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Abstract—Soil fauna can serve as an excellent tool for ecological assessment of soil quality. The earthworm
Eisenia fetida L. is widely used as a bioindicator organism to assess the toxicity of metals, metalloids, and other
pollutants. Many studies have shown that the concentrations of metals and metalloids toxic to earthworms
are an order of magnitude lower in artificially contaminated soils than in industrially contaminated soils. The
novelty of this study is that toxicity estimates were made using native industrially contaminated soils. The
results of the two experiments demonstrate the potential use of earthworms for ecological assessment of soils
contaminated with metals and metalloids due to copper mining activities in central Chile. The main contam-
inant in these soils was copper, but arsenic, commonly found in copper ore, was also present in the contam-
inated soils. In the short-term bioassay, E. fetida earthworms avoided the soil in response to increasing copper
content. However, in long-term experiments, arsenic proved to be more toxic to earthworm reproduction,
while copper had little effect. In this study, we present toxicity thresholds for copper and arsenic to E. fetida
in industrially contaminated native soils.
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INTRODUCTION

Soil fauna can be an excellent tool for ecotoxico-
logical assessment of soil quality [14, 23]. The earth-
worm Eisenia fetida L. has been widely used as a bioin-
dicator organism in toxicity screening for a variety of
contaminants, including metals and metalloids [30].
The species is a representative of a broad group of
earthworms [28] that play an important role in the
functioning of terrestrial ecosystems [29]. This species
is particularly suited for toxicity studies compared to
other Lumbricidae because it is easy to culture, has a
short time to sexual maturity, and reproduces well
under laboratory conditions [28]. Therefore, Eisenia
fetida is recognized and widely used as a standard spe-
cies in soil toxicity testing. A study by [16] showed that
Eisenia fetida is as sensitive to chemicals as other worm
species, although other studies have shown it to be less
sensitive to zinc and lead [15, 38].

Many studies have shown that the concentrations of
metals and metalloids toxic to earthworms in artificially
contaminated soils are an order of magnitude lower
than those in industrially contaminated soils [35]. This
difference is attributed to the fact that metal toxicity
depends on the residence time of metals in the soil, a
lengthy process called “aging” [21]. Scientists often

talk of the importance of using industrially (rather
than artificially) contaminated soils for biological tox-
icity testing with earthworms [25]. However, in most
cases, this does not go beyond lip service [34]. The
novelty of this study is the use of field-collected indus-
trially contaminated soils for toxicity assessment.

This paper reports the results of two experiments
[5, 6] that demonstrated the feasibility of using earth-
worms for the ecotoxicological evaluation of soils con-
taminated with metals and metalloids from copper
mining in the Valparaíso region, central Chile.

MATERIALS AND METHODS
Copper can be considered the most important con-

taminant in the investigated soils [41], but arsenic,
which is usually associated with copper ore, was also
present [27]. Copper is an important micronutrient for
organisms but is toxic above a certain threshold. Arse-
nic is not considered a micronutrient and can be toxic
to organisms, especially animals [1].

The term “heavy metal” is widely used in the liter-
ature, but is not recommended by the International
Union of Pure and Applied Chemistry (IUPAC) [7].
Therefore, the terms “metal” (copper) and “metal-
loid” (arsenic) are used in this work.
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Table 1. Physicochemical properties of the soils studied (median, minimum, and maximum values in parentheses)

EC = electrical conductivity. A dash means that there is no data available.

Property n = 24 [5] n = 52 [6]

EC, dSm/m (1 : 5 water extract) – 0.3 (0.1–1.1)
EC, dSm/m (saturated paste extract) 0.23 (0.03–0.70) 1.9 (0.2–6.9)
рН (KNO3) 7.2 (5.7–7.6) 7.1 (5.7–8.3)

