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a b s t r a c t

Surveying toxicity of complex geochemical media as aquatic sediments often yields results that are either
difficult to interpret or even contradictory to acknowledged theory. Multi-level biomarkers were
investigated in a benthic fish exposed to estuarine sediments through laboratory and in situ bioassays, to
evaluate their employment either in ecological risk assessment or in more mechanistic approaches to
assess sediment-bound toxicity. Biomarkers reflecting lesions (such as genotoxicity or histopathology),
regardless of their low or absent specificity to contaminants, are efficient in segregating exposure to
contaminated from uncontaminated sediments even when classical biomarkers like CYP1A and metal-
lothionein induction are inconclusive. Conversely, proteomics and gene transcription analyses provided
information on the mechanics of toxicity and aided explaining response variation as a function of
metabolic imbalance and impairment of defences against insult. In situ bioassays, although less expedite
and more affected by confounding factors, produced data better correlated to overall sediment
contamination.

! 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The need to reconcile socio-economical activities with
environmental quality dictates the importance of developing
effective ecological monitoring. Estuaries are particular cases of
concern due to their ecological importance, complexity and, most
frequently, high level of anthropogenic pressure. Estuaries are
subjected to multiple sources of different pollutants which, con-
cerning contamination of the water bodies, tend to be trapped in
sediments, sorbed to fine particles and organic matter. Estuarine

sediments can act, therefore, as reservoirs of contaminants that
under certain circumstances may be released back to the water
column, rendering them more readily available to the biota
(see Chapman, 2007, for a review). Therefore, assessing sediment
quality, of which toxicity testing is one of the lines-of-evidence
(LOEs), is a key element in ecological risk assessment (ERA) strat-
egies for these ecosystems. One can refer, for instance, to the
sediment quality triad concept proposed by Long and Chapman
(1985), which integrates sediment chemistry, ecological changes
to benthic fauna and toxicity testing as fundamental LOEs for risk
assessment of aquatic sediments.

Testing the toxicityof estuarine sediments, however, is a challenge
to environmental toxicologists, in part due to the geochemical
complexity of estuarine sediments (which affects contaminant
speciation and bioavailability) and in part caused by the likely exis-
tence of multiple types of xenobiotics which can mask causeeeffect
relationships by within-organism interaction effects. To these
constraints canbeadded the complexbiological effects and responses
to contamination. The biomarker approach has been widely
employed in ERA, for both predictive and mechanist toxicological
studies. Biomarkers, in practical terms, are regarded as “early
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warnings” of the potential adverse effects caused by xenobiotics to
organisms (refer to van der Oost et al., 2003 for a reviewon the use of
biomarkers in aquatic organisms for ERA). In fact, the archetypal
definition for “biomarker” in environmental research, as defined by
van Gestel and van Brummelen (1996), stands for any sub-individual
level alterations resulting from exposure to a given substance. There
is a constant need to search and validate adequate biomarkers
in toxicity testing for ecotoxicological studies, with especial
respect to contaminant mixtures. In the past decade, the novel
“omic” approaches (transcriptomics/toxicogenomics, proteomics and
metabolomics) introduced new concepts for the simultaneous
screening of multiple responses to toxicity and are providing novel
information on the search for novel biomarkers and on the biological
processes triggered by exposure (Snell et al., 2003; Monsinjon and
Knigge, 2007).

The biomarker approach combined with bioassay techniques
has been regarded as an efficient and cost-effective methodology to
assess toxicity of environmental contaminants (Lam and Gray,
2003). With respect to testing methodologies, it has been recog-
nized that laboratory bioassays eliminate the variability from
environmental confounding factors, therefore probably permitting
a more clear-cut relationship between contamination and toxicity,
however, it is also acknowledged that these assays tend to either
underestimate or overestimate toxicity (Martín-Díaz et al., 2004).
Nevertheless, little research is dedicated to the direct comparison
between laboratory and in situ (field) bioassays with fish for the
purpose of ERA on aquatic sediments, even though the adequate
choice of testing procedures is yet another pillar of toxicity
assessment.

The study area, the river Sado estuary (western Portugal) is
one of the largest estuarine basins in Portugal (second only to the
Tagus estuary, where the capital, Lisbon, is situated), with an
approximate area of 240 km2. Although a considerable portion of
the estuary is environment-protected, the area has long been
subjected to many forms of human usage and alteration, many of
which are sources of pollutants that are discharged into the estuary,
being considered one of the most important industrial areas in
Portugal. The area includes the city of Setúbal (z100,000 inhabi-
tants) which is served by an important commercial harbour and
a dense heavy-industry belt that includes chemical plants, a paper
mill, a thermoelectrical unit, mineral ore storage and shipping
facilities and a large shipyard complex (Fig. 1). The estuary is also
important for local fisheries, tourism, mariculture and upstream

agriculture fromwhich runoffs likely carry pesticides and fertilizers
to the estuary. Reinforcing the need to apply effective environ-
mental management and conservation policies, there is the need to
protect the only surviving estuarine population of the bottlenose
dolphin (Tursiops truncatus) in Portugal (see Caeiro et al., 2009, for
an ecological risk assessment strategy for the estuary). Although in
global terms the estuary can be regarded as moderately contami-
nated, some sections, especially those located near industrial areas
and the lower estuary revealed levels of concern for many
contaminants, both organic and inorganic, with adverse toxico-
logical consequences to organisms being found in recent surveys
(e.g. Neuparth et al., 2005). Besides the contamination of the water
body from urban and industrial origins and subsequent contami-
nant trapping in sediments, it is believed that most metallic
contamination is driven by river transportation, since the Sado
crosses an important pyritemining region (Cortesão and Vale,1995,
1996). Endocrine disruptor compounds (EDCs) have also been
recently surveyed in the estuary, with the results revealing globally
low levels and likely insufficient to cause adverse effects to
organisms (Ribeiro et al., 2009), with similar results being found for
mercury (Lillebø et al., 2010).

