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Abstract The aims of the present study were to compare
the health status of yellow eels (Anguilla anguilla) devel-
oping in three estuaries of the NW Portuguese coast
with different levels of pollution and their physiological
responses to combined effects of environmental variation
and pollution. For this, a field study was performed using a
multi-parameter approach, including eels condition
indexes and biomarkers, water quality variables and
other environmental factors. Sixteen biological parameters
were assessed, namely: hepatosomatic index (LSI),
Fulton’s condition index (K), lipid peroxidation (LPO),
total glutathione (TG), reduced glutathione (GSH), oxi-
dised glutathione (GSSG), GSH/GSSG, and the activity
of the enzymes acetylcholinesterase (AChE), lactate
dehydrogenase (LDH), sodium-potassium ATPase (Na*/
K*T-ATPase), ethoxyresorufin O-deethylase (EROD),
glutathione S-transferases (GST), catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase
(GPx) and glutathione reductase (GR). Ten environ-
mental factors were also measured in water: temperature,
salinity, pH, phosphates, nitrates, nitrites, ammonium,
silica, phenol and hardness. Globally, the biomarkers
indicate exposure and toxic effects of pollutants on eels
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living in contaminated estuaries. The relationships between
biological and environmental variables were assessed
through redundancy analysis. K and LSI indexes, AChE and
Na™/K"-ATPase, total glutathione levels and the antioxidant
enzymes CAT, GR, and SOD where the factors most dis-
criminating reference (Minho River estuary) from
contaminated estuaries (Lima and Douro Rivers estuaries).
Moreover, the most striking outcomes of pollutants exposure
on biological responses were observed during winter,
probably due to a joint effect of cold weather and pollution
stress. Altogether, the results indicate that the development
of eels in the polluted estuaries of Lima and Douro rivers is
interfering with physiological functions determinant for their
survival and performance. This may increase the mortality
rates during the continental life-phase of the species and
decrease the percentage of animals able to successfully
complete their oceanic migration and, thus, reduce the
contribution of each generation to the next one.
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Introduction

The European eel, Anguilla anguilla L., is a catadromous
fish species typical of European estuarine and freshwater
basins, where it spends most of its lifetime. Juveniles reach
European estuaries with about 2 years (Feunteun 2002), in
a stage known as glass eel. In estuaries and river basins
they develop and metamorphose into yellow eels. After
spending about 8-15 years growing in continental waters
they suffer a second metamorphosis (silver eel) and are

@ Springer



386

L. Guimaraes et al.

then able to initiate their oceanic migration to reproduce in
the Sargasso Sea (Knights 1997; Feunteun 2002). During
their continental life cycle phase, eels accumulate a con-
siderable amount of lipid reserves, which are fundamental
for the success of the long oceanic migration since during
this period they do not feed (Robinet and Feunteun 2002;
Ribeiro et al. 2005; Palstra et al. 2006; Pierron et al. 2007)
and their digestive tract regresses (Durif et al. 2005; van
Ginneken et al. 2007). In the past three decades, A. anguilla
has suffered an intensive decline in the major part of its
distribution area, and the stocks are now considered to be
below safe biological limits (Moriarty and Dekker 1997,
Feunteun 2002; Dekker 2004; EIFAC/ICES 2007). The
species is included in the HELCOM Red list of threatened
and declining species of the Baltic Sea (HELCOM 2007),
in the Appendix II of the Convention on International
Trade in Endangered Species of Wild Fauna and Flora
previewed to enter into force until March 2009 (FAO 2007;
CITES 2008), and in the Red Book of the Vertebrates of
Portugal (ICN 2008). In Portugal, A. anguilla is considered
a species of high economic value. Although the official
recommendations target 220 mm as the minimum size
allowed for fisheries, it is fished at all continental life
stages (Baeta et al. 2005).

Over the years, the growing intensity of human activities
in a considerable part of European estuaries originated an
ever-increasing input of complex mixtures of contami-
nants, such as agriculture fertilisers, pesticides, heavy
metals, organic synthetic compounds from industry, ship-
ping and/or urban effluents from human settlings. This
contamination load results in poor water quality and con-
taminated sediments, hastening the demise of these
ecosystems (Kennish 2002). A number of laboratory and
field studies have shown that eels can bioaccumulate high
concentrations of environmental contaminants, depicting a
relation between exposure to these chemicals and adverse
effects. Several of these contaminants have been shown to
cause mortality, growth delay, reproductive alterations,
tumours, malformations and immunological changes,
among several other negative effects (van der Oost et al.
1996b; Knights 1997; Lionetto et al. 2000; Roche et al.
2000; Pefia-Llopis et al. 2001; Robinet and Feunteun 2002;
Ribeiro et al. 2005; Buet et al. 2006; Gravato et al. 2006;
Palstra et al. 2006; Pierron et al. 2007). In European
estuaries, eels may be exposed to a variety of environ-
mental contaminants during a crucial growth phase, when
energy reserves are accumulated as fat stores, in prepara-
tion for the long migration to the spawning areas in the
Sargasso Sea. Moreover, their benthic lifestyle and their
high lipid content increase the risk of accumulation of
hydrophobic environmental contaminants in their tissues.
Additionally, during migration when fat mobilization
occurs, chemicals accumulated in fat tissue may be
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released to the circulation and may induce both acute and
chronic toxic effects (Robinet and Feunteun 2002; Ribeiro
et al. 2005; Palstra et al. 2006; Pierron et al. 2007).

