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Abstract
This study presents data on the detailed evaluation (tier 2) of a site-specific ecological risk

assessment (ssERA) in a former smelter area contaminated with metals (Santo Amaro,

Bahia, Brazil). Combining information from three lines of evidence (LoE), chemical (Chem-

LoE), ecotoxicological (EcotoxLoE) and ecological (EcoLoE), in the Triad approach, inte-

grated risk values were calculated to rank sites and confirm the potential risk disclosed with

tier 1. Risk values were calculated for the habitat and for the retention functions in each

sampling point. Habitat function included the ChemLoE calculated from total metal concen-

trations. The EcotoxLoE was based on reproduction tests with terrestrial invertebrates (Fol-
somia candida, Enchytraeus crypticus, Eisenia andrei), shoot length and plant biomass

(Avena sativa, Brassica rapa). For the EcoLoE, ecological parameters (microbial parame-

ters, soil invertebrate community, litter breakdown) were used to derive risk values. Reten-

tion function included the ChemLoE, calculated from extractable metal concentrations, and

the EcotoxLoE based on eluate tests with aquatic organisms (Daphnia magna reproduction
and Pseudokirchneriella subcapitata growth). Results related to the habitat function indi-

cated that the metal residues are sufficient to cause risk to biota, while the low metal levels

in extracts and the general lack of toxicity in aquatic tests indicated a high soil retention

capacity in most sampling points. Integrated risk of tier 2 showed the same trend of tier 1,

suggesting the need to proceed with remediation actions. The high risk levels were related

to direct toxicity to organisms and indirect effects, such as failure in the establishment of

vegetation and the consequent loss of habitat quality for microorganisms and soil fauna.

This study shed some light on the selection of tools for the tier 2 of an ssERA in tropical

metal-contaminated sites, focusing on ecological receptors at risk and using available

chemical methods, ecological surveys and ecotoxicity tests.
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Introduction
Ecological risk assessment (ERA) is a process of collecting, organizing and analyzing environ-
mental exposure and effect data to estimate the risk of contamination to ecosystems, being a
useful tool, for managing contaminated areas [1]. Only a site-specific ERA (ssERA) integrating
contaminant exposure and biological effects, either through toxicity tests or in situ surveys,
may reveal potential adverse effects of specific (point or diffuse) pollution problems [2]. Toxic-
ity cannot simply be extrapolated from mixtures of contaminants measured in soil due to inter-
actions between them and potential alterations in their bioavailability caused mainly by soil
properties and ageing [3]. Thus, chemical analysis needs to be complemented with ecotoxicity
tests, which have the key advantage of assessing the toxicity of the whole soil matrix, including
degradation products and metabolites. Moreover, indirect effects of chemicals, like changes in
food availability, shifts in species relations and habitat structure, may be more important in
ssERA than direct toxicity [4], and such impacts can best be evaluated through in situ ecologi-
cal surveys.

For the process of risk characterization the Triad approach, which consists of integrating
three lines of evidence (LoE), chemical (ChemLoE), ecotoxicological (EcotoxLoE) and ecologi-
cal (EcoLoE) [5], has been highly recommended and successfully applied in ssERA of contami-
nated soils [1, 6, 7]. The Triad approach is usually applied within a tiered system, i.e.,
information from each LoE is collected at each tier following a step-wise cost-effective process
[1]. While tier 1 is essentially a screening phase, tier 2 is performed to reduce uncertainties
about the actual risk. Thus, the tools used in tier 2 to collect information of each LoE should
indicate long-term direct or indirect effects of contamination, while being more ecologically
relevant and of a high capacity to differentiate levels of contamination [8].

In tier 2, the chemical LoE should comprise extraction techniques to quantify the available
fraction of the contaminants in soil, complementing the data obtained with the total contami-
nant concentrations. This chemical LoE should be complemented with information derived
from ecotoxicological tests and ecological surveys. At this phase, the ecotoxicological LoE usu-
ally comprises long-term tests focusing on sublethal endpoints to assess both the habitat and
retention functions of the soil [8, 9], respectively the ability of soils to serve as habitat for soil
organisms and to retain contaminants preventing their mobilization via the water pathway
[10].

For the soil matrix, standardized reproduction tests with Oligochaeta [11, 12] and Collem-
bola [13] have been recommended to evaluate sublethal effects on soil fauna (e.g. [14, 15]).
Standard tests with plants [16] are also recommended as part of test batteries for the ecotoxico-
logical characterization of soils within ERA processes [17–19], being widely used in toxicity
assessments in metal contaminated areas [20–23]. To evaluate the soil retention function, soil
extracts are prepared to perform widely established standardized tests with cladocerans and
microalgae (e.g., OECD [24, 25]; [26, 27]), as recommended by ISO for the ecotoxicological
characterization of soils [10]. Finally, the ecological information collected at tier 2 must provide
information on the actual impacts on populations and communities of flora and fauna at the
study sites [1]. Surveys of species diversity and community structure of soil invertebrates, soil
microbial parameters and decomposition rates are often applied at this LoE. However, when
compared with other LoEs, the latter has the disadvantage that is generally very time consum-
ing and may require more specialized knowledge [28].

This study aimed to conduct a tier 2 of a ssERA of a metal-contaminated area in Santo
Amaro (BA, Brazil), following the Triad approach, i.e., joining information from the three LoE
mentioned above, and complementing the analysis (trying to reduce some uncertainties) done
during tier 1 [29]. The results obtained in the screening phase (tier 1) indicated very high risk
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levels at some sampling points, associated with tailing deposits, which suggested the need to
proceed with remediation actions. However, uncertainties generated by contradictory informa-
tion among the three LoE at certain sampling points indicated the need to further elucidate
potential risks through a more detailed assessment (tier 2). This will help ranking sites within
the study area and fully identify those that need remediation actions.

Materials and Methods

2.1 Study area
The present study was carried out in an abandoned industrial area in Santo Amaro, BA, Brazil,
presenting a severe metal contamination originated from a lead smelter that was operational
for 33 years (1960–1993). Human and livestock contamination [30, 31] and very high levels of
metals in soil and water [32, 33] have been reported, caused by the tons of contaminated debris
deposited around the smelter area (approx. 180,000 m3) and under roads and house´s back-
yards (approx. 55,000 m3), as well as by the aerial dispersion and deposition of dusts (covering
a larger area up to 3 Km from the area) while the smelter was operational. Soils in the study
area are Vertisols and Inceptisols (Soil Taxonomy, USDA) originated from carbonaceous
shale, rich in expansive clay (montmorilonite), with generally low porosity and consequently
low permeability [34]. More details about the study area can be found in Niemeyer et al. [29].

2.2 Soil sampling and selection of reference soils
Two 1-km transects (T1 and T3) were defined along the two major detected gradients of con-
tamination (Fig 1). The soil sampling was carried out with court authorization of Brazilian fed-
eral justice, 3ª lower court in Salvador, Bahia, Brazil. Field studies did not involve endangered
or protected species.

The two transects shared a central point (P0 –located close to the smelter plant) and com-
prised 5 sampling points, each at 20, 50, 150, 400, and 1000 m from P0. Based on a multivariate
factor analysis using soil properties data (metals excluded), soil samples were assembled into
three groups mainly differing in terms of texture, organic matter content and pH. Soils from
several points in the surrounding of the area were then 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 (Ref. 2 and 3) and 9 km (Ref. 1) from P0. These were used as
“control soils” for each group of soils identified in the factor analysis for the chemical and
ecotoxicological lines of evidence, and the average response of the assessed ecological parame-
ters was used as reference values in the ecological line of evidence. Details about soil sampling
and soil grouping are shown in Niemeyer et al. [29].

2.3 Chemical analysis (ChemLoE)
Based on the historical use of the site and on a previous study [35], 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 (to evaluate the soil habitat
function) and in extracts (to evaluate the soil retention function), obtained by shaking 15 g of
soil (dry weight) with 150 ml of a 0.01 M CaCl2 solution for 2h:30 min at 200 rpm. The slurry
was then centrifuged for 5 min at 3,000 rpm and the extracts (supernatants) were filtered
through a Schleicher & Schuell filter paper (Dassel, Germany, Reference n° 595). Metals were
quantified in the bulk soil and in extracts by inductively coupled plasma-atomic spectroscopy.
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Other soil physico-chemical parameters measured were pH (KCl 1M) [36], water holding
capacity (WHC; [37]), cation exchange capacity (CEC; [38]), organic matter (OM) content
(loss on ignition at 500°C for 6 h) and soil texture [39].

2.4 Soil invertebrate reproduction tests (EcotoxLoE)
Reproduction tests with Enchytraeus crypticus (28 d), Eisenia andrei (56 d) and Folsomia can-
dida (28 d) were conducted to evaluate the soil habitat function following ISO standard guide-
lines [11–13]. Individuals from these three species were originated from laboratory cultures
maintained according the specifications of the corresponding ISO guidelines [11–13]. Tests
were conducted at 25°C. Soils were not diluted with reference soil and four or five replicates
were prepared with soil from each sampling point (including reference points) and OECD soil
(as a positive control). At the end of the exposure period, reproduction was estimated as the
number of juveniles per replicate.

Test vessels for E. crypticus consisted of glass vessels (100 ml capacity) filled with 30 g of soil
(wet mass). Ten organisms with a well-developed clitellum were introduced in each vessel and
finely ground oat was given as food at the start and 14 d after exposure. The test vessels were

Fig 1. Schematic representation of the study area (an abandoned lead smelter, Santo Amaro, BA, Brazil) showing the location of the 11 sampling
points along the two transects and of the three reference points. Font: Julia Niemeyer.

doi:10.1371/journal.pone.0141772.g001
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opened twice a week to aerate the soil and to adjust its moisture content by weighting the ves-
sels and compensating the weight loss by adding of distilled water. After 28 d, each test con-
tainer was filled with alcohol 70% to preserve the organisms. Some drops of Bengal red (1%
solution in ethanol) were added and the mixture was shaken to homogenize. After 24 h, the
content of each vessel was sieved (250 μm) and then the red colored organisms were counted
under a stereo microscope (40x). Besides the four replicates prepared with enchytraieds, an
additional replicate without organisms was prepared per each test soil to measure soil moisture
and pH at the end of the test.

For E. andrei, one week before starting the reproduction test, adult worms (with a well-
developed clitellum) were selected and acclimated in OECD artificial soil (with the addition of
fine horse manure as food supply). Four replicates were prepared per test soil, each consisting
of a cylindrical plastic box with 500 g of soil (wet mass). At the beginning of the test, ten accli-
mated worms, weighting between 250 and 500 mg were washed, weighted and then introduced
in each replicate. Horse manure was added as food supply once a week. After 28 d, live adult
worms were counted. After 56 d, at the end of the assay, the test boxes were placed into a
water-bath at 60°C to force juveniles to reach the surface and to be counted.

For the F. candida reproduction test organisms of 10 to 12 d old obtained from synchro-
nized cultures were used. Five test glass vessels (100 ml capacity) with 30 g of soil (wet mass)
were prepared per each test soil. Ten springtails were introduced in each replicate. Granulated
dry yeast (approximately 2 mg) was added as food at the beginning and after 14 d of experi-
ment. Twice a week, the test vessels were opened to allow soil aeration and once a week the
water loss by evaporation was compensated (water loss determined by the weight loss of the
test vessels). After 28 d, the content of each test vessel was transferred to a larger vessel, filled
up with water and gently stirred, leading organisms (adults and juveniles) to float into the sur-
face. Afterwards, some drops of a dark ink were added to the water surface to increase contrast
and facilitate counting of living organisms. The number of surviving adults was recorded. The
water surface was photographed and the number of juveniles was counted using UTHSCSA
Image Tool for Windows, version 3.0. As for enchytraeids, an additional replicate without
springtails was prepared per each test soil for measuring of soil moisture and pH at the end of
the test.

