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ARTICLE INFO ABSTRACT

Edited by Martin Grosell During years sewage sludges have been worldwide poured in agricultural soils to enhance vegetal production.
The “Landfill 17” located in Gernika-Lumo town (43°19'28.9”N 2°40'30.9”W) received for decades sewage
sludges from the local Waste Water Treatment Plant (WWTP) with agricultural purposes. To this WWTP, several
pollutants as heavy metals (Cd, Cr, Ni, Pb), PAHs (benzo(a)pyrene among many others) and pesticides (i.e.

dieldrin) could have arrived from local industry and be widespread all over the landfill. Soil invertebrates like
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L:trtu::onns earthworms and plants are of special interest due to their close contact with the polluted matrix and their po-
Standard tests tential effects by the presence of pollutants. In this context, the aim of the present work was to determine the
Biomarkers health status of landfill soils by evaluating the effects on model soil organisms exerted by long-lasted pollutants

after on site deposition of WWTP active sludges. With such a purpose, different standard toxicity tests and
cellular level endpoints were performed on lettuce and earthworms. Indeed, germination (EPA 850.4100) and
root elongation (EPA 850.4230) tests were carried out in Lactuca sativa, while OECD acute toxicity test (OECD-
204), reproduction test (OECD-222) and Calcein-AM viability test with coelomocytes were applied in Eisenia
fetida worms. For the exposure, soils collected in the landfield containing low, medium and high concentrations
of pollutants were selected, and as reference LUFA 2.3 natural standard soil was chosen. While no differences
were shown in the assays with L. sativa, significant differences between sludge exposed groups and control group
were recorded with E. fetida, with lower coelomocyte number and viability and higher tissue metal accumulation
after 28 days of exposure to polluted soils. These results confirmed the impact of contaminants to soil biota even
after long periods of time.

northern lands) sewage sludges were spilled over 250 m setting the
Landfill 17 with an area of 3.38 Ha.
Some soil organism based guidelines use vegetal processes to address

1. Introduction

The scientific and technological advances during the last century

allowed to quadruple world population (Gomez-Sagasti et al., 2019).
This demographic boost, along with a shortage of usable land and the
establishment of a consumer culture, brought with the increase of
landfills and spilling or filling points. In the Basque Country Government
inventory (Decree No.165/2008, relative to soils supporting potentially
polluting activities or facilities), 1277 landfills are inventoried,
including spilling points. That inventory includes areas as the Landfill
17, where sewage sludges from Gernika-Lumo Waste Water Treatment
Plant (WWTP) have been poured for decades as fertilizers for agricul-
tural purposes. However, along with the organic matter (OM), different
industrial, commercial or domestic pollutants that could not be elimi-
nated by the WWTP ended up in soil. In the aforementioned area (WWTP
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the toxicity of pollutants. OECD (2003) and USEPA (1996) recommend
seed germination and root elongation bioassays carried out with lettuce
(Lactuca sativa L.), especially due to their usefulness to evaluate pol-
lutants toxicity in a simple, fast and sensitive manner (Bagur-Gonzalez
et al., 2010; Adamo et al., 2014). Lettuces are widely used in soil health
evaluations due to their ability to extract pollutants by roots and accu-
mulate them in roots and shoots (Adamo et al., 2014; Mtisi and Gwenzi,
2019).

Earthworms are efficient metal accumulators and respond to pollu-
tion in a sensitive and measurable manner. For that reason, the use of
these sentinel organisms is widely used in soil pollution studies. Among
the most used earthworms E. fetida/E. andrei species must be
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highlighted. These earthworms have been broadly used on soil standard
toxicity tests (OECD, 1984; ISO 2008) or field studies (Sinha et al., 2008;
Urionabarrenetxea et al., 2021) to evaluate the potential risk exerted by
pollutants or determine the soil health status of a given area. Acute
toxicity tests, allow to determinate different lethal and effect parameters
(LCx,ECx), helping on risk evaluation or regulation of chemical com-
pounds (Spurgeon et al., 1994). The OECD artificial soil tests (OECD,
1984) are based on the two principal uptake paths for testing substances:
the dietary (soil ingestion) and the dermal (contact of the epidermis with
soil) (Laycock et al., 2016; Verda et al., 2018) to study then changes
upon live parameters like earthworms mortality and weight loss. For
these tests, OECD or LUFA standard substrates are employed, allowing
obtaining same results in different region laboratories and facilitating
comparisons and increasing the reliability of established toxicity mea-
surements (Lopes Alves and Nogueira Cardoso, 2016). Indeed, LUFA
soils are natural substrates used especially for studies according to GLP
(Good Laboratory Practice) investigating pot experiments in the labo-
ratory and in the field (Garcia-Velasco et al., 2017; Urionabarrenetxea
et al., 2020).

