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Abstract

To  reveal  the  changes  in  the  interactions  between  invertebrate  and  microbe  in

decomposing  litter  along  with  seasonal  rainfall,  litterbags  containing  camphor

(Cinnamomum longepaniculatum) and Masson pine (Pinus massoniana) litter were

respectively  in-situ  incubated  on  the  floor  of  Masson  pine  and  camphor  mixed

plantations in October 2013 in subtropical region of China. Different mesh sizes of

litterbags were used to control the access of the invertebrate. The invertebrates were

collected  by  funnel  method,  and  microbial  communities  were  measured  by

phospholipid  fatty  acid  (PLFA)  method  after  collecting  the  litterbag  samples  in

slightly rainy season (SRS), micro rainy season (MRS), early rainy season (ERS) and

rainy  season  (RS)  during  2-yr  decomposition. We  found  that  the  abundance  and

structure  of  microbial  and  invertebrate  communities  varied  sharply  with  seasonal

rainfall  and  tree  species.  Invertebrate  exclusion  generally  decreased  all  types  of

microbial  biomasses  (the  total  microbial  biomass,  fungal  biomass  and  bacterial

biomass, Gram-positive bacterial  biomass and Gram-negative bacterial  biomass) in

Masson pine needle litter, but generally increased these types of microbial biomasses

in camphor foliar litter at most time. Invertebrate exclusion decreased the mass loss

rate  of  Masson pine  litter,  but  increased  the  mass  loss  rate  of  camphor  litter.  In

conclusion,  the  interactions  between  invertebrates  and  microbial  communities  are

significantly controlled by litter quality and the seasonal rainfall pattern, which could

significantly drive the decomposition process of leaf litter.
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1. Introduction

Both invertebrates and microbes play crucial roles in litter decomposition (D. A.

Wardle et  al.,  2004; Wood, Schlindwein, Soares, & Araujo, 2012), which is a key

process  in  bioelement  cycle  and  energy  flow  in  forest  ecosystem  (Berg  &

Mcclaugherty,  2003).  Generally,  invertebrates are  classified as predator,  herbivore,

fungivorous, bacterivorous and saprophage, each functioning on litter decomposition

in different ways (Gräff, Berkus, & Köhler, 1997; Zwart et al., 1994). Microorganisms

are  the  primary  regulators  of  terrestrial  carbon  and  nutrient  cycling  (Thomas  W

Crowther,  Boddy,  &  Hefin  Jones,  2012).  They  can  degrade  the  foliar  litter

components  using extracellular  enzyme  (Baerlocher,  1992;  Berg & McClaugherty,

2014) and  release  inorganic  matter  to  soil  and  improve  litter  palatability  to  the

invertebrate  (Dighton,  White,  &  Oudemans,  2005;  Suberkropp,  1998).  Previous

studies have indicated that soil invertebrate activity could increase nutrients level and

stimulate microbial growth (Denton, Bardgett, Cook, & Hobbs, 1999; Saggar, Mercer,

Hedley, & Yeates, 1999). However, some invertebrates may break the fungal hypha or

feed on bacteria and fungi, thus decreasing the efficiency of litter decomposition (T.

W. Crowther et al., 2013). Consequently, the invertebrate community can be closely

correlated with microbial community and together regulate the decomposition process

of foliar litter. Many studies have addressed the dynamics of invertebrate or microbial

communities in soil and litter (Negussie et al., 2015; Svyrydchenko & Brygadyrenko,

2014).  It  is  well-known that  both  soil  invertebrates  and microbes  are  sensitive  to
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seasonal rainfall and temperature  (Bouskill et al., 2013; Couteaûx, Bottner, & Berg,

1995; Pereira et al., 2019). However, less attention has been paid to the changes in the

interactions between invertebrate and microbial communities in decomposing foliar

litter with seasonal rainfall. Together, understanding the changes in invertebrate and

the  microbial  communities  and  their  interactions  with  seasonal  rainfall  and  tree

species is key to better revealing the mechanism of litter decomposition.

As  important  decomposers  of  litter  decomposition,  soil  invertebrates  and

microorganisms can actively participate in litter decomposition (W. Wang, Yang, Bo,

Liu,  &  Wu,  2015),  and  their  contributions  on  decomposing  process  are  strongly

affected by environmental factors (Barnes et al., 2015). For instance, seasonal changes

in  abiotic  factors  such  as  sunlight,  temperature,  and  rainfall  could  regulate  the

composition and abundance of decomposer communities  (AlbariÑO, Villanueva, &

Canhoto, 2008; Couteaûx et al., 1995; Moeed & Meads, 1986). However, there is no

inconsistent  conclusion  about  how  seasonal  rainfall  affects  the  dynamics  of

invertebrate and microbial communities (Frith & Frith, 1990; Moeed & Meads, 1986;

Wall  et  al.,  2008),  i.e.  the  mechanism  on  the  effect  of  soil  organism  on  litter

decomposition remains uncertain. Lower moisture might limit microbial distributions

and activities (Bouskill et al., 2013). For instance,  Couteaûx et al. (1995) found that

the  microbial  community  became  inactive  under  unfavourable  moisture  content.

