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a b s t r a c t

This study aimed at assessing the effects of increased air temperature and reduced soil moisture content
on the multi-generation toxicity of a soil polluted by metal/metalloid mining wastes. Enchytraeus cryp-
ticus was exposed to dilution series of the polluted soil in Lufa 2.2 soil under different combinations of air
temperature (20 �C and 25 �C) and soil moisture content (50% and 30% of the soil water holding capacity,
WHC) over three generations standardized on physiological time. Generation time was shorter with
increasing air temperature and/or soil moisture content. Adult survival was only affected at 30% WHC
(~30% reduction at the highest percentages of polluted soil). Reproduction decreased with increasing
percentage of polluted soil in a dose-related manner and over generations. Toxicity increased at 30%
WHC (>50% reduction in EC50 in F0 and F1 generations) and over generations in the treatments at 20 �C
(40e60% reduction in EC50 in F2 generation). At 25 �C, toxicity did not change when combined with 30%
WHC and only slightly increased with 50% WHC. So, higher air temperature and/or reduced soil moisture
content does affect the toxicity of soils polluted by metal/metalloid mining wastes to E. crypticus and this
effect may exacerbate over generations.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Metal mining is one of the most ecologically devastating
anthropogenic activities worldwide due to the sheer amount of
wastes produced (e.g. several thousand million tons per year)
(F€orstner, 1999; Lottermoser, 2010). These wastes are often char-
acterized by unfavorable conditions for living organisms such as
high metal/metalloid concentrations, acidic to basic pH, high salt
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concentrations, low organic matter and nutrient content and low
water retention capacity (Wong, 2003; Lottermoser, 2010). The
wastes produced are often stored in so-called ‘tailings’ or piles
nearby the mining site and are usually not regulated with any type
of restoration (Lottermoser, 2010; Hudson-Edwards et al., 2011).
The lack of restoration activities leads to the existence of bare
surface areas which are prone to erosion and leaching of potentially
toxic elements (Lottermoser, 2010; Hudson-Edwards et al., 2011).

The presence of high concentrations of metal/metalloids in
mining wastes forms a potential risk to soil dwelling organisms.
However, this depends on the state and bioavailability of the ele-
ments present (Peijnenburg et al., 2007). Furthermore, the state
and bioavailability of metal/metalloids depend not only on
different soil properties (e.g. pH, organic matter content and par-
ticle size distribution), but also on climate conditions like air
temperature and soil moisture content (Lanno et al., 2004;
Holmstrup et al., 2010; Augustsson et al., 2011; Gonz�alez-Alcaraz

mailto:s.h.barmentlo@cml.leidenuniv.nl
mailto:kees.van.gestel@vu.nl
mailto:kees.van.gestel@vu.nl
mailto:jose.alvarez@upct.es
mailto:nazaret.gonzalez@upct.es
mailto:nazaret.gonzalez@upct.es
mailto:nazaret.gonzalez83@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2016.12.078&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
http://dx.doi.org/10.1016/j.envpol.2016.12.078
http://dx.doi.org/10.1016/j.envpol.2016.12.078
http://dx.doi.org/10.1016/j.envpol.2016.12.078


S.H. Barmentlo et al. / Environmental Pollution 222 (2017) 101e108102
and van Gestel, 2015). For example, Gonz�alez-Alcaraz and van
Gestel (2015) showed that the bioaccumulation of Cd, Pb and Zn
in the soil invertebrate Enchytraeus crypticus increased with
increasing air temperature and decreasing soil moisture content.
High soil salinity in mining wastes might also impair the perfor-
mance of organisms and this also depends on the climate condi-
tions to which they are exposed (Gonz�alez-Alcaraz and van Gestel,
2016).

According to the Intergovernmental Panel on Climate Change, if
greenhouse gas emissions continue to rise, global temperature is
expected to increase by 0.2 �C per decade (~1.1e6.4 �C by the year
2100) whilst changes in precipitation patterns are expected to in-
crease the frequency of drought events, reducing the soil moisture
content (IPCC, 2000, 2007). Since these forecasted changes may
affect the behavior of pollutants (e.g. metal/metalloids), and
therefore the toxicity of polluted soils, there is an increasing need of
studies showing the effects of global warming on soil ecotoxicology.
The first steps for answering this question have already been taken
(e.g. Friis et al., 2004; Noyes et al., 2009; Nørhave et al., 2012;
Cedergreen et al., 2013), although not much effort has focused on
the effects of a combination of multiple climate factors on soil
toxicity (Gonz�alez-Alcaraz and van Gestel, 2015; 2016; Gonz�alez-
Alcaraz et al., 2015). Moreover, it remains unknown how changes
in climate factors, such as air temperature and soil moisture con-
tent, may affect the toxicity of polluted soils to soil organisms over
multiple generations. Multi-generation tests allow organisms to be
exposed for their entire life cycle, covering effects on neonate
fitness (Muyssen and Janssen, 2004), and also uncover signs of
development of adaptation or of cumulation of damage, leading to
weaker or stronger effects over generations, respectively. Such a
multi-generation approach may avoid underestimating or over-
estimating the long-term toxicity of the pollutant/soil to be tested
(Lock and Janssen, 2002b). In multi-generation tests it is important
to consider that the physiological time of poikilothermic organisms
and therefore their response to pollutants also depend on tem-
perature (Nørhave et al., 2012, 2014; Donker et al., 1998). As stated
by Donker et al. (1998), toxicity might be influenced by tempera-
ture in a variety of manners as it might i) synergize with the
pollutant as an additional stress factor, ii) affect the feeding
behavior of the exposed organisms and thus alter the uptake of
pollutants, iii) alter the metabolism of the exposed organisms and
thus affect the excretion of pollutants, and iv) alter the physiolog-
ical state or the physiological time of the exposed organisms by
affecting enzyme activity. The alteration of the physiological time is
of special importance in multi-generation toxicity tests since the
generation time of the organisms can be increased or decreased.
This means that standardizing the actual exposure duration in a
unit of time for different test temperatures can lead to compare
organisms that might be in different physiological states and are
therefore not biologically comparable.

The aim of the present studywas to assess the effect of increased
air temperature and reduced soil moisture content on the toxicity
of a soil polluted by metal/metalloid mining wastes to E. crypticus
over multiple generations. To achieve this goal, synchronized ju-
venile enchytraeids were exposed to a dilution series of the
polluted soil in Lufa 2.2 soil under different combinations of air
temperature (20 �C and 25 �C) and soil moisture content (corre-
sponding with 50% and 30% of the soil water holding capacity,
WHC) over three generationse standardized on physiological time.
Adult survival and reproduction were checked as endpoints. The
initial hypothesis was that increased air temperature and reduced
soil moisture content would reduce the survival and reproduction
of E. crypticus over multiple generations and therefore affect the
toxicity of the polluted soil.
2. Materials and methods

2.1. Study area and soil characteristics

The study soil was collected from the mining district of La
Uni�on-Sierra de Cartagena in SE Spain (0e392 m a.s.l; 50 km2;
37�3702000N, 0�5005500W to 37�4000300N, 0�4801200W; Fig. S1, Sup-
plementary Material). Of the 89 mine tailings present in the area,
over 40 pose an environmental hazard, because they have not been
restored and therefore are prone to metal/metalloid leaching via
wind and/or water erosion (Conesa and Schulin, 2010). Previous
ecotoxicological studies showed that soils from the mining district
with slightly acidic pH, high salinity and high metal availability
were the most toxic to E. crypticus (Gonz�alez-Alcaraz and van
Gestel, 2015; Gonz�alez-Alcaraz et al., 2015). Based on these re-
sults, for the present study, this type of soil was selected for the
performance of the multi-generation toxicity tests under the cur-
rent global warming perspective.

