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Bioassays in the port areas of coastal Atlantic regions to improve the Water Frame Directive (WFD) for these specific
Elumates@ water bodies. Under this scope, water and sediment samples were collected from five sites within the
Microtox®

Port of Aveiro, Portugal. According to the physical and chemical parameters that were analyzed (i.e., met-
als, total organic carbon, polychlorinated biphenyls and polycyclic aromatic hydrocarbons), the sedi-
ments were not considered at risk based on European sediment quality laws. However, the bioassays
that were performed on the sediment samples (Microtox®) and the standardized acute toxicity test using
the marine rotifer, Brachionus plicatilis, on sediment elutriates revealed higher toxicity levels. The use of
bioassays to assess sediment quality clearly complements more conservative approaches and highlights
current gaps within the WFD. The approach presented here can be easily transferred to other port areas
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for more reliable water quality management.
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1. Introduction

Coastal port areas have a massive economic and social impact
on society because marine transportation is extremely valuable
for network and cargo distribution. However, environmental pro-
tection should not be disregarded, and the sustainable exploitation
of these coastal areas must be clearly considered. Port pollution is,
indeed, a concern that has been and remains under discussion and
evaluation. These discussions focus on the main activities and
sources that are responsible for pollution, policies and recommen-
dations (Goulielmos, 2000; Bailey and Solomon, 2004; Darbra
et al.,, 2009). Currently, there is an urgent need to improve environ-
mental data monitoring techniques because the implementation of
continuous monitoring programs is crucial for understanding the
environmental impacts of port activities (Darbra et al., 2009). Ports
are bordered by huge water bodies, such as oceans, rivers and estu-
aries, and the water quality of these areas is one of the main envi-
ronmental concerns for their sustainable operation.

According to the European Water Framework Directive (WFD)
(Council Directive 2000/60/EC), these water bodies are classified
as heavily modified water bodies (HMWB) because they continu-
ously suffer from severe physical and chemical modifications due
to anthropogenic activities. The directive establishes a framework
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for the protection of surficial and ground waters. Its main objective
is to achieve a ‘good ecological status’ for all European water
bodies until 2015 (Council Directive 2000/60/EC; Borja et al.,
2006), with the exception of HMWB, where the ecological status
assessment is based on achieving a ‘good ecological potential’
(Council Directive 2000/60/EC; Borja and Elliott, 2007).

One of the issues that deserves special attention in evaluating
the water quality of aquatic systems is the interaction of heavy met-
als and other potential hazards with the sediment (DelValls et al.,
1998). The sediment is a depository compartment that can absorb
and release contaminants and influence the overlying water and
its quality (Valdés et al., 2005; Alagarsamy, 2006). In addition, there
are several organisms that inhabit this compartment, play an
important role in environmental processes and may display social
and/or economic value. These organisms can be negatively affected
by the interactions between the sediment and the water column
(Quintino et al., 1995). The accumulation, distribution and increase
in contamination in sediments are predominantly influenced by
anthropogenic activities (Huang and Lin, 2003; Chen et al., 2007).
Port areas are rich in industrial and naval activities, and several con-
taminants, such as metals, PCBs and PAHs, are known to be present
in ports worldwide (Birch and Taylor, 1999; Chen et al., 2007; Jones
etal., 2005; Morillo et al., 2004). In fact, high concentrations of PAHs
in the environment are mainly a consequence of anthropogenic
sources, such as industrial and domestic wastes or petroleum han-
dling (Boonyatumanond et al., 2006; Soclo et al., 2000). Metals are
also continuously introduced in industrialized coastal and estua-
rine regions through anthropogenic actions (Zhang et al., 2007).
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Therefore, port areas are excellent locations to monitor these hu-
man impacts on the environment (Fatoki and Mathabatha, 2001).
This research was developed under the scope of the European
project PortoNovo - “Water Quality in Harbors”, the goal of which
is to standardize the methodologies used to manage water quality
in port areas of the north-eastern Atlantic and to help improve
and implement the WFD for these specific water bodies (HMWB).
The PortoNovo project involved different universities and institu-
tions, as well as the collaboration of ports from six European coun-
tries: Portugal, Spain, France, Ireland and the United Kingdom.
Previous studies have also addressed the development of method-
ologies to evaluate risk assessment in harbors in an attempt to
achieve sustainable development of these areas, including the fol-
lowing two projects. (1) The Ecoport project, “Towards A Sustain-
able Transport Network”, was developed by the Valencia Port
Authority and conducted at the Valencia Port (Peris-Mora et al.,
2005) with the objective of designing a system of sustainable man-
agement indicators for further application in other ports in Spain
and Europe. Port activities were analyzed, and seventeen environ-
mental indicators and their potential environmental impacts were
identified (e.g., inner port water quality, which considers spills or
leaks from the transfer of oil products and bulk liquids from vessel
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to lorry). (2) The Pearl project’s (“Port Environmental Information
Collector”) main results were described in an investigation by Dar-
bra et al. (2009), based on data collected from 26 European ports, to
underscore the importance of environmental monitoring and sup-
port the development of a port environmental management sys-
tem. Thus, so far, an ecotoxicological approach has not been
considered when evaluating the water and sediment quality that
results from environmental management activities in areas under
port jurisdiction. Nonetheless, there are several studies addressing
the environmental status of marine/estuarine environments based
on ecotoxicological bioassays that clearly indicate the relevance
of this type of approach (Costa et al., 1998; Nendza, 2002; Narracci
et al., 2009).