In chronic ecotoxicological assays, reproduction is a very important
factor due to its role on population dynamics (Kooijman and Metz, 1984;
Spurgeon et al., 1994; Hertel-Aas et al., 2011). In fact, changes on
growth or reproduction could be useful elements to predict changes at
population level (Moriarty, 1983). Among these tests, OECD-222 (2016)
was designed to evaluate the sublethal effect of different chemicals
(single or combined) upon reproduction parameters, such as counting
the offspring (cocoons and juveniles) of worms grown in polluted soil.

Apart from the standardized tests, in the recent years a large list of
biomarkers have been developed to study sublethal effects exerted by
pollutants, and so, evaluate soil health status. Biomarkers provide useful
information about the impact exerted by pollutants upon organisms at
different levels of biological complexity (Marigomez et al., 1996;
Cajaraville et al., 2000). In the case of earthworms, biomarker approach
has targeted their immune cells or coelomocytes. Actually, the cellular
responses measured in coelomocytes demonstrated the capacity to
predict impairments caused by polluted soils at organism level (Curieses
et al.,, 2017). Among in vitro approaches carried out with earthworm
coelomocytes, the Calcein AM test is a rapid and accurate microplate
assay to assess the impact of chemical substances upon cells viability
(Claiborne, 1985). During the last decades, toxicity of single elements
(Cd, Cr, Ni, Pb, Hg, BaP, TPH, etc.), complex mixtures (pesticides, metal
complexes or organic compounds) or natural soils have been studied in
E. fetida organisms, using for that the integration of chemical analysis,
standardized tests and biomarkers (Irizar et al., 2014a, 2014b, 2015a; Li
et al., 2019; Deng et al., 2021).

When assessing soil toxicity, aging is a key factor to be considered.
Heavy metals are mostly available immediately after poured and
availability decreases over time (Wijayawardena et al., 2015) as re-
actions between metal and soil ions transform highly soluble forms into
less soluble forms (Kulikowska et al., 2015). Thus, metal toxicity is ex-
pected to decrease over time as adsorption, complexation, chelation,
exchange, diffusion or precipitation processes occur (Jalali and Khan-
lari, 2008).

The aim of this work is to determine the health status of landfill soils
by evaluating the effects on model soil organisms exerted by long-lasted
presence of pollutants after on site deposition of WWTP active sludges.

2. Materials and methods
2.1. Experimental organisms

2.1.1. Lettuce: Lactuca sativa

Lactuca sativa seeds for germination and root elongation studies were
purchased from Ariatza Lorategia commercial supplier (Bizkaia, Spain).
Seeds were maintained at constant temperature (4 °C) in darkness
conditions on hermetically closed packages with humidity not exceeding
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10%. The seeds selected for the tests were free of abnormalities such as
lesions, decolouration or swelling.

In addition, stock germinability was tested before the assays in order
to ensure a minimum germination of 75%.

2.1.2. Earthworms: Eisenia fetida

For the present work Eisenia fetida earthworms were purchased from
Lombrinatur commercial supplier (Almeria, Spain). Earthworms were
maintained as stock at constant temperature (19 °C) and humidity
(60%) conditions, and weekly fed with horse manure. The earthworms
used for this experiment were all healthy, clitellated and of similar size
(300-600 mg fresh weight).

