The birch explained 80% of the stem volume. The species composition of 139 

the herbaceous layer below 2 m was similar between the two forests. 140 

 Soil moisture was measured at nine points in each forest at two-month interval from 141 

April to November during snow-free periods by a time domain reflectometry with 12 cm 142 

electrode (Hydrosense, Campbell Scientific Australia, Queensland). The soil moisture was 143 

28-29% in both the forests (Table 1). The mean ground-surface temperatures were slightly 144 

higher in the oak forest. The mean soil pH was measured by a glass electrode pH meter 145 

(PH-222, Kenis Limited, Osaka). and was slightly acidic, with pH of 6.5 ± 0.8 (mean ± 146 

standard deviation).  147 

 Litter supply in the birch and oak forests was measured by litter collected from nine 148 

25 × 25 cm2 plots in each forest in November 2014 soon after the defoliation. The litter 149 

was air-dried for two weeks and weighed. The litter supply averaged 192 ± 54 g/m2/yr in 150 

the oak forest and 190 ± 46 g/m2/yr in the birch forest (Table 1). The compositions of birch 151 

and oak litter were 50% and 38% in the birch forest and 13% and 60% in the oak forest, 152 

respectively. Since the oak forest was adjacent to the birch forest, the birch litter should be 153 

easily immigrated to the oak forest. Other species in the litter were Kalopanax pictus, 154 

Cornus controversa, etc. with low dominance, less than 27% share.  155 

 156 

 157 

 158 

 159 

Table 1 (a) Environmental characteristics (canopy openness, light intensity, temperature 160 

and soil moisture) in the birch and oak forests during snow-free periods from 2010 to 161 

2012. Means are shown with standard deviations. Different letters show significant 162 

difference between the two forests at p < 0.05 (GLMM) (b) Litter supply (g/m2) in the 163 

birch and oak forests. Mean is shown with standard deviation. Different letters show 164 

significantly different at P < 0.05 (GLM) 165 
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(a) 166 

 167 

(b) 168 

 169 

 170 

 171 

 172 

 173 

  174 

Forest Canopy openness (%) PPFD (mmol m-2 sec-1) Temperature (oC) Soil moisture (%) 

Birch 23 ± 2   a 64.6 ± 99.1    a 11.9 ± 9.1    a 29 ± 10   a 

Oak 22 ± 3   a 84.9 ± 136.9   b 12.4 ± 10.6   b 28 ± 9    a 

 Litter    

Forest Birch Oak Others Total 

Birch 94 ± 33 a 73 ± 29 c 24 ± 12 e 190 ± 46 g 

Oak 25 ± 20 b 114 ± 35 d 53 ± 25 f 192 ± 54 g 
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 175 

2.2. Litter decomposition 176 

  177 

 The litter decomposition was measured by litterbags made of black sheer nets (2 mm 178 

pore) with 20 cm length and 12 cm width. The litter produced in the autumn of 2009 were 179 

collected from the ground surface adjacent to the two surveyed sites in late November 2009 180 

when most leaves defoliated to avoid disturbance. The samples were air-dried for more 181 

than two weeks. Three litter types were formed to investigate litter-mixing effects on litter 182 

decomposition: 5 g of oak litter, 6 g of birch litter and 6 g of litter mixed with 3 g of birch 183 

and 3 g of oak litter. In total, 288 litterbags were set up on the ground surface of each forest 184 

in mid-December 2009. During snow free periods from April 2010 to August 2012, three 185 

litterbags were randomly collected from each litter type from both forests. The total number 186 

of litterbag recoveries was 11 times during the three years, i.e. April, June, August and 187 

October in 2010, April, June, August and December in 2011, April, June and August in 188 

2012.Litter decomposition constant (k) at each sampling date on each sample was 189 

calculated by log(X/X0) = -kt, where X is litter remaining mass at t days after setting 190 

litterbags and, X0 is the litter mass at t = 0 (Olson, 1963).  191 

 192 

2.3. Measurements of chemical properties in litter 193 

 The litter samples recovered from the fields were freeze-dried over seven days soon 194 

after the collection and were weighed to measure the remaining litter mass that was 195 

calculated as: (litter remaining weight) divided by (initial litter weight). Then, the litter 196 

samples were grinded in a mill with a metal blade. Carbon (C) content and nitrogen (N) 197 

content were measured with a stable isotope ratio mass spectrometer (Finnigan MAT252, 198 

Thermo Fisher Scientific, Yokohama) (Coetsee et al., 2010). Carbon-to-nitrogen ratio 199 

(C/N) was calculated, as this ratio often decreases with proceeding litter decomposition 200 

(Aerts and de Caluwe, 1997).  201 

 202 
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2.4. PLFA analysis 203 

 To estimate the bacterial and fungal biomass in each litterbag, PLFAs in the litter were 204 

identified and quantified by using phospholipids extracted from the litter under a gas 205 

chromatography (G-3000 Gas Chromatograph, Hitachi, Tokyo) and a gas chromatograph-206 

mass spectrometer (Varian Saturn 2200, Agilent Technologies, Santa Clara). The detailed 207 

procedures are described in a previous paper (Otaki et al., 2016).  208 

 The taxon-specific PLFAs are: i14:0, i15:0, a15:0, 16:1ω7t, 16:1ω9, 16:1ω7, 10Me-209 

