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Introduction

Heavy metal pollution in soil has been a major concern all over the world. The bioavailability of heavy metals plays a vital role in their toxicity and accessibility to organisms (Xiao et al., 2017a(Xiao et al., , 2017b)). Among the various chemical methods to evaluate heavy metal bioavailability in soils, diethylenetriaminepentaacetic acid

(DTPA) extraction is an effective and widely used one [START_REF] Zhang | Earthworm and organic amendment effects on microbial activities and metal availability in a contaminated soil from China[END_REF][START_REF] Han | Using sequential extraction and DGT techniques to assess the efficacy of plant-and manure-derived hydrochar and pyrochar for alleviating the bioavailability of Cd in soils[END_REF]. Hence, using DTPA extracted fraction to assess heavy metal bioavailability facilitates comparison with previous researches. Additionally bio-indicators such as earthworms have become increasingly popular and are now widely used to evaluate the sustainability of soil use [START_REF] Fusaro | Soil Biological Quality Index based on earthworms (QBS-e). A new way to use earthworms as bioindicators in agroecosystems[END_REF] and heavy metal contamination due to the consistent relationships between heavy metal concentrations in earthworm tissues and soils [START_REF] Suthar | Earthworms as bioindicator of metals (Zn, Fe, Mn, Cu, Pb and Cd) in soils: is metal bioaccumulation affected by their ecological category?[END_REF]. The accumulation of heavy metals in earthworm tissues is in fact associated not only with the bioavailable fraction of heavy metals in soil but also with the survival rate, individual biomass and ecological category of earthworms as well as soil quality parameters [START_REF] Suthar | Earthworms as bioindicator of metals (Zn, Fe, Mn, Cu, Pb and Cd) in soils: is metal bioaccumulation affected by their ecological category?[END_REF]. The bioavailability of heavy metals in soil is significantly associated to soil properties (i.e. pH, soil organic C and total N along with their components, such as microbial biomass C and N (C mic and N mic ), dissolved organic C and N (C dis and N dis ), mineralized C and N (C min and N min ) and so forth.) [START_REF] Li | Ion activity and distribution of heavy metals in acid mine drainage polluted subtropical soils[END_REF]Xiao et al., 2017aXiao et al., , 2017b)). Nevertheless, these soil properties can be modified by the activity of earthworms [START_REF] Gong | Earthworms modify soil bacterial and fungal communities through enhancing aggregation and buffering pH[END_REF]. For instance it was reported that earthworm activities affected the formation of soil aggregates and hence influenced soil pH, organic C and N along with their components [START_REF] Fonte | Influence of earthworm activity on aggregate-associated carbon and nitrogen dynamics differs with agroecosystem management[END_REF][START_REF] Gong | Earthworms modify soil bacterial and fungal communities through enhancing aggregation and buffering pH[END_REF]. Under the stress of heavy metal contamination, earthworm activities could also promote N transformation in soils [START_REF] Xu | Earthworms stimulate nitrogen transformation in an acidic soil under different Cd contamination[END_REF]. Globally earthworms are powerful regulators of soil processes, participating in the maintenance of soil structure and regulation of several ecosystem services (food production, nutrient cycling, contaminants retention and climate regulation) [START_REF] Liu | Earthworms coordinate soil biota to improve multiple ecosystem functions[END_REF]. They also constitute a major component in soil C and N function through their feeding, burrowing and casting activities [START_REF] Lavelle | Ecosystem engineers in a self-organized soil: a review of concepts and future research questions[END_REF]. Additionally they can modify heavy metal availability in soil [START_REF] Zhang | Earthworm and organic amendment effects on microbial activities and metal availability in a contaminated soil from China[END_REF] as they are relatively efficient accumulators of both essential and non-essential metals [START_REF] Wang | Bioaccumulation of heavy metals in earthworms from field contaminated soil in a subtropical area of China[END_REF][START_REF] Yuvaraj | Environment-friendly management of textile mill wastewater sludge using epigeic earthworms: bioaccumulation of heavy metals and metallothionein production[END_REF]. As the biochemical response of different earthworm species to soil contamination are quite different, they were often used as functional bio-indicators [START_REF] Jeyanthi | Comparative study of biochemical responses in three species of earthworms exposed to pesticide and metal contaminated soil[END_REF][START_REF] Sinkakarimi | Interspecific differences in toxicological response and subcellular partitioning of cadmium and lead in three earthworm species[END_REF]. It was reported that biota to soil accumulation factor (BSAF) of earthworms highlights the different "response" strategies of earthworms in contaminated soils [START_REF] Dai | Heavy metal accumulation by two earthworm species and its relationship to total and DTPA-extractable metals in soils[END_REF]De Vaufleury et al., 2013). It also reflects the different feeding, burrowing and casting behavior of earthworms in different ecological category [START_REF] Suthar | Earthworms as bioindicator of metals (Zn, Fe, Mn, Cu, Pb and Cd) in soils: is metal bioaccumulation affected by their ecological category?[END_REF]. Furthermore, it may indicate the distribution of heavy metals in different soil fractions [START_REF] Dai | Heavy metal accumulation by two earthworm species and its relationship to total and DTPA-extractable metals in soils[END_REF]. Earthworm has been proved to be able to change heavy metal bioavailability in soil, and thus have been frequently used for soil heavy metal remediation [START_REF] Zhang | Earthworm and organic amendment effects on microbial activities and metal availability in a contaminated soil from China[END_REF]. Due to different earthworm species, soil types as well as metallic elements, results differed to some extents according to the various studies. For instance, [START_REF] Wen | The role of earthworms (Eisenia fetida) in influencing bioavailability of heavy metals in soils[END_REF] and [START_REF] Lemtiri | Earthworms Eisenia fetida affect the uptake of heavy metals by plants Vicia faba and Zea mays in metal-contaminated soils[END_REF] found that addition of earthworms increased soil heavy metal bioavailability, while Li et al. (2019aLi et al. ( , 2019b) ) and reported addition of earthworms reduced it. The relationship between the accumulation of heavy metals in earthworms and heavy metal bioavailability in soil could gain a better insight in the role of internal drives of earthworms in relation to the fate of heavy metals in soil [START_REF] Suthar | Earthworms as bioindicator of metals (Zn, Fe, Mn, Cu, Pb and Cd) in soils: is metal bioaccumulation affected by their ecological category?[END_REF]. It was found that bioavailable heavy metals were positively correlated with BSAF heavy metals in earthworms [START_REF] Dai | Heavy metal accumulation by two earthworm species and its relationship to total and DTPA-extractable metals in soils[END_REF][START_REF] Wang | Exploring the bioavailability of nickel in a soil system: physiological and histopathological toxicity study to the earthworms (Eisenia fetida)[END_REF]. However, a negative association between heavy metal bioavailability and accumulation of heavy metals in earthworm tissues was also found by [START_REF] Kavehei | Effects of red earthworms (Eisenia fetida) on leachability of lead minerals in soil[END_REF]. Thus, there is still an uncertainty whether BSAF-heavy metals in earthworm tissues are true indicators of heavy metal bioavailability in contaminated soil. The possibility to use BSAF-heavy metals of earthworms together with biological indicators such as earthworm survival, growth and health has thus to be established. In particular, the association between BSAF-heavy metals of earthworms and soil properties, as well as their effect on heavy metal bioavailability in soil has not been clearly figured out.

