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Plant leaf litter plays a more important role than roots in maintaining 
earthworm communities in subtropical plantations 
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A B S T R A C T   

Despite the importance of earthworms to making soils productive, little is known regarding the relative 
importance of maintenance of the various types of earthworm populations. In this study, we assessed the impact 
of long-term removal of two potential sources of carbon input, viz. plant litter and roots, on earthworms of 
Amynthas sp. (epigeic) and Pontoscolex corethrurus (endogeic) that reside at and below the soil surface and pri-
marily rely on litter and/or soil organic matter as a food source, in two different subtropical monoculture 
plantations. We found that Amynthas sp. disappeared and the density and biomass of Pontoscolex corethrurus was 
significantly reduced under litter removal treatment, whether roots were removed or not. In contrast, root 
removal had no significant impact on the density and biomass of both earthworm species. The results suggest that 
leaf litter, rather than roots, played key roles in maintaining the populations of both the epigeic Amynthas sp. and 
endogeic Pontoscolex corethrurus earthworms.   

1. Introduction 

Soil biota are highly dependent on above- and below-ground carbon 
(C) inputs, including those derived from litter and roots (Bais et al., 
2006; Bradford et al., 2012; Pollierer et al., 2012). It has been well 
acknowledged that aboveground residue constitute the major C re-
sources for soil biota (Moore et al., 2004; Schneider et al., 2012). 
However, some studies also showed that soil animals were instead 
strongly dependent on root-derived carbon in arable systems (Albers 
et al., 2006; Scheunemann et al., 2010, 2015), upland grasslands (Leake 
et al., 2006), and forests (Pollierer et al., 2007; Eissfeller et al., 2013). 

It is well recognized that earthworms play an important role in 
mediating ecosystem processes and functioning (Edwards, 2004; Blouin 
et al., 2013) by acting as ecosystem engineers in soils (Jones et al., 
1994). For example, earthworms can alter nutrient supply rates 

(Edwards and Bohlen, 1996; Blair et al., 1997; Burtelow et al., 1998; Liu 
and Zou, 2002; Bohlen et al., 2004; Sabrina et al., 2013; He et al., 2018) 
and enhance plant growth (Lee, 1985; Brown et al., 1999; Scheu, 2003; 
van Groenigen et al., 2014; Xiao et al., 2018; Fonte et al., 2019). 
Accordingly, earthworms have been widely studied across different 
habitats from both ecological and ecotoxicological perspectives (Latif 
et al., 2013; Lubbers et al., 2013; Duarte et al., 2014; Da Silva et al., 
2016; Pelosi et al., 2014; Buch et al., 2017; Wang et al., 2018; Zhang 
et al., 2018). Furthermore, earthworms can also serve as biological in-
vaders and affect the properties and functioning of the invaded eco-
systems (Eisenhauer et al., 2007; Hendrix et al., 2008; Fonte et al., 2012; 
Fisichelli et al., 2013; Dey and Chaudhuri, 2014; Teng et al., 2016). 

Earthworms are generally categorized into three ecological groups: 
epigeic, endogeic, and anecic species. Epigeic earthworms live on the 
soil surface and feed on plant litter, endogeic earthworms live in 
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horizontal burrows below the soil surface and feed on soil organic 
matter, and anecic earthworms live in vertical burrows below the soil 
surface, and travel between the mineral soils and soil surface, utilizing 
leaf litter as food (Bouch�e, 1977; Edwards and Bohlen, 1996). However, 
the manner by which the above- and below-ground C allocation affects 
the density and biomass of earthworm species in different functional 
groups remained poorly understood. 

The majority of studies addressing how biotic and abiotic factors 
affect the feeding strategies of earthworms have been conducted in the 
laboratory, with few studies in the field. In addition, some studies based 
on a short-term litter removal protocol (1–2 years), revealed that the 
removal of aboveground litter did not significantly affect the biomass 
and density of endogeic earthworms (Gonzalez and Zou, 1999; 
S�anchez-de Le�on and Zou, 2004; Dechaine et al., 2005). Therefore, it is 
necessary to assess the response of earthworms to changes in C inputs 
based on long-term experimental manipulations. 

Both litter and roots comprise important sources of soil organic 
matter (SOM), however, root-derived C is usually more stable than litter- 
derived C in SOM (Rasse et al., 2005; Crow et al., 2009). In the present 
study, we aimed to investigate the long-term effects of litter and root 
removal on the density and biomass of earthworm species with different 
functional groups. We hypothesized that (1) the density and biomass of 
all earthworms would be reduced under litter removal treatment owing 
to lack of food resources and loss of habitat; (2) the density and biomass 
of endogeic earthworms would be reduced by root removal because they 
mainly utilize soil organic matter (Li et al., 2009) including rhizode-
posits (Huang et al., 2015). 

