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Abstract We determined total and methyl mercury con-

tents in soil, three earthworm species and their vomitus to

study the species-specific differences of mercury biocon-

centration in Huludao City, a heavily polluted region by

chlor-alkali and nonferrous metal smelting industry in

Liaoning Province, northeast China. Total and methyl

mercury contents were 7.20 mg/kg and 6.94 ng/g in soil,

1.43 mg/kg and 43.03 ng/g in Drawida sp., 2.80 mg/kg

and 336.52 ng/g in Alolobophora sp., respectively. Total

mercury contents were 0.966 mg/kg in Drawida sp. vom-

itus and 4.979 mg/kg in Alolobophora sp. vomitus,

respectively. Total mercury contents in earthworms and

their vomitus were significantly species-specific different

and were both in decreasing with earthworms body lengths,

which might due to the growth dilution. Among the soil,

earthworms and their vomitus, total mercury contents were

in the order of soil [ earthworms [ earthworm vomitus.

Methyl mercury was about 3.01% of total mercury in

Drawida sp., 12.02% of total mercury in Alolobophora sp.,

respectively. It suggested that mercury was mostly in

inorganic forms in earthworms. Bioaccumulation factors of

methyl mercury from soil to earthworms were much higher

than those of total mercury, which suggested that methyl

mercury might be more easily absorbed by and accumu-

lated in earthworms because of its lipid solubility.
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Earthworms constitute a major component in soil ecosys-

tem and are the representative species of soil animals with

the largest terrestrial faunal biomass. Earthworms play

important roles in element geochemistry cycle since they

contribute to organic matter incorporation and decompo-

sition. Earthworms are easily influenced by pollutants in

soil such as metals, organic pollutants and so on. In field,

with their limit mobility, earthworms are very suitable for

monitoring the effects of contaminations. In recent years,

many studies have focused on the acute toxicity effects to

earthworms of inorganic and organic pollutants such as the

nickel, oil, and so on (Vandecasteele et al. 2004; Koen and

Colin 2002; Cortet et al. 1999). There are also many

researches concerning heavy metals accumulation in

earthworms and most are on cadmium, zinc, and lead

(Kamitani and Kaneko 2007; Vliet et al. 2005; Ma 2004).

Few data are available on total and methyl mercury con-

centrations in earthworms (Burton et al. 2006).

Mercury has been recognized as a very toxic metal in the

environment and poses a serious threat to health of wild

mammals, birds and human due to the fact that it can be

biomagnified along food chains (Boening 2000). Earth-

worms have the largest biomass among the soil invertebrates

and they provide the import protein source for many small
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mammals like shrews (Hendriks et al. 1995). Hsu et al.

(2006) claimed that levels and the bioconcentration factors

of mercury in earthworms were very high. Since earthworms

are the essential components in many food chains, healths of

animals feeding on earthworms and occupying the high

trophic level might be seriously threatened due to mercury

transferring along the food chain.

The study area of this paper is the Hulucao City, which

locates in Liaoning Province, and it is an important non-

ferrous smelting and chemical industry area in northeast

China. Mercury contents in soil, water, plants and crops are

high due to the pollutants discharged during metal and

caustic soda producing process (Zheng et al. 2007). Wuli

River and Cishan River are two main rivers in the city. In

the past few decades, waste water contaminated with heavy

metals had been discharged into the Wuli and Cishan Rvier

by a chlor-alkali plant and zinc smeltery, respectively. The

Cishan River also has been impacted by the dry deposition

of metal-contaminated particular matter from the zinc

smeltery up to date.

In this paper, we analyzed total and methyl mercury

contents in soil and three earthworm species collected from

sites suffering mercury pollution from pollution by zinc

smelting and chlor-alkali production. Bioaccumulation

factors (BAF) were applied to discuss the mercury bio-

magnification from soil to earthworms so as to understand

the mercury biogeochemistry cycle in soil ecosystem.