16:0, i17:0, a17:0, cy17:0, 17:0, 10Me-17:0, 10Me-18:0 and cy19:0 produced only by 210 

bacteria and 18:2 only by fungi (Šnajdr et al., 2011). Almost all of 18:2 in litter is derived 211 

from fungi, because 18:2 derived from plants vanishes soon after defoliation (Laczko et al., 212 

2004). PLFA of 16:1ω7 was treated as the production of bacteria, as it is characteristic to 213 

bacterial production (Graham et al., 1995).  214 

 The bacterial PLFAs were divided into three groups by the origins: 10Me-16:0, 10Me-215 

17:0 and 10Me-18:0 produced by actinomycetes, i15:0, a15:0, i17:0 and a17:0 by gram-216 

positive bacteria and cy17:0 and 16:1ω7 by gram-negative bacteria (Moore-Kucera and 217 

Dick, 2008). The PLFAs produced by gram-positive bacteria, gram-negative bacteria and 218 

actinomycetes were summed and were used as total bacterial PLFAs. The other PLFAs 219 

produced by plants, bacteria and/or fungi were treated as PLFAs produced by 220 

miscellaneous organisms. Bacteria to fungi (B/F) ratio was calculated based on the 221 

composition of PLFAs to investigate the microbial dominance of litter decomposition. 222 

Because a few samples showed no bacterial PLFAs, B/F ratio was used instead of F/B ratio.  223 

 224 

2.5. Statistical analysis 225 

 The differences and interactions in remaining litter mass, C, N, C/N ratios and PLFAs 226 

were examined between the litter types and between the forests by a generalized linear 227 

mixed-effects model (GLMM) with number of days passed after litterbag establishment as 228 

a random effect. Steel-Dwass test was used for multiple comparisons of the differences in 229 

remaining litter mass and litter decomposition rates between the surveyed dates. χ2-test was 230 
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used to confirm the differences in the amounts of PLFAs of fungi and bacteria with 231 

increasing time. All the significance levels were set at P < 0.05.  232 

 Canonical correspondence analysis (CCA) was used to investigate the distribution 233 

characteristics of PLFAs in the litter. A taxon matrix was made according to the PLFAs 234 

produced by fungi and bacteria in each litterbag. The environmental matrix consisted of 235 

four factors: litter types, forest types, days after establishing litterbags and litter remaining 236 

ratios. The days and liter remaining ratios were numerical variables and litter types and 237 

forest types were categorical. Monte Carlo Permutation test was conducted to confirm the 238 

significance of CCA. All the statistical analyses were performed by a software package R 239 

(ver. 3.1.3) (Ihara and Gentleman, 1996) with vegan library (Oksanen et al., 2015).  240 

 241 

3. Results 242 

 243 

3.1. Litter decomposition 244 

 N content of the initial litter prior to the decomposition, i.e., 0 days, was 0.81% and 245 

0.68% in birch and oak litter, respectively. N was significantly higher in the birch litter 246 

than in the oak litter (GLM, P < 0.05) in the initial litter the C concentration was higher in 247 

the birch litter (42.7%) than in the oak litter (38.7%) (P < 0.05). C/N ratios were 52.8 and 248 

57.3 in the litter of birch and oak, respectively, and were not different between the litter 249 

types (P > 0.05). The quantitative differences in the initial litter between the two species 250 

were derived mostly by the N concentration.  251 

 At the end of the first year, 66-69% of the initial litter mass remained (Fig. 1). The 252 

litter mass further decreased to 43-56% in the second and third years. The mixed litter in 253 

the birch forest decomposed slower than the monoculture litter (GLMM, P < 0.05), 254 

showing that the mixing effects slowed the litter decomposition in the birch forest. 255 

However, the mixed litter did not slow the decomposition in the oak forest 1.7 years later, 256 

resulting in a significant interaction between forests and litter species (P < 0.05). The litter 257 

decomposition constants (k) decreased from 0.038 to 0.013/day during the first year and 258 
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then further decreased to 0.004/day by the third year (P < 0.05), showing that the litter mass 259 

decreased faster in the early stages in both the forests. The k was not different among the 260 

litter types and between the forests (P > 0.05).  261 

 262 

 263 
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Fig. 1. Temporal changes in the ratios of remaining litter mass consisting of birch (circles), oak (squares) and mixture (triangles) in the birch 264 

and oak forests. Mean (symbols) is shown with standard deviation (error bars). The rates showed significant difference as the number of days 265 

increased after setting the litterbags (GLMM, P < 0.05) and between the mixture and monoculture litter. The interaction between litter and 266 

forest is significant at P < 0.05.The different letters show significant differences (Steel-Dwass test, P < 0.05)  267 
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 268 

 C concentration of the litter was different between the forests and among litter types; 269 

viz. C was highest in the birch litter placed in the oak forest (Fig. 2a). N concentration of 270 

the litter increased with time and was significantly different between the two forests 271 

(GLMM, P < 0.05) (Fig. 2b). The litter types also affected N, i.e., N in birch litter was 272 

higher than N in the oak and mixed litter (P < 0.05). C/N decreased with time and was 273 

higher in the oak forest than in the birch forest (Fig. 2c). Since C did not change 274 

significantly while N increased with time especially in the first year, the C/N ratio was 275 

determined mostly by changing N content in the litter. No interaction was detected between 276 

the forest and litter quality on C, N and C/N (P > 0.05). 277 

  278 
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 280 

 281 

Fig. 2. Fluctuations of C (a), N (b) and C/N (c) in litter during the three years. Litter: 282 

birch (circles), oak (squares) and mixture (triangles). Forest: birch (filled) and oak (open). 283 