2.5 Plant growth tests (EcotoxLoE)
Plant tests (also to evaluate soil habitat function) following the ISO guideline [16] with minor
modifications, were used to evaluate the effects on shoot length and biomass of two plant spe-
cies. The monocotyledonous Avena sativa (oat) and the dicotyledonous Brassica rapa (rape)
were selected, according to a list of species recommended by the ISO guideline. All tests were
carried out in undiluted soil samples in plastic boxes (12 cm x 9 cm x 6 cm) filled with approxi-
mately 450 g moistened soil (about 50% of the soil WHC), with four replicates per sampling
point (including reference points). A number of 10 seeds were planted on each replicate with
the help of a pair of tweezers. Each testbox was perforated and a fiberglass rope was inserted
into the hole. Then this box was placed inside a similar box filled with distilled water, and the
maintenance of soil moisture was guaranteed by capillarity. Twice a week, the position of the
test boxes was rearranged according to a randomization scheme, within a plant growth cham-
ber at 23°C with a 16:8-h light:dark cycle (8,000–14,000 lx) and relative humidity of 60%. No
fertilizer was added. Seed germination was determined by visual seed emergence. After 50% of
the seeds in the control soil had germinated, the number of seedlings per replicate was reduced
to 5 evenly distributed plants. After an exposure period of 14 d for A. sativa and 21 d for B.
rapa, growth was estimated as shoot length (in fresh material) and dry biomass after oven
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drying the living matter at 70°C until constant weight. OECD artificial soil [40] was used as
positive control.

2.6 Cladoceran reproduction tests (EcotoxLoE)
The 21-d Daphnia magna reproduction tests (soil retention function) were conducted on soil
eluates prepared from each tested soil using reconstituted hard water [41], the same used as
control and dilution medium in tests; details on eluates preparation are described in Niemeyer
et al. [29]. The tests were carried out according to the OECD [28] guideline with 24-h old neo-
nates (clone Asensu [42]) from third- to fifth-broods. Ten replicates were set up for each treat-
ment, each with one organism and 50 ml of medium and incubated at 19 to 21°C under a
14:10-h light:dark cycle (4,000 lx). The organisms were fed daily with Pseudokirchneriella sub-
capitata (3 x 105 cells/ml) and newborn neonates were recorded and removed from the vessels.
Parent organisms were transferred to new medium every two days, times at which pH, dis-
solved oxygen and electrical conductivity were measured in the new and old medium. All soil
eluates were first tested at 100%. At the end of the 21-d exposure reproduction was estimated
as the mean number of offspring per live parent animal. Cases where strong lethal effects were
observed (P150T1 and P1000T1), a dilution series of 100, 80, 64, 51, and 40% and 100, 83, 69,
58 and 48% of eluate, respectively, was tested in order to determine the respective median effec-
tive dilutions (EC50 values).

2.7 Microalgae growth tests (EcotoxLoE)
The 72-h P. subcapitata (Koršhikov) Hindak growth tests (soil retention function) were con-
ducted on eluates prepared from all soils using distilled water, as described in Niemeyer et al.
[29]. The tests were carried out following standard guidelines [24; 43], on 24-well sterile micro-
plates, at 20 to 22°C and under continuous cool-white fluorescent illumination (8,000 lx).
Woods Hole MBL growth medium [44] diluted 2.5 times, to keep the required N/P levels, was
used as control medium. To exclude the potential confounding effect of differences in nutrient
levels across eluates on algae growth, all tests were performed on eluates (only tested at 100%)
supplemented with the same amounts of nutrients as in the control medium. Three and six
900-μl replicate cultures were set up per each soil eluate and control, respectively, and each was
inoculated with 100 μl of algal inoculum, so that cell concentration at the start of the tests was
104 cells/ml (determined using a Neubauer counting chamber). For further details on testing
procedures see Rosa et al. [45]. At the end of the 72-h exposure, algal growth was estimated as
the mean specific growth rate per day. Conductivity and pH were measured at the start of each
test.

2.8 Surface dwelling invertebrates (EcoLoE)
Surface dwelling invertebrates (soil habitat function) were sampled using pitfall traps, which
consisted of plastic cups (8 cm diameter and 11 cm depth) filled with alcohol (at 50%) and a
few drops of neutral detergent. Three traps were set up at each sampling point, distant from
each other by 5 m in a triangular arrangement. After one week exposure, specimens were col-
lected and brought to the laboratory and preserved in alcohol (at 70%) until processing. Col-
lected invertebrates were identified at morphospecies level. For each Order, abundance was
estimated as the total number of individuals and richness as the total number of taxa (mor-
phospecies), after summing the results of the three replicates. Details are shown in Niemeyer
et al. [46].
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2.9 Soil microbial parameters (EcoLoE)
The following parameters, involving microbial biomass, enzyme activities and nitrogen transfor-
mation rates were determined and used in the risk calculation: microbial biomass of carbon
(BMC; μg/g), microbial biomass of nitrogen (BMN; μg/g), asparaginase activity (μg N-NH4

+/g/h),
dehydrogenase activity (μg PNP/g/d), acid phosphatase activity (μg PNF/g/h), ammonification
rate (μg N/g/d), and nitrification rate (%). Details about soil sampling and determination of soil
microbial parameters are outlined in Niemeyer et al. [47].

2.10 Organic material decomposition rate (litter mass loss) (EcoLoE)
Litter bags were used to measure litter mass loss (soil habitat function). Nylon bags with a size
of 30 cm × 20 cm and a mesh size of 1.0 cm × 0.2 cm were used to allow the decomposition
activity both by macro- and microorganisms [48]. Air dried leaves of Schinus terebinthifolius
Raddi (Anacardiaceae), a native tree species, were collected in a non-contaminated area and
used as substrate in the litter bags (4 g in each bag). This species is quite frequent at the study
site and is palatable to the soil macrofauna [49]. Litter bags were placed on the soil surface. At
each sampling point 4 areas (4 m apart on a quadrangular arrangement) were defined and 4
bags were placed in each area (a total of 16 bags per sampling site). Four litter bags per sam-
pling point (one per area) were collected randomly after exposure periods of 15, 43, 83, and
131 d, and processed immediately. The material was dried at 60°C and weight was recorded.
Afterwards, the ash-free dry weight (AFDW) was calculated by subtracting the mass of the
ignited residue at 600°C for 1 h. The methodology followed the recommendations of OECD
[50] and Römbke et al. [51]. Details about sampling processing and calculations are described
in Niemeyer et al. [46]. This parameter was not evaluated in points P20T1 and P20T3 due to
the proximity with P0 and P50T1 and P50T3.

2.11 Data analysis
2.11.1 Chemical data. Total metal concentrations in soils were compared with HC50cor

(Dutch HC50EC50 values [52] corrected for sampling site-specific differences, taking into
account the organic matter and the clay content of each soil [53]), and the US Ecological Soil
Screening Levels (Eco-SSL) for plants [54]. The first were used on risk calculations (see section
2.11.3). The latter were used when analyzing results from plant tests.

2.11.2 Ecotoxicological and ecological data. To avoid repetition with data analysis sec-
tions in previous papers of this integrated study the detailed analyses of ecological parameters
at each sampling location in comparison with the respective reference (basically using
ANOVA, t-tests, or ANOSIM approaches according to the parameters) is outlined in Niemeyer
et al. [46] for soil microbial parameters, in Niemeyer et al. [47] for surface dwelling inverte-
brates and organic material decomposition. Only data analysis for sublethal tests with soil and
aquatic organisms and plants are described here. However, even if not described in detail in
this paper, all the ecological parameters presented in this materials and methods section were
used to derive risk values for the ecological LoE and the integrated risk values (see section
2.11.3).

For the ecotoxicological tests (invertebrate reproduction, plant growth, cladoceran repro-
duction and microalgae growth), differences among contaminated soils and the respective ref-
erence soil were evaluated by one-way analysis of variance (ANOVA), followed by one-tailed
Dunnet’s test when necessary. Organic matter content was used as covariable when analyzing
plant biomass and shoot length. Prior to all analysis, normality and homoscedasticity were
checked via the Shapiro-Wilk’s test and Bartlet test, respectively. When homoscedasticity was
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not fulfilled, an equivalent non-parametric tests was used, namely the Kruskal-Wallis ANOVA
followed by Dunn’s multiple comparisons test.

For the cladoceran reproduction tests on a range of eluate dilutions the median and 20%
effective dilutions (EC50 and EC20, respectively) and respective 95% confidence limits (CL)
were obtained by fitting organism responses to a logistic model using the least squares method
[25]. All statistical analyses were carried out using the Statistica 7.0 software (Staf Soft).

2.11.3 Risk calculations. All parameters measured for each LoE were used for risk calcula-
tions where risk values are expressed in a scale ranging from zero (“no risk”) to one (“highest
risk”) [1]. This method assumes that the risk value of reference soils is zero, thus the risk of test
soils is always given in relation to the value of the respective reference soil. It implies that all
results from the different tests should be made comparable (expressed on the same scale) across
the various LoE.

For each sampling point, risk values were calculated following three steps: (1) scale the
results (between 0 and 1) of each test/parameter within each LoE; (2) integrate all scaled infor-
mation of all parameters within each LoE to calculate the risk derived for each LoE; (3) inte-
grate the information from the three LoEs and calculate the integrated risk. In the present
study, the integrated risks to the soil habitat and retention function were calculated separately.

In the first step, the results of all tests/evaluation within each LoE were scaled between 0 and
1. For the ChemLoE of the habitat function, the total concentrationof each metal was used to
calculate the specific Toxic Pressure (PAF—Potential Affected Fraction of species) at each sam-
pling point, in the same way as done in tier 1 [29]. Benchmarks (HC50cor values, i.e., HC50EC50
corrected for organic matter and clay contents of each soil from each sampling point) and
model parameters used for each metal in these calculations can be found in Rutgers et al. [52].
For the ChemLoE of the retention function, results from each extractable metal were compared
to water quality objectives extracted from VROM [55] and then scaled against metal values
from eluates from the respective reference soils according to Jensen and Mesman [1].

For the EcotoxLoE of both the habitat and retention functions, results of the ecotoxicologi-
cal tests were used and scaled between 0 and 1. Negative values (increase relatively to reference)
were set to zero. For habitat function, absolute data on reproduction of E. andrei, E. crypticus
and F. candida, and on growth, both as shoot length and biomass, of A. sativa and B. rapa were
scaled. For the retention function, the effects of the eluates on D.magna reproduction and P.
subcapitata growth, expressed as the percentage of inhibition in comparison to the control,
were used.

For the EcoLoE, only the risk to the habitat function was calculated, by scaling the data on
surface dwelling invertebrates, soil microbial parameters and organic matter decomposition
relatively to the overall reference value. Data on abundance and morphospecies richness of the
most frequently soil surface dwelling groups (Araneae, Hymenoptera, Coleoptera, Orthoptera)
were used separately, while data on other groups, including Isopoda, Dermaptera, Hemiptera,
Diplopoda and Mantodea, were pooled. Since both abundance and number of morphospecies
are the result of the same survey, the BKX_Triad method [1] was used. This method allows
integrating information from different ecological observations into a single risk value, even if
the original data has different units.

In the second step, the risk for each LoE was calculated by integrating the respective scaled
information for each parameter [1]. In the ChemLoE for the habitat function this was achieved
by integrating the individual metal risk according to a response addition model [56].

Finally, in step three, the integrated risk (IR) for habitat and retention functions were calcu-
lated for each tested soil (sampling point) independently and using the risk values from each
LoE (ChemLoE, EcotoxLoE and EcoLoE in the case of habitat function, but only ChemLoE
and EcotoxLoE in the case of retention function). To evaluate whether the different LoEs
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contributed differently to the total risk, the standard deviation associated 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 the S1 File.

Results and Discussion

3.1 Sites characterization and metal concentrations (ChemLoE)
Overall, soils from the study sites showed high clay percentage (above 30%, except for group 2
soils with values close to 10%) low (<2%) to medium (2 to 6%) organic matter content [54], a
cation exchange capacity (CEC) mostly between 30 and 40 meq/100 g, and pH values near to
neutral, with the exception of sites P1000T1 and Ref. 2 with a low pH of 3.7 and 4.9, respec-
tively (Table 1). These characteristics agree with those reported by Anjos [32], who identified
basic pH, high CEC, high clay percentage, and high organic matter content as characteristics of
soils from the study area.

Total and extractable metal concentrations are shown in Table 2. For at least one among
four metals (Pb, Cd, Cu, and Zn), soils from three sampling points, within group 2 presented

Table 1. Physico-chemical characteristics of the three groups of soils sampled at the Santo Amaro (BA, Brazil) study area and respective refer-
ence soils. USDA–United States Department of Agriculture; CEC–Cation Exchange Capacity; WHC–Water Holding Capacity.