The overall goal of this research was to investigate effects of earthworm activity on heavy metal bioavailability in soils using their BSAF-heavy metals. Based upon the above rationale, a microcosmic laboratory experiment was set up with two species of earthworms (i.e. Amynthas corticis (A. corticis) and Amynthas robustus (A. robustus)) and for two types of soils (i.e. based on different contamination levels and soil properties) aiming to 1) evaluate the contribution of BSAF-heavy metals of earthworms to soil properties (pH, soil C and N along with their components); 2) explain the contribution of BSAF-heavy metals of earthworms to heavy metal bioavailability in soil assessed with DTPA extracted heavy metals; 3) assess the association between BSAF-heavy metals of earthworms and soil properties along with their effect on soil heavy metal bioavailability. This study is beneficial to the assessment of soil contamination by using earthworms as bio-indicators and hence can improve future soil heavy metal remediation based on earthworm applications.

Materials and methods

Samplings

The study sites are located close to Dabaoshan mine (24°30′ N and 113°45′ E, Guangdong province, South China) which has been operated for 40 years and along Yanghe River that has been seriously polluted by acid mine drainage. Farmlands around Yanghe River have been severely contaminated since it was the main water resource for irrigation. Soil samples were collected from agricultural fields in the upstream (Site A) and downstream (Site B), which were 3 km and 10 km respectively away from the mine cluster. Three soil samples (2 × 2 m) of the surface horizons (0-20 cm) from three paddy rice fields (Spacing is 10 m) were collected at each site. The main physico-chemical properties along with the total and DTPA extraction of metal contents in the soil samples are shown in Supplementary materials (STable1 and STable 2). Generally, soils in both site A and B are quite acid. Soil pH values, organic C and total N contents in site A were significantly higher (P < 0.05) than those in site B, while cation exchange capacity (CEC), clay content, and saturated water were much lower than those in site B (P < 0.05). Iron and manganese contents for site A were 3.49 and 1.40 times higher than those in site B (P < 0.05). Total contents of Zn, Cd, Pb and Cu in site A were 1.10, 2.31, 1.25 and 1.75 folds as those in site B, respectively. Similarly DTPA extraction contents of Zn, Cd, Pb and Cu in site A were 1.07, 2.10, 1.25 and 0.94 times as those in site B (P < 0.05), respectively.

A. corticis (C) and A. robustus (R) were collected by hand from the uncontaminated fields in Qingyuan, Guangdong Province, Southern China. The soil are well managed and uncontaminated according to our investigation(STable3). According to their physiological characteristics, the earthworm specimens were sent to South China Botanical Garden (Chinese Academy of Sciences) for their accurate identification. Initial heavy metal contents in earthworm tissues is given in STable 3. Generally, there was no significant difference in Cu, Pb and Zn accumulation between these two species of earthworms. However, probably due to higher individual biomass of A. robustus, Cd content in A. robustus was significantly higher than that in A. corticis (P < 0.01). Adult earthworms with clitellate were selected and pre-cultured in the soil at 25 °C for one month. In each pot, 8 earthworms of the same species were introduced in 2 kg soil. Average fresh weights of A. corticis and A. robustus were 0.67 g and 2.02 g, respectively.

The rice straws sampled from the teaching farms of South China Agricultural University were cut into 2 cm segments, soaked into water for one week to remove tannins along with other harmful substances, and applied to pots to feed the earthworms. Organic C and total N contents along with C: N ratio of rice straws was 61.2%, 1.24% and 49.3:1, respectively. Initial heavy metal concentration rice straw are shown in Supplementary (STable 3).

Experimental design

2 kg of soil with field moisture was placed in 2 L pots (10 × 18 × 15 cm). Orthogonal experiments were designed based on soil type and earthworms species. In total, there were six treat ments including two non-incubated controls as following (1) Soil A without earthworms (AS); (2) Soil A with A. corticis (AC); (3) Soil A with A. robustus (AR); (4) Soil B without earthworms (BS); (5) Soil B with A. corticis (BC); and (6) Soil B with A. robustus (BR). Four replicates were set for each treatment, and 100 g rice straw (dry weight) was placed on soil surface to feed earthworms.

All pots were placed in the dark and the room temperature was kept at 25 °C for 120 days. Soil moisture was adjusted to field capacity every three days. Living earthworms were collected, counted and weighted at the end of cultural period. Collected earthworms were used to determine their metal accumulation. Soil were mixed and divided into two halves, one of which was air-dried and passed through 2 mm and 0.149 mm sieves for further physical and chemical analysis, while the other one was stored in 4 °C refrigerator at field moisture for the analysis of microbial biomass C and N, dissolved organic C and N along with mineralized C and N.

