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Abstract

Purpose The present study presents data on the screening phase
(tier 1) of a site-specific ecological risk assessment in a former
smelter area heavily contaminated with metals (Santo Amaro,
Bahia, Brazil). Joining information from three lines of evidence
(LoE), chemical, ecotoxicological, and ecological, integrated
risk values were calculated to rank sites within the area and
identify those that may need further investigation in tier 2.
Materials and methods Eleven points were selected up to
1,000 m from the smelter. Three reference points were 3 and
9 km away from the area. Risk values for the chemical LoE
were derived from calculating the toxic pressure based on total
metal concentrations. Those for the ecotoxicological LoE
were based on avoidance (Folsomia candida and Eisenia
andrei) and eluate tests (Daphnia magna acute test and
Microtox) whereas for the ecological LoE the bait lamina
test, soil basal respiration, and vegetation cover were used to
derive risk values.
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Results and discussion The chemical LoE showed high risk
in those points inside the area where metal loadings
exceeded in much the existing soil screening values.
Ecotoxicological tools showed a variable response, with
tests on soil organisms inducing a higher risk (again at sites
inside the smelter and with sandy soils) than tests on
eluates. The three parameters composing the ecological
LoE revealed a concordant response, despite the lower
sensitivity of the vegetation cover. A high risk on this LoE
was also observed on those sampling points where a high
chemical risk was calculated.

Conclusions Integrated risk was low outside the smelter
area. Inside, a high spatial heterogeneity of risk levels was
observed, related to the non homogeneous deposition of
smelting residues. Very high risk levels, associated with
sandy soils and residue deposits, suggest the need to
proceed with remediation actions. However, the uncertain-
ties associated with the contradictory information given by
certain LoEs for certain sampling points show the need to
confirm potential risks in a tier 2 analysis.

Keywords Integrated risk values - Lines of evidence - Soil
habitat function - Soil retention function - Triad

1 Introduction

The triad approach, originally developed to evaluate
sediment quality (Long and Chapman 1985), has been
recommended and successfully applied in ecological risk
assessment (ERA) of contaminated soils (Wagelmans et al.
2009). Consisting of three lines of evidence (LoE;
chemical, ecotoxicological and ecological), the triad ap-
proach is usually applied within a tiered system, i.c.,
information from each LoE is collected at each tier

@ Springer



1558

J Soils Sediments (2010) 10:1557-1571

following a step-wise cost-effective process (Jensen and
Mesman 2006). While tiers 2 and 3 are performed to reduce
uncertainties about the actual risk, tier 1 is essentially a
screening phase, aiming to produce a first spatial represen-
tation of the risk and to determine whether a site can be
excluded from higher tiers of testing (either because it is
unlikely to pose a risk to the relevant ecological receptors
or because a high risk is detected and there could be a need
for immediate mitigation actions), or it needs to be further
evaluated (Weeks et al. 2004a; Critto et al. 2007). Thus, the
tools used in tier 1 to collect information from each LoE
should be not only able to indicate effects, but also rapid,
easy to apply and inexpensive, i.e., cost-effective (Jensen
and Mesman 2006).

In tier 1, the chemical LoE comprises the comparison of
the total concentrations of contaminants at the study sites
with soil screening levels. This should be complemented
with information derived from ecological surveys (ecolog-
ical LoE) and ecotoxicological tests (ecotoxicological LoE)
(Weeks et al. 2004a; Fernandez et al. 2006). The ecological
information at tier 1 is often collected through quick soil
fauna or vegetation surveys and by measuring quick
microbial parameters (e.g., soil respiration) (Jensen and
Mesman 20006). In addition, the bait lamina test developed
by Von Torne (1990), being a practical tool to assess soil
faunal feeding activity in situ (Larink and Sommer 2002;
van Gestel et al. 2003; Hamel et al. 2007), has been
proposed as a relevant tool for ecological assessments
(Filzek et al. 2004; André et al. 2009; Van Gestel et al.
2009), and has already been successfully tested in tropical
soils (Rombke et al. 2006). Regarding the ecotoxicological
LoE, short-term cost-effective bioassays evaluating both the
habitat and retention functions of the soil are currently used
in tier 1. Such bioassays integrate the combined effect of
mixtures and that of contaminants not analyzed or for
which soil quality levels do not exist (Weeks et al. 2004a;
Fernandez et al. 2005; Spurgeon et al. 2005; Jensen and
Mesman 2006). Whereas soil extracts (e.g., eluates) are
used to perform widely established tests with cladocerans,
microalgae, and the luminescent bacteria Vibrio fischeri
(van Gestel et al. 2001; Achazi 2002; Loureiro et al.
2005a), soil samples are being increasingly evaluated
through avoidance tests with earthworms (Hund-Rinke et
al. 2003; Antunes et al. 2008) and collembolans (Natal-da-
Luz et al. 2004). Earthworm avoidance tests have been
shown to be a useful tool in the screening phase of risk
assessment of contaminated soils (Lukkari and Haimi
2005), providing rapid information for future decisions
(Schaefer 2003; Loureiro et al. 2005b), while being
ecological relevant and of low cost (Yeardley et al. 1996).
Although collembola avoidance tests are still under the
process of standardization, their use in soil ecotoxicology
has been acknowledged (Natal-da-Luz et al. 2004; Aldaya
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et al. 2006), mainly because the avoidance response of
collembola is less influenced by the soil properties than that
of earthworms (Natal-da-Luz et al. 2008). However, one of
the limitations to use avoidance tests is that some
substances are not perceived as repellents by the organisms
and consequently are not avoided, leading to an underes-
timation of the risk (Greenslade and Vaughan 2003).
Moreover, high concentrations of some substances (e.g.,
pesticides acting as AChE inhibitors) may affect mobility of
the organisms to such an extent that they are not able to
avoid the contaminated soil, creating also biased results
(Natal-da Luz, personal communication).

