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Abstract. The amount of sewage sludge (SS) used in agriculture and forest plantations is constantly growing in EU.
It’s known that even after various treatment methods some of contaminants still remain. The main risks of using SS in
agriculture or forestry are related with hevy metals and organic pollutants content in SS. Heavy metals tend to acumu-
late in the environment and living organisms and may cause different adverse effects. Bioremediation using earth-
worms can be used to eliminate or mitigate the threat of heavy metals. Bioremediation is cheaper, requiries less energy
and is more environmentally friendly than conventional physical or chemical remediation methods. But it’s really im-
portant to evaluate bioremediation efficiency for SS, because there is evidence that nutrients in SS might improve ef-
ficiency of bioremediation. In this study earthworms Eisenia fetida were exposed for 9 weeks to SS amended soil.
Earthworm mortality, growth and heavy metals (Al, Fe) accumulation were evaluated. The results showed that SS had
a highly significant effect on earthworm mortality (F=4.98; p<0.05) and growth (F=3.88-67.02; p<0.05). Both metals
concentrations in soil were signifficant (p<0.05) lower after vermi-remediation than after SS soil amendments. SS
concentration had a significant effect to Al concentration accumulated in earthworm tissue (F=33.71; p<0.05). This
study demonstrated that bioremediation efficiency using E. fetida depends on concentrations of SS, survival and
growth of earthworms.
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Introduction

Sewage sludge is used as a fertilizer in agriculture and forestry because of it’s high nitrogen and phosphorus concen-
trations. Sewage sludge, which meets quality standards and is used properly, has other advantages — promotes soil
microbiological activity and microorganism counts, even at high levels of reclamation (Siebielec et al., 2018). Sew-
age sludge might increase plants biomass similar or even higher than mineral nitrogen fertilizers. Despite these ad-
vantages, sewage sludge also may contain various toxic inorganic and organic compounds, such as polychlorinated
biphenyls (PCBs), absorbable organic halogens (AOX), pesticides, surfactants, drugs, nanoparticles and so on (Sie-
bielska, 2014; Konczak & Oleszczuk, 2018). Therefore, the use of sewage sludge in agriculture and forestry remains
a significant waste management dilemma.

The quality of the sewage sludge has been improving in recent years due to advancing technology. However,
even after various treatment methods, some of the contaminants still remain. One of the biggest problems from sew-
age sludge contamination are heavy metals because they are not biodegradable. They tend to accumulate in the envi-
ronment and in living organisms and can cause many adverse effects (Charlton et al., 2016; Hadia-e-Fatima & Ah-
med, 2018). Soil contamination with heavy metals contributes to soil degradation, diminishing agricultural
production, and poses a serious threat to feed and food safety (Maity et al., 2018). It also poses a critical risk not only
to the state of ecosystems but also to humans (Sakizadeh & Ghorbani, 2017; O’Connor et al., 2019). Reduction of
heavy metal pollution and the cleaning of contaminated sites are becoming an increasingly important area of scien-
tific research. However, traditional cleaning methods require a large amount of chemicals, energy use, and therefore
have a large environmental footprint (Hou et al., 2018; Wang et al., 2019). Environmental engineering is increasingly
used in the world to solve environmental pollution problems. Most commonly used biological methods of soil clean-
ing is vermi-remediation using earthworms.

Earthworms have great potential to improve the fertility and chemical properties of soil, as they mineralize
basic nutrients, increase potassium and magnesium content, carbon circulation. During soil vermi-remediation,
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earthworms reduce the amount of heavy metals, while the amount of bioavailable nitrogen and phosphorus increase
after vermi-remediation. Earthworms tend to bioaccumulate heavy metals in their tissues even at low concentrations
so they could be used for bioremediation even at low pollution sites (Sinha et al., 2010; Babi¢ et al., 2015; Huang
etal., 2019). It’s really important because heavy metals may decline soil quality and cause advert effects to organ-
isms even if their concentrations are below legal limits (Singh & Agrawal, 2008; Charlton et al., 2016; Uwizeyimana
etal., 2017; Juan etal., 2019). Organic matter (OM) content, are crucial for bioremediation efficiency. OM is a
source of energy for earthworms. If OM in the soil is low, earthworms are not able to digest the soil and, as a result,
the toxicity of some metals (for example cadmium) might increase, leading to and increased earthworm mortality and
disorder in reproduction or growth (Rorat etal., 2013; Haghparast etal., 2013; Irizar etal., 2015; Konczak &
Oleszczuk, 2018). However, data on OM impact on bioremediation are contradictory. In Mostafaii et al. (2016) study
was found that organic matter has no effect on bioremediation. Some studies have shown that an increase of OM in
soil contaminated with heavy metals can reduce the damaging effects of the metals (Haghparast et al., 2013).

