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ABSTRACT

The Water Framework Directive (WFD) aims to attain ‘good quality’ status for all European water bodies through
the achievement of good ecological status. To this purpose, the WFD advocates the creation of cost-effective
monitoring tools to deliver appropriate data that help to create links between chemical and ecological in-
dicators, as those from ecotoxicological research. Here, it was evaluated whether the integration of ecotoxico-
logical tools, as bioassays and biomarkers, did (or did not) strengthen the robustness of the assessment of the
ecological status obtained through well stablished biotic indices in two Atlantic estuaries. For that, a battery of
in-situ bioassays, including five macroinvertebrate species (the crab Carcinus maenas, the amphipod Echino-
gammarus marinus, the isopod Cyathura carinata, the snail Peringia ulvae and the polychaete Hediste diversicolor,
each one providing complementary information regarding key ecological functions) and a set of biomarkers, was
used. In addition, the concentrations of heavy metals in sediments, and in macroalgae (Fucus), were determined,
along with sediment granulometric, water physicochemical and nutrients characterization. We show that by
interpreting the values of all indicators together, along with environmental components, it is possible to perform
a more holistic description of the quality status of a waterbody — and, to begin to allude to factors limiting that
quality. Ecotoxicological tools (in situ bioassays and biomarkers) appear to provide an added value of useful
information for monitoring programmes regarding the true state - within which, both known and unknown
contaminants are potentially present at concentrations sufficient to cause biological effects. Our results support
the use of in situ bioassays and biomarkers within protocols aimed at fulfilling the goals of the WFD. In doing so,
more complete and informative assessments of the ecological quality status of water bodies can take place.

1. Introduction

is to prevent further deterioration of European (EU) water resources and
to protect and enhance the status of the water bodies, in terms of their

The Water Framework Directive (2000/60/EC, hereafter WFD) is the ecosystem structure and/or function. The WFD pursues the sustainable
central piece of water quality legislation within Europe. One of its aims management of water resources, whilst taking in account
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environmental, economic and social dimensions. The °‘Ecosystem
Approach’ inherent within the WFD is a reflection of Europe’s increasing
efforts to preserve the ecological integrity of the aquatic ecosystems,
which is also in line with the aims of other European Directives (e.g.,
Habitats and Wild Fauna and Flora Directive — 1992/43/EEC and the
Marine Strategy Framework Directive — 2008/56/EC).

A key goal of the WFD is to attain ‘good quality’ status for all EU
water bodies — as assessed through chemical and biological quality el-
ements. The chemical and ecological evaluations required by the WFD
do however have limitations —i.e., there is not an explicit requirement to
establish cause-effect relationships during the assessment of quality
status (Allan et al., 2006a,b). Likewise, attaining and implementing a
widely applicable, holistic and integrated assessment approach (as
essentially required by the WFD) is very challenging (Hering et al., 2010;
Beiras, 2016; Voulvoulis et al., 2017; Carvalho et al., 2019). Thus, in
order to assess (and thus help achieve) ‘good ecological status’ for
waterbodies, the WFD advocates the creation of new cost-effective
monitoring tools that will deliver appropriate data - i.e., those that
help create links between chemical and ecological status (Dworak et al.,
2005; European Commission, 2010; Graveline et al., 2010). With the
WED as a driver, there is now the opportunity to start to take advantage
of ecotoxicological research - and thus to create and integrate new cost-
effective and cost-efficient monitoring toolboxes (Maas and van den
Heuvel-Greve, 2004; Dworak et al., 2005; Allan et al., 2006b; de Jonge
et al., 2006; Benedetti et al., 2012).