In the last decades, biomarkers have been successfully
used as sensitive tools for the assessment of adverse effects
induced by complex mixtures of pollutants in natural pop-
ulations. The activity of the enzymes acetylcholinesterase
(AChE), lactate dehydrogenase (LDH), ethoxyresorufin-O-
deethylase (EROD) activity of the P450 system, and glu-
tathione S-transferases (GST) have been used in
Ecotoxicology mainly because they are involved in neu-
rotransmission, energy production and detoxification,
respectively, which are determinant for animal survival and
performance (Cajaraville et al. 2000; Ferreira et al. 2004;
Moreira et al. 2004; Cunha et al. 2005; Quintaneiro et al.
2006; Monteiro et al. 2007). In recent years, non-enzymatic
and enzymatic antioxidants such as reduced (GSH) and
oxidised glutathione (GSSG) and their ratio (GSH/GSSG),
glutathione peroxidase (GPx), glutathione reductase (GR),
superoxide dismutase (SOD), catalase (CAT), as well as
lipid peroxidation (LPO), have also been widely used as
environmental biomarkers (van der Oost et al. 2003; Buet
et al. 2006; Gravato et al. 2007; Lima et al. 2007) since
several pollutants are able to cause oxidative stress. The
activity of the enzyme sodium/potassium adenosine
triphosphatase (Na*/K*-ATPase) is also being incorpo-
rated in such studies (Buet et al. 2006) because of its
involvement in osmotic regulation in teleost fish.

The aims of the present study were to compare the
health status of yellow eels (Anguilla anguilla) developing
in three estuaries of the NW Portuguese coast with dif-
ferent levels of pollution and their physiological responses
to combined effects of environmental variation and pollu-
tion stress. For this, a field study was performed using a
multi-parameter approach, including eels condition indexes
and biomarkers, water quality variables and other enviro-
mental factors.

Materials and methods
Studied estuaries

Three estuaries were selected for this study (Fig. 1): (1) the
estuary of Minho River, which has been considered as
relatively undisturbed and used as a reference in several
studies (Cairrao et al. 2004; Castro et al. 2004b; Rodrigues
et al. 2006; Monteiro et al. 2007), despite having some foci
of pollution; (2) the estuary of Lima River, which receives
effluents from several industries (including a paper mill)
and untreated urban wastewaters, and it has an important
harbour at its mouth (INAG 2000; Cairrao et al. 2004); and
(3) the estuary of Douro River, which receives directly
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Fig. 1 Location of the studied estuaries (Minho, Lima and Douro)
and chemical analyses of sediments collected at the mouth of each
estuary. Total metal (metals, black bars) and total polycyclic aromatic
hydrocarbon (PAHs, hatched bars) concentrations are expressed as
pg g7 ' of dry weight (dw). Significant differences among estuaries
were found for both metals (F(2, 33) = 29.1, P < 0.001) and PAHs
(F(2,33) = 4.1, P = 0.026)

and/or through its tributaries domestic sewage of over one
million inhabitants and effluents from urban and industrial
sources, mostly untreated (Ferreira et al. 2004; Mucha et al.
2004). In the scope of a previous study performed by our
team, the concentrations of eight metals (Cd, Cr, Cu, Hg,
Ni, Pb, Zn, V) and 16 polycyclic aromatic hydrocarbons
(PAHs; acenaphethylene, fluorene, phenanthrene, anthra-
cene, fluoranthene, pyrene, benzo[a]anthracene, chrysene,
benzo[b]fluoranthrene, benzo[k]fluoranthene, benzo[e]pyr-
ene, benzo[a]pyrene, perylene, indeno[/,2,3-cd]pyrene,
dibenzo[a,h]anthracene, and benzo[g,h,i]perylene) were
seasonally determined in sediment samples of these estu-
aries. The average values of total heavy metal concen-
trations (metals) and total PAHs in sediments revealed that
heavy metals prevail in the estuary of Lima River whereas
PAHs predominate in the estuary of Douro River (Fig. 1).
Metals were dominated mainly by Zn, Cr, V, Pb and Cu,
whereas the most common PAHs found were fluoranthene,
pyrene, benzo[e]pyrene, benzo[b]fluoranthrene, benzolal-
pyrene, indeno[/,2,3-cd]pyrene, and perylene. The estuary

of Douro River is also known to be contaminated with
polychlorinated biphenyls (PCBs), and dichlorodiphenyl-
trichloroethane (DDT) and related compounds, and other
endocrine disruptors (Ferreira et al. 2004, 2006; Almeida
et al. 2007; Ribeiro et al. 2008). According to the Portu-
guese official statistics, European eel fishing records varied
greatly among the three estuaries. For example, in 2005
nominal captures were 0.443 t in the Minho estuary,
0.004 t in the Lima estuary and 0.000 t in the Douro
estuary, while in 2006 correspondent values were 0.576 t,
0.019 t and 0.000 (INE 2008).

Biological material

Twenty to forty yellow eels were seasonally collected from
summer 2005 to spring 2006 at each estuary using fish
basket traps. The eel catch effort was similar in the three
estuaries. Captured eels were immediately transported to
the laboratory and sacrificed by decapitation immediately
after determination of total body length (L) and total body
weight (W). The morphometric values obtained were used
to determine the Fulton Condition Index [K = ((total body
weight (g)/total body length (cm))®) x 100] (Ricker 1975).
After dissection on ice, the liver was weighted and used to
calculate the Hepatosomatic Index [LSI = liver weight (g)/
total body weight (g) x 100] (Sloof 1982). Additionally,
several organs or body parts were isolated and prepared for
individual determination of biomarkers as indicated below.

Enzymatic determinations

Total brain was isolated, homogenised (Ystral GmbH Dot-
tingen homogeniser) in 1 ml of ice-cold phosphate buffer
(0.1 M, pH = 7.2), centrifuged for 3 min at 3,300g and 4°C
(Sigma 3K30 centrifuge) and used for AChE determina-
tions. AChE activity was determined by the Ellman method
(Ellman et al. 1961), adapted to microplate (Guilhermino
et al. 1996) using 0.50 ml of brain homogenate, in a Bio
Tek Power Wave 340 microplate reader, at 412 nm, and
expressed in nmol of substrate hydrolysed/min/mg of pro-
tein. Since brain tissue was used, the hydrolytic activity
measured towards acetylcholine was considered as due to
ACHhE activity.