2.2. Soil conditioning for testing

Agricultural soils amended with sewage sludges were collected from
Landfill 17, located in Gernika-Lumo (Basque Country, Spain;
43°322,434 N, —2°675,425 W). Based on previous chemical character-
izations (up to 18 sample points for a complete chemical characteriza-
tion), soils containing high (H), medium (M) and low (L) lead, nickel,
cadmium and chromium contents were chosen among the soil sample
collection (Table 1). Glass containers (1.8 1) were filled with 500 g of
each soil and moistened to 60% of their water holding capacity (WHC,
previously measured) to be left stabilizing for 48 h at constant temper-
ature (19 °C) and humidity conditions (60%). At the same time, LUFA
2.3 (Speyer, Germany) natural and standard soil was used as control.

2.3. Leachate preparations

Soil leachates were prepared as indicated by Spanish legislation
(BOE, 2005 516/id) following German standard DIN 38414-S4
(Deutsches Institut fur Normung, 1984 480/id). For that, 10 g of soil
(dry weight) were mixed with 100 ml distilled water and the mixture
was stirred for 24 h at room temperature to be filtered through 0.45 pm.
This process was carried out with H, M and L soil samples. Leachates
were chemically analysed and stored at 4 °C until its use in germination
and elongation tests.

2.4. Lactuca sativa seeds exposure to leachates from polluted soils

2.4.1. Germination test (modified from EPA 850.4100)

Seeds (n = 15) were placed in Petri dishes filled with 15 g of silica
sand and 3 ml of leachates coming from the different soils, 3 replicates
for each experimental group (H, M and L). In control treatments distilled
water (DW) was used. In addition, and in order to validate the test, a
positive control was carried out with seeds exposed to legal threshold
concentrations for public park use (n = 3; 25 mg kg~ 'ppm Cd, 400 mg
kg 'ppm Cr, 500 mg kg 'ppm Ni and 450 mg kg 'ppm Pb, IHOBE,
2015). Samples were kept in darkness, constant temperature (22 °C) and
humidity conditions (70%) until measurements at times 48 h and 7 d.

2.4.2. Elongation test (modified from EPA 850.4230)
Pre-germinated seeds (n = 25) were transferred (t0) to Petri dishes

Table 1

Organic matter (OM, in %), pH, cadmium (Cd), chromium (Cr), nickel (Ni) and
lead (Pb) contents (mg kg™!) in Landfill 17 soils with low (L) medium (M) and
high (H) heavy metal concentrations. Concentrations and contents measured in
dry weight (D.W.).

Control L M H
Organic matter (LOI) % +1 6.2 11 19
pH 6.81 7.42 6.28 7.30
Cadmium (Cd) <LOD 0.33 8.7 26
Chromium (Cr) <LOD 41 190 400
Nickel (Ni) <LOD 32 56 120
Lead (Pb) <LOD 27 96 170
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containing filter paper moistened with 3 ml of soil leachate or DW in the
case of control treatments. Germinates were allowed to grow for another
48 h (tf) in same conditions (22 °C, 70% humidity and 16/8 light-dark
period) to then measure root length (tf-t0).

2.5. Eisenia fetida exposure to polluted soils

2.5.1. Short term exposure (modified from OECD- 207, 1984)

Earthworms of similar size were weighted in groups of 10 and
introduced in containers with 750 g soil from the landfill (H, M and L),
with 3 replicates per treatment. All the experimental groups were
maintained at 19 °C and constant light conditions without feeding in
order to guarantee permanent earthworm-soil contact. After 3 days,
weight loss and mortality were measured, earthworms were collected
for chemical analysis and Calcein-AM viability test was carried out with
earthworm coelomocytes.

2.5.1.1. Coelomocyte extrusion and counting. Coelomocytes of the
earthworms exposed during 3 days to landfill (H, M, L) and control soils
were extruded through the dorsal pores by electrical stimulation (9 V) in
extrusion solution (1 ml, PBS% 0.02 EDTA / worm) (Irizar et al., 2014a).
The obtained solution was introduced in falcon tubes to be centrifuged
at 530g and 10 °C for 10 min (Allegra™ 17 25R Centrifuge Beckman
Coulter). The supernatant was obtained, removed, and the pellet re-
suspended in PBS cleaning solution (Saline phosphate buffer, pH
7.0-7.2). Subsequently, cell counting was carried out by using a hae-
mocytometer, in order to determine cell density and adjust the same
final concentration to 1 x 10° cells / ml (200,000 cells / well) in all the
treatments. Cell solutions were placed in 96-well microplates and
incubated at 18 °C (Sanyo Incubator MIR-152) for 30 min so they could
adhere to the bottom of the wells.