Soil
group

Coarse
sand (%)

Fine
sand
(%)

Sand
(total)
(%)

Silt
(%)

Clay
(%)

Texture
(USDA)

CEC
(meq
100g)

pH
(KCl
1:5 v:
v)

P
(mg/
kg)

Organic
matter (%)

Mineral N
(mg/kg)

Water
content
(%) (1)

WHC
(g/

100g)

Group 1

Ref 1 2.3 8.5 10.9 42.1 47.0 Silty Clay 34.16 7.1 72 1.1 42 19.54 53.78

P1000T1 2.5 21.8 24.3 19.9 55.8 Clay 43.20 3.7 35 2.0 56 28.74 59.95

P20T3 11.4 30,0 41.4 22.3 36.3 Clay
Loam

42.16 6.8 106 1.9 42 35.04 67.73

P400T3 6.5 8.6 15.1 52.4 32.5 Silt Clay
Loam

35.84 7.1 1 1.9 70 45.48 56.67

Group 2

Ref 2 50.9 38.5 89.4 2.8 7.7 Loamy
Sand

37.60 4.9 1 1.0 42 13.21 27.53

P0 43.2 31.3 74.5 11.9 13.6 Sandy
Loam

38.56 6.7 47 0.3 70 31.04 44.12

P20T1 48.0 13.8 61.8 19.0 19.3 Sandy
Loam

37.28 7.1 58 0.2 42 32.67 46.40

P150T1 56.2 21.1 77.4 12.3 10.3 Sandy
Loam

21.28 6.7 >200 2.1 42 29.41 28.55

P50T3 69.2 9.1 78.3 10.4 11.3 Sandy
Loam

16.56 7.2 >200 2.8 56 39.48 22.05

Group 3

Ref 3 22.2 15.0 37.2 11.1 51.7 Clay 36.48 6.1 52 3.9 56 47.20 60.75

P50T1 25.2 13.4 38.6 29.0 32.4 Clay
Loam

38.16 6.7 63 1.1 56 28.59 54.51

P400T1 19.6 23.9 43.5 20.2 36.3 Clay
Loam

37.44 6.8 >200 5.1 56 24.43 58.93

P150T3 8.4 15.2 23.5 21.4 55.1 Clay 49.20 6.8 16 2.5 42 40.71 61.76

P1000T3 10.3 19.5 29.8 29.8 40.4 Clay
Loam

42.72 7.0 >200 5.7 42 n.d. 57.57

(1) Soil moisture in the samples used for microbial assessments.

doi:10.1371/journal.pone.0141772.t001
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levels exceeding by far the benchmark HC50cor values. However, low metal concentrations, the
vast majority below detection levels (the few exceptions were found at P1000T1, P150T1,
P50T3, Ref 3, and P150T3), were found in 0.01 M CaCl2 extracts (Table 2), indicating a proba-
ble high metal adsorption to soil particles, which is in accordance to the type of expansive clay
(montmorillonite) of high plasticity found in this region [34], which probably has increased by
ageing (since the smelter ended its activities in 1993).

3.2 Soil invertebrate reproduction tests (EcotoxLoE)
The validity criteria as defined in the ISO guidelines for the tests with the three soil inverte-
brates were met both on OECD and reference soils. Results on the reproduction of E. crypticus,
E. andrei and F. candida are shown in Table 3.

E. crypticus showed a significantly lower reproduction in soils P1000T1, P0, P20T1, P150T1,
and P50T3 (all belonging to the second group, except P1000T1) when compared to the respec-
tive natural reference soil. The highest mean number of juveniles/replicate was found in Ref 2,
1089 (±86), while the most toxic soil was P150T1, with just 7 (±0.5) juveniles/replicate. Signifi-
cant lower reproduction of E. andrei was observed in the same soils plus in soil P50T1, P150T3
and P1000T3 (group 3). The highest mean (± SD) number of juveniles/replicate was found also
in Ref 2, 132 (±25), while the most toxic soil was P1000T1, where just 5 juveniles/replicate were
observed.

The inhibition of the reproduction of both oligochaete species in soils P0, P150T1 and
P50T3 was expected, as these were the most metal contaminated soils, exceeding the

Table 2. Total and extractable metal concentrations in the three groups of soils sampled at the Santo Amaro (BA, Brazil) study area and respective
reference soils.

Sites Total (mg/kg) Extractable (mg/l) in 0.01 M CaCl2 (1:10; v:v)

Pba Cda Cua Zna Cr Ni Fe Mn Pb Cd Cu Zn Cr Ni Fe Mn

Group 1

Ref 1 16 <0.2 66 94 77 54b 45000 840b <0.1 <0.01 <0.8 <0.2 <0.8 <1.4 <1.1 <0.5

P1000T1 23 <0.2 60 80 62 46b 48000 360b 0.1 0.4 <0.8 1.9 <0.8 1.6 <1.1 71

P20T3 308b <0.2 56 420b 78 60b 49000 672b <0.1 <0.01 <0.8 <0.2 <0.8 <1.4 <1.1 <0.5

P400T3 179b 0.3 44 90 59 46b 34000 760b <0.1 <0.01 <0.8 <0.2 <0.8 <1.4 <1.1 <0.5

Group 2

Ref 2 13 <0.2 18 24 16 28 2900 34 <0.1 <0.01 <0.8 0.2 <0.8 <1.4 <1.1 0.8

P0 1264b <0.2 76b 3800 (2.8)b 72 57b 52000 674b <0.1 <0.01 <0.8 <0.2 <0.8 <1.4 <1.1 <0.5

P20T1 133b <0.2 56 220b 80 56b 41000 780b <0.1 <0.01 <0.8 <0.2 <0.8 <1.4 <1.1 <0.5

P150T1 37460 (10.4)b 771 (9.8)b 594 (1.6)b 42200 (33.5)b 57 70b 110000 1720b 2.2 7.3 <0.8 1.3 <0.8 <1.4 <1.1 <0.5

P50T3 26074 (7.1)b 62b 3196 (8.2)b 95940 (73.5)b 80 40b 117000 5880b <0.1 <0.01 <0.8 1.0 <0.8 <1.4 <1.1 <0.5

Group 3

Ref 3 152b <0.2 40 260b 59 40b 53000 820b <0.1 0.28 <0.8 <0.2 <0.8 <1.4 <1.1 1.3

P50T1 164b <0.2 60 240b 80 58b 43000 720b <0.1 <0.01 <0.8 <0.2 <0.8 <1.4 <1.1 <0.5

P400T1 961b 8.8 60 840b 64 48b 35000 540b <0.1 <0.01 <0.8 <0.2 <0.8 <1.4 <1.1 <0.5

P150T3 2200b 12 108b 3300b 84 58b 56000 678b <0.1 <0.01 <0.8 0.2 <0.8 <1.4 <1.1 <0.5

P1000T3 99 <0.2 56 156 84 52b 49000 568b <0.1 <0.01 <0.8 <0.2 <0.8 <1.4 <1.1 0.9

aNumbers in superscript indicate the exceedance (multiplication factor) relatively to the HC50cor (corrected Dutch HC50EC50 values after Rutgers et al.

2008) (Ex: the [Pb] at P150T1: 37460 (10.4), indicates that [Pb] was 10.4 times higher than the HC50cor for Pb).
bTotal metal concentrations in several sampling points exceeded the Eco-SSL for plants proposed by USEPA (2004): Pb: 120 mg/kg soil; Mn: 220 mg/kg

soil; Cd: 32 mg/kg soil; Cu: 70 mg/kg soil; Ni: 38 mg/kg soil; Zn: 160 mg/kg soil.

doi:10.1371/journal.pone.0141772.t002
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benchmark HC50cor values. However, the impairment of reproduction in soil P1000T1, not
contaminated by metals, could most likely be related to properties of the soil acting as limiting
factors for these species, namely low pH (3.7) combined with low OM (2.0%) and high clay
(55.8%) contents. The limitations on the use of E. andrei in strongly acid soils or soils with low
organic matter content has been previously reported [57–59]. Although E. crypticus presents a
broader tolerance than E. andrei to different soil properties (e.g. range of 4.2–7.7 for pH, 0.6–
4.8% for OM, and 3–49% for clay) [59], the characteristics of P1000T1 soil were out of its
range of tolerance. Moreover, the effects observed in P1000T1 could be also related to the pres-
ence of contaminants not analyzed, namely pesticides, since this point is located in a pasture
area [29]. The effects on the reproduction of both oligochaete species observed in P20T1 soil
could be related to its low OM content (0.2%).

A different trend was observed for the reproduction of F. candida. A significant lower repro-
duction was observed in soils P20T3, P400T3 (both from Group 1), P50T1, P150T3, and
P1000T3 (all from Group 3), when compared to the respective natural reference soil. The high-
est and lowest mean (±SD) number of juveniles/replicate was found in Ref 3 and Ref 2, 890
(±103) and 224 (±62), respectively. The rather low reproduction in Ref 2 was probably one of
the reasons for the existence of non significant effects in this group of soils since, in effect, in
these soils at least one metal (Pb, Cd, Cu, or Zn) exceeded in its concentration the HC50COR
values.

In general, F. candida appeared to be less sensitive to metal contamination than E. andrei
and E. crypticus. Similar results were also found by Schultz et al. [60], reporting Enchytraeus sp.
to be more sensitive than F. candida in metal-contaminated soils. Also, Van Gestel et al. [17]
observed that Collembola appeared to be less sensitive than earthworms and plants to assess
soils toxicity with oil and metal contamination. Differences in the sensitivity of collembolans
and oligochaetes on metal contaminated soils could be explained in part by differences in expo-
sure [18], since soil solid phases are more important for the uptake process of collembolans,
while soft-body oligochaete species are more influenced by porewater characteristics [61]. It is

Table 3. Number of juveniles of soil invertebrates, and plant shoot length and biomass (average ± standard deviation) in ecotoxicity tests for the
assessed sampling points. Asterisks indicate significant differences (* p<0.05; ** p<0.01; *** p<0.001) for a one-tailed hypothesis of a Dunnet’s test
between each sampling point and the respective reference soil. In the ANOVA for E. andrei and for plants, soil organic matter was used as covariable. n—
number of replicates.

Reproduction tests (mean number of juveniles) Shoot length of plants (cm) Biomass of plants (g dry weight)

Soil groups E. crypticus (n = 4) E. andrei (n = 5) F. candida (n = 5) A. sativa (n = 4) B. rapa (n = 4) A. sativa (n = 4) B. rapa (n = 4)

Ref 1 583.0 ± 121.1 70.3 ± 9.5 662 ± 161.3 31.7 ± 1.8 3.3 ± 0.2 0.17 ± 0.01 0.17 ± 0.04

P1000T1 121.8 ±34.9** 5.3 ± 7.1*** 642 ± 91.9 39.5 ± 5.3 2.7 ± 0.2** 0.31 ± 0.04 0.07 ± 0.02***

P20T3 896.0 ± 263.5 53.8 ± 12.5 408 ±185.9* 18.4 ± 1.0*** 2.7 ± 0.2** 0.11 ± 0.01** 0.07 ± 0.01***

P400T3 599.3 ± 180.0 71.0 ± 17.5 377 ±89.3** 23.0 ± 1.9** 2.3 ± 0.3*** 0.16 ± 0.01 0.06 ± 0.01***

Ref 2 1089.3 ± 86.4 132.3 ± 24.7 224 ±61.8 25.2 ± 3.9 2.7 ±0.2 0.17 ± 0.02 0.09 ±± 0.02

P0 536.5 ± 144.6*** 91.0 ± 15.4** 760 ±124.1 26.3 ± 2.1 3.7 ±0.4 0.23 ± 0.02 0.24 ± 0.02

P20T1 452.0± 36.0*** 97.3 ± 20.5* 494 ±105.1 25.2 ± 2.3 2.9 ± 0.0 0.20 ± 0.03 0.14 ± 0.01

P150T1 7.3 ±0.5*** 10.3 ± 1.7*** 613 ±55.4 19.8 ± 1.9* 2.7 ± 0.2 0.14 ± 0.04 0.04 ± 0.01**

P50T3 450.8 ± 64.6*** 45.5 ± 8.3*** 411 ± 135.8 19.5 ± 3.3* 2.9 ± 0.2 0.17 ± 0.01 0.06 ± 0.01

Ref 3 854.7 ± 421.3 122.5 ± 25.0 890 ± 103.2 34.8 ± 3.7 4.7 ±1.2 0.26 ± 0.05 0.45 ± 0.17

P50T1 560.0 ± 164.3 97.0 ± 11.2* 351 ± 141.5*** 25.3 ± 2.9** 4.3 ±0.2 0.17 ± 0.03* 0.32 ± 0.05

P400T1 773.5 ± 175.4 103.0 ± 12.8 831 ± 87.9 42.7 ± 3.0 7.3 ± 0.4 0.29 ± 0.05 0.91 ± 0.08

P150T3 615.8 ± 196.1 20.3 ± 5.7*** 344 ± 42.9*** 28.9 ± 1.0* 3.1 ± 0.1** 0.16 ± 0.03* 0.16 ± 0.02***

P1000T3 555.0 ± 34.5 85.3 ± 4.6** 577 ±121.9*** 30.9 ± 5.3 4.8 ± 0.2 0.24 ± 0.05 0.30 ± 0.04*

doi:10.1371/journal.pone.0141772.t003
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also suggested that Collembola can avoid contaminated food, and are able to excrete assimi-
lated metals at moulting [62], which subsequently can be related to their low sensitivity to
metal contamination. A decline of the reproduction of these organisms in metal contaminated
sites suggests impacts on habitat function for these groups, which can affect soil functions
related to decomposition of organic matter, nutrient cycling and soil aeration.