The Senegalese sole (S. senegalensis, Kaup 1858; Teleostei:
Pleuronectiformes) is a common soleid in the estuary (that acts an
important nursery ground for this and other piscine species)
exhibiting a pronounced seasonal variation in its distribution with
a tendency to occupy the inner areas of the estuary, preferring
sandyemuddy floors where it feeds on small invertebrates (Cabral,
2000). Levels of concern for organic and inorganic contaminants
were found in these areas (Caeiro et al., 2005; Lobo et al., 2010).
The species has a considerable economical value for local fisheries,
as in SW Europe and benefits from a good potential for aquaculture
activities (see Dinis et al., 1999), which facilitates access to
hatchery-brood animals for research purposes. In the past decade,
several bioassay-based ecotoxicological studies have appeared
using this species, ranging frommore baseline toxicological surveys
(e.g. Arellano et al., 1999; Costa et al., 2010a, 2010b) to environ-
mental monitoring (Jiménez-Tenorio et al., 2007) and even toxi-
cological studies of relevance for aquaculture (Osuna-Jiménez et al.,
2009). The rising number of ecotoxicological studies using the
species as test organism may be providing it with the potential
for the monitoring of aquatic sediments that other flatfish species
are acknowledged with, such as the flounder (Platichthys flesus) in
Northern Europe.

Fig. 1. Map of the study area marking (C) the three sites under survey: R (reference), and contaminated (C1 and C2).
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This work reviews and integrates previous data obtained
for sediment contamination profiles with biomarker analyses
performed on S. senegalensis exposed to sediments from the Sado
estuary. It is intended to assess the constraints and assets of labo-
ratory and field bioassays for the assessment of sediment risk and
the adequacy of the multi-level biomarker approach employed and
to contribute to a better understanding of the complex biological
mechanisms of response to sediment-bound contaminants and
their mixtures. The present study will mainly focus on the
biomarker (or potential biomarker) significance and validation to
determine sediment risk, under a comparative approach between
reference and contaminated sediments.

2. Methods and materials

2.1. Study sites

Three sites of the Sado estuary with potentially different characteristics were
chosen for the survey (Fig. 1), according to previous studies that characterized the
area for sediment contamination and ecological risk (Caeiro et al., 2005; Neuparth
et al., 2005; Costa et al., 2008a). The reference site (R) is located off the Tróia
peninsula environmental protected area and is the farthest from pollution sources.
The contaminated sites C1 and C2 were chosen for their distinct characteristics: site
C1 is located at the Setúbal commercial harbour, in an area of low hydrodynamics
and highwater residence timewhile site C2 is located off the industrial belt, between
the city and a large shipyard facility.

2.2. Experimental procedures

Two series of time-displaced 28-day bioassays with juvenile hatchery-bred
Solea senegalensis as test species (all individuals from the same cohort) were per-
formed. A first series was done under controlled laboratory conditions with sedi-
ments from the three sites collected in November 2006 (termed “fall” assay). The
following series comprised simultaneous laboratory and field (in situ) tests during
AprileMay 2007 (“spring” assay). Sediment samples were collected with a grab and
divided for the laboratory assays and for contaminant determination.

The laboratory assays were performed in duplicate in white 15-L capacity
polyvinyl tanks with blunt edges in which were allocated 2 L of fresh sediment plus
12 L of clean seawater. The parameters were similar between fall and spring assays,
and are described in detail by Costa et al. (2008b, 2011c). In brief: temperature and
photoperiod were held constant atz18 !C and 12:12 h, respectively. Salinity, pH and
ammonia were restrained at approximately 33, 8 and 2 mg L"1, respectively, by
means of a weekly 25% water volume change (toxic unionized ammonia was
restrained at z0.05 mg L"1). A recirculation arrangement and constant aeration
were adapted to the test tanks with the flows being adjusted to minimize resus-
pension. Dissolved O2 was z50%. Twenty (spring) or twenty-four (fall) fish (stan-
dard length class z 60e70 mm) were allocated per tank. Weather conditions at the
study area did not allow performing in situ assays during the fall. Field assays were
done the following spring with submerged cages (90 # 90 # 30 cm) lined with
a 5 mm plastic mesh. Each cage was divided in two compartments, each being
regarded as a replicate. Twenty animals were allocated in each compartment. The
cages were placed over the bottom by scuba diving, ensuring contact with the
sediment, at depths ranging between 7 and 9 m. For all assays, at days 14 (T14) and
28 (T28), five to six fish per replica were retrieved and sampled for biological

analysis. Ten to twelve soles collected directly from the rearing tanks were also
sampled (T0 fish) to establish the baseline condition of the animals.

2.3. Sediment characterization

From the sediments collected for the fall assays the metalloid arsenic (As) and
the metals cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb) nickel (Ni), and zinc
(Zn) were determined by inductively coupled plasma mass spectrometry (ICP-MS)
after acid digestions in Teflon vials, according to Caetano et al. (2007), to which were
added, in spring, the non-metal selenium (Se) plus the metals cobalt (Co) and
manganese (Mn), quantified by the same procedure; plus mercury (Hg), determined
by atomic absorption spectrometry (AAS) from undigested dry samples according to
Costley et al. (2000). Element quantification were validated by analysis of the
reference sediments MESS-2 and PACS-2 (National Research Council, Canada) and
MAG-1 (US Geological Survey, USA) by the same procedures. The measured values
were found to be within the certified range.

Organic contaminantswere determined indried samples of sediments collected at
both fall and spring assays, namely polycyclic aromatic hydrocarbons (PAHs), poly-
chlorinated biphenyls (PCBs) and the pesticide dichloro-diphenyl-trichloroethane
(DDT). Sediment PAHs were determined by gas chromatographyemass spectrometry
(GCeMS) as described by Martins et al. (2008), after Soxhlet-extraction with an
acetone þ hexane mixture, with seventeen 3- to 6-ring PAHs being quantified.
Organochlorines (18 PCB congeners and DDT plus its main metabolites, meaning
pp’DDT plus pp’DDD and pp’DDE) were quantified by GC with electron capture detec-
tion (GCeECD) following Soxhlet-extractionwith n-hexane and fractioning in a chro-
matographic column as described by Ferreira et al. (2003). The procedures were
validated by analysis of the SRM 1941b reference sediment (National Institute of
Standards and Technology, USA) and the obtained values were found within
the certified range.

Sediment redox potential (Eh) was measured immediately after sediment
collection. Sediment fine fraction (FF, particle size < 63 mm) was determined after
sediment disaggregation with pyrophosphate and hydraulic sieving. Total organic
matter (TOM) was extrapolated from carbon loss-on-ignition (LOI) at 500 % 50 !C.
The TOM and FF levels are given as a percentage of sediment total dry mass.
Further details on the procedures described above are given by Costa et al.
(2008a,2008b).

