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Abstract
Purpose The main objective of the present study was to eval-
uate the toxicity of two reference chemicals, Carbendazim and
Phenmedipham, for the compostworm Eisenia andrei (effects
of Carbendazim) and the potworm Enchytraeus crypticus (ef-
fects of Phenmedipham) in 12 Mediterranean soils with con-
trasting soil properties. The observed toxicity was also com-
pared to that obtained for OECD standard soil, used as a control.
Materials and methods The soils were selected to be repre-
sentative for the Mediterranean region and to cover a broad
range of soil properties. The evaluated endpoints were avoid-
ance behavior and reproduction. Soils were also assembled in
two groups according to their pedological properties.
Results and discussion Toxicity benchmarks (AC50s) obtained
for E. andrei avoidance behavior in carbendazim-contaminated
soils were generally higher for sandy soils with low pH. The

toxic effects on the reproduction of the compostworms were
similar in the six tested soils, indicating a low influence of soil
properties. The avoidance response of E. crypticus towards
Phenmedipham was generally highly variable in all tested soils.
Even though, a higher toxicity was observed for more acidic
soils. The EC50s for reproduction of the latter species varied by
a factor of 9 and Phenmedipham toxicity also tended to be
increasing in soils with lower pH, except for the soils with
extreme organic matter content (0.6 and 5.8%).
Conclusions A soil effect on chemical toxicity was clearly
confirmed, highlighting the influence that test soils can have
in site-specific ecological risk assessment. Despite some rela-
tionships between soil properties and toxicity were outlined, a
clear and statistically significant prediction of chemical toxic-
ity could not be established. The range of soil properties was
probably narrow to give clearer and more consistent insights
on their influence. For the four groups of tests, the toxicity
observed for OECD soil was either similar, lower, or generally
higher if compared with Mediterranean soils. Moreover, it did
represent neither the organic matter content found in Mediter-
ranean soils nor their textural classes.

Keywords Carbendazim .Compostworms . Phenmedipham .

Potworms avoidance test . Reproduction test . Soil properties

1 Introduction

The increase in ecological relevance of test data is one of the
major challenges of soil ecotoxicology (Breitholtz et al. 2006;
Kuperman et al. 2009; Van Gestel 2012). For example, most
of the soil ecotoxicity data available are still obtained from
tests performed using standardized artificial soil, such as the
“OECD soil” (OECD 1984) as test substrate. It is a mixture of
sand (70%), kaolin clay (20%), and peat (10%), and it has
been extensively used mainly because it is easy to prepare and
enables inter-laboratory comparisons of test results. One of the
major problems of this soil is the fact that its 10% peat does
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not represent the content neither the type of organic matter of the
majority of agricultural soils (European Commission 2005). The-
se concerns lead to new recommendations pointing for the use of
a reduced peat content (5%), namelywithin theOECDguidelines
(Van Gestel 2012), as well as for the use of natural reference soils
(Römbke and Amorim 2004; Kuperman et al. 2009).

In fact, organic matter and other soil properties such as
texture can alter the fate and effect of pesticides (Peijnenburg
et al. 1999; Sijm et al. 2000; Kördel et al. 2009). Indeed, after
chemicals application to soil, the bioavailable fraction for soil
organisms, mainly those exposed via soil pore water (Smit and
Van Gestel 1998), is dependent on the amount sorbed to soil
particles (Van Gestel 2012). The degree of pesticide sorption to
soil particles is conditioned not only by pesticide chemical
properties but also by the amount and the nature of clay and
organic matter (Arias-Estevez et al. 2008). Soil cation exchange
capacity (CEC) can also play an important role in the adsorption
of weak base pesticides such as carbendazim (Liu et al. 2012).

Therefore, pesticide toxicity data obtained using OECD
soil as test substrate cannot be directly extrapolated to field
soils (Kördel et al. 2009) since misleading toxicity estimations
can take place (Römbke and Amorim 2004).

Consequently, the selection and use of natural soils in soil
ecotoxicological testing has been increasing (Kördel and
Römbke 2001; Van Gestel and Weeks 2004; Kuperman et al.
2009). Due to the broad range of potential test soils, some
approaches included the selection of a small set of representative
and well characterized soils, from different European eco-
regions. This was the case in for the selection of six “Euro-
Soils” (Kuhnt and Vetter 1999), the “SIM-soils” (Römbke and
Amorim 2004), the “REFESOLS” (in Germany; Kördel et al.
2009), the “Polish soils” (Maliszewska-Kordybach et al. 2008),
the “Nordic Reference Soils” (Tibberg 1998), and the “Mediter-
ranean Soils” (Chelinho et al. 2011).

Moreover, in pesticide registration, fate and effects data are
mainly obtained in Central Europe and North America (Autio
et al. 2004) and extrapolated to other climatic regions, such as the
Mediterranean. However, Mediterranean regions have specific-
ities that can influence the environmental behavior of pesticides
(e.g., their persistence, degradation rate, and mobility) and, con-
sequently, their bioavailability to ecological receptors (Daam
et al. 2011; Ramos et al. 2000). Those include the climate, with
higher mean temperatures, solar radiation, and lower mean an-
nual precipitation than Central and Northern Europe, but with
more frequent extreme precipitation/dryness phenomena (Ramos
et al. 2000; Daam et al. 2011). In addition, the farming practices
include the cultivation of different crops, in smaller farms, with
the application of different categories and amounts of pesticides
(Ramos et al. 2000; Daam et al. 2011). Therefore, it is necessary
to refine ecological risk assessment, e.g., evaluating toxic effects
using local soils with different pedological characteristics.