This study aimed to conduct the first step (tier 1) of a
site-specific ERA of a metal-contaminated area in Santo
Amaro (BA, Brazil), joining information from the three
LoE mentioned above. Although a human risk assessment
has already been performed in Santo Amaro (FUNASA
2003), human risk-based criteria are unrelated to the
ecological parameters that may be important to sustain soil
functions (Dawson et al. 2007). Therefore, a site-specific
ERA is necessary to evaluate the risks towards key
ecological receptors. Besides bringing together chemical
and (ecological and biological) effect data, the present
study also intended to calculate risk with the purpose of
ranking sites within the study area and to identify those that
may need to be further investigated. In this way, the present
work constitutes an innovative approach in metal-
contaminated tropical environments, bringing an important
contribution to the resolution of a local problem.

2 Materials and methods
2.1 Study area

This study was carried out in an abandoned lead smelter
that was operational between 1960 and 1993, located
adjacent to the urban area of Santo Amaro, BA, Brazil
(12° 32" 49" S, 38° 42" 43" W). The area presents a high
health risk to animals and humans (Costa 2001; Carvalho et
al. 2003), due to high levels of metals in soil and water, as
well as by tailings and airborne dust from atmospheric
deposition through chimneys emission (up to 3 km from the
industrial area), while the smelter was operational (Anjos
2003; Machado et al. 2004). It has been reported that
approximately 180,000 m® of tailings had been deposited
around the smelter area from which approximately
55,000 m®> were buried under roads and house's backyards
(Machado et al. 2004). In 1995, the Bahia environmental
state agency recommended the encapsulation of tailings
with the use of organic matter rich soil to mitigate
contamination (Anjos 2003). However, because the process
was carried out without following the adequate standard
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procedure, tailings are still exposed and the aerial disper-
sion of tailings dust is still occurring within and outside the
smelter area (Anjos 2003; Machado et al. 2004).

2.2 Soil sampling and selection of reference soils

Based on the soil total metal concentrations (Pb, Cd, Cu,
Zn) derived from a pre-sampling campaign using six
transects on a radial shape (unpublished data), two 1 Km
transects (T1 and T3) were defined along the two major
gradients of contamination detected. The two transects
shared a central point (PO, located next to the smelter
facility) and were composed of five points each, located at
20, 50, 150, 400, and 1,000 m from PO (P20T1-P1000T1
and P20T3-P1000T3; see Fig. 1).

Soils samples at each sampling point consisted of a
composite sample made of four subsamples collected at the
top 20 cm. Soil was hand mixed on site to homogenize,
immediately transported to the laboratory, sieved (<5 mm),
and defaunated by one freeze-thawing cycle. After the
physico-chemical characterization of each of the 11 soil
samples (see next section), a multivariate factor analysis was
run using soil properties data (metals excluded; see next
section) aiming to define groups of samples and the main
variables defining those groups. Based on this analysis, soil
samples were assembled into three groups mainly differing in
terms of texture, organic matter content and pH. The obtained
results dictated the adoption of a multireference system. Soil
from several points in the surrounding of the area were

screened, analyzed for metals and soil properties, and three
reference soils (the best possible for each identified group of
sampling points) were selected at 3 km (Refs. 2 and 3) and
9 km (Ref. 1) from the area (see Fig. 1).

2.3 Soil physico-chemical characterization

Based on the historical use of the site and on a previous
study (FUNASA 2003), soils were analyzed for the four
main metals responsible for the contamination of the area
(Pb, Cd, Cu, and Zn), and also for Cr, Ni, Fe, Co, and Mn.
Metals were quantified in the bulk soil by inductively
coupled plasma-atomic spectroscopy. Other soil physico-
chemical parameters measured were pH (KCl 1M) (ISO
1994a), water holding capacity (ISO 1998), cation ex-
change capacity (ISO 1994b), organic matter (OM) content
(loss on ignition at 500°C for 6 h) and soil texture (LNEC
1970).

2.4 Avoidance tests with Folsomia candida and Eisenia
andrei

Avoidance tests with collembolans and earthworms were
conducted using dual combinations of each test soil vs. the
corresponding reference soil. To validate the test results,
dual control tests using OECD (1984a) artificial soil were
performed with both test species. Prior to testing, the water
content of each soil (including the OECD soil) was adjusted
to 50% of its maximum water holding capacity. Both test
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species originated from laboratory cultures maintained as
described by Natal-da-Luz et al. (2009).

Tests with F. candida were carried out based on the ISO
draft guideline 17512-2 (ISO 2007a). Cylindrical plastic
containers (diameter: 7 cm; height: 6 cm) were divided into
two equal sections by a plastic divider introduced vertically.
Each container was filled with 30 g fresh weight (FW) of
test soil on one side and 30 g FW of the corresponding
reference soil on the other side. After removal of the
divider, 20 adult collembolans (10 to 12 days old) were
placed into the middle line of each test container. After 48 h
of incubation, the content of each compartment was
emptied into other plastic container to which water and a
few drops of blue ink were added. The mixture was gently
stirred and the organisms floating on the water surface were
counted. Five replicates were prepared for each combination
tested, plus one replicate without animals for pH and
moisture determination. In the dual control tests with OECD
soil the same procedures were adopted but the artificial soil
was placed on both sides of the tests container. All tests were
performed in a temperature controlled chamber at 25+2°C
and with a photoperiod of 16:8 h (light/dark).

Avoidance tests with E. andrei were conducted accord-
ing to the ISO guideline 17512-1 (ISO 2007b). The test
procedures, number of replicates per soil combination and
incubation conditions were similar to those used for F.
candida. However, rectangular plastic boxes (length,
20 cm; width, 12 cm; height, 5 cm) were used, and 250 g
FW of (test, or reference) soil were placed in each section
of the test container, and ten adult worms were used per
replicate The number of organisms in each section was
counted and recorded after a 48 h exposure period. For the
dual control tests with OECD soil, the same procedures of
the avoidance tests were adopted.

