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Abstract This study investigates the effects of lead
(Pb) on earthworm Eisenia fetida and its potential to
recover from Pb exposure. Adult earthworms E. fetida
were exposed for 4 weeks to lead (40–2500mg Pb kg−1)
in soil, and after the period of exposure, earthworms
were transferred to clean unpolluted soil for 4 weeks to
recover. Pb had no effect on the earthworm’s survival
but inhibited earthworm growth; growth rate decreased
with Pb concentration in the soil. During the recovery
period, Pb pre-exposed earthworms did not manage to
recover completely their growth. Lead had a highly
significant effect on the malondialdehyde (MDA) con-
centration during both exposure and recovery periods.
Pb showed concentration dependent toxicity relation-
ships (weight, lipid peroxidation) for total earthworm
Pb concent ra t ion . However, ear thworm Pb
bioconcentrations after recovery period could not ex-
plain the higher MDA concentration and lower earth-
worm fresh weight. Earthworms pre-exposed to low Pb
levels have the potential to recover their growth and
decrease Pb bioconcentrations, though more prolonged
recovery period is needed to full recovery.
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1 Introduction

Soil contamination is listed among the major threats to
soil quality, and it is estimated that there is a total of
250,000 contaminated sites in EU (European
Commission, 2012). Anthropogenic lead (Pb) fraction
in the environment is estimated to be in the range from
10% to 90% (Reimann et al. 2012). Pb is released into
the environment from point and diffuse sources. The
main anthropogenic sources of lead are mining,
smelting, industrial and agricultural activities, transport
(fuels containing antiknock compounds), old lead pig-
ment paints, batteries, wastewater, and waste disposal
(Jung 2008; Laidlaw et al. 2012). In addition, the con-
cern of increasing the amount of heavy metals due to the
application of sewage sludge in agriculture and forestry
is rising.

Metal pollution may disturb soil ecosystems by af-
fecting the structure of soil invertebrate communities.
Being a soil keystone species, earthworms constitute the
dominant biomass of the soil fauna; they are important
in the terrestrial food chain and play a key role in
nutrient and energy cycling. Earthworms are permanent-
ly exposed to soil contaminants via skin and digestive
tract. Therefore, earthworms are among the most widely
used species to evaluate various contaminants impact to
soil quality and fauna; and they are relevant
bioindicators of soil pollution (Römbke et al. 2005).

Numerous studies have investigated heavy metals
impact to earthworms. Heavy metals have been shown
to reduce earthworm growth (Spurgeon et al. 1994), to
delay their sexual maturation (Žaltauskaitė and Sodienė
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2014), to reduce reproduction (Reinecke et al. 2001),
and to cause mortality (Spurgeon et al. 1994; Davies
et al. 2003). Metals, such as lead, cadmium, copper, and
zinc, were shown to disturb gene expression and en-
zyme activities (Laszczyca et al. 2004; Li et al. 2009;
Zhang et al. 2009), to induce oxidative stress (Spurgeon
et al. 2004a; Sanchez-Hernandez 2006; Berthelot et al.
2008), and to be genotoxic (Fourie et al. 2007; Wu et al.
2012). Field studies have revealed that soil metal con-
tamination disturbs earthworm communities, abun-
dance, and species diversity and affects demography
(Lévêque et al. 2015).