WEFD guidance documents (European Commission, 2010) specifically
suggest the use of ecotoxicological research in a triad approach. This
approach concept was defined in the 1980s by Long and Chapman
(1985) for sediments, and it is based on the integration of chemical (to
measure contamination), bioassay (to measure toxicity) and infauna
measurements (to measure community alterations), in order to link
chemical and biological states under an ecological perspective
(Chapman, 1990). Bioassays and biomarkers, as measures of toxicity,
have been identified as ecotoxicological useful early warning tools
facilitating a better understanding of cause-effect relationships,
providing a more comprehensive evaluation of ecosystem and commu-
nity health (Solimini et al., 2009; European Commission, 2010;
Martinez-Haro et al., 2015; Wernersson et al., 2015; Vieira et al., 2018;
Rodrigues et al., 2019, 2021; Lomartire et al., 2021; Santos et al., 2021;
Schuijt et al., 2021). Together, bioassays and biomarkers have been
recognised to provide useful information that cannot be obtained simply
from the measurement of chemical residues nor biological samples. As
tools, they have the capacity to respond to both known and unknown
stressors which could cause dysfunction in a test organism (European
Commission, 2010). Even though, such an approach is specifically rec-
ommended for investigative monitoring programmes (European Com-
mission, 2003, 2009, 2010, 2014), many authors have noted the value of
ecotoxicological tools within all three types of monitoring programme
covered by the Directive (Mass and van den Heuvel-Greve, 2004; Allan
et al.,, 2006a; Hamers et al., 2013; Wernersson et al., 2015). In this
context, we aimed to assess whether the integration of ecotoxicological
tools, as bioassays and biomarkers, did (or did not) strengthen the
robustness of the assessment of the ecological status obtained through
well stablished biotic indices. Ecologically relevant in-situ bioassays
were used (i.e., a battery of five representative key macroinvertebrate
estuarine species) to assess several key functions within six sites from
two Atlantic estuaries. A set of biomarkers was then determined in the
individuals used in in situ bioassays. In addition, metal contamination
(total and labile fractions) was also studied in sediments from the
monitoring sites, and in the algae Fucus. Our working hypothesis was
that only addressing multiple indicators, the effect of pollution in the
ecosystem would be detected and characterized more appropriately.
Also, that the more holistic approach would help link cause and effect —
and thus, be of greater value when designing control strategies.
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2. Materials and methods
2.1. Study area

Six sampling sites in two estuaries located in the Northwest of the
Iberian Peninsula, along the Portuguese coast, were selected in order to
represent varying water and ecological quality status (Fig. 1). The es-
tuaries were Lima (Viana do Castelo) and Mondego (Figueira da Foz),
both part of the Ramsar Convention.

The Lima estuary generally receives anthropogenic pollution. In part,
related to shipyards, commercial seaport operations, commercial fish-
ing, marina activities, and to dredging of the navigational channel. But
also, due to agricultural runoff, paper mill effluent and urban and in-
dustrial sewage (Costa-Dias et al., 2010). Moderate levels of pollution,
compared with other estuaries, have been described previously
(Guimaraes et al., 2012; Azevedo et al., 2013).

The Mondego estuary is surrounded by a substantial human popu-
lation, some industrial activity, saltpans, aquaculture, and also has a
commercial and fishing harbour. The main pollution sources are from
domestic and industrial sewage treatment plants and agriculture,
namely from rice fields. Previous studies have described a high nutrient
load in the estuary (Marques et al., 1993; Neto et al., 2008), but very low
levels of heavy metals and organic contaminants (Pereira et al., 2005;
Mil-Homens et al., 2014). However, elevated concentrations of endo-
crine disrupting compounds (Rocha et al., 2014), and pesticides residues
above the maximum values established by European Directives were
detected (Cruzeiro et al., 2016).

Three sampling sites were selected in each estuary (Fig. 1); the
rational for their selection was their previous use in monitoring pro-
grams and availability of results regarding their ecological status
(Table 1). This approach allowed us to work along a wide gradient of
expected levels of pollution.

2.2. Sampling

The study was conducted in September 2013. From each site, water
surface samples were collected for physicochemical parameters (tem-
perature (°C), salinity, dissolve oxygen (%), and pH using YSI Profes-
sional Plus handheld multiparameter probe), and also for chlorophyll a
total suspended solids (TSS), particulate organic matter (POM) and
dissolved nutrient (mg/l; N-NO3, N-NO2, N-NH4, P-PO4 and silica).
Three samples of sediment were randomly collected using a van Veen
LMG grab with a 0.08 m? surface area. Samples of water were imme-
diately filtered (Whatman GF/C glass fiber filter — 47 mm diameter, 1.2
m pore) and refrigerated in the dark until analysis. For TSS, the filter
used (previously pre-weighed), was dried (60 °C until constant weight),
re-weighed, and the suspended material content was estimated as the
weight difference (dry weight). POM was determined by weighing the
same filter after combustion (450 °C, 8 h) (ash weight). Chlorophyll a
(pg/1) was quantified following Strickland and Parsons (1972) method.
Nutrients were analysed by colorimetric reaction using a Skalar San +
+® Continuous Flow AutoAnalyzer (Skalar, Germany; Strickland and
Parsons,1972). Samples of sediments were immediately sieved using a
0.5 mm mesh (retaining that fraction greater than 0.5 mm) and fixed
with 4 % buffered formalin solution. Once in the laboratory, samples
were washed with tap water and sieved through a 1 mm and 0.5 mm
sieve set. The retained organisms were sorted, counted and identified to
species level (or the lowest taxonomic level possible) for biotic indices
characterization (see below), taxonomy was standardised using the
World Register of Marine Species (WoRMS, https://www.marinesp
ecies.org). Biomass was estimated in terms of ash free dry weight
(AFDW), after drying organisms at 60 °C until weight stabilisation and
then obtaining the loss on ignition at 450 °C for 8 h.
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Fig. 1. Sampling sites at Lima and Mondego estuaries, and the main sources of pollution surrounding the sampling sites. WWTP refers to Wastewater Treat-