2.5 Daphnia magna lethal test

A 48 h D. magna lethal test (OECD 1984b) was conducted
on ecluates prepared from all soils. Soil eluates were
obtained by shaking on a magnetic stirrer a soil/water
mixture (ratio 1:4) for 18 h. The obtained soil suspension
was left to settle for 24 h, time after which the supernatant
was centrifuged for 7 min at 3370g, filtered through a
Schleicher and Schuell filter paper and stored in plastic
bottles at 4°C and in darkness until use (within 10 days).
Although filtration may decrease sample toxicity by
removing the fraction of the contaminant adsorbed to
suspended particles (Weltens et al. 2000), it was a required
procedure to eliminate the potential detrimental effects of
the suspended particles per se on the biological responses
being measured. The pH was not adjusted. The water used
to prepare the eluates was reconstituted hard water (ASTM
2002), since it was the media used for organism culturing in
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the tests as control and dilution media. Organism used for
testing were 24-h-old neonates (clone Ircha) from third- to
fifth-broods of mothers cultured according to the proce-
dures outlined in Rosa et al. (2010). Four replicates were
set up for each treatment with five neonates and 50 mL
each. During testing, the incubation conditions were similar
to those used for the soil organisms, and no food was
provided. After 24 and 48 h exposure periods, the
immobility/death of the neonates was checked. Measure-
ments of pH, dissolved oxygen and electrical conductivity
were measured at the beginning and at the end of all tests.
All soil eluates were first tested at 100%. For eluates where
immobility was observed, a dilution series of 100%, 50%,
25%, 12.5%, and 6.25% of the eluate was tested to
determine the median lethal dilution (LCs, values).

2.6 V. fischeri luminescent test

The luminescent test with the marine bacterium V. fischeri
was carried out on all soil eluates, prepared as described
above but using ultra-pure rather than ASTM water,
following a previously established protocol (ASTM 2004).
All tests were carried out by Cetrel (Camacari, BA, Brazil).
The Microtox toxicity analyzer model 500 (Azur Environ-
mental, Carlsbad, CA, USA) was used to measure the light
emission of the bacteria after a 15 min exposure.

2.7 Soil fauna feeding activity using bait lamina

Bait material was prepared in a 1/5/14 ratio of finely ground
oat, activated charcoal and cellulose powder (Merck). Five
groups (samples) of five bait lamina strips were exposed in
each sampling point for 14 days. Baits were inserted
vertically into the soil, within an area of 15x%15 cm at each
group. In parallel, soil moisture was determined at each
point. After the exposure period, each bait lamina was
removed from the soil, conditioned together with the baits
from the same group and brought to the laboratory. There,
after carefully washing it in water, each bait strip was
visually assessed by holding it against a light source and
counting the number of pierced (= eaten) holes. No
distinction was made between partially or fully pierced
holes. The feeding activity per sample (group of five strips)
at each sampling point was expressed in percentage, dividing
the number of eaten holes by the total number of holes.

2.8 Basal soil respiration

At each sampling point soil samples for the determination
of basal respiration were collected using a different
procedure than described in Section 2.2. In this case, at
each sampling point three parallel transects (5 m apart)
were defined. Along each transect, 15 subsamples (10 cm
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depth) were collected and pooled to form a composite
sample. After mixing, the samples were sieved (<5 mm),
stored at 4°C and processed within the next 72 h. The
methodology to determine the basal soil respiration is
described in Alef (1995). Basal soil respiration was
measured after 8§ days for incubation at 28°C in the dark,
with soil moisture adjusted to 60% of water holding
capacity. The CO, evolved from 100 g samples in
hermetically sealed containers was trapped in 20 mL of 1
M NaOH. Back-titration with standardized HCI revealed
the remaining NaOH and consequently the CO,-C evolved.
Results were expressed on an oven-dried soil basis at 105°C
for 24 h.

2.9 Vegetation cover

Assessment of percentage of vegetation cover was carried
out according to Veiga and Wildner (1993). A plastic grid
of 50x50 cm, subdivided in small 100 squares of 5x5 cm,
was randomly released four times (four samples) at each
sampling point. The sum of the intersections of small
squares over vegetation in each grid represents the
percentage of vegetation cover at each sample.

2.10 Data analysis
2.10.1 Ecotoxicological and ecological tests

The avoidance response to each tested soil was calculated
according to the ISO guidelines (ISO 2007a, b). Avoidance
data for E. andrei at each combination tested was corrected
for site-specific properties using a generalized linear model
developed by our team based on data gathered with non-
contaminated natural soils (unpublished study). Soils
properties considered in the model were texture parameters
(sand and silt contents) and soil pH. According to this
unpublished study, the avoidance response of F. candida
showed much less sensitivity to soil properties. Therefore
no correction was done for this organism in the current
study. The significance of the avoidance responses (p<
0.05) was evaluated using the Fisher exact test (Zar 1996),
as described by Natal-da-Luz et al. (2008). For the
avoidance tests, a one-tailed test was chosen, and the null
hypothesis assumes that half of the individuals are staying
in the soil that is being assessed, meaning that there are no
avoiders regarding that soil. For the dual control tests, a
two-tailed test was chosen, and the null hypothesis assumes
an equal distribution of the organisms on both sides of each
test container. The 24 and 48 h LCs, values for D. magna
and respective 95% confidence limits (CL) were computed
using the software PriProbit 1.63, with the probit transfor-
mation of the proportion of deaths and the log transforma-
tion of the dilution values (Sakuma 1998). For the V.

fischeri test, the ECsy values (median effective dilutions)
and respective 95% CL were calculated using the Microtox
Omni Software 1.18 (Azur Environmental).