2. Materials and methods 

2.1. Site description 

The study was conducted in 10-year-old Acacia crassicarpa A. Cunn. 
ex Benth and Eucalyptus urophylla S. T. Blake monoculture plantations at 
the Heshan Hilly Land Interdisciplinary Experimental Station (60.7 m a. 
s.l., 112�500E, 22�340N) of the Chinese Academy of Sciences. The soil is 
an acrisol (FAO, 2006), and the climate is subtropical monsoon with a 
hot and humid summer and a cold dry winter. The mean annual tem-
perature is 22.6 �C. The annual mean precipitation and evaporation are 
1,700 mm and 1,600 mm, respectively. The plantations were established 
in 2005. Prescribed burning was performed prior to stand preparation. 
In 2014, the average height and diameter at breast height was 10.33 m 
and 11.20 cm for A. crassicarpa and 11.67 m and 11.40 cm for 
E. urophylla. Soil organic carbon (SOC), nitrogen (N), C/N, and pH in the 
0–10 cm soil layer were 24 (g kg� 1), 1.4 (g kg� 1), 16, and 3.9 in the 
A. crassicarpa plantation and 21 (g kg� 1), 1.2 (g kg� 1), 17, and 3.9 for the 
E. urophylla plantation, respectively. 

2.2. Experimental design 

This experiment was initiated at A. crassicarpa and E. urophylla 
monoculture plantations in 2008 with three random replication stands 
for each plantation. In each replicated stand, one 12 m � 15 m plot was 
chosen randomly and divided into four 3 m � 15 m subplots with the 
following four treatments: (1) CK (control, both fallen litter and roots 
were kept intact); (2) LR (litter removal, aboveground litter was 
removed); (3) RR (root removal, roots were excluded); (4) LRR (both 
litter and roots were removed). In order to set a large net to avoid fallen 
litter moving into the subplots, the subplot with litter removal treatment 
(LR) was set randomly next to the subplot with treatment of both litter 
and roots removal (LRR); the rest two subplots were randomly allocated 
to CK and RR, respectively. Understory shrubs and herbs were removed 
in each plot prior to the experiment. In LR treatment plots, nylon mesh 
was installed at least 2 m above the plot to intercept newly fallen litter 
and the litter on the nylon mesh was removed every two weeks and 
visible litter on the soil surface was also removed from the LR subplots to 

ensure the effect of litter removal, but plant roots were kept intact in LR 
subplots. In RR treatment plots, polyvinyl chloride (PVC) boards were 
inserted into the soil to 50 cm depth to prevent lateral root penetration 
into the plots from the exterior regions. This method was also reported to 
be sufficient to limit the lateral movement of earthworms (Liu and Zou, 
2002). In LRR treatment plots, nylon mesh was installed at least 2 m 
above the plot and PVC boards were inserted into the soil as for the RR 
plots. Neither leaf litter nor roots were excluded from CK subplots 
(Zhang et al., 2016). 

2.3. Sampling and chemical analysis of soil and litter 

Soil and leaf litter were sampled from each subplot. The soil was 
taken from a depth of 0–20 cm in each subplot. The soils were sieved 
through a 2 mm sieve, air dried and stored at room temperature. The 
sampled soils were ground for the analysis of total C, total N, pH (soil: 
water ¼ 1:2.5; Li et al., 2015). The fresh soils were used to measure 
microbial biomass carbon (MBC) and microbial biomass nitrogen 
(MBN). MBC and MBN were measured using the chloroform 
fumigation-incubation method (Vance et al., 1987). The fresh soil (equal 
to 8 g dry soil) was used to measure phospholipid fatty acids (PLFAs). 
Procedures for the analysis of PLFAs were described in detail in Chen 
et al. (2015), and used to assess the soil microbial community. The 
PLFAs were classified as bacteria (i14:0, a15:0, i15:0, i16:0, a17:0, i17:0, 
16:1ω7c, 17:1ω8, 18:1ω9, 18:1ω7c, cy17:0, and cy19:0), fungi (18:2ω6, 
9), and actinobacteria (10Me16:0, 10Me17:0, and 10Me18:0) (Froste-
gård et al., 2011). The Gram-positive bacteria (Gþ) was taken as the sum 
of PLFAs i14:0, i15:0, a15:0, i16:0, i17:0, and a17:0, and the 
Gram-negative bacteria (G� ) as the sum of 16:1ω9c, cy17:0, 18:1ω9c, 
and cy19:0 (Nie et al., 2013). Leaf litter was collected from the senescent 
leaves on the nylon mesh, dried at 70 �C for 48 h, and weighed for 
biomass estimation and then ground for testing the chemical composi-
tion (Zhu et al., 2016). The fine root mass was estimated using the 
method of in-growth cores (Vogt and Persson, 1991). In-growth cores 
were used to measure root growth in a defined volume of soil (Vogt and 
Persson, 1991). When preparing to install the in-growth cores, soil cores 
(16 cm in diameter) were taken next to trees at a distance of 140 cm from 
the trunk down to 20 cm. Soil material was sieved through a 5-mm mesh 
to remove root, large organic matter particles, and stones. Then, a nylon 
mesh bag (mesh size 2 mm) was inserted into the hole with the help of a 
plastic tube before the holes were refilled based on the original depth 
(Stober et al., 2000). The in-growth core experiment was set up in 
January 2014 in both plantations and harvested in January 2015. Soil 
moisture was measured using a TDR 300, a portable probe produced by 
Spectrum Technologies Inc. (Aurora, IL, USA). Soil temperature was 
recorded using the DS1922L temperature logger iButtons. 