2.4. Biological analyses and biomarker approach

The data hereby integrated are described in a series of previous studies (Table 1).
The biomarker approach has been subdivided in two major categories: biomarkers
of “exposure” and biomarkers of “effect” (Martín-Díaz et al., 2004). The details on
the techniques are described elsewhere. In brief: genotoxicity biomarkers were
analysed in fall and spring assays by means of the alkaline version of the single-cell
gel electrophoresis (“comet”) assay to determine total DNA strand breakage (Singh
et al., 1988) and through the analysis of erythrocytic nuclear abnormalities (ENA)
using a fluorescence microscopy method (Costa and Costa, 2007), both in peripheral
blood. Histopathological analysis was achieved by obtaining individual liver histo-
pathological condition indices (Ih), adapted from Bernet et al. (1999) that integrated
several potential histological biomarkers such as necrosis, hepatocellular alterations
and the presence of intraplasmatic inclusions (termed degeneration) in hepatocytes
(e.g. lipid vacuoles and hyaline degeneration). The indices are obtained for each
individual and are estimated based on the attribution of an importance factor, or
weight, to each histopathological change. The weight values range between 1 (low
severity, such as inflammatory changes) to 3 (high severity such as necrosis). Details
on the surveyed histological traits and their significance are debated by Costa et al.

Table 1

Biomarker approach summary per assay type and respective data sources.

Assay season Assay type Biomarker type Biomarker Target Method Data origin

Fall Laboratory Exposure Total DNA strand breakage Whole-blood Comet assay Costa et al. (2008b)
Chromosomal clastogenesis Mature erythrocytes ENA sorting Costa et al. (2008b)
Histopathological biomarkers Liver Histopathological indices Costa et al. (2009b)

Effect MT induction Liver DPP-SMDE Costa et al. (2009a)
CYP1A induction Liver ELISA Costa et al. (2009a)

Spring Laboratory Exposure Total DNA strand breakage Whole-blood Comet assay Costa et al. (2011c)
Chromosomal clastogenesis Mature erythrocytes ENA sorting Costa et al. (2011c)
Histopathological biomarkers Liver Histopathological indices Costa et al. (2011a)

Effect MT induction Liver qRT-RT PCR Costa et al. (2011b)
CYP1A induction Liver qRT-RT PCR Costa et al. (2011b)

Field Exposure Total DNA strand breakage Whole-blood Comet assay Costa et al. (2011b)
Chromosomal clastogenesis Mature erythrocytes ENA sorting Costa et al. (2011b)
Histopathological biomarkers Liver Histopathological indices Costa et al. (2011a)

Effect MT induction Liver qRT-RT PCR Costa et al. (2011b)
CYP1A induction Liver qRT-RT PCR Costa et al. (2011b)
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(2009b, 2011a). The Ih indice shall be throughout regarded as a single “biomarker”.
Since the most representative alterations correspond to lesions (Costa et al., 2009b,
2011a), histopathological alterations were included, as for genotoxicity, in the
biomarkers of effect category.

Two (potential) biomarkers of exposure were analysed in both sets of assays:
cytochrome P450 1A and thiolic protein (metallothionein-like) induction. The
induction of CYP1A (cytochrome P450 1A) protein in liver was determined by
enzyme-linked immunosorbent assay (ELISA) in the microsomal fraction of
homogenates, according to Nilsen et al. (1998) in the fall assays, and by quan-
titative real-time reverse transcription polymerase chain reaction (qRT-RT PCR)
in the spring assays, after Solea senegalensis sequencing of the CYP1A1 gene
(GenBank accession GU946412) and design of sequence-specific primers (Costa
et al., 2011b). Metallothionein-like protein induction in the liver was deter-
mined by differential pulse polarography with a static mercury drop electrode
(DPP-SMDE), as described by Costa et al. (2008a) and by qRT-RT PCR as aforesaid
(Costa et al., 2011b), after MT1 (metallothionein isoform 1) gene sequencing and
specific primer design (GenBank accession GU946410). The analysis of hepatic
MT1 and CYP1A1 transcription is part of a toxicogenomic approach (Costa et al.,
2011b) that comprised also the analysis of the caspase 3 apoptosis-related gene
(CASP3, GenBank accession HQ115741), catalase (CAT, GU946411), Glutathione
peroxidase 1 (GPx, HM068301) all first-time sequenced cDNAs for the species, to
which was added the heat-shock protein 90 kDa alpha (HSP90AA/a, AB367526),
first characterized by Manchado et al. (2008) for S. senegalensis. The changes in
gene transcription were estimated taking T0 animals as the calibrator group,
from the relative transcription ratios estimated according to Pfaffl (2001). The
toxicogenomic approach performed on spring-tested soles was complemented by
the analysis of hepatocyte apoptosis through the TUNEL (TdT-mediated dUTP-X
nick end labelling) reaction on paraffin-embedded sections. The hepatic
apoptotic indice (AI) is expressed as the number of TUNEL-positive cells per
section mm2. Complementarily, a proteomic survey was performed on the livers
of fish tested in the spring assays (assayed in the laboratory and in situ) to
screen changes in cytosolic proteins’ regulation patterns, though the combination
of two-dimensional electrophoresis (2DE) with tandem mass spectrometry
techniques (Costa et al., submitted for publication). As previously, T0 fish were
considered as the calibrator group in order to obtain protein regulation fold
change. For simplification (and analytical) purposes, and due to the potentially
higher specificity of these responses to a contaminant group or group of
contaminants, all biomarker responses related to gene expression or protein
induction are allocated in the biomarkers of exposure category.

2.5. Statistics and integration of data

The integration of sediment contamination data was based on the sediments’
potential impact to cause adverse biological effects, estimated by calculating the PEL
quotient (PEL-Q) based on the published guideline values for coastal waters, namely
the threshold effects level (TEL) and the probable effects level (PEL), according to
MacDonald et al. (1996). The PEL-Q indice was obtained for each contaminant or
class of contaminants (depending on available data) according to the formula
described by Long et al. (1998):

PEL " Q i ¼
Ci
PEL

(1)

The PEL value is the guideline value for the contaminant i and Ci the effective
measured concentration of the contaminant in the sediment. The Sediment Quality
Guideline Quotient indice (SQG-Q), developed to compare sites impacted by
mixtures of contaminants, was calculated for each sediment (according to Long
et al., 1998) as:

SQG" Q ¼

Pn
i¼1 PEL " Q i

n
(2)

Where PEL-Qi is the indice deriving from formula (1) for the ith contaminant and
n the number of surveyed contaminants. The three sites were scored according
to their overall potential of observing adverse biological effects according to
the criteria: SQG-Q < 0.1 e unimpacted; 0.1 ' SQG-Q < 1 e moderately impacted;
SQG-Q ( 1 e highly impacted (MacDonald et al., 2004).