3.3 Plant growth tests (EcotoxLoE)
The growth results, both as shoot length and biomass, of A. sativa and B. rapa in all tested soils
and respective references are shown in Table 3. Species and endpoints were affected differently,
though generally soils from the first group were found to be more toxic. Significant lower plant
growth was observed in the soils P1000T1, P20T3 and P400T3 (from the first soilgroup), soils
P150T1 and P50T3 (from the second soil group) and soils P50T1, P150T3 and P1000T3 (from
the third soil group). These results were expected since total concentrations for some of the
metals in all these soils exceeded several metal Eco-SSL for plants (Table 2). However, not all
soils with exceedance of these benchmarks demonstrated reduced plant growth (P0, P20T1
and P400T1). These results highlight the fact that exceedance of Eco-SSL does not necessarily
mean risk, most likely due to modifications in the bioavailability of metals by the soil properties
and/or to the complex effect of mixtures of contaminants [9].

The results of the present study also show that the effects of metal contamination were spe-
cies-specific. This finding is in agreement with the study of An [63] who investigated the toxic-
ity of Pb and Cu to four plant species (Sorghum bicolor, Cucumis sativus, Triticuma estivum,
and Zeamays) and found that Pb and Cu showed either antagonistic or synergistic toxic effects
depending on the plant species. Also Ben Ghnaya et al. [64] stated detrimental effects of the
metals Zn and Cd on the growth, chlorophyll and carotenoid content and metal accumulation
on four varieties of Brassica napus depending on the metal and plant variety.

Nevertheless, it should be stressed that toxic effect on plants can be related not only to metal
contamination, but also to other soil factors like a lack of soil nutrients and/or modified soil
physical properties. The latter are also common problems in mined areas with tailing deposits.
For instance, Gong et al. [65] evaluated four plant species in 15 soils, including five mineral oil-
contaminated soils, and concluded that soil nutrient status rather than soil texture significantly
affected both seedling emergence and shoot biomass. Also, results obtained by Alvarenga et al.
[23] showed that negative effects on the growth of Lepidium sativum in mine soils were proba-
bly due not only to metals and soil acidity, but also to the lack of porosity and proper soil struc-
ture. Thus, in the present study, the low organic matter content and lowWHC at most
sampling points combined with metal levels, could be responsible for the observed detrimental
effects on plant growth.

3.4 Cladoceran reproduction and microalgae growth tests (EcotoxLoE)
All tests conducted with the eluates from all the soils fulfilled the validity criteria established in
the guidelines for cladoceran and microalgae control performance. Significant effects on the
reproduction of D.magna were found with eluates from soils P1000T1 (with 100% mortality at
the 100% dilution) and P150T1 (with 30% mortality and 41% inhibition on reproduction at the
100% dilution). In all other tested dilutions of P1000T1 and P150T1 eluates and 100% dilution
of all the remaining soil eluates mortality was below the control validity criterion of 20% and
no significant effects on reproduction were found. As a result, EC20 and EC50 values for
P1000T1 eluate were much higher than the 100% dilution (149 and 852%, without a significant
regression) and for P150T1 eluate were 88% (95%CL: 60–115) and also higher than 100%,
respectively (both without a significant regression). The lethal toxicity here observed with these
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eluates was lower than that found for the lethal tests of tier 1 with 48 h LC50 (median lethal
concentration) values of 91 and 68% for P1000T1 and P150T1 eluates, respectively [29]. This
fact can be explained by the adsorption of metals to the surface of microalgae cells (added daily
as food) in the reproduction test, turning them less bioavailable, while in the lethal test no food
was provided during exposure. In a study on the influence of algal biomass on metal adsorption
[66], the green alga Chlorella minutissima to rapidly adsorb more than 90% of the initial Pb
concentration in solution, which reached the equilibrium within minutes. Kaulbach et al. [67]
studying the adsorption of Cd onto the cell wall of P. subcapitata, showed the importance of
microalgae in controlling the transport and fate of metals in the environment.

In the P. subcapitata growth test increases in cell density by at least a 40-fold factor with
coefficients of variation of the mean specific growth rate lower than 4% (performance above
that required for control growth), were observed in all tested eluates, suggesting the absence of
toxicity. However, significant inhibitions in growth (higher than a 10% threshold considered as
ecologically acceptable) were observed in P1000T1 and P150T1 eluates, with 16 and 20% inhi-
bition relatively to the respective reference, respectively. These results corroborate those of the
lethal (in tier 1; [29]) and of the present (tier 2) reproduction tests with D.magna, strongly
indicating toxicity in both eluates which exceeded the water quality objectives [55]. However,
as already indicated before [29], the response observed in P1000T1 eluate could also be related
either to the low soil pH (3.7) or to other not analyzed contaminants (this sampling point was
located in a pasture area; Tables 1 and 2). Overall, the present results suggest that the retention
function of soils at most sampling points prevented the mobilization of metals via the water
pathway, especially to groundwater, a finding in agreement with the results of the ChemLoE
reporting low amounts of extractable metals.

3.5 Surface dwelling invertebrates (EcoLoE)
A total of 1,277 individuals, separated into 72 morphospecies of soil invertebrates were col-
lected in the pitfall traps. Hymenoptera, Coleoptera and Orthoptera were found at all sampling
sites, Araneae at 92% of them, while the group pooling Isopoda, Dermaptera, Hemiptera,
Diplopoda, and Mantodea was also found at all sampling points (Table 4; for more detailed
results please see Niemeyer et al. [47]).

Araneae presented the highest abundance (139 individuals) and number of taxa (7 mor-
phospecies) in P1000T3 soil, but its abundance and richness was generally low at all other

Table 4. Total number of individuals andmorphospecies (shown in brackets) of surface dwelling invertebrates caught in pitfall traps (n = 3) at
each 11 of the 13 sampling point. Main Orders are presented individually while less abundant orders (Isopoda, Dermaptera, Hemiptera, Diplopoda,Manto-
dea and Opilionidae) were pooled and presented in a single group called Others. The values for the reference points were averaged to give an overall refer-
ence value. No data was obtained for Ref 3 sampling point due to the loss of all pitfall traps due to animal trampling.

Ref
1

Ref
2

Overall
reference

P0 P20T1 P20T3 P50T1 P50T3 P150T1 P150T3 P400T1 P400T3 P1000T1 P1000T3

Orders

Araneae (Ar) 73
(5)

9 (4) 41 (5) 4
(3)

2 (2) 7 (4) 2 (1) 3 (1) 5 (4) 0 (0) 14 (4) 5 (5) 2 (2) 139 (7)

Hymenoptera
(Hy)

15
(5)

15
(5)

15 (5) 31
(3)

26 (3) 48 (4) 76 (3) 57 (5) 33 (2) 52 (4) 15 (3) 16 (6) 45 (5) 30 (3)

Coleoptera
(Co)

11
(4)

13
(6)

12 (5) 8
(4)

2 (2) 28 (7) 16 (5) 32 (7) 2 (1) 14 (5) 88 (4) 13 (3) 7 (4) 31 (4)

Orthoptera
(Ort)

14
(3)

10
(3)

12 (3) 16
(4)

8 (3) 21 (3) 13 (2) 21 (6) 4 (2) 9 (2) 10 (2) 16 (2) 24 (2) 23 (4)

Others 3 (1) 8 (5) 6 (3) 1
(1)

3 (3) 11 (3) 6 (2) 4 (1) 1 (1) 7 (2) 14 (5) 23 (5) 15 (4) 3 (3)

doi:10.1371/journal.pone.0141772.t004
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sampling points and no organisms from this Order were found in P150T3 soil. For both Cole-
optera and Orthoptera as well as for the “Others”, the lowest abundance and richness were
found in P150T1 soil (2 and 1, 4 and 2, and 1 and 1, respectively). On the contrary, Hymenop-
tera presented the highest abundance (76 individuals) inside the smelter area, at point P50T1,
though the highest number of taxa (6) was registered at point P400T3. The lowest abundance
and richness within this Order was found at point P400T1. For the latter three groups the high-
est invertebrate abundance and richness were found either in transect T1 but far from the
smelter area or in transect T3. Overall, higher abundance of Araneae, Coleoptera and Orthop-
tera was observed outside rather than inside the smelter area, especially along transect T1.

Different guilds responded differently to contamination and the ground-hunting organisms
were the most affected. The decrease in abundance (241 individuals outside vs. 23 inside) and
species richness (16 outside vs. 8 inside) inside the smelter area can be attributed to both direct
and indirect effects. Depletion of preys for specialist species, and the impoverishment of the
habitat structure, may have impaired the trophic and habitat requirements for many species.
The inverse trend observed for abundance of ants is in agreement with Grzes [68], who found
an increase in species richness along a metal contamination gradient. An explanation could be
that ants have the ability to regulate metals and resist in metal contaminated sites [68, 69]. Fur-
thermore, indirect effects on ant population may have occurred, since ants may have benefited
from the decrease in abundance or richness of spiders and coleopterans, as these groups are
known to be predators or competitors of ants. In addition, metal pollution affected the habitat
structure, creating patches of low vegetation cover, resulting in increase in soil temperature
and decrease in moisture content, which may have favored thermophilic species that may exist
in the area [68]. Additional analysis and more details are shown in Niemeyer et al. [47].

3.6 Soil microbial parameters (EcoLoE)
Microbial community was highly impaired by metal contamination, since all microbial param-
eters inside the smelter area were significantly affected relatively to the overall reference value,
whereas outside the smelter area such effects were rarely observed (Table 5). The significant
negative correlations between all except one of the microbial parameters and the metal concen-
trationsreported by Niemeyer et al. [46] illustrated the detrimental effects of metal contamina-
tion on the soil microbial community, and, subsequently on the biogeochemical cycles.
Therefore, in general the present results of tier 2 corroborate those found in tier 1, where the
soil basal respiration rate was lowest in the metal contaminated soils inside the smelter area
[29] and correlated negatively with total soil metal concentrations [46].

The only microbial parameter that increased significantly among the most contaminated
sites inside the area was potential nitrification. Although being considered one of the most sen-
sitive soil microbial processes regarding metal stress [70], some studies have shown adaptation
of nitrifying populations at metal-contaminated sites [71], which may be the case in the present
study. Nevertheless, high nitrification rates may indicate an unbalance in the N-cycling, which
may result in losses of N from the system by leaching or denitrification. Recently disturbed eco-
logical systems tend to show greater nitrification rates, which decreases along the successional
status [72].

Although some authors (e.g., [73]) do not recommend the inclusion of microbial parame-
ters in ssERA, because microbial communities demonstrate functional redundancy, rapid
changes across small spatial scales, and high sensitivity for confounding factors (e.g., moisture,
nutrients), the present study is in agreement with reports on decreases in microbial enzyme
activity [74], carbon biomass and basal respiration [74–76] in impacted soils. Consequently,
these parameters seem to be useful tools for assessing metal effects on microbial functions in
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heavily contaminated areas. On the other hand, soil microbial communities and the key biolog-
ical processes they mediate are closely related to vegetation and soil use [77, 78]. The failure in
the vegetation establishment inside the smelter area, especially in the tailing deposits, not only
due to metal toxicity but also to inappropriate soil physical and chemical properties, may also
contribute to the observed decreases in microbial activity and biomass. Given that key micro-
bial processes on C, N and P cycling have most likely been impaired due to such conditions as
well as to the high metal contents, the maintenance of vegetation in these heavily-contaminated
sites will be progressively more difficult, leading to intensification of erosion processes and dis-
persion of pollutants [70].