Pereira et al.  (2019) addressed that the reduction of rainfall gives slight effects on

Actinobacteria and bacterial abundance, but significantly increases the abundance of

soil  fungal  communities  in  the  Mediterranean  forests.  Although  numerous  studies
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have investigated the changes in the activity and structure of invertebrate or microbial

community with the seasons  (Allison et  al.,  2013;  Yoshida,  Takito,  Soga,  & Hijii,

2013), little is known about how the interactions between invertebrate and microbial

communities in decomposing litter change in accordance with seasonal rainfall.

Previous studies have demonstrated that foliar litter species exert great bottom-up

effect on decomposition (Frouz, Roubíčková, Heděnec, & Tajovský, 2015; Walker et

al., 2014; D. A. Wardle et al., 2004). The chemical composition of litter determines

the structure and species composition of biotic community present in decomposing

litter  (Wardle & Lavelle, 1997). In general, the invertebrate tends to inhabit at high-

quality litter  (Iii,  Ostertag, & Cowie, 2011). However, some microbes, such as the

Gram-negative bacteria, prefer to easily decomposed litter, whereas the Gram-positive

bacteria  are  adapted  to  decomposition-resistant  litter  (Nottingham,  Griffiths,

Chamberlain,  Stott,  &  Tanner,  2009;  Suzuki,  Grayston,  &  Prescott,  2013).  Many

studies have addressed the effects of litter quality on the invertebrate or the microbial

community  (Cleveland  et  al.,  2014;  Fernandes,  Duarte,  Cássio,  & Pascoal,  2015;

Ferreira & Chauvet, 2011; Leroy & Marks, 2006), but little attention has been given

to the changes in the interaction between invertebrate and microbial communities in

decomposing litter with tree species.

We therefore hypothesized that both invertebrate and microbial communities in

decomposing litter and their interactions would vary greatly with the seasonal rainfall

and  tree  species,  and  consequently  drive  the  litter  decomposition.  To  test  these

hypotheses, we conducted a litter decomposition experiment in the subtropical forest
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region in the upper reaches of the Yangtze River. Litterbags containing foliar litter of

camphor  (Cinnamomum longepaniculatum)  and  Masson  pine (Pinus massoniana),

two representative tree species in the region, were respectively in-situ incubated on

the floor of camphor and Masson pine plantations. The structure and composition of

invertebrate  and the  microbial  communities  in  decomposing litter  during  different

seasonal rainfall periods in two years were measured by the funnel and phospholipid

fatty  acid (PLFA) methods.  The objectives  of this  study are to understand (1) the

variation in the structure of microbial and invertebrate communities in decomposing

litter  with  seasonal  rainfall  and  foliar  litter  species,  and  (2)  the  changes  in  the

interactions  between invertebrate  and microbial  communities  in decomposing litter

with seasonal rainfall and foliar litter species.

2. Materials and methods

2.1. Site description

In-situ litter decomposition experiment was conducted in the Masson pine and

camphor  mixed  plantation  situated  in  Gao  County,  Sichuan  Province  (104°32′-

104°34′E, 28°34′-28°36′N; 412-567 m.a.s.l.), which is located in the upper reaches of

the Yangtze River and the southern margin of the Sichuan Basin (Justine et al., 2015).

The climate is subtropical, sub-humid monsoon with an annual precipitation of 1021

mm. The mean annual temperature is 18.1°C, with the lowest and highest temperature

of 7.8°C (January) and 36.8°C (July) respectively. Masson pine and camphor are two

representative  afforestation  tree  species  in  this  region  and  are  widely  planted  in
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monoculture  or  mixed  culture.  More  details  about  the  species  composition  of  the

understory plant community see Justine et al. (2015). The soil type is mountain yellow

earth with a mean thickness of 40-60 cm, from soil horizons down to parent material.

Soil pH is 4.3±0.4. The content of total organic carbon, total nitrogen content, and the

total  phosphorus  content  are  16.3±1.5  g/kg,  0.7±0.1  g/kg,  and  2.0±0.3  g/kg,

respectively (W. Wang, Yang, Tan, Liu, & Fuzhong, 2013).

2.2. Experimental design and sampling

Foliar litters of Masson pine and camphor were collected from the plantation in

October 2013, and then air-dried at  room temperature  until  equilibrium mass.  For

each foliar litter  species, 10-g dried litter  samples were enclosed in 20 cm×20 cm

nylon litterbags with two types of mesh sizes (0.04 mm on both sides, and 0.04 mm at

bottom side and 3 mm on top side).  The litter  bags with 0.04 mm on both sides

prevented  soil  invertebrate  from  entering  the  litterbags  (invertebrate  excluded),

whereas  the  other  type  of  litter  bags  allowed  for  the  access  of  the  invertebrate

(invertebrate included)  (Crutsinger, Sanders, & Classen, 2009; Zwahlen, Hilbeck, &

Nentwig,  2007).  We  selected  three  homogeneous  plots  (10  m×10  m)  within  the

plantation to carry out leaf litter decomposition experiment. In November 2013, 576

litterbags  (2  litterbag  types  ×  2  foliar  litter  species  ×  3  plots  ×  6  replicates  ×  8

sampling dates) were incubated on the forest floor after removing the litter and weeds

on the soil surface.