Samples for LDH activity determinations were prepared
by homogenisation of a part of the dorsal muscle in ice-
cold Tris/NaCl phosphate buffer, followed by centrifuga-
tion at 6,000 rpm for 3 min in a Sigma 3K30 centrifuge at
4°C. The supernatant was then collected and used for
enzymatic analysis. LDH activity was determined accord-
ing to the method of Vassault (1983) adapted to microplate
(Diamantino et al. 2001), by measuring the amount of
pyruvate consumed, through the continuous monitoring of
the decrease in optic density due to NADH oxidation at
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340 nm in a Bio Tek Power Wave 340 microplate reader.
The enzymatic activity was expressed in pmol of substrate
hydrolysed/min/mg protein.

The first and second gill arcs from the left side were put in
ice-cold phosphate buffer (0.1 M, pH = 6.5) and centri-
fuged (Sigma 3K30) for 30 min at 9,000g. The supernatant
was collected and used for determination of GST activity by
following the conjugation of GSH with 1-chloro-2,4-dini-
trobenzene (CDNB) at 340 nm (Habig et al. 1974) using a
Bio Tek Power Wave 340 microplate reader (Frasco and
Guilhermino 2002). The enzymatic activity was expressed in
nmol of substrate hydrolysed/min/mg of protein.

Another gill arc from the left side was used for assessing
Na*/K*-ATPase activity. It was introduced in 0.100 ml of
SEI buffer (150 mM Sacarose + 10 mM Na,EDTA +
50 mM Imidazole, pH 7.3), homogenised in a sonicator
(Sonics & Materials Inc), and centrifuged at 13,000 rpm
(Sigma 3K30) for 3 min at 4°C. The supernatant was then
collected for determination of Nat/K*-ATPase activity by
the method described by McCormick (1993) in a Bio Tek
Power Wave 340 microplate reader at 340 nm. The enzy-
matic activity was expressed in pumol ADP/mg protein/h.

The liver was systematically divided into three parts: (1)
one part of each liver was homogenised (1:5) in 50 mM
Tris—=HCI, pH 7.4 containing 0.15 M KCI and used for
determination of EROD activity; (2) another portion was
homogenised (1:10) in 0.1 M K-phosphate buffer (pH 7.4),
and part of this liver homogenate was used to determine the
extent of endogenous LPO, whereas the remaining
homogenate was centrifuged for 20 min at 12,000 rpm
(4°C) to obtain the post-mitochondrial supernatant (PMS)
which was used to assess GPx, SOD and CAT activities,
TG content, and liver B(a)P-type metabolites; (3) the
remaining part of each liver was homogenised in 1 ml
0.1 M K-phosphate buffer (pH 6.5) and centrifuged during
30 min at 9,000g (4°C). The supernatant was further
diluted in the same buffer to a final concentration of
0.5 mg/ml for determination of GST activity.

Liver microsomes were prepared according to methods
previously described (Gravato and Santos 2003) and
EROD activity was quantified by fixed wavelength fluo-
rescence detection (Jasco FP-6200 Spectrofluorometer) as
described by Burke and Mayer (1974). The enzyme activity
was expressed in pmol/min/mg of protein.

LPO was determined by measuring the thiobarbituric
acid reactive substances (TBARS) according to Ohkawa
(1979) and Bird and Draper (1984), with the adaptations
described by Filho et al. (2001) and Torres et al. (2002), in
a Jenway 6405 UV/VIS Spectrophotometer. The LPO level
was expressed in nmol of TBARS/g wt.

GPx activity was determined by measuring the decrease
in NADPH at 340 nm (Jenway 6405 UV/VIS Spectro-
photometer) using H,O, as substrate (Mohandas et al.
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1984). GR activity, which catalyses the reduction of GSSG
to GSH with the concomitant oxidation of NADPH to
NADP*, was assayed according to Cribb et al. (1989) by
monitoring the decrease in NADPH levels at 340 nm
(Jenway 6405 UV/VIS Spectrophotometer). These enzyme
activities were expressed in nmol/min/mg of protein.

SOD activity was assayed according to Flohé and Otting
(1984). In brief, a xanthine—xanthine oxidase system was
used to produce superoxide radicals, which subsequently
reduce cytochrome c. This reaction is monitored spectro-
photometrically (Bio Tek Power Wave 340 microplate
reader) at 550 nm. Enzymatic activity was expressed as
units per milligram of protein: one unit of SOD is defined
as the amount of enzyme required to inhibit the rate of
reduction of cytochrome c in an extent of 50%.

CAT activity was determined according to Clairborne
(1985) and represents the H,O, consumption obtained at
240 nm. The enzyme activity was expressed in nmol of
substrate hydrolysed/min/mg of protein.

TG content (GSH + GSSG) and oxidized glutathione
(GSSG) were determined at 412 nm, using a recycling
reaction of GSH with 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB) in the presence of GR excess (Tietze 1969; Baker
et al. 1990). 2-Vinyl-pyridine was used to conjugate GSH
for the GSSG determination (Griffith 1980). GSH was
calculated by subtracting GSSG from the TG levels. GSH/
GSSG ratios were expressed according to Pefia-Llopis et al.
(2001).

GST activity in the liver was determined according to
the method described above, in a Jenway 6405 UV/VIS
Spectrophotometer.

All chemicals were of reagent grade and purchased from
Sigma.