2.4. Collection and identification of earthworms 

Earthworms were sampled by taking three 20 cm � 20 cm � 20 cm 
soil cubes in each subplot. The earthworms were hand sorted. Collected 
earthworms were weighed, counted, stored with 5% formaldehyde so-
lution, and then identified to family, genus, and species level according 
to Xu and Xiao (2011). 

2.5. Statistical analyses 

Two-way analysis of variance was used to evaluate the main effects 
and interaction of litter and roots. Repeated measures analyses of vari-
ance were used to evaluate main effects of season, litter treatment, and 
root treatment, along with theirs interaction after the data of biomass 
and density for earthworms were transformed. Significance level was set 
at P < 0.05. All comparisons between treatments in the same year were 
performed using one-way ANOVA. All comparisons between each 
treatment in the same season in 2014 and 2015 were performed using an 
independent-samples T test. Forward stepwise multiple linear regression 
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was used to explore the relationships between the nine ecological factors 
and the biomass and density of Amynthas sp. and P. corethrurus. All data 
analyses were conducted using SPSS Version 16.0 for Windows (SPSS 
Inc., Chicago, IL, USA). 

3. Results 

3.1. Response of the earthworm community to litter removal 

An epigeic earthworm of Amynthas sp. and an endogeic earthworm of 
Pontoscolex corethrurus were observed in this study. The Amynthas sp. 
disappeared and the density and biomass of P. corethrurus were reduced 
under both LR and LRR treatment in A. crassicarpa and E. Urophylla 
plantations regardless of the season (dry or wet) in 2014 and 2015 
(Figs. 1–4). Both the density and biomass of the two earthworm species 
showed the same pattern of change (Figs. 1–4). The effects of season and 
litter treatment on both earthworm species were significant (Tables 1 
and 2). The interaction beween season and litter treatment on density 
and biomass of Amynthas sp. was also significant (Table 1). The Amyn-
thas sp. Disappeared with litter removal in both the Acacia crassicarpa 
plantation and Eucalyptus urophylla plantation. Compared with the 
control, the density of P. corethrurus in the Acacia crassicarpa plantation 
under LR and LRR treatments decreased by 48.65%–72.14% and 52.7%– 
73.69%, and the density of P. corethrurus in the Eucalyptus urophylla 
plantation decreased by 59.09%–63.32% and 60.61%–65.23%, respec-
tively. Compared with the control, the biomass of P. corethrurus in the 
Acacia crassicarpa plantation under LR and LRR treatments decreased by 
65.1%–77.5% and 64.4–81.8%, and the biomass of P. corethrurus in the 
Eucalyptus urophylla plantation decreased by 62.2%–72% and 67.8%– 
81.9%, respectively. 

3.2. Response of the earthworm community to root removal 

The density of Amynthas sp. under RR treatment decreased by 0–3% 
in the Acacia crassicarpa plantation and 12%–21.45% in the Eucalyptus 
urophylla plantation compared with the control. The density of 
P. corethrurus under RR treatment decreased by 0–6.82% in the Acacia 
crassicarpa plantation and 3.08%–9.1% in the Eucalyptus urophylla 
plantation. Similarly, the biomass of Amynthas sp. under RR treatment 
decreased by 0–7.69% in the Acacia crassicarpa plantation and 6.56%– 
29.1% in the Eucalyptus urophylla plantation compared with the control. 
The biomass of P. corethrurus under RR treatment decreased by 0–7.8% 
in the Acacia crassicarpa plantation and 2.9%–15.4% in the Eucalyptus 
urophylla plantation compared with the control. However, no significant 
differences were observed in the density and biomass of Amynthas sp. 
(Fig.1; Fig. 3) or P. corethrurus (Fig. 2; Fig. 4) between control (CK) and 
RR treatments in either plantation, and no significant differences were 
observed between LR and LRR treatments, suggesting that root removal 
had no significant impact on earthworms (Figs. 1 and 3; Figs. 2 and 4). 