The sampled soil was characterized by a pH in 0.01 M CaCl2 (1:5
w:v suspensions) ~6.2, an electrical conductivity eECe (1:5 w:v
suspensions) ~2.5 dS m�1, a cation exchange capacity (CEC) ~13.5
cmolc kg�1, a WHC ~48% and a loam texture (Table S1, Supple-
mentary Material). The total metal/metalloid concentrations were
(in mg kg�1): ~640 (As), ~21 (Cd), ~9 (Co), ~180 (Cu), ~3000 (Mn),
~16 (Ni), ~6100 (Pb) and ~8100 (Zn) (Table S1, Supplementary
Material).
2.2. Test species and culture conditions

The model test species for ecotoxicity testing E. crypticus (class
Oligochaeta, family Enchytraeidae) is widely distributed as it shows
broad tolerance ranges to distinct soil properties (pH ~4.4e8.2,
organic matter content ~1.2e42% and clay particles ~1e29%;
Kuperman et al., 2006; Van Gestel et al., 2011), and plays a key role
in terrestrial ecosystems by participating in the biogeochemical
cycling of organic matter and nutrients (Didden, 1993; R€ombke,
2003). It is easy to culture in the laboratory and shows high
reproductive rate and relatively short generation time (Castro-
Ferreira et al., 2012), which are favorable qualities for performing
multi-generation tests. The initial adult organisms used in this
study were cultured in dark conditions at 16 �C and 75% relative
humidity, on agar medium prepared with aqueous soil extracts at
the Vrije Universiteit (Amsterdam, The Netherlands). The organ-
isms were fed once a week with a mixture of oatmeal, dried yeast,
yolk powder and fish oil.

Enchytraeid cultures were synchronized before starting the
experiment in order to have organisms of the same age as recom-
mended by Bicho et al. (2015). Adult enchytraeids (1 cm length and
with clearly visible clitellum) were separated from the main culture,
placed on fresh agar medium and allowed to lay cocoons for 48 h at
20 �C. Adults were then removed and cocoons were incubated on
new agar medium at the temperature to be tested during the
experiment (20 �C or 25 �C). After hatching, juveniles developed at
20 �C were allowed to grow for one week to ensure survival after
transferring them to the exposure medium as recommended by
Bicho et al. (2015). The average fresh weight of these juveniles was
0.13 mg. Since organisms grew faster at 25 �C, these juveniles were
allowed to grow until they reached around 0.13 mg fresh weight in
order to ensure their survival after the transfer to the exposure
medium and to standardize to the 20 �C treatment. Enchytraeid fresh
weight was checked by removing the excess moisture from the or-
ganisms (blotting dry on filter paper) and weighing them on a mi-
crobalance (Mettler Toledo UMT2; 0.1 mg of precision).
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2.3. Experimental set-up

Multi-generation toxicity tests were performed in dilution se-
ries of the polluted study soil with the standard reference soil Lufa
2.2 (Speyer, Germany; Table S1, Supplementary Material). To avoid
changes in metal/metalloid availability in the dilution process, the
pH (in 0.01 M CaCl2) of the Lufa 2.2 soil was adjusted to approxi-
mately 6 (by adding 0.5 mg CaCO3 g�1 dry soil) to mimic the pH of
the polluted study soil (Table S1, Supplementary Material). The
CaCO3 was thoroughly mixed with the Lufa 2.2 soil and deminer-
alized water was added until 50% of the soil WHC was reached in
order to favor the dissolution of the CaCO3. After few days of
equilibration, the mixture was dried at 50 �C and pH was measured
in 0.01 M CaCl2 suspensions (6.1 ± 0.3, n ¼ 3). The dilution series
prepared was (in % of polluted soil in pH-adjusted Lufa 2.2 soil): 0%
(pH-adjusted Lufa 2.2 soil), 1.25%, 2.5%, 5%, 10%, 20%, 40% and 100%
(original polluted study soil).

Toxicity tests were performed according to the standardized
guidelines ISO 16387 (ISO, 2004) and OECD 220 (OECD, 2004), but
with a modified test duration depending on the required genera-
tion time in each climate scenario simulated (see below). The
guidelines recommend performing toxicity tests at an air temper-
ature of 20 �C and a soil moisture content of approximately 50% of
the soil WHC (optimal standard climate conditions for regulatory
tests). For Southern Europe an increase of ~4 �C of the average air
temperature and a decrease of ~10e20% of the average soil mois-
ture content have been predicted for the end of the 21st century
(IPCC, 2000, 2007; Bates et al., 2008; Forzieri et al., 2014). Based on
these predictions, we selected 25 �C and 30% of the soil WHC as
climate conditions to simulate global warming in our experiment.
Toxicity tests were performed under different combinations of air
temperature (20 �C or 25 �C) and soil moisture content (50% or 30%
of the soil WHC), simulating four climate scenarios: 1) 20 �C þ 50%
WHC, 2) 20 �Cþ 30%WHC, 3) 25 �Cþ 50%WHC, and 4) 25 �Cþ 30%
WHC.

Ten synchronized juvenile enchytraeids were introduced into
100 mL glass jars containing 20 g of the soil dilution to be tested,
previously moistened to either 50% or 30% of the soil WHC (5
replicates/dilution/climate scenario). Five additional replicates per
climate scenario were added to the control set (pH-adjusted Lufa
2.2 soil) to determine each generation endpoint (see below). An
additional control with the original Lufa 2.2 soil was included to
check for enchytraeid performance under the different climate
scenarios simulated (5 replicates/climate scenario). Two mg of
oatmeal was supplied for food on the soil surface and test jars were
covered with perforated aluminum foil and incubated at either
20 �C or 25 �C, 75% relative humidity and 12:12 h light:dark
photoperiod. During the incubation period water loss from the test
vessels was replenished twice a week with demineralized water to
maintain the initial soil moisture content and food was provided
weekly.