For statistical purposes, all biomarker data were converted into fold change (FC)
relative to T0 fish (which in essence reflect the rearing conditions) in order to obtain
a relative measure of change imposed by laboratory and field exposures to the
sediment of all surveyed sites, reference included. Average fold change was
estimated for biomarkers of effect and responses for comparison purposes. The
ManneWhitney U test was employed for pairwise comparisons between experi-
mental conditions. The integration of SQG-Qs with biomarker data was achieved by
factor analysis with extraction by principal components. Cluster analysis based on
the 1ePearson correlation statistic r was done to survey links between biological
responses and effects. All statistics were performed with the software Statistica
(Statsoft). A significance level of a ¼ 0.05 was set for all analyses.

In order to assess the consistency of each measured response and effect to
detect significant differences between fish exposed to contaminated and clean
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(reference) sediments, a biomarker consistency indice (Bi) was developed, being
defined as:

Bi ¼

Pn
j¼1 sj
n

(3)

Being Bi the biomarker consistency index for the ith response or effect, n the
number of cases in the experimental subset under scope and sj the “score” for the jth
case, which can attain the value of "1 if a significant decrease in the response was
observed (ManneWhitney U, p < a); 1 if a significant increase was observed or 0 if
no statistical differences between exposure to contaminated and reference sedi-
ments were detected.

3. Results

3.1. Sediment characterization

The reference sediment R remained the least contaminated
sediment from fall to spring. However, the overall contamination of
sediment C2 increased, due to higher levels of metals and arsenic
(Table 2). Still, sediments from site C1 contained the highest load of
organicmatter and particle fine fraction and sediment C2was found
to be the most anoxic, at both seasons. Although total Hg was not
determined at the fall assays, the contribution of this metal to the
overall SQG-Q of sediments C1 and C2was low (even though in both
cases total Hg surpassed TEL and PEL levels, respectively), since the
SQG-Q for total contamination without the consideration of total
Hg (for the spring assays) was 0.31 and 0.24 for sediment from sites
C1 and C2, respectively. Although the differences between the two
contaminated sediments diminished from fall to spring even
though site C1 remained the most contaminated (especially by
metals), followed by site C2 (the most contaminated by organic
xenobiotics). The reference sediment revealed low contamination
levels, with decreased SQG-Qs from fall to spring. The essential
metals copper and zinc plus themetalloid arsenic were consistently
the elements of most concern at both seasons, inclusively reaching
TEL levels in site R in the fall.

For both batches of sediments the phenanthrene/anthracene
and fluoranthene/pyrene ratios were found to be >1 and <10,
respectively, which indicates that the PAHs are mostly of pyrolytic
origin (combustion-derived) and not petrogenic (Budzinski et al.,
1997). At both seasons, the 4-ring PAHs fluoranthene (in C1 and
C2) plus pyrene and benzo(a)anthracene (only in C2 in the fall)
presented levels of concern, to which is added the 5-ring diben-
zo(a,h)anthracene. In the spring, the 5-ring, known carcinogen,
benzo(a)pyrene reached TEL levels in the two contaminated sedi-
ments. Overall, the PAH concentrations in sediments C1 and C2
were higher in the spring comparing to the previous fall, with the
inverse being observed for the reference sediment. Four-ring PAHs
were always themost representative substance of the class, ranging
approximately between 40 and 50% of total PAHs.

Regarding sediment organochlorines, different patterns were
observed between the two seasons. While penta- and hexa-
chlorinated biphenyls where the best represented chlorinated
biphenyls (CBs) in sediments from sites C1 and C2 in the fall
(trichlorinated in the reference sediment), ranging approximately
between 25 and 50%, in the following spring the pentachlorinated
compounds lost their prevalence to trichlorinated CBs (z20e30%)
in the two contaminated sites. The levels of DDTs were also
dissimilar, with sediment C1 presenting the highest concentration
in the fall and C2 in the spring. The pp’DDT compound was always,
however, the most representative DDT.

3.2. Biomarker approach

Distinct patterns of biomarker fold change (FC) were observed
between seasons, assay type and sampling time, besides between T
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exposure to the three surveyed sediments (Table 3). Exposure to the
contaminated sediments C1 and C2 consistently elicited more
significant differences to FCs. In both series of laboratory assays,
exposure to the contaminated sediments for 28 days yielded more
significantly different responses comparatively to the respective
exposure to sediment R. Also, the increase in the FCs is overall more
evident for biomarkers of effect than those of exposure, regardless
of assay type and season. Themost severeDNAdamage (given either
by TSB or ENA analyses) relatively to initial-state (T0) fish was
found in laboratory-exposed animals (with significant differences to
R-tested fish also) to sediment C2 (most contaminated by organic
pollutants) for 28 days, at both seasons. However, the most severe
histopathological changes were observed in the livers of fish
exposed in the spring for 28 days to sediments C1 (in the laboratory
assays) and, especially, C2 (in situ) (Fig. 2). The induction of protein
content or gene transcription, on the other hand, revealed variable
trends concerning the increase or decrease of responses in all assays,
yielding a tendency to downregulate at T14 in animals exposed
to the contaminated sediments comparatively to T0, and, most
notably, to R-tested fish in both laboratory and in situ bioassays.
Hepatocyte apoptosis (measured only in the spring assays) was only
significantly increased in laboratory-exposed fish to sediment C2 in

relation to the reference treatment whereas in the field assays,
a significant decreasewas observed at T14 in fish exposed to the two
contaminated sediments comparing to R-tested soles.