pCu2+ (KNO3) 8.6 (6.8–9.8) –

Organic matter, % 3.3 (0.7–5.8) 2.8 (0.7–10)
Total Cu, mg/kg 418 (82–1295) 118 (22–925)
Total As, mg/kg 21 (7–41) 14 (4.3–41)
Total Zn, mg/kg 152 (86–345) 122 (55–299)
Total Pb, mg/kg 44 (25–97) 33 (13–97)
Exchangeable Cu, mg/kg 0.20 (0.04–0.71) –
Exchangeable As, mg/kg 0.022 (0.002–0.18) –
Sand, % 53 (25–95) 52 (25–95)
Silt, % 15 (5–35) 18 (5.1–37)
Clay, % 29 (0–43) 28 (0–44)
The study used alluvial agricultural soils from the
Aconcagua river basin that were classified as Eutric
Fluvisols [11]. The study also used non-agricultural
soils formed on paleosand dunes in the Puchuncaví
river basin that were classified as Dystric Arenosols [11].
The sampling sites were chosen to represent a wide
range of total soil metal concentrations [26, 40]. Fifty-
two and 24 agricultural soils were used for the first and
second experiments, respectively (Table 1). Samples
of each soil were taken from the top layer (0–20 cm
depth). Importantly, all of the samples were examined
by the biological test methods described below.

The first experiment was earthworm avoidance of
the test substrate [6] performed according to
ISO-17512-1 [10]. The incubation time was 48 h and
earthworms were given the option of migrating
between the field-collected soil and the artificial con-
trol substrate. Thus, the avoidance test evaluated the
suitability of the two soil types as potential earthworm
habitats.

It is important to note that we made a slight modi-
fication to the method because reconnaissance exper-
iments had revealed that the determining factors for
earthworm avoidance included not only the presence
of toxic substances, but also the organic matter con-
tent of the soil and the electrical conductivity of the
soil extract [6]. Therefore, the organic matter content
and electrical conductivity of the artificial substrate
were modified by adding peat and NaCl solution,
respectively. Meanwhile, the field-collected soils used
in the study were not modified in any way.

The amounts of peat and NaCl solution added to
the artificial substrate were selected to mimic the
properties of the field-collected soil. By adjusting the
physicochemical properties of the artificial substrate,
the interferences of organic matter and electrical con-
ductivity were eliminated; thus, the toxicity threshold
was correctly determined.

Given the narrow range of pH values of the soils
studied (7.1 ± 0.7) [6], pH was not considered a con-
founding factor. However, further research is needed
on the advantages of controlling the pH of the artificial
substrate when testing soils with a wide range of pH
values. Further research is also needed on the benefits
of using other salts (e.g., sea salt) instead of NaCl to
control the electrical conductivity of soil extracts.

The second experiment [5] used the number of
cocoons produced, i.e., reproductive rate, as the
organism response variable. Following the procedures
of ISO 11268-2 [10], adult species were incubated in the
test soil for 4 weeks. Subsequently, they were transferred
to moist filter paper for 24 h to have them empty their
guts of soil; the filter paper was changed every 6 h [2].
The elemental content of the earthworm tissue was
then analyzed to identify the elements responsible for
the toxicity of industrially contaminated soil to earth-
worms [24].

Note that we use the term “concentration” for the
liquid phase of the soil (salt extract in this study) and
the term “content” for the solid phase of the soil and
for the earthworm tissues [8]. In this study, a 0.1 M
solution of KNO3 was used to prepare the salt extract.

Concentrations of Cu and As were measured in a
0.1 M KNO3 extract (soil/solution ratio 1/2.5) [39].
The activity of Cu2+ in the extract was measured using
an ion-selective electrode [31]. The results were
expressed as pCu2+, the negative logarithm of the free
Cu2+ ion activity. To measure total Cu, Pb, Zn, and As
contents, samples were digested in boiling nitric acid
EURASIAN SOIL SCIENCE  Vol. 56  No. 1  2023



ASSESSMENT OF THE ECOLOGICAL STATUS OF SOILS CONTAMINATED 71

Table 2. Total soil copper toxicity thresholds (mg/kg) at which the response is reduced by 50% (EC50)

*Our study.

Study Species Earthworm response EC50

 [6]* Eisenia fetida Avoidance 213
 [43] Eisenia fetida Avoidance 131
 [36] Eisenia fetida Reproduction 340
 [22] Aporrectodea tuberculata Reproduction 220
 [12] Enchytraeus crypticuss Reproduction 351
 [19] Enchytraeus crypticuss Reproduction 439
followed by the addition of perchloric acid [20]. To
avoid the volatilization of As during the acid digestion
process, a Teflon plug with a 30 cm long glass reflux
tube was used [32]. Other chemical properties of the
soil were determined by conventional methods [33].
Soil texture was determined by the simplified hydrom-
eter method [37].