Chemical and biological analyses

Soil pH was determined using a 1:2.5 soil-to-water ratio. Clay (<0.002 mm) content was determined by the pipette method. Organic C was determined by the dichromate digestion method and total N by Kjeldahl digestion [START_REF] Sparks | Methods of Soil Analysis: Chemical Methods[END_REF]. The cation exchange capacity was determined by the method of NH 4 OAC (1 mol L -1 , pH 7.0) exchange and Kjeldahl digestion [START_REF] Sparks | Methods of Soil Analysis: Chemical Methods[END_REF].

Soil organic carbon mineralization rate (C min ) was measured by the method of NaOH absorption, and the amount of CO 2 in the microbial carbon source mineralization was determined under the standard condition [START_REF] Dai | Heavy metal accumulation by two earthworm species and its relationship to total and DTPA-extractable metals in soils[END_REF]. The soil mineralized nitrogen (N min ) was extracted by 0.01 mol•L -1 CaCl 2 , and the content of ammonia nitrogen and nitrate nitrogen were measured by AAS flowing analyzer, and the value of N min was equal to the sum of ammonia nitrogen and nitrate nitrogen contents. Microbial biomass C and N were determined by the chloroform fumigation extraction method [START_REF] Vance | An extraction method for measuring soil microbial biomass C[END_REF]. Microbial biomass C (C mic ) and N (N mic ) were calculated according to equations: C mic = Ec/0.38, and N mic = En/0.45 (Jenkinson, 1988), where Ec and En are the difference between extractable C and N from fumigated and non-fumigated samples.

Total Cu, Zn, Pb, Cd contents in soil were determined by flame atomic absorption spectroscopy (FAAS) or graphite furnace atomic absorption spectrometry (GFAAS) after digestion of 1.0 g soil sample with H 2 O 2 , HF, HNO 3 and HClO 4 [START_REF] Amacher | Nickel, cadmium, and lead[END_REF]. Meanwhile, DTPA extraction of soil Cu, Zn, Pb and Cd was conducted based upon [START_REF] Lindsay | Development of a DTPA soil test for zinc, iron, manganese, and copper 1[END_REF].

After being counted and weighted, earthworms were transported into Petri dishes with one filter paper. A few drops of distilled water were applied to keep earthworms moister. They were kept at 25 °C for 7 days and filter papers were changed daily to allow a complete evacuation of their gut contents. Earthworms were then killed in liquid nitrogen and further oven-dried at 100 °C for 24 h. Heavy metal content in earthworms was determined using 0.2 g of dried and crushed earthworm sample. The sample was mixed with 8 mL concentrated HNO 3 and 2 mL concentrated HClO 4 for 12 h and digested at 250 °C for 2 h. After cooling, the solution was made up to 50 mL using ultra-pure distilled water [START_REF] Dai | Heavy metal accumulation by two earthworm species and its relationship to total and DTPA-extractable metals in soils[END_REF]. Metal contents in earthworms were determined by ICP-OES (Varian 710-ES). The BSAF of a metal in the earthworms was calculated by the following formula: BSAF = the metal content in earthworm tissue/total metal content in soil [START_REF] Cortet | The use of invertebrate soil fauna in monitoring pollutant effects[END_REF].

Statistical analysis

All data were expressed as mean ± standard deviation. Multivariate analysis was carried out using R and CANOCO 5.0 (R Develop ment Core Team, 2009;[START_REF] Sadyś | Application of redundancy analysis for aerobiological data[END_REF]. Univariate analysis was conducted using SAS 8.0 software. One-way or two-way ANOVA was applied if the data were in a normal distribution. Kruskal Wallis and Scheiner-Ray-Hare tests were used if the data did not conform to the normal distribution. Multiple comparisons were also conducted by means of Duncan's test, when significant difference was found by means of one-way ANOVA. Residual normality and homoscedasticity were verified using Kolmogrov-Smirnov and Bartlett tests. To gain further insight into the growth of earthworms and metal accumulation in earthworm tissues as well as the influence of soil C and N parameters on heavy metal availability in soil, redundancy analysis (RDA) was used with the CANOCO 5.0 software. In order to analyze the influence of earthworms on soil properties, survival number, biomass, and BSAF-heavy metal values of earthworms were set as explanatory variables, while soil organic C and N, along with their components were set as response variables. For analyzing the influence of earthworms on metal bioavailability, survival number, biomass, along with BSAF values of earthworms were used as explanatory variables while DTPA extracted metals were used as responsible variables. To maintain the consistency of the results, original data were transformed to lg (x+1) for correlation coefficients and stepwise regression analysis.

Results

Growth, metal accumulation and heavy metal bio-concentration factor of earthworm

Characteristics of earthworm growth

Biomass of A. corticis significantly decreased by 70.6% (AC) and 64.2% (BC) in both soils (p < 0.05), respectively. In contrast biomass of A. robustus in soil A was fairly stable (p > 0.05), while it decreased by 32.1% in B soil (Table 1). Generally, the quantity of the two earthworm species decreased in all treatments. Compared to A. robustus, the quantity of which decreased by 25% (P < 0.05) and 12.5% (P > 0.05) in soil A and B, respectively, the numbers of A. corticis decreased more drastically by 50% (P < 0.05) and 62.5% (P < 0.05), respectively in soil A and soil B.

