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Abstract Macroinvertebrate benthic communities are
one of the key biological components considered for
the assessment of benthic integrity in the context of
the Water Framework Directive (WFD). However,
under moderate contamination scenarios, the assess-
ment of macrobenthic alterations at community level
alone could be insufficient to discriminate the envi-
ronmental quality of coastal and transitional waters.
Keeping this in view, sediment quality of moderately
contaminated sites in a coastal lagoon (Óbidos lagoon,
Portugal) was assessed by the combination of sediment
metal levels,Carcinus maenas biomarkers (accumulated

metals and oxidative stress responses) and macrobenthic
communities. Two sites were selected in confined inner
branches (BS and BB) and a third one in the middle
lagoon (ML). The site BB presented slightly higher
levels of metals in sediment but biological variables
calculated for macrobenthic data were not significantly
different between sites. The biotic index M-AMBI that
is being applied to assess environmental quality of tran-
sitional waters in the scope of theWFD pointed either to
high (site ML) or good quality status (BS and BB) in the
selected sites. However, crabs from BB site presented
significantly higher levels of Ni in hepatopancreas than
those from ML and macrobenthic community structure
was significantly different between BB and ML. Addi-
tionally, spatial differences were obtained for oxidative
stress parameters suggesting that BB site presented
stressors for crabs (higher GST and lower GSHt at BB
site). Factor analysis (PCA) integrating sediment con-
tamination, biomarkers in crabs and macrobenthic data
also distinguished BB site as the most environmentally
disturbed. On the other hand, at ML site, some macro-
benthic variables (equitability and polychaetes’ diversity)
were found to be enhanced by current environmental
conditions, suggesting the existence of a better sediment
quality. Current results pointed to the usefulness of inte-
grating macrobenthic community alterations with
responses at organism level (bioaccumulation and bio-
chemical endpoints) in order to increase the accuracy of
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environmental quality assessment in lagoon systems.
Moreover, the application of different statistical methods
was also found to be recommendable.

Keywords Sediment quality .Metals . Macrobenthic
communities .Carcinus maenas . Oxidative stress .

Óbidos lagoon

Introduction

In the frame of the Water Framework Directive
(WFD), scientists are facing the need to develop and/
or validate methodologies to assess the environmental
quality of coastal systems. Transitional areas must be
characterised in terms of chemical and biological ele-
ments in order to establish its baseline status, as well
as the definition of homogenous classification criteria.
Due to the complexity and variability of transitional
ecosystems like estuaries and coastal lagoons, the
development of adequate classification systems is
one of the most difficult aspects of the WFD (Allan
et al. 2006).

Benthic macroinvertebrates are a key component in
the functioning of coastal and transitional ecosystems
and several works have already used this biological com-
ponent to assess the environmental quality of estuaries
and coastal areas (Rosenberg et al. 2004; Salas et al.
2004; Carvalho et al. 2006; Blanchet et al. 2008). How-
ever, as adequacy is tested in coastal ecosystems within
the context of the WFD, it was found that macrobenthic
communities from naturally stressed areas often display
similar features to those from anthropogenically stressed
areas (Elliott and Quintino 2007). This may result from
the natural variability in physical and chemical parame-
ters like salinity, bottom nature, tidal currents, as well as
availability of several contaminants (Mucha et al. 2004;
Nunes et al. 2008; Specchiulli et al. 2010; Carvalho et al.
2011). Local communities may become resilient to envi-
ronmental changes and, unless the anthropogenic stressor
action is severe, communities have the ability to counter-
balance it without showing adverse effects at this biolog-
ical organization level (Elliott and Quintino 2007).
Apparently, this may explain the discrepancies found in
the assessment of ecological quality status based on
macrobenthic biotic indices (Blanchet et al. 2008).