Regression analysis was performed between biologi-
cal responses and soil physicochemical properties [13].
In the second experiment, regression analysis was also
performed between biological responses and the con-
tent of metals and metalloids in the earthworm tissue.
Statistical analysis was conducted with Minitab 18.

A nonlinear regression analysis was performed
using the U.S. Environmental Protection Agency Tox-
icity Analysis Program to calculate the effective con-
centration (i.e., EC50) at which the response is reduced
by 50% compared to the control [42]. Background con-
centrations of copper and arsenic in uncontaminated
soils in the Valparaíso area are 134 mg/kg and 13 mg/kg,
respectively [26]. Therefore, to calculate the effective
concentrations, the earthworm response for soils with
less than 134 mg/kg total copper and less than 13 mg/kg
total arsenic was assumed to be 100%.

COPPER TOXICITY THRESHOLDS 
IN THE AVOIDANCE TEST

One study [6] found that earthworm avoidance was
determined by the total Cu content in the soil, while
the effects of other elements (Pb, Zn, As) and other
Cu pools were negligible. This finding makes it possi-
ble to determine toxicity thresholds. It is also consis-
tent with information available in the literature [37],
which indicates that total metal concentrations can
predict organism responses to the same degree as the
bioavailable fraction.

Earthworms in our study were not observed to
avoid soils with less than 155 mg/kg total copper. This
finding is inconsistent with the conclusions of [3],
where earthworm avoidance was observed in soils with
about 110 mg/kg total copper. However, the discrep-
ancy is probably due to the high toxicity of copper in the
artificially Cu(NO3)2-contaminated soils used in the
study of [3]. Our experiments are more relevant from an
EURASIAN SOIL SCIENCE  Vol. 56  No. 1  2023
environmental point of view because we used industri-
ally contaminated soils collected in the field [25].

According to ISO-17512-1 [11], a soil is unsuitable
for organisms if it is avoided by more than 80% of
earthworms. In our experiment, the total copper con-
tent at which 80% of earthworms avoided the target
soil was 433 mg/kg (95% confidence interval: 339–
528 mg/kg). Thus, a total copper content above
339 mg/kg may be considered the threshold above
which the residence time of earthworms in the soil
would be limited. Similar values were obtained in a
Danish field study [9] in which the only soil contami-
nant was copper. It was found that earthworm biomass
and population density decreased when the total cop-
per content exceeded 300 mg/kg. In both the Danish
study and ours, the metal has been present in the soils
studied for decades.

It should be noted that very few studies on artifi-
cially contaminated soils have determined threshold
values for total copper content using earthworms as
bioindicators (Table 2) [34]. These studies cover only
a very small number of real-world situations and,
therefore, do not allow for any broad generalizations to
be made.

ARSENIC TOXICITY THRESHOLDS
IN THE REPRODUCTION TEST

Stepwise regression analysis showed that the effect
of different lead and zinc soil pools on the number of
cocoons produced was not statistically significant. In
addition, the effect of lead and zinc content in worm
tissue was also not statistically significant (p > 0.05).
On the other hand, linear regression analysis revealed
that the number of cocoons was related to the total
arsenic content of the soil (R2 = 0.52, p < 0.05) and to
the arsenic content of Eisenia fetida tissue (R2 = 0.45,
p < 0.05). However, these relationships were best
approximated by plotting a sigmoid curve [42], which
allowed us to estimate the effective concentration
(Table 3).

In turn, copper concentration in 0.1 M KNO3
extract was poorly correlated with the number of
cocoons (R2 = 0.25, p < 0.05). The effects of other soil
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Table 3. Toxicity thresholds for total arsenic content in soil as well as arsenic content in Eisenia fetida tissues for the repro-
duction test (95% confidence interval in parentheses)

Variable EC10 EC25 EC50

Total As content in soil, mg/kg 8
(0–21)

14
(7–22)

22
(17–26)

As content in Eisenia fetida tissues, mg/kg 38
(24–53)

47
(38–56)

57
(51–62)
copper pools (free Cu+2 ion activity in salt extracts and
total soil copper content) were not statistically signifi-
cant (p > 0.05); the effect of copper content in Eisenia
fetida tissue was also not statistically significant in a
single regression (p > 0.05) and minimally significant
in the following multiple regression (p = 0.05): cocoon
number = 15.8 – 0.15 As in earthworm tissue—0.05 Cu
in earthworm tissue, R2 = 0.58.