3.7 Organic material decomposition (EcoLoE)
When evaluating litter breakdown, the validity criterion of 60% mass loss in the reference treat-
ment at the end of the study [51] was fulfilled. As for the decomposition of the organic mate-
rial, the monthly decay rate in the contaminated sites within the smelter area was significantly
lower than in the overall reference (Table 5). Only sites located 1,000 m away from P0 pre-
sented higher monthly decay rates than the overall reference. Moreover, a significant negative
correlation was also found between the monthly decay rate and metal contamination [47].
According to the threshold value proposed by Römbke et al. [51] of more than 25% difference
in mass loss between reference and contaminated sites to signal the presence of significant
effects, all sites within the smelter area did exceed this level; differences in mass loss relatively
to the overall reference ranged between 31% and 64% after 131 d of exposure [47].

The present results corroborate the results reported in previous studies revealing significant
effects of metal (e.g., [79]) or pesticide contamination [80] on the decay rate of organic material

Table 5. Soil microbial parameters and organic material decomposition (mean ± standard deviation) for the assessed sampling points. The values
for the three reference points were geometrically averaged to give an overall reference value. Asterisks indicate significant differences (* p<0.05; ** p<0.01;
*** p<0.001) for a one-tailed hypothesis of a Dunnet’s test between each sampling point and the overall reference value (assuming that Ref value higher
than sampling point value and lower for Potential Nitrification). In the ANOVA for soil microbial parameters, soil moisture, soil organic carbon and soil nitrogen
contents were used as covariables (data extracted from Niemeyer et al 2012a,b). n—number of replicates.

Soil
groups

MBC (μg/g)
(n = 3)

MBN (μg/g)
(n = 3)

Asparaginase
(μg N-NH4

+/g/
h) (n = 3)

Dehydrogenase
(μg PNP/ g/ d)

(n = 3)

Acid
phosphatase
(ug PNF/g/h)

(n = 3)

Ammonification
(ug N g-1 day-1)

(n = 3)

Nitrification
(%) (n = 3)

Decomposition
rate a k

(monthly) (n = 4)

Overall
reference

642.4 ± 416.1 50.1 ± 16.2 84.9 ± 53.2 7.2 ± 2.3 617.1 ± 233.2 0.7 ± 0.3 3.9 ± 2.2 0.2656 ± 0.1438

P0 178.1 ± 55.1*** 5.4 ± 2.8*** 53.8 ± 29.5 0.7 ± 0.4 ** 269.0 ± 22.1** 1.7 ± 0.2 15.2 ± 9.6** 0.04667***

P20T1 252.4 ± 142.3** 12.8 ± 4.6*** 15.9 ± 18.4*** 1.3 ± 1.9** 196.4 ± 33.9*** 1.1 ± 0.5 12.4 ± 2.1* n.d.

P20T3 170.3 ± 174.1
***

18.6 ± 3.5*** 71.0 ± 12.7 1.4 ± 1.0** 443.4 ± 9.3 1.5 ± 0.3 13.3 ± 3.5* n.d.

P50T1 412.9 ± 31.4 11.0 ± 4.2*** 11.2 ± 19.5*** 1.2 ± 2.0** 235.7 ± 50.3** 1.8 ± 0.3 17.1 ± 4.9*** 0.0632***

P50T3 461.7 ± 20.1 22.0 ± 4.5* 32.5 ± 35.1** 2.1 ± 0.5* 450.3 ± 45.4 1.8 ± 0.3 13.5 ± 4.5* 0.0412***

P150T1 115.5 ± 87.0*** 9.3 ± 1.3*** 22.8 ± 11.8*** 3.3 ± 0.5 355.3 ± 166.0* 0.4 ± 0.2 8.7 ± 2.8 0.0435***

P150T3 543.6 ± 160.8 26.6 ± 3.1** 37.0 ± 12.4* 2.1 ± 1.1* 651.2 ± 150.7 1.5 ± 0.3 10.2 ± 0.5 0.0248***

P400T1 797.3 ± 193.3 83.0 ± 21.2 91.7 ± 32.9 16.8 ± 3.7 573.1 ± 133.3 0.8 ± 0.1 -0.2 ± 5.9 0.166*

P400T3 805.3 ± 216.2 59.7 ± 26.5 97.8 ± 16.6 1.5 ± 1.1** 792.0 ± 34.5 0.4 ± 1.0 -3.3 ± 3.17 0.0423***

P1000T1 1098.1 ± 184.1 51.1 ± 22.0 71.57 ± 18.8 4.8 ± 6.2 515.6 ± 353.5 0.6 ± 1.8 1.9 ± 7.4 0.4515

P1000T3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3826

MBC–Microbial biomass Carbon, MBN–Microbial biomass Nitrogen

n.d.—not determined

a after log of percentage values

doi:10.1371/journal.pone.0141772.t005
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in soil, even though other studies showed transient or no effects under some stressors, (e.g.,
[49, 81, 82]).

Also, the reduced microbial activity, faunal feeding activity (data presented at Niemeyer
et al. [29]) and density of detritivores, in combination with the low moisture and high tempera-
tures at the more exposed sampling points (due to low vegetation cover), may have contributed
to reduce litter decomposition within the smelter area [78]. Thus, the effects on litter decompo-
sition observed in the present study may be attributed not only to a toxic effect caused by metal
contamination on microbial and faunal communities, but also to indirect effects leading to
non-suitable habitat conditions for soil fauna and microbial communities.

3.8 Risk values for each line of evidence and integrated risk
3.8.1 Risk to retention function. The individual contribution from each parameter and

the combined risk values from each LoE (ChemLoE and EcotoxLoE) for the soil retention func-
tion is shown in Table 6. Low risk values (between 0.25 and 0.50) were found for the ChemLoE,
except at sampling points P1000T1 and P150T1, as anticipated from the extractable concentra-
tions of a few metals above the groundwater intervention values proposed by VROM [55].
From the EcotoxLoE, reproduction test with D.magna pointed low and high (> 0.75) risk val-
ues for P150T1 and P1000T1, respectively, and no risk (< 0.25) was indicated for the other
sites, which is in accordance to the low metal contents in the soil extracts from all except the
latter two soils.

As a result, a risk for the retention function of the soil was only found at sampling points
P150T1 and P1000T1 which was previously demonstrated in tier 1 through the D.magna lethal
test [29]. In the case of sampling point P1000T1, by being in the middle of a pasture area out-
side the smelter area, the presence of another type of contamination (e.g., fertilizers, pesticides)
causing effects on aquatic organisms should not be ruled out (as also pointed out in some of
the ecotoxicological data with soil organisms in section 3.2).

Table 6. Individual and combined risk values from the chemical (ChemLoE) and ecotoxicological (EcotoxLoE) lines of evidence and the integrated
risk (IR) for the soil retention function.

Chem LoE (Extractable
metals)

Growth Pseudokierchneriella
subcapitata

Reproduction Daphnia.
magna

Combined
EcotoxLoE

IR Retention
Function

Group
1

1000T1 0.99 0.16 1.00 0.91 0.96

20T3 0.00 0.00 0.00 0.00 0.00

400T3 0.00 0.00 0.00 0.00 0.00

Group
2

P0 0.00 0.04 0.08 0.06 0.03

20T1 0.00 0.08 0.15 0.12 0.06

150T1 1.00 0.20 0.41 0.32 0.99

50T3 0.44 0.06 0.03 0.04 0.27

Group
3

50T1 0.00 0.06 0.14 0.10 0.05

400T1 0.00 0.10 0.04 0.07 0.03

150T3 0.00 0.08 0.00 0.04 0.02

1000T3 0.00 0.04 0.00 0.02 0.01

doi:10.1371/journal.pone.0141772.t006
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Low risk for the retention function indicates low mobility of metals from soil to water. This
may be favored by the type of soil in the region, which is rich in expansive clay (montmorillon-
ite) [34], with a probable high adsorption potential, accentuated by neutral pH values and age-
ing. Soil characteristics in this smelter area facilitate the capture of metals, especially in a
wetland zone, not allowing their mobilization into groundwater [83]. Nevertheless, the low
metal extractability was probably related to the metal form: as pointed out by Andrade Lima
and Bernardez [84] when studying the leaching of the slag in the smelter area in Santo Amaro,
Pb, Zn, Cd, and other potentially toxic elements, were relatively stable in a weak acidic environ-
ment for short contact times, most likely due to the low leachability of the metallic Pb and the
Zn-bearing species. Thus, in some sites in neighboring areas where groundwater could be used
for human consumption, groundwater monitoring would be advisable, especially at those sites
where metal concentrations are very high and where the soils are more permeable.

3.8.2 Risk to habitat function. Tables 7 and 8 show the individual contribution and the
combined calculated risk values for each LoE in habitat function. Sampling points presenting
very high habitat function risk values (above 0.75) or moderate risk values (between 0.50 and
0.75) were those where the total metal concentrations exceeded the HC50cor values (P0,
P150T1 and P50T3) or were near that threshold (P150T3) in the ChemLoE. Regarding the Eco-
toxLoE, the differences in sensitivity of the test species and endpoints were clearly visible.
Reproduction with Oligochaeta species E. andrei and E. crypticus were the most sensitive tests.
Both oligochaete species indicated high risk values in points P150T1 and P1000T1, and moder-
ate risk in P50T3. However, the EcotoxLoE integrating these results with reproduction of F.
candida and plant endpoints presented moderate ecotoxicological risk to P150T1 and
P1000T1, while low risk values (�0.50) to other points. The risk values to soils of group 2
could have been underestimated because the unexpected low reproduction rates of F. candida

Table 7. Individual and combined risk values from the chemical and ecotoxicological line of evidence (EcotoxLoE) for the soil habitat function.

Chem
LoE (total
metals)

Reproduction
Folsomia
candida

Reproduction
Enchytraeus
crypticus

Reproductio
Eisenia andrei

Shoot
length
Avena
sativa

Shoot
length

Brassica
rapa

Dry
Weight
Avena
sativa

Dry Weight
Brassica
rapa

Combined
Ecotox LoE

Group
1

1000T1 0.00 0.03 0.96 0.93 0.00 0.17 0.00 0.58 0.63

20T3 0.23 0.38 0.00 0.23 0.42 0.15 0.32 0.59 0.32

400T3 0.05 0.43 0.00 0.00 0.28 0.28 0.08 0.63 0.28

Group
2

P0 0.85 0.00 0.39 0.31 0.00 0.00 0.00 0.00 0.12

20T1 0.25 0.00 0.59 0.26 0.00 0.00 0.00 0.00 0.16

150T1 1.00 0.00 0.99 0.92 0.17 0.00 0.14 0.53 0.71

50T3 1.00 0.00 0.59 0.66 0.14 0.00 0.00 0.27 0.29

Group
3

50T1 0.19 0.04 0.00 0.21 0.27 0.09 0.36 0.17 0.17

400T1 0.49 0.00 0.00 0.16 0.00 0.00 0.00 0.00 0.02

150T3 0.72 0.06 0.00 0.83 0.17 0.33 0.29 0.58 0.41

1000T3 0.06 0.61 0.00 0.30 0.11 0.00 0.00 0.21 0.21

doi:10.1371/journal.pone.0141772.t007
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in Ref. 2. The highest risk value was found in P150T1, the most contaminated soil with a sandy
texture (sampling point from group 2). In the case of sampling point P1000T1, these results
also indicated, as those of the retention function in the present study, and avoidance tests with
E. andrei in tier 1 [29], a possible presence of an unknown contamination.