A key step for the assessment of sediment quality is
the measurement of contaminant levels, although these

values do not directly indicate the bioavailability of
pollutants to organisms (Depledge and Galloway
2005). Metals in sediments may be more or less bio-
available to organisms depending on their chemical
form, but also on sediment physical characteristics,
grain size and characteristics of local organisms.
Consequently, depending on their bioavailability,
the existence of similar levels of metals in sediment
may result in different responses of macrobenthic
communities, increasing vagueness in the relation-
ship between anthropogenic activities and impacts
on coastal systems. Therefore, the integration of
biological responses of benthic organisms is being
increasingly considered a relevant component of
sediment quality assessment (Morales-Caselles et al.
2008, 2009). Among the wide range of effect bio-
markers pointing to environmental contamination by
metals, oxidative stress responses have been widely
applied (Fernandes et al. 2008; Morales-Caselles et al.
2008, 2009). One of the benthic species that has been
used as a bioindicator of environmental quality in im-
pacted shallow estuaries and coastal lagoons is the
shore crab (Carcinus maenas; Pereira et al. 2006;
Martín-Díaz et al. 2007, 2008; Pereira et al. 2009a).
C. maenas has favourable features as sentinel in
shallow sediment-contaminated systems because it
is an opportunist species that feeds on a large
variety of prey items, from animal phyla (mainly
Annelida, Crustacea and Mollusca) to plant and
protest (Cohen et al. 1995), and displays biochem-
ical responses to contaminants both in water and
sediment (Martín-Díaz et al. 2007, 2008; Morales-
Caselles et al. 2008).

In the current study, it was applied an integrated
approach based on field data collected in the Óbidos
lagoon (western Portuguese coast), specifically sedi-
ment metal contamination, macrobenthic communi-
ties, metal bioaccumulation and oxidative stress
responses in C. maenas. This study used historical
data [Carvalho et al. (2011); Pereira et al. (2011)]
in order to provide new insights into the integration
of different variables for the evaluation of sediment
quality. Given the absence of major contaminant
gradients in the Óbidos lagoon, it was investigated
in what extent endpoints at lower organizational levels
(i.e. metal bioaccumulation and oxidative responses in
local organisms) could contribute to a more comprehen-
sive perspective of sediment quality, particularly on the
scope of the WFD.
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Material and methods

Study area

The Óbidos lagoon is a shallow coastal ecosystem
with a wet area of 7 km2, permanently connected to
the sea through a narrow inlet (Fig. 1). It comprises
areas of sand banks and narrow channels in the lower/
middle lagoon, and muddy bottom sediments in the
two inner branches (Barrosa and Bom-Sucesso). The
Barrosa branch is shallower (mean depth 0.5–1 m)
than the Bom-Sucesso (mean depth 1–2 m) and water
circulation is mostly driven by tides and by a small
tributary (Cal River) that drains agricultural fields. At
present, this branch exhibits high nutrient availability
and is classified as eutrophic (Pereira et al. 2009b).
Metal sources were identified to be diffusive and the
Cal River the main vehicle. Metals are also remobilized
from anoxic sediments in summer months (Pereira et
al. 2009c). Accordingly, aquatic organisms living in
Barrosa branch are exposed to metals provided by fresh-
water inputs and sediment remobilization. Ulva sp. and
Liza aurata employed as sentinel species in the Óbidos
lagoon exhibited higher metal levels at Barrosa than
other lagoon areas (Pereira et al. 2009d, 2010a). Barrosa
branch also presented compounds that stimulated the
production of reactive oxygen species (ROS) in those

target species and C. maenas (Pereira et al. 2009a). A
previous study on temporal and spatial dynamics of
macrobenthic communities pointed Barrosa branch as
the most disturbed area in the lagoon (Carvalho et al.
2011). The Bom-Sucesso branch presents a higher water
residence time (Malhadas et al. 2009) and low nutrient
concentrations in the water column (Pereira et al. 2009b).
The middle lagoon has a much lower residence time
(2 days) and the bottom consists of muddy-sand sedi-
ments with reduced metal content (Pereira et al. 2009a).
Previous studies identified the Bom-Sucesso branch
as an intermediate hazard area based on biological
responses of target species while the middle lagoon
was considered as a reference area (Pereira et al.
2009a, 2010b). Both middle lagoon and Bom-Sucesso
branch presented richest macrobenthic assemblages
compared with Barrosa branch (Carvalho et al. 2011).