Since arsenic and copper do not correlate with
each other in the soils studied, we concluded that arse-
nic in this case is the most toxic element for earth-
worms, while the effect of copper is less pronounced.
This result is somewhat surprising, given that copper
was expected to be the most toxic element in soils con-
taminated by the copper industry.

A study by [5] calculated the bioconcentration fac-
tor (ratio of tissue content to soil content) for Eisenia
fetida. The mean bioconcentration factor for arsenic
was 3.2 and for copper 0.15, suggesting that arsenic
may be more toxic than copper. Similarly, the biocon-
centration factor for the closely related species Eisenia
andrei (considered a subspecies of Eisenia fetida) was
higher for arsenic than for copper. This fact suggests
that the copper content in Eisenia fetida tissues may be
controlled by a specific mechanism of excretion of this
element [41]. On the other hand, [19] reported that
Eisenia fetida does not excrete arsenic when contami-
nated earthworms are introduced into clean soil, pos-
sibly due to the formation of arsenic and thiol com-
pounds in the worm tissues. The inability to remove
arsenic is supported by a similar inability to remove
other nonessential elements (such as cadmium and
lead), but rapid removal of essential elements such as
copper by Eisenia fetida has been documented [41].

In [17] it was shown that the arsenic species As(III)
is more toxic to Eisenia fetida than As(V). We [44]
found that the proportions of the species As(V) and
As(III) in the soils of the Valparaíso region were 75 ±
12% and 12 ± 6%, respectively. Thus, the obtained
toxicity thresholds for total arsenic in soil mainly cor-
responded to the As(V) species. In our review of the
literature, we found no information on arsenic toxicity
thresholds for earthworms in anthropogenically con-
taminated soils in the Valparaíso region. Therefore,
this study provides new data that can be used to esti-
mate arsenic toxicity thresholds for Eisenia fetida.

Our toxicity thresholds for total arsenic in soil dif-
fered significantly from the known toxicity thresholds
for arsenic to Eisenia fetida obtained from experiments
using artificially contaminated soil. For example, the
authors of [20] reported an LC50 of 5.9 mg/kg for total
arsenic in artificially contaminated soil during a 4-week
experimental period, but in our study no lethal effects
were observed with this level of arsenic during this
period. In addition, one study [18] reported that the
EC50 of total arsenic in soil of 11 mg/kg, similar to the
reproduction test, but in our study much higher values
of total arsenic in soil (22 mg/kg) were needed to
achieve the same effect.

In one of our earlier studies [4], electron probe
microscopy analysis showed that the main arsenic-
bearing phases in agricultural soils of the Valparaíso
region were poorly soluble iron oxides and copper sul-
fides. Meanwhile, in the aforementioned studies that
used artificially contaminated soils, the salts added to
the soil were readily soluble (potassium arsenate or
sodium arsenate). Therefore, it may be assumed that
the differences between the existing arsenic toxicity
thresholds for Eisenia fetida in artificially contami-
nated soils and our results in field-collected anthropo-
genically contaminated soils were due to the different
solubility of the arsenic-bearing phases. This mean
that artificially contaminated soils do not adequately
reflect real environmental conditions and are of lim-
ited ecological significance.

CONCLUSIONS AND PRACTICAL 
IMPLICATIONS

Short-term experiments showed that Eisenia fetida
worms avoided soil with elevated copper content
caused by emissions from the copper industry. How-
ever, in long-term experiments, arsenic seemed to be
more toxic to earthworm reproduction, while the
effect of copper was less pronounced. Thus, despite
the multi-elemental nature of the soil contamination
studied, chemical analysis of earthworm tissue made it
possible to identify the elements that are the main cul-
prits responsible for the toxicity of industrially con-
taminated soil.

Soil contamination is a major concern in determin-
ing the potential uses of an area, including the need for
reclamation, remediation, or complete removal and
replacement of soils, with significant economic costs.
The authors argue that regulatory documents in this
area need to clearly distinguish between soils in which
EURASIAN SOIL SCIENCE  Vol. 56  No. 1  2023
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metals are present but not toxic and soils that pose a
significant environmental hazard at similar levels of
total metal content. The results of this study provide
the necessary information regarding this distinction
for soils in the Valparaíso region of Chile. The infor-
mation obtained can be used for practical purposes to
assess and manage the risks posed by anthropogeni-
cally contaminated soils.
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