Within the PortoNovo project and with the goal of implement-
ing an ecotoxicological approach to evaluate water and sediment
quality in ports, a collaboration was initiated with the port of Ave-
iro to improve the WFD for these specific water bodies (HMWB). A
biomonitoring campaign was formed in August 2010 to establish
and implement reproducible and standardized bioassays to deter-
mine the environmental quality status of areas under port jurisdic-
tion, with possible applications for the WFD. To achieve this goal,
two standardized bioassays were used: the Microtox® bioassay,
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Fig. 1. Ria de Aveiro with the five sampling sites monitored in the Port of Aveiro area:

(reference site); D — Liquid Bulk Terminal; E - Distant Fisheries Port.

A - Multipurpose North Terminal; B - Liquid Bulk Terminal; C - Sdo Jacinto Bay
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which was performed on sediment samples using the marine lumi-
nescent bacteria Vibrio fischeri, and the standardized 24-h acute
toxicity test performed on sediment elutriates, using the marine
rotifer Brachionus plicatilis.

2. Materials and methods
2.1. Sampling sites

The Port of Aveiro is located in northwest Portugal
(40°39'28.87"N, 8°43'03.94"W) within a multi-branched and shal-
low estuarine system, the Ria de Aveiro coastal lagoon. Two main
rivers drain into this estuarine system: the Antua and the Vouga Riv-
ers (Fig. 1). The port is located near the only artificial inlet to the Ria
de Aveiro and is considered a multifunctional port. It plays a key role
in serving various industrial sectors and is considered the largest
infrastructure handling conventional general cargo port in the cen-
tral region of mainland Portugal (http://www.portodeaveiro.pt).

Water and sediment samples were collected from five sites
within the jurisdictional area of the Port of Aveiro during the sum-
mer of 2010: A - the Multipurpose North Terminal (40°38'.741 N,
8°43'.549 W); B - the Liquid Bulk Terminal (40°39.164 N,
8°43'.358 W); C - the Sdo Jacinto Bay, which was chosen as the ref-
erence site (40°39'.287 N, 8°43.906 W); D - the Liquid Bulk Termi-
nal, located next to the docking site (40°39.499 N, 8°42'.484 W)
and E - the Distant Fisheries Port (40°38.858 N, 8°41'.891 W).
One water sample and four sediment samples were collected from
each site. The sediment samples were collected using corers by
professional SCUBA divers and were divided into subsamples
according to depth, i.e,, 5, 10 and 30 cm. Water samples were
stored in darkness at 4 °C and sediment samples at —20 °C until
further analysis.