Accumulation and BSAF of metals in earthworm tissue

After 120 days of cultivation, the accumulation of Zn, Cd, Pb and Cu in A. corticis tissue increased by 1.99-2.98, 1.34-2.82, 27.0-87.0 and 13.4-15.8 times, respectively, compared to their initial concentrations in that earthworm. The accumulation of Zn, Cd, Pb and Cu in A. robustus increased by 0.79-0.81, 1. 75-1.88, 124-233 and 4.23-6.53 earthworm species and soil type (Table 2). Zn accumulation in earthworm tissue was species dependent. Accumulation of Zn in A. corticis was significantly higher than that of A. robustus (p < 0.05). Cd accumulation in earthworm tissue however, was related to soil types. Cd contents in both earthworm species cultivated in soil A were significantly higher than those in soil B (P < 0.05). Although the initial content of Cd in A. robustus was significantly higher than that in A. corticis (STable3), after 120 day of incubation in heavy metal contaminated soil, the contents of Cd in both earthworms were similar (Table 2). It was suggested that A. corticis may readily accumulate Cd from contaminated soil. According to two-way ANOVA, accumulations of Pb was significantly related to earthworm species (P < 0.05), while accumulation of Cu was significantly affected by the interactive effect of soil type and earthworm species (P < 0.05). Cd-BSAF ranged from 4.38 to 11.5, and the highest value occurred in treatment with A. robustus in soil B. Zn-BSAF were 1.39-4.57, and Zn-BSAF of A. corticis was significantly higher than that of A. robustus in both soils (P < 0.05). Pb-BSAF ranged from 0.222 to 11.4. Pb-BSAF of A. robustus was significantly higher than that of A. corticis in both soils. Cu-BSAF were 0.15-0.48. Two-way ANOVA indicated a significant interaction occurred in Cu-BSAF between earthworm species and soil types (P < 0.05).

Soil pH, organic C and N along with their components

After 120 days of incubation, variations of soil properties in the different treatment are given in Table 3. Soil pH ranged from 3.83 to 5.23 in the soils treated with earthworms. Generally, the addition of earthworms could reduce soil pH to some extent. In particular, the addition of A. robustus significantly decreased soil pH by 0.21-0.45 units (P < 0.05). Two-way ANOVA showed that soil pH was significantly associated with earthworm species and soil type.

Though the addition of earthworms did not change soil C org significantly (P > 0.05) in soil A, it changed C min and C mic significantly (P < 0.05). In soil A, adding A. corticis and A. robustus increased C min by 27.0% and 28.3% in average, respectively, while incubation with A. corticis and A. robustus respectively reduced C mic by 19.9% and 44.4% in average. In soil B, the addition of A. corticis and A. robustus significantly increased soil C org by 26.2% and 23.8%, respective (P < 0.05). Incubation with two species of earthworms also resulted in a significant increase in C mic (44.5% vs.61.3% respectively for A. corticis and A robustus). Independent t tests showed that soil type also affected organic C and its components. C org was significantly higher in treatments with earthworms in soil B than that in soil A (P < 0.05). C min in all treatments with soil A was significantly higher than that with soil B (P < 0.05), while C mic in treatment with soil A was significantly lower than that with for soil B (P < 0.05). Two-way ANOVA also indicated that interactive effect between soil type and earthworm species occurred in C org and C mic (P < 0.05).

Addition of earthworms significantly changed soil N tot and its components in both soils (P < 0.05). The addition of A. corticis and A. robustus significantly increased N tot in soil A by 11.6% and 17.0%, respectively. The addition of A. corticis and A. robustus significantly increased N tot in soil B by 9.6% and 13.9%, respectively (P < 0.05). The addition of A. robustus in both soils resulted in a significant increase of N dis (P < 0.05). Incubation with two species of earthworms significantly increased N min for both soils (P < 0.05), while incubation with these earthworms significantly reduced N mic (P < 0.05). Based upon independent t-test, N dis was found to be significantly higher in treatment with A. robustus in soil B than that in soil A. N min was significantly higher (more than 2 times) in all treatment with soil B than that in soil A (P < 0.05).

Heavy metal bioavailability

DTPA extracted Zn, Cd, Pb and Cu were 12.3-21.8, 0.115-0.4, 37.2-52.1 and 61.9-104.5 mg kg -1 , respectively (Table 4). DTPA extracted Zn was significantly higher in treatment AR than AS, indicating that A. robustus increased the soil bioavailability of Zn. DTPA extracted Cu increased by 4.0 and 5.0 mg kg -1 in treatments with A. corticis in soil A. In soil B, Cu-DTPA content was significantly higher in treatment BR compared to BS (P < 0.05), indicating that A. robustus significantly increased bioavailability of Cu. Compared to BS, Cu-DTPA in treatment BR increased by 9.6%.

Multivariate statistical analysis of the effect of earthworms on soil properties

After 999 times Monte Carlo test, Pb-BSAF and Cu-BSAF were selected as significant factors affecting the variations of soil properties (Fig. 1). Cu-BASF and Pb-BSAF reflected 51.9% of total eigenvalue. Explaining 38.5% of changes in soil pH, organic C and N along with their components, Cu-BSAF was the major factor that affected soil property changes. Pb-BSAF explained 13.3% of soil property variations. The axis 1 of RDA, positively associated with Cu-BSAF, indicated 40% of the dependent variable changes. Axis 1 represented the effect of Cu accumulation capacity of earthworms on soil properties. Axis 2 was positively correlated with Pb-BSFA, reflecting 11.9% of dependent variable variations. Axis 2 represented the impact of Pb accumulation capacity of earthworms on soil properties. Moreover, distribution of the treatments along axis 1 suggested that Cu-BSAF played a major role in variations of soil properties, Cu-BSAF of earthworms being associated with the interactive effect of soil types and earthworm species. Distribution of the treatments along axis 2 suggested that Pb-BSAF also had a great impact on soil property changes and was related to earthworm species.