Means (symbols) are shown with standard deviations (error bars). The C, N and C/N are 284 

significantly different between the forests (GLMM, P < 0.05). The C and N in birch litter 285 

are significantly different from the oak and mixed litter. 286 

  287 
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3.2. PLFAs in litter 288 

 Nine bacterial PLFAs, i15:0, a15:0, 16:1ω7, i17:0, a17:0, cy17:0, 17:0, 10Me-18:0 289 

cy19:0, were detected from the recovered litter samples. The fungal PLFA, 18:2, showed 290 

higher concentration than the total bacterial PLFAs, in particular, until 314 days after 291 

setting the litterbags, independent of the litter species (GLMM, P < 0.05) (Fig. 3).  292 

 The amounts of fungi and bacterial PLFAs were different after setting the litterbags 293 

(χ2-test, P < 0.05). The fungal PLFA concentrations peaked in the summer and autumn of 294 

the first year, i.e., 250-320 days (Fig. 3), showing that the litter decomposition was 295 

undertaken mostly by fungi in the early successional stages. The concentrations of fungal 296 

PLFA were lower in the oak forest than in the birch forest (GLMM P < 0.05), although the 297 

concentrations of fungal and bacterial PLFAs did not differ between the litter types (P > 298 

0.05). The fungal PLFA in the oak forest was interacted with the litter mixture (P < 0.05), 299 

implying that the fungal biomass increased more in the oak forest. In contrast to the fungal 300 

PLFA, the bacterial PLFAs increased steadily until the end of this study. The 301 

concentrations of bacterial PLFAs were not different between the forests and among the 302 

litter types (GLMM, P > 0.05).  303 

 The B/F ratios increased gradually with time (GLM, P < 0.05), although the average 304 

was less than one even in the late stages. B/F ratios were zero in the early stages because 305 

the bacterial PLFAs were not detected. These indicated that fungi were more dominant than 306 

the bacteria during the three years while the bacteria steadily increased their dominance. 307 

The B/F ratios were higher in the oak forest than in the birch forest (GLMM, P < 0.05), 308 

because the increase reflected the reduction of fungi biomass without the interaction 309 

between the forest and litter types (P > 0.05).  310 

 The following bacterial PLFAs were detected for the three years: 10Me18:0 by 311 

actinomycetes, cy17:0 and 16:1ω7 by gram negative-bacteria and i15:0, a15:0, i17:0 and 312 

a17:0 by gram-positive bacteria. The PLFAs derived from actinomycetes were low 313 

throughout the surveyed period (Fig. 4). The content of PLFAs in each of the gram-negative 314 

and gram-positive bacteria varied over time (GLM, P < 0.05). The gram-positive bacteria 315 
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gradually increased their PLFAs during the three years, while the gram-negative bacteria 316 

reached their peak of PLFAs production around 500 days after starting the decomposition 317 

in the two forests. Therefore, successional replacement from gram-negative bacteria to 318 

gram-positive bacteria occurred in both the forests. The composition of PLFAs in these 319 

three taxa differed between the birch litter from oak and mixture litter (GLMM, P < 0.05), 320 

showing that the bacterial succession was affected by the litter types.  321 

 322 

 323 
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 324 
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 325 

 326 

Fig. 3. Fluctuations of PLFAs produced by bacteria (solid lines) and fungi (dashed lines). Means are shown with standard deviations (error 327 

bars) 328 

329 
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 346 

 347 

Fig. 4. Fluctuations of PLFAs produced by actinomycetes (10Me18:0), gram-negative bacteria (cy17:0 and 16:1ω7) and gram-positive 348 

bacteria (i15:0, a15:0, i17:0 and a17:0) in the birch and oak forests. Litter: birch = circles, oak = squares, and mixture triangles. Means 349 

(symbols) are shown with standard deviations (error bars)  350 
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3.3. Distribution patterns of PLFAs 351 

 The CCA performed on the composition of PLFAs showed that 72% and 17% of 352 

variations were explained by the first and second axes respectively. Monte Carlo 353 

permutation test confirmed that these results were significant (P < 0.05). The days after 354 

setting the litterbags were negatively correlated to the litter mass remaining and were 355 

correlated highly to the first axis (Fig. 5). The litter mass remaining rate was primarily 356 

related to the C/N and N of the litter. Moreover, the scores of C/N and litter mass remaining 357 

showed that these two factors had comparable impacts on the composition of PLFA.  358 

 The fungal PLFA was scored to the opposite side of the bacterial PLFAs along the 359 

first axis of CCA, showing that the litter used by the fungi was spatial-temporally different 360 

from the litter used by the bacteria (Fig. 5). The fungal PLFA peaked one year after the 361 

decomposition and then decreased (Fig. 3), while the bacterial PLFAs increased steadily 362 

during the three years. These indicated that the major litter decomposers changed from 363 

fungi to bacteria over time, although B/F ratios were still below one during the three years. 364 