2.2. Elutriate extraction and B. plicatilis acute tests

The elutriates were prepared by adding artificial seawater at a
salinity of 35, which was produced by mixing ultrapure water with
marine salt (PRODAC International) and sediment samples at a ra-
tio of 1:2, sediment:water (wet weight). The elutriates were then
shaken in 100-mL Erlenmeyer flasks in a benchtop orbital shaker
for 24 h in darkness at 20 °C (Loureiro et al., 2005). After resting
for 30 min, the supernatant was centrifuged for 30 min (4 °C) at
4000g. The supernatant was then collected and stored at 4 °C for
no longer than 1 week. The elutriates were used in the B. plicatilis
acute tests. The euryhaline rotifer B. plicatilis was used to perform
the standardized 24-h acute toxicity test via the rotifer toxicity
test-kit Rotoxkit M™ (MicroBioTests Inc., Nazareth, Belgium). Rot-
ifers were obtained by hatching cysts at 25 °C under continuous
illumination in artificial seawater at a salinity of 20, prepared as
described above. After approximately 28 h, the cysts hatched, and
rotifers were transferred to artificial seawater at a salinity of 35
for 1 h to adapt to the salinity shift. The tests were held in Multi-
well® plates with six replicates per sediment elutriate and five rot-
ifers each, plus a control replicate with only salt water. They were
incubated at 25 °C in darkness for 24 h. During the test, there was
no medium renewal or feeding. The number of dead rotifers was
then counted in each well, and the mean values for rotifer mortal-
ity were calculated.

2.3. Microtox® bioassay

The marine luminescent bacteria V. fischeri was used in the
Microtox® bioassays. A 1:2 (sediment:water) dilution was made
using the diluent from the Microtox® kit, and elutriates of all of

the sediment samples/depths were analyzed with the basic solid-
phase test (Basic SPT) following the protocols described by Azur
Environmental (Azur, 1998). A series of dilutions were carried
out in this bioassay after the dilution of sediment samples with
the Microtox diluent and the bacterial luminescence was measured
after 15 min of exposure using the Microtox M500 Toxicity Ana-
lyzer. The 50% reduction in luminescence was measured using
the Microtox Data Collection and Reduction Software (Microbics)
and reported in mg sediment/L. Values were then transformed into
percentage.

2.4. Physical-chemical analysis

For each sampling site, the pH (WTW pH 330/SET-2), dissolved
oxygen (WTW OXI 330/SET), temperature (WTW OXI 330/SET),
electrical conductivity (WTW Cond 330i/SET) and salinity (WTW
Cond 330i/SET) of the seawater were measured in situ. The HACH
KIT DR/2000 Spectrophotometer was used in the laboratory to
measure nitrites (Method 8507), nitrates (Method 8171), ammonia
(Method 8038) and phosphate (Method 8048) in the water
samples.

For sediment analysis, pooled samples were prepared for each
sampling site/depth combination. The percentage of total organic
carbon (TOC) was measured in the sediment samples from each
site, after lyophilization, using an IRMS (Thermo Electron Corpora-
tion) with a Delta V advantage mass detector, following the “Soil
quality” protocol of the British Standard 7755-3.8 (BS, 1995) and
the ISO 10694 (ISO, 1995) protocol. The conversion of organic sam-
ples into simple gases was completed in an elemental analyzer that
was coupled to a GC-Box before using the mass spectrometer. The
K factor was determined using an Acetanilide standard (Thermo
Electron), and a linear relationship was employed to calculate the
unknown % of carbon in the sample. The metal contents were mea-
sured in the sediment samples with ICP-OES for Al, according to
protocol ISO 11885 (ISO, 2007), and with ICP-MS for the remaining
metals, according to protocol ISO 17294 (ISO, 2005). The elutriate
samples were run through ICP-OES for Al, Cu, Cr, Ni and Zn, accord-
ing to protocol ISO 11885 (ISO, 2007), and ICP-MS for the remain-
ing metals, according to protocol ISO 17294 (ISO, 2005).
Polychlorinated biphenyls (PCBs) and polycyclic aromatic hydro-
carbons (PAHs) were also measured, but only in the sediment sam-
ples, according to the following protocols: DIN 38407 part 2 (DIN,
1993) and EPA 8082 (USEPA, 1996a) for PCBs; EPA 8270 (USEPA,
1996b), EPA 8131 (USEPA, 1996c), EPA 8091 (USEPA, 1996d) and
CSN EN ISO 6468 (IS0, 1998) for PAHs.