Database

Data used in this study were obtained in summer 2006 at
three sites with different environmental characteristics:
middle lagoon (ML) and the upper branches Bom-
Sucesso (BS) and Barrosa (BB). Data consisted of sed-
iment chemistry (metal levels, organic matter content—
OM), macrobenthic communities (abundance, number
of species, biotic indices) and biomarkers in C. maenas

Cal River

Vala do Ameal 

Óbidos Lagoon 

Middle
lagoon (ML) 

Bom-Sucesso
branch (BS) 

Barrosa
branch (BB) 

Atlantic 
Ocean 

1 Km 

Fig. 1 Map of Óbidos
lagoon (Portugal) with
location of the
sampling sites: ML in
the middle lagoon; BS
and BB in the inner
branches (Bom-Sucesso
and Barrosa, respectively)
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hepatopancreas (including metal levels and oxidative
stress endpoints). Only data of C. maenas females were
considered in the current work. Detailed information on
the sampling, analytical methodologies and results can
be found in the following works: Carvalho et al. (2011)
and Pereira et al. (2011). Briefly, macrobenthic commu-
nities (triplicates per site) and sediments (one sample per
site) were collected with a Van-Veen grab (0.05 m2).
Samples were washed through a 0.5-mmmesh sieve and
the retained material was preserved in 4% buffered
formalin stained with Rose Bengal. In the laboratory,
animals were hand sorted into major taxonomic groups,
identified to the lowest practical taxonomic level and
counted.

Sediment samples (100 mg) were mineralized com-
pletely with a mixture of acids in closed Teflon bombs
(100°C for 1 h), evaporated and redissolved following
the methodology described in Carvalho et al. (2011).
The concentrations of Mn, Cu, Cr, Ni, Pb and Cd were
determined by ICP-MS (Thermo Elemental, X-Series)
and the levels of Al, Fe and Zn by AAS (Perkin Elmer,
AAnalyst 600). The accuracy of the analytical proce-
dures was assessed by the analysis of Certified Refer-
ence Materials (MESS-3, BCSS-1, 1646a). Metal
levels obtained in the reference materials were consis-
tently within the ranges of certified values, with a
percentage of recovery ranging between 95% and
100%. Procedural blanks always accounted for less
than 1% of the total metal counts in samples. Organic
matter content in sediment was estimated by loss on
ignition (4 h at 500°C).

Width and weight of crabs varied within compara-
ble intervals for the three sampling sites: 4.9–5.0, 5.0–
5.5 and 5.6–5.9 cm for ML, BS and BB, respectively;
21–29, 21–30 and 28–35 g for ML, BS and BB,
respectively. Crabs (n06) were sacrificed and their
hepatopancreas were excised, divided in two parts.
Metal determinations were made in individual freeze-
dried and grounded hepatopancreas sub-samples. Ap-
proximately 50 mg were digested with a mixture of
HNO3 and H2O2 at 60°C for 12 h, 100°C for 1 h and at
80°C for 1 h, according to the method described in
Pereira et al. (2011). The concentrations of Mn, Cu,
Cr, Ni, Pb and Cd were determined by ICP-MS. The
accuracy of the analytical procedures was assessed by
the analysis of Certified Reference Materials (TORT-1,
TORT-2, DOLT-3). Metal levels obtained in the refer-
ence materials were consistently within the ranges of
certified values. Metal levels obtained in the reference