Materials and Methods

Three earthworm species, Drawida sp., Allolobophora sp.

and Limnodrilus sp. were collected from the Huagong

Bridge (S1), Longwan Bridge (S2), Wastewater treatment

plant (S3) and Daochi Village (S4) by hands in June, 2006

(Fig. 1). Earthworms were kept in soil collected from the

same site in brown glass jars in field and brought back to

laboratory. Earthworms were picked out with forceps,

thoroughly rinsed with distilled water as soon as possible,

and put into the brown jars with one filter paper in, and a few

drops of distilled water were added to maintain them moist.

Earthworms were kept at room temperature (about 16�C) for

7d to empty their guts, then weighted, counted and identi-

fied, and their body lengths were measured. Earthworms

were oven dried (48 h at 60�C) to constant weights, ground

to homogeneous powder in a quartz bowl, and preserved in

polythene bags in refrigerator at -4�C before used. Soil and

earthworm vomitus evacuating from their guts were dried at

room temperature, ground to pass an 80-mesh sieve and

preserved in polythene bags before used.

Total mercury in soil, earthworms and their vomitus

were extracted following the method of H2SO4–HNO3–

V2O5 (Liu et al. 2003). All speciation of mercury were

converted to Hg2? and then Hg2? was reduced to elemental

Hg by addition of 20% SnCl2 solution. Cold atomic

absorption technique was used to determine the concen-

trations of total Hg with an F732-V Hg analyzer with a

detection limit of 0.05 ng/g.

Methyl mercury in earthworms and soil were extracted

and separated using the modified method described by Sun

et al. (2007). 0.500 g of soil or earthworm samples was

weighted and put into a 50 mL polyethylene centrifuge

tube. About 5.0 mL HCl (6.0 mol/L) was added to extract

all forms of mercury. The tube was placed overnight and

then ultrasonically cleaned for 2 h by the Ultrasonic Leaner

Instrument (Kunshan Ultrasonic Cleaner Instrument Co.,

Fig. 1 Sample sites (S1, Huagong Bridge; S2, Longwan Bridge; S3, Wastewater Treatment Plant; S4, Daochi Village; P1, Chlor-alkali Plant;

P2, Privately owned Zinc Smeltery; P3, State-owned Zinc Smeltery)
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Ltd., China). After that, the tube was centrifugated at

3000 rpm for 15 min. The supernatant fluid was transferred

into a 10 mL polyethylene centrifuge tube; 2.0 mL of

CH2Cl2 was added and shaken for 1 h to extract organo-

mercury compounds into the CH2Cl2 phase. After centri-

fuging at 3000 rpm for 15 min, the CH2Cl2 phase was

transferred into a 50 mL glass tube; an additional 2.0 mL

of CH2Cl2 was added into the 10 mL polyethylene cen-

trifuge tube again to remove any remaining methyl mer-

cury. The same procedure was repeated. Finally, 5.0 mL

deionized water was added into the 50 mL glass tube,

which had contained the 4.0 mL CH2Cl2 phase. The 50 mL

glass tube was placed in a 60�C water bath and was aerated

by N2. The CH2Cl2 was blown off and the organomercury

compounds were left in the water phase. At last, 1.0 mL

H2SO4 (18.0 mol/L) and 1.0 mL bromide agent (KBrO3 ?

KBr) were added into the 50 mL glass tube, which played

the role of oxidation and indicator, respectively. After 1 h,

a drop of hydroxylamine hydrochloride was added into the

tube to deoxidize the residual bromide agent. The methyl

mercury was determined by Tekran Model 2600 (330

Nantucket Boulevard, Toronto, Ontario), which was stable

and the recoveries of methyl mercury were between

94.1%–102.3%.

Calibration standards and blanks were analyzed with

each batch of samples. The determined accuracy was ver-

ified by the environmental standard reference material of

soil sample (GBW 07405) and the material IAEA-443. The

expected total and methyl mercury contents in GBW07405

and IAEA-443 were (0.29 ± 0.003)mg/kg and (0.17 ±

0.07)mg/kg, respectively. The corresponding measured

results were (0.29 ± 0.015)mg/kg and (0.15 ± 0.03)mg/

kg, respectively. Blanks were used to ensure the purity of

chemical reagents and revise the concentrations of the

measured samples. The method detection limit for methyl

mercury was 0.1 pg/g.