The required time for the organisms to reach adulthood and
reproduce, and therefore the overall generation time, depended on
the climate scenario to which the enchytraeids were incubated.
Taking this into account the generation time was standardized as
follows: after 18 d of exposure to the different climate scenarios
simulated, every 2e4 d, one of the additional control vessels (pH-
adjusted Lufa 2.2 soil) was harvested and the produced juveniles
were weighed. When the largest juveniles had reached a fresh
weight of approximately 0.13 mg (i.e. the initial starting fresh
weight), a generation was completed. Using this approach gener-
ations were standardized to physiological time. Once the parental
generation (F0) was finished, within each soil dilution and climate
scenario simulated, 10e15 juveniles per replicate were randomly
selected and pooled together in a petri dish containing tap water.
Then 10 juveniles were introduced into each newly prepared test
jar with the corresponding soil dilution and incubated under the
same starting climate conditions following the procedure described
above. The latter was repeated twice in order to complete 2 more
generations (F1 and F2).

After transferring the juveniles to the next generation, the
remaining organisms in each test vessel were fixated by adding
10 mL of 96% ethanol. Then 100 mL of tap water was added to
transfer the sample into plastic containers and 200 mL of Bengal
rose solution (1% in 96% ethanol) was added to stain the organisms.
The containers were closed, shaken and stored overnight at 4 �C.
Samples were then sieved through a 160 mm mesh to remove most
soil particles. Finally, the numbers of surviving adults and juveniles
produced were counted after loading the samples into white trays
(80 � 50 cm2) divided into fractions to facilitate counting under a
magnifying glass.
2.4. Statistical analyses

Statistical analyses were performed with R-Studio, version
0.99.902 (R 3.1.1; R Core Team, 2004), and IBM SPSS Statistics 21.
Differences were considered significant at p < 0.05. Adult survival
and reproduction (number of juveniles produced) were obtained as
endpoints. Normality of the data and model residuals were evalu-
ated by Shapiro-Wilks's test and Quantile-Quantile plots, respec-
tively. Homogeneity of variances was evaluated via Levene's test.

One-way ANOVA followed by Tukey's posthoc test was per-
formed to check for differences in the control performance (original
Lufa 2.2 soil) both among climate scenarios within generations and
among generations within climate scenarios.

One-way ANOVA followed by Dunnett's posthoc test was per-
formed to check for differences between the dilution series of the
polluted study soil and the control (pH-adjusted Lufa 2.2 soil). For
each generation and climate scenario simulated, EC10 and EC50
(percentage of polluted soil causing 10% and 50% reduction in
reproduction, respectively) values were determined using a three
parameter logistic dose-response model according to Haanstra
et al. (1985). The corresponding 95% confidence intervals were
calculated by non-linear regression. Differences among climate
scenarios within generations and among generations within
climate scenarios were evaluated by applying generalized likeli-
hood ratio tests (Sokal and Rohlf, 1969; van Gestel and Hensbergen,
1997).

The Independent Action (IA) model (Bliss, 1939) was applied to
further investigate how the soil pollution level (% of polluted soil in
pH-adjusted Lufa 2.2 soil) and the different combinations of air
temperature and soil moisture content affected enchytraeid
reproduction compared to the standard climate conditions
(20 �C þ 50% WHC) in the different generations tested. The suit-
ability for applying the IA model was demonstrated by Long et al.
(2009) who showed the combined effects of chemical exposure
and drought conditions to the earthworm Lumbricus rubellus. The
IA expected values were calculated following Eq. (1) (Long et al.,
2009):

Combined effect ðq1; : : : ; qnÞ ¼ max
Yn

i¼1

qiðciÞ (1)

where max is the enchytraeid control reproduction of the respec-
tive generation tested and qi(ci) the probability of non-response at
concentration c of stressor i. Actual observed values were calculated
in relation to control reproduction of the respective generation
tested. The observed values were divided by the IA expected values
and visualized against the percentage of polluted soil in pH-



S.H. Barmentlo et al. / Environmental Pollution 222 (2017) 101e108104
adjusted Lufa 2.2 soil; the graphs are shown in the Supplementary
Material (Figures S2 and S3). An observed/predicted reproduction
ratio of 1 means no interaction between soil pollution and climate
factors, while ratios deviating from 1 indicate possible interaction
between the factors involved.

3. Results

3.1. Control performance of enchytraeids in Lufa 2.2 soil

For all the generations tested and the climate scenarios simu-
lated, control adult survival was �84%, the number of juveniles
produced per test jar �210 and the coefficient of variation (CV) for
reproduction �33% within replicates (Table 1), validating the
experiment according to the criteria established by the ISO and
OECD guidelines (ISO, 2004; OECD, 2004).

No significant differences were found for control adult survival
among generations and climate scenarios (Table 1). However,
control reproduction was affected both by the generation and the
climate scenario simulated (Table 1). The number of juveniles
produced significantly (p < 0.05) decreased in the F1 and F2 gen-
erations compared to the F0 generation for all the climate scenarios
simulated (16e57% reduction), except for the F2 generation of the
treatment at 25 �C þ 30% WHC (Table 1). Reproduction was also
significantly (p < 0.05) lower for the F2 generation compared to the
F1 generation for both treatments at 50% of the soil WHC, regard-
less of the air temperature (33e37% reduction; Table 1). The
enchytraeids incubated at the lowest soil moisture content (30% vs.
50% WHC) showed significantly (p < 0.05) lower reproductive
output in the F0 and F1 generations (36e57% reduction), but not in
the F2 generation (Table 1). Incubation at 25 �C decreased the
number of juveniles produced compared to the standard climate
conditions of 20 �C þ 50% WHC (17e57% reduction; Table 1). This
reduction was significant (p < 0.05) in the F0 generation at
25 �C þ 30% WHC and in the F1 generation in both treatments at
25 �C, regardless of the soil moisture content (Table 1).

3.2. Generation time of enchytraeids in pH-adjusted Lufa 2.2 soil

The generation time of enchytraeids was longer than the rec-
ommended test duration of 21 d (Castro-Ferreira et al., 2012). It
increased by 18e50% in the F1 generation compared to the F0
generation within a climate scenario, but was nearly equal when
comparing the F1 and F2 generations (Table 2). Generation time
differed also among the climate scenarios simulated as it increased
at 30% of the soil WHC, compared to the standard soil moisture
Table 1
Control performance of Enchytraeus crypticus in the Lufa 2.2 control soil under the differ

Generation Endpoint Climate scenario

20 �C þ 50% WHC

F0 Survival (%) 98 ± 2 A
F1 92 ± 2 A
F2 100 ± 0 A

F0 Reproduction (No.) 721 ± 56 A
F1 491 ± 16 A*
F2 311 ± 24 A*/**

F0 CV reproduction (%) 17.4
F1 7.4
F2 17.5

Average survival and reproduction ± SE (n ¼ 5) are given. Different letters indicate signifi
Tukey's posthoc test, p < 0.05). Asterisks (*) indicate significant differences between gene
posthoc test, p < 0.05). Double asterisks (**) indicate significant differences between F1 a
test, p < 0.05). WHC (water holding capacity). CV (coefficient of variation).
content of 50% WHC, while it decreased at 25 �C, compared to the
standard temperature of 20 �C (Table 2).
3.3. Multi-generation toxicity of the polluted soil to enchytraeids
under different climate scenarios

When enchytraeids were incubated under standard climate
conditions (20 �C þ 50% WHC) all the generations tested were
completed for the whole dilution series of the polluted study soil in
the pH-adjusted Lufa 2.2 soil (Tables S2 and S3, Supplementary
Material). However, when increasing air temperature (20 �C vs.
25 �C) and/or decreasing soil moisture content (50% vs. 30% WHC),
the F1 and/or F2 generations could not be tested at 100% polluted
soil due to the low or negligible number of juveniles produced in
the F0/F1 generations (Table S3, Supplementary Material). This was
more pronounced in the treatments at 30% of the soil WHC,
regardless of the air temperature (Table S3, Supplementary
Material).