materials were consistently within the ranges of certified
values, with a percentage of recovery ranging between
95% and 98%. Procedural blanks always accounted for
less than 1% of the total metal counts in samples.
Biochemical analyses were made in individual sub-
samples of hepatopancreas. Tissue samples were ho-
mogenized in an appropriate buffer (1 g of tissue/
10 ml buffer; (Pereira et al. 2011)). An aliquot of ho-
mogenate (150 μL) was taken for thiobarbituric acid
reactive substances measurement and stored at −80°C
after adding 10μL BHT (1-1 butylated hydroxytoluene)
to prevent oxidation, and the rest was centrifuged (first
at 12,000×g for 20 min; the supernatant was recentri-
fuged at 135,000×g for 75 min). Biochemical measure-
ments were carried out in the cytosolic fraction (at 25°C)
as described detailed in Pereira et al. (2011), namely: total
glutathione content (GSHt), glutathione-S-transferase
(GST) activity (Habig et al. (1974)), catalase (CAT)
activity (Claiborne 1985), glutathione peroxidase (GPx)
activity (Mohandas et al. 1984) and lipid peroxidation
(LPO; (Filho et al. 2001)). Protein concentrations were
determined according to the Biuret method (Gornall et al.
1949) using bovine serum albumin (E. Merck-
Darmstadt) as standard.

Data analysis

Macrobenthic community descriptive statistics such as
number of taxa (S), abundance (N), Pielou’s equitabil-
ity (J) and Margalef diversity (d), as well as the
relative abundance of the major taxonomic groups
(Polychaeta, Mollusca and Amphipoda) were deter-
mined for each sample. Hereafter, number of taxa
and abundance when used alone refer to the all com-
munity data. The biotic indices AMBI (Borja et al.
2000) and M-AMBI (Muxika et al. 2007) were also
calculated. AMBI is based on the classification of
species into five ecological groups, reflecting the level
of sensitivity of a species to contamination (see Borja
et al. 2000 for details), while M-AMBI was calculated
by factor analysis of AMBI, number of taxa and
Shannon–Wiener diversity.

Differences between sites for all biological varia-
bles and environmental parameters were tested by
analysis of variances (one-way ANOVA) or using the
non-parametric test of Kruskal–Wallis (K-W) ANOVA
on ranks. Prior to ANOVA, data were analyzed to test
for normality (Kolmogorov-Smirnov test) and homo-
geneity of variance (Cochran’s test) among treatments
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using the statistical package Statistica software v6. Mul-
tiple comparisons were performed using the Tukey test.
In order to test for the null hypothesis of no significant
spatial differences on the multivariate structure and
composition of macrobenthic assemblages, one-way
PERMANOVA, employing the PERMANOVA+ add-
on in PRIMER v6 (Anderson et al. 2008), was per-
formed on the Bray-Curtis similarity matrix after
square-root transformation of abundance data. Signifi-
cant terms of factor “SITE” were investigated using a
posteriori pairwise comparisons between sampling sites
with the PERMANOVA t-statistic and permutations
under a reduced model (Anderson et al. 2008). When-
ever there were not enough possible permutations to get
a reasonable test, the Monte Carlo P values were used
instead.

Data gathered within this multidisciplinary study
were integrated by means of a factor analysis using the
principal component analysis (varimax normalized ro-
tation) as the extraction procedure. Specifically, the
analysis was based on the sediment descriptors (concen-
trations of Al, Fe, Mn, Zn, Cu, Cr, Ni, Pb, Cd and
organic matter content), metals’ bioaccumulation on C.
maenas females (concentrations of Mn, Cu, Cr, Ni, Pb
and Cd in hepatopancreas), biological responses (CAT,
GPx, GST, GSHt and LPO) and biological descriptors
(S, N, d and J, as well as mean number of species and
abundance of Polychaeta, Mollusca and Amphipoda).
This approach aimed to assess the relationship between
all variables for the three selected sites and was already
applied with similar purposes (Choueri et al. 2009;
Morales-Caselles et al. 2009). Based on the correlations
between the set of the original variables and their sig-
nificance in each study site, it was inferred about the
environmental quality of the sampled areas. The analy-
sis was performed using the Statistica software v6.