2.5.1.2. Calcein-AM viability assay. For the Calcein-AM viability assay
the plate was centrifuged (530 g, 5 min, 10 °C), supernatant was dis-
carded and the cells were incubated for 40 min with 2.5 M Calcein-AM
(n = 4, 100 pl per well). Celomocytes were washed twice (centrifuga-
tion, supernatant discard and addition of 100 pl of PBS) and the fluo-
rescence was measured on a FLx fluorimeter for plates at 490 nm
wavelength for excitation and 520 nm wavelength for emission. Addi-
tionally, basal fluorescence derived from riboflavin containing eleocytes
was measured in wells without Calcein and subtracted to the wells
incubated with the later.

2.5.2. Eisenia fetida reproduction test (OECD-222, 2016)

E. fetida adult earthworms (n = 10) between 0.3 and 0.6 g were
introduced in containers with 500 g of soil, 3 replicates per group.
Earthworms were maintained under 19 °C constant temperature for 28
days under dark-light (8:16 h) cycles. 5 g of horse manure per container
was weekly added as organic matter input. Moisture content was weekly
controlled until last day of experimentation, while food input was only
made for the first 28 days following protocol recommendations. After
28 days of experiment, adult earthworms were removed, weighed, and
samples were taken for chemical analysis by inductively coupled plasma
spectrometry (ICP-MS) (see 2.6), leaving the cocoons and juveniles in
the same experimental conditions already mentioned. At day 56, juve-
niles were counted, and juveniles' biomass was measured.

2.6. Sample treatment for chemical analysis

For plants chemical analyses, seedlings were previously dried at
36 °C for 72 h in oven, milled and digested with HNOs. All analyses were
carried out by ICP-MS.

Five earthworms per replicate (n = 15 per experimental group, H, M
and L) from each test (Short term and reproduction test) were used to
perform chemical analysis. After voiding their gut content, earthworms
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were dried in an oven at 120 °C (WTC Binder) for 48 h up to dry. Once
dried, earthworms were weighted and rinsed in HNO3 (Tracepur®, 69%
1 M). After digestion, acid dissolutions were placed on a hot plate until
the acid was evaporated. Then, 6 ml of HNO3 0.01 M were added to be
maintained at 4 °C in covered test tubes until IPC-MS analysis was
performed (SGiKER General Services of EHU/UPV Leioa).

2.7. Statistical analysis

Data obtained was studied by SPSS software vers. 22. Data normality
was checked through Kolmogorov-Smirnov and Shapiro-Wilk tests. For
the parameters with normal distribution, a unidirectional variance
analysis (ANOVA) was performed. Possible significant differences be-
tween the control and the contaminated samples were studied by post-
hoc Dunnet and Tukey tests (p < 0.05). The non-parametric data was
processed by carrying a Kruskal-Wallis test (Dunn's test multi-
comparison test).

3. Results
3.1. Experiments with Lactuca sativa

3.1.1. Chemical analysis of the leachates

The leachates coming from the landfill soils showed different levels
of metals according to the metal contents in soils. The group H showed
the highest values of heavy metals, group M presented intermediate
values and the lowest heavy metal concentrations were observed in L
group (Table 2).

3.1.2. Germination test (modified from EPA 850.4100)

After 3 days of exposure, germination showed similar values in the
control and in seeds exposed to leachates coming from landfill soils.
Lowest germination values were measured in the groups M and H, with a
66% and 70% of germination respectively (Fig. 1). This was not the case
for the groups exposed to public park use limit values (positive control),
where no seed germination was observed (Fig. 1). After 7 days of
exposure to leachates, germination continued showing similar trends as
at day 3 (Fig. 1). Seeds exposed to leachates coming from M and H soils
showed the lowest germination rates, while the highest rates were
quantified in the control group (88%) and in those exposed to L for 3
days.

3.1.3. Root elongation test (modified from EPA 850.4230)

After pre-germination and two days of exposure to leachates, no
significant differences on root elongation were observed among groups;
however, trends of highest values in M group and lowest in H group were
recorded.