Recently, some efforts have been made to provide infor-
mation on the influence of soil properties in chemical toxicity,

using a set of natural soils and standard ecotoxicological tests
species like compostworms (Römbke et al. 2006, 2007),
enchytraeids (Amorim et al. 2005a, b, c; Kuperman et al.
2006), springtails (Amorim et al. 2005d; Römbke et al.
2006, 2007; Domene et al. 2010, 2012), and plants (Römbke
et al. 2006, 2007; Rocheleau et al. 2010).

The uncertainty associated with extrapolation of toxicity
data from artificial to field soils is thus being reduced and
through these and other contributions, like for example the
correction of toxicity data for bioavailability of metals among
soils (spiked and field contamination) (Checkai et al., submitted
to IEAM). However, further tests, covering more soil types and
more chemicals are needed (Römbke et al. 2007) to make more
reliable predictions on the conditioning effects that soil proper-
ties can exert on the responses of organisms to chemicals.

In the present contribution, 12 Mediterranean soils, selected
in order to cover a broad range of soil properties, and OECD
artificial soil (OECD 1984) as control were used as test sub-
strates in standardized avoidance and reproduction tests.

The toxicity of two reference chemicals, carbendazim and
phenmedipham, was assessed, respectively, for the earthworm
Eisenia andrei and the enchytraeid Enchytraeus crypticus .
The suitability of the soils as standard test substrates for these
species has been previously assessed (Chelinho et al. 2011).

Our main goals were (1) to evaluate the toxicity of the
reference chemicals to the two oligochaete species in the
tested-soils, (2) to study the influence of soil properties on
the observed toxicity, and (3) to compare chemical toxicity on
natural and OECD soils.

2 Materials and methods

2.1 Test soils

The set of test soils included four soils from the Alentejo
region (southern Portugal), five soils from Cataluña (north-
eastern Spain), and three soils from Liguria (north-western
Italy). Their pedological characteristics were analyzed by
DRAEDM–Portugal, according to standard methods previ-
ously described (Chelinho et al. 2011). Standard artificial
OECD soil (OECD 1984) was used as a control.

All soils were sieved (5 mmmesh) and defaunated through
two freeze-thawing cycles. The moisture was adjusted to 40–
60% of the corresponding maximum water holding capacity
with deionized water, except for the soils with higher clay
content (Br and Gra). For these, this value was reduced to
about 35–45% to avoid soil soaking.

2.2 Test organisms

The selected species, E. andrei and E. crypticus , are represen-
tatives of epigeic lumbricid and enchytraeid Oligochaeta

J Soils Sediments (2014) 14:584–599 585



(Jänsch et al. 2005; Westheide and Graefe 1992). They play an
important role in the soil ecosystem and are standard organisms
of ecotoxicological studies (Jänsch et al. 2005). Both test or-
ganisms were obtained from laboratory cultures that were
maintained as previously described by Natal-da-Luz et al.
(2008) for E. andrei and Chelinho et al. (2011) for E. crypticus .

2.3 Test chemicals

For both avoidance and reproduction tests with enchytraeids,
the soils were spiked with an aqueous solution of the herbicide
Phenmedipham (CAS 13684-63-4; commercial formulation
Betosyp; STÄHLER AGROCHEMIE; 157 g a.i./L) in the
following nominal concentrations: 1, 3, 9, 27, and 81 mg
a.i./kg of dry soil. This herbicide is not very soluble in water,
relatively immobile, and low to moderately persistent in soil.
Despite this, under acidic conditions, the degradation rates are
lower and the compound may persist longer. Also, its primary
degradation metabolite, methyl-3-hydroxylphenylcarbamate,
showed to have higher mobility in soil (EPA 2005).

The fungicide carbendazim (CAS 10605-21-7; commercial
formulation Derosal, AventisCropScience Portugal, 60% a.i.)
was used for the assays with earthworms in the following nom-
inal concentrations: 1, 1.78, 3.16, 5.62, and 10 mg a.i./kg of dry
soil (avoidance tests) and 0.58, 1.78, 3.16, and 5.62 mg a.i./kg of
dry soil (reproduction tests). Carbendazim has low water solubil-
ity and can persist in soil in an immobilized state due to interac-
tions with soil colloids (Berglöf et al. 2002). The soil adsorption
seems to be inversely correlated to the soil pH (Paszko 2012).

For both chemicals, concentrations were selected based on
the results of range-finding tests (data not shown).

For all tests, different proportions of the stock solutions
were diluted with deionized water to obtain the outlined
nominal concentrations.

2.4 Experimental procedure

2.4.1 Tests with E. andrei

For avoidance tests, the procedurewas based on ISO17512 (ISO
2008). For each soil, ten adult earthworms were placed in the
middle line of a test box filled with the uncontaminated control
soil in one side and the contaminated soil on the other side. Five
replicates per combination were tested. After 48 h of exposure,
the number of organisms on each side was determined. Animals
found under the middle line were counted as 0.5 for each side.
Dual-control tests (the same soil type on both sections of the test
box) were also performed to check for the random distribution of
the animals (ISO 2008). Due to a limited amount of available
soil, Br, It3, and It4 soils were not tested (Table 1).