By combining the results from the two seasons by averaging the
FCs for the same surveyed biomarkers of effect (TSB, ENA and Ih) and
exposure (CYP1A and MT induction, even though these were
surveyed by different methods), it was observed that there is
a greater contribution to change in relation to T0 animals caused by
the biomarkers of effect (Fig. 3). Factorial analysis on these same
data plus the sediment SQG-Qs, again combining fall and spring
assays, showed that the average variation of the biomarkers of effect
correlates best with the sediments’ potential to cause adverse
effects to organisms with respect to global and in situ assay condi-
tions whereas laboratory assays revealed a less clear pattern
between variables (Fig. 4). The factor loadings obtained for the
factor analysis main functions F1 (z50e70% total explained vari-
ance) and F2 (z20e30% total explained variance) sustain that the
average FCof the considered biomarkers of effect is better correlated
to SQG-Qs for registering positive values in F1 as the sediment-
related variables, especially in field assays (with a loading of 0.91).
The average FC for the biomarkers of exposure, on the other hand,
provided a significant negative contribution to F1 in the field assays

Fig. 2. Representative example of hepatic histopathological alterations observed in fish exposed to the contaminated sediments C1 and C2 exhibiting necrotic foci (arrows).
BouineHollande fixative þ H&E stain. The presence of erythrocytes (e) inside the foci indicate some extent of haemorrhage spreading from adjacent blood vessels, especially
branches of the hepatic portal triad (hpt) A) hepatic parenchyma of a fish exposed to sediments from site C2 (most contaminated by organic substances) for 28 days during the fall
assays (laboratory), from which resulted the most severe histopathological alterations. Besides diffuse lipidosis (“fat” degeneration) these animals revealed diffuse hyaline
degeneration of hepatocytes caused by the retention of large eosinophilic bodies (bd) within, resembling in aspect (but not size) to MalloryeDenk bodies described in mammals.
B) liver section of a sole exposed to sediment C1 (overall most contaminated) for 28 days in situ (spring), depicting severe necrotic diffusion combined with eosinophilic hepa-
tocellular alteration (ha), a lesion normally regarded as pre-neoplasic, and lipidosis (lv). Hyaline degeneration was absent in fish exposed to sediment C1 and C2 in the spring.
S) indicate sinusoid vessels.

Fig. 3. Average fold change (FC) for biomarkers of effect (TSB, ENA and the histopathological indice Ih) and exposure (MT and CYP1A induction) from the simultaneous laboratory
and field assays (spring) for each site: reference (R) and contaminated (C1 and C2). The FC values were estimated taking T0 fish as the calibrator group in order to compare all three
sites. The average FC estimates comprise both fall (laboratory) and spring (laboratory and in situ) bioassays.
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(with a loading of "0.78), which indicates a negative link to the
biomarker of effect variables. Regarding the laboratory assays, the
average FC for the biomarkers of exposure revealed a more signifi-
cant contribution to F2 (factor loading ¼ 0.95) with an opposite
trend to that for biomarkers of effect, similar to the global analysis
results. Overall, the loadings should indicate that the variation of the
biomarkers of exposure has a significant role in explaining the total
variance, however linked to unknown variables.

3.3. Global evaluation of biomarker responses

On Fig. 5 are indicated the estimates of the Bi indice [3] for each
biomarker response, grouped by experimental subset. The results
indicate that the biomarkers reflecting lesions (TSB, ENA and Ih)

were globally more consistent in detecting significant differences
between exposure to contaminated and clean sediments than
protein content and gene transcription responses for both seasons.
However, transcription of the CAT and CYP1A genes were revealed
to be more consistent than the transcription of other toxicologi-
cally-relevant genes in the spring assays. There were differences in
biomarker response consistency in fall and spring assays upon
grouping sampling time and site: in the fall assays only Ih could
consistently distinguish exposure to contaminated from uncon-
taminated sediments at T14 whereas at T28 genotoxicity biomarkers
also had perfect consistency. Exposure to sediment C2 (mostly
contaminated by organic xenobiotics) in the same series of assays
also revealed better consistency than tests with sediment C1 (most
contaminated by metals) for all biomarkers except CYP1A

Fig. 4. Factorial analysis (extraction by principal components) by assay type (laboratory and in situ) comprising data from fall and spring assays integrating SQG-Qs as the measure
of sediment risk and the average fold change estimates (FCs) for biomarkers of effect (TSB, ENA and the histopathological indice Ih) and exposure (MT and CYP1A induction),
estimated considering T0 animals as the calibrator group.

Fig. 5. Consistency of biomarker responses per assay type and season. The biomarker consistency indice (Bi, see formula [3]) ranges between "1 (consistent decrease between
exposure to the contaminated and the reference sediments per experimental subset) and 1 (consistent increase).
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induction. Regarding the spring assays, biomarker consistency was
more variable outside the biomarker of effect group, with some
transcript responses yielding opposite trends, such as for HSP90a
and GPx in laboratory versus field and these plus MT1 and CASP3 in
T14 versus T28 subsets, showing that some of these responses could
be significantly decreased as a result of exposure to the contami-
nated sediments when compared to the reference test after 14 days
of exposure. At T28, all biomarker responses were more positively
consistent. With respect to test C1 versus C2 subsets, MT1 only
revealed some degree of consistency for the assays with sediment
C1, as AI for assays with sediment C2. The HSP90a response did not
reveal any consistency (Bi ¼ 0) for either case.

3.4. Integration of multi-level responses

The proteomic screening detected nineteen deregulated cytosolic
proteins in soles exposed to sediments through laboratory and in situ

bioassays for 14 days (Costa et al., submitted). The matched proteins
related to several functions, from anti-oxidative defence (e.g.
1eCysPrx) to gene transcription (TE2B) and energy production
(Table 4). Correlation-based cluster analysis combining all measured
responses from fish tested at spring collected at T14 (laboratory and
in situ assays) retrieved two major clusters (Fig. 6). The first cluster
includes the FCs for all considered biomarkers of effect (TSB, ENA and
Ih), the apoptotic indice and the FCs for the regulation of LDH and
1eCysPrx enzymes. The second cluster includes the remaining
responses and can, on its turn, be subdivided in two other clusters.
With the exception of CYP1A transcription, the FCs for the remaining
geneswere found in the same cluster, togetherwith the regulation of
two energy production-related enzymes (PGAM2 and Eno1), a lipid
transporter (ApoA1), trypsinogen 1c (a trypsin protease precursor)
and a hypothetic intracellular signalling protein, SPB1.