2.5. Data analysis

For the B. plicatilis acute tests, a two-way analysis of variance
(ANOVA) was performed to analyze the effect of both main factors,
the sampling site and depth. The ANOVA was followed by Tukey’s
honestly significant difference multiple-comparison test to com-
pare all five sites within the three depths selected (Zar, 1996).
The violations of normality and homoscedasticy were checked
using Shapiro-Wilk’s and Barlett’s tests, respectively. The ANOVA
tests were performed using the software Statistica 7.0 for Windows
(StatSoft, Aurora, CO, USA).

For the Microtox® basic solid-phase test bioassay, the effective
concentration inducing 50% effect (EC50 15 min) was calculated
using the Microtox Data Collection and Reduction Software (Micr-
obics) and reported in mg sediment/L (Azur, 1998). The EC50 was
then calculated as the percentage of sediment able to induce a
reduction of 50% of bacterial luminescence.
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3. Results
3.1. Physical-chemical

The physical and chemical parameters of the water samples
that were measured at each site are summarized in Table 1. Similar
values of electrical conductivity (EC), salinity, nitrite (NO,) and
phosphate (PO2~) were recorded at all five sampling sites. The
TOC ranged between 0.28% and 4.36%, with sampling site C, the ref-
erence site, having the lowest values and sampling site E the high-
est (Table 2). Table 3 lists the metal concentrations that were
measured in the sediment and elutriate samples for all of the sam-
pling sites, which were collected at three different sediment
depths. The highest concentrations in the sediment samples were
of aluminum and zinc, ranging between 4.24 x 10* and
8.31 x 10* pg/g, and 28.1 and 199.4 pg/g, respectively, with the
reference site (C) having the lowest values. Slightly lower concen-
trations of chromium and lead followed, ranging between 13.8 and
56.5 ng/g and 19.1 and 45.5 pug/g, respectively, where the lowest
values were also recorded in the reference site (C). High concentra-
tions of aluminum were also detected in the elutriate samples,
ranging from 65 to 308 pg/L. The PCBs analysis resulted in values
below the limits of detection. Conversely, PAHs were detected
above the detection limits for site A (5 cm depth), where the con-
centration of naphthalene (Naph) was 0.017 pg/g, phenanthrene
(Phe) was 0.018 pg/g, fluoranthene (Fluo) was 0.026 ug/g,
benzo(a)anthracene (BaA) was 0.012 pg/g, chrysene (Chry) was
0.014 pg/g, benzo(k)fluoranthene (BkF) was 0.011 pg/g, and for site
B (10 cm depth), the concentration of Phe was 0.022 pg/g and Fluo
of was 0.026 pg/g (sediment dry weight).

3.2. Ecotoxicological assays

The 24-h acute toxicity tests that were performed with the mar-
ine rotifer B. plicatilis were considered valid according to the
acceptability criteria established in the Rotoxkit M™, i.e., mortality
did not exceed 10% in the control treatments. The lowest mortality
was recorded for the reference site (C), with mean values of less
than 10% in all sediment samples, regardless of depth (Fig. 2). At
sampling site E, the mean values increased with depth, though
they remained approximately 10%. The highest mortality was ob-
served at sampling site A in the sediment sample that was col-
lected at a depth of 5cm; the mean value was above 20% and
decreased at higher depths. At sampling site D, the recorded mor-
tality was similar among the three different depths, approximately
15%. At sampling site B, the mean values for mortality varied be-
tween 10% and 15%. The two-way ANOVA performed to test the ef-
fects of sampling site and depth indicated that depth did not
significantly affect the mortality of B. plicatilis (p = 0.54) and that
there was no significant interaction between the two factors
(p =0.35). However, mortality was significantly influenced by the
sampling site (p < 0.05). Tukey’s test revealed that the mortality
that was obtained for the reference site (C) was significantly lower
than that recorded for sampling sites A (p=0.01) and D (p = 0.04)
(Fig. 2).