Protein determinations

All the enzymatic activities were expressed as a function of
the protein concentration in the samples, which was
determined in triplicate by the Bradford method (1976),
adapted to microplate as indicated in Guilhermino et al.
(1996), using bovine y-globulins as protein standard and a
wavelength of 600 nm. A Bio Tek Power Wave 340
microplate reader was used.

Abiotic factors determination

Water temperature (7), salinity (Sal) and pH were mea-
sured in situ, in triplicate, at the mouth of each studied
estuary at each sampling season, using the multiparametric
sea gauge WTW multi 340i and the appropriate probes (pH
Sen Tix 41 and Tetracon 325). At the same time, subsur-
face water samples were collected, in triplicate, with 1.5 1
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polyethylene-terephthalate bottles and stored at 4°C until
nutrient analysis. Concentrations of nitrites (NO,), nitrates
(NOs), ammonium ion (NH,"), phosphates (PO,), silica
(SiO,), phenol (C¢gHsOH), and water hardness (CaCO3) in
these samples were determined by colorimetry using a
Palintest 7000 interface photometer.

Statistical analysis

All values are reported as mean =+ standard error. Com-
parisons of abiotic factors, among sampling estuaries and
among sampling seasons, were performed using the Krus-
kal-Wallis test. When significant differences were found,
the Mann—Whitney U-test, with adjustment of the signifi-
cance level for the number of comparisons performed
according to Bonferroni method (Sokal and Rohlf 1995),
was used to identify their origin. Data concerning mor-
phometric parameters, physiological condition indexes and
biomarkers activities were analysed by two-way analysis of
variance (ANOVA) with interaction to test for the effect of
both estuaries and seasons. When significant differences
were found, Bonferroni multiple comparisons procedure
was used to identify their origin. Kolmogorov—Smirnov
and Barlett’s tests were used to check normality of data
distribution and homogeneity of variances between groups,
respectively. For all the variables analysed, values more
than 3.5 standard deviations distant from their group mean
were considered as outliers and removed from the analyses,
because they were producing departures from normality of
group distributions. When appropriated, the square root
transformation was applied to data, in order to fulfill nor-
mality and homogeneity of variance assumptions.
Pearson’s product moment coefficient (r) was used to
assess possible linear relations between the variables
assessed, both biological and environmental. Nominal
environmental variables (i.e., estuary and season) were
dichotomised, relatively to each category by attribution of
the codes 1 and 0, and the point biserial correlation coef-
ficient (rp,) was then used to assess linear relations between
these and non-dichotomous variables of interest. Signifi-
cant differences among estuaries were detected for the
morphometric parameters measured (see Sect. “Results”)
and a very high correlation coefficient was found between
total body length and total body weight of eels (r = 0.93,
P < 0.0001). Total body weight was thus used as a
covariate in the two-way ANOVAs performed.
Redundancy analysis (RDA), an ordination method of
direct gradient analysis (ter Braak and Prentice 1988), was
also performed to search for patterns in the set of biological
parameters and to assess relationship between biological
and environmental data. This multivariate analysis also
provides an overall significance test of biological parame-
ters change. Monte Carlo permutation was used to assess

statistical significance of the canonical axes. The following
nominal environmental variables (categories indicated
within brackets) were used: estuary (Minho, Lima, Douro)
and season (summer, autumn, winter, spring). These factors
were coded, as in multiple regression, as series of dummy
environmental variables, one variable for each category. In
the ordination diagram, the categories of the nominal
environmental variables are indicated by centroids (aver-
age scores of the samples belonging to that category). The
quantitative environmental variables were the abiotic fac-
tors 7, Sal, pH, NO,, NOs, NH,*, PO,, SiO,, C¢HsOH, and
CaCOs;. Of these, four variables (7, NO,, NO3, and CaCOs)
had to be removed from the final analysis because they
were strongly correlated with one or more of the remaining
environmental variables, producing colinearity problems.
The scaling was focused on inter-species correlations and
the scores of the biological variables were adjusted for the
corresponding variance after RDA was carried out. In
addition, an RDA was first carried out using total body
weight of eels as the only explanatory variable to evaluate
the need for its inclusion as a covariate in the definitive
analysis. The results indicated that the first constrained axis
obtained had no significant contribution to explain the
overall variability of the data and so no covariate was
included in the model. The significance of the second
canonical axis obtained in the final analysis was tested by
performing an RDA analysis on the data using environ-
ment-derived samples scores for the first axis as a covariate
(ter Braak and Prentice 1988; Leps and Smilauer 2003).

For all statistical tests performed, the significance level
was set at 0.05. All statistical analyses were carried out
using SPSS for Windows v15.0 and CANOCO for Win-
dows v4.52.

Results
Abiotic factors and chemical analyses

Statistically significant effects of the estuary on Sal
(K=63, P=0.032) and CaCO; (K =75, P =0.011)
were observed, with water samples from the estuaries of
rivers Lima and Douro showing much higher levels of
these abiotic factors than those from the estuary of Minho
River (Table 1). Significant effects of the estuary on the
concentration of NO, (K =7.9, P = 0.006) were also
found. Samples from the estuary of Douro River showed a
higher concentration of NO, than those from the estuaries
of rivers Minho and Lima. Concerning variation among
seasons, statistically significant differences were only
observed for water temperature (K = 9.4, P = 0.002).
Water samples collected during summer and spring showed
higher T while those collected in autumn and winter
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Table 1 Variation of abiotic factors among estuaries and among seasons