4. Discussion

Although the global contamination levels of sites C1 and C2 can
be regarded of moderate risk, exposure to sediments from these
sites caused adverse effects to fish comparatively to exposure to the
reference sediment. In accordance, biomarkers that reflect lesions,
here designated of “effect”, namely histopathological alterations
and genotoxicity, better reflected sediment contamination and
could therefore be indicative of the actual risk. It has also been
demonstrated that the bioassay approach can yield different results
when performed under controlled or natural conditions, since
external variables, like seasonal changes in sediment characteristics
(especially contaminant load) and experimental noise can influence
the results. Still, the multi-level biomarker approach here pre-
sented was purposeful in the distinction between sediments
regarded as uncontaminated from those of risk even though, under
the specific circumstances of assessment, establishing accurate
causeeeffect relationships between specific contaminant concen-
trations and toxicity remains difficult.

4.1. Laboratory versus field bioassays

Although the adequacy of both types of bioassays in monitoring
studies has been demonstrated (e.g. Riba et al., 2005), little research
has dealt directly with the comparison between laboratory and
field bioassays with fish for the monitoring of contaminated sedi-
ments. However, differences between the two approaches, with
respect to biological responses in benthic fish, have already been
reported, as well as the resulting difficulties in assessing experi-
mental noise from true toxicopathic results (e.g. Vethaak et al.,
1996; Hatch and Burton, 1999). It has been earlier hypothesized
that the combination of low Eh with high FF and TOM contents

might have in fact favoured the release of contaminants from the
sediments during the laboratory assays as a result of disturbance
from collection, handling and also animal-driven resuspension
(Costa et al., 2008b, 2009a, 2011c). The combination between
disturbance and the anoxiceoxic shift occurring when sediments
are exposed to oxygenated water (as occurred during the labora-
tory experiment) may have favoured the release of substances
trapped by organic matter and fine particles back to the water
column, therefore increasing bioavailability (see Eggleton and
Thomas, 2004). Furthermore, resuspended contaminants tend to
persist for an extended time in the water column as a consequence
of turbation (Caetano et al., 2003; Atkinson et al., 2007). Field
bioassays, by their turn, can be affected by unaccounted back-
ground variables that are difficult to manage. For instance, at the
spring assays, fish collected at T28 that had been caged at the
reference site, revealed unexpectedly higher concentration of lipid
peroxides in blood plasma than animals from the contaminated
sites with a corresponding increase in whole-blood TSB levels but
not ENA (Costa et al., 2011c). The GPx gene transcription was also
elevated in these animals (Costa et al., 2011b). This was likely due to
increased oxidative stress caused by poor access to food items since
in situ R-tested fish for 28 days did not have in their digestive tracts
the small gastropods and bivalves that were commonly found in
soles exposed at other sites, starvation being a known cause of
increased lipid peroxidation due to disrupted lipid metabolism in
fish (Morales et al., 2004; Pascual et al., 2003). It can be suspected
that food deprivation occurred due to the higher hydrodynamics of
the site leading to the observed partial removal of sediment
beneath the cages, likely limiting the animals’ access to prey.
Nevertheless, liver histopathology was not significantly affected as
to impair a comparison between the reference test and the tests in
the contaminated sites, the similar occurring with other gene
transcription responses.

4.2. Seasonal changes in sediment contamination and potential risk

Natural interseasonal changes in estuarine sediment geochemical
characteristics (e.g. due to between season variation of river runoffs
and oceanic influence) is known to affect contaminant concentration
and speciation, therefore constituting another constraint in risk
assessment (see for instance Flegal et al., 2005). Although the overall
levels of contamination were found to have the same magnitude as
those from previous studies for the area, shifts were observed from
fall to spring assays, the most notorious of which being as the
increase of metal concentrations in station C2.This increase in metal
concentrations in the spring led to the unexpected similarity
between SQG-Qs for sites C1 and C2, regardless of the inclusion of Hg
in the chemical analysis to the sediments, a contaminant that has
been regarded of low risk in the area (Lillebø et al., 2010). The Sado
river crosses important mining areas (especially for pyrite), which
accounts for the levels of somemetals found to be elevated in all sites
(including the reference), especially copper (refer to Cortesão and
Vale, 1995). Seasonal changes were also observed for organic
contaminants, namely an increase in total PAHs from fall to spring,
a tendency that is opposite to what was inferred from previous
research (Neuparth et al., 2005), with pyrene and the highly carci-
nogenic B[a]P revealing an important increment in potential risk by
exceeding TEL. The levels of PCB were low and below the guidelines,
with little variation between seasons. For DDTs, however, a signifi-
cant seasonal variation has been found in site C1, the most
contaminated by pp’DDT in the fall (above the TEL guideline) but
showing a considerable decrease in the spring, losing its rank to
sediment C2, where no noticeable seasonal variation was observed.
The levels of DDTs for this station were consistent with the values
found for the lower estuary about a decade ago (Gil and Vale, 1999).
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Still, the fluctuations of sediment contamination in the area are in
accordance with natural variation reported previous studies
(Cortesão and Vale, 1996) and likely contribute to the differences in
biomarker response observed between fall and spring bioassays.

4.3. Possible effects of contaminant interactions on

biomarker responses

Co-exposure to metallic and organic toxicants, especially PAHs,
may, in part, explain why adverse effects (i.e. DNA damage and
histopathological alterations) were higher in fish exposed to sedi-
ment C2 than to C1 (the most contaminated sediment), most
notably in the fall assays, where a greater difference between the
contamination levels of the two sediments was evident. Contami-
nant interactions may result in agonist (meaning that the response
is the sum of the individual responses triggered by the contami-
nants), synergistic (when co-exposure causes a response not
achievable by any agent on its own) or antagonist (inhibitory)
effects. Antagonist effects between contaminants have already
been identified and reported by several authors. It is the case, for
instance, of co-exposure to metals and metalloids inhibiting
CYP up-regulation and activity by strong inducers such as PAHs
(Vakharia et al., 2001; Spink et al., 2002; Sorrentino et al., 2005).
Co-exposure to metals and PAHs (e.g. Cd and benzo[a]pyrene,
respectively) has also been reported to inhibit apoptosis and even
the expression of glutathione peroxidase (Costa et al., 2010b).
Accordingly, these biomarkers at some point yielded unexpected
lower values in exposed to contaminated sediments in the spring
(especially C2, the most contaminated by PAHs but also contami-
nated by some metals), most notably at T14.