Compost earthworm (Eisenia fetida) is a fast- growing, easy cocoon-producing species of earthworms (Rorat
etal., 2013; Babi¢ et al., 2015). It easily achieves a higher body weight compared to other earthworm species, e.g.
Dendrobaena veneta and Eisenia andrei, which live in perishable organic matter. These 3 species are commonly
used in vermicomposting converting organic waste into humus material used for soil improvement or fertilization or
vermi-remediation (Morgan, 2010; Yadav & Garg, 2011). The main aim of the study was to evaluate Al and Fe ver-
mi-remediation efficiency from the sewage sludge amemnded soil.

1. Materials and methods

During the study, earthworms Eisenia fetida were exposed to five different concentrations of sewage sludge for 65
days: 5, 50, 100 and 200 t/ha in a phytochamber. Sewage sludge amendment doses were chosen according to the
requirements of Lithuania legislation (LAND 20-2005) and doses usually found in the literature. Sewage sludge
oncentrations were prepared in soil mixtures containing soil, perlite and sand (5: 3: 2). Detailed characteristics of
origin sewage sludge could be found in Praspaliauskas et al. (2018). Ten washed and weighed adult earthworms were
added to each container with 500 g prepared soil mixture. Three replications for each of sewage sludge concentration
and control were used. Throughout experiment air temperature was 2041 °C, illumination 600 lux. Soil moisture was
maintained at 50% the maximum soil water holding capacity (WHC) and controled using hand-set HH2 moisture
meter with a depth of 6 cm (Delta-T Devices Ltd., Cambridge, UK) and adding required amount of deionized water.
Every experiment week earthworms were additionaly fed with 0.5 g of oatmeal per 1 live earthworm to ensure their
growth. Every exposition week earthworm growth and mortality were measured and recorded.

For Al and Fe concentrations determination earthworms were removed from the soil and cleaned, placed in Pe-
tri plates with moist filter paper for 24 hours to allow soil to be egested from their gut. Then earthworms were frozen
—80 °C until heavy metal analysis. Weighed earthworms were digested in a Milestone Ethos One closed vessel mi-
crowave system with HNOs-H,O, mixture. Air dried and grounded soil samples before and after vermi-remediation
were digested in microwave with HNO;-HCL-HF-H3;BO3 mixture. Al and Fe concentrations were measured with
PerkinElmer® Optima™ 8000 ICP-OES.

Soil pH and organic matter content was measured before and after vermi-remediation. Air dried grounded soil
samples and KCL mixture was left for 4 h and then pH was measured using pH metter. Organic matter was estimated
by loss-on-ignition (LOI) method. A soil sample was dried at 105 °C and then ashed at 400 °C. The loss in weight
between temperatures constitutes the organic matter content.

All the statistical analysis was carried out using Statistica software. For statistical analysis one-way analysis of
variance (ANOVA) was used to assess sewage sludge concentration effect on analysed variables. Significant differ-
ences between different treatments were determined by T-test and the differences were consider statistically signifi-
cant at p<0.05.

2. Results and discussion

Chemical analysis of sewage sludge wich was used in this study showed that chemical elements did not exceed the
permitted limits (Council Directive 86/278/EEC) so it can be used in agriculture and forestry. According to the re-
quirements of the use of sewage sludge for fertilization and re-cultivation of heavy metal concentration (mg/kg), this
sewage sludge depends to category | wich is the best (LAND 20-2005).

Earthworms mortality and growth have a direct impact on the efficiency of vermi-remediation. Analysis of var-
iance (ANOVA) revealed that SS concentration had statistically significant effect on earthworm mortality (F=4.98;
p<0.05). Sewage sludge did not cause a sudden acute effect on compost earthworms (Eisenia fetida) at concentra-
tions below 100 t/ha. Only at the highest concentrations mortality was observed after the first week of the study: at
100 t/ha concentration mortality was close to 10% and in the treatment of 200 t/ha reached 50-60%. The lowest
mortality was found at 25 and 50 t/ha (10-20%). Linear relationship between mortality of compost earthworms and
sewage sludge concentration in soil was determined (R?= 0.82; p<0.05).
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Figure 1. Earthworms mortality in different sewage sludge concentrations