The chemical analysis of the lettuce seedlings exposed for two days to
leachates coming from polluted soils showed different trends on metal
accumulation despite no significant differences were observed among
groups (Table 3). Seedlings exposed to H leachates showed higher Pb
and Ni accumulations (13.89 and 8.79 pug/mg, respectively). However,
low Cd (<0.16 pg/mg) and Cr (<0.26 pg/mg) accumulations were
observed in the four experimental groups.

Table 2

Contents of Cr, Ni, Cd and Pb (ng/ml) on the leachates obtained from Landfill 17
soils. * Metal values on the leachate of the Control group (LUFA 2.3) showed
values below detection limit.

Control L M H
Cr <LOD 4.7 12.6 31.5
Ni <LOD 4 2.9 17.7
cd <LOD 0.5 1 2
Pb <LOD 2.7 5.8 12.4
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Fig. 1. Germination percentages of Lactuca sativa seeds maintained at 20 °C
and exposed to leachates coming from landfill soils with different metal con-
centrations for 3 and 7 days. Bars without and with lines represent 3 and 7 days
respectively. *No germination was observed (0%) on seeds exposed to (soil)
limit values for public park use. Error bars represent standard deviation.

Table 3

Cr, Ni, Cd and Pb concentration (ug / mg) in Lactuca sativa seedlings, after
exposure to leachates of different study soils for 2 days. * In control, Cr, Ni, Cd
and Pb concentrations in lettuce tissues were found below detection limit.

Control L M H
Cr <LOD <LOD <LOD 0.26
Ni <LOD 4.64 3.29 8.79
cd <LOD 0.08 0.12 0.16
Pb <LOD 3.56 3.9 13.89

3.2. Eisenia fetida exposure to polluted soils

3.2.1. Short term exposure (modified from OECD- 207, 1984)

Weight loss after 3 days of exposure did not show a clear pattern
between groups of exposure. In fact earthworms exposed to different
landfill soils for 3 d lost similar weight (<10%). No mortality was
observed in any of the replicates.

3.2.1.1. Coelomocyte number. The cell counting after three days of
exposure showed a lower concentration of extruded coelomocytes on
those organisms exposed to landfill soils comparing to the LUFA soils
(Fig. 2).

The highest number of cells was counted in the control group (Fig. 2)
while the lowest concentration of cells was quantified in those earth-
worms exposed to M and H soils, with 72% and 62% fewer cells than in
the control group. In L soils, 40% less cells than in control group were

120

100 -

——

80 A ab
60 - ab

20 -

20 |

Number of extruded coelomocytes (% control)

Control L M H

Fig. 2. Coelomocyte of E. fetida earthworms exposed to landfill soils with
different metal concentrations during 3 days. Significant differences marked
with letters (ANOVA test, p < 0.05). Error bars represent standard deviation.
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measured.

3.2.1.2. Calcein AM viability test. Coelomocytes of earthworms exposed
to landfill soils during 3 days showed less capacity to retain Calcein
(53-54% less) than control soils, especially in M and H exposure groups
where statistical differences were found comparing to control (Fig. 3).

3.2.2. Earthworms reproduction test (OECD-222, 2016)

3.2.2.1. Earthworms chemical analysis. Earthworms removed at day 28
of the test showed significant different metal accumulation trends be-
tween experimental groups (Fig. 4).

Individuals exposed to H and M soils showed an increase in the
metals accumulated in tissues, while the control and L groups showed
much lower levels (considered as basal accumulation). Earthworms
maintained in H group showed significantly higher Cd, Cr, Ni and Pb
concentrations than control and L group, while M soils showed signifi-
cantly higher Cd and Ni values than control and L groups (Fig. 4).

3.2.2.2. Weight loss. After 28 days, the greatest weight losses were
observed in control organisms and those exposed to L soil. On the con-
trary, the lowest weight loss was recorded in the group H, where the
organisms lost less than the half (46.82%) comparing to control organ-
isms (Fig. 5).

3.2.2.3. Number of juveniles. The number of juveniles counted after 56
days in L group showed significant differences in comparison with M and
H groups (Fig. 6). Control, M and H groups showed average juvenile
numbers around 50 decreasing in L group to 15. .