Multivariate statistical analysis of influence of earthworms on heavy metal bioavailability

Through forward selection by 999 times of Monte Carlo test, Pb-BSAF and Cu-BSAF were selected as the significant factors influencing the bioavailability of heavy metals in soils (Fig. 2). Pb-BSAF and Cu-BSAF explained 51.7% of the total eigenvalues. This result is coupled with the effect of earthworms on soil properties. Cu-BSAF explained 45.1% of DTPA extracted metals and hence has a dominant effect on metal bioavailability. Pb-BSAF reflected 6.6% of DTPA extracted metals and also affected soil metal bioavailability significantly. Axis 1 was positively correlated with Cu-BSAF, explaining 47.6% of dependent variable changes. Hence, axis 1 represented the influence of Cu accumulation capacity of earthworms on heavy metal availability. Axis 2 was positively associated with Pb-BSAF, explaining 4.1% of dependent variable changes. Axis 2 reflected the impact of Pb accumulation capacity on heavy metal bioavailability. Distribution of treatments along Axis 1 indicated that Cu-BSAF had a major impact on metal bioavailability and was associated with soil types. Distribution of treatments along Axis 2 demonstrated that Pb-BSAF also affected metal bioavailability and was related to earthworm species.

Based upon the relationship between soil properties and BSAF-heavy metals of earthworms along with the relationship between DTPA extracted heavy metals and BSAF-heavy metals, it is obvious that earthworms could affect soil properties (i.e. C components and pH) and hence influenced DTPA extracted heavy metals. Stepwise regression was employed to analyze the comprehensive effect of soil properties and BSAF-heavy metals of earthworms (Table 5). In general, DTPA extracted heavy metals in soil could be regressed by soil The different letters indicate significant differences in different treatment (P < 0.05).

U N C O R R E C T E D P R O O F

Table 3

Variation of soil organic C and N along with their components in treatments (mean ± S.D., n = 4). 

Treatment pH C org C dis C min C mic N tot N dis N min N mic g•kg -1 mg•kg -1 mg C-CO 2 •g -1 soil per day mg•kg -1 g•kg -1 mg•kg -1 mg•kg -1 mg•kg

Discussion

Characteristics of earthworms in different species

A. corticis and A. robustus are quite different in terms of behavior. A corticis is a typical epigeic species, which lives on the surface of soil (0-5 cm) and tends not to make burrows [START_REF] Xiao | Earthworms suppress thrips attack on tomato plants by concomitantly modulating soil properties and plant chemistry[END_REF]. Biomass of mature individual of A. corticis was about 1/4 of A. robustus (Table 1). As an endogeic species [START_REF] Lin | The impact on the soil microbial community and enzyme activity of two earthworm species during the bioremediation of pentachlorophenol-contaminated soils[END_REF], A. robustus feeds on soil mineral particles and makes burrows through soil to Xiao et al. Ecotoxicology and Environmental Safety xxx (xxxx) xxx-xxx move around [START_REF] Lin | Enhancement effect of two ecological earthworm species (Eisenia foetida and Amynthas robustus E. Perrier) on removal and degradation processes of soil DDT[END_REF][START_REF] Xu | Removal of persistent DDT residues from soils by earthworms: a mechanistic study[END_REF]. Not only the biomass of A. robustus individual was higher than that of A. corticis, but also the survival rate of A. robustus was higher than that of A. corticis (Table 1). These results indicated that A. robustus is more tolerant to heavy metal contamination compared to A. corticis, probably due to its higher individual biomass. In addition, the burrowing capacity of endogeic species, e.g. A. robustus enhances their toleration to heavy metal contamination [START_REF] Lukkari | Effects of heavy metals on earthworms along contamination gradients in organic rich soils[END_REF]. Therefore, under the stress of heavy metal contamination, the variation of biomass and survival rates of A. robustus were more stable than that of A. corticis.

U N C O R R E C T E D P R O O F L.
The accumulation of heavy metals differed significantly in earthworm tissues differed for A. corticis and A. robustus (P < 0.05, Table 2). These results indicated that the species of earthworms affected heavy metal accumulation in their tissue. [START_REF] Suthar | Earthworms as bioindicator of metals (Zn, Fe, Mn, Cu, Pb and Cd) in soils: is metal bioaccumulation affected by their ecological category?[END_REF] also observed species specific metal accumulation pattern. They found that endogeic earthworms accumulated more heavy metals in their tissue than anecic earthworms. Species-specific ingestion behavior, burrowing habit as well as earthworm niche structure have a great impact on heavy metal accumulation in earthworm tissues [START_REF] Suthar | Earthworms as bioindicator of metals (Zn, Fe, Mn, Cu, Pb and Cd) in soils: is metal bioaccumulation affected by their ecological category?[END_REF][START_REF] Wang | Bioaccumulation of heavy metals in earthworms from field contaminated soil in a subtropical area of China[END_REF]. However, it should be noted that the accumulation patterns is element specific. For instance, Zn-BSAF and Cd-BSAF of A. corticis were significantly higher than those of A. robustus though Pb-BSAF of A. corticis was significantly lower than that of A. robustus, indicating that heavy metal accumulation capacity of earthworms was element dependent. As an essential element, the accumulation of Zn in plants was relatively high [START_REF] Wang | Arbuscular mycorrhizae alleviate negative effects of zinc oxide nanoparticle and zinc accumulation in maize plants-a soil microcosm experiment[END_REF]. Cd tends to be the most mobile element among the studied heavy metals in soils, hence it could be more accessible to plants [START_REF] Dai | Heavy metal accumulation by two earthworm species and its relationship to total and DTPA-extractable metals in soils[END_REF]. As the major origin of soil organic matter is the plants growing on it [START_REF] Wang | Soil aggregates and organic carbon affected by the land use change from rice paddy to vegetable field[END_REF], Cd and Zn in soil organic matter are relatively high. In addition, exogenous Cd and Zn are easily absorbed into soil organic matter [START_REF] Fan | Effect of organic matter on sorption of Zn on soil: elucidation by Wien effect measurements and EXAFS spectroscopy[END_REF][START_REF] Zhou | Effects of organic matter fraction and compositional changes on distribution of cadmium and zinc in long-term polluted paddy soils[END_REF], which A. corticis feed on, may lead to the accumulation of Cd and Zn. Higher accumulation of Pb in A. robustus than that in A. corticis was also found because of their different feeding behavior.