In general, in all the generations tested, adult survival was not
affected, neither by the soil pollution level (% of polluted soil in pH-
adjusted Lufa 2.2 soil) nor by the climate scenario simulated
(68e100% survival; Table S2, Supplementary Material). This was
not the case for the F0 generation in the treatments at 30% of the
soil WHC where adult survival was significantly (p < 0.05) lower at
100% polluted soil compared to the control (0% polluted soil),
regardless of the air temperature (32e33% reduction; Table S2,
Supplementary material). The same pattern was found for the ex-
posures to 20% polluted soil of the treatment at 25 �C þ 30% WHC
(31% reduction; significant difference compared to the control,
p < 0.05; Table S2, Supplementary Material). In the F1 generation,
at 25 �C þ 30% WHC, adult survival was significantly (p < 0.05)
reduced when enchytraeids were exposed to 40% polluted soil (12%
reduction compared to the control; Table S2, Supplementary
Material).

Enchytraeid reproduction was negatively affected both by the
soil pollution level (% of polluted soil in pH-adjusted Lufa 2.2 soil)
and the climate scenario simulated, and this was more pronounced
over generations (Fig. 1 and Table S3, Supplementary Material). In
all cases, the number of juveniles produced decreased with
increasing percentage of polluted study soil in a dose-related
manner (64e100% reduction at 100% polluted soil; Fig. 1 and
Table S3, SupplementaryMaterial). This reductionwas higher in the
treatments at 30% of the soil WHC, regardless of the air tempera-
ture, where almost no juveniles were found at 100% polluted soil in
the F0 generation and where the number of juveniles produced at
lower percentages of polluted study soil decreased over
ent climate scenarios simulated.

20 �C þ 30% WHC 25 �C þ 50% WHC 25 �C þ 30% WHC

100 ± 0 A 100 ± 0 A 95 ± 4 A
96 ± 2 A 84 ± 6 A 90 ± 5 A
100 ± 0 A 90 ± 6 A 98 ± 2 A

464 ± 17 BC 568 ± 39AB 321 ± 25 C
240 ± 13 C* 407 ± 11 B* 211 ± 16 C*
210 ± 6 A* 272 ± 40 A*/** 271 ± 33 A

8.4 15.4 17.6
12.2 6.3 16.8
6.0 33.2 27.1

cant differences among climate scenarios within generations (one-way ANOVA with
rations compared to the F0 within climate scenarios (one-way ANOVA with Tukey's
nd F2 generations within climate scenarios (one-way ANOVA with Tukey's posthoc



Table 2
Generation time (in days) of Enchytraeus crypticus in the pH-adjusted Lufa 2.2 control soil under the different climate scenarios simulated.

Generation Climate scenario

20 �C þ 50% WHC 20 �C þ 30% WHC 25 �C þ 50% WHC 25 �C þ 30% WHC

F0 28 30 20 28
F1 35 37 30 33
F2 35 37 28 34

Standard test duration: 21 days. WHC (water holding capacity).
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Fig. 1. Reproduction of Enchytraeus crypticus after the exposure to the dilution series of the metal/metalloid polluted soil in pH-adjusted Lufa 2.2 control soil under the different
climate scenarios simulated and for the three generations tested. The X-axes show the percentage of polluted soil and the Y-axes the average number of juveniles produced (in % of
the control; n ¼ 5). Curves show fit obtained by the three parameter logistic dose-response model. WHC (water holding capacity).
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generations (e.g. at 25 �C þ 30% WHC and 40% polluted soil the
number of juveniles decreased from ~165 in the F0 generation to
~77 and ~57 in the F1 and F2 generations, respectively; Table S3,
Supplementary Material).

The EC50 values at the lowest soil moisture content (30% vs. 50%
soil WHC) decreased significantly (p < 0.05) from the F0 to the F1
generation, regardless of the air temperature (50e74% reduction;
Table 3). Therewere no differences between air temperatures at the
same soil moisture content, except in the F1 generation for the
treatment at 25 �C þ 30% WHC that showed a significantly
(p < 0.05) lower EC50 value (Table 3). This treatment also showed
significantly (p < 0.05) lower EC10 values for the F0 and F1 gen-
erations (Table 3). Over generations there was a general decline of
the EC50 and EC10 values in the treatments at 20 �C (21e90%
reduction; Table 3). This was significant (p < 0.05) for the standard
climate conditions (20 �C þ 50% WHC) in the F2 generation and in
the case of the EC50 value of the F2 generation at 20 �C þ 30%WHC
(Table 3). For the treatments at 25 �C the trend through generations
was opposite (i.e. ECx values tended to increase or remain more or
less constant) but without significant differences. This was not the
case for the treatment at 25 �C þ 50% WHC that showed a signifi-
cantly (p < 0.05) lower EC50 value for the F1 generation compared
to the F0 generation (38% reduction; Table 3).

In the F0 generation, the observed/predicted reproduction ratios
of the treatments at 30% of the soil WHC, regardless of the air
temperature, decreased when increasing the percentage of
polluted study soil (Figure S2 and S3, Supplementary Material).
Ratios were close to 0 at 100% polluted soil exposures (Figures S2
and S3, Supplementary Material). In contrast, the treatment at
25 �C þ 50% WHC showed ratios ~1 (Figures S2 and S3, Supple-
mentary Material), indicating no deviation from the standard
climate conditions (20 �Cþ 50%WHC). The F1 generation showed a
similar pattern, except for the 100% polluted study soil exposures of
the treatment at 25 �C þ 50% WHC with observed/predicted



Table 3
Effect concentrations of the polluted soil from themining district of La Uni�on-Sierra de Cartagena (SE Spain) causing 10% (EC10) and 50% (EC50) reduction of the reproduction of
Enchytraeus crypticus under the different climate scenarios simulated.