Much work has been done to investigate metals acute
and chronic toxicity to earthworms (Spurgeon et al.
2005; Garg et al. 2009; Hooper et al. 2011) and to
analyze metals bioaccumulation in the earthworms
(Conder and Lano 2003; Andre et al. 2010, Sinha
et al. 2010; Wang et al. 2018). However, there is little
information on the earthworm recovery after their expo-
sure to chemicals. Recovery is defined as the return of
an impacted population or community to its pre-
disturbance state or range of control systems (Gergs
et al. 2016). Recovery is species and endpoint depen-
dent. The main determinants of recovery are contami-
nant’s toxic mode of action, duration and magnitude of
exposure, contaminant’s persistence in the environment,
and organism’s ability to metabolize and detoxify the
chemical. The review made by Kattwinkel et al. (2012)
revealed that earthworm populations were able to recov-
er after pesticides application; however, detailed studies
analyzing this phenomenon are lacking. To our knowl-
edge, recovery of earthworms after their exposure to
heavy metals was not studied at all. Toxicokinetic stud-
ies mainly focusing on mechanistic evaluation of metals
uptake and elimination rates show high variability
(Spurgeon et al. 2011; González-Alcaraz et al. 2018)
and do not provide any insight whether and howmetals’
elimination rates translate into other biochemical and
physiological parameters. In this study, we aimed to
study chronic lead toxicity and bioaccumulation in
earthworms Eisenia fetida and to determine the earth-
worms’ recovery after lead exposure.

2 Materials and Methods

The dry OECD artificial soil (OECD 1984) was moist-
ened with distilled water to obtain approximately half of
the final required water content. Solutions of lead nitrate

(Pb(NO3)2) were mixed with soil to obtain the final
required water content (50% of the maximum water
holding capacity) and metal concentrations (40, 250,
500, 1000, and 2500 mg Pb kg−1) in the soil. The same
volume of distilled water was added to the control
sample. Three replicates were used for each of the soil
metal concentration treatment and control.

Ten washed and weighed adult earthworms Eisenia
fetida (cultured in the laboratory) were added to each
container, and the earthworms were exposed to lead for
4 weeks (exposure period). The soil moisture in test
containers was monitored and controlled during the
whole experiment. After the exposure period, five earth-
worms from each container were transferred to new
containers with fresh clean OECD soil and kept for
4 weeks (recovery period). Both the exposure and the
recovery periods were conducted in the same environ-
mental conditions at 20 °C ± 1 °C under continuous
illumination (600 lx). To ensure earthworm growth,
the earthworms were fed weekly with approximately
0.5 g of oatmeal per each earthworm. The unconsumed
food was removed prior to resupplying a new portion.

Earthworm’s mortality and growth were measured
every week by counting and measuring the individual
fresh weight of the survived earthworms in each con-
tainer. The earthworms were considered alive if they
were able to respond to mechanical stimulus. Lipid
peroxidation was measured as concentration of
malondialdehyde (MDA) according to Buege and Aust
(1978).

For Pb bioconcentration determination, the earth-
worms were removed from the soil, cleaned, and placed
on moistened filter paper in Petri dishes for 48 h to void
their gut content. After the depuration, the earthworms
were frozen at − 80 °C until further analysis. Weighed
earthworms were digested in the mixture of HNO3 and
H2O2 using Milestone Ethos One closed vessel micro-
wave system. Pb concentrations were measured with
Shimadzu AA-6800 atomic absorption spectrometer.
Standard certified reference material ISE sample 918
was also included in the analysis. Bioconcentration fac-
tor (BCF) was calculated as the ratio of Pb concentration
in earthworm to the total soil Pb concentration.

A one-way analysis of variance (ANOVA) was used
to assess the effect of Pb concentration on the estimated
endpoints. Significant differences between the control
and contaminated samples were determined by the
Dunnett’s test. Significant differences between treat-
ments were determined by LSD test, and the level of
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significance was established at p < 0.05. Earthworms
growth (measured as fresh weight) rate during the study
period was determined by linear regression and the
slope of the curve (b) was used as a prediction of growth
rate (g week−1). Significance of difference between the
linear regression slopes for different Pb concentrations
was assessed using Z-test (Clogg et al. 1995). All the
statistical analysis was carried out using Statistica
software.

3 Results

Pb had no significant effect on the survival of earth-
worms (ANOVA, p > 0.05). Low earthworm mortality
(reaching up to 10%) was recorded only in the treatment
with 40 mg Pb kg−1 (data not shown). During the
recovery period all the earthworms have survived.