Among the parameters from the EcoLoE, some microbial parameters, namely BMC, BMN,
acid phosphatase, asparaginase, and nitrification rate were the most sensitive endpoints in dis-
criminating contaminated sites (this statement was also based on previous analyses carried out
in Niemeyer et al. [46, 47]. Bacterial growth/biomass was highly rated by Critto et al. [8] as
parameters to be assessed in all Triad tiers, mainly due to their rapidity and low cost. Regarding
soil surface dwelling invertebrates, high risk values (>0.75) were indicated only by Araneae in
points P0, 20T1, 50T1, 50T3 and 1000T1, and Others (pooled data of other groups) in points
P0 and P150T1. In general, these soil fauna parameters did not demonstrate the same level of
sensitivity as the other ecological parameters. Abundance and morphospecies richness of main
groups of surface running invertebrates were not sensitive parameters to discriminate metal
contaminated sites. Similarly to our findings, abundance and number of taxa, as far as diversity
indices (see [47]), were also not sensitive to contamination in Semenzin et al. [85]. This can be
explained by the high mobility of surface dwelling organisms in comparison to soil dwelling
invertebrates, not presenting a relation with properties of a particular site but rather with char-
acteristics of a larger area around the sampling point. More elaborated conclusions could be
taken, namely in terms of effects to particular functional groups and to find better cause-effect
relationships, if identification would be done with soil dwelling organisms and with a higher
taxonomic resolution (families, species). Besides being more detailed this information could
also be used to apply a trait-based approach which could help to better understand possible
effects on the functioning of the ecosystem [86].

Integrated risk values (IR) are shown in Fig 2. The tier 2 confirmed the low risk (IR�0.50)
pointed by tier 1 [29] in sampling points P50T1, P400T1, P1000T1, P20T3, P400T3, and

Table 8. Individual and combined risk values from the ecological line of evidence (EcolLoE) for the soil habitat function.

Soil
groups

Microbial parameters Surface dwelling arthropods

MBC MBN Asparaginase DHA Ac
Fosf

Amon Nitrif Araneae Hymenoptera Coleoptera Orthoptera Other
Orders

Decomp Combined
Ecol LoE

Group 1

1000T1 0.41 0.02 0.16 0.34 0.16 0.15 0.00 0.86 0.42 0.32 0.42 0.45 0.41 0.37

20T3 0.73 0.63 0.16 0.81 0.28 0.54 0.00 0.63 0.50 0.45 0.24 0.26 n.d. 0.46

400T3 0.20 0.16 0.13 0.80 0.22 0.39 0.00 0.65 0.12 0.26 0.29 0.60 0.84 0.44

Group 2

P. Zero 0.72 0.89 0.37 0.90 0.56 0.60 0.74 0.76 0.41 0.27 0.25 0.76 0.82 0.69

20T1 0.61 0.74 0.81 0.82 0.68 0.34 0.69 0.86 0.57 0.74 0.18 0.29 n.d. 0.63

150T1 0.82 0.81 0.73 0.54 0.42 0.48 0.55 0.69 0.57 0.82 0.53 0.76 0.84 0.69

50T3 0.28 0.56 0.62 0.70 0.27 0.62 0.71 0.88 0.49 0.48 0.47 0.53 0.84 0.62

Group 3

50T1 0.36 0.78 0.87 0.83 0.62 0.61 0.77 0.90 0.66 0.13 0.22 0.18 0.76 0.67

400T1 0.19 0.40 0.57 0.57 0.07 0.12 0.00 0.48 0.23 0.67 0.25 0.49 0.38 0.37

150T3 0.15 0.47 0.56 0.70 0.05 0.53 0.62 0.99 0.52 0.07 0.29 0.18 0.91 0.47

1000T3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.54 0.45 0.44 0.13 0.29 0.31 0.38

MBC–Microbial biomass Carbon.MBN–Microbial biomass nitrogen. DHA–Dehydrogenase. Ac Fosf—Acid phosphatase. Amon–Ammonification. Nitrif–

Nitrification rate. Decomp–Decomposition of organic material

n.d.—not determined

doi:10.1371/journal.pone.0141772.t008
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P1000T3, all clay based soils, where all the lines of evidence pointed into the same direction,
except in P50T1, where the EcoLoE indicated a moderate risk.

In P150T3, tier 2 showed the same level of moderate risk (0.51�IR�0.75) indicated in tier
1, but with a lower standard deviation, which means that the three LoE are indicating the same
level of risk. Lower standard deviation in habitat function of tier 2 was related to the risk calcu-
lation carried out separately for habitat and retention functions. As in P150T3, sampling point
P20T1 showed a moderate risk (0.51�IR�0.75) in tier 1, also with a slightly higher level of
uncertainty, while in tier 2 it was considered as a lower risk (IR 0.4), but the same level of
uncertainty remained. This can be explained by the low risk indicated both by the ChemLoE
and the EcotoxLoE in tier 2, which did not agree with the moderate risk pointed by EcoLoE.
The higher risk values pointed in tier 1 at these points could be related to the type of tests used,
especially the risk value obtained with the avoidance test with E.andrei.

The integrated risk for the habitat function in tier 2 confirmed the spatial heterogeneity of
the study area, already demonstrated by the results of tier 1 [29]. In the same way, 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 2). Very high integrated risk values (IR>0.75) were calculated
for sampling points P150T1 and P50T3, corresponding to tailing deposits. According to the
Dutch contaminated-site policy [1, 87], these high risk values restrict the use of the area even
to industrial activities. The standard deviation found in the final risk number for the habitat
function in points P0 and P50T3 is related to the high risk levels indicated by chemical analysis,
to the low toxicity indicated in plant endpoints and reproduction of F. candida, and the inabil-
ity of some ecological parameters, namely those related to surface dwelling invertebrates, in
discriminating ecological risk levels. These results confirm the added value of not only integrat-
ing information from different lines of evidence, but also in using different indicators inside

Fig 2. Integrated ecological risk values for habitat function (+ standard deviation) (Min,0; Max, 1) for each sampling point, combining information
from the chemical (ChemLoE), ecotoxicological (EcotoxLoE), and ecological (EcoLoE) 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 (A agriculture, R residential, I industrial; asterisks indicate
necessity of 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 (a triangle with equal sized arms (equilateral) indicates a similar risk value (high weight of evidence) for
each LoE). The length of each “arm” of the triangle is proportional to the risk value for each LoE (on the top right the example with the length of each axis of
the triangle representing maximum risk (1) from each LoE).

doi:10.1371/journal.pone.0141772.g002
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each LoE. This will provide more detailed information about uncertainties in the ssERA, and
demonstrate the inability of a purely chemical based assessment to reduce uncertainty and in
predicting the integrated risk of a contaminated site (Rutgers and Jensen 2011). Moreover,
these results reinforce the statement that information from the Triad can be used as a basis for
decisions about remediation actions and management concerning the future of a site.

3.9 Uncertainty analysis
In this section the main sources of uncertainty regarding the performed risk assessment are
identified and discussed. Uncertainty related to data quality can be discarded in case of ecotoxi-
cological tests and ecological parameters. Only data from validated tests were used, and the
adoption of standardized sampling protocols to sample soil and soil epigeic invertebrates, and
to determine microbial parameters, guarantee the validity of ecological data. Regarding chemi-
cal data, the low detection limit on the extractable metals could have led to an underestimation
of extractable metal concentrations and consequently to an underestimation of the risk in the
chemical line of evidence for the soil “retention” function. However, the low toxicity observed
in the vast majority of points allows to say that, even with underestimated values, the actual
risk towards the soil retention function is not high. Nevertheless, a high level of detection
would be desirable. Still, in the ChemLoE, the use the Dutch screening levels as screening val-
ues to calculate the Toxic Pressure could be a source of uncertainty per se. However, the total
metal concentrations in soils were compared with the HC50cor (Dutch HC50EC50 values
[52]), values that were corrected for sampling site-specific differences, taking into account the
organic matter and the clay content of each soil, thus reducing the uncertainty. In Brazil, soil
quality values present in the Federal legislation (that appeared after conducting this study) are
based on the Dutch values but without any correction to soil properties, and were originally
adapted to São Paulo state. Therefore, their straightforward application in this case could have
brought even a higher level of uncertainty. This is a clear indication that, within Brazil, region-
specific screening levels should be developed in the future.

Some uncertainty can be attributed to the use of standard species in ecotoxicity tests. It was
assumed that these species are sensitive enough to protect the community present in the site.
However, the very few studies comparing the sensitivity between e.g., the traditional soil inver-
tebrate species used in ecotoxicological testing with autochthonous soil invertebrate species,
show that the differences in sensitivity are not so high (e.g., [88]). Therefore, the use of stan-
dard test species (that also exist in Brazil), is still the best way to tackle the problem with an
acceptable level of uncertainty. Regarding plant species, the use of crop species instead of wild
species could be a source of uncertainty. However, the development of ecotoxicological tests
with wild species is still in its beginnings, especially for chronic tests, meaning that testing crop
species is still the best available approach for a routine based assessment, despite the level of
uncertainty associated. In this case, testing more plant species would be desirable to increase
the sensitivity range possibly covering wild species. Nevertheless, due to the high sensitivity of
the two species tested, the bias could be towards an overestimation of effects.

Regarding the ecological parameters related to soil invertebrates, the fact that only epigeic
organisms were sampled, could have led to an underestimation of effects towards in-soil organ-
isms. This statement is based on expert knowledge of the ecology of these organisms and on
the knowledge of the study area, which could indicate a more pronounced effects on in-soil
invertebrates (generally more sensitive not only to habitat configuration but also soil properties
and metal loadings) than those observed for epigeic invertebrates.

In the present work, equal weight was attributed to all parameters and to the three LoEs.
However, aiming to reduce uncertainty in some risk values for some of the sampling points
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(e.g., P1000T1), a different weight could have been given to some parameters with a high level
of uncertainty (in this example, the high effects observed in the ecotoxicological testing due to
other stressors than metals). However, with the amount of information used for all three LoE
(chemistry, toxicology and ecology), and by using a “weight of evidence” approach, we consider
that uncertainty is minimized and the differences between the outcome of the individual LoE
should hence be reduced.

One last aspect dealing with uncertainty is related to the sampling design adopted in this
study and the possibility to extrapolate the conclusions drawn for the entire area. Spatial extrapo-
lation was not envisaged in this study since it would bring some level of uncertainty. However,
due to the extensive knowledge of the area, we believe that the conclusions taken from the data
obtained can be extrapolated with some security to other places within the area having similar
habitat configuration and metal loadings. Nevertheless, to help risk managers in this context, a
spatial assessment of the risk, using the information gathered in this study, is ongoing.

Conclusions
In general, results in tier 2 of the ssERA confirmed the high (probably environmentally unac-
ceptable) risk levels in the smelter area already indicated in tier 1, and associated with tailing
deposits, but with a further reduction of uncertainties. Locations outside the smelter area dem-
onstrate lower or acceptable risks. In the same way as in tier 1, the low toxicity in eluate tests
indicated high adsorption of metals in soil, probably favored by content and type of clay, ageing
and neutral pH, and consequently negligible risk due to the high retention capacity in most
sampling points. Results of chemical analysis of extracts confirmed the low mobility of metals
from soil to water. Moreover, the present results indicate that the current cover of the tailing
deposits failed to restore the site by not creating appropriate conditions for the establishment
of plant (revegetating) and microbial and animal communities inside the area. So, besides the
direct effects of metal contamination, also indirect effects are visible from the presence of these
contaminants, compromising the functioning of the ecosystem inside the smelter area. High
risk values (IR> 0.75) in habitat function inside the smelter area indicate the need to proceed
with some remediation action, such as an improved encapsulation of tailing deposits and
recovery of the vegetation. These actions could not only improve soil conditions and ecosystem
functioning, but they could mainly avoid the transport of contaminants to other environmental
compartments, namely via dust dispersal to outside the area, or via surface runoff to the exist-
ing temporary ponds and the Subaé river.

Supporting Information
S1 File. Detailed explanation and formulas used for risk calculations.
(DOCX)

Acknowledgments
The authors would like to thank the members of the Soil Ecology and Ecotoxicology Labora-
tory in Coimbra for all their help during the laboratory work and colleagues from the Federal
University of Bahia for their help during the field work

Author Contributions
Conceived and designed the experiments: JPS JCNMMS RR EMS. Performed the experiments:
JCNMANMMS. Analyzed the data: JPS JCNMMS RRMANMR. Contributed reagents/mate-
rials/analysis tools: JPS RR EMS. Wrote the paper: JCN JPS MMS EMSMR.

ERA in the Tropics. Tier II: Detailed Assessment

PLOS ONE | DOI:10.1371/journal.pone.0141772 November 3, 2015 21 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141772.s001


References
1. Jensen J, Mesman M, editors. Ecological risk assessment of contaminated land–Decision support for

site specific investigations. RIVM report 711701047. The Netherlands; 2006.