Gen. Climate scenario

20 �C þ 50% WHC 20 �C þ 30% WHC 25 �C þ 50% WHC 25 �C þ 30% WHC

F0 EC10 24.9 (11.9e38.2) A 15.1 (9.1e21.1) A 13.3 (5.7e21.0) A 2.5 (0.0e5.0) B
F1 11.0 (2.4e19.7) AB 9.0 (1.7e16.3) AB 15.1 (7.1e23.1) A 4.5 (0.4e8.6) B
F2 2.2 (0.0e5.2) A* 5.5 (1.8e9.2) A 20e40# 8.1 (3.8e12.4) A

F0 EC50 77.8 (60.8e94.7) A 37.5 (30.9e44.1) B 73.2 (57.0e89.3) A 19.4 (6.8e32.1) B
F1 59.0 (40.6e77.3) A 29.5 (20.2e38.8) B 45.5 (34.7e56.4) A* 19.1 (12.9e25.4) C
F2 31.5 (14.5e48.6) A*/** 22.6 (17.0e28.2) A* >40# 21.4 (16.7e26.1) A

Values are expressed as percentage of polluted soil in the pH-adjusted Lufa 2.2 control soil. Values between brackets are 95% confidence intervals. Different letters indicate
significant differences among climate scenarios within generations (likelihood ratio test, p < 0.05). Asterisks (*) indicate significant differences between generations compared
to F0 within climate scenarios (likelihood ratio test, p < 0.05). Double asterisks (**) indicate significant differences between F1 and F2 generations within climate scenarios
(likelihood ratio test, p < 0.05).WHC (water holding capacity). Gen. (generation).
#Dose-response curve could not be fitted. At 40% polluted soil there was 31% effect on reproduction compared to the control, therefore EC10 should be between 20% and 40%
polluted soil and EC50 above 40% polluted soil (highest percentage of polluted soil tested).
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reproduction ratios ~0.3e0.6 (Figures S2 and S3, Supplementary
Material). However, in the F2 generation, the treatments at 30% of
the soil WHC, regardless of the air temperature, showed observed/
predicted reproduction ratios �1 at the lowest percentages of
polluted study soil, while this was the case for all the dilutions
tested in the treatment at 25 �C þ 50% WHC (Figures S2 and S3,
Supplementary Material).
4. Discussion

4.1. Generation time and experimental considerations

Air temperature and soil moisture content both had an effect on
the generation time of E. crypticus (Table 2). Generation time was
shortened at higher air temperature (20 �C vs. 25 �C) and/or higher
soil moisture content (30% vs. 50% WHC), probably due to the
speeding-up of the physiological time. This trend was consistent
over the different generations tested, with the treatment at
25 �C þ 50% WHC showing the shortest generation time compared
to the other climate scenarios simulated (9e33% reduction;
Table 2). It is well known that temperature influences the meta-
bolism of poikilothermic organisms (Heugens et al., 2006; Nørhave
et al., 2014), altering the physiological time of different processes
and therefore the generation time of the organisms. However, there
is less evidence for the effects of soil water content on generation
time. Enchytraeid performance is highly dependent on water
availability due to their high sensitivity to desiccation (J€ansch et al.,
2005). Enchytraeids incubated at 30% of the soil WHC probably had
more difficulty in taking up water from the soil, and therefore
performed less well in terms of growth and/or reproduction (i.e.
their fitness was lower compared to those at 50% of the soil WHC).
Our results are in agreement with the studies of Maraldo and
Holmstrup (2009) and Maraldo et al. (2009) who showed a nega-
tive effect of drought stress on enchytraeid performance.

Generation time differed between the F0 and F1 generations,
regardless of the climate scenario simulated (18e50% increase),
while differences were minor or non-existent when comparing the
F1 and F2 generations (Table 2). This could be related to the initial
growth conditions of the juvenile enchytraeids used to start the F0
generation. These juveniles were grown on agar medium, under
moist conditions with excess food, before they were introduced
into the test soils. As a consequence, these organisms could have
been more fit compared to those directly produced after soil
exposure, leading to longer generation times for the F1 and F2
generations (Table 2). The initial growth conditions could also
explain the differences found for enchytraeid reproduction over
generations in the original Lufa 2.2 control soil, with significantly
lower reproduction in the F1/F2 generations compared to the F0
generation (Table 1). Therefore, for future multi-generation toxicity
tests with E. crypticus it is advisable to use organisms initially
incubated in clean soil (e.g. Lufa 2.2 soil). This can be achieved by
adding more synchronized enchytraeid cocoons (according to
Bicho et al., 2015) than the number of juveniles needed to jars
containing soil, and incubating them under the same combinations
of air temperature and soil moisture content to be tested. When
juveniles produced reach an average fresh weight of approximately
0.13 mg (our proposed starting fresh weight), the organisms can be
washed out of the soil and introduced into the test vessels.
4.2. Multi-generation toxicity of the polluted soil to enchytraeids
under different climate scenarios

Soil pollution (% of polluted soil in pH-adjusted Lufa 2.2 soil) and
climate factors (air temperature and soil moisture content) had a
limited effect on the survival of E. crypticus (Table S2, Supplemen-
tary Material). Only the treatments at 30% of the soil WHC,
regardless of the air temperature, showed significantly lower adult
survival compared to the control (pH-adjusted Lufa 2.2 soil) at the
highest percentages of polluted soil in the F0 generation (~30%
reduction; Table S2, Supplementary Material). Such a synergistic
interaction between soil pollution and drier conditions has previ-
ously been shown by other authors (Holmstrup, 1997; Friis et al.,
2004). However, our results differed from those of Gonz�alez-
Alcaraz et al. (2015), who found no effect on E. crypticus survival
after exposure to soils polluted by metal/metalloid mining wastes
under varying air temperature and soil moisture conditions. This
could be related to the fact that we started from juveniles rather
than the adult life-stage used by Gonz�alez-Alcaraz et al. (2015). This
would support the findings of Bicho et al. (2015) who stated that
the whole life-cycle exposures, or at least starting from the juvenile
stage, increase the sensitivity of E. crypticus to pollutants.

In the treatments at 30% of the soilWHC, after the F0 generation,
the 100% polluted soil exposures were stopped due to the very low
or negligible number of juveniles produced (<10; Table S3, Sup-
plementary Material). It is therefore difficult to state if the syner-
gistic effect of soil pollution and drought on adult enchytraeid
survival continued over generations. Nevertheless, in the F1 gen-
eration, the 40% polluted soil exposures of the treatment at
25 �C þ 30% WHC showed significantly lower adult survival
compared to the control (pH-adjusted Lufa 2.2 soil) (12% reduction;
Table S2, Supplementary Material). In contrast, no differences in
adult survival were observed for this treatment in the F2 generation



S.H. Barmentlo et al. / Environmental Pollution 222 (2017) 101e108 107
(Table S2, Supplementary Material). This could suggest that selec-
tion for more resistant organisms may have occurred in later gen-
erations, but since the effect on survival was low additional testing
is needed to validate this hypothesis.