The density of Amynthas sp. in the E. urophylla plantation was higher 
than that in the A. crassicarpa plantation with this difference being 
significant in the wet season (P < 0.05) (Fig. 1). However, the biomass of 
Amynthas sp. did not significantly differ between the two plantations. 
For P. corethrurus, neither measure showed any difference between the 
two plantations (Fig. 2; Fig. 4). 

3.3. Correlation between soil and litter properties and earthworms 

In general, the patterns and variations of air temperature were 
similar in 2015 to those in 2014 from May to October, whereas the air 
temperature was higher in 2015 than that in 2014 in other months 
(Supplementary Fig. 1). Precipitation was lower in 2015 than that in 
2014 from February until May but was markedly higher in October 2015 

Fig. 1. Density (individuals/m2) of Amynthas sp. under four treatments in 2014 (a, b) and 2015 (c, d). The four treatments are as followings: (1) CK (control, both 
fallen litter and roots were kept intact); (2) LR (litter removal, aboveground litter was removed); (3) RR (root removal, roots were excluded); (4) LRR (both litter and 
roots were removed). Data represent the means � SD (n ¼ 3). The same upper case letters indicate no difference between treatments in the same season of the same 
year, at P < 0.05; ANOVA results are shown in Supplementary Table S2. 
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(Supplementary Fig. 1). We used forward stepwise multiple linear 
regression to explore the relationships between the nine ecological 
factors and the biomass and density of Amynthas sp. and P. corethrurus 
earthworms. Results showed that the studied ecological factors were 
important for the biomass and density of Amynthas sp. and P. corethrurus 
earthworms (Table 4). Specifcally, L_C (P < 0.001) and soil MBC (P <
0.01) were significant negative predictors for the density of Amynthas 
sp., while the relationship between soil MBC and the biomass of 
Amynthas sp. was negative (P < 0.05). L_C:P was a significant positive 
predictor for the density of P. corethrurus (P < 0.001). L_C:N was a sig-
nificant positive predictor for the density and biomass of Amynthas sp. 
(P < 0.001), while L_Lignin:N was a significant positive predictor for the 
biomass of P. corethrurus (P < 0.001) and the density of Amynthas sp. (P 
< 0.05). Soil moisture was apositive predictor for the density of Amyn-
thas sp. (P < 0.05). Soil temperature was a significant positive deter-
minant for the biomass and density of Amynthas sp. (P < 0.001) and 
P. corethrurus (P < 0.001). Soil N was a positive predictor for the density 
(P < 0.05) and biomass of P. corethrurus (P < 0.001). Soil Gþ:G� was a 
significant positive predictor for the density (P < 0.01) and biomass of 
P. corethrurus (P < 0.05). 

4. Discussion 

4.1. Effect of litter removal on the earthworm community 

Generally, litter plays two major roles in forest ecosystems. First, it 
serves as an inherent resource input of organic matter containing C and 
nutrients (Arpin et al., 1995; Gonzalez and Zou, 1999; Jordan et al., 
2003; Sayer, 2006). In addition, litter also forms a protective layer on 
the soil surface, which can regulate microclimatic conditions and serves 
as a suitable habitat for epigeic earthworm and some other 
litter-dwelling organisms (Arpin et al., 1995; Sayer, 2006). In the 

present study, our results demonstrated that Amynthas sp. disappeared 
under both LR and LRR treatments, which supported our first hypoth-
esis. This was most likely due to loss of habitat and food resources for 
Amynthas sp. when litter was removed. In addition, litter removal may 
also increase the possibility of high predation pressure on epigeic 
earthworm (e.g. Amynthas sp.), particularly from birds, mammals, and 
predatory arthopods. 