Based on historical precipitation records of Laifu town of Gao County, China, the

litterbags were retrieved in the slightly rainy season (SRS; November 1-December

8

21

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

22
23



24),  micro  rainy season (MRS; December  25-March 7),  early  rainy season (ERS;

March 8-June 15), and the rainy season (RS; June 16-October 31) from 2013 to 2014.

Three  litterbags  collected  from each plot  and transported to  the lab were used  to

collect and identify the invertebrate; three litterbags of each treatment were put into

the icebox, transported to the lab, and used for PLFA extraction (stored at -70 ℃).

The air  temperature  was  recorded every  two hours  using  data  loggers  (iButton

DS1923-F5, Maxim/Dallas Semiconductor,  Sunnyvale, USA), and the precipitation

data  were  obtained  from  an  online  Chinese  Weather  Database

(http://sc.weather.com.cn/qxfw/index.shtml  )   (Fig. S.1).

2.3.  The invertebrate and the microbial organism extraction 

The  invertebrates  in  the  litterbags  were  extracted  by  the  Tullgren  method

(Crossley  &  Blair,  1991) for  4  days  and  then  collected  in  90% ethanol.  All  the

invertebrates were identified into genus level, if possible, with the guidance of the

book  Pictorial  keys  to  the  soil  animals  of  China  (Wenying,  1998) using

stereomicroscope (Leica, EZ4HD). The list of the invertebrate collected in our study

and the abundance data were shown in Table S.1 and S.2. Losing of last sampling

litter  weight  data  results  in  the  individual  density  of  the  invertebrate  cannot  be

computed.

The PLFA bioindicators obtained in this study were presented in Table S.3 using

the  nomenclature  of  Frostegård,  Tunlid,  and  Bååth  (1993).  The  single  extraction
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method modified by White, Davis, Nickels, King, and Bobbie (1979) was used for the

total lipids. A 1 (±0.0050) gram freeze-dried and ground foliar litter sample was used

for PLFA determination according to the method mentioned by Chang et al. (2019).

More  details  see the  website  https://www.protocols.io/view/extraction-of-plfa-from-

wood-debris-ixmcfk6.

2.4. Data analysis

Decomposition regression model of foliar litter (Olsen, 1963):

Y=ae−kt       Equation 1

Y is the residual rate of foliar litter. a is the fitting parameter. t is the days of 

decomposition. k is the decomposition constant.

Time to loss 50% mass loss:

T0.5=ln 0.5 /(−k )      Equation 2

Time to loss 95% mass loss:

T0.95=ln 0.05 /(−k )      Equation 3

Nonparametric test with a significance level of 0.05 was used to compare the total

microbial  biomass,  bacterial  biomass,  fungal  biomass,  ratio  of  fungal  to  bacterial

biomass, Gram-positive (G+) bacterial biomass, Gram-negative (G-) bacterial biomass,

ratio  of  G+ to  G- bacterial  biomass,  and the individual  density  of  the invertebrate

between foliar litters of tree species and among different seasonal rainfall  periods,

respectively.  Spearman’s  correlation  coefficient  was  calculated  to  determine  the

significance  of  correlations  between  invertebrate  individual  density  and  microbial

biomass, between invertebrate individual density and litter mass loss, and between
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microbial  biomass  and litter  mass  loss  using  the  two-tailed  test  with  significance

levels  of 0.01 and 0.05.  Principal co-ordinates analysis  (PCoA) and  Permutational

MANOVA (Permanova)  based  on Bray-Curtis  distance  were  used  to  evaluate  the

effect of foliar litter species, invertebrate and seasonal rainfall pattern on microbial

PLFA. Partial Least Squares Discriminant Analysis (PLS-DA) was used to measure

the contribution of foliar litter species and invertebrate on microbial PLFA structure

in different seasonal rainfall periods. Correlation heatmaps between invertebrate and

microbial  communities, and PCoA and PLS-DA were performed using OmicShare

tools, a free online platform for data analysis (http://www.omicshare.com/tools). The

Nonparametric  test and  Spearman’s  correlation  were  carried  out  with  R  program

(version 4.3.5). 

3. Results

3.1. Abundance and individual density of invertebrate community

The total  abundance (Fig.  1a) and individual  density (Fig.  1b) of invertebrate

community in decomposing litter were significantly (P <0.05) affected by seasonal

rainfall and foliar litter species. The abundance and individual density of invertebrate

community increased from the first SRS to the second SRS in decomposing Masson

pine  litter,  and  then  decreased  from the  second  SRS  to  second  RS.  The  highest

individual density occurred in the second SRS, while the lowest occurred in the first

and second MRS in decomposing camphor litter. Regardless of foliar litter species,
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the  invertebrate  community  in  decomposing  litter  was  dominated  by  Prostigmata,

Isotomidae, Oribatida and Anystidae (Table S.1).