Results

Sediment characteristics, benthic community structure
and response by C. maenas

Data on sediment physical–chemical characteristics,
metal concentrations and biological responses in crab
hepatopancreas, as well as macrobenthic community
descriptors are summarized in Table 1. Levels of Zn,
Cu, Pb and Cd were slightly higher in sediments of
site BB while OM was maxima at BS.

The lowest number of taxa and diversity of the
whole macrobenthic community, as well as of both
the abundance and number of molluscan taxa, was
found at site BB (Table 1). Amphipods were the dom-
inant taxonomic group, both in abundance and number
of taxa (Fig. 2). In general, the highest values of
number of taxa and abundance considering both all
community and the most representative taxonomic
groups were observed at site BS. Herein, polychaetes
dominated in terms of abundance although not in the
number of taxa (Fig. 2). Conversely, ML site showed
the highest Margalef species richness, polychaete
number of species and evenness, evidencing the oc-
currence of less dominated assemblages (Table 1). The
composition of the benthic assemblages per site was
very similar considering either the number of taxa or
abundance (Fig. 2). Due to the high variability among
replicates no significant differences were found for
any of the macrobenthic descriptors. PERMANOVA
analyses showed a significant effect of factor “Site”
(F02.9494, P<0.01) on the composition and structure
of macrobenthic communities. Post-hoc comparisons
showed that significant differences were only detected
between ML and BB (t01.8259, P<0.05). The biotic
index AMBI pointed to a slight (ML, BS) to moder-
ately (BB) disturbed conditions, while M-AMBI clas-
sified the environmental status between high (ML) and
good (BB, BS). However, statistical analysis did not
indicate any significant difference among sites.

In general, metal levels in hepatopancreas were
higher in crabs from both BS and BB, reaching Mn,
Cr, Ni and Pb higher values at BB. However, statistical
differences were only found for Ni with levels being
significantly higher at BB in comparison with ML
(q03.747, P<0.05). Significant differences between
sites were also recorded for oxidative stress parame-
ters, namely: increased activity of GST in crabs from
BB in relation to those from BS (q05.123, P<0.05);
lower GSHt content in crabs from BB comparing with
BS (q03.594, P<0.05).

Multivariate analysis

The factor analysis revealed that all the original vari-
ables could be grouped into two principle components
(factors) that explained 100% of the total variance
(Table 2). Factor 1 explained 60.2% of the variance
and related positively sediment levels of Cr, Ni and Pb
with those accumulated in crabs (Table 2). Additionally,
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GST, GPx and LPO in crabs were also positively related
with factor 1, while CAT and GSHt were negatively
associated with this factor (Table 2). The previous metals,
as well as those biological responses were connected to

macrobenthic changes, namely the decrease of number of
taxa, Margalef diversity and both the abundance and
number of molluscan taxa (Table 2). Factor 1 scores only
positively for BB (Fig. 3). Factor 2 explained 39.8% of

Table 1 Sediment physical–chemical characteristics in three
sites of the Óbidos Lagoon [middle lagoon (ML) and inner
branches (Bom-Sucesso—BS, Barrosa—BB)], mean (±SD) of

accumulated metal levels, biological responses in Carcinus
maenas and benthic community descriptive variables