3.2.2.4. Total weight of the offspring. Although no statistically signifi-
cant differences were found, the total weight of offspring increased in
the H and M groups, doubling the average weight quantified in the
control and L groups (in the case of H) (Fig. 7).

3.3. Correlations

After analysing statistically all data, strong correlations (Pearson
>0.9) were found among soil parameters and measured endpoints.

Among the plant based studies, a negative effect of pH on root
elongation was observed, while a positive strong correlation (Pearson
>0.9) between leachates metal content and soil organic matter was
noted (Table 4).

Regarding the endpoints measured on E. fetida earthworms (Table 5),
a positive correlation between the number of cells extruded and calcein
test results, or OM content and offspring weight were observed. Simi-
larly, a negative correlation between OM content and earthworm weight

120 a

100

—y

a0 ab b

40

Calcein (%control)
o
o
o

20

Control L M H

Fig. 3. Fluorescence signal after Calcein-AM Viability Test on coelomocytes
extruded from earthworms exposed to landfill soils with different metal con-
centrations during 3 days. Significant differences marked with letters (ANOVA
test, p < 0.05). Error bars represent standard deviation.
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Fig. 4. Concentration of Cr, Ni, Cd and Pb (pg /mg earthworm) on tissues of
Eisenia fetida earthworms exposed to different landfill soils for 28 days. Sig-
nificant differences between metal concentrations on each group respect to
control value for each metal marked with asterisk (ANOVA test, p < 0.05).
Error bars represent standard deviation.
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Fig. 5. Weight loss (% respect to initial weight) of Eisenia fetida earthworms
exposed to different landfill soils for 28 days. Significant differences marked
with letters (ANOVA test, p < 0.05). Error bars represent standard deviation.
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Fig. 6. Number of juveniles counted at day 56 of experiment after exposing
Eisenia fetida adult earthworms to different landfill soils for 28 days. Significant
differences marked with letters (Kruskal Wallis test, p < 0.05). Error bars
represent standard deviation.

loss after 28 days, or earthworm weight loss and offspring weight was
noted.

The statistical analysis showed also different Pearson correlations
between the concentrations of metals accumulated in earthworms and
different parameters (Table 6). Strong positive correlations between Cr
and Cd contents were observed with OM amount and the total weight of
the offspring.

Comparative Biochemistry and Physiology, Part C 255 (2022) 109276

300
s
£ 250
o
&
£ 200 -
&
£
o
@ 150 -
5
5 100 -
[
3
&
& 50
g
<
0 T T 1
Control L M H

Fig. 7. Total weight of the offspring at day 56 of experiment after exposing
Eisenia fetida adult earthworms to different landfill soils for 28 days. Error bars
represent standard deviation.

4. Discussion
4.1. Physicochemical and metal characterization in soils and leachates

Metal availability, and toxicity in soil, is fully conditioned by soil
properties. Among key factors, clay content, cation exchange capacity,
pH or OM content must be highlighted (Spurgeon and Hopkin, 1995;
Smit and Van Gestel, 1998; Gondek and Kope¢, 2006; Leduc et al.,
2007). In soils used in the present experiments different pH trends were
measured between experimental groups (Table 1). This data, along with
OM contents, could explain differences on metal bioavailability
observed between experimental groups (Visioli et al., 2013). The strong
bounding between OM and contaminants, provided by organometallic
ligands, fixes the contaminants to the ground, so, preventing contami-
nants migrate to aquatic phase and other media. Thus, time spent by
metals in soil is a factor to be considered when analysing toxicity,
indeed, metal bioavailability decreases as precipitates are formed
(Martinez and McBride, 2001). So, lower bioavailability and lower
toxicity is expected in aged soils, comparing to newly doped soils
(Smolders et al., 2009). Thus, high OM content present on landfill aged
soils (up to 19% dw in H group) would reduce metal bioavailability,
reducing pollutants toxicity and buffering potential effects. This metal
availability conditioners are also well reflected in leachate metal con-
tents, with metal contents in leachates three orders of magnitude lower
(ppb vs ppm) than in landfill soils. The strong correlation (0.947) be-
tween leachates metal content and soils OM content reinforced this
trend, suggesting that heavy metals present in soil, are strongly bounded
to OM, making them less available or mobile.