Lead has evoked significant effect on the fresh
weight of earthworms during the 4-week exposure pe-
riod (ANOVA, F = 14.74, p < 0.001), though weight
loss was not recorded. Earthworms exposed to Pb in
the soil grew slower during the exposure period, and the
final earthworm fresh weight exposed to Pb was by
15.8–40.0% lower than that of control earthworms
(Dunnett, p < 0.01) (Fig. 1a). During the recovery peri-
od, Pb pre-exposed earthworms did not manage to re-
cover completely their growth, and final fresh earth-
worm weight after 4-week recovery period was by
11.1–17.6% lower than that of control earthworms
(Dunnett, p < 0.01) (Fig. 1b). Earthworm fresh weight
decreased along with Pb concentration in the soil both
during the exposure and recovery periods (R2

exposure =
0.18, R2

recovery = 0.13, p < 0.05).
As some differences in the temporal pattern of earth-

worms’ growth during the exposure and recovery
phases were observed, we calculated earthworm growth
for these two periods. Earthworm weight growth rate
(g week−1) was determined by linear regression b coef-
ficient value. Earthworm growth rate decreased with Pb
concentration in the soil (Table 1). Comparison of earth-
worm growth rates (Z-test) throughout the experiment
indicated significant differences between the Pb treat-
ments and control both for exposure and recovery peri-
od. Earthworms exposed to 40 mg kg−1 of Pb the soil
grew significantly faster than those in the treatments
with higher Pb concentration, and no significant differ-
ences (Z-test) between the treatments of 250–
2500 mg kg−1 were observed. During the recovery

period, the earthworms grew slower compared to expo-
sure period, indicating no complete recovery in their
growth. Only earthworms pre-exposed to the highest
Pb concentration (2500 mg kg−1) during the recovery
period started to grow faster, and the growth rate was
almost the same as in the control.

Pb had a highly significant effect on the membrane
lipid peroxidation, measured as MDA concentration,
both during the exposure and recovery periods
(ANOVA, Fexposure = 1070.17, Frecovery = 463.50,
p < 0.001) (Fig. 2). During the exposure period, MDA
concentration increased linearly with Pb concentration
in the soil (R2 = 0.70, p < 0.01) resulting in up to 2.5-
fold higher concentration than in control earthworms.
During the recovery period, MDA concentrations were
significantly lower (p < 0.05) compared to that after the
exposure period, though did not reach the level of the
control and remained 1.2–1.9-fold higher than in control
earthworms. Accumulation of MDA during the recov-
ery period indicates thatE. fetida did not manage to fully
recover from oxidative stress, and their cell membranes
were damaged.

The amount of Pb accumulated by the earthworms
linearly increased with Pb concentration in the soil
during the exposure period (R2 = 0.94, p < 0.001)
(Fig. 3). Bioconcentration factor was in the range from
0.14 ± 0.002 to 0.30 ± 0.001 indicating low Pb bioavail-
ability in the soil and/or low earthworm ability to accu-
mulate Pb from the environment. An inverse relation-
ship between BCF and Pb exposure concentration was
detected (r = − 0.92, p < 0.01). During the 4-week recov-
ery period, Pb concentration in the earthworm was by
2.07–5.34 times lower than that after exposure period.
Nevertheless, the significant linear relationship between
Pb internal concentration with Pb soil concentration
during the exposure period remained (R2 = 0.91,
p < 0.001). Declined internal Pb indicate possible Pb
elimination. However, earthworms pre-exposed to the
highest Pb concentration (2500 mg kg−1) did not man-
age to eliminate Pb from the body (t-test, p > 0.05), and
Pb concentration did not change significantly during 4-
week period.