ment Plant.

Table 1

Ecological status for the six sampling sites at the Lima (L1-L3) and Mondego (M1-M3) estuaries (sites coded from the mouth = 1 to upstream = 3). In brackets the code

used in the referenced study.

Biotic Lima Mondego Reference
Index L1 12 L3 Ml M2 M3
AMBI 41 43 52 Azevedo et al., 2013
(sampling 2006-2007 Dec, Feb, May)
EQS 0.7 0.6
BAT 0.52 0.78 Neto et al., 2010
(ST4) (ST7) (sampling spring 2006)

Bl Poor Moderate | Good -

AMBI: Azti’s Marine Biotic Index; EQS: Ecological Quality Status; BAT: Portuguese-Benthic Assessment Tool.

2.3. Biotic indices

Abundance and biomass data were considered as individuals/m? and
AFDW/m?, respectively. The proportion of taxa, density and biomass in
the community were calculated per sample and later for site. With these
data, the number of species (s), the Shannon-Wiener (H), and the
Margalef indices (d) were calculated. Then, the biotic indices AMBI
(Borja et al., 2000), and BAT (Teixeira et al., 2009) were obtained for
each of the sites (see further details in Supplementary material,
Table S1).

2.4. Ecotoxicological tools

2.4.1. In-situ bioassays

A battery of five 48-h in-situ bioassays, based on postexposure
feeding, was applied simultaneously at the six sites at the same time as
the biological and environmental sampling took place (see further de-
tails about organisms harvesting and deployments in Supplementary
material, Figure S1, Table S2-S4). The battery was composed of five
key estuarine species: the crab Carcinus maenas, the amphipod Echino-
gammarus marinus, the isopod Cyathura carinata, the snail Peringia ulvae
and the polychaete Hediste diversicolor. Carcinus maenas is an omnivo-
rous feeder, consuming a large variety of preys (Cohen et al., 1995;
Grosholz and Ruiz, 1996). This species has also been described to
regulate community structure through predation and sediment distur-
bance during foraging (Jensen and Jensen, 1985; Matheson et al., 2016).
Echinogammarus marinus is omnivorous, feeding on a wide range of plant
material (including a number of algae species), as well as hard-bodied
isopods and soft-bodied oligochaetes (Alexander et al., 2013). Cya-
thura carinata is an omnivorous species feeding on macroalgae (e.g.
Enteromorpha), small invertebrates such as juvenile polychaetes,

nematodes, oligochaetes, turbellarians, and detritus (Olafsson and
Persson, 1986). Hediste diversicolor is an omnivorous and opportunistic
species, using different feeding modes such as filter-feeding, deposit-
feeding, scavenging on the sediment surface for organic material and
detritus, and predation (Scaps, 2002). Finally, P. ulvae has been
described as a plastic species consuming both microphytobenthos and
detritus (Riera, 2010). These benthic and epibenthic species inhabit soft
and/or hard and seagrass meadows intertidal shallow estuarine and
coastal habitats (Riera, 2010). These are abundant and widespread
distributed species, covering the Atlantic coast, and Baltic and Medi-
terranean seas (Lincoln, 1979; Graham, 1988; Marques et al., 1994;
Reish and Gerlinger, 1997; Kirkim et al., 2010), except C. maenas, which
is distributed all over the world due to its invasive success (Carlton and
Cohen, 2003; Hidalgo et al., 2005). These are prey of other crustacean
species, fish and birds (Jensen and Jensen 1985; McLusky, 1989; Dumas
and Witman, 1993; Hampel et al. 2005; Santos et al., 2005; Pasquaud
et al., 2010;Martins et al., 2013).

