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Mercury toxicity to Eisenia fetida in three different soils
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Abstract Three different soils were spiked with 12 differ-
ent concentrations of inorganic mercury (Hg). Sub-
chronic Hg toxicity tests were carried out with Eisenia
fetida in spiked soils by exposing the worms for 28 days
following standard procedures. The toxicity studies re-
vealed that Hg exerted less lethal effect on earthworms
in acidic soil with higher organic carbon (S-3 soil) where
water soluble Hg recovery was very low compared to the
water soluble Hg fractions in soils with less organic car-
bon and higher pH (S-1 and S-2 soils). The concentrations
of total Hg that caused 50 % lethality to E. fetida (LC50)
after 28 days of exposure in S-1, S-2 and S-3 soils were
152, 294 and 367 mg kg−1, respectively. The average
weight loss of E. fetida in three soils ranged from 5 to
65 %. The worms showed less weight loss in the organic
carbon-rich soil (S-3) compared to less organic carbon
containing soils (S-1 and S-2). The bioconcentration of
Hg in E. fetida increased with increased Hg concentra-
tions. The highest bioaccumulation took place in the acid-
ic soil with higher organic carbon contents with estimated
bioaccumulation factors ranging from 2 to 7.7. The find-
ings of this study will be highly useful for deriving a more
robust soil ecological guideline value for Hg.
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Introduction

Mercury (Hg) does not have any known biological function;
however, in its toxic forms, it is one of the most hazardous
metals that can be bioaccumulated and biomagnified (Driscoll
et al. 2013; Garcia et al. 1999). The toxicity of Hg to human
health and ecosystems has been recognized and addressed by
many national and international policy developers (Sloss
2012). A recent estimate has reported that 7527 Mg of Hg is
released into the environment annually, of which 5207 Mg is
released by natural sources such as oceanic and volcanic emis-
sions, agricultural activities and biomass burning, and the rest
of the Hg is emitted from anthropogenic activities such as
power plants, gold mining, metal manufacturing and other
industrial productions (Pirrone et al. 2010).

After emission, metallic Hg is oxidized in the atmosphere.
Almost 60 % of oxidized atmospheric Hg is deposited to land
and 40 % to water, although land represents only 30 % of the
Earth’s surface (Douglas et al. 2012; Mason et al. 1994). Till
now, most of the studies on Hg toxicity have focused on
aquatic organisms. Thus, information on the toxicity of Hg
to terrestrial organisms is scant. The conventional methods
for risk assessment of Hg in soil are based on the comparison
of measured concentrations of total and extractable Hg with
the precautionary or regulatory values which are set by differ-
ent countries as safe levels of Hg (CCME 1997; NEPM 2013).
But analysis of total or extractable pollutants does not neces-
sarily reflect the real toxicity. Different international organiza-
tions and environmental agencies have agreed that soil risk
assessments cannot be based only on chemical analysis of
pollutants (Sanchez-Hernandez 2006).
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In the terrestrial environment, much of the mercury is meth-
ylated under anaerobic conditions (Furutani and Rudd 1980;
Stein et al. 1996). Methylated mercury is neurotoxic but it is
also bioaccumulated in organisms such as earthworms which
constitute up to 80 % of the total biomass of soil fauna in
terrestrial ecosystems (Kabata-Pendias 2010). Since earth-
worms are a food source to a wide variety of organisms, mer-
cury bioaccumulates and then is passed further up the food web
(Gnamuš et al. 2000; Nevado et al. 2012). Furthermore, earth-
worms contribute to the decomposition of soil organic matter
and cycling of nutrients; hence, toxic levels of mercury in soil
have ramifications for soil fertility (Lionetto et al. 2012).

