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The main objective of this paper was to evaluate the impact of mercury on the zooplankton communities’
structure and functioning and their bioaccumulation patterns along a contamination gradient in a
temperate coastal lagoon. Our results demonstrated that total abundance was not negatively affected
by Hg contamination, since the most contaminated areas presented the highest values, being the copepod
Acartia tonsa the dominant species, which means that it is a very well adapted and tolerant species to
mercury. Nevertheless, negative effects were observed in terms of species diversity, since the most con-
taminated areas presented the lowest values of species richness, evenness and heterogeneity. Moreover,
the spatial mercury gradient was reflected on the bioaccumulation patterns of the zooplankton commu-
nities. This reinforces the idea that zooplankton can be considered as an important vehicle of mercury
transfer through the food pelagic web since it constitutes a primordial food resource for several commer-
cial fish species.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is one of the most hazardous contaminants in
aquatic environments recognized by the European Water Frame-
work Directive (WFD) as a high priority environmental pollutant.
Its high mobility, persistence and lipophilicity (Nunes et al.,
2008) may lead to severe widespread environmental problems
due to its tendency to bioaccumulate, and toxicity for wildlife
and humans (e.g. Coelho et al., 2008; Nfon et al., 2009).

The accumulation of mercury from nonpoint sources and direct
discharges from industrial factories in aquatic ecosystems, where
local populations extensively use resources, is also a serious con-
servation and human health concern in coastal areas (Selin,
2009; Costa et al., 2012). Estuaries may constantly receive mercury
discharges being sediments repositories of this contaminant, and
consequently a potential source of mercury for the aquatic envi-
ronment (De Marco et al., 2006). In turns, mercury biotransfers
up to the food chain via both benthic and pelagic pathways (Coelho
et al., 2008; Chen et al., 2009), being the contamination a danger-
ous risk to the estuarine species most of them representing high
ecological and economic interest. Moreover, other risks are
involved, namely, considering edible species, food safety and lastly
public health (Karagas et al., 2012).

Recent studies have emphasized the need to address upper and
lower trophic levels separately to understand the accumulation
and fate of metal contaminants at different trophic levels (Chen
et al., 2000). Many zooplankton species can accumulate and
metabolize pollutants and then their abundance and/or the species
diversity can be used as an indicator of water quality (Telesh, 2004;
Thompson et al., 2007; Stewart et al., 2008). In addition, metal
accumulated in these organisms has also the potential to provide
information about the bioavailability of toxic metals in aquatic sys-
tems (Rainbow, 2002). In this respect, previous research has dem-
onstrated that variations in the zooplankton community structure
are associated with variations in the concentrations of mercury in
fish tissues and therefore may be effective predictors of mercury
biomagnification (Chen and Folt, 2005). On the other hand, phyto-
plankton accumulates mercury (bioconcentration) and together
with mercury enriched particles in the water column serve as a
food source supporting zooplankton growth (Mason et al., 1995;
Wu and Wang, 2011). This leads to important mercury concentra-
tions in planktivorous fish as well as in top predators in pelagic-
based food webs (Stewart et al., 2008; Chetelat et al., 2011).

In estuarine coastal waters copepods are usually the dominant
group of mesozooplankton (e.g. Kimmel and Roman, 2004;
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Marques et al., 2007) playing important roles in trophic food webs
since they are a link between primary producers and secondary
consumers. Their role as major grazers in aquatic food webs (Turn-
er, 2004) attribute them a key role in the estuarine planktonic food
web and concomitantly in the pelagic food web mercury dynamics.
This increase of mercury concentrations through the trophic web
(biomagnification) is well documented in literature (Selin, 2009;
Costa et al., 2012), particularly in Ria de Aveiro (Portugal) (Coelho
et al., 2008; Pereira et al., 2009, and reference therein). However, to
our knowledge, there is a scarce literature on the effects of mercury
contamination, on the distribution, structure and functioning of
zooplankton in European estuaries. The first works in Ria de Aveiro,
from Monterroso et al. (2003) and Pereira et al. (2007), concluded
that zooplankton is a key component in the biogeochemical cycle
of mercury in estuaries, since it can be a transporting agent to
other areas of the system or to the open sea. In the present study
the zooplankton was monitored as an indicator of possible ecosys-
tem changes resulting from mercury contamination. The main
goals of the present work were: (1) to analyze the distribution of
the zooplankton assemblages along a mercury gradient and infer
about the impact of this contaminant on their structure (density/
biomass and taxonomic groups) and functioning (species diver-
sity), and (2) to analyze the bioaccumulation patterns, highlighting
species or groups with higher or lower Hg tolerance. Such knowl-
edge is necessary to fulfill notable data gaps in the literature on
mercury in zooplankton in estuarine ecosystems and contribute
to the understanding of baseline factors that control mercury
uptake and fate in upper trophic levels of estuarine food webs.
2. Materials and methods