The reproduction of E. andrei in carbendazim-contaminated
soils was assessed for OECD artificial soil plus five natural soils:
Luv, It2, It4, Por, and Pra (Table 1). Background information on

avoidance and reproduction performance of this species in the 12
Mediterranean uncontaminated soils showed that, for some of the
soils, pedological properties caused a strong avoidance response
and impaired successful reproduction (Chelinho et al. 2011).
Although in this previous study, the reproduction rates in It3
accomplished the ISOvalidity criteria, due to the reduced amount
of available soil, the toxicity test could not be carried out. The
tests were performed following the ISO 11268-2 guideline (ISO
2012). Ten weighted clitellate adults were introduced in 500 g
(d.w.) of control or contaminated soil. Four replicates were used.
Ground cow dung was added as food supply. After 28 days of
exposure, living adults were removed and weighted again. The
cocoons laid by the adults hatched during the next 28 days, and
after this period, the test vessels were placed in a water bath at
60 °C to force the juveniles to come to the soil surface.

2.4.2 Tests with E. crypticus

In the avoidance tests with enchytraeids, the same principle of
the tests with earthworms was applied but was based on the
methodology reported by Amorim et al. (2005a). However, in
our study, smaller cylindrical plastic vessels (6 cm diameter
and 4 cm height) and 20 g (d.w.) of soil on each side were used
instead. Based on the experience gathered from the tests
initially conducted, where a high variation in the avoidance
response was observed (see Section 3.3.1.), it was decided not
to perform the avoidance tests with Pra and Riu soils.

The toxicity of Phenmedipham on E. crypticus reproduction
was assessed for all natural soils and OECD artificial soil,
according to the guideline ISO 16387 (ISO 2004). This guide-
line was originally designed for testing with Enchytraeus
albidus , but other enchytraeid species, like E. crypticus , are
listed as an alternative. Due to the smaller size and shorter
reproductive cycle of the latter species, the test duration was
reduced to 28 days. In this case, 20 g (d.w.) of soil was used and
the adults were kept in the vessels until the end of the test. For
each vessel, ten clitellate enchytraeids were placed in the soil.
Four replicates were used. As food supply, finely ground rolled
oats was added. Weekly, when necessary, additional food and
water were added. At the end of the test, the number of
enchytraeids was assessed after fixation, staining, and wet siev-
ing (mesh width of 103 μm), a technique kindly shared by Dr.
Roman Kuperman from US Army. In brief, the wet sieving
consisted in filling the test vessel with water, gently stirring
and putting the liquid fraction into the sieve, rinse the content
of the sieve, and transfer it to a counting tray (Petri dish). This
procedure was repeated until the stirred water became clear. The
soil fraction remaining in the test vessel (mainly the sand frac-
tion) was transferred to the sieve and checked for the presence of
enchytraeids.

All tests were conducted at 20±2 °C with a 16:8 (light/
dark) photoperiod. Both pH and moisture were measured at
the beginning and end of the tests (an extra replicate, without
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organisms, was used for pH and moisture check, in the case of
reproduction tests with E. crypticus).

2.5 Statistics

2.5.1 Avoidance tests

For both test species and for all tested soils, statistical differ-
ences in the distribution of test organisms were analyzed using
Fisher’s exact test (Zar 1999). With this test, comparisons
between the obtained distribution and a theoretical distribution
(assuming a “no avoidance” situation, the “null hypothesis”)
were performed. For avoidance tests, a one-tailed distribution
was used (a response towards the contaminated soil was
expected), while for dual-control assays, a two-tailed test
was used (a random distribution of the organisms between
the two soil compartments was expected) (Natal-da-Luz et al.
2008). Regarding enchytraeid tests, the total number of indi-
viduals was corrected using the mortality rate obtained in the
dual tests.

According to ISO 17512 (ISO 2008), the percentage of
avoidance (A ) was calculated using the expression A=((C −
T )/N )×100, where A=% avoidance, C =number of individ-
uals in the control soil, T =number of individuals in the test
soil, and N =total number of individuals.

Since the objective was to evaluate the influence of soil
properties on chemical toxicity, one modification was made: a
negative response (preference) towards the chemical was not
considered as zero, i.e., originating a negative value of A .

The concentrations causing 50% avoidance behavior
(AC50s) were calculated using probit analysis with PriProbit
Software (Sakuma 1998). The applied model was the “prefer-
ence model,” assuming, for a two-choice system, that 50% of
animals are in each side of the test vessels (no avoidance). As
this software required an increasing response, the total number
of animals in the control side (uncontaminated soil) was used
as input data.

2.5.2 Reproduction tests

For no-observed-effect-concentration (NOEC) calcula-
tions, data were analyzed for normality (Kolmogorov–
Smirnov test) and for variance homogeneity (Levene’s
test). Whenever heterogeneity was detected, a square root
transformation was applied. A one-way ANOVA followed
by post hoc comparisons with the control (Dunnets’ test)
was performed. Statistica 7.0 (StatSoft Inc 2004) software
was used.

The EC50s for reproduction (and the associated 95% confi-
dence intervals) were calculated using non-linear regressions,
according to Stephenson et al. (2000). The best fitting models,
i.e., the lines generated most closely to the data points, with
smallest variances and a more random distribution of residuals

included Gompertz (1), Hormesis (2), Linear (3), and Logistic
(4) models (Environment Canada 2007).