Estuary Season
Minho Lima Douro Summer Autumn Winter Spring
T (°C) 14.83 16.90 15.35 22.03* 11.43° 11.03° 18.27°
(2.56) (2.97) (2.54) (0.99) (0.47) (0.48) (0.68)
Sal (%o) 2.38* 9.09° 12.79° 12.70 8.717 471 6.10
(1.77) (1.96) (3.37) (5.83) (2.45) (2.40) (3.12)
pH 7.44 7.43 7.85 7.64 7.53 7.60 7.53
0.27) (0.38) (0.17) (0.41) (0.58) (0.16) 0.21)
NO, (mg/l) 0.03* 0.02* 0.06" 0.04 0.04 0.02 0.03
(0.01) (0.00) (0.01) (0.02) (0.01) (0.01) (0.01)
NO; (mg/l) 1.76 0.97 242 1.58 1.33 2.47 1.48
(0.32) (0.08) (0.73) (0.45) (0.38) (1.10) (0.17)
NH,* (mg/l) 0.44 0.19 0.31 0.17 0.36 0.64 0.09
(0.35) (0.09) (0.12) (0.08) (0.18) (0.43) (0.02)
PO, (mg/l) 0.39 0.08 0.31 0.23 0.12 0.46 0.23
(0.10) (0.02) (0.14) (0.13) (0.04) 0.17) (0.13)
SiO, (mg/l) 2.59 1.41 1.76 1.26 1.67 2.46 2.29
(0.22) (0.33) (0.80) (0.42) (0.64) (0.97) (0.32)
CcHsOH (mg/1) 0.06 0.08 0.04 0.07 0.07 0.07 0.02
(0.02) (0.01) (0.01) (0.00) (0.00) (0.02) (0.02)
CaCOj3 (mg/l) 120.42* 2,072.50° 2,675.00° 2,386.67 2,418.89 728.33 956.67
(93.78) (638.95) (742.91) (1,118.37) (1,181.11) (453.45) (483.40)

Values represent the mean and the corresponding standard error in brackets of temperature (7), salinity (Sal), pH, nitrites (NO,), nitrates (NO3),
ammonium ion (NH,4™), phosphates (PO,), silica (Si0,), phenol (CsHsOH) and water hardness (CaCOj3). Different letters identify statistically
significant differences (at P < 0.05), either among estuaries or among seasons, as indicated by the results of Kruskal-Wallis and Mann—Whitney

U tests

showed lower average temperatures, around 11°C
(Table 1). Apart from these, in general, the abiotic vari-
ables assessed showed similar variation patterns among
estuaries and among seasons.

In addition, high correlations were observed between the
abiotic factors, the concentrations of metals and PAHs
(r = 0.50), and between the former two and the estuaries
and the sampling season (Table 2). For instance, the con-
centration of metals showed high inverse relationships with
the estuary of Minho River (rp,, = —0.73) and the con-
centration of SiO, (r= —0.64), and high positive
correlations with the estuary of Lima River (7, = 0.69)
and Sal (r = 0.63). PAHs were also negatively correlated
with Minho estuary and SiO,, and were positively corre-
lated with Douro estuary, autumn, Sal and CaCOs;
(Table 2). As to T, it was positively correlated with sum-
mer (rp, = 0.80) and negatively with autumn and winter.
NO, and NO; were more relevant in Douro estuary,
showing positive correlations with it and negative corre-
lations with Lima estuary. Also, CaCO5; was associated
with Sal and SiO, concentrations.
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Morphometric measures and physiological condition
indexes

The total body length of yellow eels sampled ranged from
20.8 to 60.9 cm, with average values of 30.8, 31.8 and
35.6 cm for eels from the estuaries of Minho, Lima and
Douro Rivers, respectively (Table 3). Total body weight
ranged from 12.3 to 439.5 g, with average values of 53.2,
56.1 and 91.1 g for eels from the estuaries of Minho, Lima
and Douro Rivers, respectively (Table 3). Eels collected in
the estuary of Douro River were longer (Table 2, F(2,
270) = 21.1, P < 0.001) than those collected in the estu-
aries of Minho and Lima Rivers, particularly in the
summer, as indicated by the interaction estuaries x season
(F(6, 270) = 3.7, P = 0.001). Similarly, eels collected in
the Douro estuary had a higher body weight (F(2,
270) = 23.3, P < 0.001) than those collected in the estu-
aries of rivers Minho and Lima. These differences were
also particularly evident during summer, as indicated by
the statistically significant interaction estuaries X season
(F(6, 270) = 5.1, P < 0.001).
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Table 2 Significant Pearson (r) and point biserial (r,,) correlation
coefficients, above 0.40 (P < 0.001), between the environmental
variables assessed (metals and PAHs in sediments, water abiotic
factors, and estuary and sampling season)

Environmental variables T
Metals Minho —-0.73
Lima 0.69
PAHs 0.50
Sal 0.63
SiO, —0.64
PAHs Minho —-0.43
Douro 0.48
Autumn 0.58
Sal 0.52
NO, 0.45
SiO, —0.69
CaCO;, 0.74
T Summer 0.80
Autumn —0.55
Winter —0.51
NO, Lima —0.62
Douro 0.87
Sal 0.53
NO; Lima —0.55
Douro 0.56
Winter 0.49
CaCO; Minho —-0.74
Douro 0.49
Sal 0.75
SiO, —0.58

T Temperature; Sal salinity; NO, nitrites; NO; nitrates; SiO; silica;
CaCO; water hardness; Metals total heavy metals; PAHs total
polycyclic aromatic hydrocarbons