Earthworms can accumulate many pollutants including
heavy metals and play an important role in the
biomagnification processes of soil pollutants. Earthworms
are considered as a reliable bioindicator of soil pollution
(Hinton and Veiga 2009) and are an excellent model for study-
ing Hg biochemistry and toxicity in terrestrial ecosystems
(Calisi et al. 2013). However, the information on terrestrial
toxicity of Hg to this important soil invertebrate is still scarce
which is required for the establishment of safe Hg limits in
soil. Therefore, the earthworm Eisenia fetida (Oligochaeta,
Annelida) was chosen for this study. In the present investiga-
tion, total and water-soluble Hg was measured in soils spiked
with gradually increasing concentrations of Hg. Survival rate
and weight loss of E. fetidawere monitored. Bioaccumulation
of Hg in E. fetida in different soils was estimated. Toxicity
data were compared with the previous investigations (Álvarez
et al. 2014; Burton et al. 2006; Hinton and Veiga 2009; Lock
and Janssen 2001; Rieder et al. 2011; Zagury et al. 2006).

Materials and methods

Soil analysis

Top soils (0–15 cm) differing in their properties, pH in partic-
ular, were collected from three different sites in South
Australia, Australia. Soil samples S-1 and S-2 were residential
soils and sample S-3 was forest soil. All soil samples were
sieved through a 2-mm sieve. Soil texture was determined by
the micro-pipette method (Miller and Miller 1987). Soil pH
was determined electrometrically on a 1:5 dry soil/water sus-
pension after 2 h stirring using a glass membrane electrode at
25 °C. Electrical conductivity (EC) was determined with an
EC probe in the aqueous extract of a 1:5 soil/water suspension
and recorded in deciSiemens per metre at 25 °C. Maximum
water holding capacities (WHC) of three soils were deter-
mined by gravimetry with the oven-dry method (Gardner
and Klute 1986). Total organic carbon was determined by
dry combustion at 1250 °C using a Tru Mac (LECO, Japan)
CNS elemental analyzer. Total nitrogen of the soils was

determined using a Tru Mac (LECO, Japan) CNS elemental
analyzer according to the manufacturer’s protocol.

Soil spiking, and recovery of total and water-extractable
mercury

The collected soil samples were spiked with 12 different con-
centrations of inorganic mercury. A stock solution of
5000 mg L−1 Hg was prepared by dissolving HgCl2 in sterile
de-ionized water which was utilized to spike 3 kg of each soil in
different polyethylene containers to obtain desired Hg concen-
trations as well as to maintain 70 % of the soil’s total water
holding capacity. The spiked and control soils were mixed thor-
oughly in a soil-mixing machine, stored in covered polyethyl-
ene containers and aged for 90 days at 20 °C in order to mimic
the environmental conditions. For a contaminant to reach an
equilibrium between the solid and dissolved phases within the
soil can take from days to several months depending on the
nature of contaminant and soil. We assumed a 90-day ageing
is sufficient for Hg to reach an equilibrium between soil solu-
tion and solid phases. In field-contaminated soils, majority of
Hg fractions are complexedwith soil organic carbon contents or
clay minerals due to ageing (Skyllberg 2012); therefore, using
freshly spiked soils for toxicity testing can overestimate the
toxicity. The final Hg concentrations in spiked soils were
intended to be 0, 5, 10, 50, 100, 150, 200, 250, 300, 400,
500, 600 and 700 mg kg−1. These concentrations were chosen
to obtain proper dose-response curve to estimate LC values and
these are the concentrations found in different Hg-contaminated
sites. The highest concentration of 700mg kg−1 was determined
based on preliminary screening which resulted 95 % mortality
of tested earthworms in at least two soils. A microwave diges-
tion system (model: MARS 5, CEM) was employed for the
digestion of soil samples with aqua regia after 90 days of age-
ing. The USEPAmethod 3051 was employed for sample diges-
tion (Melgar et al. 2009). For water-soluble Hg analysis, 5 g soil
was taken following 90 days of ageing process and mixed with
50 mL de-ionized water, and then shaken overnight in an end-
over-end shaker. The soil extract was collected by centrifuga-
tion at 2000g for 20 min followed by filtration with 0.45 μm
filter (Millipore). The water extract and microwave-digested
soil samples were examined for Hg using inductively coupled
plasma triple quad mass spectrometry (ICP-QQQ-MS, Agilent
Technologies 8800) following 100× dilutionwith 1%HCl. The
detection limit of Hg for this instrument was 0.5 μg L−1.