SOM is determined largely by litter input from vegetation, which 
provides the food resources for soil communities. SOM often serves as a 
good predictor of the earthworm population (Hendrix et al., 1992; 
Edwards and Bohlen, 1996). It has been reported that earthworm pop-
ulations could be markedly enhanced via organic amendments in 
disturbed habitats of low organic matter content (Edwards, 1983; Lof-
s-Holmin, 1983; Lowe and Butt, 2002). In turn, endogeic earthworms 
are mostly geophagous, feeding on soil and deriving their nutrition 
primarily from SOM (Lavelle, 1988; Edwards, 2004; Curry and Schmidt, 
2007; Abail et al., 2017). P. corethrurus was found to live on soil enriched 
with organic matter rather than on the fallen litter (Zhang et al., 2020). 
In this study, however, the density and biomass of endogeic earthworm 
P. corethrurus was reduced with litter removal. We considered that one of 
the main sources of SOM is from aboveground litter in the studied 
ecosystems, although dead roots and rhizodeposition can also serve as 
important sources (Curry, 2004). Ganihar (2003) suggested that 
partially decomposed leaf litter acts as a source of food for endogeic 
earthworms (e.g., P. corethrurus). Reduction of litter input to soil may 
decrease soil carbon content (Fontaine et al., 2004), resulting in the 
reduction of food resources for earthworms and decrease in the density 
and biomass of P. corethrurus. Notely, our results were in contrast to 
those of several studies that suggested that the removal of aboveground 
litter had little effect on endogeic earthworms, P. corethrurus (Gonzalez 
and Zou, 1999; Sanchez-de Leon and Zou, 2004; Dechaine et al., 2005). 
We considered that the duration of treatment might have caused this 

Fig. 2. Density (individuals/m2) of Pontoscolex corethrurus under four treatments in 2014 (a, b) and 2015 (c, d). The four treatments are as followings: (1) CK 
(control, both fallen litter and roots were kept intact); (2) LR (litter removal, aboveground litter was removed); (3) RR (root removal, roots were excluded); (4) LRR 
(both litter and roots were removed). Data represent the means � SD (n ¼ 3). The same upper case letters indicate no difference between treatments in the same 
season of the same year, at P < 0.05; ANOVA results are shown in Supplementary Table S3. 
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discrepancy, as the effects of long-term treatment (6 years) of litter 
removal on earthworms in our study might not have been disclosed in 
previous short-term studies (1–2 years). 

Soil temperature and moisture comprise important factors influ-
encing the earthworm community. In particular, it has been suggested 
that soil temperature determines the composition and structures of 
earthworm communities (Lavelle, 1983; Lavelle et al., 1989, 1999). In 
this study, soil temperature in LR and LRR subplots became higher in 
summer and lower in winter (Supplementary Fig. 2), which was unfa-
vorable for the survival of earthworms. In this study, soil temperature 
was one of the most important factors affecting the density and biomass 
of Amynthas sp. and P. corethrurus, according to the forward stepwise 
multiple linear regression analysis (Table 4). In fact, changes in soil 
temperature reflected the change of seasons which had significant in-
fluence on earthworms (Tables 1 and 2). Moreover, soil temperature and 
moisture has been identified as the most potent regulators of earthworm 
distribution in a pineapple plantation (Dey and Chaudhuri, 2016). 
Additionally, soil moisture constitutes a key limiting factor for earth-
worm populations (Lavelle et al., 1987; Auerswald et al., 1996; 
Holmstrup, 2001; Eriksen-Hamel and Whalen, 2006; Perreault and 
Whalen, 2006; Eggleton et al., 2009; Schelfhout et al., 2017). For 
example, P. corethrurus may go into diapause under the condition that 
the soil moisture is too low (Guerra, 1994; Chuang et al., 2004). In a 
laboratory experiment, Zhang et al. (2008) also found that the primary 
factor limiting the reproduction of P. corethrurus was soil dryness. In this 
study, we found that soil moisture had a significant influence on the 
density of Amynthas sp. (P < 0.05). 

4.2. Effect of root removal on earthworm species 

Roots also serve as important sources of SOM; moreover, root- 

derived C is usually more stable than litter-derived C in SOM (Rasse 
et al., 2005; Crow et al., 2009). It has been reported that root-derived C 
is an important resource for soil food webs in upland grassland and 
forest soils (Caner et al., 2004; Leake et al., 2006; Ruf et al., 2006; 
Pollierer et al., 2007; Eissfeller et al., 2013). Similarly, Pollierer et al. 
(2007) found that root-derived C was the dominant resource for forest 
soil decomposer communities. Scheunemann et al. (2015) suggested 
that soil arthropod communities are driven by roots rather than shoot 
residues of arable fields. Leake et al. (2006) reported that soil animals 
were strongly dependent on root-derived carbon in upland grasslands. 
Based on a13C-labelling experiment, Huang et al. (2015) observed that 
root-derived C was used by most earthworms especially for the exotic 
P. corethrurus in a subtropical soil. However, both Amynthas sp. and 
P. corethrurus did not show significant change under root removal 
treatment in the present study, which rejected our second hypothesis. 
Our results implied that root-derived resources are not as important as 
litter for Amynthas sp. and P. corethrurus in the present study, which 
differed from the findings of some previous studies (Caner et al., 2004; 
Leake et al., 2006; Pollierer et al., 2007; Eissfeller et al., 2013; Scheu-
nemann et al., 2015). For Amynthas sp., we considered that this finding 
is reasonable because it would predominantly assimilate litter rather 
than SOM (Curry and Schmidt, 2007). However, it is difficult to un-
derstand why no change of P. corethrurus was observed under root 
removal treatment because they normally assimilate SOM (Curry and 
Schmidt, 2007). 