Site

ML BS BB

Sediment characteristics Al (%) 10 11 9.4

Fe 4.8 4.7 5.2

Mn (μg g−1) 297 285 284

Zn 110 104 130

Cu 43 46 58

Cr 69 56 72

Ni 29 24 30

Pb 39 33 48

Cd 0.22 0.23 0.29

OM (%) 6.9 7.3 7.0

Accumulated metal
levels in C. maenas

Mn (μg g−1) 17±6.1 20±10 57±59

Cu 205±196 271±306 257±167

Cr 0.58±0.34 0.38±0.20 0.89±0.28

Ni 2.7±1.8 4.7±3.2 6.8±1.9a

Pb 0.26±0.04 0.05±0.07 0.50±0.28

Cd 0.12±0.05 0.35±0.27 0.24±0.13

Biological responses
in C. maenas

CAT (μmol H2O2/min/mg prot.) 20±11 20±14 12±7.9

GPx (nmol NADPH/min/mg prot.) 6.0±3.8 5.6±3.3 7.2±4.1

GST (nmol CDNB/min/mg prot.) 59±11 38±14 88±35b

GSHt (nmol TNB/min/mg prot.) 9.8±1.6 10±1.7 7.1±1.2b

LPO (nmol TBARS/mg F.W.) 6.7±5.1 4.8±1.6 8.6±2.0

Benthic community
descriptors

S 13±5.9 16±8.7 9.3±9.5

N 45±30 161±90 105±159

d 3.3±1.0 3.0±1.8 1.9±1.5

J 0.9±0.04 0.5±0.3 0.6±0.1

Polychaeta N 27±22 79±86 53±89

S 6.7±1.5 2.3±0.6 3.3±3.5

Mollusca N 6.7±3.1 20±18 6.0±9.5

S 3.0±2.0 3.7±3.1 1.7±2.1

Amphipoda N 5.7±5.5 47±65 43±56

S 1.3±1.2 3.0±2.6 2.7±1.2

Biotic indices AMBI 2.9±0.15 3.0±0.04 3.4±0.91

M-AMBI 0.91 0.67 0.76

See text for abbreviations
a Significant different between BB and ML (p<0.05)
b Significant differences between BB and BS (p<0.05)
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the variance and related negatively organic matter content
in sediment, accumulated Cu and Cd in crabs and benthic
alterations. This factor had a positive score only at ML
site (Fig. 3). The conditions observed at ML contributed
to the decrease of total abundance, abundance and diver-
sity of amphipods, as well as polychaetes’ abundance.
Moreover, there was an increase of benthic equitability
and the number of polychaetes’ taxa (Table 2).

Discussion

According to the values proposed by Long et al. (1995)
for the sediment quality guidelines, Cu and Ni in sedi-
ments of the three surveyed sites are above “Effects
Range-Low” values (34 and 21 μg g−1, respectively).
Thus, potentially adverse biological effects could occur
in the three sites of the lagoon. In general, metal levels in
sediments of the Óbidos lagoon were higher than those
recorded in a Mediterranean lagoon (D’Adamo et al.
2008) or fell within ranges found in other European
systems (Accornero et al. 2008; Altun et al. 2009).
Sediments of site BB presented slightly higher metal
levels than the other sites and previous studies have also
indicated that metal availability at BB is higher than at
ML, due to the input from diffuse sources (Pereira et al.

2009b) and the pulse release of metals during summer
nights associated with low oxygenated waters (Pereira et
al. 2010a). Uniform levels of dissolved oxygen ob-
served at BS site (unpublished data) suggest that such
intense sediment–water exchanges did not occur in this
branch. Total metal levels in sediments did not reflect
their availability to aquatic organisms and cannot be
used alone as an indicator of environmental quality.
Environmental quality assessment based on macro-
benthic communities alone leads also to unclear results.
Despite some signs of poorer benthic quality in the BB
area, significant differences on biological variables be-
tween sites were not detected and the biotic index M-
AMBI pointed to a good environmental status within
this area. Nevertheless, macrobenthic community struc-
ture was found to be significantly different between ML
and BB, highlighting the differences between the two
most environmentally contrasting areas. Previous
works pointed to an impoverishment on benthic
communities in the upper branch of Óbidos lagoon
(Carvalho et al. 2005, 2006, 2011). The dominance
of amphipods in the site BB, both in abundance and
number of taxa, is in line with the low environmen-
tal quality. Likewise, the presence of amphipods
together with oligochaetes in Ria Formosa (south
of Portugal) was interpreted as showing the tolerance of