The scores of PLFAs produced by bacterial decomposers were broadly distributed along 365 

the second axis, showing that the bacterial composition was influenced more by the litter 366 

quality than by the years after litter decomposition.  367 

 Litter quality expressed by litter species composition was correlated to the second axis 368 

(P < 0.05) but were not related to the first axis (Fig. 5), showing that litter species, including 369 

litter mixture, had little influence on litter decomposition.  The forest types were not 370 

correlated either to the first or the second axes (P > 0.05), showing that the habitat 371 

differences were not the prime factor in litter decomposition. The mixed litter showed 372 

intermediate scores between the birch and oak litter on the second axis (Fig. 5). 373 

 374 

 375 

  376 
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 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

Fig. 5. CCA scores of PLFAs produced by microorganisms in litter. (a) The site scores 410 

and environmental factors are shown on the first two axes of CCA. (b) The PLFA scores 411 

and environmental factors are shown. PLFAs of i15:0, a15:0, i16:0, 16:1ω7, i17:0, a17:0, 412 

17:0, cy17:0 10Me-18:0 and cy19:0 (underlined) are produced by bacteria while PLFA of 413 

18:2 (enclosed) is produced by fungi. Environmental factors examined: Birch litter = 414 

litter B, Oak litter = litter O, Mixed litter = litter M, amount of remained litter = remain, 415 

days after setting litterbag = days, the forest dominated by birch = forest B. 416 
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 418 

4. Discussion 419 

 420 

4.1. Forest structures and litter decomposition 421 

 The diversity of litter types affected the litter decomposition, i.e. the mixed litter 422 

showed different decomposition patterns from the monotonic litter. Total PLFA 423 

concentrations were higher in mixed litter than in single species litter in a mixed conifer 424 

forest (Chapman et al., 2013). However, the litter mixed from two broad-leaved tree species, 425 

Tilia americana and Acer saccharum, slows the decomposition in well-developed forests 426 

(Madritch and Cardinale, 2007). In a forest consisting of birch and oak, central Hokkaido, 427 

litter decomposition rates are determined more by litter types than by forest types (Ono et 428 

al., 2013). The present study showed the possibility that litter types also affected the litter 429 

decomposition rates.  430 

 The home-field advantage (HFA) hypothesis suggests that the interaction between 431 

litter decomposition and the environment determines the litter decomposition rate (Asplund 432 

et al., 2018; Ayres et al., 2009). The hypothesis predicts that litter decomposes faster the 433 

inside of its own ecosystem than the outside of it, because of the predictable and suitable 434 

environments for microbial activities (Prescott and Grayston, 2013). Because the litter 435 

decomposition was not affected by the forest types and litter quality, this hypothesis was 436 

rejected in this study. HFA is likely to occur more strongly for mono-specific litter than for 437 

the mixed litter. The plant species composition of the litter was diverse in the forests in situ. 438 

In fact, the HFA is hindered by the presence of diverse species in litter in cool temperate 439 

mixed forest (Jewell et al., 2015). 440 

 441 

4.2. Temporal changes in fungi and bacteria 442 

 The litter mixture containing both birch and oak showed higher fungal PLFAs than 443 

bacterial PLFAs. The fungal PLFAs were dominant particularly in the early stages of litter 444 

decomposition, showing that the fungi contributed to the litter decomposition. This pattern 445 
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was also detected in Austrian forests (Schneider et al., 2012) and in subarctic broad-leaved 446 

forests (Urbanová et al., 2015). The litter of Fagus crenata Blume (Fagaceae), one of the 447 

common deciduous trees in Japan, is dominated by fungi in the first year of litter 448 

decomposition (Osono and Takeda, 2001).  449 

 The oak forest showed higher C/N ratio and lower fungi amount than the birch forest. 450 

C/N ratio is negatively correlated to the fungal activities in the early litter decomposition 451 

stages (Romaní et al., 2006), because N content in litter is determined by the amount of 452 

fungi (Hobara et al., 2014). The present study suggests that the successional changes of 453 

microorganisms from the dominance of fungi to that of bacteria are expected during long-454 

term litter decomposition processes with increasing N concentration in the litter. 455 

 Although the N concentrations of initial oak litter were lower than those of initial 456 

birch litter, the decomposition of mixed litter was not different from that of single-species 457 

litter. HFA hypothesis assumes that N transportation is promoted by fungi (Lummer et 458 

al., 2012), while the N transportation between litter and fungi is not detected in the litter 459 

mixed with broad-leaved and needle leaved leaves (Steffen et al., 2007). Such 460 

relationship seems to be more common even in litter mixed with early and late 461 

successional tree species However, the bacterial biomass increased slowly and gradually 462 

during the surveyed period. Microbial succession is promoted by changes in C and N 463 

content of the litter, as the nutrient demands of bacteria are different from those of fungi 464 

(Schneider et al., 2012). Litter decomposed by fungi in the early stages should facilitate 465 

litter decomposition by bacteria. 466 

 467 

4.3. Bacterial succession 468 

 The bacterial biomass in the litter increased and the composition of bacterial taxa 469 

changed for over the surveyed years. The bacterial composition changed from gram-470 

negative to gram-positive bacteria along the succession. The environments surrounding the 471 

litter changed annually, because the current yearly litter overlaid the litterbags every 472 

autumn. Fungi and gram-negative bacteria are distributed in shallower soil layers than 473 
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gram-positive bacteria, depending on the decline of carbon availability with increasing soil 474 

depth (Fierer et al., 2003). The biomass of actinomycetes was totally low during the three 475 

years. PLFAs derived from actinomycetes increased in deep soil layers in coniferous forest 476 

with an increase of the pH in the humus due to the nitrogen limitation (Fritze et al., 2000; 477 