2.1. Study site

The study was conducted in the Ria de Aveiro coastal lagoon, lo-
cated on the north-west coast of Portugal (40�380N, 8�450W)
Fig. 1. Overview (left) and detailed map (right) of the study ar
(Fig. 1). Its topography consists of four main channels, which radi-
ate from the mouth with several branches, islands and mudflats
(Fig. 1). Tidal influence is the main factor influencing circulation
within the lagoon. The system received, from 1950 to mid 1990s,
continuous mercury discharges from a chlor-alkali plant located
in Estarreja industrial complex (Pereira et al., 2009). This induced
an environmental contamination gradient inside the lagoon,
mainly in the Laranjo Bay corresponding to a highly contaminated
area located close to the mercury discharge source (Coelho et al.,
2008). In the last decades, the mercury discharge decreased con-
siderably due to legal restrictions (e.g. 50 lg Hg L�1 is the limit va-
lue for discharges from chlor-alkali plants, in accordance with the
European Union Directive 82/176/EEC). However, the mercury
accumulated in the sediments of some areas of the Ria is still high
posing several risks to the environment and ultimately to humans
(Pereira et al., 2009).

Four sampling stations were selected in the Laranjo Bay along a
transect defined by the distance from the mercury point source:
station 1 (St 1) is considered to be at the mercury point source in
the lagoon, and the others stations are progressively further from
this one, respectively 600 m (station 2, St 2), 3000 m (station 3,
St 3) and 5000 m (station 4, St 4) (Fig. 1).

2.2. Zooplankton and environmental data

Zooplankton horizontal hauls with a plankton net equipped
with 200 lm mesh net were conducted in Ria de Aveiro, on a
monthly basis, from September 2010 to September 2011. The sam-
ples were collected during the day, at flood tide, across the four
sampling stations (Fig. 1). A Hydro-Bios flowmeter was used to
estimate volume filtered by each haul. After each haul, the net
was rinsed and the samples for Hg determination were immedi-
ately frozen while the remaining samples were preserved in 4% for-
malin-seawater solution. These were later sub-sampled for
numerical abundance using a Folsom plankton splitter. At each
subsample a minimum of 500 individuals were counted using a
ea with location of the sampling stations in Ria de Aveiro.
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Bogorov counting chamber and then identified to the lowest possi-
ble taxonomic level (whenever possible organisms were identified
to the species level, otherwise to the genera) under a stereoscopic
microscope (Leica Led 2500) using the identification keys and ref-
erence books by Rose (1933), Tood and Laverack (1991) and Alonso
(1996). Densities were calculated and expressed as individuals per
cubic meter (ind m�3).

Environmental measurements were taken simultaneously with
the zooplankton sampling. Water temperature (�C) (probe:
CDC401), salinity (probe: CDC401), dissolved oxygen (mg L�1)
(probe: LDO101) and pH (probe: pHC281) were measured in situ,
at the surface, through a multiparametric probe (Hach Lange
HQ30d). Water samples for determination of chlorophyll a (chla,
mg m�3), total suspended solids (TSS, mg L�1), total dissolved mer-
cury (ng L�1), and mercury associated to the suspended particulate
matter (SPM, lg g�1) were collected. For determination of chloro-
phyll a (Chl-a), 500–700 mL water samples were filtered onto
Whatman GF/C glassfibre filters followed by extraction following
the protocol of Parsons et al., (1985). For the SST quantification it
was followed the protocol of APHA (1995).