Table 1
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Table 2

Total organic carbon (TOC) measured in the sediment pool samples for all five
sampling sites (A - Multipurpose North Terminal; B - Liquid Bulk Terminal; C - Sdo
Jacinto Bay - reference site; D - Liquid Bulk Terminal; E - Distant Fisheries Port),
collected at three different depths (5, 10 and 30 cm).

TOC% Sampling sites
A B C D E
Depth (cm)
5 2.51 1.45 0.29 1.26 3.25
10 2.72 2.37 0.28 2.89 4.36
30 2.49 3.03 0.58 2.37 1.53

With the exception of the reference site (C), the sampling sites
had high toxicity in the basic solid-phase test Microtox® at each of
the three different depths of sediment sampled. The presence of
low percentages of sediment samples caused 50% inhibition in
Vibrio fisheri luminescence (EC50 15 min), ranging through a tight
scale between 4.05% and 19.46% (Fig. 3).

4. Discussion

Coastal areas are densely occupied by numerous industries re-
lated to fisheries, aquaculture, naval and petrochemical activities,
among others, and commonly receive both industrial and domestic
wastewater discharges. To make a proper evaluation of the state of
contamination of the Port of Aveiro, both water samples and pre-
dominantly sediment samples were analyzed because the sur-
rounding sediments are known to have a major impact on water
quality (Riba et al., 2004). Water samples can be considered static
samples that only provide information for a specific and restricted
period of time, i.e., a “snapshot”, while sediment samples can pro-
vide information over a longer temporal scale (Fatoki and Math-
abatha, 2001) because they can act as sinks for pollutants in
aquatic (eco)systems (LiR and Ahlf, 1997).

In Portugal, the national legislation, transcribed from the EU
legislation, (Portaria n°1450/2007 de 12 de Novembro de 2007,
Diario da Reptblica) from the Ministry of Environment, Spatial
Planning and Regional Development, establishes the regime for
the use of water resources and states the Sediment Quality Cri-
teria for dredged materials. This legislation establishes five cate-
gorical levels, which classify materials/sediments according to
their degree of chemical contamination (Table 4 and Supplemen-
tary data, Table S1) and states that the contaminants to be ana-
lyzed in sediments are mostly metals, PCBs and PAHs. According
to this categorical system, the sediments that were collected
within the Port of Aveiro’s jurisdiction area are ranked between
levels 1 or 2, due to their metal content. PCBs and PAHs concen-
trations are within the limits stipulated for level 1 at all five
sampling sites. The reference site of our study (site C), is consid-
ered a level 1 sediment (i.e., clean dredge material), while sedi-
ments from all of the other sampling sites fall into level 2 (i.e.,
dredged material with trace levels of contaminants). Thus, after
dredging, the choice of the disposal site must also be based on
the background levels of contamination at the destination site.

Physical and chemical parameters of water measured in each sampling site, A - Multipurpose North Terminal; B - Liquid Bulk Terminal; C - Sdo Jacinto Bay (reference site);
D - Liquid Bulk Terminal; E - Distant Fisheries Port, in situ: pH, dissolved oxygen (DO), Temperature (Temp.), electrical conductivity (EC) and Salinity; laboratory measurements:
suspended solids (SS), nitrite (NO, ), nitrate (NO; ), ammonia (NH3), ammonium (NH, ) and phosphate (PO},’).