Test organism

The adult experimental organism E. fetida was purchased
from Bunnings, South Australia. The worms were acclima-
tized for 2 months by maintaining in natural soil in the labo-
ratory at 20 °C under controlled light (500 lx)—dark cycle of
8:16 h (Ramadass et al. 2015). The worms were not fed during
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the experimental duration since the soils are natural and con-
tain sufficient organic matter.

Sub-chronic toxicity testing

The sub-chronic mercury toxicity testing was carried out fol-
lowing the OECD procedure with some modifications (Duan
et al. 2016; OECD 1984; Ramadass et al. 2015). Briefly, adult
worms with well-developed clitellum and weighing between
0.32 and 0.36 g were selected for toxicity testing. The worms
were removed from the culture bed, rinsed with de-ionized
water to remove any adhering soil particles and then gently
blotted with fresh tissue paper. The washed worms were
depurated overnight on moistened filter paper. The depurated
worms were again washed and excess water was removed with
tissue paper. Ten worms were taken as a group, weighed and
released into each glass jar containing 500 g of Hg-spiked soil.
The glass jars were covered with perforated plastic film to
prevent the test medium from drying and incubated for 28 days
at 20 °C under constant illumination (Cáceres et al. 2011; Duan
et al. 2016). The moisture contents of all soils were kept con-
stant throughout the experiment to 55 % of the soil’s WHC
with de-ionized water. Each treatment was set up in triplicates
(Duan et al. 2016). After 28 days of exposure, live worms from
triplicate jars were recorded to estimate percent survival rate.
Mobility, light sensitivity and discolouration of earthworms
were observed to provide indication of toxic response. The live
worms were then depurated overnight on moistened filter pa-
per, washed, wiped and weighed from each jar to calculate
percent weight loss after 28 days compared to the controls.

After depuration and washing, the live worms were
sacrificed by keeping them in −20 °C for 24 h. Whole
tissue of all individual worms from each jar were collect-
ed, mixed together and homogenized. Then, 0.5 g worm
tissue from homogenized worms was digested with aqua
regia in a microwave digestion system (model: MARS 5,
CEM). Digested worms were filtered with a 0.45-μm fil-
ter and subjected to ICP-QQQ-MS (Agilent Technologies
8800) analysis for Hg quantification. Bioaccumulation
was established by subtracting the Hg concentrations in
worms exposed to control soils from Hg concentrations in
worms exposed to spiked soils. The bioaccumulation fac-
tor (BAF) was calculated by the following formula:

BAF

¼ Hg in earthworms from spiked soil−Hg in earthworms from control soil

Initial Hg concentration in spiked soil

Statistical analysis

All observations of the earthworm experiments were re-
corded from triplicate jars and averaged. The measured
Hg concentrations were log transformed and then dose-
survival rate data were fitted to the four parametric logis-
tic models, and the concentrations of Hg that required to
kill 10 % (LC10), 20 % (LC20) and 50 % (LC50) of
E. fetida were estimated by the same model using IBM
SPSS Statistics 22. Linear regression tool in Microsoft