Y Number of juveniles
c Control response
logconc The log-transformed exposure concentration
x Estimate of 50% effect concentration
h Hormetic effect (estimated between 0.1 and 1)
b Scale parameter (estimated between 1 and 4)

Y ¼ c� exp log 0:5ð Þð Þð � logconc=x∧bð Þ ð1Þ

Y ¼ c� 1þh� logconcð Þð Þ= 1þ 0:5þ h� logconcð Þ=0:5ð Þ� logconc=xð Þ∧b� �

ð2Þ
Y ¼ −c� 0:5ð Þ=xð Þ � logconcþ c ð3Þ

Y ¼ c= 1þ logconc=xð Þ∧b� � ð4Þ

2.5.3 Influence of soil properties on toxicity data

The Mediterranean soils were grouped according to their pedo-
logical properties using a principal component analysis (PCA) in
which the soil parameters were centered and standardized. This
analysis was performed using CANOCO forWindows software
(Ter Braak and Smilauer 2002). As the soils were separated in
twomain groups, for each set of tests (avoidance or reproduction
withE. andrei or E. crypticus), whenever possible, the mean of
the derived EC50s or AC50s was calculated for each
one of the two groups to establish possible relationships
between soil properties and toxicity parameters.

The AC50 derived for avoidance tests with E. andrei and
carbendazim in Gan soil was not included in the latter analy-
sis, as it was the unique soil, among ten, where a dose
response was not observed. Moreover, previous experiments
showed that this soil may not be suitable to this species (see
Chelinho et al. 2011).

3 Results

3.1 Mediterranean test soils and their ordination according
to pedological properties

The tested soils covered a wide range of soil properties, with
soil pH ranging from 4.2 to 7.7 and organic matter content
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ranging from 0.6 to 4.8%, and the ordination ofMediterranean
soils according to their pedological properties is shown on
Fig. 1. Axis 1 of the PCA biplot separated soils in two main
groups (51.6% of total variation explained). Soils located on
the positive side of axis 1 were basically sandy soils, collected
in Portugal and Cataluña and were included in group 1 (Pz,
Luv, Lit, Gan, and Pra; Fig. 1). All the other soils, located in
the negative side of the axis were included in group 2 (with
Italian soils—It1, It2, and It3—plus Gra, por, and Riu from
Spain and Br from Portugal) and had higher values of silt,
clay, pH, CEC, and WHC (Fig. 1). Axis 2 (23.2% of total
variation explained) separated soils according to their organic
matter content and total N (Fig. 1).

3.2 Effects of carbendazim-contaminated soils on E. andrei

3.2.1 Avoidance tests

Earthworm avoidance response towards carbendazim-
contaminated soil showed a clear dose–response in all soils
tested, except Gan soil (Fig. 2). Moreover, no mortality was
recorded. Results from dual-control tests revealed a homoge-
neous distribution of the organisms on both sections (data not
shown).

The calculated AC50s ranged from 1.3 mg/kg for Lit and It 2
to 9.4 mg/kg for Gan (Table 2). For this latter soil, the response
was highly variable, e.g., in the concentration 5.62 mg/kg, the
second highest tested, more organisms were found in the con-
taminated side (Fig. 2). The derived AC50 for OECD artificial
soil was the second highest (3.9 mg/kg, Table 2) of the ten tested
soils and was within the range of results obtained for Pz and Pra
soils (3.8 and 3.6 mg/kg, respectively, Table 2 ). In Luv, Lit, It 2,
and Riu soils, the lowest concentration tested (1 mg/kg) caused
more than 25% avoidance (Fig. 2). In all soils, except Gan, the
second highest concentration tested (5.62 mg/kg), caused more
than 60% avoidance. In Luv, Lit, and It 2 soils, at the highest

concentration (10mg/kg), the contaminated soil was less avoided
than in the previous one (5.62 mg/kg; Fig. 2).

3.2.2 Reproduction tests

The effects of carbendazim in E. andrei juvenile production
are presented in Fig. 3.

The ISO validity criteria were achieved in all soils, except in
Por, where a variation coefficient of 34% was observed. A
consistent decrease in the number of E. andrei juveniles was
observed along the carbendazim concentration gradient. Their
strong effects did not vary greatly between Mediterranean and
OECD soils (Fig. 3). Indeed, the NOECs were all equal or
lower than 0.58 mg/kg and the second concentration tested
(1 mg/kg) caused a severe reduction in juvenile production,
since the EC50s varied between 0.73 and 1.27 mg/kg (Table 3).

The comparison of both reproduction and avoidance pa-
rameters, (only five comparisons were possible) show that, in
all soils, except It2, the AC50s (Table 2) were more than two
times higher than reproduction EC50s (Table 3).

3.3 Effects of phenmedipham-contaminated soils to E.
crypticus

3.3.1 Avoidance tests

A low mortality (1.5±2.8%) was observed in all tests. As
happened with earthworms, dual-control tests showed a ho-
mogeneous distribution of the organisms on both sections
(data not shown).

A dose response was observed in the avoidance towards
Phenmedipham contamination in most of the soils tested,
being more evident in Pz and OECD soils (Fig. 4). However,
if compared to the responses of E. andrei towards
carbendazim, the enchytraeids’ response was less pronounced
(Figs. 2 and 4).

Fig. 1 Principal component
analysis biplot showing the
different clustering of test soils
(points) according to their
pedological properties (arrows)
in group 1 (full circle) and group
2 (dashed circle)
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In most soils, no avoidance occurred at the lowest
concentration tested (1 mg/kg), in opposition to Br,
Gan, and Gra soils, where a strong avoidance response
was already observed at this concentration (60, 44, and
71%, respectively; Fig. 4).