2. Posthuma L, Eijsackers HJP, Koelmans AA, Vijver MG. Ecological effects of diffuse mixed pollution are
site-specific and require higher-tier risk assessment to improve site management decisions: a discus-
sion paper. Sci Total Environ. 2008; 406: 503–517.

3. Vasseur P, Bonnard M, Palais F, Eom IC, Morel JL. Bioavailability of chemical pollutants in contami-
nated soils and pitfalls of chemical analyses in hazard assessment. Environ Toxicol. 2008; 23: 652–
656. doi: 10.1002/tox.20401 PMID: 18561306

4. Heimbach F. Field tests on the side effects of pesticides on earthworms: influence of plot size and culti-
vation practices. Soil Biol Biochem. 1997; 29: 671–676.

5. Long ER, Chapman PM. A sediment quality triad: measures of sediment contamination, toxicity and
infaunal community composition in Puget sound. Mar Pollut Bull. 1985; 16: 405–415.

6. Wagelmans M, Derksen JGM, Kools SAE, Faber J, Van der Pol J, Mesman M, et al. Evaluation of the
implementation of Triad in assessing ecological risks.SKB (The Centre for Soil Quality Management
and Knowledge Transfer) project report. The Netherlands; 2009. 46 p.

7. Rutgers M, Jensen J. Site-specific ecological risk assessment. Chapter 15, in: Swartjes F.A., editor,
Dealing with Contaminated Sites–from Theory towards Practical Application. Dordrecht: Springer;
2011. p. 693–720.

8. Critto A, Torresan S, Semenzin E, Giove S, Mesman M, Schouten AJ, et al. Development of a site-spe-
cific ecological risk assessment for contaminated sites: Part I. A multi-criteria based system for the
selection of ecotoxicological tests and ecological observations. Sci Total Environ. 2007; 379: 16–33.
PMID: 17439821

9. Weeks JM, Sorokin N, Johnson I, Whitehouse P, Ashton D, Spurgeon D, et al. Biological Test Methods
for Assessing Contaminated Land, Stage 2: A demonstration of the use of a framework for the ecologi-
cal risk assessment of land contamination. Environment Agency of England andWales; 2004. Science
Report P5-069/TR1.

10. ISO. Soil quality—Guidance on the ecotoxicological characterization of soils and soil materials. ISO
15799. Geneva, Switzerland: International Organization for Standardization; 2003.

11. ISO. Soil quality—Effects of pollutants on earthworms (Eisenia fetida). Part 2: Determination of effects
on reproduction. ISO 11268–2. Geneva, Switzerland: International Organization for Standardization;
1998a.

12. ISO. Effects of pollutants on Enchytraeidae (Enchytraeus sp.)—Determination of effects on reproduc-
tion and survival. ISO 16387. Geneva, Switzerland: International Organization for Standardization;
2004.

13. ISO. Soil quality—Inhibition of reproduction of collembola (Folsomia candida) by soil pollutants. ISO
11267. Geneva, Switzerland: International Organization for Standardization; 1999.

14. González V, Díez-Ortiz M, Simón M, van Gestel CAM. Application of bioassays with Enchytraeuscrypti-
cus and Folsomia candida to evaluate the toxicity of a metal-contaminated soil, before and after remedi-
ation. J Soils Sediments. 2011; 11: 1199–1208.

15. Natal da Luz T, Ojeda G, Pratas J, van Gestel CAM, Sousa JP. Toxicity to Eisenia andrei and Folsomia
candida of a metal mixture applied to soil directly or via an organic matrix. Ecotoxicol Environ Saf. 2011;
74: 1715–1720. doi: 10.1016/j.ecoenv.2011.05.017 PMID: 21683441

16. ISO. Soil quality–Determination of the effects of pollutants on soil flora. Part 2: Effects of chemicals on
the emergence and growth of higher plants. ISO 11269–2. Geneva, Switzerland: International Organi-
zation for Standardization; 2005.

17. Van Gestel CAM, Van der Waarde JJ, Derksen JGM, Van der Hoek EE, Veul M, Bouwens S, Rusch B,
et al. The use of acute and chronic bioassays to determine the ecological risk and bioremediation effi-
ciency of oil-polluted soils. Environ Toxicol Chem. 2001; 20: 1438–1449. PMID: 11434283

18. Achazi R. Invertebrates in risk assessment: development of a test battery and of short term biotests for
ecological risk assessment of soil. J Soils Sediments. 2002; 2: 174–178.

19. Pandard P, Devillers J, Charissou AM, Poulsen V, Jourdain MJ, Férard JF, et al. Selecting a battery of
bioassays for ecotoxicological characterization of wastes. Sci Total Environ. 2006; 363: 114–125.
PMID: 16545863

20. Öncel I, Keles Y, Ustun AS. Interactive effects of temperature and heavy metal stress on the growth
and some biochemical compounds in wheat seedlings. Environ Pollut. 2000; 107: 315–320. PMID:
15092977

ERA in the Tropics. Tier II: Detailed Assessment

PLOS ONE | DOI:10.1371/journal.pone.0141772 November 3, 2015 22 / 25

http://dx.doi.org/10.1002/tox.20401
http://www.ncbi.nlm.nih.gov/pubmed/18561306
http://www.ncbi.nlm.nih.gov/pubmed/17439821
http://dx.doi.org/10.1016/j.ecoenv.2011.05.017
http://www.ncbi.nlm.nih.gov/pubmed/21683441
http://www.ncbi.nlm.nih.gov/pubmed/11434283
http://www.ncbi.nlm.nih.gov/pubmed/16545863
http://www.ncbi.nlm.nih.gov/pubmed/15092977


21. Everhart JL, McNear D Jr, Peltier E, van der Lelie D, Chaney RL, Sparks DL. Assessing nickel bioavail-
ability in smelter-contaminated soils. Sci Total Environ. 2006; 367: 732–744. PMID: 16499951

22. Loureiro S, Santos C, Pinto G, Costa A, Monteiro M, Nogueira AJ, et al. Toxicity assessment of two
soils from Jales mine (Portugal) using plants: growth and biochemical parameters. Arch Environ Con-
tam Toxicol. 2006; 50: 182–190. PMID: 16307215

23. Alvarenga P, Palma P, Gonçalves A, Fernandes R, Varennes A, Vallini G, et al. Evaluation of tests to
assess the quality of mine-contaminated soils. Environ Geochem Health. 2008; 30: 95–99. doi: 10.
1007/s10653-008-9147-z PMID: 18246433

24. OECD. Alga, growth inhibition test. Guidelines for testing of chemicals, 201. Paris, France: Organiza-
tion for Economic Co-Ordination and Development; 1984a.

25. OECD. Daphnia magna reproduction test. Guidelines for testing of chemicals, 211. Paris, France:
Organization for Economic Cooperation and Development; 1998.

26. Chelinho S, Moreira-Santos M, Lima D, Silva C, Viana P, André S, et al. Cleanup of atrazine-contami-
nated soils: ecotoxicological study on the efficacy of a bioremediation tool with Pseudomonas sp. ADP.
J Soils Sediments. 2010; 10: 568–578.

27. Natal-da-Luz T, Moreira-Santos M, Ruepert C, Castillo LE, Ribeiro R, Sousa JP. Ecotoxicological char-
acterization of a tropical soil after diazinon spraying. Ecotoxicology. 2012; 21: 2163–2176. doi: 10.
1007/s10646-012-0970-8 PMID: 22760667

28. Suter GW, Efroymson RA, Sample RE, Jones DS. Ecological risk assessment of contaminated sites.
USA: Lewis Publishers; 2000.

29. Niemeyer JC, Moreira-Santos M, Nogueira MA, Carvalho GM, Ribeiro R, Da Silva EM, et al. Environ-
mental risk assessment of a metal-contaminated area in the Tropics. Tier I: screening phase. J Soils
Sediments. 2010; 10: 1557–1571.

30. Costa ACA. Avaliação de alguns efeitos do passivo ambiental de umametalurgia de chumbo em Santo
Amaro da Purificação, Bahia. M. Sc. Thesis, Federal University of Bahia, Salvador, Bahia, Brazil; 2001.

31. Carvalho FM, Neto AMS, Tavares TM, Costa ACA, Chaves CR, Nascimento LD, et al. Chumbo no san-
gue de crianças e passivo ambiental de uma fundição de chumbo no Brasil. Pan Am J Public Health.
2003; 13: 19–23.

32. Anjos JSA. Avaliação da eficiência de uma zona alagadiça (wetland) no controle da poluição por
metais pesados: o caso da Plumbum em Santo Amaro da Purificação/BA. M. Sc. Thesis, University of
São Paulo, Brazil; 2003.

33. Machado SL, Ribeiro LD, Kiperstok A, Botelho MAB, Carvalho MF. Diagnóstico da contaminação por
metais pesados em Santo Amaro–BA. Eng Sanit Ambient. 2004; 9: 140–155.

34. Machado SL, Carvalho MF, Motta ARP, Delgado CWC, Anjos JASA, Ribeiro LD, et al. Relatório final
do projeto Purifica—Proposta para remediação de áreas degradadas pela atividade extrativa de
chumbo em Santo Amaro da Purificação-BA. Salvador, Bahia, Brasil, 2002.

35. FUNASA. Avaliação de risco à saúde humana por metais em Santo Amaro da Purificação, Bahia. Fun-
dação Nacional de Saúde; 2003. Available: http://portal.saude.gov.br/portal/svs/visualizar_texto.cfm?
idtxt=24117

36. ISO. Soil quality–Determination of pH. ISO 10390. Geneva, Switzerland: International Organization for
Standardization; 1994a.

37. ISO. Soil quality–Determination of the water-retention characteristic–Laboratory methods. ISO 11274.
Geneva, Switzerland: International Organization for Standardization; 1998b.

38. ISO. Soil quality–Determination of effective cation exchange capacity and base saturation level using
barium chloride solution.ISO 11260. Geneva, Switzerland: International Organization for Standardiza-
tion; 1994b.

39. LNEC. Solos–Análise granulométrica por peneiração húmida. LNEC-E 239. Laboratório Nacional de
Engenharia Civil, Lisboa, Portugal; 1970.

40. OECD. Earthworm, acute toxicity tests. Guidelines for testing of chemicals, 207. Paris, France: Orga-
nization for Economic Cooperation and Development; 1984b.

41. ASTM. Standard guide for conducting acute toxicity tests on test materials with fishes, macroinverte-
brates, and amphibians. American Society for Testing and Materials, E 729–96. Annual Book of ASTM
Standards 11.05. 2002.

42. Baird DJ, Barber I, Bradley M, Callow P, Soares AMVM. The Daphnia bioassay: a critique. Hydrobiolo-
gia. 1989; 188/189: 403–406.

43. Environment Canada. Biological test method: growth inhibition test using the freshwater alga Selenas-
trum capricornutum. EC Report EPS 1/RM/25. Ottawa, Canada. 1992.

ERA in the Tropics. Tier II: Detailed Assessment

PLOS ONE | DOI:10.1371/journal.pone.0141772 November 3, 2015 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/16499951
http://www.ncbi.nlm.nih.gov/pubmed/16307215
http://dx.doi.org/10.1007/s10653-008-9147-z
http://dx.doi.org/10.1007/s10653-008-9147-z
http://www.ncbi.nlm.nih.gov/pubmed/18246433
http://dx.doi.org/10.1007/s10646-012-0970-8
http://dx.doi.org/10.1007/s10646-012-0970-8
http://www.ncbi.nlm.nih.gov/pubmed/22760667
http://portal.saude.gov.br/portal/svs/visualizar_texto.cfm?idtxt=24117
http://portal.saude.gov.br/portal/svs/visualizar_texto.cfm?idtxt=24117


44. Stein JR. Handbook of phycological methods, culture methods, and growth measurements. London:
Cambridge University Press.; 1973.

45. Rosa R, Moreira-Santos M, Lopes I, Silva L, Rebola J, Mendonça E, et al. Comparison of a test battery
for assessing the toxicity of a bleached-kraft pulp mill effluent before and after secondary treatment
implementation. Environ Monit Assess. 2010; 161: 439–451. doi: 10.1007/s10661-009-0759-2 PMID:
19242815

46. Niemeyer JC, Lolata GB, Carvalho GM, Da Silva EM, Sousa JP, Nogueira MA. Microbial indicators of
soil health as tools for ecological risk assessment of a metal contaminated site in Brazil. Appl Soil Ecol.
2012a; 59: 96–105.