Sampling sites pH DO (mg/L) Temp.(°C) EC (ms/cm) Salinity (%) SS(mg/L) NO; mg/L NO; (mg/L) NH3-N (mg/L) NH* (mg/L) PO?{ (mg/L)
A 797 7.82 19.7 48.8 35.6 18.2 0.01 3.08 3.36 3.55 0.03
B 8.00 9.13 18.0 48.7 35.6 16.8 0.00 2.20 3.36 3.55 0.07
C 8.02 9.13 16.9 48.7 35.6 25.6 0.003 2.20 3.36 3.55 0.02
D 7.86 7.30 19.4 48.0 353 304 0.01 2.64 3.36 3.55 0.02
E 7.82 7.07 20.2 49.0 35.8 31.2 0.00 2.64 3.36 3.55 0.03
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Sampling site D falls into this level as a consequence of the con-
centration of lead that was recorded in our study, which exceeds

s o the value stipulated for level 1. In all of the other cases, several
foe NS metals are above the values stipulated for level 1, pushing those

sediments into level 2. When comparing the metal concentra-
YYT TTY tions of the Port of Aveiro with ports in other coastal areas,

namely those located on the southwest coast of Spain (Morillo
et al., 2004), where high concentrations of various metals were
recorded (649 pg/g Zn, 336 ng/g Cu, 197 pg/g Pb), and Kaohsiung

225 8448
SSc oo Harbour in Taiwan (up to 470 pg/g for Pb, 900 pg/g for Cr and
1369 ng/g for Zn) (Chen et al., 2007), our study location is, in
“ i e general, less contaminated. The sediment metal analysis per-
999 99¢9 formed in this study highlights the importance of making a ver-
tical survey along the sediment depth gradient to properly
oS IIS evaluate the sediment quality instead of a simple horizontal
Soc Sod analysis. The presence of bivalves at different depths of the sed-
iment samples indicates that animals can move to at least a
depth of 30 cm in the sediment and reinforces the relevance of
CTT TTT performing a vertical survey to properly monitor the potential
impacts on local fauna. Considering the chemical evaluation of
our sediment samples, the substantial increase in Zn concentra-
I tion with depth (5cm - 98.10 pg/g; 30cm - 199.40 png/g) at
ToToaada sampling site B reinforces the relevance of studying deeper sed-
iment layers. This aspect has already been highlighted by previ-
coo ooo ous studies (Liu et al., 2003; Zhou et al., 2004; Adamo et al.,
VvV vV 2005), given that metals have the ability to move along sedi-
coo ooo ments to deeper layers. PCBs are commonly detected in marine
22I G sediments, and PAHs are also known to persist in this matrix
TH® Zads due to their hydrophobicity (Sprovieri et al., 2007). Nonetheless,
the majority of the analyses performed in this study revealed
6N o~ PCB and PAH levels below the detection limits, with the excep-
=0 ©© tion of some PAHs at sampling sites A and B. These results are
certainly related to the anthropogenic sources that are present
e oo in the study area, although all of the sites can be considered
B o to have low levels of contamination. Previous studies surveying

harbors elsewhere revealed much higher levels of PAHs, ranging
from 1.16 to 3.38 pg/g in the Hsin-ta Harbour, Taiwan (Fang
et al, 2003) and 0.62 to 1.69 ng/g in Poole Harbour, England
(Woodhead et al., 1999).

The categorical system for dredge material in other European
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vVVYVY o vVvYy 14/06/00) and the UK (OSPAR, 2004) (Table 4). Another major dif-
ference between the Portuguese legislation and those from other

~ o © ~ European countries is the lack of reference to any type of bioassays
228 €28R for evaluating sediment toxicity. In Spain, bioassays are still under
debate, but the following tests have been suggested: Microtox®,

acute toxicity tests with amphipods, the polychaete Arenicola, bi-

IYIY ¥V valves and the sea-urchin Echinocardium, as well as liquid phase
R, tests, the acute toxicity test with rotifers or the equinoderms’ fer-
E E ‘5 E E E tilization test (CEDEX, 1994). In France, this approach is already
28R ¥R followed; further, to assess the ecological risk of dredged harbor
DAL sediments, the software program GEODRISK was developed, which
considers the reference quality levels of contaminants in sediments