3.2. Effects of invertebrate exclusion on total microbial biomass

The effects of invertebrate exclusion on total  microbial biomass in foliar litter

varied  greatly  with  seasonal  rainfall  periods  and  tree  species  (Fig.  2).  The  total

microbial biomass in foliar litters of all the treatments all changed with the seasonal

rainfall,  and the peaks depended on decomposing years. In the first decomposition

year, higher total microbial biomass was observed in SRS and MRS compared with

the other rainfall seasons, while in the second year, higher total microbial biomass

was observed in RS or ERS. The opposite  response of total  microbial  biomass to

invertebrate exclusion was observed between Masson pine and camphor litters (Fig.

2).  Invertebrate  exclusion  increased  the  total  microbial  biomass  in  decomposing

camphor litter,  but  decreased the  total  microbial  biomass  in  decomposing Masson

pine  litter.  Moreover,  for  Masson pine  litter,  invertebrate  exclusion  gave  stronger

negative effects on total microbial biomass in MRS of the first decomposition year,

and that in SRS of the second decomposition year. For camphor litter, invertebrate

exclusion gave stronger effects on the total microbial biomass in RS.

3.3. Effects of invertebrate exclusion on fungal and bacterial biomass

Fungal biomass, bacterial biomass and the ratio of fungal to bacterial biomass in

decomposing litter varied greatly with the seasonal rainfall, and the responses of these

indexes to invertebrate exclusion varied greatly with foliar litter species (Fig. 3). The
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highest  fungal  biomass  in  the  two species  litters  was  observed  in  the  dry  season

(SRS),  whereas the lowest value was found in the RS. The variations  in bacterial

biomass in two foliar litters showed the same pattern with total microbial biomass. In

both foliar litter species, the highest ratio of fungal to bacterial biomass was observed

in the first SRS, and the ratio was less than 0.1 at other periods.

The effects  of the invertebrate  exclusion on fungal  and bacterial  biomass  and

their  ratio  also  changed  with  seasonal  rainfall  and  foliar  litter  species  (Fig.  3c).

Invertebrate exclusion significantly decreased the fungal and bacterial biomass in the

first  MRS and the  second  SRS in  Masson pine  litter,  but  significantly  (P <0.05)

increased the bacterial  biomass  in the  second RS in camphor litter.  However,  the

effects  of  invertebrate  exclusion  on fungal  biomass  depended  greatly  on  seasonal

rainfall and tree species. On the whole, invertebrate exclusion significantly increased

the ratio of fungi to bacterial biomass in dry season, but slightly decreased the ratio of

fungal to bacterial biomass.

3.4. Effects of invertebrate exclusion on G+ and G- bacterial biomass

Seasonal rainfall had strong effects on G+ bacterial biomass, G- bacterial biomass,

and the ratio of G+/G- bacterial biomass in both species of foliar litter (Fig. 4). Higher

G+ bacterial biomass in two foliar litters was observed in the second RS, while lower

value was found in the first ERS, RS and the second SRS. Higher G- bacterial biomass

in two foliar litter was found in the first SRS and the second RS, while lower value

was detected in the first ERS and RS during the whole incubation years. Except SRS,

the ratio of G+/G- bacterial biomass in both species of foliar litter was significantly
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higher in the second decomposition year than that in the first year (Fig. 4c).

Tree  species  and seasonal  rainfall  pattern regulated  the effects  of invertebrate

exclusion  on  G+ and  G- bacterial  biomass  and  their  ratios  (Fig.  4).  Invertebrate

exclusion significantly decreased the G+ bacterial biomass in the first MRS and the G-

bacterial biomass in the first MRS, the second SRS and MRS in decomposing Masson

pine litter, but increased G+ bacterial biomass during the second RS and G- bacterial

biomass in the first RS and the second ERS in decomposing camphor foliar litter. G -

bacterial  biomass  in  decomposing  litter  was  more  susceptible  to  invertebrate

exclusion than G+ bacterial biomass.

3.5. Changes in microbial community structure 

Principal  Co-ordinates  Analysis  (PCoA)  and  Permutational  MANOVA

(Permanova) showed  that  seasonal  rainfall  (P<0.001)  was  the  predominant  factor

affecting  the  microbial  community  structure  (Fig.  5).  Foliar  litter  species  gave

significant (P=0.038) effect on microbial community structure. Microbial community

composition in SRS differed significantly from that in other three seasonal rainfall

periods.

The  results  of  PLS-DA  showed  the  species  of  foliar  litter  and  invertebrate

exclusion both gave significant effect on microbial community structure (Fig. S.2 and

Fig. S.3), and the former showed a stronger effect than the latter. It is worth noting

that  the  biomass  of  16:1ω9c,  the  bioindicator  of  the  G- bacteria,  was  markedly

affected by foliar litter species and invertebrate exclusion during the decomposition

process.
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3.6. Changes in interactions between microbial and invertebrate communities

Spearman’s correlation indicated that significant effects of invertebrate exclusion

on  microbial  communities  changed  with  foliar  litter  species  and  seasonal  rainfall

pattern (Table 1). During the first decomposition year, invertebrate individual density

was  significantly  negatively  correlated  with  all  parameters  of  microbial  biomass

except the F/B and the G+/G- in Masson pine litter; invertebrate individual density

was significantly and negatively correlated with all parameters of microbial biomass

except the F/B in camphor litter. No significant correlations were observed between

invertebrate individual density and microbial PLFA in litter of tree species during the

second decomposition year.