A. robustus mainly feed on soil particles which were the main sink of Pb [START_REF] Li | Ion activity and distribution of heavy metals in acid mine drainage polluted subtropical soils[END_REF]. An interactive effect between soil type and earthworm species could be also observed in the variation of Cu-BSAF, indicating that different earthworm species played an important role in Cu accumulation in earthworms for the two types of soil. Based upon the above discussion, BSAF was found to be a good indicator to evaluate the ecological characteristics of earthworms. It also partially reflected interactive effect of earthworm species and soil types. Therefore, it is reasonable to use BSAF to assess the influence of earthworms on soil properties and heavy metal bioavailability.

Soil property variations and their influencing factors

Soil pH in treatment AR and BR was significantly lower than that in the control, indicating that A. robustus could significantly reduce soil pH. [START_REF] García-Montero | Impact of earthworm casts on soil pH and calcium carbonate in black truffle burns[END_REF] found that earthworms (Prosellodrilus sp.) increase soil pH by their cast production and activity, which is quite different from our results. However the effect earthworms on soil pH should depend on site-specific factors including pH and category of the original soil [START_REF] Cheng | Effects of earthworms on Zn fractionation in soils[END_REF][START_REF] Yu | Earthworm-mycorrhiza interaction on Cd uptake and growth of ryegrass[END_REF][START_REF] Oo | Soil properties and maize growth in saline and nonsaline soils using cassava-industrial waste compost and vermicompost with or without earthworms[END_REF]F Li et al., 2019aF Li et al., , 2019b)). RDA showed that soil pH and Cu-BSFA were significantly correlated with Axis 1, suggesting Cu-BSFA which reflected the influence of both earthworm species and soil types had a major impact on soil pH change.

Earthworms changed C and N transportation in soil [START_REF] Hoang | Earthworm burrows: kinetics and spatial distribution of enzymes of C-, N-and P-cycles[END_REF][START_REF] Sheehy | Earthworm Lumbricus terrestris mediated redistribution of C and N into large macroaggregate-occluded soil fractions in fine-textured no-till soils[END_REF]. Two-way ANOVA showed a significant influence of earthworm on C min (P < 0.01, Table 3), suggesting that earthworms affected soil C and N components by influencing soil microbial activities. Earthworm intestinal microorganisms were associated with redistribution of C and N in soil [START_REF] Sheehy | Earthworm Lumbricus terrestris mediated redistribution of C and N into large macroaggregate-occluded soil fractions in fine-textured no-till soils[END_REF]. A. corticis could increase soil C mineralization through their promotion of soil respiration [START_REF] Snyder | Competition between invasive earthworms (Amynthas corticis, Megascolecidae) and native North American millipedes (Pseudopolydesmus erasus, Polydesmidae): effects on carbon cycling and soil structure[END_REF]. Enzymes associated with C mineralization, for instance, β-glucosidase, cellobiohydrolase, xylanase were activated in burrows of endogeic earthworm like A. robustus [START_REF] Hoang | Earthworm burrows: kinetics and spatial distribution of enzymes of C-, N-and P-cycles[END_REF]. The present study showed that the effects of A. corticis and A. robustus on C min in soil were similar (Fig. 1), indicating that although the feeding behavior and burrowing behavior of these two earthworms were different, due to their different ecological category, their influence on C min were similar. C min was negatively correlated with Cu-BSAF, indicating that soil C min might be also associated with the interactive effect between soil types and earthworm species. C min in soil A was quite higher than that in soil B (Table 3 and Fig. 1), which is in line with higher heavy metal content in soil A than that in soil B, suggesting that soil heavy metal contamination might stimulate C mineralization to some extent. Similar phenomenon has been reported in previous studies (Flieβbach et al., 1994;[START_REF] Dinesh | Engineered nanoparticles in the soil and their potential implications to microbial activity[END_REF]. Two-way ANOVA showed that soil N and its components were associated with earthworm species. In particular, soil N dis was positively correlated with Pb-BSAF (Fig. 1), demonstrating that earthworms with higher Pb-BSAF (i.e. A. robustus) tends to impact N dis greater than those with lower Pb-BSAF (i.e. A corticis). So far, several possible mechanisms explaining endogeic earthworm-stimulated N dis have been put forward. Burrowing activity of earthworms could mediate soil aeration, modify soil moisture, decompose organic matter, and hence change the microbial communities and N cycles [START_REF] Kim | Interactions between earthworm burrowing, growth of a leguminous shrub and nitrogen cycling in a former agricultural soil[END_REF]. Earthworm epidermal mucus contains NO 3 --N and NH 4 + -N, which could directly increase soil dissolved N content by burrowing activities [START_REF] Zhang | Influence of earthworm mucus and amino acids on tomato seedling growth and cadmium accumulation[END_REF][START_REF] Xu | Earthworms stimulate nitrogen transformation in an acidic soil under different Cd contamination[END_REF]. Through burrowing activities, endogeic earthworms could have enhanced microbial activity and accelerate N mineralization [START_REF] Ernst | Decomposition and mineralization of energy crop residues governed by earthworms[END_REF].

RDA showed that 51.9% of soil property changes could be explained by Cu-BSAF and Pb-BSAF of earthworms, suggesting that heavy metal accumulation capacity of earthworms played an important role in soil property variations. Compared to biomass and survival number of earthworms, the species along with soil types were the most significant factors affecting soil properties. Thus, further studies regarding effect of earthworms on soil properties should consider intrinsic features of earthworm ecological category (i.e. BSAF of heavy metals).