Table 1 Soil properties

Soil GPS coordinates pH EC (μs cm−1) % WHC % TOC % N % sand % silt % clay

S-1 34° 48′ 30.8″ S
138° 37′ 20.9″ E

7.6 ± 0.05 323 ± 10 42 ± 2 2 ± 0.01 0.23 ± 0.001 51 ± 2 35 ± 2 13 ± 2

S-2 34° 48′ 53.9″ S
138° 36′ 58.6″ E

8.5 ± 0.04 232 ± 10 39 ± 2 2.2 ± 0.01 0.22 ± 0.001 42 ± 2 44 ± 2 13.6 ± 2

S-3 34° 58′ 19.8″ S
138° 42′ 29.6″ E

4.2 ± 0.05 52 ± 8 28 ± 1 4 ± 0.03 0.24 ± 0.001 89 ± 2 8 ± 2 2 ± 2

Fig. 1 Recovery of a total and b water-extractable Hg in three soils S-1,
S-2 and S-3. The values are means of three replicates, and error bars
indicate standard deviations
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Excel 2010 was employed to test the correlation between
spiked and recovered concentrations of Hg at 95 % con-
fidence interval. One-way ANOVA was employed to re-
veal correlation between Hg concentrations in soil and
earthworm’s weight loss and Hg concentrations in soil
and in earthworms by IBM SPSS Statistics 22.

Results

Soil properties

The physicochemical properties of the experimental soils
from three different locations are presented in Table 1. EC
of the three soils indicated that S-1 and S-2 soils
contained more dissolved salts/ions than S-3 soil. Water
holding capacities were higher in S-1 and S-2 than S-3.
Total nitrogen content was almost the same in the three
soils. S-1 and S-2 soils had neutral and alkaline pH. S-3
soil was different from the other two soils as it was much
lower in pH (4.2) and higher in organic carbon content

(4 %). S-3 soil had the highest percentage of sand and
lowest clay content compared to the other two soils.

Total and bioavailable Hg in spiked soils

Total Hg content after 90 days of ageing in spiked soils
varied from 0.2 to 644 mg kg−1 (80 to 120 % recovery,
Fig. 1). The concentrations of total Hg in three control
soils which were spiked only with de-ionized water were
close to the background level of Hg (~0.5 mg kg−1) in
soil. Recovery of total Hg in all three spiked soils was
~100 % in the lower concentrations, i.e. 5, 10 and
50 mg kg−1. In the higher concentrations, the recovery
was ~90 %. The water-soluble fraction of Hg in experi-
mental soils varied from 0.05 to 1.5 % of the total spiked
amount (Fig. 1). In the present investigation, the water-
soluble Hg portion in S-3 soils was found approximately
two to three times lower than the water-soluble Hg frac-
tion in other soils spiked with 50 to 700 mg kg−1.

Survival rate of E. fetida in mercury-spiked soils

After 28 days of incubation, all worms survived in the
control soils which fulfilled the criteria (<10 % mortality
in the control) of OECD guideline 207 (1984). All worms
exposed to the control and spiked soils burrowed in the
first 24 h of exposure. Mortality was observed from
~5 mg kg−1 Hg-spiked soils in S-1 and S-2. But in S-3
soil samples, there was no mortality of earthworms in at
least duplicate jars up to ~262 mg kg−1. In S-1 soil sam-
ples, 100 % mortality was recorded in triplicate jars at
~528 mg kg−1 Hg; in S-2 soil samples, all worms died
at ~638 mg kg−1 Hg. Whereas in S-3 soil samples, 100 %
mortality was observed in one replicate of ~660 mg kg−1

Hg-containing soil. The non-linear regression analysis of
log-transformed total Hg concentrations and mean of sur-
vival percentages revealed a sigmoidal pattern of toxicity
(Fig. 2). The effect of total Hg on earthworm survival rate
was significant in all three soils (P < 0.0001). The esti-
mated LC50, LC20 and LC10 values after 28 days are pre-
sented in Table 2. The total Hg concentration that exerted
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Fig. 2 Earthworm survival rate after 28 days in three different soils
spiked with different concentrations of inorganic Hg (log transformed).
Survival rate is the mean of percentages of live earthworms in triplicate
pots. Error bars represent standard error of mean. Fitted lines show the
dose-response trends in three soils—S-1 (continuous line), S-2 (broken
line) and S-3 (dotted line)