During the first decomposition year, Prostigmata and Isotomidae in Masson pine

litter  were  significantly  and  negatively  correlated  with  G+ bacterial  biomass  and

fungal  biomass; Entomobrya  was  significantly  negatively  correlated  with  Gram-

positive  bacterial  biomass while  positively  correlated  with 16:1ω5t;  Oribatida  was

negatively correlated with bacterial and fungal biomass (Fig. 6a). In camphor litter,

Prostigmata and Oribatida were significantly and negatively correlated with bacterial

and  fungal  biomass;  Isotomidae  was  significantly  and  negatively  correlated  with

bacterial  biomass  (Fig.  6b).  During  the  second  decomposition  year,  Anystidae  in

Masson  pine  litter  was  significantly  and  negatively  correlated  with  G+ bacterial

biomass  (Fig.  6c).  In  camphor  litter,  Liacarus  was  significantly  and  negatively

correlated with G+ bacterial biomass; Malaconothrus was positively correlated with

bacterial biomass (Fig. 6d).
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According to Fig. 2-4 and Table S.5, the interactions between invertebrate and

microbial  communities  in  decomposing  litter  varied  greatly  with  seasonal  rainfall

pattern and tree species. The weakest interactions between invertebrate and microbial

communities were found in the ERS both for the two tree species. In Masson pine, the

strongest interactions were in the MRS during the first year while in the SRS during

the second year; in camphor litter, the strongest interactions were in the RS during

two decomposition years.

Spearman’s correlations of litter mass loss with invertebrate individual density

and  microbial  parameters  depended  greatly  on  tree  species  and  seasonal  rainfall

pattern (Table 2). In the first decomposition year, Masson pine litter mass loss was

significantly  and  negatively  correlated  with  all  types  of  microbial  biomasses.

Similarly, camphor litter mass loss was significantly and negatively correlated with

microbial parameters except G+/G- bacterial biomass. Invertebrate individual density

was significantly and positively correlated with Masson pine litter loss during the first

decomposition year. 

4. Discussion

The  results  supported  our  hypotheses  that  the  structure  of  invertebrate  and

microbial  communities,  and their  interactions  varied  greatly  with seasonal  rainfall

patterns and tree species. Our results also indicated that the effects of invertebrate

exclusion on microbial  community  structure depended greatly  on seasonal  rainfall

pattern and tree species, and in turn affected the litter decomposition process.
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4.1  Interactions  between  invertebrate  and  microbial  communities  in  decomposing

litter

Both microorganism and invertebrate play active roles in decomposing litter, but

the relative contribution to litter decomposition depends greatly on their interactions

(Straalen & Gestel, 1997). In this study, both positive and negative relationships were

found between invertebrate  and microbial  communities,  of  which varied with tree

species  and seasonal  variations.  These results  were consistent  with  Cole,  Staddon,

Sleep, and Bardgett (2004), who have concluded that soil fauna can have positive,

negative or neutral effects on microbial properties. In general, the invertebrate tends

to compete with the microorganism for resources and habitats in foliar litter  (Scheu,

Ruess,  &  Bonkowski,  2005).  Some invertebrates  also  feed  on  bacteria  or  fungus

(Griffiths & Caul, 1993; Sohlenius, 1980). Some studies have showed that the actions

of some invertebrates led to nutrient releases from decomposing litter, thus enriching

the  microbial  community  (Ball,  Bradford,  &  Hunter,  2009;  Piatek,  Munasinghe,

Peterjohn,  Adams,  &  Cumming,  2009;  Kathryn  B  Piatek,  Prinith  Munasinghe,

William T Peterjohn, Mary Beth Adams, & Jonathan R Cumming, 2010; K. B Piatek,

P  Munasinghe,  W.  T  Peterjohn,  M.  B  Adams,  &  J.  R  Cumming,  2010).  As  a

consequence,  the  interactions  between  soil  organisms  were  often  determined  by

predation  intensity,  resource  richness,  soil  biological  community  structure  and

nutrients (Scheu et al., 2005).

4.2 Dynamics of microbial and invertebrate communities and their interactions varied

with seasonal rainfall pattern
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Our result indicated that seasonal rainfall was the predominant factor affecting

the  dynamics  of  microbial  community,  which  was  consistent  with  previous  study

(Zhao, Wu, Yang, Tan, & He, 2016). We further found the highest biomass values of

total  microorganism,  fungi,  bacteria,  G+  and  G-  bacterial  biomass  occurred  from

slightly rainy season (SRS) to micro rainy season (MRS) in the first decomposition

year, which is consistent with the findings that the soil microbial biomass decreased

with  increasing  incubation  temperature  (Wu,  Yu,  Wang,  Ding,  &  Xu,  2010).  As

decomposition proceed, microbial biomass and composition in foliar litter is strongly

affected  by  the  decreases  in  labile  compounds  and  the  increases  in  recalcitrant

compounds (Sauvadet, Chauvat, Brunet, & Bertrand, 2017; Sauvadet, Chauvat, Fanin,

Coulibaly,  &  Bertrand,  2016).  At  the  early  period  of  decomposition,  microbial

biomass  gradually  increased  in  abundance  owing  to  the  high  amount  of  labile

constituents derived from the fresh foliar litter (Boer, Folman, Summerbell, & Boddy,

2005). In this study, the large amount of precipitation leached many nutrients in the

rainy season (RS), and at the early stage of litter decomposition, fungi dominated the

microbial community, which was consistent with the results by  Harley (1971), who

have demonstrated that fungi are the main primary colonizers of fresh foliar litter.