2.4.2. Biomarker analysis

The levels of lipid peroxidation (LPO) and the activity of the enzymes
cholinesterase (ChE), glutathione S-transferases (GST), and catalase
(CAT) were determined in animals used in the in situ bioassays.
C. maenas gills were separated for the determination of CAT activity. For
H. diversicolor, C. carinata and E. marinus, heads were used for ChE
determination. All the other biomarkers (GST in these 3 species, CAT in
H. diversicolor and LPO in both H. diversicolor and E. marinuss) were
determined using the remaining part of the body. Selected biomarkers
for C. carinata and E. marinus were performed using 4 pools, of 3 or-
ganisms each one, from the same site. For P. ulvae, the specimen’s body
was carefully removed from the shell and homogenized for LPO. In this
case, 9 pools of 9 organisms each one, from the same site were used for
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the biomarker testing. Tissues were isolated on ice and kept at 4 °C
during all sample preparation and biomarker determination performed
at 25 °C, as was described in Vieira et al. (2009) (further details of the
procedures are included in the Supplementary Material).

2.5. Metal analyses

Natural process and human activities can redistribute heavy metals,
which may greatly enhance its concentrations in land, water and also in
the atmosphere. Adverse biological effects due to metal exposure has
been described to increase with concentrations (Long et al., 1995), for
which metal composition can inform either past and/or present sources
of pollution, as well as the potential effect on organism inhabit the
studied environment. Here, the total concentration of Cr, Mn, Ni, Cu, Zn,
Cd, Pb and in surface sediments and Fucus, along with its labile fraction
(i.e., free/easily dissociable ions, or, “bioavailable” fraction) in surface
sediments was determined (see further details in Supplementary ma-
terial, Table S5).

2.6. Statistical analysis

Multivariate methods (along with best professional judgment about
the quality, extent, and congruence of data) were used to characterize
the sites through the integration of nine different indicators and envi-
ronmental parameters (Table 2). Principal Component Analysis (PCA)
were performed on nine different groups of descriptors, corresponding
to the biotic indicators, ecotoxicological tools and environmental com-
ponents selected. Previously, the variables were auto-scaled (varimax
normalized rotation) so they were treated with equal importance. Data
were rearranged into a correlation matrix, which included the new
variables extracted when considering eigenvalues higher than 1.0
(Kaiser’s criteria). All analyses were performed using the Principal
Component option of the Factorial Analysis procedure using SPSS Sta-
tistics 20.0.0.

3. Results and discussion

The descriptive statistics obtained from each of the indicators and
environmental parameters studied are shown in Supplementary ma-
terial (Tables $6-S10). The data analysis performed for each of the
study sites included a total of 64 variables (Table 3). After PCA analyses,
19 factors were defined (Fig. 2). Overall, results showed some dissimi-
larities in ecological status based on the classification performed when
considering the biotic indices and ecotoxicological tools, suggesting the
complementarity of both approaches. Hereafter, we would like to point
out that the scores reported in Fig. 2 for a given factor and sampling site
are always relative to the rest of sites according to the statistical design.
Scores are therefore not interpretable in absolute terms but in relative

Table 2
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ones and then always interpreted under a comparative perspective
among sampling sites.

The selected sites in the Lima estuary were previously studied by
Azevedo et al. (2013) in 2006-2007, who classified the sites L1 and L2
with moderate quality, and L3 with poor quality based on the biotic
index AMBI. In that study, many other biological and environmental
variables were considered and integrated as an index of relative
ecological quality, which ranked the studied sites L1 and L2 as the least
impacted, and L3 as the most impacted. In our study, we found that the
sites L1 and L2 showed a similar pattern. From an ecological point of
view, these sites showed the highest scores for the first factor of biotic
indices, E1, which was positively related to the multivariate index BAT,
s, Hand d (Fig. 2, Table 3), indicating good quality status. Furthermore,
these sites showed the highest scores for the first factor of in-situ bio-
assays, InSB1 (related to high feeding rates of H. diversicolore and
P. ulvae, sediment-bound species), and the lowest scores for the second
factor of biomarkers, BK2 (indicating low lipid peroxidation levels in
C. maenas), suggesting that these sites are subject to low exposure to
contaminants inducing oxidative stress or that they were able to deal
with the stress avoiding lipid oxidative damage. Here, both biotic and
ecotoxicological indices appear to agree, drawing a low pollution sce-
nario in which a good quality status prevails. In terms of heavy metals,
these sites showed intermediate scores for the first factor of metal con-
centrations in sediment (MS1), and Fucus (MF1), but the highest scores
for the second factors (MS2 and MF2), related to levels of Mn in sedi-
ment, and of Cd and Zn in Fucus, respectively (Fig. 2, Table 3). Despite
that, low-intermediate scores related to the labile metal fraction in
sediments (LMS1 and LMS2) were detected, which suggest that the
heavy metals had limited bioavailability, which reduced risk to local
biota. Finally, regarding the environmental parameters, both sites
showed the highest scores for the first factor related to sediment gran-
ulometry (SG1), indicating the presence of coarse sediment, high scores
for the second factor of physicochemical parameters (PQ2) suggesting
good water oxygenation, and intermediate scores for both factors related
to nutrients. In general, our results draw a better ecological scenario to
that described by Azevedo et al. (2013), where metal pollution seems to
have been effectively managed.