Table 2 Non-linear regression
analysis of earthworm’s survival
rate due to Hg stress in three soils

Soil samples Toxicity for total measured Hg

LC50 (lower–
upper) mg kg−1

LC20 (lower–
upper) mg kg−1

LC10 (lower–
upper) mg kg−1

P value R2 a K

S-1 152 (121–189) 56 (31–86) 31 (18–59) <0.0001 0.93 9.2 3.2

S-2 294 (237–236) 141 (72–214) 88 (48–121) <0.0001 0.86 7.9 4.3

S-3 367 (341–395) 281 (231–323) 240 (220–290) <0.0001 0.94 9.6 12

Numbers within parentheses are lower and upper values at 95 % confidence limit

a estimated top value, K estimated slope of the fitted curve
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50 % mortality (LC50) in S-1 soil was estimated to be
152 mg kg−1; in S-2 and S-3 soils, this concentration
was found to be 294 and 367 mg kg−1, respectively. The
LC20 values in S-1, S-2 and S-3 soils were 56, 141 and
281 mg kg−1, respectively. Based on LC values, it is ap-
parent that the earthworms had better survival rate in Hg-
contaminated soil with a lower pH and higher organic
carbon contents (in S-3 soil). This could be due to Hg
being in less toxic forms as a result of chelating with
organic matter in the more acidic soil.

Weight loss of E. fetida in mercury-spiked soils

After 28 days of exposure, earthworm’s body weight was
recorded in soils where at least 30 % of the worms were
still alive (in 500 mg kg−1). In control soils, 3–6 % weight
loss was observed which may be due to adaptation to the
new environment. Weight loss increased with increasing
Hg concentrations in all the three soils (Fig. 3). The
highest weight loss was observed in S-1 soil (65 %). In
S-2 soil, 50 % weight loss was recorded for the highest
spiked Hg concentration. In S-3 soil, the experimental
worms did not lose as much weight as the worms lost in

S-1 and S-2 soils. The weight loss and measured total Hg
contents in the worms were positively correlated and
showed significant dose-effect relationship (P < 0.05)
which could be due to the Hg stress in soils. The R2

values for weight loss vs Hg gradients in S-1, S-2 and
S-3 were found to be 0.6, 0.7 and 0.6, respectively, with
estimated slope values 19.8, 10.7 and 8.6, respectively.
The slope of the fitted lines indicated that Hg had larger
effect on earthworm weight loss in S-1 soil, followed by
S-2 and S-3 soils.

Bioaccumulation of mercury in E. fetida

Total Hg contents in the experimental worms varied in the
three different soils after 28 days of exposure. Worms
exposed from 0 to 300 mg kg−1 Hg-spiked soils were
considered for accumulation study, but not for soils with
>300 mg kg−1 Hg because there were insufficient live
worms for extraction. Hg was below detection limit in
the earthworms from control soils and soils with ~5 and
~10 mg kg−1 Hg. The average Hg concentrations in earth-
worms varied from 237 to 529 μg g−1 earthworm. One-
way ANOVA analysis confirmed that the total Hg con-
tents in all three soils and the Hg accumulated in the
worms were significantly correlated (P < 0.05). Hg accu-
mulation increased with increasing Hg level in soil which
was fitted to the linear regression model (Fig. 4a). Higher
concentrations of Hg were observed in the organic
carbon-rich S-3 soils (slope 193, R2 0.8) compared to
those in S-1 (slope 152, R2 0.8) and S-2 (slope 138, R2

0.8) soils. The BAF decreased with increasing Hg concen-
trations in all three soils and was fitted to a linear regres-
sion model (Fig. 4b). The highest average BAF of 7.7 was
observed in S-3 soil (slope 13, R2 0.92) with ~53 mg kg−1