One explanation may be that the in-growth method may have 
underestimated the fine root biomass, which might be responsible for 
the discrepancy between our study and previous studies. Litter removal 
caused a reduction of resource inputs for endogeic earthworms because 
leaf litter contributed to soil C to a much larger degree compared to roots 
in the studied systems. In other words, the non-measurable root-derived 

Fig. 3. Biomass (g/m2) of Amynthas sp. under the four treatments in 2014 (a, b) and 2015 (c, d). The four treatments are as followings: (1) CK (control, both fallen 
litter and roots were kept intact); (2) LR (litter removal, aboveground litter was removed); (3) RR (root removal, roots were excluded); (4) LRR (both litter and roots 
were removed). Data represent the means � SD (n ¼ 3). The same upper case letters indicate no difference between treatments in the same season of the same year, at 
P < 0.05; ANOVA results are shown in Supplementary Table S4. 
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Fig. 4. Biomass (g/m2) of Pontoscolex corethrurus under four treatments in 2014 (a, b) and 2015 (c, d). The four treatments are as followings: (1) CK (control, both 
fallen litter and roots were kept intact); (2) LR (litter removal, aboveground litter was removed); (3) RR (root removal, roots were excluded); (4) LRR (both litter and 
roots were removed). Data represent the means � SD (n ¼ 3). The same upper case letters indicate no difference between treatments in the same season of the same 
year, at P < 0.05; ANOVA results are shown in Supplementary Table S5. 

Table 1 
Results of repeated measures analyses of variance of the density and biomass of 
Amynthas sp. in the two plantations. Significance level was set at P < 0.05.   

Density Biomass 

F df P F df P 

Between subjects 
Season 46.24 1,40 <0.001 261.38 1,40 <0.001 
Litter treatment 159.77 1,40 <0.001 702.59 1,40 <0.001 
Root treatment 0.463 1,40 0.5 1.939 1,40 0.172 
Season * Litter 

treatment 
46.236 1,40 <0.001 261.38 1,40 <0.001 

Season * Root 
treatment 

0.19 1,40 0.665 0.971 1,40 0.33 

Litter treatment * 
Root treatment 

0.463 1,40 0.5 1.939 1,40 0.172 

Season * Litter 
treatment * Root 
treatment 

0.19 1,40 0.665 0.971 1,40 0.33 

Within sujects 
Year 340.69 1,40 <0.001 215.93 1,40 <0.001 
Year *Season 50.447 1,40 <0.001 53.55 1,40 <0.001 
Year *Litter treatment 340.69 1,40 <0.001 215.93 1,40 <0.001 
Year * Root treatment 0.085 1,40 0.772 0.093 1,40 0.762 
Year * Season* Litter 

treatment 
50.447 1,40 <0.001 53.551 1,40 <0.001 

Year * Season*Root 
treatment 

0.177 1,40 0.676 0.077 1,40 0.783 

Year *Litter 
treatment* Root 
treatment 

0.085 1,40 0.772 0.093 1,40 0.762 

Year * Season* Litter 
treatment* Root 
treatment 

0.177 1,40 0.676 0.077 1,40 0.783  

Table 2 
Results of repeated measures analyses of variance of the density and biomass of 
Pontoscolex corethrurus in the two plantations. Significance level was set at P <
0.05.   

Density Biomass 

F df P F df P 

Between subjects 
Season 52.407 1,40 <0.001 42.261 1,40 <0.001 
Litter treatment 430.75 1,40 <0.001 280.99 1,40 <0.001 
Root treatment 1.808 1,40 0.186 2.107 1,40 0.154 
Season * Litter 

treatment 
0.992 1,40 0.325 0.256 1,40 0.616 

Season * Root 
treatment 

0.009 1,40 0.926 0.022 1,40 0.882 

Litter treatment * 
Root treatment 

0 1,40 0.991 0.337 1,40 0.565 

Season * Litter 
treatment * Root 
treatment 

0.099 1,40 0.755 0.009 1,40 0.926 

Within subjects 
Year 12.643 1,40 <0.001 36.316 1,40 <0.001 
Year * Season 25.204 1,40 <0.001 20.181 1,40 <0.001 
Year * Litter treatment 6.676 1,40 0.014 9.004 1,40 0.005 
Year * Root treatment 0.148 1,40 0.702 0.115 1,40 0.736 
Year * Season* Litter 