Since accumulated Pb content may be related with
induced lipid peroxidation and reduced earthworm
growth, therefore we examined the relationship between
Pb internal concentration and MDA concentration and
earthworm fresh weight. It was revealed that higher
accumulated Pb concentration during the exposure pe-
riod has led to a higher lipid peroxidation (r = 0.86, p =
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0.03) and lower fresh weight of earthworms (r = − 0.85,
p = 0.03). However, remained Pb level in the earth-
worms after recovery period could not explain the
higher MDA concentration (r = 0.78, p = 0.07) and low-
er fresh weight (r = − 0.49, p = 0.33).

4 Discussion

In our study, Pb had no significant effect on the survival
of adult earthworms. Our results are in line with the data
of other studies showing low earthworm mortality due
to Pb exposure (Chang et al. 1997; Davies et al. 2003;
Neuhauser et al. 1985; Spurgeon et al. 1994; Bradham
et al. 2006; Žaltauskaitė and Sodienė 2010). After 28-
day E. andrei exposure to five different soils taken from

the shooting ranges, high mortality was seen only in the
soils with higher than 2153 mg kg−1 of total Pb (Luo
et al. 2014), whereas L. terrestris exposed for 8 weeks to
12 contaminated field collected urban soils containing
30–7100 mg Pb kg−1 showed no mortality (Kennette
et al. 2002). During the recovery period, all Pb pre-
exposed earthworms survived as well. This might indi-
cate that Pb exposure induced sublethal effects did not
translate into lethal consequences after some time.

Unlike the survival, Pb significantly affected earth-
worm growth. Significant decrease in E. fetida weight
compared to control was observed from the first week of
exposure, indicating that even short-term exposure to Pb
may inhibit earthworm growth. Longer exposure to Pb
has led to more detrimental effect on the growth, and the
difference between control and Pb exposed earthworms
fresh weight increased (Fig. 1a). Earthworm weight loss
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Fig. 1 Fresh weight of Eisenia fetida exposed to Pb for 4 weeks (a) followed by a 4-week recovery period (b). Error bars represent standard
errors (SE)

Table 1 Estimated growth rate of Eisenia fetida exposed to Pb in
artificial OECD soil for 4 weeks followed by a 4-week recovery
period

Pb concentration,
mg kg−1

Growth rate, g week−1

Exposure Recovery

0 0.101 0.040

40 0.075* 0.019*

250 0.052* 0.028*

500 0.055* 0.018*

1000 0.038* 0.017*

2500 0.031* 0.039

Asterisk * indicates growth rate significantly different from the
control (determined by Z-test)
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Fig. 2 MDA concentration in Eisenia fetida exposed to Pb for
4 weeks followed by a 4-week recovery period. Asterisk (*)
indicates significant difference from the control
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was also observed after 7–42 days exposure to field
metal-polluted soils, and significant weight loss was
recorded in the two highest Pb-contaminated soils
(Nahmani et al. 2007), and weight loss partially was
explained by very low content of organic carbon in soil.
Earthworm weight loss after Pb exposure was also re-
corded in our previous 28-day study; though in the latter
study, the earthworms were not fed during the experi-
ment (Žaltauskaitė and Sodienė 2010). Luo et al. (2014)
have found no significant earthworm weight loss under
the concentrations up to 656 mg Pb kg−1. Previously
reported EC50 values for Pb (> 6670 mg kg−1)
(Spurgeon and Hopkin 1995, Nahmani et al. 2007) are
higher than the concentrations tested in our study. How-
ever, this was not a case in our study with E. fetida
juveniles exposed to Pb for 14 weeks (Žaltauskaitė and
Sodienė 2014). We have found that Pb did not induce
weight loss, though dramatically reduced juvenile
weight growth with 14-week EC50 value of 179 ±
35 μg Pb g−1. However, juveniles (young individuals)
generally are more sensitive to metals or other contam-
inants exposure than adults.

In our study, the earthworms exposed to Pb grew
slower, and it resulted in lower final weight (Table 1,
Fig. 1a). During the recovery period, the growth rate
was even lower compared to that during the exposure
period. It might indicate that the reduced growth rate has
a legacy effect and might remain reduced even after the
cease of exposure to toxicants. Reduced earthworm
growth rate was also reported by other researchers
(Spurgeon and Hopkin 1996; Spurgeon et al. 2004b,
Anderson et al. 2013; Žaltauskaitė and Sodienė 2014).