Hg, whereas in S-1 (slope 8, R2 0.95) and S-2 (slope 8, R2

0.99) soils, the highest BAFs were 4.4 and 4.5, respec-
tively, for similar Hg concentrations. The bioaccumulation
study revealed that experimental worms accumulated
much higher concentrations of Hg when they were ex-
posed to S-3 soil, which is lower in pH and higher in
organic carbon content compared to the S-1 and S-2 soils.
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Fig. 3 Earthworm body weight loss due to Hg stress in three different
soils—S-1 (black circle), S-2 (black square) and S-3 (open circle). Fitted
lines show the Hg dose-weight loss trends in three soils. Straight line,
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Fig. 4 a Accumulation of Hg in
earthworms and b BAF after
28 days in three different soils.
Straight line, broken line and
dotted line represent linear
regression fitting of data from
S-1, S-2 and S-3 soils, respec-
tively (for both a and b)
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Discussion

To date, most of the investigations on Hg toxicity and bioac-
cumulation have focused on the aquatic ecosystems (Du et al.
2015; Rodrigues et al. 2013; Wu and Wang 2014).
Conversely, there are few studies on the toxicity and biogeo-
chemistry of mercury in terrestrial ecosystem. As earthworms
are one of the most important components in the soil ecosys-
tem in addition to being considered reliable bioindicators of
soil pollution, it was important to investigate their response to
Hg toxicity and estimate lethal concentrations.

The lower water-soluble Hg in acidic S-3 soil with the
higher organic carbon contents compared to S-1 and S-2 soils
observed in this study is consistent with other researchers’
findings (Gu et al. 2011; Mahbub et al. 2016; Skyllberg
et al. 2006). As discussed previously, this is due to the chela-
tion of Hg with soil organics and the decreased solubility of
Hg and its complexes at lower pHs (Busto et al. 2012;
Neculita et al. 2005; Reis et al. 2014). There is a positive
correlation between organic matter and total Hg concentra-
tions in soil (Skyllberg 2012; Yuan et al. 2012). Therefore,

Hg solubility and its bioavailability in organic rich soils are
generally low (Tipping et al. 2010).

The reduced Hg toxicity of S-3 soils compared to S-1 and
S-2 soils was demonstrated by higher survival rates of the
earthworms. Similar toxicity patterns were found in the earth-
worm weight loss study where the least weight loss was ob-
served in organic carbon-rich S-3 soil. During their movement
through soils, earthworms interact with available metals
through their dermal contact and/or ingestion of soil organic
matter. Therefore, such behaviour and routes of exposure will
affect the toxicity as well as bioaccumulation. The ingested
soil organic matter is subjected to chemical reactions in the
earthworm’s intestine which results in different proportions of
the pollutants being absorbed through the intestinal membrane
(Belfroid et al. 1996; Lanno et al. 2004). Since the water-
soluble fraction of Hg was higher in S-1 and S-2 soils, it can
be speculated that the earthworms more readily absorbed sol-
uble Hg through dermal contact and ingestion than S-3, which
resulted in greater mortality and weight loss. This was clearly
demonstrated by the lower LC values recorded for survival
rates in S-1 and S-2 compared to S-3 soils. The data from this

Table 3 Bioaccumulation of Hg in different species of earthworms

Important soil properties Earthworm species Average total
soil Hg content
(mg kg−1)

Exposure
time (days)

Average
accumulation
(μg g−1)

Average
BAF

Reference

pH 7.6, TOC 2.2 % Eisenia fetida 0.6–644 28 272–424 5–1.5 This study
pH 8.5, TOC 2 % Eisenia fetida 0.2–638 28 237–331 4.4–1.2

pH 4.2, TOC 4 % Eisenia fetida 0.28–660 28 405–529 7.7–1.9

pH 6.1–7.3, TOC <0.01 % Eisenia fetida 10.5 28 1.37 0.13 (Hinton and Veiga 2009)
pH 5.9, TOC 3–11 % Eisenia fetida 0.02–0.205 28 0.33–0.429 16.5–2.1