treatment 
0.355 1,40 0.555 1.727 1,40 0.196 

Year * Season*Root 
treatment 

0.081 1,40 0.777 0.053 1,40 0.82 

Year * Litter 
treatment* Root 
treatment 

0.056 1,40 0.815 0.431 1,40 0.515 

Year * Season* Litter 
treatment* Root 
treatment 

0.067 1,40 0.797 0.106 1,40 0.747  
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C input into soil, i.e., fine root litter and rhizodeposites, may not 
contribute significantly to the growth of P. corethrurus. Another expla-
nation is that although root removal may prevent roots from entering 
the subplot from exterior soil, the original roots inside the subplot 
(Table 3) might still be undergoing decomposition and could provide 
soil C for P. corethrurus during the experiment. In addition, P. corethrurus 
can tolerate a wide range of climatic change and soil disturbance 
(Ortiz-Ceballos and Galindo-Gonz�alez, 2009; Taheri et al., 2018) 
because it exhibits a high efficiency for organic matter assimilation and 
lives in deeper soil layers (Brown et al., 2006; Buch et al., 2011). Some 
studies even suggested that endogeic earthworms are able to utilize 
stable C compounds in soil (Scheu, 1991; Martin et al., 1992; Briones 
and Schmidt, 2004; Fox et al., 2006; Fonte et al., 2007; Marhan et al., 
2007; Pollierer et al., 2012; Ferlian et al., 2014). Endogeic earthworms 
may also utilize C associated with small soil particle size fractions 
(Martin et al., 1992; Marhan et al., 2007; Ferlian et al., 2014). In general, 
endogeic species are more resistant to disturbance (Fragoso et al., 1997; 
Briones and Schmidt, 2017; Gonzalez and Lodge, 2017). For example, 
endogeic P. corethrurus can be well adapted to and colonize a disturbed 
habitat (Hendrix et al., 2008; Darmawan et al., 2017). Consequently, 
P. corethrurus would not be readily affected by root removal. 

4.3. Effects of environmental variables on the earthworm community 

Climate also constitutes an important factor influencing the earth-
worm community (Coyle et al., 2017; Phillips et al., 2019; Singh et al., 
2019). In the present study, both the density and biomass of the earth-
worms were higher in the wet season than those in the dry season for 
both years in the two plantations, with the total biomass of each 
earthworm being higher in 2014 than that in 2015 (Figs. 1–4). This may 
be due to the change of climatic parameters in 2014 and 2015. Climate 
can affect earthworms not only directly by influencing their biology and 
life processes but also indirectly through its effects on their habitat and 
food supply. In particular, Curry (2004) reported that temperature can 
play a major role in determining patterns of earthworm distribution and 
activity on a global scale, whereas moisture restriction often determines 
the patterns of earthworm distribution and activity on a local scale. 
Baker (1998) also found that precipitation can explain more of the 
variance in earthworm density than any other variables in southern 
Australia agricultural soils. Similarly, Blankinship et al. (2011) reported 
that precipitation limits all taxa and trophic groups of soil biota, 
particularly in forest ecosystems. In the present study, we found that the 
precipitation was lower from February to April in 2015 than that in 2014 
(Supplementary Fig. 1). The extension of drought may impose severe 
constraint on earthworm activity, which is likely to reduce the repro-
ductive rate of endogeic P. corethrurus because it enters diapause stage in 
response to drought. For example, although we found that the density 
and biomass of both earthworm species were higher in the wet season in 
2014, this was even more pronounced for Amynthas sp. Additionally, our 
data revealed that the density and biomass of both species were higher 
even in the dry season of 2014 than those in the dry season of 2015 
because the precipitation was higher in 2014 than in 2015. 

Both litter quantity and quality could affect the earthworm com-
munity (Curry, 2004); moreover, it was reported that litter quality is 
more important than litter quantity in mediating earthworms (Swift 
et al., 1979; Bostr€om and Lofs-Holmin, 1986; Zou, 1993; Cesarz et al., 
2016). Muys et al. (1992) suggested that the effects of grassland affor-
estation on the earthworm community is dependent on the quality and 
quantity of the litter produced. In the present study, forward stepwise 
multiple linear regression analysis showed that litter quality was one of 
the most important factors affecting Amynthas sp. and P. corethrurus 
(Table 4). For example, litter C (P < 0.001), litter C:N (P < 0.001) and 
litter Lignin:N (P < 0.05) had significant impact on the density of 
Amynthas sp. These results were partially in agreement with previous 
studies (Gonzalez and Zou, 1999; Schelfhout et al., 2017). Gonzalez and 
Zou (1999) reported that the total biomass of endogeic and acecic 
earthworms was positively related to litter N and phosphorus (P) con-
tents and negatively related to tannin content in a tropical forest. 