Influence of earthworms on DTPA extracted heavy metals

Zn-DTPA in treatment AR along with Cu-DTPA in treatment AR and BR were significantly higher than those of control (P < 0.05), indicating that A. robustus increased Zn and Cu availability in soil. Nevertheless, A. corticis increased Cu availability in soil A. These results demonstrated that A. robustus might have stronger capability in activating heavy metal availability than A. corticis. This evidence has been supported by previous study that earthworms of endogeic species activated heavy metal availability [START_REF] Dai | Heavy metal accumulation by two earthworm species and its relationship to total and DTPA-extractable metals in soils[END_REF]. Heavy metals combined with soil minerals might be released during intestinal digestion by endogeic earthworms [START_REF] Sizmur | Do earthworms impact metal mobility and availability in soil? -a review[END_REF]. Compared to epigeic earthworms, endogeic earthworms tend to make burrows and move frequently in soil [START_REF] Lin | Enhancement effect of two ecological earthworm species (Eisenia foetida and Amynthas robustus E. Perrier) on removal and degradation processes of soil DDT[END_REF][START_REF] Xu | Removal of persistent DDT residues from soils by earthworms: a mechanistic study[END_REF]., and hence have greater impact on heavy metal bioavailability in soil.

RDA result showed that Cu-BSAF and Pb-BSAF of earthworms could explain 51.7% of DTPA extracted heavy metal changes, indicating that Cu and Pb accumulation capacity of earthworms were the most significant factors impacting heavy metal bioavailability in soil. As BSAF -Pb and Cu-BSAF respectively reflected the effect of earthworm species and the interactive effect between soil type and earthworm species, these results demonstrated that heavy metal bioavailability was affected not only by earthworm species but also by the interaction of earthworms with the studied soils. Significant differences Xiao et al. Ecotoxicology and Environmental Safety xxx (xxxx) xxx-xxx occurred between soil A and soil B in soil properties (i.e. pH, SOC, total N, clay, CEC, total Fe and total Mn) and DTPA heavy metals (STable 1 and 2), which might result in an interactive effect with earthworm species and subsequently affected heavy metal bioavailability in soil. For instance, pH was reported to be the most important factors affecting earthworm survival and hence leading to the change of heavy metal accumulation in earthworm and heavy metal bioavailability in soil [START_REF] Bradham | Effect of soil properties on lead bioavailability and toxicity to earthworms[END_REF]. CEC was also recognized as a significant factor influencing heavy metal toxicity to earthworms and further impacting bioavailable heavy metal in soil [START_REF] Lanno | Effects of soil properties on the toxicity and bioaccumulation of lead in soil invertebrates[END_REF].

U N C O R R E C T E D P R O O F L.
It should be noted that Cu-BSAF and Pb-BSAF could explain 51.9% and 51.7% of soil property and DTPA extracted heavy metal changes respectively by means of RDA, and these two analyses were similar (Figs. 1 and2). These results suggested that the accumulation of Cu and Pb in earthworms have similar impact on soil properties and heavy metal bioavailability. On one hand, the accumulation of Cu and Pb in earthworms affected soil properties and hence influenced DTPA extracted heavy metals. Stepwise regression indicated that increase of pH, C min and N dis could enhance heavy metal availability in soil (Table 5), and these soil properties were all associated with earthworm activities based upon our above analysis. The increase of C min indicated an increase of organic C decomposition, which is conducive to heavy metal availability [START_REF] Zhang | Earthworm and organic amendment effects on microbial activities and metal availability in a contaminated soil from China[END_REF]. The change of soil pH altered heavy metal bioavailability in soil (Xiao et al., 2017a(Xiao et al., , 2017b)). The decomposition of soil urea was proved to be associated with soil heavy metal bioavailability [START_REF] Li | Heavy metal removal by biomineralization of urease producing bacteria isolated from soil[END_REF]. These changes of soil properties reflected the synergetic effect of earthworms and microorganisms, which finally led to an augment of heavy metal bioavailability [START_REF] Liu | Interaction effects and mechanism of Pb pollution and soil microorganism in the presence of earthworm[END_REF]. On the other hand, it should be noticed that the Pb-BSAF explained 13.3% of soil property change while it only explained 6.6% of DTPA extracted heavy metals in soil, while Cu-BSAF explained 38.5% of soil property change and 45.1% of DTPA extracted heavy metals in soil. These results implied that earthworm activity have a great impact on the variation of soil properties and DTPA extracted heavy metals, while the interaction between different earthworm species and soil types played a dominant role in soil properties and heavy metal changes.

Conclusion

The addition of earthworms decreased soil pH, increased soil C min , and increased soil N along with its components (i.e. N dis and N min ). The addition of A. robustus enhanced Zn-DTPA in soil A along with Cu-DTPA in both soil A and soil B, while addition of A. corticis increased Cu-DTPA in soil A. Cu-BSAF and Pb-BSAF could reflect 51.9% of soil property change, and they could explain 51.7% of DTPA extracted heavy metal variation. Pb-BSAF, indicating the influence of earthworm activities of different species, had a great impact on soil property and heavy metal bioavailability change. Nevertheless, Cu-BSAF, reflecting the interaction between earthworm species and soil types, had a dominant effect on the variation of soil property and heavy metal bioavailability. RDA and stepwise regression analysis indicated that earthworm activities changed soil properties (i.e. pH, C min and N dis ) and thus enhanced heavy metal bioavailability. Collectively these results imply that BSAF is an important indicator for evaluating the effect of earthworm activity on soil heavy metal bioavailability and assessing the capacity of earthworms for soil heavy metal remediation. Further study may consider a field investigation to evaluate the contribution of BSAF-heavy metals of earthworms on heavy metal bioavailability for in situ condition. 
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A

  and B referred to the treatments using soil A and soil B. S, C and R referred to treatment with no earthworm (control), A. corticis, and A robsutus. The different capital letters indicate significant differences in treatment of soil A (P < 0.05). The different lower letters indicated significant differences in treatment of soil B (P < 0.05). The different superscript letters indicated significant difference in different soil type with same earthworm species.