For the ecological parameters (bait lamina test, vegeta-
tion cover and soil basal respiration) differences between
sampling points were evaluated via a one-way analysis of
variance followed by the Dunnet's test. In these analyses, an
overall reference value was used, based on the values
obtained for each reference sampling point. Soil moisture
and organic matter contents were used as covariables in the
basal respiration ANOVA. Normality and homoscedasticity
were checked via the Kolmogorof-Smirnov and Bartlet's
tests, respectively. Analyses were done using the Statistica
7.0 software (Stat Soft).

2.10.2 Risk calculations

Risk calculations followed the approach proposed by
Jensen and Mesman (2006) where risk values are
expressed in a scale ranging from zero (“no risk”) to one
(“high risk™). This method assumes that the risk value of
the reference soils is zero and that the risk of the tested
soils is calculated in relation to the value of the respective
reference soil. This implies that results from the various
parameters across the three LoE should be made compa-
rable (expressed under the same scale). For each sampling
point, the calculation of the risk values was done through
three steps: (1) scaling the results of each test/evaluation
within each LoE; (2) integrating scaled information and
calculating the contribution of each LoE to the overall
risk; (3) integrate the information from the three LOEs and
calculate the integrated risk.

In the first step, the results of all determinations within
each LoE were scaled between zero and one. For the
chemical LoE the total content of each metal was used to
calculate the specific Toxic Pressure (Potential Affected
Fraction (PAF) of species) at each sampling point. This was
done based on the mixture model of concentration addition
described by De Zwart and Posthuma (2005). The bench-
marks (HC50gcso values) and model parameters used for
each metal in these calculations can be found in Rutgers et
al. (2008). According to these authors the use of HC50
values derived from species sensitivity distributions based
on NOEC values (HC50n0ogc) could originate an overesti-
mation of risk values (many values closer to 1). Since no
HC50 values based on ECS50 values (HCS50gcsq) are
available in literature, they advise to apply the safety factor
of 10 to the HC50nopc and work with those values
(HC50gcs50=10xHC50n0gc; Rutgers et al. 2008). Prior to
calculations, the HC50gcso values were corrected for
sampling site-specific differences (taking into account the
organic matter and the clay content of each soil) according
to the correction formula described in Boivin et al. (2006).
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This implies that different HC50gcso values (HC50cor)
were used for each metal at each sampling point. Since
HC50 values exist only for some metals, risk derived from
the chemical LoE was based only on the concentrations of
Pb, Cd, Cu, Zn, Cr, and Ni.

For the ecotoxicological LoE, the scaling of the
avoidance data was done based on the percentage of
avoidance, where negative values (no avoidance) were set
to zero. Since the avoidance response towards a reference
soil (when tested against itself) is zero, percentage values
(converted between 0 and 1) were used directly as
individual risk values. In the D. magna and V. fischeri
tests, the LCsy and ECs, values, respectively, expressed as
the percentage of dilution of the eluates, were used. For the
ecological LoE, the bait lamina (expressed as the percent-
age of fed holes), the vegetation cover (expressed in
percentage values), and the basal soil respiration (expressed
as ng CO,-C g 'day ') values were scaled using an overall
reference value calculated based on the values from the
three reference sampling points.

In the second step, the risk derived from each LoE was
calculated by integrating the respective scaled information
for each parameter. In the chemical LoE this was achieved
by estimating the msPAF (multi-substance PAF) by
integrating the individual metal PAF's according to a
response addition model described by De Zwart and
Posthuma (2005). Finally, in step three, the integrated risk
(IR) was calculated for each tested soil (sampling point). To
evaluate whether the different lines of evidence contributed
differently to the total risk, the standard deviation associ-
ated to each IR value was also calculated. More details on
the calculation involved in each of the three steps
(including formulas for each type of data used) can be seen
in Jensen and Mesman (2006).

3 Results and discussion
3.1 Soil properties and selection of reference soils

Soils from the study area showed low (<2%) to medium (2
to 6%) organic matter content (according to the USEPA
2004), a cation exchange capacity (CEC) mostly between
30 and 40 meq/100 g, and pH values near neutral, with the
exception of soils P1000T1 and Ref.2 with a low pH
(Table 1). These characteristics agrees with those reported
by Anjos (2003), who identified basic pH high CEC, high
clay percentage and high organic matter content as
characteristics of soils from the study area.

Results from the multivariate factor analysis indicated
that texture (described by coarse sand, silt and clay
contents) was the main soil characteristic determining the
separation of the soils (along axis 1, explaining 49.5% of
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the variation), followed by pH (along axis 2, explaining
24.3%) and organic matter content (along axis 3, explaining
12.8% of total variation). Texture variables separated soils
of group 2 (highest sand content and lowest silt and clay
contents) from all other soils. The latter were then separated
into two groups based mainly on their OM content, with
group 1 generally presenting lower values than group 3.
The reference soil allocated to each of the three soil groups
was selected so that its characteristics matched, to the
extent possible, these three soil properties, which are
known to influence not only the bioavailability of contam-
inants (Kuperman et al. 2009), but also the avoidance
response of the two tested soil-dwelling species (Natal-da-
Luz et al. 2008). The heterogeneity of the soil inside the
smelter area can be related to the failed attempt to
encapsulate the tailings by depositing thousands of cubic
meters of soil from regions around (Anjos 2003).

3.2 Soil metal concentrations

Total metal concentrations for each soil are shown in
Table 2. For at least one among four metals (Pb, Cd, Cu,
and Zn), soils from three sampling points presented levels
exceeding the HC50.,, values. Among these points, PO
presented a high degree of Zn contamination by exceeding
almost three fold the corresponding HC50,,,, value, whereas
points P150T1 and P50T3 presented a critical level of
contamination, exceeding by far (between 1.6 and 73.5
times) the screening levels of these four metals.

High levels of metal contamination in the area were also
previously reported (Anjos 2003; Machado et al. 2004).
Most likely, such contamination levels resulted from the
deposition of residues inside the smelting area as well as
from the aerial deposition of contaminated particles from
the smelter plume while in function, being responsible for
the extent of contamination outside the smelter area.