The K index for yellow eels from the three studied
estuaries varied between 0.10 and 0.25, with mean values
of 0.17 in Minho and Douro estuaries and 0.15 in the Lima
River estuary (Table 3). Significant differences were
observed among estuaries (F(2, 268) = 32.1, P < 0.001),
with K in general lower in yellow eels from the estuary of
Lima River compared to those from the other estuaries,
especially in the winter. In addition, an effect of the
interaction estuary x season on the K index was observed
(F(6, 268) = 10.1, P < 0.001) (Table 3). The highest
mean LSI value (1.77) was obtained for the Minho River
population, while the lowest was determinated for Lima
estuary eels (1.42). Concomitantly, eels collected in the
contaminated estuaries, presented, on average, lower LSI
values than eels collected in the reference estuary (F(2,
269) = 19.4, P < 0.001). Moreover, the three populations
showed different patterns of temporal variation (interaction
estuary x season: F(6,269) = 17.1, P < 0.0001), with the

Table 3 Variation of weight, length, and condition indexes among estuaries and among seasons

Season

Estuary

Parameter

Spring

Winter

Autumn

Summer

Lima Douro Minho Lima Douro Minho Lima Douro

Minho

Lima Douro Minho Lima Douro

Minho

30.8% 31.8% 35.6" 30.4" 31.7% 42.2° 322 34.5 35.1 28.4 27.7 31.8 31.7 32.8 354

L (cm)

(1.58)

84.1
(12.38)

(1.4)
57.5

(0.98)
53.1

(1.08)

59.9

(0.64)
28.4

0.67)
45.7

(1.13)
83.9

(1.18)

70.6

(1.01)

6

(2.49)
160.2°

(1.09)
61.0°

(1.15)

49.1%

(0.80)
91.1°

0.61)
56.1°

(0.50)
53.2¢

2.3

W (g

0.11)  (11.69) (4.27) (2.49) (6.6) 6.17) (7.59)
0.15

(7.04)
0.17

(7.69) (7.85) (7.56) (26.55)
0.16

(4.04)

(3.27)

0.17* 0.16 0.18 0.15 0.17 0.19* 0.13° 0.17* 0.15 0.17
(0.004) (0.007) (0.004) (0.003) (0.004) (0.005)

0.15°

0.17*

(0.003)
1.28
(0.06)

(0.004)
1.63
(0.09)

(0.002)

(0.007)

(0.005)

(0.002) (0.002) (0.006)

(0.003)

53

1.

1.66% 221° 1.14° 1.72¢
0.033)  (0.07) 0.072)

(0.069)

1.32°
0.077)

1.95%

1.39
(0.046)

1.58
(0.047)

40
(0.066)

1.55° 1.

(0.038)

1.44°
(0.037)

1.78%
(0.053)

LSI

(0.119)

(0.062)

Values represent the mean and the corresponding standard errors in brackets of total body length (L), total body weight (W), Fulton’s condition factor K(K), and hepatosomatic index (LSI). For

each studied parameter, different letters identify statistically significant differences (P < 0.05) among estuaries, for each sampling season as, indicated by the Bonferroni multiple comparisons

test
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lowest LSI values recorded in autumn and winter espe-
cially in the Lima estuary.

Biomarkers of neurotoxicity, energy production,
osmoregulation, and biotransformation (Phase I and II)

Significant differences in brain AChE activity were found
among eels collected in the different estuaries (F(2,
269) = 17.8, P < 0.001). Eels from the Douro estuary
showed, on average, lower AChE activity than those from
Minho and Lima (Fig. 2). Significant differences among
seasons were also found (F(3, 269) = 94.9, P < 0.001),
with the highest activities observed during the summer and
the lowest during the autumn. Additionally, the interaction
term revealed differences among estuaries that are depen-
dent on the sampling season (F(6, 269) = 16.2,
P < 0.001); eels from Douro estuary showed a 25%
decrease in AChE activity during autumn, while those from
Lima and Douro estuaries showed significant 23 and 43%

Fig. 2 Biomarkers of 36

decreases, respectively, during winter, relatively to eels
collected in the reference estuary during the same seasons
(Fig. 2).

In our study, a significant effect of the estuary on muscle
LDH activity was observed (F(2, 266) = 40.7, P < 0.001).
In general, eels from Douro estuary showed a 23% increase
in LDH activity compared to eels from Minho estuary.
Concerning seasonal variation, LDH levels in Lima estuary
were constant across sampling seasons, whereas those
found in eels from Minho and Douro estuaries showed a
general decreasing tendency, with the highest activities
observed during summer and the lowest during spring
(Fig. 2, F(3, 266) = 35.1, P < 0.001). The interaction
between the two factors was also significant (F(6,
266) = 17.3, P < 0.001). Eels from Lima estuary showed
a 48% decrease of LDH activity during summer compared
to the activities observed for the reference estuary during
the same season. In contrast, those collected in Douro
estuary during autumn showed a strong increase of LDH

4500 7

. AChE LDH
neurotoxicity, energy —=—Minho
. . a - 4000 -
production, osmoregulation, and = .
= c
Phase I and Phase 11 g 28 ‘© 3500 -
biotransformation analysed in s g
yellow eels collected in the g 04 | g 8000 7
estuaries of Minho, Lima and g é 2500 -
Douro rivers during four é 20 4 3
sampling seasons. Values = £ 20001
represent the mean and the 16 1500 -
corresponding standard errors of
acetylcholinesterase (AChE), 12 P g 1000
lactate dehydrogenase (LDH),
sodium/potassium ATPase 25 - 300
(Na*/K*-ATPase), Na*/K*-ATPase EROD
ethoxyresorufin-O-deethylase — 204 _Ib 250 - l
(EROD) and glutathione S- s <
transferases (GST) activities. g b © _eab g 200 -
Different letters identify 2 157 } 2 I ;
statistically significant < ab { S 150 1 U V/
differences (P < 0.05) among % 1.0 7 . %a % ol éab
estuaries for each season as 5 i/ g 100 o / a
indicated by the Bonferroni 05 §3\s/ 5 i\.
multiple comparisons test a T sa
0.0 : . T T 0 T T T T
Summer Autumn Winter Spring Summer Autumn Winter Spring
300 1 . 320 - .
GST dgills GST liver
$c 280
= 250 - .
€ =
g e § 240 1
= . [e}
S 200 - §b é ) .
. “Ab <
S . b. 4b n £
£ AT i £ 160 -
£ 150 . %b £
: fe 2 o
= 004 %la E
Nﬁ 80 A
a a
50 T T T ; 40 T T T T
Summer Autumn Winter Spring Summer Autumn Winter Spring
Season Season

@ Springer



Yellow eel (Anguilla anguilla) development in NW Portuguese estuaries

393

activity (about 100%) followed by a decrease to levels
comparable to those of eels from Minho estuary, in winter.