Frostegård, 1993). Therefore, the biomass of actinomycetes should increase when litter is 478 

buried deeper into the soil layer. Bacteria responded more to the environmental conditions, 479 

such as temperature and pH, than fungi (Yuste et al., 2011). Fungal exudates are a major 480 

source of nutrients for bacteria (Andrade et al., 1997). The present study together with other 481 

studies suggests that fungi in litter facilitate the immigration and colonization of bacteria. 482 

The succession of microorganisms is often promoted by facilitation, i.e., early colonizers 483 

provide suitable habitats for late colonizers (Blagodatskaya and Kuzyakov, 2008). 484 

 Nutrient transfer among litter consisting of multiple species causes in mixing 485 

effect (Gartner and Cardon, 2004). However, the litter decomposition was lowest in the 486 

mixed litter in the third year, while it did not differ in the first and second years. The amount 487 

of bacterial PLFAs increased annually. These show that litter decomposition is affected 488 

more by bacteria than by fungi with increasing time (Tláskal et al., 2016). The role of 489 

bacteria in litter decomposition should be clarified well to characterize litter decomposition 490 

processes in regions where litter decomposition is slow.  491 

 492 

5. Conclusions  493 

 The litter decomposition was slow, i.e., 50% of the litter remained even after three 494 

years. The succession of microbial taxa in the litter occurred from fungi to bacteria and 495 

from gram-negative to gram-positive bacteria, independent of the forest structure for the 496 

three years. The succession was not affected greatly by the litter mixture, probably because 497 

the litterbags had already been enclosed by diverse litter. The present study suggests that 498 

the successional changes of microorganisms from fungi to bacteria were a key to 499 

understand the mechanisms of long-term litter decomposition processes with increasing N 500 

concentration in the litter. 501 



29 

 502 

 503 

Acknowledgements We thank Profs. S. Takenaka, H. Nishimura, T. Sakaki, and A. Satoh, 504 

for their supports in the fields and labs. Dr. Y. Takada gave us the idea for the analysis of 505 

bacterial succession. The English is improved by Lea Vega. 506 

 507 

Funding sources 508 

This work was partly supported by Takeda Science Foundation 2009 and Science Club of 509 

Tokai-Daiyon High School; and JSPS (Japan Society for the Promotion of Science). 510 

 511 

References  512 

1. Aerts, R., de Caluwe, H., 1997. Nutritional and plant-mediated controls on leaf litter 513 

decomposition of Carex species. Ecology 78, 244–260. https://doi.org/10.1890/0012-514 

9658(1997)078[0244:NAPMCO]2.0.CO;2 515 

2. Andrade, G., Mihara, K.L., Linderman, R., Bethlenfalvay, G.J., 1997. Bacteria from 516 

rhizosphere and hyphosphere soils of different arbuscular-mycorrhizal fungi. Plant 517 

Soil 192, 71–79. https://doi.org/10.1023/A:1004249629643 518 

3. Asplund, J, Kauserud, H, Bokhorst, S., et al., 2018. Fungal communities influence 519 

decomposition rates of plant litter from two dominant tree species. Fungal Ecol. 32,1–520 

8. https://doi.org/10.1016/j.funeco.2017.11.003 521 

4. Ayres, E., Steltzer, H., Simmons, B.L., Simpson, R.T., Steinweg, J.M., Wallenstein, 522 

M.D., Mellor, N., Parton, W.J., Moore, J.C., Wall, D.H., 2009. Home-field advantage 523 

accelerates leaf litter decomposition in forests. Soil Biol. Biochem. 41, 606–610. 524 

https://doi.org/10.1016/j.soilbio.2008.12.022 525 

5. Berg, B., McClaugherty, C., 2008. Plant Litter: Decomposition, Humus Formation and 526 

Carbon Sequestration (second ed.). Springer-Verlag, Berlin, Heidelberg. 527 

6. Blagodatskaya, E., Kuzyakov, Y., 2008. Mechanisms of real and apparent priming 528 

effects and their dependence on soil microbial biomass and community structure: 529 



30 

Critical review. Biol. Fertil. Soils 45,115–131. https://doi.org/10.1007/s00374-008-530 

0334-y 531 

7. Bradshaw, R.H.W., Wolf, A., Møller, P.F., 2005. Long-term succession in a Danish 532 

temperate deciduous forest. Ecography (Cop.) 28, 157–164. https://doi.org/10.1111/ 533 

j.0906-7590.2005.03980.x 534 

8. Chapman, S.K., Newman, G.S., 2010. Biodiversity at the plant–soil interface: 535 

microbial abundance and community structure respond to litter mixing. Oecologia 162, 536 