Sediments from each site were also collected for total mercury
content quantification. They were homogenized and freeze-dried
for posterior mercury analysis. At the laboratory, water samples
were filtered with 0.45 lm pore size filters (Millipore), acidified
with concentrated HNO3 ‘‘mercury free’’ to pH < 2 and maintained
at 4 �C until analysis.
2.3. Mercury quantifications in sediments, water column and
organisms

For total mercury quantification in organisms and sediments,
freeze-dried samples were analyzed by thermal decomposition
atomic absorption spectrometry with gold amalgamation, using a
LECO AMA-254 (Advanced Mercury Analyzer), with a limit of
detection of 0.01 ng. Analytical quality control was performed
using Certified Reference Materials (CRMs): TORT-2 lobster hepa-
topancreas (for the organisms), while for the sediments MESS-3
(low contaminated sediments) and PACS-2 (high contaminated
sediments) were used. The values obtained for the whole CRM
analysis was 120% for the organisms and 97–103% (at 0.05 signif-
icance level) for the sediments. Analyses of CRMs and samples
were always performed in triplicate and coefficient of variation
was lower than 10%. Total dissolved mercury analysis was per-
formed by cold-vapor atomic fluorescence spectroscopy (CV-AFS),
using a PS model Merlin 10.023 equipped with a detector PSA
model 10.003 and using, as reducing agent, SnCl2. This analytical
methodology is highly sensitive, allowing the measurement of
1 ng L�1 of mercury (Mucci et al., 1995). For determination of mer-
cury concentrations in SPM, filters (from the previous process of
water filtration) were oven-dried at 60 �C and acid digested with
HNO3 4 mol L�1. After HNO3 digestion, the mercury was analyzed
by CV-AFS (Pato et al., 2008).
3. Data analysis

3.1. Environmental variables

Statistical differences in environmental variables as a function
of sampling stations were tested with a one-way analysis of vari-
ance (ANOVA). All data were previously checked for normality
using the Kolmogorov–Smirnov test and for homogeneity of vari-
ances using the Levene’s test (Zar, 1996). Data not meeting these
criteria were transformed appropriately (Zar, 1996) and checked
again for normality and homocedasticity. Whenever data did not
meet those criteria, non-parametric tests (Kruskal–Wallis test)
were applied. These analyses were performed in the Minitab 16
software package.

3.2. Zooplankton community

3.2.1. Univariate analyses
Diversity indices (number of species, Pielou’s species evenness

and Shannon-Wiener diversity) and abundance of zooplankton
assemblages were computed for each station (Clarke and Warwick,
2001).

3.2.2. Multivariate analyses
A distance-based permutational multivariate analysis of vari-

ance (PERMANOVA, Anderson, 2001) was used to test hypotheses
about differences in zooplankton assemblages along the contami-
nation gradient, due to the predominance of zeros and the variabil-
ity between samples. This analysis does not assume normality or
any other specified distribution. PERMANOVA model consisted of
one factor (station, 4 levels, fixed). The Bray-Curtis similarity coef-
ficient matrix was used as the distance metric with 9999 permuta-
tions for the probability tests. Data for species abundance was
square-root transformed. When necessary, significant terms of
interest were investigated using a posteriori pairwise comparisons.

To visualize multivariate patterns revealed by PERMANOVA,
canonical analysis of principal coordinates was applied (CAP,
Anderson and Willis, 2003). In this study was used a specific case
of CAP (canonical correlation) since the objective was to perceive
how well the biotic data (zooplankton community) differentiated
the samples along a quantitative mercury gradient. Based on this,
it was performed a Principal Components Analysis (PCA) with mer-
cury concentrations (sediment, dissolved and SPM) and selected
the single variable with the scores for samples along PC1. This
information was used to run the CAP and relate the pollution gra-
dient to the biotic matrix. The abiotic data was previously log-
transformed while the biotic matrix was square-root transformed
for posterior calculation of Bray-Curtis distances (Anderson et al.,
2008).