In the case of the site L3, Azevedo et al. (2013) showed low metal
levels in sediment, but, high nutrient, organic matter levels and faecal
contamination in the water column, placing it as the most impacted site
among those studied within the Lima estuary. Hence, this site was
classified as heavily disturbed and of poor status (Azevedo et al., 2013).
These authors highlighted the confined nature of the site and that it
receives untreated wastewater. The results obtained here for L3 showed
the highest score for the second factor related to the biotic indices (E2),
but intermediate score for the first factor (E1), jointly suggesting mod-
erate ecological status (Fig. 2). For in-situ bioassays, this site showed the
lowest score for the first factor (InSB1), related to feeding response for

Measurements included in each of the indicators (Biotic and ecotoxicological), and environmental components (sediment, Fucus and water) used to characterize the

ecological conditions of different sites along the Lima and Mondego estuaries.

In-situ bioassays Biomarkers Ly La!nle Ly
Y Ayt q A0 metals fraction of  metals Water
Biotic indices (feeding (in in-situ 3 3 .
) G, in heavy metals in Nutrients
P g sediment in sediment Fucus
Azti Marine Biotic Index Carcinus Cholinesterase Cd Cd Cd Organic matter Salinity Si
Benthic Assessment Tool Echinogammarus Glutathione S-Transferase Cr Cr Cr <63 Temperature NO;
Number of species Cyathura Catalase Cu Cu Cu 63-125 pH NO,
Shannon—Wiener index Hediste Lipid peroxidation Mn Mn Mn 125-250 Oxygen (%) PO,
Margalef index Peringia Ni Ni Ni 250-500 Chlorophyll a NH;-N
Pb Pb Pb 500-1000 1 otalsuspended
solids
7n 7n 1000-2000 Particulate organic
matter

>2000
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Table 3
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Summary of the scores obtained for the factors that emerged after Principal Component Analysis for the different indicators and environmental parameters analysed.

The percentage of variance explained for each factor is shown in brackets.

Ecological indices (I;:;) (];?)

BAT 0.920 -0.121

AMBI -0.008 0.989

S 0.782 0.044

H 0.742 0.406

d 0.957 0.007
Biomarkers L] i

(67) (21D

Carcinus ChE -0.846 -0.500

Carcinus GST 0.965 0.151

Carcinus CAT 0.842 0.384

Carcinus LPO -0.014 0.990
Echinogammarus ChE -0.824 -0.533
Echinogammarus GST 0.824 0.104
Echinogammarus LPO 0.821 0.497

Cyathura ChE -0.889 -0.128

Cyathura GST 0.730 0.632

Hediste ChE -0.880 -0.285

Hediste GST 0.748 0.605

Hediste CAT 0.942 0.075

Hediste LPO 0.922 0.247

Peringia LPO 0.804 0.290

Heavy metals in Fucus lz/ih(;)l 1}%146‘)2 lggf
Pb 0.029 0.048 0.967
Ni 0.892 0.090 0.222
Mn 0.781 -0.436 -0.395
Cd 0.081 0.990 0.067
Zn -0.166 0.978 0.074
Cu 0.956 -0.037 -0.076
Cr 0.660 -0.619 0.349

Salinity 0.829 0.096
Temperatura 0.871 -0.332
pH -0.761 0.036
02(%) -0.069 0.945
Chla 0.895 0.372
SST 0.890 -0.220
POMs 0.954 -0.203