That  is,  fungi break foliar  litter  down into fragments,  thus providing an increased

surface area to which bacteria can adhere (Lin, Liu, Yan, & Hai, 2004). Fungi tend to

be  most  active  in  winter  (Bewley  &  Parkinson,  1985;  Parkinson,  Domsch,  &

Anderson,  1978).  Thus,  higher  fungal  biomass  was  detected  in  the  slightly  rainy

season.  However,  the  total  microbial  biomass,  bacterial  biomass,  G+ bacterial
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biomass, and the ratio of G+/G- bacterial biomass gradually increased from the slightly

rainy season to the rainy season in the second decomposition year. It is worth noting

that the increase of G+ bacterial biomass accounted for the primary proportion of total

biomass  and bacterial  biomass.  In  general,  the ratio  of  G+/G- bacterial  biomass  is

known as an indicator of nutrient content  (Kourtev, Ehrenfeld, & Häggblom, 2003).

Many  studies  have  shown  that  G+ bacteria  are  better  able  to  utilize  refractory

substances  (Schutter & Dick, 2001), while G- bacteria prefer labile carbon sources

(Kramer & Gleixner, 2006; Nottingham et al.,  2009; Waldrop & Firestone, 2004).

Together, the structures of microbial community in decomposing litter are strongly

changed by the consumption of labile components.

Similar  to  the  microorganism,  the  invertebrate  was  also  strongly  affected  by

seasonal rainfall.  The abundance and individual density of invertebrate community

gradually increased from the first slightly rainy season to the second slightly rainy

season, which was similar to the results of a study by Liu, Yang, Wu, Tan, and Wang

(2014). Many studies have suggested that temperature and precipitation are the key

factors influencing the dynamics of invertebrate community  (David & Gillon, 2009;

S.  Wang,  Ruan,  &  Bing,  2009).  In  this  study,  the  environment  with  higher

temperature and humidity occurred in the rainy season, which was more suitable for

the invertebrate (Gongalsky et al., 2008; González & Seastedt, 2000).

Bardgett  and  Putten  (2014) have  reviewed  that  soil  organisms  vary  over

timescales.  In  our  study,  the  interactions  between  invertebrate  and  microbial

communities varied sharply with seasonal rainfall in the subtropical planation, which
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had barely been reported before. During the first winter (from the first slightly rainy

season to the first micro rainy season), although there was much fresh foliar litter, a

small quantity of the invertebrate, whose activity was limited by the low temperatures,

needed  time  to  garrison  into  foliar  litter.  As  time  passed,  the  temperatures  and

precipitation increased, and the foliar litter released large amounts of nutrients due to

invertebrate fragmentation, microbial decomposition, and rainfall leaching. Thus, the

invertebrate  became  active  again,  and  invertebrate  individual  density  gradually

increased in the first early rainy season (ERS) and rainy season, which was similar to

the results by  Xu, Kuster, Günthardt-Goerg, Dobbertin, and Li (2012). In the first

rainy season, strong leaching and resource consumption utilized by soil organisms and

plants,  might  lead  to  competitive  relationships  between invertebrate  and microbial

communities. This result is verified by increasing abundance and individual density of

invertebrate  community  (Fig.  1)  and decreasing  biomass  of  16:1ω7c and 16:1ω9c

when the  invertebrate  existed  (Table  S.5  and Fig.  4).  As the  litter  decomposition

proceed, individual density and microbial biomass only changed slightly in the second

slightly rainy season. It is likely that new fresh foliar litter provides more resources

for soil organisms and week disturbance of lighter rainfall, and brings relative stable

microenvironments.  During the second slightly rainy season, the invertebrate  gave

stronger effects on the microbial  community.  To be more precise,  presence of the

invertebrate increased the biomass of G- bacteria, other bacteria and fungi (Table S.5

and Fig. 4). The increase of G- bacterial biomass reflected the occurrence of more

newly unstable carbon sources. Many studies have reported that G- bacteria typically
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live on substances with relatively unstable carbon sources (Kramer & Gleixner, 2006;

Nottingham et  al.,  2009;  Waldrop  & Firestone,  2004).  Therefore,  there  might  be

interactive relationships between invertebrate and microbial communities. Although

new freshly foliar litter covered on the surface, it was hard to pour in the litter bag due

to the small pore diameter. Thus, microbial biomass especially G+ bacterial biomass

gradually increased with increasing temperature after the second slightly rainy season,

while invertebrate individual density decreased. It is likely that there were refractory

substances that account for a relatively large proportion from the second micro rainy

season to  the  rainy  season.  Moreover,  the  variations  of  microbial  biomass  in  the

second decomposition  year  were  significantly  different  between  Masson pine  and

camphor  litter,  implying  that  foliar  litter  species  would  dramatically  affect  the

dynamics of invertebrate and the microbial communities and their interactions. 