This high variation in the avoidance response often im-
paired the calculation of AC50s (for three soils) and/or of the
respective confidence limits (for eight soils) (Table 4). Results
show a low toxicity of phenmedipham in Italian soils with
AC50≥72 mg/kg, a moderate toxicity in Luv and Lit soils

Fig. 2 Avoidance response of E. andrei (average ± standard deviation) to eight Mediterranean soils plus artificial OECD soil contaminated with
Carbendazim. Results reflect the choice between control and contaminated soil
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(AC50 values of 39.5 and 30.9 mg/kg, respectively) and a
high toxicity in Pz (AC50=19.1 mg/kg) and in OECD artifi-
cial soil (AC50=14.2 mg/kg) (Table 4).

3.3.2 Reproduction tests

The effects of phenmedipham in enchytraeids reproduction
are shown in Fig. 5. The validity criteria were fulfilled in all

tests. In these tests, the adults could not be consistently dis-
tinguished from juveniles in many soils. However, the remain-
ing validity criteria (coefficient of variation lower than 50%
andmore than 100 juveniles in the control) were fulfilled in all
tests. Like in the avoidance tests, a dose–response relationship
was observed, although more clearly in Pz, Gan, Pra, Br, Por,
and OECD soils (Fig. 5).

The derived EC50s varied by a factor of approximately 9
(between 3.8mg/kg in Gan and 32.8mg/kg in It 2; Table 4). The
value obtained for OECD soils was of 29.2 mg/kg, the second
highest of the 13 soils tested. The NOECs varied between
<1 mg/kg (Luv and Gan) and 27 mg/kg (Riu). Results also
show that AC50s were higher than EC50s, except for Pz and
OECD soils. It should be noticed, however, that no comparisons
could be made for five soils, due to the lack of AC50s (Table 4).

3.4 Influence of soil properties on test results

The means of the derived EC50s/AC50s for the two groups of
soils are shown in Fig. 6. For earthworms and carbendazim,
the average for the EC50s was similar, while the average for
AC50s was higher for group 1 (sandy soils), although in the
latter case the standard deviation was quite high. This was a
result of the derived AC50 for Gan soil (9.4 mg/kg), 2.5 times
higher than the second highest AC50 derived for natural soils
of group 1 (3.8 mg/kg for Pz soil; Fig. 6a).

Table 2 AC50 values (milligrams a.i. per kilogram) for avoidance of
Mediterranean soils contaminated with Carbendazim by E. andrei

Soil AC50 (mg a.i/kg)

Pz 3.8 (2.7–4.8)

Luv 1.5 (1–2.1)a

Lit 1.3 (0–2.6)a

Gan 9.4 (n.d.)a

Pra 3.6 (2.4–4.8)

Gra 2.1 (1.3–2.8)

Por 2.2 (n.d.)

Riu 2.2 (0.3–4.1)a

OECD 3.9 (2.6–5.1)

Data in brackets correspond to the 95% confidence intervals

n.d. values not determined
a Last concentration eliminated from calculations

Fig. 3 Effects of Carbendazim in the reproduction ofE. andrei in fiveMediterranean soils plus OECD artificial soil. (Results express average number of
juveniles ± standard deviation). *significantly lower than control (one-way ANOVA, Dunnett’s test, p<0.05)
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The differences in the average EC50s/AC50s between
groups 1 and 2 were stronger for enchytraeids and
phenmedipham. For avoidance tests, the mean AC50s for
sandy soils (group 1) was found to be two times lower than
the unique value available within group 2 (It 3 soil; Fig. 6b).
The same pattern was observed for reproduction tests, as the
value for the group of sandy soils (group 1) was also lower
(1.6 times) than for group 2 (Fig. 6b).

4 Discussion

4.1 E. andrei avoidance behavior towards
carbendazim-contaminated soils

Carbendazim and also benomyl (the latter rapidly converts to
the former by hydrolysis; Berglöf et al. 2002) have been used
as reference chemicals, using OECD soil as test substrate, to
test the suitability of earthworms avoidance tests as screening
tools in soil risk assessment (e.g., Hund-Rinke andWiechering
2001; Garcia et al. 2008; Natal-da-Luz et al. 2008).

In the present study, in OECD soil, the concentration 1 mg/
kg caused no avoidance, while at 10mg/kg, more than 80% of
the earthworms avoided contaminated soil. These results are
in accordance with the ones found for benomyl by Hund-
Rinke and Wiechering (2001). Slightly different results were
reported by Natal-da-Luz et al. (2008) for carbendazim in
OECD soil: E. andrei significantly avoided both concentra-
tions of 1 and 10 mg/kg.

In all Mediterranean tested soils, except Gan, animals
perceived the increasing concentrations of Carbendazim and
also showed a clear dose-avoidance response.

The extremely variable behavior in Gan soil was probably
due to its extreme texture and low organic matter content that
may have worked as additional stress factors to the
compostworms besides the chemical.

Previous studies (in which this Gan soil was combinedwith
other natural soils) indicated it may not be suitable to E.

andrei (Chelinho et al. 2011). Despite the fact that, in the
present study, the control and test soils were the same, their
pedological properties, falling out of the tolerance limits of the
test species, may have masked toxicity, as animals could not
perceive the contamination gradient.

If compared with OECD soil, the avoidance behavior in the
Mediterranean soils was similar, but the dose response was
mostly less pronounced. For example, the lowest concentra-
tion tested (1 mg/kg carbendazim) caused no avoidance re-
sponse (in five soils) or less than 34% avoidance (in four
soils); in opposition, the last concentration (10 mg/kg
Carbendazim) caused more than 86% of avoidance in five
(of nine) soils.