During the studied year, Na*/K*-ATPase activity in the
gills was significantly increased in Lima (~118%) and
Douro (~107%) estuaries, compared to that of eels from
Minho (Fig. 2, F(2, 251) = 17.1, P < 0.001). Regarding
seasonal variation, a general increasing trend of Nat/K™-
ATPase activity was observed from summer to winter (F(3,
251) = 10.3, P < 0.001); low values were found for eels
collected during autumn, while high activities were
observed in eels collected during spring. The differences
among estuaries were also dependent on the sampling
season (F(6, 251) = 2.4, P < 0.026); increased levels of
Na*/K*-ATPase activity were found for eels collected in
Lima and Douro estuaries during all seasons (Fig. 2),
except for those collected in Douro estuary during autumn.
The latter showed values similar to those found for eels
collected in Minho estuary during the same period.

Mean values of hepatic EROD activity were different
among estuaries (F(2, 244) = 11.7, P < 0.001), showing a
51% significant increase (P < 0.01) in eels from Douro,
compared to those from Minho estuary. A general
increasing trend was observed from summer through
spring, with the highest values of EROD activity found in
winter and spring (F(3, 244) = 30.6, P < 0.001). A sig-
nificant effect of the interaction estuary x season was also
observed (F(6, 244) = 2.7, P < 0.015). Eels collected in
Douro estuary during autumn showed a more than two-fold
increase of EROD activity, while those collected in Lima
estuary during winter showed an equivalent decrease of

EROD activity, relatively to those collected in the refer-
ence estuary during the same seasons.

Phase II biotransformation, assessed as GST activity,
was significantly induced in yellow eels from the con-
taminated estuaries in both liver (F(2, 264) = 29.1,
P <0.001) and gills (F(2, 260) = 110.5, P < 0.001),
compared to those collected in Minho estuary (Fig. 3). This
increase was particularly high, more than two-fold, for
GST determined in gills of eels collected in Lima estuary.
In respect to season, statistically significant effects were
found for GST activity in both liver (F(3, 264) = 7.6,
P < 0.001) and gills (F(3, 260) = 14.9, P < 0.001). In
general, the lowest values of GST activity were observed in
summer and autumn whereas the highest values were
observed in winter and spring. Moreover, significant effects
of the interaction term were observed for GST both in liver
(F(6, 264) = 6.0, P < 0.001) and gills (F(6, 260) = 18.9,
P < 0.001). Relatively to eels from the reference estuary,
those collected during summer and spring in the Lima
estuary, and in Lima and Douro estuaries, showed the
highest changes of GST activity in liver and gills,
respectively.

Non-enzymatic and enzymatic antioxidants

Since the levels of GSH determined in the liver generally
tended to be higher than those of GSSG, the variation of
TG (GSH + GSSG) across estuaries and seasons reflected
mostly that of GSH. An effect of the estuary on the hepatic
levels of TG and GSH was observed (Fig. 3, TG: F(2,

Fig. 3 Variation of oxidative 1.0 4 —=— Minho
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257) =17.7, P <0.001; GSH: F(Q2, 243)=11.0,
P < 0.001). Particularly, TG and GSH levels were signif-
icantly lower (~27 and 40%, respectively) in eels from the
Lima estuary, compared to those from the reference and the
Douro estuaries. Regarding seasonal variation, significant
differences were also observed (TG: F(2, 257) = 67.0,
P < 0.001; GSH: F(3, 243) = 7.9, P <0.001), with the
highest levels of glutathione recorded during winter and the
lowest during spring. Significant effects of the interaction
estuary x season were found as well (TG: F(6,
257) = 67.0, P <0.001; GSH: F(6, 243) =123, P <
0.001). Yellow eels collected in Lima and Douro estuaries
during winter showed reduced levels (37 and 48%,
respectively) of TG, whereas GSH levels were particularly
low in Lima estuary during autumn and in Lima and Douro
estuaries during winter. In contrast, no relevant overall
differences of both hepatic GSSG levels and the ratio of
reduced to oxidised glutathione (GSH/GSSG) were detec-
ted among eels from the different estuaries (Fig. 3).
Significant effects of the sampling season were, however,
observed (GSSG: F(3, 250) = 75.5, P < 0.001; GSH/
GSSG: F(3, 241) = 11.5, P <0.001). Levels of GSSG
showed an increasing trend from summer to winter, and
then strongly decreased, attaining the lowest values in
spring. As to GSH/GSSG values, they decreased from
summer to autumn, increasing thereafter and reaching their
maximum in spring. Significant effects of the interaction
term were also observed for both antioxidant parameters
(GSSG: F(6, 250) = 6.3, P < 0.001; GSH/GSSG: F(6,
241) = 6.3, P < 0.001), indicating that differences among
estuaries were dependent on the sampling season. While
values of GSSG were lower in eels collected during sum-
mer in the estuary of Lima River than in the estuary of
Minho River, diminished values of GSH/GSSG were
recorded in eels collected in the contaminated estuaries
during winter, and an augmented ratio was found in eels
collected in the estuary of Douro River during spring.