In-situ bioassay InSB1  InSB2
(feeding response) (38) 37
Carcinus 0.568 -0.768
Echinogammarus 0.233 0.603
Cyathura -0.218 0.868
Hediste 0.833 -0.336
Peringia 0.881 0.179
Heavy metals in MS1 MS2
sediment (78) (16)
Pb 0.960 -0.247
Ni 0.927 -0.093
Mn -0.041 0.993
Cd 0.940 0.099
Zn 0.990 -0.032
Cu 0.968 0.116
Cr 0.954 -0.183
Labile fraction of heavy LMS1  LMS2
metals in sediment (42) 41)
Pb -0.292 -0.789
Ni -0.454 0.743
Mn 0.786 0.533
Cd 0.977 -0.133
Cu 0.759 0.315
Cr 0.328 0.942
oM -0.313 0.945
<63 -0.035 0.969
63-125 -0.747 0.523
125-250 -0.920 -0.369
250-500 0.764 -0.138
500-1000 0.872 -0.421
1000-2000 0.856 -0.365
0.767 -0.170
Nutrients in water (1;161) (I;IIZ )
Si -0.836 -0.115
NOs 0.841 -0.062
NO: -0.611 0.789
PO4 0.960 -0.001
NH;-N 0.289 0.949

Hediste and Peringia, suggesting a sub-optimal status of the sediment.
That was confirmed by the metal content. This site had the highest score
for the first factor of heavy metals in sediments (MS1), reflecting high
levels of Pb, Ni, Cd, Zn, Cu, and Cr (Fig. 2, Table 3), and the second
highest score for the second factor (MS2) related to Mn concentration. In
this sense, the maximum levels (also the minimum for Pb, Cu and Cr), of
all these heavy metals exceeded the lowest effect levels previously re-
ported for sediment (Burton, 2002; Supplementary material,
Table S9). Despite this, the labile fraction of heavy metals in sediments
appear to be low, except for Pb, reflecting by the low value of the second
factor (LMS2, which was negatively related to Pb). Just Pb appeared to
be especially high in Fucus (with the highest value for the third factor,
MF3; Fig. 2). Regarding sediment granulometry, this site had the second

highest score for the second factor (GS2), indicating a high presence of
fine sediment and organic matter. In relation to water column parame-
ters, this site showed the lowest scores of physicochemical parameters
(PQ1, PQ2), and the second highest for the first factor related to nutri-
ents (N1) reaffirming the confined nature, and the nutrient load
described by Azevedo et al. (2013) for this site. Overall, our results
showed that both biotic and ecotoxicological indices analysed seem to
agree, as in the other two sites analysed, but this time drawing a scenario
of pollution, even worse to the one described by Azevedo et al. (2013).

Concerning the Mondego estuary, the selected sites were previously
studied by Neto et al. (2010). Regarding the site M1 (site ST4 in Neto et
al, 2010), a decrease in ecological quality status at this site was detected
from 1998 to 2006, suggesting that the macroalgal blooms occurred in
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Fig. 2. Integration of the different indicators and environmental parameters used to assess the ecological status for sites in the Lima and Mondego estuaries. Biotic
indices (E1 and E2), in-situ bioassay (based on feeding response, InSB1 and InSB2), biomarkers (measured on the individuals used in the in-situ bioassays; BK1 and
BK2), heavy metals in sediment (MS1 and MS2), its labile fraction (LMS1 and LMS2), heavy metals in Fucus (MF1, MF2 and MF3), sediment granulometry (SG and
S$G2), and physicochemical parameters (PQ1 and PQ2) and nutrients in water (N1 and N2). Scores regarding the PCA factors (after varimax normalized rotation) for

each sampling site are represented.