Differently to adult survival, enchytraeid reproduction was
strongly affected both by the soil pollution level (% of polluted soil
in pH-adjusted Lufa 2.2 soil) and the different combinations of air
temperature and soil moisture content tested. This agrees with
other studies showing E. crypticus reproduction as a more sensitive
endpoint (R€ombke, 2003; Castro-Ferreira et al., 2012; Bicho et al.,
2015). For all the climate scenarios simulated and over generations,
reproduction decreased with increasing percentage of polluted soil
in a dose-related manner (Fig. 1), with the lowest number of ju-
veniles found at 100% polluted soil (Table S3, Supplementary Ma-
terial). This effect was more pronounced in the treatments at 30% of
the soil WHC, regardless of the air temperature, where almost no
juveniles were produced at 100% polluted soil in the F0 generation
(Table S3, Supplementary Material). In fact, lower soil moisture
content significantly decreased the EC50 values (>50% reduction,
Table 3), showing that there was an interaction between soil
toxicity and soil moisture content. This agrees with Gonz�alez-
Alcaraz et al. (2015) who found higher toxicity to E. crypticus of
soils polluted by metal/metalloid mining wastes under drought
conditions (77e85% reduction in EC50). Such synergism between
soil pollution and drought conditions is also shown by the
observed/predicted reproduction ratios <1 (deviation from the
standard climate conditions) in the treatments at 30% of the soil
WHC, regardless of the air temperature (Figures S2 and S3, Sup-
plementary Material). In addition, and due to the high salinity of
the study soil (Table S1, Supplementary Material), reduced enchy-
traeid reproduction at drier conditions could also be related to the
higher ionic strength of the soil solution at 30% of the soil WHC,
probably leading to lower water availability and higher salt toxicity.
This agrees with the findings of Gonz�alez-Alcaraz and van Gestel
(2016) who found higher toxicity of saline soils to E. crypticus un-
der drought conditions. No differences were found for EC50 values
in relation to air temperature in the F0 generation (Table 3).
However, the treatment at 25 �Cþ 30%WHC showed a significantly
lower EC10 compared to the other climate scenarios simulated
(40e90% reduction; Table 3). Most probably, and due to the high
toxicity of the study soil, the interaction between air temperature
and soil moisture content was more evident at low percentages of
polluted soil.

A similar pattern was found in the F1 generation with the
treatments at 30% of the soilWHC, showing significantly lower EC50
values than those under standard soil moisture conditions (<50%
reduction, Table 3). The treatment at 25 �C þ 30%WHC showed the
lowest EC50 compared to the other climate scenarios simulated
(Table 3). According to Gonz�alez-Alcaraz and van Gestel (2015) the
latter could be related to a greater bioaccumulation of metals when
drought conditions were combined with higher air temperatures.
However, in the F2 generation enchytraeid reproduction was
similar among climate scenarios, without differences in the EC50
values (Table 3). Most probably, in the F2 generation, the EC50
values were already so low that the effect of the climate factors
probably was not visible anymore due to the strong toxicity of the
polluted soil itself.

The toxicity of the polluted study soil to E. crypticus increased
over generations for the treatments at 20 �C. In this case, and
regardless of the soil moisture content, the EC50 values were
significantly reduced in the F2 generation (40e60% reduction
compared to F0; Table 3). The treatment under standard climate
conditions (20 �C þ 50% WHC) also showed a significantly lower
EC10 in the F2 generation (91% reduction compared to F0; Table 3).
Novais et al. (2012) showed that the exposure of the closely related
species Enchytraeus albidus to Zn altered transcriptional responses
while Cd exposure inhibited DNA repair mechanisms. These effects
might be carried and amplified over generations, increasing the
toxicity of metals in later generations, as observed in our study. In
contrast, Lock and Janssen (2002b) did not find toxicity changes in
E. albidus exposed to Cd, Cu, Pb and Zn over two generations. This
could be related to the fact that these authors performed single
metal exposures instead of testing mixtures, as present in the
polluted soil we used (Table S1, Supplementary Material), that
could increase toxicity via additive or synergistic effects (Lock and
Janssen, 2002a). In contrast, the treatments at 25 �C, especially
when combined with the lowest soil moisture content (30% WHC),
did not show increasing soil toxicity over generations (Table 3). In
fact, the treatment at 25 �C þ 30%WHC showed similar EC50 values
for the different generations tested (Table 3). This could be related
to the fact that at the highest air temperature and lowest soil
moisture content the conditions were so stressful for enchytraeids
that soil toxicity was very high from the beginning. However, at low
percentages of polluted soil, a selection of more resistant organisms
could have occurred, increasing EC10 values over generations. This
agrees with the increasing observed/predicted reproduction ratios
over generations at low percentages of polluted soil (ratios >1
indicating a positive interaction between soil pollution and climate
factors; Fig. S3C, SupplementaryMaterial). Nevertheless, more tests
are needed to contrast this hypothesis.
5. Conclusions

The present study shows that: 1) the generation time of
E. crypticus changes when changing air temperature and/or soil
moisture content, 2) the toxicity of a soil polluted by metal/
metalloid mining wastes to E. crypticus not only depends on the
pollution level but also on the climate factors (air temperature and
soil moisture content) to which the organisms are exposed, and 3)
the toxicity changes over generations. Generation time was shorter
with increasing air temperature and/or soil moisture content.
Enchytraeid adult survival was only affected in the treatments at
30% WHC (~30% reduction at the highest percentages of polluted
soil). Enchytraeid reproduction decreased with increasing per-
centage of polluted soil in a dose-related manner and over gener-
ations. This effect was more pronounced in the treatments at 30%
WHC where almost no juveniles were produced at the highest
percentages of polluted soil. Soil toxicity increased at 30% WHC
regardless of the air temperature (>50% reduction in EC50 values for
enchytraeid reproduction in the F0 and F1 generations). Over
generations, soil toxicity increased in the treatments at 20 �C
regardless of the soil moisture content (40e60% reduction in EC50
values for enchytraeid reproduction in the F2 generation). How-
ever, at 25 �C toxicity did not change when combined with the
lowest soil moisture content (30% WHC) and only slightly changed
at 50% WHC. Therefore higher air temperature and/or reduced soil
moisture content does affect the toxicity of soils polluted by metal/
metalloid mining wastes to E. crypticus and this effect may exac-
erbate over generations. To our knowledge this is one of the first
attempts to assess toxicity changes to enchytraeids over genera-
tions under varying climate factors. More studies are needed to
properly evaluate the risks of polluted areas under the current
global warming perspective.
Conflict of interest

There is no conflict of interest.



S.H. Barmentlo et al. / Environmental Pollution 222 (2017) 101e108108
Acknowledgements

M. Nazaret Gonz�alez-Alcaraz received a post-doctoral grant
from the Fundaci�on Ram�on Areces. We thank Rudo A. Verweij from
the Vrije Universiteit (Amsterdam, The Netherlands) for his valu-
able contribution to the experimental work. We also thank Jan Baas
and Claus Svendsen from the Centre for Ecology and Hydrology
(Wallingford, United Kingdom) and Pablo Bielza Lino from the
Universidad Polit�ecnica de Cartagena (Cartagena, Spain) for their
valuable suggestions for the statistical analyses.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.envpol.2016.12.078.

References

Augustsson, A., Filipsson, M., €Oberg, T., Bergb€ack, B., 2011. Climate change - an
uncertainty factor in risk analysis of contaminated land. Sci. Total Environ. 409
(22), 4693e4700.