The BAF of the total and methyl mercury in the earth-

worms were calculated by the following formula: BAF =

total (or methyl) mercury contents in the earthworms/total

(or methyl) mercury contents in the soil.

SPSS version 10.0 and Excel 2003 were used for data

statistical analysis. One-way ANOVA was used to deter-

mine signification differences between species. ArcGIS

version9.0 was used for map sample sites.

Results and Discussion

Total mercury contents in soil ranged from 2.04 to

15.23 mg/kg with the average value of 7.20 mg/kg. Methyl

mercury contents in soil ranged from 2.01 to 10.38 ng/g

with the average value of 6.94 ng/g. In the four sites, the

highest total mercury content was found in Longwan

Bridge (S2), and the highest methyl mercury content was

observed in Huagong Bridge (S1) (Fig. 2). Total mercury

contents showed no significant correlation with methyl

mercury in soil (r \ 0.50, p [ 0.05).

Longwan Bridge (S2) located in the lower reaches of

Wuli River, and a large amount of mercury brought by

wastewater discharged from the upstream precipitated

here and resulted in high mercury levels in the surface

sediment and soil. The past effluent outlet of the chlor-

alkali plant located in Huagong Brige (S1), and the sur-

face sediment here contained many complex organic

compounds, which might accelerate mercury methylation

induced by bacterium and microorganisms. Wastewater

treatment plant (S3) and Daochi Village (S4) are both

influenced by the zinc smelting plant around and high

mercury levels here were attributed to the dry deposition

of metal contaminated particulate matter from the zinc

smeltery.

Total mercury contents in earthworms’ vomitus ranged

from 0.163 to 2.389 mg/kg (mean, 0.966 mg/kg) in Draw-

ida sp., from 1.470 to 12.274 mg/kg (mean, 4.979 mg/kg) in

Allolobophora sp. respectively. ANOVA analysis indicated

that total mercury contents in vomitus of Drawida sp. and

Allolobophora sp. were significantly different (F = 13.811,

p = 0.001). Compared with total mercury contents in soil,

mercury in earthworms’ vomitus was lower (Table 1). It

suggested that parts of mercury, which were attached in the
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Fig. 2 Total and methyl mercury contents in soil in different sample sites
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organic matter or the microorganisms and ingested by

earthworms, were assimilated in their guts.

On the whole, total mercury contents in earthworms’

vomitus were different by and in decreasing with earth-

worm body lengths (Table 1). The extent of decrease in

Drawida sp. was larger than that in Allolobophora sp.

Total mercury contents ranged from 0.8 to 2.21 mg/kg

(mean 1.43 mg/kg) in Drawida sp.; from 1.17 to 5.46 mg/

kg (mean 2.80 mg/kg) in Allolobophora sp., respectively.

Total mercury contents in these three earthworms were in

the order of Allolobophora sp.[Drawida sp.[Limnodrilus

sp. with significant difference (F = 6.272, p = 0.026).

Neither in Drawids sp. nor in Allolobophora sp. did total

mercury much varied largely with body lengths (Table 2).

Methyl mercury contents ranged from 13.48 to 103.68 ng/

g (mean, 43.03 ng/g) in Drawida sp., from 124.20 to

877.10 ng/g (336.52 ng/g) in Alolobophora sp., respec-

tively. Methyl mercury contents were not significantly dif-

ferent between in Drawida sp. and in Alolobophora sp.

On the whole, percents of methyl mercury to total

mercury were about 3.01% in Drawida sp. and 12.02% in

Alolobophora sp., respectively. It indicated that mercury

were almost in inorganic forms in the two earthworm

species. These percents in earthworms were lower than in

insects collected from the same site. For example, methyl

mercury was about 40% of total mercury in Locusta mi-

gratoria manilensis (Zheng et al. 2008).