4.2. Effects on Lactuca sativa

Germinations quantified after 3 and 7 days did not show any sig-
nificant differences among treatments. However, a slight decrease in
germination was observed in seed exposed to leachates coming from H
and M soils after 3 and 7 days exposure.

Regarding root elongation test, similar results were recorded among
different experimental groups, suggesting that pollutants in lixiviates
are not toxic enough to interrupt lettuce growth. Two days root exposure
seemed not to be enough exposure time to appreciate significant cor-
relations between metal content and elongation values. In fact a strong
negative correlation (—0.999) was found between roots elongation and
soils pH, suggesting that elongation trends are mainly driven by pH
differences among soils. Although highest metal accumulations were
detected in H group seedlings (highest Cr, Ni, Cd and Pb accumulations),
no impacts reflecting this accumulation trend was recorded. This lack of
response could be explained by the low exposure concentrations
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Table 4
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Pearson correlations estimated between root elongation, soil pH, elutriates metal content, OM content
and germination rates. Strong (> 0.900) negative (red) and positive (green) correlations marked in

colours.
Correlations
) Elutriates s
Root elongation pH OM content Germination
metal cont.

Root elongation 1 -999” _486° _384" -433°
pH 1 514" 241 402°
Elutriates metal 1_ -532"
OM content 1 -665"
Germination 1

**_0.01 level significant correlation (2 tails).
*. 0.05 level significant correlation (2 tails).

Table 5

Pearson correlations estimated between calcein results, counted cells, OM content in soils, weight loss after 28 days of
exposure, weight of the offspring and juveniles after 56 days. Strong (> 0.900) negative (red) and positive (green)

correlations marked in colours.

Correlations

Calcein COCLenI;: d OM content Weiggtdloss o‘;f‘gzlr;gt] Juveniles
Calcein 1 -790" 592" -667" 246
Cells counted 1 -810" 610" 798" -199
OM content 1 231
Weight loss 28d “ -366"
Weight offspring 1 492"
Juveniles 1

**_0.01 level significant correlation (2 tails).
*. 0.05 level significant correlation (2 tails).

Table 6

Pearson correlations estimated between Cd, Cr, Ni and Pb respect to calcein results, cells counted, soils pH, weight loss of the
earthworms after 28 days, soils OM content, weight of the offspring and juveniles after 56 days. Strong (> 0.900) positive

(green) correlations marked in colours.

Correlations

Calcein ccilenlg d pH Weigg;loss OM content 0‘;:;’%:; Juveniles
Chromium -.605** -817* -.182 -.887* 639**
Niquel -510** -.808** -670** -.391* 547 722* 613*
Cadmium -629* -832* -164 -sss* [N 615
Lead -482* =791 -527* -.659** .739** .899** .756**

**_0.01 level significant correlation (2 tails).
*. 0.05 level significant correlation (2 tails).

quantified in leachates. In fact, metal concentrations measured in lix-
iviates showed to be far from LOECs already published for lettuce plants:
2 ppb vs 14.38 ppm Cd, 12.4 ppb vs 53.04 ppm Pb, 17.7 ppb vs 6.939
ppm Ni (Di Salvatore et al., 2008) and 31.5 ppb vs 50 ppm Cr (Hou et al.,
2013).

4.3. Eisenia fetida exposure to polluted soils

4.3.1. Short term exposure effects

Weight losses quantified after 3 days of exposure did not show any
remarkable pattern among experimental groups. The short exposure
time (3 days) could be the reason for the low weight loss and probably
longer exposure periods would be more accurate to assess the impacts of
soils receiving sludges. However, soils high OM content could also mask

the effects upon earthworms biomass loss. It should be noted that,
evaluating other sublethal effects is searched through this short term
trials, for example, to assess damages at cellular or molecular level. This
way, stress level can be evaluated in exposed organisms before weight
loss, death or irreversible effects take place.

After coelomocytes extrusion, a clear decrease on cell number was
measured in organisms exposed to landfill polluted soils, especially in M
and H groups.