763–769. https://doi.org/10.1007/s00442-009-1498-3 537 

9. Chapman, S.K., Newman, G.S., Hart, S.C., Schweitzer, J.A., Koch, G.W., 2013. Leaf 538 

litter mixtures alter microbial community development: mechanisms for non-additive 539 

effects in litter decomposition. PLoS One 8, e62671. https://doi.org/10.1371/journal. 540 

pone.0062671 541 

10. Coetsee, C., Bond, W.C., February E.C., 2010. Frequent fire affects soil nitrogen and 542 

carbon in an African savanna by changing woody cover. Oecologia 162, 1027–34. 543 

https://doi.org/10.1007/s00442-009-1490-y 544 

11. Fierer, N., Schimel, J.P., Holden, P.A., 2003. Variations in microbial community 545 

composition through two soil depth profiles. Soil Biol. Biochem. 35, 167–176. https:// 546 

doi.org/10.1016/S0038-0717(02)00251-1 547 

12. Fritze, H., Pietikäinen, J., Pennanen, T., 2000. Distribution of microbial biomass and 548 

phospholipid fatty acids in Podzol profiles under coniferous forest. Eur. J. Soil Sci. 549 

51, 565–573. https://doi.org/10.1111/j.1365-2389.2000.00346.x 550 

13. Frostegård, A., Tunlid, A., Bååth, E., 1993. Phospholipid fatty acid composition, 551 

biomass, and activity of microbial communities from two soil types experimentally 552 

exposed to different heavy metals. Appl. Environ. Microbiol. 59, 3605–17. 553 

14. Gao, J., F. Kang, and H. Han. 2016. Effect of litter quality on leaf-litter decomposition 554 

in the context of home-field advantage and non-additive effects in temperate forests 555 

in China. Polish J. Environ. Stud. 25, 1911–1920. 556 

https://doi.org/10.1371/journal.%20pone.0062671
https://doi.org/10.1371/journal.%20pone.0062671


31 

15. García-Palacios, P., Shaw, E.A., Wall, D.H., Hättenschwiler, S., 2016. Temporal 557 

dynamics of biotic and abiotic drivers of litter decomposition. Ecol. Lett. 19, 554–563. 558 

https://doi.org/10.1111/ele.12590 559 

16. Gartner, T.B., Cardon, Z.G., 2004. Decomposition dynamics in mixed-species leaf 560 

litter. Oikos 104, 230–246. https://doi.org/10.1111/j.0030-1299.2004.12738.x 561 

17. Graham, J.H., Hodge, N.C., Morton, J.B., 1995. Fatty acid methyl ester profiles for 562 

characterization of Glomalean fungi and their endomycorrhizae. Appl. Environ. 563 

Microbiol. 61, 58–64. 564 

18. Hobara, S., Osono, T., Hirose, D., Noro, K., Hirota, M., Benner, R., 2014. The roles 565 

of microorganisms in litter decomposition and soil formation. Biogeochemistry 118, 566 

471–486. https://doi.org/10.1007/s10533-013-9912-7 567 

19. Hobbie, S.E., 1992. Effects of plant species on nutrient cycling. Trends Ecol. Evol. 7, 568 

336–339. https://doi.org/10.1016/0169-5347(92)90126-V 569 

20. Ihaka, R., Gentleman R., 1996. R: a language for data analysis and graphics. J. Comp. 570 

Graph. Stat. 5,299-314. Available via http://www.R-project.org. 571 

21. Ishikawa Y., Ito K., 1988. The regeneration process in a mixed forest in central 572 

Hokkaido, Japan. Vegetatio. 79,75–84. https://doi.org/10.1007/BF00044850 573 

22. Japan Meteorological Agency, 2012. Japan Meteorological Agency Homepage 574 

http://www.data.jma.go.jp/obd/stats/etrn/view/monthly_a1.php?prec_no=21&block_575 

no=0128&year=2010&month=&day=&view=. Accessed 15 February 2017 576 

23. Jewell, M.D., Shipley, B., Paquette, A., Messier, C., Reich, P.B., 2015. A traits-based 577 

test of the home-field advantage in mixed-species tree litter decomposition. Ann. Bot. 578 

116, 781–788. https://doi.org/10.1093/aob/mcv105 579 

24. Kanda, T., Takata, Y., Kohyama, K., Obara, H., 2016. Soil map of Hokkaido 580 

developed with the Comprehensive Soil Classification System of Japan, First 581 

Approximation : change of Andosols distribution area in forest. Japanese J. Soil Sci. 582 

Plant Nutr. 87, 184–192. https://doi.org/10.20710/dojo.87.3_184 583 

https://doi.org/10.1016/0169-5347(92)90126-V
http://www.r-project.org/
https://doi.org/10.20710/dojo.87.3_184


32 

25. Kazakou, E., Vile, D., Shipley, B., Gallet, C., Garnier, E., 2006. Co-variations in litter 584 

decomposition, leaf traits and plant growth in species from a Mediterranean old-field 585 

succession. Funct. Ecol. 20, 21–30. https://doi.org/10.1111/j.1365-586 

2435.2006.01080.x 587 

26. Kitao, M., Lei, T.T., Koike, T., Tobita, H., Maruyama, Y., 2000. Susceptibility to 588 

photoinhibition of three deciduous broadleaf tree species with different successional 589 

traits raised under various light regimes. Plant, Cell Environ. 23, 81–89. 590 

https://doi.org/10.1046/j.1365-3040.2000.00528.x 591 

27. Krestov, P., Omelko, A., Ukhvatkina, O., Nakamura, Y., 2015. Temperate 592 

summergreen forests of East Asia. Ber. d. Reinh.-Tuxen-Ges. 27, 133–145. 593 

28. Laczko, E., Boller, T., Wiemken, V., 2004. Lipids in roots of Pinus sylvestris seedlings 594 

and in mycelia of Pisolithus tinctorius during ectomycorrhiza formation: changes in 595 

fatty acid and sterol composition. Plant, Cell Environ. 27, 27–40. 596 

https://doi.org/10.1046/ j.0016-8025.2003.01122.x 597 

29. Lladó, S., López-Mondéjar, R., Baldrian, P., 2017. Forest Soil Bacteria: Diversity, 598 

Involvement in Ecosystem Processes, and Response to Global Change. Microbiol. 599 