Pb induced oxidative stress in the earthworms, and
significant increase of MDA concentration along with
increasing Pb soil concentration was observed. The
significant increase in MDA level indicates the presence
of harmful active oxygen species and oxidative stress,
which may lead to reduced earthworm growth, as was
the case in our study (MDAwas negatively related to the
earthworm fresh weight). During the recovery period,
MDA concentrations in Pb pre-exposed earthworms
decreased by 6.05–18.71% with the highest decrease
in the treatment with the lowest Pb concentration
(40 mg kg−1). Notwithstanding this decrease, the
MDA concentration after the recovery period was by
19.67–91.80% (p < 0.05) higher than in the control
earthworms. These results indicate that during the 4-
week recovery period earthworms did not manage to
recover and oxidative damage to cell membranes
remained. Insufficient decrease in MDA concentration
during the recovery period may be due to some delay in
MDA accumulation or that longer recovery period
might be needed to reach the redox homeostasis (Chen
et al. 2017).

Body Pb concentrations increased with Pb concen-
tration in the soil, though low BCF indicate low Pb
accumulation from the soil. Our calculated BCF’s
values are in line with those reported in other studies
(Nahmani et al. 2009; Kavehei et al. 2018). McGeer
et al. (2003) reported that Pb exhibited the lowest BCF
among other metals (Zn, Cu, Cd, Ni, and Ag). Higher
bioaccumulation factors at lower heavy metal exposure
levels, as in our case, were also determined in the study
investigating Zn and Cd toxicokinetics in E. andrei
(González-Alcaraz et al. 2018). Low Pb accumulation
might be explained by low Pb bioavailability in the soil
as Pb binds with soil organic matter (Nannoni et al.
2011). Therefore, the authors suggest that intestine Pb
uptake is likely the most important uptake route, where-
as dermal uptake is negligible. In addition, close rela-
tionship with Pb concentrations in earthworm food (soil,
litter, etc.) was determined (Ernst et al. 2008). The body
Pb concentrations after the recovery period were lower
than that after the exposure period; however, earth-
worms did not eliminate the whole accumulated Pb
content. Slow or even no elimination of Pb was also
found by Davies et al. (2003) and Giska et al. (2014),
and they suggested that it could be due to Pb storage in a
nontoxic form. Predicted half-lives for lead in the con-
taminated artificial OECD soils polluted with Pb were
reported to be 14.9 and 28.8 days, though no excretion
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significant difference from the control
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was found over 100 days in earthworms exposed to field
collected contaminated soil (Spurgeon and Hopkin
1999). In our study, earthworms pre-exposed to the
highest Pb concentration have not eliminated Pb from
their body, and it is consistent with the observations that
at high pollution level, regulatory mechanism breaks
down resulting in other adverse effects such as mortality
(Luo et al. 2014) or reduced growth.

5 Conclusion

E. fetida chronic exposure to Pb has lowered the earth-
worms’ growth rate, evoked oxidative stress, and has led
to significant bioaccumulation of lead. Earthworm tis-
sue Pb concentrations were linearly related with MDA
concentrations and inversely related with earthworm
fresh weight. The study has showed that E. fetida pre-
exposed to low levels of lead have the potential to
recover their growth and decrease Pb bioconcentrations.
However, the growth rate during the recovery period
was lower than during the exposure period, suggesting
incomplete recovery in growth. Moreover, even earth-
worm Pb body content reduced during the recovery
period, though it was insufficient to full earthworm
recovery as the impact on the growth and oxidative
stress had a legacy effect, though remained Pb level
after recovery period could not explain the higher
MDA concentration and lower fresh weight. Our results
clearly show that more prolonged recovery period is
needed to full recovery.
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