47. Niemeyer JC, Nogueira MA, Carvalho GM, Cohin-De-Pinho SJ, Outeiro US, Rodrigues GG, et al. Func-
tional and structural parameters to assess the ecological status of a metal contaminated area in the
tropics. Ecotoxicol Environ Saf. 2012b; 86: 188–197. doi: 10.1016/j.ecoenv.2012.09.013 PMID:
23079741

48. Cortez J. Field decomposition of leaf litters: relationships between decomposition rates and soil mois-
ture, soil temperature and earthworm activity. Soil Biol Biochem. 1998; 30: 783–793.

49. Podgaiski LR, Rodrigues GG. Leaf-litter decomposition of pioneer plants and detritivore macrofauna
assemblages on coal ash disposals in southern Brazil. Eur J Soil Biol. 2010; 46: 394–400.

50. OECD. Breakdown of organic matter in litter bags. Paris, France: Organization for Economic Coopera-
tion and Development; 2006.

51. Römbke J, Heimbach F, Hoy S, Kula C, Scott-Fordsmand J, Sousa JP, et al. editors. Effects of plant
protection products on functional endpoints in soils (EPFES). Pensacola: SETAC Press; 2003.

52. Rutgers M, Tuinstra J, Spijker J, Mesman M, Wintersen A, Posthuma L. Ecological risks of soil contami-
nation in the second step of the remediation criterion. Report 711701072, RIVM, Bilthoven, The Nether-
lands (in Dutch with English summary). 2008.

53. Boivin MEY, Greve GD, Kools SAE, van der Wurff AWG, Leeflang P, Smit E, et al. Discriminating
between effects of metals and natural variables in terrestrial bacterial communities. Appl Soil Ecol.
2006; 34: 103–113.

54. USEPA. Framework for inorganic metals risk assessment. Draft EPA/630/P-04/068B, 20460. Washing-
ton DC.: United States Environmental Protection Agency; 2004.

55. VROM. Circular of target values and intervention values for soil clean up. The Netherlands: Ministry
for Housing, Spatial Planning and Environmental Protection; 2000.

56. De Zwart D, Posthuma L. Complex mixture toxicity for single and multiple species: proposed methodol-
ogies. Environ Toxicol Chem. 2005; 24: 2665–2676. PMID: 16268170

57. Jansch S, Amorim MJ, Rombke J. Identification of the ecological requirements of important terrestrial
ecotoxicological test species. Environ Rev. 2005; 13: 51–83.

58. Römbke J, Jansch S, Junker T, Pohl B, Scheffczyk A, Schallnass HJ. Improvement of the applicability
of ecotoxicological tests with earthworms, springtails, and plants for the assessment of metals in natural
soils. Environ Toxicol Chem. 2006; 25: 776–787. PMID: 16566163

59. Chelinho S, Domene X, Campana P, Natal-Da-Luz T, Scheffczyk A, Römbke J, et al. Improving eco-
logical risk assessment in the Mediterranean area: selection of reference soils and evaluating the influ-
ence of soil properties on avoidance and reproduction of two oligochaete species. Environ Toxicol
Chem. 2011; 30: 1050–1058. doi: 10.1002/etc.480 PMID: 21305581

60. Schultz E, Joutti A, Räisänen M-L, Lintinen P, Martikainen E, Lehto O. Extractability of metals and eco-
toxicity of soils from two old wood impregnation sites in Finland. Sci Total Environ. 2004; 326: 71–84.
PMID: 15142767

61. Vijver M, Jager T, Posthuma L, Peijnenburg W. Impact of metal pools and soil properties on metal accu-
mulation in Folsomia candida (Collembola). Environ Toxicol Chem. 2001; 20: 712–720. PMID:
11345445

62. Fountain MT, Hopkin SP. Continuous monitoring of Folsomia candida (Insecta: Collembola) in a metal
exposure test. Ecotoxicol Environ Saf. 2001; 48: 275–286. PMID: 11222037

63. An YJ. Assessment of comparative toxicities of lead and copper using plant assay. Chemosphere.
2006; 62: 1359–1365. PMID: 16153686

64. Ben Ghnaya A, Charles G, Hourmant A, Ben Hamida J, Branchard M. Physiological behaviour of four
rapeseed cultivar (Brassica napus L.) submitted to metal stress. C R Biol. 2009; 332: 363–370. doi: 10.
1016/j.crvi.2008.12.001 PMID: 19304266

65. Gong P, Wilke BM, Strozzi E, Fleischmann S. Evaluation and refinement of a continuous seed germina-
tion and early seedling growth test for the use in the ecotoxicological assessment of soils. Chemo-
sphere 2001; 44: 491–500. PMID: 11459155

ERA in the Tropics. Tier II: Detailed Assessment

PLOS ONE | DOI:10.1371/journal.pone.0141772 November 3, 2015 24 / 25

http://dx.doi.org/10.1007/s10661-009-0759-2
http://www.ncbi.nlm.nih.gov/pubmed/19242815
http://dx.doi.org/10.1016/j.ecoenv.2012.09.013
http://www.ncbi.nlm.nih.gov/pubmed/23079741
http://www.ncbi.nlm.nih.gov/pubmed/16268170
http://www.ncbi.nlm.nih.gov/pubmed/16566163
http://dx.doi.org/10.1002/etc.480
http://www.ncbi.nlm.nih.gov/pubmed/21305581
http://www.ncbi.nlm.nih.gov/pubmed/15142767
http://www.ncbi.nlm.nih.gov/pubmed/11345445
http://www.ncbi.nlm.nih.gov/pubmed/11222037
http://www.ncbi.nlm.nih.gov/pubmed/16153686
http://dx.doi.org/10.1016/j.crvi.2008.12.001
http://dx.doi.org/10.1016/j.crvi.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19304266
http://www.ncbi.nlm.nih.gov/pubmed/11459155


66. Roy D, Greenlaw PN, Shane BS Adsorption of heavy metals by green algae and ground rice hulls. J
Environ Sci Health A 1993; 28: 37–50.

67. Kaulbach ES, Szymanowski JES, Fein JB. Surface complexation modeling of Proton and Cd adsorp-
tion onto an algal cell wall. Environ Sci Technol. 2005; 39: 4060–4065. PMID: 15984783

68. Grzes IM. Ant species richness and evenness increase along a metal pollution gradient in the Bolesław
zinc smelter area. Pedobiologia. 2009; 25: 65–73.

69. Grzes IM. Zinc and cadmium regulation efficiency in three ant species originating from a metal. Bull
Environ Contam Toxicol. 2010; 84: 61–65. doi: 10.1007/s00128-009-9893-3 PMID: 19823758

70. Broos K, Mertens J, Smolders E. Toxicity of heavy metals in soil assessed with various soil microbial
and plant growth assays: A comparative study. Environ Toxicol Chem. 2005; 24: 634–640. PMID:
15779764

71. Mertens J, Springael D, De Troyer I, Cheyns K, Wattiau P, Smolders E. Long-term exposure to elevated
zinc concentrations induced structural changes and zinc tolerance of the nitrifying community in soil.
Environ Microbiol. 2006; 8: 2170–2178. PMID: 17107558

72. Montagnini F, Haines B, SwankW. Factors controlling nitrification in soils of early successional and
oak/hickory forests in the southern Appalachians. Forest Ecol Manag. 1989; 26: 77–94.

73. Kapustka L. Microbial endpoints: the rationale for their exclusion as ecological assessment endpoints.
Hum Ecol Risk Assess. 1999; 5, 691–696.

74. Gülser F, Erdogan E. The effects of heavy metal pollution on enzyme activities and basal soil respira-
tion of roadside soils. Environ Monit Assess. 2008; 145: 127–133. PMID: 18027096

75. Zimakowska-Gnoinska D, Bech J, Tobias FJ. Assessment of the heavy metal pollution effects on the
soil respiration in the BaixLLobregat (Catalonia, NE Spain). Environ Monit Assess. 2000; 61: 301–313.

76. Jiang J, Wu L, Li N, Luo Y, Liu L, Zhao Q, et al. Effects of multiple heavy metal contamination and
repeated phytoextraction by Sedum plumbizincicola on soil microbial properties. Eur J Soil Biol. 2010;
46: 18–26.

77. Nogueira MA, Albino UB, Brandão-Júnior O, Braun G, Cruz MF, Dias BA, et al. Promising indicators for
assessment of agroecosystems alteration among natural, reforested and agricultural land use in south-
ern Brazil. Agr Ecosyst Environ. 2006; 115: 237–247.

78. Zak DR, HolmesWE, White DC, Peacock AD, Tilman D. Plant diversity, soil microbial communities,
and ecosystem function: are there any links? Ecology. 2003; 84: 2042–2050.

79. Creamer RE, Rimmer DL, Black HIJ. Do elevated soil concentrations of metals affect the diversity and
activity of soil invertebrates in the long-term? Soil Use Manage. 2008; 24: 37–46.

80. Förster B, Garcia M, Francimari O, Römbke J. Effects of carbendazim and lambda-cyhalothrin on soil
invertebrates and leaf litter decomposition in semi-field and field tests under tropical conditions (Amazô-
nia, Brazil). Eur J Soil Biol. 2006; 42: 171–179.

81. Dinter A, Coulson M, Heimbach F, Keppler J, KriegW, Kölzer U. Technical experiences made with the
litter bag test as required for the risk assessment of plant protection products in soil. J Soils Sediments.
2008; 8: 333–339.

82. Van Gestel CAM, Koolhaas JE, Hamers T, Van Hoppe M, Van Roovert M, Korsman C, et al. Effects of
metal pollution on earthworm communities in a contaminated floodplain area: Linking biomarker, com-
munity and functional responses. Environ Pollut. 2009; 157: 895–903. doi: 10.1016/j.envpol.2008.11.
002 PMID: 19062144

83. Anjos JSA. Estratégias de remediação para um local contaminado–Estudo de caso. M. Sc. Thesis,
University of Sao Paulo, São Paulo, SP, Brazil, 1998.

84. Andrade Lima LRP, Bernardez LA. Characterization of the lead smelter slag in Santo Amaro, Bahia,
Brazil. J Hazard Mater. 2011; 189: 692–699. doi: 10.1016/j.jhazmat.2011.02.091 PMID: 21440365

85. Semenzin E, Critto A, Rutgers M, Marcomini A. Integration of bioavailability, ecology and ecotoxicology
by three lines of evidence into ecological risk indexes for contaminated soil assessment. Sci Total Envi-
ron. 2008; 389: 71–86. PMID: 17904618

86. Van den Brink PJ. Ecological risk assessment: From book-keeping to chemical stress ecology. Environ
Sci Technol. 2008; 42: 8999–9004. PMID: 19174864

87. Swartjes FA, Rutgers M, Lijzen JPA, Janssen PJCM, Otte PF, Wintersen A, et al. State of the art of con-
taminated site management in The Netherlands: Policy framework and risk assessment tools. Sci Total
Environ. 2012; 427–428: 1–10. doi: 10.1016/j.scitotenv.2012.02.078 PMID: 22578694

88. Buch AC, Brown GG, Niva CC, Sautter KD, Sousa JP. Toxicity of three pesticides commonly used in
Brazil to Pontoscolex corethrurus (Müller, 1857) and Eisenia andrei (Bouché, 1972). Appl Soil Ecol.
2013; 69: 32–38.

ERA in the Tropics. Tier II: Detailed Assessment

PLOS ONE | DOI:10.1371/journal.pone.0141772 November 3, 2015 25 / 25

http://www.ncbi.nlm.nih.gov/pubmed/15984783
http://dx.doi.org/10.1007/s00128-009-9893-3
http://www.ncbi.nlm.nih.gov/pubmed/19823758
http://www.ncbi.nlm.nih.gov/pubmed/15779764
http://www.ncbi.nlm.nih.gov/pubmed/17107558
http://www.ncbi.nlm.nih.gov/pubmed/18027096
http://dx.doi.org/10.1016/j.envpol.2008.11.002
http://dx.doi.org/10.1016/j.envpol.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19062144
http://dx.doi.org/10.1016/j.jhazmat.2011.02.091
http://www.ncbi.nlm.nih.gov/pubmed/21440365
http://www.ncbi.nlm.nih.gov/pubmed/17904618
http://www.ncbi.nlm.nih.gov/pubmed/19174864
http://dx.doi.org/10.1016/j.scitotenv.2012.02.078
http://www.ncbi.nlm.nih.gov/pubmed/22578694