Mol. Biol. Rev. 81, 1–27. https://doi.org/10.1128/ MMBR.00063-16 600 

30. Lummer, D., Scheu, S., Butenschoen, O., 2012. Connecting litter quality, microbial 601 

community and nitrogen transfer mechanisms in decomposing litter mixtures. Oikos 602 

121, 1649–1655. https://doi.org/10.1111/j.1600-0706.2011.20073.x 603 

31. Madritch, M.D., Cardinale, B.J., 2007. Impacts of tree species diversity on litter 604 

decomposition in northern temperate forests of Wisconsin, USA: a multi-site 605 

experiment along a latitudinal gradient. Plant Soil 292, 147–159. https://doi.org/ 606 

10.1007/s11104-007-9209-5 607 

32. Mölder, A., Meyer, P., Nagel, R.V., 2019. Integrative management to sustain 608 

biodiversity and ecological continuity in Central European temperate oak (Quercus 609 

robur, Q. petraea) forests: An overview. For. Ecol. Manage. 437, 324–339. 610 

https://doi.org/10.1016/j.foreco.2019.01.006 611 

https://doi.org/10.1046/j.1365-3040.2000.00528.x


33 

33. Møller, J., Miller, M., Kjøller, A., 1999. Fungal–bacterial interaction on beech leaves: 612 

influence on decomposition and dissolved organic carbon quality. Soil Biol. Biochem. 613 

31, 367–374. https://doi.org/10.1016/S0038-0717(98)00138-2 614 

34. Moore-Kucera, J., Dick, R.P., 2008. PLFA profiling of microbial community structure 615 

and seasonal shifts in soils of a Douglas-fir chronosequence. Microb. Ecol. 55, 500–616 

511. https://doi.org/10.1007/s00248-007-9295-1 617 

35. Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., 618 

Simpson, G.L., Solymos, P., Stevens, M.H.H., Wagner, H., 2015. vegan: Community 619 

Ecology Package. R package version 2.2-1. http://CRAN.R-620 

project.org/package=vegan. 621 

36. Olson, J.S., 1963. Energy Storage and the balance of producers and decomposers in 622 

ecological systems. Ecology 44, 322–331. 623 

37. Ono, K., Hiradate, S., Morita, S., Hirai, K., 2013. Fate of organic carbon during 624 

decomposition of different litter types in Japan. Biogeochem. 112, 7–21. 625 

https://doi.org/10.1007/s10533-011-9682-z 626 

38. Osono, T., 2007. Ecology of ligninolytic fungi associated with leaf litter 627 

decomposition. Ecol. Res. 22, 955–974. https://doi.org/10.1007/s11284-007-0390-z 628 

39. Osono, T., Takeda, H., 2001. Organic chemical and nutrient dynamics in decomposing 629 

beech leaf litter in relation to fungal ingrowth and succession during 3-year 630 

decomposition processes in a cool temperate deciduous forest in Japan. Ecol. Res. 16, 631 

649–670. https://doi.org/10.1046/j.1440-1703.2001.00426.x 632 

40. Otaki, M., Takeuchi, F., Tsuyuzaki, S., 2016. Changes in microbial community 633 

composition in the leaf litter of successional communities after volcanic eruptions of 634 

Mount Usu, northern Japan. J. Mt. Sci. 13, 1652–1662. https://doi.org/10.1007/ 635 

s11629-016-3835-4 636 

41. Parton, W., Silver, W.L., Burke, I.C., Grassens, L., Harmon, M.E., Currie, W.S., King, 637 

J.Y., Adair, E.C., Brandt, L.A., Hart, S.C., Fasth, B., 2007. Global-scale similarities 638 

https://doi.org/10.1007/s00248-007-9295-1
http://cran.r-project.org/package=vegan
http://cran.r-project.org/package=vegan


34 

in nitrogen release patterns during long-term decomposition. Science 315, 361–364. 639 

https://doi.org/10.1126/science.1134853 640 

42. Prescott, C.E., Grayston, S.J., 2013. Tree species influence on microbial communities 641 

in litter and soil: Current knowledge and research needs. For. Ecol. Manage. 309, 19–642 

27. https://doi.org/10.1016/j.foreco.2013.02.034 643 

43. Purahong, W., Wubet, T., Lentendu, G., Schloter, M., Pecyna, M.J., Kapturska, D., 644 

Hofrichter, M., Krüger, D., Buscot, F., 2016. Life in leaf litter: novel insights into 645 

community dynamics of bacteria and fungi during litter decomposition. Mol. Ecol. 25, 646 