1998 had perturbed the macroinvertebrate community since that time.
Results obtained here showed the lowest score for the second factor of
the biotic indices (E2), indicating high ecological status according to
AMBI, but a medium score for E1, for which a moderate status emerged
based on d, BAT, s and H (Fig. 2). When considering the in-situ bioassay
and biomarker results, this site showed intermediate scores for both
factors related to the in situ bioassays (InSB1 and InSB2), and the highest
score for the first factor of biomarkers (BK1), indicating inhibition of
ChE activity, induction of GST and CAT activities, and enhanced LPO
levels (Supplementary material, Table S8), suggesting that the
ecological community at this site was subject to stress conditions.
Enhanced GST and CAT activities, along with increased lipid peroxida-
tion have been related to oxidative stress conditions in C. maenas (Elu-
malai et al., 2007) and other aquatic invertebrates (Barata et al., 2005).
Inhibition of ChE activity can occur through exposure to heavy metals,
detergents and even microplastics (Guilhermino et al., 1998; Elumalai
et al., 2002; Frasco et al., 2005; Richetti et al., 2011; Barboza et al.,
2018). However, this enzyme is very sensitive to anticholinesterase in-
secticides (namely, organophosphate and carbamate insecticides),
designed specifically to act directly on this enzyme (Ecobichon, 2001).
These pesticides are widely used in agriculture. In this sense, the inhi-
bition of ChE activity could be explained by the fact that the drainage
basin of the Mondego river encompasses 667,000 ha, including an
important area dedicated to agriculture (12,300 ha; Ferreira dos Santos
and Freitas, 2012), which is especially intense downstream (Fig. 1).
Agriculture, mostly involved maize, rice and potato crops, from which,
residues of herbicides and insecticides have previously been detected in
surface water, including several organophosphate and carbamate in-
secticides (Andrade and Stigter, 2009; Silva et al., 2015; Cruzeiro et al.,
2016; Silva et al., 2015). Looking at heavy metals, despite the low levels
detected in sediments, defined by the low scores of the factors MS1 and
MS2, these showed high labile fraction values, as was indicated by the
elevated scores for the factors LMS1 and LMS2 (positively related to Cd,
Mn, Cu, Cr and Ni; Fig. 2), and the especially high levels of Pb detected
in Fucus. Such exposure to heavy metal could also contribute to the stress
scenario captured by biomarkers, as heavy metals are known to tend to
enhance oxidative stress in organisms (Ercal et al., 2001). Finally, noted
that water column parameters analysed also captured a stressful sce-
nario, especially thought the first and second factors of the physico-
chemical (PQ1) and nutrients (N2) parameters, respectively, related to
high POM, TSS, Chla, PO4 and NO3 content, which could again be
related to agriculture, but also to aquaculture activities downstream
(Fig. 1).