Finally, RELATE and DISTML (distance-based linear model) rou-
tines were performed (Clarke and Gorley, 2006; Anderson et al.,
2008) to analyze and model the relationship between the zoo-
plankton assemblages and the environmental variables. The
assemblage DISTLM was constructed using the step-wise selection
procedure and the adjusted R2 as selection criterion to enable the
fitting of the best explanatory environmental variables in the
model (Anderson et al., 2008). Euclidean distance was used as
resemblance measure in all DISTLM procedures. The full set of 9
available environmental variables was tested for collinearity
(Draftsman plot and Spearman correlation matrix) and (redun-
dant) variables with correlations (r2) > 0.7 were omitted from the
model. The environmental variables selected were: salinity, TSS,
total dissolved Hg, Hg in sediments and chlorophyll a. To minimize
the seasonal variability monthly anomalies were obtained for each
biotic and environmental dataset before calculating the distance
matrix. This procedure was only used for the present analysis.

All multivariate and diversity analyses were performed using
PRIMER v.6 and its add-on package PERMANOVA+ (Clarke and
Warwick, 2001; Clarke and Gorley, 2006; Anderson et al., 2008).
4. Results

4.1. Environmental variables

Temperature, salinity and chlorophyll a values showed a typical
seasonal distribution with lower values during winter (Temp.:
7.7 �C, Sal.: 4.3, Chl-a: 0.99 mg m�3) and higher values during



Fig. 3. Total mercury levels in sediments (lg g�1), dissolved fraction (ng L�1) and
associated to the suspended particulate matter (lg g�1) (error bars indicate
standard deviation, n = 11).
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summer (Temp.: 24.8 �C, Sal.: 37, Chl-a: 16.9 mg m�3) (Fig. 2a–c).
Total suspended solids (TSS) showed a more irregular pattern
(Fig. 2d). Considering the environmental variables no significant
differences were observed between the four sampling stations
(One-way ANOVA, Temperature: F3 = 0.03, P > 0.05; Kruskal–Wal-
lis, Salinity: H3 = 1.30, P > 0.05; Chlorophyll a: H3 = 1.21, P > 0.05;
TSS: H3 = 2.44, P > 0.05). The study area was, thus, comparatively
uniform with respect to water mass characteristics during the
sampling period.

4.2. Mercury concentrations in sediments, and water column

Total mercury in sediments varied significantly between all the
stations (One-way ANOVA, F3 = 323.01, P < 0.05). In fact, there is a
clear spatial gradient across the different stations, from a maximum
at station 1 (132 ± 38.9 lg g�1), followed by St 2 (16.4 ± 4.9 lg g�1),
St 3 (1.9 ± 0.4 lg g�1) and St 4 (1.1 ± 0.6 lg g�1) (Fig. 3).

Total dissolved mercury presented lower values during winter
(10.1 ± 1.6 ng L�1) and spring (17.5 ± 5.1 ng L�1) and higher concen-
trations were recorded during the summer (39.2 ± 27 ng L�1) and
autumn (37.9 ± 7.9 ng L�1). Spatially, station 1 (29.1 ± 24 ng L�1)
recorded higher mercury concentrations than the other three
stations, being St 4 (20.6 ± 16.2 ng L�1) the one that registered the
lowest mercury concentrations. Nevertheless, no significant differ-
ence was observed between sampling stations (Kruskal–Wallis,
H3 = 2.43, P > 0.05). In the SPM fraction, the existence of a mercury
spatial gradient was verified, especially during summer and autumn
with St 1 and 2 presenting the highest values. Significant differences
were observed between St 1 and 3, St 1 and 4, and St 2 and 4
(One-way ANOVA, F3 = 5.57, P < 0.05).

4.3. Zooplankton community structure and diversity

Differences in zooplankton community structure were observed
throughout the contamination gradient. Slightly higher abundances
were recorded at upstream and more contaminated section of the
Laranjo Bay (St 1 and 2, average 3309 ± 3867.8 and
4701.3 ± 4483.9 ind m�3, respectively), whereas lower values were
recorded at St 3 and 4 (average 2772.1 ± 2675 and
1492.96 ± 1115.8 ind m�3, respectively). However, no significant
differences were observed between them (One-way ANOVA,
F3 = 0.79, P > 0.05). Total zooplankton abundance peaks occurred
Fig. 2. Seasonal trends in environmental conditions through the mercury contaminati
(chlorophyll a, Chl-a, mg m�3); and (d) total suspended solids (TSS, mg.l�1).
during summer/autumn and showed a consistent decrease in winter
(Fig. 4a).