4059–4074. https://doi.org/10.1111/mec.13739 647 

44. Romaní, A.M., Fischer, H., Mille-Lindblom, C., Tranvik, L.J., 2006. Interactions of 648 

bacteria and fungi on decomposing litter: differential extracellular enzyme activities. 649 

Ecology 87, 2559–2569. https://doi.org/10.1890/0012-9658(2006)87[2559:IOBAFO] 650 

2.0.CO;2 651 

45. Schneider, T., Keiblinger, K.M., Schmid, E., Sterflinger-Gleixner, K., Ellersdorfer, G., 652 

Roschitzki, B., Richter, A., Eberl, L., Zechmeister-Boltenstern, S., Riedel, K., 2012. 653 

Who is who in litter decomposition? Metaproteomics reveals major microbial players 654 

and their biogeochemical functions. ISME J. 6, 1749–1762. https://doi.org/10.1038/ 655 

ismej.2012.11 656 

46. Šnajdr, J., Cajthaml, T., Valášková, V., Merhautová, V., Petránková, M., Spetz, P., 657 

Leppänen, K., Baldrian, P., Snajdr, J., Cajthaml, T., Valaskova, V., Merhautova, V., 658 

Petrankova, M., Spetz, P., Leppanen, K., Baldrian, P., 2011. Transformation of 659 

Quercus petraea litter: successive changes in litter chemistry are reflected in 660 

differential enzyme activity and changes in the microbial community composition. 661 

FEMS Microbiol. Ecol. 75, 291–303. https://doi.org/10.1111/j.1574-6941.2010. 662 

00999.x 663 

47. Steffen, K.T., Cajthaml, T., Šnajdr, J., Baldrian, P., 2007. Differential degradation of 664 

oak (Quercus petraea) leaf litter by litter-decomposing basidiomycetes. Res. 665 

Microbiol. 158, 447–455. https://doi.org/10.1016/J.RESMIC.2007.04.002 666 

https://doi.org/10.1111/mec.13739
https://doi.org/10.1111/j.1574-6941.2010.%2000999.x
https://doi.org/10.1111/j.1574-6941.2010.%2000999.x


35 

48. Thimijan, R.W., Heins, R.D., 1983. Photometric, radiometric, and quantum light units 667 

of measure: a review. HortScience 18, 818–822. 668 

49. Tláskal, V., Voříšková, J., Baldrian, P., 2016. Bacterial succession on decomposing 669 

leaf litter exhibits a specific occurrence pattern of cellulolytic taxa and potential 670 

decomposers of fungal mycelia. FEMS Microbiol. Ecol. 92, 1–10. 671 

https://doi.org/10.1093/femsec/iw177 672 

50. Urbanová, M., Šnajdr, J., Baldrian, P., 2015. Composition of fungal and bacterial 673 

communities in forest litter and soil is largely determined by dominant trees. Soil Biol. 674 

Biochem. 84, 53–64. https://doi.org/10.1016/j.soilbio.2015.02.011 675 

51. Voříšková, J., Baldrian, P., 2013. Fungal community on decomposing leaf litter 676 

undergoes rapid successional changes. ISME J. 7, 477–486. 677 

https://doi.org/10.1038/ismej.2012.116 678 

52. Wardle, D.A., Bardgett, R.D., Klironomos, J.N., Setälä, H., van der Putten, W.H., 679 

Wall, D.H., 2004. Ecological linkages between aboveground and belowground biota. 680 

Science 304, 1629–1633. https://doi.org/10.1126/science.1094875 681 

53. Wardle, D.A., Nilsson, M.-C., Zackrisson, O., Gallet, C., 2003. Determinants of litter 682 

mixing effects in a Swedish boreal forest. Soil Biol. Biochem. 35, 827–835. 683 

https://doi.org/10.1016/S0038-0717(03)00118-4. 684 

54. Wieder, R.K., Lang, G.E., 1982. A critique of the analytical methods used in 685 

examining decomposition data obtained from litter bags. Ecology 63, 1636–1642. 686 

55. Yokoyama, H., and Tsuyuzaki S., 2015. A textbook to learn succession in Toya-Usu 687 

Global Geopark. http://www.toya-usu-geopark.org/wp-688 

content/uploads/2015/05/H270925_S_Y.pdf 689 

56. Yuste, J.C., Peñuelas, J., Estiarte, M., Garcia-Mas, J., Mattana, S., Ogaya, R., Pujol, 690 

M., Sardans, J., 2011. Drought-resistant fungi control soil organic matter 691 

decomposition and its response to temperature. Glob. Chang. Biol. 17, 1475–1486. 692 

https://doi.org/ 10.1111/j.1365-2486.2010.02300.x 693 

 694 

https://doi.org/10.1016/S0038-0717(03)00118-4
http://www.toya-usu-geopark.org/wp-content/uploads/2015/05/H270925_S_Y.pdf
http://www.toya-usu-geopark.org/wp-content/uploads/2015/05/H270925_S_Y.pdf

	Michiru Otaki a* and Shiro Tsuyuzaki b
	1. Introduction
	2. Materials and methods
	2.1. Study sites
	2.2. Litter decomposition
	2.3. Measurements of chemical properties in litter
	2.4. PLFA analysis
	2.5. Statistical analysis
	3. Results
	3.1. Litter decomposition
	3.2. PLFAs in litter
	3.3. Distribution patterns of PLFAs
	References