pH 5.7–5.9, TOC 3.2 % Eisenia fetida 11.5 28 14 0.7 (Burton et al. 2006)
pH 5.5–6, TOC 2.3 % Eisenia fetida 2.8 28 1.5 0.6

pH 5.7–5.9, TOC 2.7 % Eisenia fetida 0.156 28 0.32 3.1

pH 5.5–6, TOC 4.2 % Eisenia fetida 0.085 28 0.275 2.1

pH 7.9, TOC 0.24 % Eisenia anderi 568 21 1410 2.5 (Zagury et al. 2006)
pH 7.9, TOC 1.82 % Eisenia anderi 295 21 178 0.6

pH 3.6–7.1, TOC 4.1–11 % Dendrodrilus rubidus 0.136 b 0.78 ± 0.21 4.6 ± 1.3 (Rieder et al. 2011)
pH 2.9–7, TOC 4.1–32.7 % Lumbricus rubellus 0.18 b 0.2 ± 0.03 1.1 ± 0.2

pH 3.4–7.2, TOC 3.2–32.7 % Aporrectodea caliginosa 0.236 b 1.03 ± 0.32 9.1 ± 1.7

pH 7.59, TOC 2.37 % Pheretima guillemi 3.8 36 1.9 0.5 (Dang et al. 2015)
pH 7.72, TOC 3.51 % Pheretima guillemi 4.5 36 1.7 0.38

pH 7.83, TOC 2.22 % Pheretima guillemi 5.1 36 2.8 0.56

pH 4.22, TOC 0.75 % Pheretima guillemi 4.4 36 2.2 0.5

pH 6.48, TOC 1.7 % Pheretima guillemi 5.1 36 1.1 0.21

pH 6.4, TOC 1.8 % Lumbricus terrestris 192 28 20 0.11 (Álvarez et al. 2014)
pH 6.4, TOC 2 % Lumbricus terrestris 231 28 138 0.62

Polluted site Drawida sp. 3.1 a 1.3 0.539 (Zhang et al. 2009)
Allolobophora sp. 13.8 a 2.8 0.203

Limnodrilus sp. 2.2 a 0.08 0.04

Drawida sp. 4.4 a 1.17 0.29

aWorms analysed directly after collection from polluted soils
bWorms analysed directly after collection from forest soi
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study is very significant because there is little published data
of this type. The only other study on survival rates of earth-
worms in the presence of Hg was done by Lock and Janssen
(2001) who found 100 % survival at 100 mg Hg kg−1 soil and
a strong effect on reproduction (measured as cocoon produc-
tion) already at much lower concentrations (EC50

9.16 mg kg−1). The effects on mortality do not contradict
our findings, but indicate that for the derivation of protective
soil values, chronic endpoints should be used.

BAFs for Hg in different species of earthworms were report-
ed to be <1 to ~16 in various studies (Table 3). In the present
research, the BAFs were observed to be larger in low Hg-
containing soils and the absolute Hg bioconcentrations were
higher in higher Hg-containing soils; similar observations were
made in earlier studies (Burton et al. 2006; Sample et al. 1999).
Studies demonstrated that a compound can accumulate in
earthworms without exerting any toxicity because of the se-
questration of the compound or accumulation in the non-
essential part of tissues (Lanno et al. 2004; McCarty et al.
1993). The present study showed that Hg might not kill the
earthworms at certain concentration (because of earthworm’s
behaviour, mode of exposure and resistance mechanisms), but
the worms could accumulate Hg in their body even when the
contamination is low. After 28 days of exposure, the
bioconcentration of Hg in earthworms was two to eight times
higher than the concentrations in soils which confirmed the
augmentation of Hg in the earthworms (Fig. 4a).