The spatial and seasonal distribution of the main taxonomic
groups showed that the copepods were consistently the dominant
group, namely the estuarine resident species (94.6–66.7%), Acartia
on gradient: (a) temperature (�C); (b) surface salinity; (c) phytoplankton biomass



Fig. 4. Seasonal trends in zooplankton: (a) Zooplankton density (ind m�3); and (b)
proportional contribution of major zooplankton taxonomic groups (estuarine
copepods, black; marine copepods, white; cladocerans, light grey; others, dark
grey) to total zooplankton density based on season means.

Fig. 5. Changes in zooplankton: (a) species richness; (b) evenness and (c) Shannon
Wiener diversity (Heterogeneity) at each sampling station over the study period.
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tonsa. Next, appear the marine copepods (23.9–2.2%), with greater
representation at St4 (Fig. 4b). Other taxa such as Cladocera,
Appendicularia and Cirripedia occurred typically in lower abun-
dance (<3%).

Regarding species richness, a significant increase from the most
contaminated area to the least contaminated one was observed (St
1 – 12 ± 3.8 species, St4 – 22 ± 6.0 species) (One-way ANOVA,
F3 = 12.56, P < 0.05) (Fig. 5a). A similar pattern was found for zoo-
plankton evenness (St 1 – 0.39 ± 0.1, St4 – 0.57 ± 0.1) and heteroge-
neity (St 1 – 1.4 ± 0.5, St4 – 2.6 ± 0.7) with significant differences
between extreme areas (One-way ANOVA: evenness, F3 = 8.9,
P < 0.05; heterogeneity, F3 = 13.2, P < 0.05) (Fig. 5b and c). In sum-
mary, stations further away from the contamination source were
more diverse and equitable, whilst the stations close to the mer-
cury discharge harbored less diverse and more even communities.

4.4. Multivariate analysis

The PERMANOVA analysis showed significant differences in
zooplankton assemblages between stations 1 and 3, 1 and 4 and
between stations 2 and 4 (P < 0.01, Table 1). This was further con-
firmed by the CAP analysis which demonstrated a strong relation-
ship between changes in zooplankton community structure and
the environmental gradient of mercury content with a canonical
correlation (using m = 8 principal coordinate axes) of d2 = 0.80
(Fig. 6). The CAP analysis showed a clear discrimination between
samples from the 4 stations.

Comparison between zooplankton abundance and environmen-
tal similarity matrices showed a medium significant correlation
(RELATE, r = 0.46, P = 0.001). The DISTLM analysis revealed that
total dissolved Hg, Chl-a and Hg in sediments had significant
influences on the structure of the zooplankton assemblages. The
best fitted model, based on the retained environmental variables
that explained the zooplankton assemblages is shown in Table 2.
These results show that total dissolved Hg accounted for 29% of
the variance observed. Other main contributors include Chl-a
(21%) and Hg in sediments (13%). The influence of total dissolved
Hg remained significant in sequential tests after the effect of
Chl-a was taken into account, but Hg in sediments was no longer
significantly correlated with zooplankton abundance.
4.5. Mercury bioaccumulation in the zooplankton

The results indicated a clear mercury bioaccumulation through-
out the spatial gradient, with higher values at St 1
(0.1 ± 0.02 lg g�1) and lower values at St 4 (0.01 ± 0.002 lg g�1)
(Fig. 7). Overall significant differences between sampling stations



Table 1
Summary of results of permutational multivariate analysis of variance (PERMANOVA)
and post hoc pairwise comparisons of zooplankton assemblages at 4 sampling
stations.

Source of variation df SS MS F P

Station (St) 3 9458.2 3152.7 1.787 0.0084

Pairwise post hoc comparisons of stations

Groups t P

1, 2 0.765 0.804
1, 3 1.345 0.045
1, 4 1.851 0.002
2, 3 1.005 0.434
2, 4 1.636 0.009
3, 4 1.078 0.311

Fig. 6. Canonical analysis of principal coordinate (CAP1) vs PC1 scores of Hg
(obtained from PCA). d2: square canonical correlation.