4.3 The effects of foliar litter species on microbial and invertebrate communities and

their interactions

Litter  quality  determined  by tree  species  is  a  critical  factor  affecting  the  soil

organisms (Saetre & Bååth, 2000; X. Wang, Yu, Zhou, & Fu, 2016). Although there

were many differences  in litter  quality  between Masson pine and camphor (Table

S.6), similar correlations of litter  mass loss with microbial  biomass (negative) and

invertebrate individual density (positive) were observed in both tree species (Table 2),

implying that seasonal changes in rainfall and temperature are also key drivers of litter

decomposition besides litter quality. In this study, the dynamics of microbial biomass

in  decomposing  litter  varied  markedly  with  tree  species  (Fig.  2-5,  Table  S.4).
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Similarly,  significant  differences  of  invertebrate  community  in  litterbags  were

observed between Masson pine and camphor litter, implying litter quality dominates

the structure and composition of invertebrate community in decomposing litter. 

We found a negative relationship between microbial  biomass and invertebrate

abundance in decomposing litter. Even so, it is difficult to conclude that microbial

biomass in decomposing litter decreases with the increase of invertebrate density and

abundance. In fact, the interactions between invertebrate and microbial communities

might be regulated by many biotic and abiotic factors such as seasonal hydrothermal

dynamics and litter quality. Previous studies have indicated that the higher value of C/

N, C/P and lignin content and the lower N content are, the more restricted activities of

the  microorganism  are  in  foliar  litter,  and  then  the  more  slowly  foliar  litter

decomposes (Moore et al., 1999; Taylor, Parkinson, & Parkinson, 1989). In this study,

the ratios of C/N and C/P, and lignin content in Masson pine litter were higher than

those  in  camphor  litter,  and N content  was  the  opposite  (Table  S.6).  Invertebrate

exclusion promoted the decomposition of Masson pine litter, but dramatically lowered

the decomposition of camphor litter (Table 3). The result might be attributed to that

the microorganism is the predominant decomposer in foliar litter (Ayres, Dromph, &

Bardgett, 2006). In this study, invertebrate exclusion sharply decreased the microbial

biomass  in  decomposing  Masson  pine  litter,  increased  the  microbial  biomass  in

camphor litter during two decomposition years (Fig. 2-4). Thereby, we speculate that

the invertebrate benefits microbial growth and proliferation in Masson pine litter by

breaking into or digesting the foliar litter, and excreting liable substrate for microbes,
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while the invertebrate could decrease the microbial biomass and activity by preying

on  bacteria  and  fungi.  Briefly,  the  positive  or  negative  interaction  between

invertebrate and microbial communities runs the decomposition of leaf litter, and the

contribution of invertebrate to litter  decomposition depends greatly on tree species

and season.

5. Conclusion

The dynamics of microbial and invertebrate communities, and their interactions

in decomposing litter were strongly affected by tree species and seasonal rainfall.  In

general, positive, negative and neutral correlations between invertebrate and microbial

communities were observed, depending on seasonal rainfall pattern and foliar litter

species, which determine the richness and structure of soil invertebrate and microbial

communities.  Invertebrate  exclusion  significantly  slowed  down  the  rate  of

decomposition process by decreasing the microbial  biomass in  Masson pine litter,

while  promoted  the  rate  of  decomposition  process  by  increasing  the  microbial

biomass in camphor litter. Regardless of tree species,  the weakest interactions were

observed in the early rainy season. In Masson pine litter, the strongest interactions

were found in the micro rainy season of the first decomposition year, while that in the

slightly rainy season during the second decomposition year.  In camphor litter,  the

strongest interactions were in the rainy season during the two year decomposition.

Further studies should deeply explore the effects of litter functional traits on microbial

and invertebrate communities, and their interactions. 
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Table 1  Spearman’s correlation coefficients between individual density of invertebrate and three types of microbial biomass, ratios of F/B and G+/G-, in decomposing foliar

litter of Masson pine and camphor with invertebrate included. TB, Total microbial biomass; FB, Fungal biomass; BB, Bacterial biomass; F/B, The ratio of fungus to bacteria

biomass; G+, Gram-positive bacteria biomass; G-, Gram-negative bacteria biomass; G+/G-. The ratio of Gram-positive bacteria to Gram-negative bacteria biomass. 