Fig. 1 .

 1 Fig. 1. Redundancy analysis (RDA) of soil properties and BSAF-heavy metals of earthworms. Squares and circles referred to soil treated with A. corticis and A. robustus, respectively. Color white and grey referred to soil A and soil B. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2 .

 2 Fig. 2. Redundancy analysis (RDA) of DTPA extracted heavy metals in soil and BSAF-heavy metals of earthworms. Squares and circles referred to soil treated with A. corticis and A. robustus, respectively. Color white and grey referred to soil A and soil B. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

 1 Variation of earthworm biomass and quantity (mean ± S.D., n = 4).

	times, respectively, compared to their initial concentrations. Heavy metal ac-cumulation in earthworm tissue was associated with
			Biomass		Quantity	
			g•pot -1		worms•pot -1
			0 d	120 d	0 d	120 d
	A. corticis A. robustus	soil A soil B soil A soil B	5.34 ± 0.07 Aa 5.31 ± 0.08 Aa 16.2 ± 0.09 Aa 16.2 ± 0.11 Ab	1.57 ± 0.88 Ab 1.90 ± 1.59 Ab 16.6 ± 1.51 Aa 11.0 ± 3.00 Bb	8 ± 0 Aa 8 ± 0 Aa 8 ± 0 Aa 8 ± 0 Aa	4 ± 3 Ab 3 ± 2 Bb 7 ± 1 Aa 6 ± 1 Ab

Different capital letters indicate the significant difference (P < 0.05) between the treatments with different soil and same earthworm, Different lower letters indicate the significant difference (P < 0.05) in the same treatment before and after incubation.

Table 2

 2 Variation of earthworm metal accumulation and BSAF in treatments (mean ± S.D., n = 4).

	Metals accumulation

A and B referred to the treatments using soil A and soil B. C and R referred to treatment with A. corticis, and A robsutus.

  referred to the treatments using soil A and soil B. S, C and R referred to treatment with no earthworm (control), A. corticis, and A robsutus. The different capital letters indicate significant differences in treatment of soil A (P < 0.05). The different lower letters indicated significant differences in treatment of soil B (P < 0.05). The different superscript letters indicated significant difference in different soil type with same earthworm species.
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	Table 4 DTPA extracted heavy metals in soil of treatments (mean ± S.D., n = 4). Expand				
	Treatment				Zn-DTPA	Cd-DTPA	Pb-DTPA	Cu-DTPA
					mg•kg -1	mg•kg -1	mg•kg -1	mg•kg -1
	Two way ANOVA	AS AC AR BS BS BR	Earthworm Soil Earthworm*Soil	p p p	19.5 ± 0.892B a 20.4 ± 0.251AB a 21.1 ± 0.665A a 13.5 ± 0.536a b 14.3 ± 1.570a b 14.6 ± 0.781a b 0.008 <0.0001 0.745	P R O O F 0.333 ± 0.024A a 50.1 ± 2.19A a 0.335 ± 0.015A a 50.2 ± 1.11A a 0.345 ± 0.022A a 48.1 ± 0.850A a 0.140 ± 0.006a b 40.2 ± 1.39a b 0.135 ± 0.014a b 40.1 ± 2.20a b 68.6 ± 2.38ab b 96.0 ± 2.97B a 100 ± 2.86A a 101 ± 1.69A a 64.8 ± 2.41b b 0.133 ± 0.010a b 38.3 ± 0.871a b 71.0 ± 3.01a b 0.784 0.215 0.0002 <0.0001 <0.0001 <0.0001 0.39 0.922 0.922
	AS AC AR BS BC BR Earthworm Soil Earthworm*Soil A and B U N C O R R E C T E D 5.12 ± 0.121A a 20.3 ± 4.86A a 26.8 ± 15.9A a 5.05 ± 0.123AB a 19.2 ± 1.10A b 24.0 ± 2.35A a 4.91 ± 0.114B a 20.5 ± 0.266A b 18.0 ± 2.60A b 4.49 ± 0.090a b 17.2 ± 1.26b a 21.3 ± 9.72a a 4.31 ± 0.208ab b 21.7 ± 1.37a a 28.7 ± 11.3a a 4.04 ± 0.206b b 21.3 ± 0.563a a 31.7 ± 9.69a a Two way ANOVA p 0.006 0.06 0.353 p <0.0001 0.362 0.381 p 0.247 0.012 0.103	23.3 ± 3.42B a 29.6 ± 4.22A a 29.9 ± 3.40A a 15.7 ± 2.90a b 19.6 ± 3.74a b 17.2 ± 1.76a b 0.004 <0.0001 0.204	67.5 ± 4.03A a 54.1 ± 5.06B a 37.5 ± 6.51C b 35.7 ± 5.20b b 51.6 ± 4.23a a 57.6 ± 10.0a a 0.696 0.167 <0.0001	1.12 ± 0.042B a 1.25 ± 0.070A a 1.31 ± 0.052A a 1.15 ± 0.016b a 1.26 ± 0.114a a 1.31 ± 0.023a a <0.0001 0.655 0.638	43.1 ± 10.4 B a 50.9 ± 5.55 AB a 58.9 ± 6.72 A b 44.9 ± 21.1b a 62.4 ± 8.89b a 90.5 ± 15.0a a 0.004 0.033 0.205	9.65 ± 4.08B b 19.5 ± 2.09A b 23.2 ± 5.85A b 25.9 ± 4.81c a 48.5 ± 16.4b a 88.3 ± 17.4a a <0.0001 <0.0001 0.798	-1 30.6 ± 1.23A a 19.0 ± 4.94B a 5.00 ± 4.80C a 32.9 ± 14.4a a 9.15 ± 7.48b a 16.0 ± 15.3ab a <0.0001 0.745 0.902

Table 5

 5 Stepwise regression between DTPA extracted heavy metals, soil organic C and N along with the components as well as BSAF of earthworms.
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