3.3 Avoidance tests with E. andrei and F. candida

Avoidance tests with F. candida fulfilled the validity criteria,
since mortality at each combination was less than 20%
(ranged between 2% and 18% in avoidance tests, and was
1% in dual control tests), and a homogeneous distribution of
individuals in the two compartments was observed in the
dual control tests (»p>0.05, Fischer's exact test). Collembo-
lans avoided significantly most of the test soils (Fig. 2). The
exception was soil from point P1000T3, where no avoidance
was detected. Considering that points P150T1 and P50T3
presented the two most contaminated soils (with the highest
concentrations of Cu, Zn, Pb, and Cd), a stronger avoidance
response was expected relatively to all other soils. £ candida
is known to avoid copper concentrations well below those
that impair survival and reproduction (e.g., a 48 h ECsq for
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Table 1 Physico-chemical characteristics of sampled soils and respective reference soils
Soil Coarse Fine sand Sand Silt Clay Texture pH (KCI Organic CEC (meq  WHC
group sand (%) (%) (total) (%) (%) (%) (USDA) 1:5 viv) matter (%) 100g) (%)
Group 1
Ref 1 23 8.5 10.9 42.1 47.0 Silty clay 7.1 1.1 34.16 53.78
P1000T1 25 21.8 243 19.9 55.8 Clay 3.7 2.0 43.20 59.95
P20T3 11.4 30.0 414 22.3 36.3 Clay loam 6.8 1.9 42.16 67.73
P400T3 6.5 8.6 15.1 52.4 32.5 Silt clay loam 7.1 1.9 35.84 56.67
Group 2
Ref 2 50.9 38.5 89.4 2.8 7.7 Loamy sand 49 1.0 37.60 27.53
PO 43.2 31.3 74.5 11.9 13.6 Sandy loam 6.7 0.3 38.56 44.12
P20T1 48.0 13.8 61.8 19.0 19.3 Sandy loam 7.1 0.2 37.28 46.40
P150T1 56.2 21.1 77.4 12.3 10.3 Sandy loam 6.7 2.1 21.28 28.55
P50T3 69.2 9.1 78.3 10.4 11.3 Sandy loam 7.2 2.8 16.56 22.05
Group 3
Ref 3 222 15.0 372 11.1 51.7 Clay 6.1 3.9 36.48 60.75
P50T1 25.2 134 38.6 29.0 324 Clay loam 6.7 1.1 38.16 54.51
P400T1 19.6 239 435 20.2 36.3 Clay loam 6.8 5.1 37.44 58.93
P150T3 8.4 152 23.5 21.4 55.1 Clay 6.8 2.5 49.20 61.76
P1000T3 10.3 19.5 29.8 29.8 40.4 Clay loam 7.0 5.7 42.72 57.57

USDA US Department of Agriculture, CEC cation exchange capacity

avoidance of 61 mg/kg versus a 28 day ECs, for
reproduction of 751 mg/kg; Greenslade and Vaughan
2003), and some evidences point that the same can occur
with zinc (Natal-da-Luz et al. 2004). However, according to
Greenslade and Vaughan (2003), these organisms do not
avoid cadmium. Moreover, F. candida seems to be less
sensitive to lead than to other metals, as observed by
Sandifer and Hopkin (1996) (ECsoreproduction=2,970 pg g '

at pH 6.0), and as reported by Fountain and Hopkin (2001),
where F. candida fed on yeast contaminated with Pb up to
49200 pg g ' did not exhibited significant change in
mortality at all concentrations. In view of these facts, the
weak avoidance response observed in these two soils (22%
in P150T1 and 11% in P50T3) was most likely due to other
factors than due to the total metal loads. Although there are
indications that the avoidance response of F. candida is less

Table 2 Total metal concentra-

tions (mg/Kg) in sampled soils Soil group Pb Cd Cu Zn Cr Ni Fe Mn
and respective references
Group 1
Ref 1 16 <0.2 66 94 77 54 45,000 840
P1000T1 23 <0.2 60 80 62 46 48,000 360
P20T3 308 <0.2 56 420 78 60 49,000 672
P400T3 179 0.3 44 90 59 46 34,000 760
Group 2
Ref 2 13 <0.2 18 24 16 28 2,900 34
PO 1,264 <0.2 76 3,800%® 72 57 52,000 674
P20T1 133 <0.2 56 220 80 56 41,000 780
P150T1 37,460194  7710® 59419 422003 57 70 110,000 1,720
P50T3 26,0747-D 62 3,196%2 959407 80 40 117,000 5,880
Numbers in superscript indicate Group 3
an exceedance of the corrected Ref 3 152 <0.2 40 260 59 40 53,000 820
Dutch HC50gs values (after
P50T1 164 <0.2 60 240 80 58 43,000 720
Rutgers et al. 2008) (e.g., the
[Pb] at P150T1: 37460 (10.4), P400T1 961 8.8 60 840 64 48 35,000 540
indicates that (Pb) was 10.4 P150T3 2,200 12 108 3,300 84 58 56,000 678
times higher than the P1000T3 99 <0.2 56 156 84 52 49,000 568

HC50.,,Pb)
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Fig. 2 Avoidance percentage (mean+standard deviation) of Folsomia candida (white bars) and E. andrei (black bars) for each tested soil.
Asterisks indicate a significant avoidance using Fisher's exact test (*»<0.05; **p<0.01). Negative values were not shown

influenced by soil properties than that of £. andrei (Natal-da-
Luz et al. 2008), the fact that soils P150T1 and P50T3 had a
higher organic matter content and pH compared to Ref 2,
may have influenced the availability of metals to the
organisms. Moreover, the very low organic matter content
in soils from PO and P20T1 may have caused the higher
avoidance response observed.