The results showed that after 65 days the highest mortality percentage (60%) was recorded at the highest SS
concentration of 200 t/ha (Figure 1). This can be explained by the long-term (chronic) toxic effects of sewage sludge
(heavy metals), which possibly exceeded the protective capacity of the antioxidant system enzymes (Duo etal.,
2019). Moreover, in the treatment with the highest SS concentration the effect on earthworm behaviour was also
observed as earthworms tried to avoid to penetrat into the contaminated soil. This behaviour might also increase the
impaired earthworm growth or even death. After 4 weeks, visible high pressure of the coelomocytic fluid and earth-
worm tissue damage occurred due to the chronic effects of sewage sludge (Rorat et al., 2013). Other researches find-
ings show that earthworms should be removed from soil in the vermi-remediation process before week fifteen be-
cause during this stage the excretion of heavy metals from earthworms occurred (Azizi et al., 2013).

Weight change is a very sensitive indicator that earthworms experience stress. This response can act as a de-
fense mechanism by which earthworms reduce food consumption and reduce metabolic rate to avoid the harmful
effects of heavy metals, e.g. — oxidative stress (Duo et al., 2019). Data analysis (ANOVA) showed that sewage
sludge concentration had a statistically significant effect on compost earthworm growth (F=3.87-67.02; p<0.05) at
1-7 weeks of study, however, there was no statistically significant effect on growth at 8-9 weeks (F=3.87-3.96;
p>0.05). The biggest growth was recorded at 25 t/ha concentration and it was by 16% bigger but not statisticaly sig-
nificant (p>0.05) than control group, by 11-36% higher than in the treatments with 50-200 t/ha concentrations (Fig-
ure 2) and statisticaly significant difference found between 25 and 100-200 t/ha treatments. Our experiment results,
as well as other scientific studies, show that low concentrations of sewage sludge in soil increase the weight gain of
earthworms statisticaly significantly (Rorat et al, 2013). Because small amounts of sludge are a very good source of
nutrients that support their growth for at least 8 weeks, however, high concentrations negatively impact because of
heavy metals and other hazardous contaminants (Konczak, 2018).
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Figure 2. Earthworms growth in different sewage sludge concentrations
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Sewage sludge have significant effect to both metals concentrations in soil before vermi-remediation, but it was
bigger to Fe (F=6259.514; p<0.05) than Al (F=216.151; p<0.05), but SS didn’t have significant effect to both heavy
metals concentration in soil after process. Heavy metal concentration analysis showed that after vermi-remediation
Fe concentrations was statistically significantly higher than Al both in soil (Figure 3) and earthworm tissue (Fig-
ure 4). Many scientific studies proved that earthworms can readily bioaccumulate heavy metals and other pollutants
because of direct contact with soil, both externally via absorption through the skin and internally by adsorption to the
digestive tract (Hobbelen et al., 2006; Spurgeon & Hopkin, 1996). T-test showed that concentrations of both metals
(Fe and Al) in soil was signifficant lower (p<0.05) after vermi-remediation than before in all sewage sludge treat-
ments. Sewage sludge influenced heavy metals accumulation in earthworm tissue differently, it also depended on the
treatment concentration.
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Figure 3. Al and Fe content in soil with different sewage sludge concentrations after vermi-remediation
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Figure 4. Al and Fe content in earthworm tissue at different sewage sludge concentrations after vermi-remediation
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SS concentration had no statistically significant effect to Fe accumulation in earthworm tissue which was big-
gest in lowest SS concentration treatment which was 25 t/ha (Figure 4). Sewage sludge concentration had significant
effect to Al concentration accumulated in earthworm tissue (F=33.707; p<0.05). There was statistically significant
and positive correlation (0.806; p<0.05) between Al acumulation in earthworm tissue and sewage sludge concentra-
tion. Lowest Al concentration in soil after vermi-remediation was found in highest SS concentration treatment
(200 t/ha) in which was highest Al accumulation in earthworm tissue, it can be explained by effective remediation
process. But it’s important to mention that by increasing Al concentration accumulated in earthworm tissue earth-
worm mortality increases statiscally significant (p<0.05), for this reason toxic heavy metals effect to earthworms and
vermi-remediation process should be kept in mind.