Ing 2wy (Alzieu and Quiniou, 2002). This software is able to discriminate
o aa dredged sediments according to their contamination level, poten-
tial and measured toxicity. For this assessment, several toxicity

tests were selected based on their sensitivity and ability to distin-

"eER YR guish several types of contamination, namely the solid phase

Microtox® test, which is one of the bioassays under consideration
in Spain and was also employed in the present study. The Micro-
tox® test is versatile, quick and low cost, making it a financially
a w acceptable and advantageous option as a first screening approach
(Girotti et al., 2008).
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Fig. 2. Mean values (n = 4) of rotifers mortality after a 24 h-exposure to sediment elutriates for all sampling sites, A - Multipurpose North Terminal; B - Liquid Bulk Terminal;
C - Sdo Jacinto Bay (reference site); D - Liquid Bulk Terminal; E — Distant Fisheries Port. Error bars are standard errors (SE). Different letters among sampling sites represent

30 ~

% Rotifers mortality

significant differences at p < 0.05.

Fig. 3. Percentage mean values of sediment samples for all sampling sites (A - Multipurpose North Terminal; B - Liquid Bulk Terminal; C - Sdo Jacinto Bay (reference site);
D - Liquid Bulk Terminal; E - Distant Fisheries Port) that cause 50% of luminescence inhibition in Vibrio fisheri (EC50 15 min) obtained through the basic solid-Phase test

S5cm

10 cm

30 cm
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Microtox, with standard error values below. N.T. - not toxic.

Table 4

Categorical level approach system established in Portugal (Portaria n°1450/2007 de 12 de Novembro de 2007; Diario da Repiblica, 2007). Spain (CEDEX, 1994), France (Arrété du
14/06/00) and UK (OSPAR Guidelines, 2004).

C D
Sampling sites

Sampling sites

6.93% 4.62% N.T.
1.10 2.90

9.74% 19.46% N.T
2.00 14.08

5.36% 6.29%
0.87 1.69
8.67% 7.37%
421 3.05

B 5cm
10cm

®30cm

Level 1 2 3 4 5
Portugal Clean dredged material that ~ Dredged material with traced Dredged material slightly Contaminated dredged  Highly contaminated dredged
can be dumped at sea or amount of contaminants and  contaminated that when material that can be materials that ideally should not be
replaced in places subject to dumped is allowed taking dumped a study is needed at Disposed on land, dredged; dredged material should
erosion or used to feed into account the the site of dumping and with subsequent be previously treated or disposed in
beaches without characteristics of the monitoring programs are coverage in authorizes landfill and dumping is
restrictions dumping site necessary impervious soil forbidden
Spain Dredged material can be Dredged material with Dredged material with high - -
dumped at sea after the moderate concentration of concentrations of
characterization of contaminants that can only contaminants that should be
mechanical effects be dumped at sea according isolated from marine waters
to specific and subjected to appropriate
recommendations treatment
France Level below which immersion  Level above which immersion - - -
can be authorized without is forbidden if not proven to
specific study be the solution less harmful
to the environment
UK Contaminant levels in Dredged material unsuitable - - -