The decrease in the avoidance response observed at the
highest concentration (10 mg/kg Carbendazim), if compared
to the previous (5.62 mg/kg Carbendazim), for Luv Lit and It2
soils could be due to earthworm immobilization in the treated
soil provoked by the contaminant. A similar observation was
reported by Natal-da-Luz et al. (2008): E. andrei avoidance
response was stronger at 10 mg/kg of carbendazim than at
100 mg/kg in OECD artificial soil.

Concerning the influence of soil properties on avoidance
behavior, results indicated a clear influence of soil properties
as the AC50s varied by a factor of 7 (or 3, if the value for Gan
soil is excluded, see Section 2.5.3).

According to the mean AC50s for the two groups of soils
defined by PCA analysis, toxicity was lower (by 30%) in
sandy soils, with lower pH, silt, clay, CEC, and WHC
(Fig. 6a). This might be related with the higher adsorption of
carbendazim in acid conditions previously reported by other
authors (Ellis et al. 2007; Paszko 2012), which can lead to
decreased concentration in soil pore water (Liu et al. 2012),
one of the routes of exposure for earthworms. The value of
AC50-derived OECD soil was similar to those derived for Pz
and Pra, all having in common a sandy texture and a pH equal
or lower than 6.1. Higher organic matter and clay contents
have also been referred to increase carbendazim sorption in
soils (Dios Cancela et al. 1992; Berglöf et al. 2002; Ellis et al.
2007). However, conditioning effects of these soil properties
were not confirmed in the present study. In fact, avoidance
data obtained suggest a positive influence of low pH and
sandy texture in the decrease of carbendazim toxicity.

4.2 Reproduction of E. andrei in carbendazim-contaminated
soils

The negative effects of carbendazim on the reproduction of
earthworms have been widely investigated, although most of
the data were obtained from tests where the original (or
modified) OECD artificial soil was used as test substrate
(e.g., Van Gestel et al. 1992; Ellis et al. 2007; Garcia et al.
2008). In the present study, the toxicity observed in OECD
soil (NOEC<0.58 and EC50 of 0.89mg/kg) was similar to the

Table 3 EC50 values for reproduction of E. andrei in Mediterranean
soils contaminated with Carbendazim. The NOECs for reproduction, the
model that best fitted the data, and the corresponding R2 are also included

Soil NOEC EC50 R2 Model

Luv 0.58 0.73 (0.67–0.81) 0.96 Logistic

Pra 0.58 0.79 (0.68–0.93) 0.91 Logistic

It 2 0.58 1.27 (1.10–1.47) 0.95 Hormesis

It 4 <0.58 0.74 (0.64–0.84) 0.93 Logistic

Por 0.58 0.89 (0.67–1.18) 0.81 Logistic

OECD <0.58 0.89 (0.73–1.08) 0.92 Gompertz

Data in brackets correspond to the 95% confidence intervals. All data are
expressed as milligrams a.i. per kilogram
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Fig. 4 Avoidance response (average ± standard deviation) of E. crypticus to ten Mediterranean soils plus OECD artificial soils contaminated with
Phenmedipham. Results reflect the choice between control and contaminated soil
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values derived for Mediterranean soils and are in accordance
with reproduction data reported by De Silva et al. (2009;
NOEC<0.1; EC50 of 0.39 mg/kg). In opposition, higher
toxicity values were reported by Van Gestel et al. (1992;
NOEC of 0.6 and EC50 of 2.9 mg/kg) and Garcia et al.
(2008; NOEC of 0.1 and EC50 of 2.8 mg/kg). These dissim-
ilarities could be due to differences between the different
batches of OECD as different sources of soil components,
especially peat, can limit getting similar artificial soils in
different laboratories (Hofman et al. 2009).

With respect to the performance of earthworms in the five
Mediterranean soils tested, carbendazim caused a similar toxic
effect in the reproduction of E. andrei (NOEC≤0.58 mg/kg
and EC50s varying by a factor of 1.6). Consequently, the
average EC50s for the two groups of soils were very similar
(0.76 vs 0.96 mg/kg, respectively, for groups 1 and 2). The
pattern observed for AC50s (values for eight natural soils
considered), i.e., higher toxicity observed for soils of group
2, was not confirmed in reproduction tests (values for five
natural soils considered). Neither it was possible to establish
possible relationships between carbendazim toxicity pH plus
texture, referred for avoidance tests in Section 4.1.

Therefore, these data suggest that, for this particular end-
point and chemical, the tested range of soil properties did not
have a major influence on carbendazim toxicity. However, for
this same chemical, the lethal effects observed for Eisenia
fetida varied by a factor of 14 in five natural soils, but with
a broader range of values for organic matter and textural

composition, comparatively with the present study (Liu et al.
2012). However, the relationship between soil properties and
toxicity data was not object of statistical analysis in the re-
ferred study and lethality endpoints are less sensitive to soil
properties than reproduction (Jänsch et al. 2005).

Also, in the present study, a higher toxicity was observed
for reproduction tests when compared with avoidance repro-
duction, in four of five comparisons possible. In previous
studies on the effects of pesticides in earthworms, contradic-
tory findings were reported. Indeed, Garcia et al. (2008) and
De Silva and Van Gestel (2009) found a lower sensitivity of
avoidance tests if compared with reproduction ones. In con-
trast, the results reported by Hund-Rinke and Wiechering
(2001) conferred to avoidance tests a sensitivity within the
range of both acute (lethality) and chronic (reproduction) tests.