In addition, we found that the density of epigeic earthworm Amyn-
thas sp. was lower in the A. crassicarpa plantation than that in the 
E. urophylla plantation. This may have arisen because that the litter 
quality of A. crassicarpa was lower than that of E. urophylla, which was 
supported by the higher cellulose, lignin, and lignin:N of the 
A. crassicarpa litter compared to the E. urophylla litter in the present 
study (Supplementary Table S1). Nevertheless, some authors have 
demonstrated that earthworms prefer substrates with low concentra-
tions of secondary compounds and polyphenols (Hendriksen, 1990; 
Rajapaksha et al., 2013; Liebeke et al., 2015). In contrast, the density 
and biomass of endogeic earthworms P. corethrurus were higher in the 
A. crassicarpa plantation. This might be due to a higher total SOC in the 
A. crassicarpa compared to the E. urophylla plantation, as it has been 
reported that the availability of SOC and soil N could improve earth-
worm development (Scheu and Schaefer, 1998; Tiunov and Scheu, 2004; 
Milcu et al., 2008). This research was carried out on subtropical plan-
tations; therefore, its applicability to forests in the temperate and cold 
regions needs further investigation. 

Table 3 
The fine root biomass in the two plantations (mean � SE).  

Treatment Plantation type 

A. crassicarpa (g/m2) E. urophylla (g/m2) 

CK 87.24 � 5.71Aa 65.02 � 8.91Aa 
LR 66.97 � 3.55Ba 48.24 � 4.28Bb 
RR 13.14 � 1.96Ca 10.91 � 1.59Ca 
LRR 15.83 � 1.78Ca 13.44 � 1.49Ca 

Note: For CK and LR treatments, the annual fine root includes live and dead fine 
roots. For RR and LRR treatments, no live root was found, so the annual fine root 
biomass is only dead fine roots. The dead fine roots were determined by hand- 
sorting from soil cores (20 cm � 20 cm) in RR and LRR treatments. The live 
fine roots were measured by in-growth method. The different upper case letters 
indicate significant differences at P < 0.05 level between treatments in the same 
stand and the different lower case letters indicate significant differences at P <
0.05 level for the same treatment between the two plantations. 

Table 4 
Relationship between the biomass and density of Amynthas sp. and Pontoscolex 
corethrurus and selected environmental variables as determined by forward 
stepwise multiple linear regression analysisa.   

Density of 
Amynthas 
sp. 

Density of 
P. corethrurus 

Biomass of 
Amynthas 
sp. 

Biomass of 
P. corethrurus 

L_C � 5.667*** Not enteredb Not 
enteredb 

Not enteredb 

L_C:N 5.05*** Not enteredb 0.696*** Not enteredb 

L_C:P Not 
enteredb 

0.858*** Not 
enteredb 

Not enteredb 

L_Lignin:N 1.322* Not enteredb Not 
enteredb 

0.762*** 

S_Moisture 0.137* Not enteredb Not 
enteredb 

Not enteredb 

S_Temperature 0.251*** 0.315*** 0.354*** 0.352*** 
S_N Not 

enteredb 
0.107* Not 

enteredb 
0.207*** 

S_MBC � 0.181** Not enteredb � 0.141* Not enteredb 

S_Gþ:G� Not 
enteredb 

0.122** Not 
enteredb 

0.128*  

a Negative and positive relationships are indicated. 
b Not entered: the given variable was not entered into the regression model. 

*P < 0.05. **P < 0.01. ***P < 0.001. L_C, L_C:N, L_C:P, L_Cellulose, L_N:P, S_N, 
S_Temperature, S_MBC, S_Gþ:G� represent litter carbon, litter nitrogen, litter C: 
P, litter cellulose, litter N:P, soil nitrogen, soil temperature, soil microbial 
biomass carbon, soil Gþ:G� (the ratio of soil gram-positive and gram-negative 
bacteria which were from PLFA analysis), respectively. 
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5. Conclusions 

In the present study, litter input manipulation affected the earth-
worms of Amynthas sp. and P. corethrurus, primarily due to changes in 
resource supply. We found that leaf litter is more important than roots 
for both the Amynthas sp. and P. corethrurus in the two subtropical 
(A. crassicarpa and E. urophylla) plantations. The relative contributions 
of the resource supply and litter-mediated habitat condition to earth-
worm community structure needs further studies. 
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