dredged material are no
concern and are unlikely to
influence decision

for sea disposal and disposed
of by other routes e.g.
landfill
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The results that were obtained using the Microtox® assay were
in agreement with the metal analysis; at reference site (C), the
site with the lowest metal values, no toxicity was detected. Con-
sidering the results that were obtained with the Microtox® assay
and the levels of metals, PAHs and PCBs that were considered
acceptable in the surveyed sediments, the toxicity recorded in
this bioassay was higher than expected. The low percentage val-
ues of the sediment samples caused 50% inhibition in V. fisheri
luminescence (EC50 15 min). Therefore, individual metal, PCB or
PAH concentrations alone do not explain the toxicity levels that
were observed in the Microtox® bioassay. The chemical composi-
tion alone does not provide sufficient information on the bioavail-
ability, mobility and toxicity of contaminants or on their potential
harmful effects on the environment because different chemicals
can interact and promote synergistic effects (Alvarenga et al.,
2007; Rosa et al., 2007). In fact, PCB and most PAH data had val-
ues below the limit of detection, which reinforces the fact that
chemical absence does not correspond to a lack of toxicity. None-
theless, chemical analyses are important in identifying, quantify-
ing and characterizing the composition of different samples
(Girotti et al., 2008). Previous studies in the Ria de Aveiro have
reported the presence of endocrine-disrupting chemicals (Jonkers
et al., 2010; Sousa et al., 2010), with levels above those estab-
lished by the European WFD (Council Directive 2000/60/EC),
and organotin compounds, which are known to be responsible
for imposex and female sterility (Barroso et al., 2002; Sousa
et al., 2007). Sousa et al. (2007) detected various sites that exhib-
ited levels exceeding the predicted no-effect concentration for tri-
butyltin in water samples, and high levels of tributyltin were also
recorded in sediment samples.

Sediment elutriates are essential for assessing the effects of
dredging actions and the resuspension of metals and other toxic
chemicals on water quality (Simpson et al., 2005). They are an
important tool for understanding the potential bioavailability of
contaminants because their presence in sediment pore water
plays a crucial role in the overall toxicity of sediments (McCready
et al., 2004). The reference site for our study area (C) had the low-
est metal content in the elutriate analysis (as already recorded in
the sediment analysis). This sampling site also had the lowest
mortality percentage in the marine rotifer B. plicatilis bioassay.
The results obtained for this site were significantly lower than
those for sampling sites A and D. This result confirms that sam-
pling site C is a suitable reference site, and the higher toxicity
of sampling sites A and D, though their individual metal, PAH
and PCB concentrations were below the maximum permissible
concentrations. This higher toxicity at sites A and D may be pro-
moted by synergistic effects that occur among metals, PAHs and
PCBs.

With the goal of improving surficial and ground water quality
around Europe, the WFD was implemented in 2000. Nonetheless,
several gaps can still be found in the current directive, such as
the influence of sediment contamination in water quality assess-
ment, an issue that is nearly overlooked and whose importance
is not properly highlighted. Sediment quality is briefly mentioned
throughout the directive: article 2 contains the definition ‘environ-
mental quality standard means the concentration of a particular
pollutant or group of pollutants in water, sediment or biota which
should not be exceeded in order to protect human health and the
environment’; article 16 mentions strategies to avoid polluting
water, “The Commission shall submit proposals for quality stan-
dards applicable to the concentrations of the priority substances
in surface water, sediments or biota”; and in annex V, where, in
point 1.2.6, it is stated that “standards may be set for water, sedi-
ment and biota”. Additionally, ecotoxicological bioassays, such as
acute and chronic tests, are only specified for water body types
and aquatic taxa in annex V, with no reference to sediment

bioassays. In other words, the contaminants that are present in
sediments can be identified through chemical analysis, but their ef-
fects are not properly determined.

5. Conclusions

The use of bioassays and sediment analysis to evaluate sedi-
ment quality is significant for assessing water quality, confirming
the urgent need to correct current gaps n the WFD on water quality
analysis. Bioassays and biomonitoring are two key tools for evalu-
ating the chemical and ecological states of water, sediment and
biota in port areas. Both bioassays that were performed in this
study were found to be accurate, reinforcing the significance of
including these tools in water quality analysis, as already high-
lighted by the recommendations in French and Spanish legislation.
Portuguese legislation still overlooks the ecotoxicological charac-
terization of dredged materials, which is crucial for sediment dis-
posal. Overall, it is urgent that ecotoxicological sediment
analyses are recommended within the WFD and that EU member
states adopt a standardized classification system for materials/sed-
iments according to their degree of chemical contamination.
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