Fig. 2 Dominance
distribution in terms
of abundance and number
of species of the main
taxonomic groups for
each sampling site
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some species of this group to deteriorated environmental
conditions (Gamito 2008). Interestingly, the equitability
of benthic communities as well as polychaetes’ diversity

was found to be enhanced in ML suggesting that the
overall environmental conditions are suitable for the
establishment and maintenance of macrobenthic com-
munities typical of coastal lagoons. These results are
consistent with the environmental features of this area,
as it benefits from a much higher water renewal than
both inner branches (BB and BS) and presents slightly
lower metal levels in sediments. Therefore, depending
on the methodology used on data analysis, different
conclusions can be obtained, reinforcing the need for
combined approaches of different disciplines as well as
statistical methods.

The difference between the two most environmen-
tally contrasting sites (BB and ML) was corroborated
by biomarkers. Until the present, only few studies
have used metal levels in C. maenas in an attempt to
relate them with real field conditions making difficult
the comparison of current data with previous. Howev-
er, levels of Cu and Cd in C. maenas hepatopancreas
from the Óbidos lagoon were lower than those
recorded in C. maenas from Fal estuary (Pedersen
and Lundebye 1996). Crabs from BB exhibited signif-
icantly higher levels of Ni and maximum levels of Mn,
Cr and Pb. Moreover, oxidative stress parameters
(particularly, GST and GSHt) indicated that organisms
were suffering from a pro-oxidant challenge at BB
site. The impairment in the defence system by the
chemical reactive species could reduce cell protection
and the organism fitness becomes precarious (Escobar
et al. 1996). Apparently, this is occurring in crabs of
the Óbidos lagoon since, in general, a tendency for
lower levels of CATwas observed at BB. This distinc-
tion was supported by factorial analysis for BB, as
CAT activity was inversely related with accumulated
levels of Cr, Mn, Ni and Pb and metals in sediments.
Increased activity of antioxidant enzymes have also
been described in several aquatic species from impacted

Table 2 Sorted rotated factor loadings of the 31 variables for
the two principal factors resulting from the multivariate analysis

Factor 1
(60.2%)

Factor 2
(39.8%)

Sediment characteristics Al −0.999
Fe 0.999

Mn 0.937

Zn 1.000

Cu 0.919

Cr 0.784

Ni 0.832

Pb 0.985

Cd 0.962

OM −0.855
Accumulated metal
levels in C. maenas

Mn 0.951

Cu −0.996
Cr 0.988

Ni 0.736

Pb 0.972

Cd −0.985
Biological responses
in C. maenas

CAT −0.991
GPx 1.000

GST 0.981

GSHt −0.989
LPO 0.962

Benthic community
descriptors

S −0.991
N −0.978
d −0.925
J 1.000

Polychaeta N −0.975
S 0.998

Mollusca N −0.717
S −0.985

Amphipoda N −0.981
S −0.995

Sediment characteristics: loadings are related with the concentra-
tions of metals in sediment and organic matter content (OM).
Accumulated metal levels: loadings are related with the bioaccu-
mulation of some metals in Carcinus maenas. Biological
responses: loadings are related to the induction of several biolog-
ical responses. Benthic community descriptors: loadings are relat-
ed with alterations of benthic macrofauna, namely number of taxa
(S), abundance (N), Margalef diversity (d) and Pielou’s equitabil-
ity (J). Only loadings equal or greater than 0.70 are shown