Overall, our results show discrepancies between the information

provided by the biotic indices and ecotoxicological tools. Moreover, the
biotic indices analysed seem to have difficulties in characterising the
status of this site, being detected discrepancies between them. In
contrast, the ecotoxicological tools analysed show a stressed system
compatible with a high pollution scenario. Scenario also captured
through the analysis of heavy metals and environmental parameters.
For the site M2, previous work had described a stable site with a good
status since the early 1990s, and a high status in 2005 and 2006 (Neto
et al., 2010, station ST5). In the current study, this site showed the
lowest score for the first factor related to the biotic indices (E1), and
intermediate score for the second factor (E2). Results showed a low score
for the first factor related to in-situ bioassays (InSB1, suggesting feeding
impairment for Hediste and Peringia), but the highest score for InSB2
(positively related to Cyathura and Echinogammarus and negatively to
Carcinus) (Fig. 2, Table 3). The high feeding response of Cyathura and
Echinogammarus could relate to the fact that this can be one of the most
optimum sites analysed for this species, due to it is one of the sites within
the Mondego estuary where the highest population of both species have
been registered (Marques and Nogueira, 1991; Marques et al., 1994;
Ferreira et al., 2004; Leite et al., 2014). In this site, biomarkers showed
the highest score for the second factor (BK2), which is directly related to
lipid peroxidation levels in C. maenas, which in turn reflects the low
feeding response detected in the in-situ bioassay. In fact, it is noteworthy
that despite showing low level of pollution (which can be seen from the
low scores on the factors related to heavy metals in sediments), this site
had the highest score for the second factor of the labile metal fraction in
sediments, LMS2, related to Ni and Cr concentrations. Furthermore, this
site showed the highest score for the first factor regarding heavy metals
in Fucus (MF1), indicating high levels of Cu, Ni, Mn and Cr (Fig. 2,
Table 3). Regarding, sediment granulometry, and water column pa-
rameters, this site had intermediate-low values, without any remarkable
variable. As observed at site M1, biotic indices analysed seem to show
some disagreement. Moreover, the ecotoxicological tools analysed also
suggest that this is a site with a higher complexity. Despite the low level
of heavy metals detected in the sediments, they appear to be highly
bioaccessible, as suggested by the high percentages of labile fraction as
well as high levels in Fucus, drawing an overall stressed environment.
Finally, the site M3 showed intermediate-low score for the first factor
related to biotic indices (E1), and intermediate-high score for the second
factor (E2), for which a moderate/good status emerged. In contrast, in-
situ bioassays showed intermediate-low feeding activities for all the
species tested. Biomarkers also detected intermediate-low scores for the
two factors (Fig. 2) suggesting lower physiological stress at this site than
for sites M1 and M2, although higher than for sites in the Lima estuary.
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Considering heavy metals in sediment, this site showed the second
highest score for MS1, positively related to Zn, Cu, Pb, Cr, Cd and Ni and
levels (Fig. 2, Table 3). In this sense, note that the levels of Pb, Ni and Cr
exceed the lowest effect level previously reported for sediment (Burton,
2002; Supplementary material, Table S9). Furthermore, this site
showed the highest score for the first factor related to labile heavy
metals in sediments (LFMS1), and the lowest score for the second factor
(indicating high bioavailability for Cd, Mn, Cu, and Pb; Fig. 2, Table 3).
Despite of this, low scores for the three factors related to heavy metals in
Fucus were detected (Fig. 2). This site showed the second highest score
for the second factor of the sediment granulometry (SG2), related to fine
particles (<63 pm) and organic matter. In fact, this site had the highest
score for the first factor of physicochemical parameters, positively
related to POM, Chla, TSS. Additionally, this site had the highest score
for the first factor of nutrients in water and the second highest of the
second factor, positively related to nitrate, phosphate and ammonium
levels. In previous work in the Mondego estuary, this site was considered
to have a good status (since the late 90's; Neto et al., 2010, station ST7),
but our results suggest that perturbation has emerged, affecting the
quality of this site. In fact, this site is surrounding by aquaculture and
agricultural lands, more specifically rice fields (Fig. 1), commonly
associated with nutrient discharges (Marques et al., 1993). In addition,
agricultural lands are commonly subjected to pesticide treatment, which
may contain residues of heavy metals such as As, Pb, Ni, Cu, Zn, Cr
(Defarge et al., 2018; Seralini and Jungers, 2020), which could be one of
the factors explaining the levels of such heavy metals detected at this
site. Overall, on this site, biotic indices and ecotoxicological tools also
showed some discrepancies. While the biotic indices analysed suggest
that it is a site close to good quality, ecotoxicological tools, and envi-
ronmental parameters show a stressed and more polluted scenario.

4. Conclusions

Overall, both biotic indices and ecotoxicological tools (such as bio-
markers and in-situ bioassays) could thus be used in a complementary
way, even when, in the first instance, a good ecological status appears to
be present. We here provide its usefulness in order to obtain a more in-
depth characterization of the water quality status. The combined use of
biotic indices and toxicological tools can help us to overcome the limi-
tations of both tools in capturing the complexity of these ecological
systems. Ecotoxicological tools appear to provide useful information
regarding the potentially presence of both known and unknown con-
taminants at concentrations sufficient to cause biological effects, for
which its use in surveillance monitoring has been suggested previously
for many authors (Maas and van den Heuvel-Greve, 2004; Allan et al.,
2006a; Hamers et al., 2013). In fact, these have been included as sup-
portive/interpretative parameters, in benthic invertebrate and fish
biological elements for lakes, and in fish for transitional waters (Euro-
pean Commission, 2003). Recently, Brack et al. (2017), under the EU
FP7 Collaborative Project SOLUTIONS and the European monitoring
network NORMAN, made 10 recommendations to improve monitoring
within the WFD. Among these, the implementation of in situ bioassays
and biomarkers into water quality monitoring was highlighted as a key
approach to aid in the consistent assessment of contamination (Di Paolo
etal., 2016; Brack et al., 2017). Similar recommendations have emerged
from other European projects such as SWIFT-WFD (Maas and van den
Heuvel-Greve, 2004), ECOMAN (Galloway et al., 2006) or Team Minho
(Beiras, 2016). Furthermore, Poikane et al. (2020), after reviewing more
than 400 national ecological assessment methods for European water
bodies, highlighted that current assessment methods do not reliably
detect effects of toxic pollution, and that effect-based tools could be
developed to better integrate the effects of different toxicants into bio-
logical assessments. Finally, as Maas and van den Heuvel-Greve (2004)
noted, we suggest that although the integration of these tools may
initially increase costs, the extra expenditure can easily be recovered by
taking effective measures and anticipating effects on an ecological scale.
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