Tests with E. andrei also fulfilled the validity criteria
since no mortality was found in any soil and the organisms
were homogeneously distributed between the two compart-
ments in the dual control tests (p>0.05 in Fischer's exact
test). All soils were significantly avoided by the earth-
worms (see Fig. 2). An impairment of the habitat function
of the soil according to the avoidance criterion proposed by
Hund-Rinke and Wiechering (2001), i.e., an avoidance
response higher than 60%, was observed for all soils from
group 2 and also for soils from points P1000T1 and P50T1.
This strong avoidance response may have been induced by
the high levels of metals, in some cases exceeding by far
the HC50,,, values, or by soil related properties known to
influence the avoidance behavior of earthworms. Loureiro
et al. (2005b) reported avoidance response of E. andrei to
copper (ECso=181.1 mg/kg Cu) and Lukkari et al. (2005)
observed a significant avoidance of Aporrectodea tuber-
culata to 53 mg/Kg of Cu and 92 mg/Kg of Zn. Moreover,
Alvarenga et al. (2008) observed avoidance response of E.
fetida to a mine contaminated soil containing 1,250, 362,
264, and 2.6 mg/kg of Pb, Cu, Zn, and Cd, respectively.
These findings support our results for soils from group 2,
presenting contents of several metals higher than the
benchmarks reported by these authors. Besides the high
levels of metals, other factors are known to influence the
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avoidance response of E. andrei. According to Natal-da-
Luz et al. (2004, 2008), soils with low pH, low organic
matter content and fine texture are avoided by these
organisms, which could explain the high avoidance
response for soils P1000T1, P20T1, and P50T1 (low pH
and low organic matter content, respectively, in comparison
with the respective reference soils). In the case of sampling
point P1000T1, by being outside the smelter area and in the
middle of a pasture, the presence of another type of
contamination (e.g., pesticides) eliciting the observed high
avoidance response should not be ruled out. The high
organic matter content in soil from point P400T1 (5.1%)
relatively to the respective reference may explain the lack
of a strong avoidance response by E. andrei. Organic matter
decreases the bioavailability of metals in soil (Lock et al.
2000; Lock and Janssen 2001) and E. andrei, being a
compost worm, is known to prefer soils with high organic
matter content.

Overall, earthworms were generally more sensitive to the
metal contamination and presented a less variable response
than the collembolans. The present results are thus in
accordance with the documented sensitivity of earthworms
to metals in avoidance tests (Yeardley et al. 1996; Hund-
Rinke and Wiechering 2001; Lukkari et al. 2005) and their
more consistent response to metal-contaminated soils than
collembolans (Natal-da-Luz et al. 2004) confirming their
valuable use in ERA (Rémbke et al. 2005).

3.4 D. magna lethal test and V. fischeri luminescent test

Lethal effects on D. magna were observed in eluates
prepared from soils P150T1 and P1000T1; values of 24 h
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LCso of 88% (95% CL; 82-95) and >100% and of 48 h
LCs of 68% (95% CL; 63—74) and 91% (95% CL; 85-97),
respectively, were registered. Regarding the V. fischeri test,
eluate from soil P50T3 was toxic to the bacteria, with a
15 min ECso value of 8.6% (95% CL of 1.1-65.3). The
present results are in agreement with the fact that metal
loads were highest in soils from points P150T1 and P50T3.
Although the soil from point P1000T1 was not classified as
metal contaminated according to the HC50,,, benchmarks
used, the response in this soil eluate was most likely related
to the low pH (3.7) of the bulk soil, and thus the low pH
levels in this soil eluate; pH ranged from 4.84-4.98 to
5.53-6.22 at the start and end of the lethal test, respectively.
Actually, lethal effects on cladocerans due to pH alone are
likely to occur for values outside the range 6.0-9.0 (USEPA
2002). In agreement, the lack of lethal effects in the eluate
prepared from the PO soil (classified as metal contaminated
according to the HC50,,, values) was most likely due to the
fact that pH level in this eluate was always well above 6.98,
i.e., level not only not detrimental for freshwater organisms
but at which most metals are not in their dissolved form and
thus not bioavailable. The present results suggest that the
retention function of soils at most of the sampling points
was enough to prevent the mobilization of metals via the
water pathway. Bioavailability of metals in soils may
depend on several factors, such as pH, organic matter
content, cation exchange capacity and clay content (Van
Gestel 1992). Due to soil heterogeneity, the sorption
potential might vary considerably, resulting in changes of
contaminant availability, sometimes even within a small
area. With time, sequestration processes become even more
pronounced, a phenomenon generally referred to as
“ageing”. In general, most of the soils sampled have low
organic matter content, however, all soils (except P1000T1
and Ref 2) have an alkaline pH, typical of soils of this
region (Anjos 2003), which favors soil adsorption and
restricts metal bioavailability. Moreover, soil “ageing” may
be occurring in the area between the closure of the smelter
in 1993 and the last attempt to rehabilitate the residue piles
in 2001 (Anjos 2003).

3.5 Bait lamina test

The average feeding activity observed at the sampling
points was in general significantly lower than the overall
reference value (Table 3). Lower feeding activity was
registered at sampling points within the smelter area,
mainly at those associated to a high degree of contamina-
tion (PO, P150T1, and P50T3) or to a low organic matter
content (P20T1 and P50T1). Unexpectedly, point P400T3
also presented a low feeding activity, but other soil or
habitat parameters must explain these results. With the
exception of sampling point P1000T1, bait lamina data

was, in general, in good agreement with the E. andrei
avoidance responses, i.c., high avoidance was usually
associated to a low feeding activity. This is in agreement
with van Gestel et al. (2003) that found a strong association
between soil fauna feeding activity measured by bait lamina
and earthworm densities. The observed decline in feeding
activity at contaminated sampling points may suggest an
impact of metals on the soil fauna, especially earthworms,
and eventually on invertebrate abundance and diversity
(Weeks et al. 2004b). Similar results were also reported by
Filzek et al. (2004) and André et al. (2009) on metal-
contaminated areas in the UK and Portugal, respectively.