Most critical environmental factors that regulate earthworm population are soil type and organic matter content,
pH and moisture. Organic matter content might impact vermi-remediation efficiency, because it’s a source of
nutirents for earthworms (Rorat et al., 2013; Irizar et al., 2015; Hagkparast et al., 2013). Sewage sludge can improve
soil quality including OM content, statistic analysis showed that sewage sludge had a significant effect on OM con-
tent both before (F=47.958; p<0.05) and after (F=67.507; p<0.05) vermi-remediation. Biggest organic matter content
was found in the treatment with the highest sewage sludge concentrations (100 and 200 t/ha). Lowest OM content
was found in control case. T-test showed that organic matter content was statisticaly significant bigger before ver-
mi-remediation than after in all sewage sludge concentrations (p<0.05). In our study sewage sludge increased organic
matter content in soil before vermi-remediation improving soil quality. After vermi-remediation OM content was
lower than before, because OM is a food source for earthworms (Konczak & Oleszczuk, 2018; Rorat et al., 2013).
Organic matter content didn’t have significant correlation (p>0.05) with both metals concentrations in soil and Fe
accumulation in earthworms tissue after vermi-remediation, neither with mortality or growth (p>0.05). It only had
significant correlation (p<0.05) with Al concentration in earthworm tissue after vermi-remediation. OM content in
soil affected heavy metals vermi-remediation differently, so further analysis in this area is strongly requested.
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Figure 5. Soil organic matter content in different sewage sludge concentrations before and after vermi-remediation

Soil pH is important factor influencing heavy metal solubility, bioavailability and their toxic effects to or-
ganizms. Earthworms are sensitive to soil pH. In our experiment soil pH changed both from sewage sludge applica-
tion and vermi-remediation process but it still varies close to earthworms optimal soil pH range which varies from
6.0 to 7.0 (OECD, 1984; 1SO, 2012; ASTM, 2004). SS concentration cause significant effect (p<0.05) on soil pH
both before and after vermi-reme- diation process. Sewage sludge aplication statistically significantly reduced soil
pH. It’s known that as soil pH decreases, the amount of H* increases the concentration of many heavy metals in soil
solution. Researches have shown that some metal cations are more soluble and available in low pH soil solutions.
Lowered soil pH doesn’t increase activity of all heavy metals — the solubility of cations increases at lower pH values,
when anions are more soluble in alkaline pH ranges due to sorption in solid soil phases (Adamczyk- Szabela et al.,
2015; Sheoran et al., 2016). But in this study there was no statistically significant relationship found between soil pH
changes and heavy metals (Fe and Al) accumulation in earthworms tissue. Lowest soil pH was found in the highest
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sewage sludge concentrations (100 and 200 t/ha). Highest pH in soil was measured in lowest sewage sludge concen-
tration (25 t/ha) and control. After soil passes through the earthworm gut, soil pH can be adjustified to ~ pH7 (Hand,
1988; OECD, 1984, because of that vermi-remediation influence soil pH. T-test showed that soil pH was statisticaly
significant (p<0.05) bigger after vermi-remediation than before in all sewage sludge concentrations indicating that
vermi-remediation had a positive effect and soil pH increased during this process. Further analysis showed that or-
ganic matter content had significant effect on pH before (F=238.216; p<0.05) and after vermi-remediation
(F=193.92; p<0.05).
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Figure 6. Soil pH in different sewage sludge concentrations before and after vermi-remediation

Conclusions

This study demonstrated that bioremediation efficiency using E. fetida depends on sewage sludge concentrations,
survival and growth of earthworms. Results showed that vermi-remediation is a reliable way to clean soil contamina-
tion for both metals (Al and Fe), because after vermi-remediation process both metals concentrations in soil was
statistically significant lower than before in all SS treatments (25, 50, 100 and 200 t/ha). Sewage sludge did not cause
a sudden acute effect on compost earthworms at concentrations below 100 t/ha. However sewage sludge concentra-
tion affected bioremediation efficiency of Al and Fe differently. Largest Al concentration accumulated in earthworm
tissue was at highest SS concentration treatment (200 t/ha) in which the largest earthworms mortality also occurred
so it might have negative impact on bioremediation efficiency for a longer cleaning period, because total remediated
heavy metal content would be lower as a result of the reduced number of individuals. Largest earthworms growth
and Fe accumulation in tissue was biggest in lowest sewage sludge concentration (25 t/ha). SS concentration have
statistically significant effect just to Al accumulation. This might happen, because there are statistically significant
and positive correlation between OM content in soil and Al accumulation in earthworm tissue. Vermi-remediation
prosses caused statisticaly significant decrease in OM content and increased pH value in all SS concentrations.
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