4.3 Avoidance behavior of E. crypticus
in phenmedipham-contaminated soils

The enchytraeid avoidance test was originally proposed more
than 15 years ago by Achazi et al. (1996). During this period
of time, several experiments provided additional information
on the test performance, chemical sensitivity, and, therefore,
the suitability of this group of organisms to be used in such
tests (e.g., Achazi et al. 1999; Schäfer 2001; Amorim et al.
2005a, 2008a, b; Novais et al. 2010; Chelinho et al. 2011).
However, no standardized guideline on enchytraeid avoidance
behavior has been prepared so far, mainly because of the high
variability of the test results found. One cannot exclude that
enchytraeids may lack specific chemical receptors and there-
fore may not be suitable to perform avoidance tests. In the
present study, E. crypticus individuals were able to detect the
increasing soil contamination, despite the higher variability
associated with their response. For all tested soils, the highest
phenmedipham toxicity was registered for OECD soil, with
the lower AC50 (14.2 mg/kg). In a similar study with E.
albidus , the estimated AC50 for phenmedipham in OECD
soil was of 252.2 mg/kg (Amorim et al. 2005a), although this
value was extrapolated above the tested concentrations. This
low toxicity observed for OECD soil was quite unexpected
since it has the highest OM (5.8%) content, which theoreti-
cally could had increased chemical sorption (Autio et al.
2004) and, therefore, decrease toxicity.

The avoidance pattern in Br, It 4, and Por is difficult to
explain, since the highest concentrations tested caused no
avoidance while in the reproduction tests the same concentra-
tions caused either a significant decrease in juvenile produc-
tion (at 27 mg/kg) or almost no reproduction (at 81 mg/kg).
Maybe this herbicide could have caused narcotic effects at
higher concentrations, hindering the escape of animals from
contaminated soil. Apparently, the narcotic effects of
phenmedipham have not been checked so far (European
Commission 2004).

Table 4 Toxicity values for reproduction (EC50) and avoidance (AC50)
ofE. crypticus inMediterranean soils contaminated with Phenmedipham.
The NOECs for reproduction, the model that best fitted the reproduction
data, and the corresponding R2 are also included

Soil Reproduction Avoidance

NOEC EC50 R2 Model AC50

Pz 9 24.9 (13.1–47.7) 0.64 Gompertz 19.1(n.d.)

Luv <1 14.0 (10.3–19.0) 0.87 Hormesis 39.5 (n.d)

Lit 9 27.5 (19.9–37.7) 0.74 Hormesis 30.9 (20.6–50.7)

Gan 1 3.8 (2.4–5.9) 0.85 Logistic 55 (n.d.)

Pra 9 10.5 (5.0–20.3) 0.49 Linear n.t.

Br 3 26.8 (21.7–33.1) 0.91 Hormesis n.d.

It 2 9 32.8 (20.9–51.4) 0.68 Hormesis >81 (n.d.)

It 3 3 17.3 (7.1–42.1) 0.57 Gompertz 71.5 (n.d.)

It 4 9 26.3 (6.7–27.8) 0.72 Hormesis >81 (n.d.)

Gra 9 26.8 (21–34.8) 0.56 Hormesis n.d.

Por 3 26 (18.9–36.2) 0.82 Hormesis n.d.

Riu 27 > 27<81 – – n.t.

OECD 1 29.2 (20.4–42.0) 0.81 Gompertz 14.2 (7.5–21.7)

Data in brackets correspond to the 95% confidence intervals. All data are
expressed as milligrams a.i. per kilogram

n.d. not determined, n.t. not tested)
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Fig. 5 Effects of Phenmedipham in the reproduction of E. crypticus in 12 Mediterranean soils plus OECD artificial soil. (Results express average
number of enchytraeids ± standard deviation). *significantly lower than control (one-way ANOVA, Dunnett’s test, p<0.05)
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Soil properties did influence phenmedipham toxicity since
the sensitivity of enchytraeids (AC50s) varied between
14.2 mg/kg (for OECD soil) and more than 81 mg/kg for It2
and It4. The lack of derived AC50s for soils from group 2 was
due to the low avoidance response towards the highest
phenmedipham concentration (81 mg/kg) observed for most
of the tested soils included there (Br, It 2, It 3, It 4, Gra, and
Por). This lower toxicity registered for soils of group 2 may be
related with their higher pH, if compared with soil from group
1. In fact, phenmedipham is known to be more susceptible to
degradation by chemical hydrolysis, under alkaline conditions
(EPA 2005; Roberts et al. 1998). A quicker degradation of this
herbicide could therefore explain the low toxicity observed for
soils of group 2. In a similar study with E. albidus and several
soil types, Amorim et al. (2005a) found no significant rela-
tionships between different phenmedipham toxicity and any
soil property.

Except for Pz and OECD soils, the derived AC50s for
avoidance were higher than those obtained for reproduction.
This is also in accordance with previous findings (Amorim
et al. 2005a; Novais et al. 2010).

Despite further improvements in E. crypticus avoidance
tests are necessary, the available data suggest that the high
variability associated to avoidance response is family specific
(e.g., Amorim et al. 2005a, 2008b; Novais et al. 2010;
Chelinho et al. 2011). This high variability seems to impair
the preparation of a test guideline in the near future.