Sampling year Species TB FB BB F/B G+ G- G+/G-

First year
Masson pine -0.797** -0.844** -0.727** -0.314 -0.690* -0.643* -0.366 

Camphor -0.671* -0.657* -0.671* -0.004 -0.832** -0.636* -0.732**

Second year
Masson pine 0.533 0.287 0.500 0.050 0.102 0.250 -0.068 

Camphor 0.017 -0.035 0.017 0.116 -0.301 0.433 -0.519 

Significant relationship at P＜0.05 and P＜0.01 level were indicated with *and **, respectively.
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Table 2  Spearman’s correlation coefficients between litter mass loss and three types of microbial biomass, ratios of F/B and G+/G-, and individual density of invertebrate in 

decomposing foliar of Masson pine and camphor with invertebrate included. TB, Total microbial biomass; FB, Fungal biomass; BB, Bacterial biomass; F/B, The ratio of 

fungus to bacteria biomass; G+, Gram-positive bacteria biomass; G-, Gram-negative bacteria biomass; G+/G-. The ratio of gram-positive bacteria to gram-negative bacteria 

biomass.

Sampling year Species TB FB BB F/B G+ G- G+/G- Individual density 

First year
Masson pine -0.804** -0.847** -0.657* -0.436 -0.599* -0.692* -0.085 0.881**

Camphor -0.762** -0.832** -0.762** -0.749** -0.657* -0.790** -0.424 0.566

Second year
Masson pine -0.233 0.122 -0.200 0.109 -0.170 -0.150 0.288 0.083

Camphor -0.217 0.044 -0.217 0.187 -0.301 0.000 -0.100 0.133

Significant relationship at P＜0.05 and P＜0.01 level were indicated with *and **, respectively
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Table 3  The regression models, decomposition constant (k), time to 50% mass loss (T 0.5), time to 95% mass loss (T0.95) of foliar litter decomposition of Masson pine and

camphor.

Species
Invertebrate

treatment
Regression models k T0.5 (years) T0.95 (years)

Masson pine
Included(+) Y=110.30e-0.539t, r2=0.847, P<0.001 0.539 1.29 3.54

Excluded(-) Y=105.10e-0.479t, r2=0.610, P <0.001 0.479 1.45 4.91

Camphor
Included(+) Y=97.05e-0.363t, r2=0.751, P <0.001 0.363 1.91 3.99

Excluded(-) Y=103.76e-0.473t, r2=0.920, P <0.001 0.473 1.47 3.26
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Figure 1  Variation of total abundance (a) and individual density (b) of invertebrate in decomposing 

foliar litter of Masson pine and camphor in slight rainy season (SRS), micro rainy season (MRS), early 

rainy season (ERS), and rainy season (RS) during the first and second year of decomposition. 

Error bars represent the standard errors of the mean values (N=3). * indicates the significant difference 

between different tree species (P<0.05). Different capital letters and lowercase letters over the error 

bars indicate the significant differences (P <0.05) among different seasonal rainfall periods in Masson 

pine and camphor foliar litter, respectively. 
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Figure 2  The comparison of total microbial biomass in decomposing foliar litter of Masson pine and 

camphor between invertebrates included (+) and excluded (-) in slight rainy season (SRS), micro rainy 

season (MRS), early rainy season (ERS) and rainy season (RS). 

Error bars represent the standard errors of the mean values (N=3). * indicates the significant difference 

(P<0.05) in total microbial biomass between Masson pine and camphor. + and - indicates the 

significant difference (P<0.05) pairwise comparison between different seasonal rainfall periods in the 

invertebrate included and invertebrate excluded treatment, respectively. 
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Figure 3  The comparison of fungal biomass (a), bacterial biomass (b) and ratio of fungal to bacterial 

biomass (c) in decomposing foliar litter of Masson pine and camphor between invertebrates included 

(+) and excluded (-) in slight rainy season (SRS), micro rainy season (MRS), early rainy season (ERS) 

and rainy season (RS). 

Error bars represent the standard errors of the mean values (N=3).  * indicates the significant difference

(P<0.05) between Masson pine and camphor.  + and - indicates the significant  difference (P<0.05)

pairwise  comparison  between  different  seasonal  rainfall  periods  in  the  invertebrate  included  and

invertebrate excluded treatment, respectively. 
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Figure 4  The comparison of Gram-positive bacterial biomass (a), Gram-negative bacterial biomass (b)

and ratio of Gram-positive to Gram-negative bacterial biomass (c) in decomposing foliar litter of 

Masson pine and camphor between invertebrates included (+) and excluded (-) in slight rainy season 

(SRS), micro rainy season (MRS), early rainy season (ERS) and rainy season (RS). 

Error bars represent the standard errors of the mean values (N=3).  * indicates the significant difference

(P<0.05) between Masson pine and camphor.  + and - indicates the significant difference (P<0.05)

pairwise  comparison  between  different  seasonal  rainfall  periods  in  the  invertebrate  included  and

invertebrate excluded treatment, respectively.
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Figure 5  Principal Co-ordinates Analysis (PCoA) of microbial community in decomposing foliar litter

of Masson pine and camphor during the two sampling years based on Bray-Curtis distance. + and - 

indicates invertebrate included and excluded, respectively. Value of R2 and P were calculated using 

Permutational MANOVA (Permanova). 
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Figure 6  Correlation heatmap based on Spearman correlation coefficients with two-tail test of PLFA bioindicators and invertebrate observed in foliar litter of Masson pine 

and camphor during the first year (a) and (b) and second year (c) and (d) of decomposition. * and ** indicate the significant correlation between invertebrate and PLFA at 

0.05 level and 0.01 level, respectively.
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