Different from the inapparent trend of total mercury

contents decreasing with body lengths, methyl mercury

generally was more obvious. Results suggested that

methyl mercury was high and more easily absorbed by

earthworms when they were young, and then in decreas-

ing with their growth and development. This result might

due to the growth dilution, which resulted in both total

and methyl mercury decreasing with earthworm body

lengths though they could assimilate more mercury

amounts after growing up.

Earthworms contribute to more than 90% of the soil

invertebrate biomass and are considered suitable for

studying and monitoring mercury bioaccumulation in the

soil ecosystems. Many researchers reported that heavy

metals were easily assimilated by earthworms, such Cu, Pb,

Zn, Cd and so on. Ernst and Frey (2007) testified that

mercury in earthworms mostly came from soil through a

microcosm experiment. Bioaccumulation factor (BAF) was

applied to study the mercury accumulation in the soil-

earthworm system in the present research (Table 3).

Results showed that BAFm was much higher than BAFt,

which suggested that methyl mercury might be more easily

absorbed by earthworms because of its lipid solubility.

In recent years, many researches have focused on heavy

metals accumulation in earthworms and their relationships

with total and bioavailable fractions in soil, and reported

that metals in earthworms were significantly related to

Table 1 Total mercury contents in earthworms’ vomitus with different body length

Site Earthworm species Total mercury contents in vomitus (mg/kg)

\10 cm 10–15 cm 15–20 cm

(S1) Huagong Bridge Drawida sp. 1.580 0.531 0.407

Allolobophora sp 2.863 2.147

(S2) Longwan Bridge Drawida sp. 2.308 0.436 0.170

Allolobophora sp. 5.667 8.886

(S3) Wastewater treatment plant Limnodrilus sp. 0.096

(S4) Daochi Village Drawida sp. 2.389

Allolobophora sp. 2.450 1.470

Table 2 Total and methyl mercury contents in earthworms with different body lengths

Site Species Total mercury in earthworms (mg/kg) Methyl mercury in earthworms (ng/g)

\10 cm 10–15 cm 15–20 cm \10 cm 10–15 cm 15–20 cm

(S1) Huagong Bridge Drawida sp. 1.380 1.215 1.229 103.68 13.48 19.96

Allolobophora sp 1.240 1.175 877.10 125.11

(S2) Longwan Bridge Drawida sp. 2.212 1.521 5.560 38.75 39.29

Allolobophora sp. 3.148 2.889 219.68 124.20

(S3) Wastewater treatment plant Limnodrilus sp. 0.082

(S4) Daochi Village Drawida sp. 1.165 1.016

Allolobophora sp. 1.712 1.695 0.670
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fractions extracted out by DTPA (Dai et al. 2004; Hobbelen

et al. 2006). But methyl mercury was complexly associated

with clays, humus and other substances in soil, and might

not be selectively and thoroughly extracted out just by

CaCl2 or DTPA and it is still unclear whether methyl

mercury is directly absorbed from soil by earthworms or

methyl mercury is transformed by inorganic mercury in

earthworm bodies. It is meaningful to study the methyl

mercury bioaccumulation and transformation processes

from soil to earthworms in details.

In this field study, we have shown that earthworms

accumulated a large amount of mercury in the polluted soil.

Both total and methyl mercury of the Allolobophora sp.

were higher than Drawida sp. With growth and develop-

ment, total and methyl mercury were both generally in

decreased with earthworm body lengths on the whole.

Among the soil, earthworms and their vomitus, total mer-

cury contents were in the order of soil [ earthworms

[ earthworm vomitus. Compared with total mercury,

methyl mercury contents in earthworms were about 3.01%

in Drawida sp. and 12.02% in Alolobophora sp., respec-

tively. It suggested that mercury was mostly in inorganic

forms in earthworm bodies. The bioaccumulation factors

showed that methyl mercury was more easily accumulated

in earthworms.
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