Bates, B.C., Kundzewicz, Z.W., Wu, S., Palutikof, J.P., 2008. Climate Change and
Water. Technical Paper of the Intergovernmental Panel on Climate Change. IPCC
Secretariat, Geneva, Switzerland.

Bicho, R.C., Santos, F.C.F., Gonçalves, M.F.M., Soares, A.M.V.M., Amorim, M.J.B., 2015.
Enchytraeid Reproduction TestPLUS: hatching, growth and full life cycle
testdan optional multi-endpoint test with Enchytraeus crypticus. Ecotoxicology
24 (3), 1053e1063.

Bliss, C.I., 1939. The toxicity of poisons applied jointly. Ann. Appl. Biol. 26 (3),
585e615.

Castro-Ferreira, M.P., Roelofs, D., van Gestel, C.A.M., Verweij, R.A., Soares, A.M.V.M.,
Amorim, M.J.B., 2012. Enchytraeus crypticus as model species in soil ecotoxi-
cology. Chemosphere 87 (11), 1222e1227.

Cedergreen, N., Nørhave, N.J., Nielsen, K., Johansson, H.K.L., Marcussen, H.,
Svendsen, C., Spurgeon, D.J., 2013. Low temperatures enhance the toxicity of
copper and cadmium to Enchytraeus crypticus through different mechanisms.
Environ. Toxicol. Chem. 32 (10), 2274e2283.

Conesa, H.M., Schulin, R., 2010. The Cartagena-La Uni�on mining district (SE Spain): a
review of environmental problems and emerging phytoremediation solutions
after fifteen years research. J. Environ. Monit. 12 (6), 1225e1233.

Didden, W.A.M., 1993. Ecology of terrestrial Enchytraeidae. Pedobiologia 37, 2e29.
Donker, M.H., Abdel-Lateif, H.M., Khalil, M.A., Bayoumi, B.M., Van Straalen, N.M.,

1998. Temperature, physiological time, and zinc toxicity in the isopod Porcellio
scaber. Environ. Toxicol. Chem. 17 (8), 1558e1563.

F€orstner, U., 1999. Introduction. In: Azcue, J.M. (Ed.), Environmental Impacts of
Mining Activities: Emphasis on Mitigation and Remedial Measures. Springer,
Heidelberg, Germany, pp. 1e3.

Forzieri, G., Feyen, L., Rojas, R., Fl€orke, M., Wimmer, F., Biamchi, A., 2014. Ensemble
projections of future streamflow droughts in Europe. Hydrology Earth Syst. Sci.
18, 85e108.

Friis, K., Damgaard, C., Holmstrup, M., 2004. Sublethal soil copper concentrations
increase mortality in the earthworm Aporrectodea caliginosa during drought.
Ecotoxicol. Environ. Saf. 57 (1), 65e73.

Gonz�alez-Alcaraz, M.N., Tsitsiou, E., Wieldraaijer, R., Verweij, R.A., van
Gestel, C.A.M., 2015. Effects of climate change on the toxicity of soils polluted by
metal mine wastes to Enchytraeus crypticus. Environ. Toxicol. Chem. 34 (2),
346e354.

Gonz�alez-Alcaraz, M.N., van Gestel, C.A.M., 2015. Climate change effects on
enchytraeid performance in metal-polluted soils explained from changes in
metal bioavailability and bioaccumulation. Environ. Res. 142, 177e184.

Gonz�alez-Alcaraz, M.N., van Gestel, C.A.M., 2016. Toxicity of a metal(loid)-polluted
agricultural soil to Enchytraeus crypticus changes under a global warming
perspective: variations in air temperature and soil moisture content. Sci. Total
Environ. 573, 203e211.

Haanstra, L., Doelman, P., Voshaar, J.H.O., 1985. The use of sigmoidal dose response
curves in soil ecotoxicological research. Plant Soil 84 (2), 293e297.

Heugens, E.H.W., Tokkie, L.T.B., Kraak, M.H.S., Hendriks, A.J., van Straalen, N.M.,
Admiraal, W., 2006. Population growth of Daphnia magna under multiple stress
conditions: joint effects of temperature, food and cadmium. Environ. Toxicol.
Chem. 25 (5), 1399e1407.

Holmstrup, M., 1997. Drought tolerance in Folsomia candida Willem (Collembola)
after exposure to sublethal concentrations of three soil-polluting chemicals.
Pedobiologia 41, 361e368.

Holmstrup, M., Bindesbøl, A.M., Oostingh, G.J., Duschl, A., Scheil, V., K€ohler, H.R.,
Loureiro, S., Soares, A.M.V.M., Ferreira, A.L.G., Kienle, C., Gerhardt, A.,
Laskowski, R., Kramarz, P.E., Bayley, M., Svendsen, C., Spurgeon, D.J., 2010. In-
teractions between effects of environmental chemicals and natural stressors: a
review. Sci. Total Environ. 408 (18), 3746e3762.

Hudson-Edwards, K.A., Jamieson, H.E., Lottermoser, B.G., 2011. Mine wastes: past,
present, future. Elements 7 (6), 375e380.

IPCC, 2000. Climate Change 2000: Emission Scenarios. Special Report of Working
Group III of the Intergovernmental Panel on Climate Change. IPCC, Geneva,
Switzerland.

IPCC, 2007. Contribution of Working Groups I, II and II to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, Climate Change
2007: Synthesis Report. IPCC, Geneva, Switzerland.

ISO, 2004. ISO 16387: Soil Quality d Effects of Pollutants on Enchytraeidae
(Enchytraeus sp.) e Determination of Effects on Reproduction and Survival. ISO
(International Organization for Standardization), Geneva, Switzerland.

J€ansch, S., R€ombke, J., Didden, W., 2005. The use of enchytraeids in ecological soil
classification and assessment concepts. Ecotoxicol. Environ. Saf. 62, 266e277.

Kuperman, R.G., Amorim, M.J.B., R€ombke, J., Lanno, R., Checkai, R.T., Dodard, S.G.,
Sunahara, G.I., Scheffczyk, A., 2006. Adaptation of the enchytraeid toxicity test
for use with natural soil types. Eur. J. Soil Biol. 42, S234eS243.

Lanno, R., Wells, J., Conder, J., Bradham, K., Basta, N., 2004. The bioavailability of
chemicals in soil for earthworms. Ecotoxicol. Environ. Saf. 57 (1), 39e47.

Lock, K., Janssen, C.R., 2002a. Mixture toxicity of zinc, cadmium, copper, and lead to
the potworm Enchytraeus albidus. Ecotoxicol. Environ. Saf. 52 (1), 1e7.

Lock, K., Janssen, C.R., 2002b. Multi-generation toxicity of zinc, cadmium, copper
and lead to the potworm Enchytraeus albidus. Environ. Pollut. 117 (1), 89e92.