3.6 Basal soil respiration

Basal soil respiration was significantly lower in sampling
points inside the smelter area, either those with high metal
contents (PO, P150T1, P50T3, and P150T3) or those with very
low organic matter content (P20T1 and P50T1), despite the
correction for this parameter (see Table 3). These results
showed impairment in microbial activity, which indicates a
probable negative effects on nutrients cycle in points inside
the smelter area. Respiration is a functional parameter widely
used to indicate the microbial activity related to nutrient
cycling (Aratjo and Monteiro 2007). Results obtained by
Zimakowska-Gnoinska et al (2000) confirmed that soil
respiration can be used for estimations and comparisons of
soil ecological conditions and biological activity of soils.
These authors observed a significantly lower oxygen
consumption in soil samples from contaminated sites in
comparison to uncontaminated sites. Similar results were
obtained by Giilser and Erdogan (2008) that presented a
negative correlation between soil respiration and metal
contents in roadside fields of intensive traffic areas.

3.7 Vegetation cover

Vegetation cover ranged between 20-100% (see Table 3).
Like for the other two ecological parameters, and despite
the large variability in the data, a significant reduction of
the vegetation cover in comparison to the overall reference
situation was observed in most sampling points within the
smelter area (PO, P20T1, P150T1, P20T3, and P50T3).
These points, together with PS0T1 and P150T3 (where a
reduction in vegetation cover was also observed), corre-
spond to sites where tailings were deposed and where a
non-successful re-vegetating action took place. At these
sites vegetation was dominated by one herbaceous species.
In some of these points, evidences of erosion were
observed, which could have originated the delay of the
natural regeneration process.

Our results are in agreement with Salemaa et al (2001).
When studying plant diversity and cover along a metal
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Table 3 Ecological parameters (average values+standard deviation) for the assessed sampling points

Soil groups Bait lamina (% pierced holes) N=5 Vegetation cover (%) N=4 Respiration (pg CO,/g soil/day) N=3
Overall reference 48.6+13.9 81.3+21.0 139.4+106.4
Group 1
P1000T1 453+16.1 67.5+£15.0 164.0+79.1
P20T3 30.4+15.4 32.5+12.6%** 82.6+15.8
P400T3 10.3£6.7%** 97.5+£5.0 165.2+41.3
Group 2
PO 18.4+£14.3%** 22.5+22.2%%%* 34.9+7.8%%*
P20T1 17.8410.2%** 30.0+£16.3%** 35.1£7.1%%*
P150T1 7.3£8.1%%* 30.0+£42.4%** 49.2+6.6%*
P50T3 11.8£5.7%%* 20.0+14.1%* 52.2+12.6%*
Group 3
P50T1 19.8+£6.8*** 57.5+£12.6 41.442.4%*
P400T1 61.5+£23.8 100.0+0.0 234.9+83.3
P150T3 5.5+6.9%%* 57.5£9.6 60.5+9.2%*
P1000T3 26.3+17.5* 100.0+0.0 n.d.

The values for the three reference points were averaged to give an overall reference value. p Values indicate significant differences for a one-tailed
hypothesis of a Dunnet's test between each sampling point and the overall reference value (Ref value higher than sampling point value). In the soil
respiration ANOVA, soil moisture and soil organic matter contents were used as covariables

£p<0.05; **p<0.01; ***p<0.001

N number of replicates, n.d. not determined

pollution gradient in a smelter area in SW Finland, these
authors found that these parameters decreased in soils with
metals and sulphur, and increased with distance from the
smelter. Similarly to our findings, they also found that a
few tolerant species dominated the ground vegetation on
the most polluted sites. They also found that the understory
vegetation near the smelter was more damaged than trees,
which confirms the importance of including understory
vegetation in monitoring programmes.

According to Godinez-Alvarez et al. (2009) vegetation
cover is an important indicator of soil quality. However
when used alone (without information on other vegetation
parameters like biomass or species richness) data obtained
should be interpreted carefully, since a higher cover does
not necessarily indicate a good soil quality. In this study,
vegetation cover showed to be a less sensitive parameter
than bait lamina or microbial basal respiration, being able to
detect differences only on those heavy degraded soils.
However, due to the extreme simplicity in terms of
sampling, it can be considered a good parameter for the
screening phase when used together with other ecological
parameters.

3.8 Lines of evidence and integrated risk
Table 4 shows the individual contribution and the combined

calculated risk values for each LoE. Sampling points
presenting very high risk values (above 0.75) derived from
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the chemical LoE were, as expected, those where the metal
concentrations exceed the HC50.,, values (PO, P150T1, and
P50T3) or were near that threshold (P150T3; see also
Table 2). Regarding the ecotoxicological LoE, the differ-
ences in sensitivity of the screening tests were clearly
visible in their contribution for the calculated combined
risk, with avoidance tests indicating a higher risk than
aquatic tests. The highest risk values (0.60 to 0.82) for this
LoE were found in the more sandy soils (sampling points
from group 2), with clay and silt soils presenting lower risk
values (P1000T1 was the exception to this trend due to the
high contribution of the earthworm avoidance test). Despite
the differences in sensitivity, the contributions of the three
parameters from the ecological LoE were concordant with
the other LoE's in indicating greater risk values (above
0.60) for sampling sites from group 2 (sandy soils with high
metal content), and for P150T3 (soil with high metal
loadings).