PAHs are liposoluble compounds, detoxified through activation
by CYP1A monooxygenase enzymes, which renders them more

hydrophilic, thus more easily excretable. However, activated PAHs,
such as diol-epoxides, are highly genotoxic and the activation
process itself generates reactive oxygen species (ROS) as by-products
(e.g. Lemaire and Livingstone, 1997). Apoptosis is known to be trig-
gered by oxidative stress (see Wyllie, 2010, for a recent review).
Therefore, impairment of PAH activation can, at a short term, avoid
oxidative damage and delay downstream responses to injury such
as apoptosis (also termed programmed cell death or PCD)
since apoptosis consists of a cytological process that intends to
“dismantle” heavily-damaged cells to avoid inflammation and scat-
tering of toxic cellular debris resulting from necrosis and the prop-
agation of mutations. Accordingly, CASP3 (a key effector caspase in
the apoptotic process) transcription, apoptosis, DNA and histological
damage, although not CYP1A transcription, were observed to be
correlated in fish exposed for 14 days in the spring assays (Fig. 6).
Peroxiredoxins, also included in this cluster, are thought to be
effective anti-oxidant enzymes (Chen et al., 2000), however little
surveyed in toxicological studies. Interestingly, an enzyme involved
in anaerobic respiration, lactate dehydrogenase (LDH) was also
included in this same cluster, which could indicate impairment of
oxidative metabolism and aerobic respiration. As an example, LDH
activity has been found to increase as a consequence of exposure to
styrene in CYP1 deficient mice, therefore with impaired catabolism
of this substance (Carlson, 2010).

As another example, there are studies on fish that discuss the
potential effects of contaminant interaction on the “classical” MT
induction biomarker. For example, there is evidence for synergisms
betweenmetals (like Cd and Cu) and B[a]P in sea bass (Roméo et al.,
1997) whereas other authors describe MT induction to be sup-
pressed by another PAH (methylcholanthrene) in trout hepatocytes
exposed to a combination of metals (Risso-de Faverney et al., 2000).
It has also been discussed that in aquatic animals, exposure to low
or moderate levels of strong MT inducers, such as Cd, may produce
in a complex mixture of contaminants may result in reduced or
absent MT overexpression (Costa et al., 2008a; Mouneyrac et al.,
2002), which may aid explaining the low or even reduced MT
induction in soles exposed to sediment C1.

4.4. Biomarker responses may reflect metabolic disruption

Biomarkers of exposure provided clearer responses after 28 days
exposure, for all bioassays (Fig. 5). In fact, a very significant down-
regulation of most transcription responses was observed in the
spring assays, at T14, some exhibiting the very opposite response at
T28 (as for GPx and CASP3). Down-regulation was not, however,
positively linked to hepatic lesions. Also, the increase in Ih was
observed to distinguish exposure to contaminated versus uncon-
taminated sediments for all tests, at T14, revealing very significant
liver damage occurring at the assays midterm. At T28 liver lesions
lost some of their significance in this distinction, with fish exposed
in situ to sediment C2 showing signs of recovery at T28 (Table 3).

Although there is surprisingly little literature regarding the
integration of biomarker responses in toxicological stress models
some authors have already debated the importance of under-
standing the stress curves in the interpretation of biomarkers
endpoints (Triebskorn et al., 1997). Even considering the differ-
ences between all bioassays performed, the animals sampled at T14
(the assays’ midterm), were likely still enduring homeostatic and
metabolic disturbance triggered by exposure, while fish collected at
the end of the assays exhibited ability to respond and perhaps
attenuate some of the negative effects (see Steinberg et al., 2008).
The proteomic screening performed on T14-collected fish (from the
spring assays) is in accordance with this statement since, especially
in laboratory-exposed fish to sediments C1 and C2, most matched

Fig. 6. Correlation-based cluster analysis (1-Pearson r statistic was used as distance
metric) combining all hepatic biomarker responses (given as fold change to T0 fish)
from field- and laboratory- tested fish (April assays) after 14 days of exposure to any
surveyed sediment. Un-weighted pair-group average was employed as amalgamation
rule. Two major clusters are discernible, A) comprising all considered biomarkers of
effect plus the apoptotic indice AI and an oxidoreductase enzyme, 1ecys peroxiredoxin
(1ecysPrx), and the lactate dehydrogenase (LDH) energy production-related enzyme
and B), which includes all other responses measured by “omic” approaches and that
relate to multiple cellular functions, including transcription of MT1, CAT, CYP1A1 and
other genes plus several proteins of distinct functions, from proteolysis (e.g. TRP1c and
CatZ) to energy production (such as Eno1 and Eno3).
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proteins were down-regulated compared to R-tested or even T0
animals (Table 4).

The reduced or impaired responses observed at T14 displayed by
fish exposed to the contaminated sediments compared to those
from the reference test likely reflect an initial disturbance phase
that derives from exposure and in part to the inevitable change in
the animals’ environment when they were allocated in the testing
apparatus. There followed a recovery phase that should explain the
increase in most gene transcription responses at T28. These results
provide evidence that time of exposure is a decisive factor when
interpreting biomarker responses and indicate that null or even
lowered responses do not mean absence of stress but rather
that metabolic disruption may affect baseline biological mecha-
nisms, from energy production to gene transcription itself (Costa
et al., 2011b).

4.5. Global biomarker evaluation

Biomarker responses that reflect lesions showed greater
consistency in the discrimination between exposure to contami-
nated and uncontaminated sediments for the specific conjugation
of factors that characterize the study sites. Although histopatho-
logical alterations do not necessarily mean damage (defence cell
intrusion, for instance, may indicate some form of response), the
most severe and diffuse histopathological traits analyzed
(e.g. necrosis, nuclear pleomorphisms such as hypertrophy and
pyknosis and bile duct regression) are considered “regressive”
(Bernet et al., 1999), which is in accordance with the generally
acknowledged premise that histopathology allows a realistic
assessment of organisms’ health changes as a consequence of
exposure to toxic agents (see Au, 2004, for a review). In addition,
the integration of multiple potential histopathological biomarkers
into individual weighted condition indices allowed circumventing
interindividual variability provided a better estimate of change;
since lesions and alterations have different biological significances
(refer to Bernet et al., 1999). Damage to DNA, on its turn, is one of
the most significant consequences of chemical insult to organisms
since it is at the base of neoplasic and pre-neoplasic disease and, if
affecting the germ line, may affect the whole population (see Chen
andWhite, 2004; Iarmarcovai et al., 2008; for reviews). It should be
noted, though, that single-strand DNA damage can be repaired,
which means that TSB is a result between the balance chain
breakage and the cellular ability to repair it, which can be
compromised by exposure per se (Sarasin, 2003). The results from
the present study indicate that juvenile soles did sustain consid-
erable adverse effects to liver tissue and DNA as a consequence of
exposure to sediments that are regarded as low to moderately
contaminated. Furthermore, with respect to risk assessment,
measuring damage-related responses was less affected by the
factors discussed above, regardless of their non-specificity to
a given contaminant or class of contaminants although it can be
inferred that organic contaminants (especially PAHs) played
a major role in the adverse effects to fish exposed to sediments
C1 and C2.