-1.0

-0.5

0.0

0.5

1.0

1.5

ML BS BB

Factor 1 Factor 2

Fig. 3 Estimated factor scores for the three sampling sites. The
factor scores quantify the prevalence of each factor for the sites
and are used to confirm the factor description
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sites (Guilherme et al. 2008; Martín-Díaz et al. 2008). A
tendency to GPx enhancement was recorded at BB in
line with its induction in a previous study (Pereira et al.
2009a). In the current work, GST activity significantly
increased at BB in comparison with BS. GST induction
was also previously observed in C. maenas exposed in
situ to metal contaminated areas (Martín-Díaz et al.
2008), as well as at BB site in the Óbidos lagoon
(Pereira et al. 2009a). In the present study, the induction
of GST was associated by factor analysis with higher
accumulation of Cr, Mn, Ni and Pb, particularly at BB.
This sampling site was also put in evidence by factor
analysis concerning the link of GST responsewith levels
of metals in sediments. The depletion on GSHt observed
at BB indicates its increased use without a compensatory
synthesis. The PCA linked GSHt variation with accumu-
lated levels of Cr, Mn, Ni and Pb. It is well-known that
GSHt may play a role in inducing resistance to metals by
protecting macromolecules against attack by free radi-
cals (Wang and Ballatori 1998). The absence of signifi-
cant LPO increase in C. maenas from BB points to the
effectiveness of the overall defence mechanism. Despite
the pro-oxidant challenge in crabs at BB site, adaptive
mechanisms were activated contributing eventually to
their resistance to the adverse environmental conditions.
However, other macrobenthic species with lower adap-
tive capability, namely regarding the antioxidant defence
system, could have disappeared from BB site leading to
community changes.

Environmental conditions observed at BS branch did
not seem to be harmful to crab populations, since neither
elevation of accumulated metals nor alterations in oxi-
dative stress endpoints were recorded. Based on GST
and GSHt endpoints, BS branch exhibited a better envi-
ronmental quality than the other lagoon inner branch
(BB), where modulation of both parameters was
recorded. These findings are in agreement with previous
works that suggested BS branch as an intermediate
hazard area compared with BB and ML (Pereira et al.
2009a). On the other hand, crabs at ML exhibited sig-
nificantly lower Ni levels than those caught at BB where
alterations regarding oxidative stress were detected.
This was also observed with gills of L. aurata (Pereira
et al. 2010a). Environmental conditions at ML did not
seem to jeopardize organisms’ fitness.

The factor analysis applied to all data set allowed
the discrimination of BB from other sites, being BB
the most impacted area of the Óbidos lagoon with a
consequent risk for local populations. This is consistent

with previous works using other sentinel species such as
Ulva sp. (Pereira et al. 2009d) and L. aurata (Pereira et al.
2010a). The integrated approach, by proving the possi-
bility to distinguish the environmental quality among
areas of moderate degradation, appears to be particularly
promising in monitoring programmes designed for spe-
cific descriptors used in the Water Framework Directive.

Final remarks

The results obtained in Óbidos lagoon, a coastal ecosys-
tem characterised by moderate metal contamination as-
sociated with eutrophication symptoms (Pereira et al.
2009b), pointed to a slight impoverishment of benthic
assemblages at the BB site, where pulse release of
metals from the sediments occurs repeatedly during
summer (Pereira et al. 2009b, 2010b). Despite the pres-
ence of eutrophication symptoms and increase of metal
availability, BB site was classified as presenting a good
environmental status, after the calculation of M-AMBI.
A high score was also obtained for the other two sites.
The search of alterations at a lower level of the biolog-
ical organisation, namely using C. maenas hepatopan-
creas as a model for assessing metal availability,
indicated a higher metal accumulation in crabs and
associated biochemical responses at the site BB. There-
fore, the sensitivity of crab hepatopancreas to the metal
availability suggests the advantage of including a bio-
indicator organism/tissue in conjugation with benthic
community and sediment chemistry in order to discrim-
inate environmental status in moderately contaminated
ecosystems. On the basis of this integrated analysis,
areas with potential risk to local organisms could be
identified and adequate measures adopted.
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