Table 2
Result of distance-based linear model (DistLM). Results of the marginal tests show the
influence of each parameter in isolation, whereas results of the sequential tests show
the effect of environmental parameters on zooplankton assemblages in the combined
model (stepwise selection with adjusted R2 [R2

adj] criterion).

Variable SS (trace) Pseudo-F Prop.

Marginal tests
Sal 3.45 � 106 0.38 0.01
TSS 1.30 � 107 1.49 0.03
Hg Diss.** 1.11 � 108 17.26 0.29
Hg sed.* 5.13 � 107 6.51 0.13
Chl-a** 8.14 � 107 11.38 0.21

Sequential tests
Hg Diss* 1.11 � 108 17.26 0.29
+Chl-a 3.15 � 107 5.41 0.08
+Hg sed. 6.21 � 106 1.07 0.02

Hg sed: total mercury in sediments (lg g�1); Hg diss: total dissolved mercury
(ng l�1); Sal: salinity; Chla: chlorophyll a (mg m�3); TSS: total suspended solids
(mg m�3). Prop.: proportion of total variation explained; Prop (cumul.): Prop.
cumulative.
* P < 0.05.
** P < 0.01.

Fig. 7. Total mercury levels (lg g�1 wet weight) in zooplankton (error bars indicate
standard errors).
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were observed (One-way ANOVA, F3 = 16.48, P < 0.05), except be-
tween St 2 and 3.

5. Discussion

In the last years, due to the implementation of the Water
Framework Directive, there is a great concern with the environ-
mental quality of global aquatic systems with special attention to
their ecological condition. Studies on the impact of contaminants,
like mercury, in marine ecosystems are of extreme importance,
due to its high toxicity and since marine food webs are important
links between mercury in the environment and human exposure
via consumption of fish (Chen et al., 2012; Oken et al., 2012). Bio-
monitoring is well known as an effective tool for the assessment of
metal pollution in aquatic ecosystem (Zhou et al., 2008) and
zooplankton is considered as a good indicator of energy flux in
the marine food chain. Although considerable attention has been
given to the mercury contamination problems, mercury accumula-
tion in zooplankton has received little attention compared to other
biotic groups, like macrobenthos (Raftopoulou and Dimiatris,
2011; Cardoso et al., 2013a), fishes (Abreu et al., 2000; Gehringer
et al., 2013), salt marsh vegetation (Válega et al., 2008) and macro-
algae (Coelho et al., 2005). Regarding zooplankton, previous work
addressed the amount of mercury associated with micro and
mesozooplankton exported from Laranjo Bay to the rest of the la-
goon (Monterroso et al., 2003) and seasonal mercury accumulation
in material collected with plankton nets (63 and 200 lm) (Pereira
et al., 2007). The novelty of this study focuses on the impact of
mercury and its bioaccumulation patterns on the zooplankton
community structure and functioning along a human-induced
mercury environmental gradient.

Our findings confirmed a clear mercury spatial gradient that
was reflected in the zooplankton mercury bioaccumulation
pattern. As expected, Hg concentration was generally higher at
upstream areas, closer to the contamination point source.
Zooplankton has the ability to accumulate both inorganic and or-
ganic forms of mercury from ingested food and/or directly from
the dissolved phase (Wang and Fisher, 1999), which may explain
the mercury concentrations and bioaccumulation pattern. In both
cases, the contaminants may be assimilated and passed up to high-
er food levels via trophic transfer or they may be eliminated in
fecal pellets (McManus et al., 1983).