A notorious decrease on calcein retention was noted in coelomocytes
of earthworms maintained in landfill soils, especially in H and M groups.
This significant decrease in comparison to control suggested cell damage
after 3 day exposure to polluted soils as previously described (Plytycz
et al., 2007). Mentioned decrease on retention ability could be condi-
tioned by an alteration in eleocyte/amoebocyte populations (Plytycz
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et al., 2009). In fact, the decrease on calcein signal could take place due
to a decrease on eleocyte population (respect to amebocytes) which are
more sensitive to metal pollution (Di Marzio et al., 2005; Olchawa et al.,
2006; Homa et al., 2010; Plytycz et al., 2010); with amebocytes fag-
ociting death eleocytes (Irizar et al., 2015b).

4.3.2. Earthworms reproduction test effects

After 28 days, a lower biomass loss in adult earthworms was
observed in sewage sludge polluted soils. Highest weight losses were
observed in the control and L groups, while H soil earthworms showed
the less loss. However, all the groups lost more than 20% of their initial
weight, and, this value is considered the threshold for severe weight loss
as suggested by Garcia-Velasco et al. (2017). Unlike the results obtained
after 3 days of exposure, weight losses obtained in H and M after 28 days
could be explained by the OM present in soils. In fact, H and M were the
experimental groups with highest OM content, with 19% and 11%
respectively. Reinforcing this hypothesis, a strong negative correlation
(—0.954) was observed between weight losses quantified after 28 days
and soil OM contents. Thus, it can be stated that quantified weight loss
was soil OM content dependant and was not a direct result of soil
pollutants.

Chemical analyses of earthworms exposed for 28 days, showed
higher metal accumulations at H and M groups comparing to control and
L. In these two H and M groups remarkable concentrations were ach-
ieved, being quantified 18 and 16 Cd ppm in H and M groups respec-
tively. As already demonstrated in other invertebrate species, this
concentrations tends to increase significantly along time (Callahan et al.,
1979). It is also remarkable the high correlation observed between soils
OM content and Cr and Cd concentrations (0.931 and 0.939 respec-
tively), suggesting the creation of metal-OM ligands responsible of
heavy metal sorption in soil (Gondek et al., 2014). As different authors
like Gondek and Kopec (2006) suggested in case-studies about WWTP-
OM and heavy metal interactions, around 25-59% of the Cd and
34-81% of Cr remains attached to the soil forming organo-mineral
boundings. This was supported by the negative correlations found be-
tween 28 day weight losses and accumulated Cd (—0.888) or Cr
(—0.887) contents. Thus, the low weight loss observed in organisms
exposed to H and M soils could be explained by a higher metallically
bounded OM uptake through the earthworms diet, that in turn would
generate high accumulations of metal in tissues.

Besides, it must be highlighted also the negative correlations be-
tween coelomocyte counting and Cd (—0.832), Cr (—0.817) or Ni
(—0.808) accumulations in earthworms, suggesting a potential cytotoxic
effect caused by metals in tissues.

After 56 days from the beginning of the reproduction test, no
reproductive damage that could suppose a significant change on popu-
lation dynamics was observed since all exposed groups showed similar
juvenile numbers respect to the control .Besides offspring biomass
showed higher values in H and M groups comparing to L and control
groups. In fact, H group doubled control and L group values. This trend
could be explained by the high OM content in the mentioned H (19% d.
w) and M (11% d.w) groups, where offspring could have had higher
amounts of food from hatching. Corroborating this, a strong positive
correlation (0.955) was observed between soils OM content and quan-
tified offspring biomass.

5. Conclusion

Results obtained highlighted the necessity to integrate chemical re-
sults with toxicity bioassays when evaluating the health of a soil.
Determining pH and OM quantities in soils receiving sewage sludges
showed to be crucial to interpret properly the ecotoxicological results
and explain differences among pollutants bioavailability.

While no differences were shown in the assays with L. sativa the short
term analysis based on cellular endpoints in earthworms demonstrated
cytotoxic effect exerted by soils from landfill. Furthermore, earthworms
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maintained in sewage sludge receiving soils exhibited high accumula-
tions of Cd, Cr, Ni and Pb after 28 days of exposure. Hence, it was
confirmed that organisms exposed to soils exhibiting intermedium and
high pollutant levels are subjected to sublethal effect at short term that
could be amplified at longer exposure times. Hence, the application of
soil remediation technologies to minimise the risk was strongly
recommended.
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