Biochemical and gene transcription or protein induction
endpoints are likely more prone to be affected by confounding
factors. The responses here surveyed by “omic” and gene
transcription-related techniques are linked to multiple cellular
functions, from apoptosis to energy production, proteolysis, lipid
transport and many others; and likely take part in an intricate
metabolic web. It is the case, for instance, of the role of MTs in the
inhibition of the apoptotic cascade presumably by scavenging
oxidative radicals (Kondo et al., 1997). Even HSP90 and other HSPs
are known to regulate apoptosis (Takayama et al., 2003). Interest-
ingly, the transcription of MT1, HSP90a (termed inducible HSP90)

and CASP3 was found to be correlated with the transcription of CAT
and GPx anti-oxidant enzymes (Fig. 6). However, the apoptotic
index (AI) was observed to be better correlated to histopathology,
showing that molecular responses and tissue alterations may not
be linearly related. It should also be noted that classical biomarker
responses such as MT and CYP1A induction (determined by protein
detection-based assays) tend to provide more clear-cut information
when inducing contaminants are well represented. For instance,
MT induction in the livers of S. senegalensis exposed to sediments
from a SW Spanish has been found clearly correlated to metal
contamination, however, sediment metal concentrations (espe-
cially Cd and Zn) were up to tenfold higher than those presented
here, with negligible levels of organic xenobiotics (Jiménez-Tenorio
et al., 2007). In addition, the role of proteolytic enzymes should not
be disregarded when measuring protein contents (Costa et al.,
2010b), since the proteomic survey revealed alterations to the
regulation of proteasome (ATP-dependent protease complex)
subunits, a trypsin precursor and a cathepsin cysteine protease; all
found to be upregulated in most tests. Concerning CYP1A, Hartl
et al. (2007) found its activity in the livers of juvenile turbots (as
well as DNA strand breakage) well linked to sediment organic
contaminants, however, the concentrations of metals in sediments
(especially Cd, Cu and Zn) were more than three times lower than
those of the present study. In general, the integration of this
information indicates that biomarkers that reflect some sort of
response are dependent not only on the presence of multiple
contaminants but also likely on some sort of dose-response func-
tions. Still, it should be noticed that CYP1A, CAT and MT1 responses
were more effective in detecting differences between exposure
to contaminated from uncontaminated sediments than other
genes, including GPx. Furthermore, CYP1A transcriptionwas amore
consistent biomarker in fish exposed to sediment C2 (most
contaminated by PAHs and organochlorines) in situ, while MT1
transcription was more consistent in animals exposed to sediment
C1 (most contaminated bymetals) in the laboratory. Oppositely, MT
and CYP1A assessment by the traditional DPP and ELISA techniques,
respectively (which determine protein content), could not be
conclusively linked to sediment contamination (see Fig. 5 and
Table 2). Analysis of transcripts may be more robust when the
conjunction of experimental factors potentially enhances experi-
mental background, since protein content can be affected by pos-
transcriptional factors. It is thus possible that gene transcription
analysis has a greater sensitivity for being located upstream in the
gene expression pathway, permitting yet some degree of biomarker
specificity towards a given type of contaminant when assaying
complex mixtures.

4.6. Concluding remarks

In spite of the constraints in toxicity assessment of sediment-
bound xenobiotics, it was observed that moderately contaminated
sediments can elicit adverse effects to benthic fish. Regarding
biomarker responses, the combination of moderate levels of
contamination with complex contaminant mixtures and experi-
mental noise were important confounding factors that diluted
the interassay variation and compromised the determination of
causeeeffect relationships between responses and specific contam-
inants. Nevertheless, biomarkers that reflect lesions were consistent
to detect differences between contaminated and uncontaminated
sediments, therefore providing a measure of risk, regardless of assay
type (laboratory or in situ).

The “omic” (proteomic) and transcript analyses permitted
a screening of multiple responses, some of which revealed potential
for predictive environmental toxicology, such as CASP3 and per-
oxiredoxin expression, and would benefit from further research.
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These surveys, by integrating multiple responses, gave some
insights on the mechanistics of exposure to mixtures of contami-
nants, namely on the central role of oxidative stress, energy
production imbalance and proteolysis. Furthermore, it is clear that
different testing conditions, time of exposure and contaminant
levels can provoke very different expression patterns, even in genes
involved in similar processes, as CAT and GPx are in anti-oxidative
defence. Surveying multiple responses can thus aid filling in the
gaps when a particular trait fails to produce significant outcomes or
reveals results that, at a glance, contradict those predicted by
theory.

Both laboratory and field bioassays could differentiate exposure
to reference and contaminated sediments but the biomarker
analyses revealed that the effects and responses to toxicity result-
ing from the two approaches can be very distinct. Laboratory
studies, however cheaper and more expedite, may globally tend to
overestimate toxicity, especially by favouring the release of
contaminants trapped in sediments through disturbance. On the
other hand, they are not affected by unaccountable environmental
variables that introduce experimental noise in the field. Although
sediment disturbance events by natural causes such as storms and
heavy river runoffs or anthropogenic modifications such as
dredgings are common events in estuaries, laboratory studies may
thus produce results that are less realistic in ecological terms in
steady-state environments, which may render this approach less
effective for practical monitoring programmes. Nevertheless,
studies under controlled environments remain valuable and
expedite for more mechanistic surveys. The choice of the adequate
bioassay methodology is, therefore, not an easy one and requires
a careful balance between cost, logistics, fundamental objectives
and the need to reduce experimental noise with the least prejudice
of ecological relevance.
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