Interestingly, the highest abundances were found, generally, in
the upstream section of the Laranjo Bay with peaks occurring in
spring, summer and autumn months. This seasonal effect in
zooplankton abundance was previously reported in other temper-
ate estuaries (e.g. Tackx et al., 2004; David et al., 2007; Marques
et al., 2007) and for Canal de Mira, Ria de Aveiro (Leandro et al.,
2013). This density pattern seems to follow the chlorophyll a
biomass trends resulting from the phytoplankton ecological prefer-
ences (Resende et al., 2005; Pereira et al., 2010). Chlorophyll a is an
important food resource for the zooplankton as it was evidenced
by the DISTLM analyses and at the same time is a relevant element
in the Hg transference through the trophic web. In addition, the
spatial and seasonal distribution of the main taxonomic groups
shows that the copepods were always the dominant group, namely
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the estuarine resident species, A.tonsa, contributing with more
than 90% of total zooplankton abundance in the most contami-
nated areas, indicating that is a tolerant species to mercury. Plank-
tonic copepods are important components of marine pelagic food
webs, especially in rich productive estuaries of coastal regions
(Kimmel and Roman, 2004; David et al., 2007; Marques et al.,
2011). The great abundance of estuarine copepods, represented
by A. tonsa, in the most contaminated areas corroborates the asso-
ciation of this species with polluted environments (Soetaert and
Van Rijswijk, 1993; Uriarte and Villate, 2004). Hook and Fisher
(2001) determined the effect of exposure route on metal (Cd and
Hg) accumulation, tissue distribution, and toxicity in A. tonsa.
The concentrations tested were at environmentally realistic levels
such as those that occur in urbanized estuaries. They exposed
adults to food that had been exposed to metals and also dissolved
metals in the water. They found that exposure to contaminated
food (28 nmol Hg g�1) resulted in assimilation of the metals pri-
marily into internal tissues affecting vitellogenesis and egg produc-
tion (decrease 50%). However, when animals were exposed to
dissolved Hg (concentration P0.25 nM Hg 50 ng Hg) a decrease
on egg production was verified but mortality was observed only
with concentrations P300 nM Hg (60,000 ng Hg). Our values for
total dissolved Hg were much lower (except in summer that
reached 70 ng L�1) than the ones used in that experiment which
explains the strong permanence of this copepod in the Laranjo
Bay. Also, as stated by Bijlsma and Loeschcke (2005) metal toler-
ance can be based on genotypic adaptation as a result of the selec-
tion pressure exerted by a trans-generational exposure history of
natural populations. Accordingly, the results suggested that there
was probably wide genetic variability within A. tonsa species in tol-
erance to mercury contamination, leading to locally adapted eco-
types displaying an elevated tolerance to metal toxicity
(Sørensen et al., 2003).

Further, higher species richness was observed in downstream
areas, more noticeable in summer and autumn contributing to
the highest diversity observed. The diversity patterns may be re-
lated with the contamination gradient. The low species richness re-
corded in the Laranjo Bay, mainly in the most contaminated areas
is clearly associated to the mercury contamination and its adverse
effects, as already observed for the suprabenthos (Cardoso et al.,
2013b) and also for the macrobenthic communities. Comparing
our study site with others, this system is much more impoverished
than for example the Mondego estuary (Marques et al., 2007), the
Scheldt estuary (Tackx et al., 2004) or the Bahia Blanca estuary
(Hoffmeyer, 2004).

Our findings were corroborated by DISTLM and CAP analyses.
The first one revealed that the environmental variable with great-
est influence on the structure of zooplankton assemblages was to-
tal dissolved Hg. This result is contrary to previous studies (Pereira
et al., 2007) whose results indicated that zooplankton abundance is
not affected by mercury contamination, but rather by parameters
such as salinity and temperature. In estuaries, it is not always
possible to distinguish the effects of pollution from those of the
salinity gradient (Wilson and Elkaim, 1992) on zooplankton distri-
butions. However, in our study the sampling strategy was consid-
ered appropriate since the main abiotic variables (salinity and
temperature) which can add to the pollution effect in estuaries
(Wilson and Elkaim, 1992) showed no significant differences along
the study area. In addition, the CAP analysis also identified a strong
correlation between the mercury gradient and the zooplankton
assemblages, revealing a great discrimination between sampling
stations.

In conclusion, the present paper reinforces the importance of
zooplankton as valuable indicator of the ecosystem disturbance
state highlighting his role as a vehicle of mercury transfer through-
out the food web, since the zooplankton is a food resource for the
higher trophic levels. Also, the distance from the mercury source
was a strong and predictable determinant factor of zooplankton
assemblage structure. Therefore, this study constitutes a necessary
basis for the understanding of mercury transfer processes within
estuarine food webs and their impact on the ecosystem
functioning.
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