4.4 Reproduction of E. crypticus
in phenmedipham-contaminated soils

Enchytraeids showed different sensitivity towards 13
phenmedipham-contaminated soils since the EC50s varied
between 3.8 mg/kg in Gan and 32.8 mg/kg for It 2 (for Riu
the EC50 was estimated to be higher than 27 and less than
81 mg/kg). The EC50 derived for OECD soil 29.2 mg/kg was
the second highest among 13 tested soils. Using the same

substance, Amorim et al. (2005b) derived EC50 values of
the same order of magnitude (34.5 mg/kg) for the reproduc-
tion of E. albidus , also in OECD soil. The model that pre-
sented the best data fit was the hormetic model. This effect
was observed mainly in the first two concentrations (1 and
3 mg/kg). Römbke and Moser (2002) reported the same effect
for carbendazim in the international ring test for enchytraeids
reproduction. Thus, subtoxic concentrations can stimulate
reproduction; also in field studies, often an extreme compen-
sation reaction was observed during the recovery phase
(Didden and Römbke 2001). As in the avoidance tests, where
at lower concentrations, enchytraeids often preferred the con-
taminated soil, in the reproduction tests with the same soils,
equal concentrations caused higher juvenile production. This
was generally the case for Luv, Lit, It4, and Gra soils.

With respect to effects of soils properties, the mean of
EC50s calculated for the two groups of soils revealed the
same patterns (lower toxicity for soils with higher pH), de-
scribed earlier for AC50s (Section 3.4). Indeed, the pH of soils
from group 1 is quite acid, ranging between 4.2 and 4.6, with
exception of Gan (pH=7.7), However, the lowest EC50 was
registered for the last soil (3.8 mg/kg), an apparent contradic-
tion with its alkaline pH (7.7). Much probably, in this case, the
extremely low organic matter content (0.6%) of Gan soil was
more important in the determination of phenmedipham toxic-
ity to enchytraeids. The low toxicity observed for OECD soil
(which had the highest organic matter content, relatively to
Mediterranean soils) can also be related with pesticide sorp-
tion to soil organic matter.

Amorim et al. (2005b) used the same chemical and five
natural soils (plus OECD soil) to evaluate the reproduction of
E. albidus and found a positive association between EC50s
and sand content, although not significant. However, using the
same data and a stepwise regression analysis, the same authors
found that phenmedipham toxicity was significantly de-
creased at lower values of WHC and higher organic matter
contents of soils.

Fig. 6 Average of the derived
EC50 (for reproduction tests) and
AC50s (for avoidance tests) for
the effects of Carbendazim in E.
andrei (a) and Phenmedipham in
E. crypticus (b), using two
groups of Mediterranean soils
(see Section 2.5.3 and Fig. 1 for
more details). n number of cases.
AC50 for carbendazim in Gan
soil was not included (see
Section 2.5.3)
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In summary, the available data suggest that phenmedipham
toxicity to E. crypticus was negatively related with soil pH,
but extreme values of organic matter may have exerted a
stronger influence on the observed responses.

Autio et al. (2004) studied the adsorption of herbicides in
different Finnish soils, but no soil parameter could alone ex-
plain the degree of phenmedipham adsorption, although the
authors referred to organic matter and soil pH as properties
potentially influencing its sorption and degradation. Also, the
adsorption strength of phenmedipham was the second highest
within five tested herbicides and the coefficient Kfoc calculated
for ten soils varied for a factor of 15, anticipating a soil effect.

5 Conclusions

This work intended to be a starting point to improve soil risk
assessment in Mediterranean scenarios by obtaining toxicity
data in geographically representative soils and ecologically
more relevant substrates, if compared with standard artificial
OECD soil.

Chemicals caused different effects to both test organisms in
different soils. Concerning E. andrei avoidance towards
carbendazim-spiked soils, the AC50s varied by between 1.5
and 9.4 mg/kg and were generally higher for sandy soils with
low pH. This influence was not confirmed in reproduction
tests, as the derived EC50s were similar in the six tested soils,
indicating a low influence of soil properties.

E. crypticus avoidance behavior in phenmedipham-spiked
soils was found to be highly variable. Despite this, a higher
toxicity was registered for soils with lower pH. In reproduc-
tion tests, the EC50s varied by a factor of 9, and
phenmedipham toxicity also tended to be increasing in soils
with lower pH, except for two soils (Gan and OECD) with
extreme organic matter content (0.6 and 5.8%, respectively).

Depending on the evaluated endpoint, the values for toxicity
of carbendazim or phenmedipham in OECD soil were either
similar (reproduction with E. andrei), lower (avoidance with E.
crypticus), or one of the highest (avoidance with E. andrei and
reproduction with E. crypticus), if compared with Mediterra-
nean soils. Also, this artificial soil did not seem to accurately
represent the organic matter content found in Mediterranean
soils, neither their textural classes. Thus, OECD soil should be
used to assure the quality of the test system itself (i.e., as an
“external” control), preferably with reduced organic matter
content (5%) as recently recommended for other OECD test
guidelines with soil organisms (OECD 2008).

The results gained here can be used for the normalization of
toxicity data in natural soils leading to a more realistic risk
assessment. Despite some relationships between soil proper-
ties and toxicity were outlined, a clear and statistically signif-
icant prediction of chemical toxicity could not be established.
As in the present study, the collection of soils was limited to a

particular geographical area, the Mediterranean basin, the
range of soil properties was probably too narrow to give clearer
andmore consistent insights on their influence on the observed
chemical toxicity. Indeed, the wide range of soil types plus the
scarcity of comparable toxicity data in the literature highlight
the many unanswered questions on the use of natural soils in
ecotoxicological testing. Further research, including other
soils, test organisms, and chemical groups/mixtures, is needed
to, hopefully, get more consistent answers.
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