Since earthworms are food sources for a large number of
terrestrial organisms, the bioaugmented Hg can enter the
food chain and exert toxicity to the organisms which are
not part of the contaminated site. In the present study, Hg
accumulation in earthworm was almost double in an acidic
soil with higher organic carbon content compared to the
soils with less organic matter and higher pH. In a 28-day
study, Hinton and Veiga (2009) also reported similar phe-
nomena when the bioaccumulation of Hg in E. fetida was
more than 100 times greater in gold mining soils with larg-
er organic matter contents compared to the soils with less
organic matter and higher Hg. The similar observation of
higher Hg accumulation in earthworms exposed to soils
containing high organic carbon was reported in few other
studies (Table 3). Burton et al. (2006) found high Hg BAF
in E. fetida after 28 days when exposed to soil with the
higher organic carbon content and very low Hg concentra-
tions; BAF was very low when soil Hg level was higher
and organic carbon content was low. Similar trend was
reported in another 28-day study with Lumbricus terrestris
using historically Hg-contaminated soils (Álvarez et al.
2014). In contrast, another study involving Eisenia anderi
exposed to alkaline soils with low Hg and high organic
carbon contents showed low Hg BAF (Zagury et al.
2006). There are few studies of Hg accumulation in earth-
worms using un-contaminated soils; for example, in a

study using forest soils where Hg contents were close to
background level, the Hg bioaccumulation in different spe-
cies varied due to soil properties, importantly soil organic
carbon contents (Rieder et al. 2011).

Most of the earlier studies of earthworm bioaccumula-
tion were conducted using long-term or historical contam-
inated soils (Álvarez et al. 2014; Burton et al. 2006;
Zagury et al. 2006). In long-term contaminated soils, the
metal bioavailability is very less compared to spiked or
recently contaminated soil. Therefore, the acute effect of
immediate toxicity may not be reflected in a long-term
contaminated soil. The ageing period in the present exper-
iment was 90 days, which is less than some long-term
contaminated soils; therefore, bioavailability of Hg could
be higher (272–529 μg g−1 earthworms) than the other
reports (Table 3). But for regression analysis, soils spiked
with Hg gradients are more appropriate than naturally
contaminated soils where appropriate control soils are dif-
ficult to obtain.

The lethal concentrations observed in the present study can
be used as important information to enrich current precaution-
ary values for inorganic Hg. The current guidelines of inor-
ganic Hg for residential use in different industrialized coun-
tries are 1 mg kg−1 in Australia (NEPM 2013), 6.6 mg kg−1 in
Canada (CCME 1999), 170 mg kg−1 in the UK (EA 2009),
2.3 mg kg−1 in the USA (USEPA 2015) and 10 mg kg−1 in the
Netherlands (GON 2000). These values were set higher while
considering industrial land use in some countries, such as
50 mg kg−1 in Canada (CCME 1999) and 350 mg kg−1 in
the USA (USEPA 2015). Other than these precautionary
values set by the regulatory bodies in different countries, there
are few published reports in the literature on safe Hg values
obtained through species sensitivity distribution (SSD) ap-
proach. For example, Jänsch et al. (2007) proposed 1.18 mg
Hg kg−1 in soil as safe level, which is the fifth percentile of
SSD, calculated from already published data. In a similar in-
vestigation, the critical limit of Hg in soil was suggested as
0.13 μg g-1 soil (Tipping et al. 2010). The LC10 values esti-
mated based on earthworm mortality in three soils in the pres-
ent study reflect that the current available safe limits in differ-
ent countries may be protective to earthworms in soils.
However, more studies involving different earthworm species
and more contrasting soils are required to predict significant
Hg toxicity in the terrestrial environment. It is also important
to study the chronic effect of inorganic Hg gradients on earth-
worm’s reproduction and cellular biochemistry. Derivation of
ecological regulatory pre-cautionary values using SSD model
requires more toxicity data involving a number of different
species. Earthworms are one of the sentinel species included
for risk assessment of chemicals. In view of very limited avail-
able data on the Hg toxicity to earthworms, the results of this
study will be highly useful in developing/improving the soil
ecological guidelines for Hg using SSD approach.
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