Long, S.M., Reichenberg, F., Lister, L.J., Hankard, P.K., Townsend, J., Mayer, P.,
Wright, J., Holmstrup, M., Svendsen, C., Spurgeon, D.J., 2009. Combined chem-
ical (fluoranthene) and drought effects on Lumbricus rubellus demonstrate the
applicability of the independent action model for multiple stressor assessment.
Environ. Toxicol. Chem. 28 (3), 629e636.

Lottermoser, B.G., 2010. Mine Wastes. Characterization, Treatment and Environ-
mental Impacts, third ed. Springer, Heidelberg, Germany.

Maraldo, K., Holmstrup, M., 2009. Recovery of enchytraeid populations after severe
drought events. Appl. Soil Ecol. 42 (3), 227e235.

Maraldo, K., Ravn, H.W., Slotsbo, S., Holmstrup, M., 2009. Responses to acute and
chronic desiccation stress in Enchytraeus (Oligochaeta: Enchytraeidae). J. Comp.
Physiology B 179 (2), 113e123.

Muyssen, B.T.A., Janssen, C.R., 2004. Multi-generation cadmium acclimation and
tolerance in Daphnia magna Straus. Environ. Pollut. 130 (3), 309e316.

Nørhave, N.J., Spurgeon, D., Svendsen, C., Cedergreen, N., 2012. How does growth
temperature affect cadmium toxicity measured on different life history traits in
the soil nematode Caenorhabditis elegans. Environ. Toxicol. Chem. 31 (4),
787e793.

Nørhave, N.J., Spurgeon, D., Svendsen, C., Cedergreen, N., 2014. The importance of
experimental time when assessing the effect of temperature on toxicity in
poikilotherms. Environ. Toxicol. Chem. 33 (6), 1363e1371.

Novais, S.C., De Coen, W., Amorim, M.J.B., 2012. Transcriptional responses in
Enchytraeus albidus (Oligochaeta): comparison between cadmium and zinc
exposure and linkage to reproduction effects. Environ. Toxicol. Chem. 31 (10),
2289e2299.

Noyes, P.D., McElwee, M.K., Miller, H.D., Clark, B.W., Van Tiem, L.A., Walcott, K.C.,
Erwin, K.N., Levin, E.D., 2009. The toxicology of climate change: environmental
contaminants in a warming world. Environ. Int. 35 (6), 971e986.

OECD, 2004. OECD 220: Guidelines for the Testing of Chemicals d Enchytraeid
Reproduction Test. OECD (Organisation for Economic Cooperation and Devel-
opment), Paris, France.

Peijnenburg, W.J.G.M., Zablotskaja, M., Vijver, M.G., 2007. Monitoring metals in
terrestrial environments within a bioavailability framework and a focus on soil
extraction. Ecotoxicol. Environ. Saf. 67 (2), 163e179.

R Core Team, 2004. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

R€ombke, J., 2003. Ecotoxicological laboratory tests with enchytraeids: a review.
Pedobiologia 47 (5e6), 607e616.

Sokal, R.R., Rohlf, F.J., 1969. Biometry. W.H. Freeman, San Francisco, USA.
Van Gestel, C.A.M., Borgman, E., Verweij, R.A., Diez Ortiz, M., 2011. The influence of

soil properties on the toxicity of molybdenum to three species of soil in-
vertebrates. Ecotoxicol. Environ. Saf. 74, 1e9.

van Gestel, C.A.M., Hensbergen, P.J., 1997. Interaction of Cd and Zn toxicity for Fol-
somia candida Willem (Collembola:Isotomidae) in relation to bioavailability in
soil. Environ. Toxicol. Chem. 16 (6), 1177e1186.

Wong, M.H., 2003. Ecological restoration of mine degraded soils, with emphasis on
metal contaminated soils. Chemosphere 50 (6), 775e780.

http://dx.doi.org/10.1016/j.envpol.2016.12.078
http://dx.doi.org/10.1016/j.envpol.2016.12.078
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref1
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref1
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref1
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref1
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref1
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref1
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref2
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref2
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref2
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref3
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref3
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref3
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref3
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref3
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref3
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref4
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref4
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref4
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref5
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref5
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref5
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref5
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref6
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref6
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref6
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref6
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref6
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref6
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref7
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref7
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref7
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref7
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref7
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref8
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref8
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref9
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref9
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref9
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref9
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref10
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref10
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref10
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref10
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref10
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref11
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref11
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref11
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref11
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref11
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref12
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref12
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref12
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref12
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref13
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref13
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref13
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref13
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref13
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref13
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref14
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref14
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref14
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref14
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref14
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref15
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref15
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref15
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref15
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref15
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref15
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref16
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref16
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref16
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref17
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref17
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref17
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref17
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref17
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref18
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref18
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref18
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref18
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref19
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref19
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref19
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref19
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref19
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref19
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref19
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref19
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref20
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref20
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref20
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref21
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref21
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref21
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref23
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref23
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref23
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref23
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref23
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref24
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref24
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref24
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref24
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref24
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref25
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref25
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref25
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref25
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref25
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref26
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref26
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref26
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref27
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref27
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref27
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref28
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref28
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref28
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref29
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref29
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref29
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref29
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref29
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref29
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref30
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref30
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref31
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref31
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref31
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref32
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref32
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref32
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref32
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref33
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref33
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref33
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref34
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref34
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref34
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref34
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref34
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref34
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref35
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref35
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref35
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref35
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref35
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref36
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref36
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref36
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref36
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref36
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref37
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref37
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref37
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref37
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref38
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref38
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref38
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref38
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref39
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref39
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref39
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref39
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref40
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref40
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref41
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref41
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref41
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref41
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref41
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref42
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref43
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref43
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref43
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref43
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref44
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref44
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref44
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref44
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref45
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref45
http://refhub.elsevier.com/S0269-7491(16)31373-2/sref45

	Influence of climate change on the multi-generation toxicity to Enchytraeus crypticus of soils polluted by metal/metalloid  ...
	1. Introduction
	2. Materials and methods
	2.1. Study area and soil characteristics
	2.2. Test species and culture conditions
	2.3. Experimental set-up
	2.4. Statistical analyses

	3. Results
	3.1. Control performance of enchytraeids in Lufa 2.2 soil
	3.2. Generation time of enchytraeids in pH-adjusted Lufa 2.2 soil
	3.3. Multi-generation toxicity of the polluted soil to enchytraeids under different climate scenarios

	4. Discussion
	4.1. Generation time and experimental considerations
	4.2. Multi-generation toxicity of the polluted soil to enchytraeids under different climate scenarios

	5. Conclusions
	Conflict of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