The combination of the three lines of evidence into an
integrated ecological risk value (IR) for tier 1, showed the
spatial heterogeneity of the risk along the study area.
However, high levels of risk were found at sampling points
within the smelter area, particularly in soils with a coarse
texture (soils from group 2; Fig. 3). Very high integrated
risk values (IR>0.75) were calculated for sampling points
PO, P150T1, and P50T3 which, according to the Dutch
limit acceptable values according to land use (Jensen and
Mesman 2006) restricts their use to industrial activities and
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Fig. 3 Integrated ecological risk values (+ standard deviation) (Min,
0; Max, 1) for each sampling point, combining information from the
chemical, ecotoxicological, and ecological lines of evidence. Points
with grey bars are located inside of the smelter area. Different bands
indicate limits of accepted risk values for different soil uses (4
agriculture, R residential, / industrial; asterisks indicate necessity of

requires sealed soils. Among the latter soils, the weight of
evidence was strong, since a high level of risk was
indicated by each of the three lines of evidence (as
illustrated in Fig. 3 by the low levels of standard deviation
and balanced triangular graphs).

Sampling points P20T1 and P150T3 showed a moderate
risk (0.51<IR<0.75) (see Fig. 3). However, the weight of
evidence was not as strong as for the three soils described
earlier, as seen by the slightly higher standard deviation
associated to the IR values. At sampling point P20T1 the
low risk indicated by the chemical LoE did not agree with
the high risk values for both the ecotoxicological and the
ecological LoE's. The observed low metal loadings on this
soil, and the consequent low chemical risk values obtained,
were unexpected due to the spatial location of the sampling
point. However this is another clear sign of the spatial
heterogeneity of the contamination within the smelter area
and the degree of uncertainty associated to this spatial
variation. This type of discrepancy, i.e., high effects on the
biological parameters but low risk shown by the chemical
parameters, may lead to the discussion about the weighting
of the different LoE's. In principle each LoE is equally
weighted, but under special circumstances a differential
weighting can be attributed. Rutgers and Jensen (2010)
mention, as examples, that the lack of proper reference sites
or a deficient chemical characterization are situations where
a lower weight should be attributed to the ecological and to
the chemical LoE's, respectively. In this study, the lower
and unexpected risk value obtained for the chemical LoE
could justify the attribution of a lower weight to this LoE.
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Soil group 3

sealed soils) according to Jensen and Mesman (2006). Triangles on
top of each bar represent the contribution of each LoE for the
integrated risk value being an indicator of the weight of evidence (on
the top right the example the length of each axis of the triangle
represent maximum risk (1) from each LoE)

However, the option of attributing the same weight to each
LoE was followed, especially because the existing experi-
ences in attributing different weights to different LoE's are
scarce for the terrestrial environment. Moreover this
discrepancy should be confirmed on a tier 2 assessment.
In sampling point P150T3, the low weight of evidence was
originated by the low risk values of the ecotoxicological
LoE (0.3, see Table 4). The reason behind this low risk
value is the very low sensitivity of the aquatic tests
performed. Although these findings should be further
investigated in a tier 2 evaluation, they trigger the
discussion of differential weighting, this time within each
LoE.

A low risk (IR<0.50) was associated to sampling points
P50T1, P400T1, P1000T1, P20T3, P400T3, and P1000T3,
all clay based soils. On points PS0T1, P20T3, P400T3, and
P1000T3 all the lines of evidence pointed to the same
direction (a general low risk), despite the high impact on
soil fauna feeding activity found in P400T3 (a trend not
followed by the other two ecological parameters measured).
However for the other two sampling points some uncer-
tainties still persisted (IR value with a high standard
deviation). The risk at sampling point P1000T1 was just
indicated by the ecotoxicological LoE, as the chemical and
ecological LoE indicated no risk. The high toxicity of this
soil, mainly indicated by the earthworm avoidance, can
either be related to the low pH value of the soil or to the
presence of contaminants not analyzed in this study, namely
pesticides. Nevertheless the tendency of earthworm avoid-
ance tests to produce high risk values (near 1) when the
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percentage avoidance is used directly as individual risk
value in the scaling process (see methods section) should
not be neglected. One could argue that another type of
scaling process could be used instead with this type of data.
However, this problem can be minimized since avoidance
tests with earthworms should be only one of the ecotox-
icological tools applied at this tier. For sampling point
P400T1 the high standard deviation associated to the IR
value was due to the indication of low or no risk by the
ecotoxicological and ecological LoE’s, respectively, and to
the low to moderate risk signaled by the chemical LoE,
related to the levels of Pb and Zn. This result may indicate
that the metal levels at this point had a low bioavailability,
thus, that this degree of uncertainty needs to be further
confirmed in a second tier of risk analysis.

These results confirm the added value of deriving risk
values in site-specific risk assessment not only by adopting
the triad approach, but also by obtaining ecotoxicological
information using different test organisms, covering differ-
ent sensitivities and exposure routes. As shown in this
study, biological testing is of direct relevance to the
principle of significant harm, because the organisms will
respond to the bioavailable fraction of the contaminant
(Spurgeon et al. 2005). Furthermore, ecological data
derived also from different parameters give information
about the structure and function of soils, linked directly to
the aim of diversity protection, complementing and im-
proving the ecological relevance of the risk assessment
process. Either a positive response in an ecotoxicological
screening test, an exceedance of soil screening levels or
evidences of damage to the ecological structure and
functioning of soils, is sufficient to warrant progression to
the next tier in the process, where a reduction of
uncertainties is done through sublethal bioassays, determi-
nation of the available fraction of contaminants and
inclusion of additional ecological data.

4 Conclusions

In general, integrated risk was low outside the smelter area,
although some uncertainties were observed that need
further investigation on the next tier. Inside the smelter
area a high spatial heterogeneity of risk levels was
observed, probably related to the non homogeneous
deposition of smelting residues. Very high levels of risk
were observed mainly in sampling points having sandy
soils, and possibly associated to residue deposits. This high
risk (above 0.75) may indicate the need to proceed with
some remediation action. However, due to several uncer-
tainties associated to the contradictory information given by
the lines of evidence in some sampling points, there is a
need to confirm the potential risk in a tier 2 analysis. With

this aim, further data from the three lines of evidence
(including evaluation of metal extractable concentrations,
sublethal bioassays and additional ecological surveys) is
being collected.
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