In general, no relevant hepatic induction of antioxidant
enzymes was observed in Lima and Douro estuaries
(Fig. 4). On the contrary, a significant effect of estuary was
observed for CAT activity (F(2, 252) = 8.2, P < 0.001),
which was even inhibited in eels from Lima estuary com-
pared to those from the estuary of Minho River, although
not for SOD, GPx, and GR. A high seasonal variation was
also observed for these enzymatic activities (CAT: F(3,
252) = 157.5, P < 0.001; SOD: F(3, 235) =403,
P < 0.001; GPx: F(3, 259) = 621.3, P < 0.001; GR: F(3,
266) = 72.8, P < 0.001). In general, CAT, SOD, GPx, and
GR activities were higher in summer, showing decreases
thereafter, and reaching very low levels during winter and
spring. Differences among estuaries were mainly found in
relation to the sampling season for CAT (F(6, 252) = 7.6,
P < 0.001), SOD (F(6, 235) = 9.3, P <0.001) and GR

@ Springer

(F(6, 266) = 3.6, P < 0.002), indicating mostly an inhi-
bition of these antioxidant enzymes in Lima estuary during
summer. In addition, liver lipid peroxidation was signifi-
cantly different among estuaries (F(2, 259) = 16.9,
P < 0.001), increasing (~17%) in eels collected in Lima
estuary (Fig. 4), compared to eels from Minho estuary.
LPO levels also showed strong seasonal variation (F(3,
259) = 32, P < 0.001), with the highest values recorded
during spring and the lowest during summer. The interac-
tion estuary x season indicated that eels from different
estuaries showed different patterns of seasonal variation
(F(6, 259) = 18.3, P < 0.001). Whereas eels from Minho
estuary showed an increase of LPO from summer to
autumn then decreasing from autumn to winter and rising
again thereafter, those from Lima estuary showed an aug-
mentation from summer to autumn, with levels
significantly higher than the reference estuary exhibited
during winter, when strong glutathione depletion was
found, decreasing only thereafter.

Effects of environmental parameters on physiological
condition indexes and biomarkers

The relationship between biological and environmental
parameters was studied using a redundancy analysis. The
results show that environmental variables explained 44.4%
of the overall data variability (Fig. 5, F-ratio = 19.6,
P = 0.0020, Monte Carlo permutation). The first pair of
axes (horizontal) explained 23.7% of the total data vari-
ability (F-ratio = 101.2, P = 0.0020) and showed a strong
positive correlation with the activities of liver antioxidative
enzymes GPx, GR, CAT. This axis was also correlated
with the K condition factor and brain AChE activity,
though to a slightly less extent (Fig. 5). The environmental
axis is a seasonal gradient, which was positively correlated
with the concentration of phenol and negatively with the
concentration of silica (Table 4). The correlation between
these two axes was 87.0% indicating a highly significant
relationship. The second constrained axis (vertical)
explained 7.8% of the total data variability (F-ratio = 32.4,
P = 0.0020) and was correlated mainly with the hepatic
levels of TG and GSSG, with LSI and, to a less extent, with
gill Nat/K*-ATPase activity. The environmental axis
clearly separated the reference estuary (Minho) from the
contaminated ones (Lima and Douro), suggesting the
occurrence of a contamination gradient, being positively
correlated with the concentration of ammonia and nega-
tively with salinity (Table 4). The correlation for this
canonical axis was 79.8% also indicating a highly signifi-
cant relationship. The analysis of the ordination diagram
indicate that CAT, GR, and SOD anti-oxidant enzymes
tend to show their highest activities in yellow eels from
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Fig. 4 Variation of anti-
oxidative enzymes and lipid
peroxidation for yellow eels
collected in the estuaries of
Minho, Lima and Douro rivers
during four sampling seasons.
Values represent the mean and
the corresponding standard
errors of the activities of the
enzymes catalase (CAT),
glutathione peroxidase (GPx),

(nmol/min/mg protein)

(U/min/mg protein)

0.4 1

glutathione reductase (GR) and
superoxide dismutase (SOD),
and the hepatic levels of lipid
peroxidation (LPO). Different GPx
letters identify statistically
significant differences

(P < 0.05) among estuaries for
each season as indicated by the
Bonferroni multiple
comparisons test
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Minho estuary during summer, and their lowest activities in
eels from Lima and Douro estuaries, especially in winter
(Fig. 5). This trend is accompanied by a very similar ten-
dency for TG and GSSG, and for K and LSI indexes
(Fig. 5). In contrast, GPx showed its higher activity in eels
collected during summer, and similar activity among
estuaries. Furthermore, AChE attained its lowest activity in
eels from Lima and Douro estuaries in autumn and winter.
Na'/K*-ATPase activity was particularly increased in eels
from Lima estuary, during summer (Fig. 5), contributing to
discriminate the two contaminated estuaries. Concerning
abiotic factors, the K condition index and the enzymes
CAT and GR tend to increase with increasing water phenol
concentrations, whereas the activities of AChE and SOD
seem to be influenced by silica. Moreover, Na*/K*-ATP-
ase activity appears to be under the influence of a balance
between salinity and ammonia levels (Table 4, Fig. 5).

T T
Winter Spring
Season

Discussion

Eels are long living species and therefore they are good
models to assess long term effects induced by pollution. In
the present study, an integrated approach including mor-
phometric parameters, condition indexes, biomarkers and
environmental variables was used to compare A. anguilla
populations from three estuaries with different levels of
environmental contamination.

The values obtained for both K and LSI in the studied
estuaries are in the same range of those found in yellow
eels of similar body length from other European estuarine
areas, such as the River Havel system in Germany (Simon
2007), the Rhone Delta in southern France (Roche et al.
2000; Ribeiro et al. 2005) and the Amsterdam area (van der
Oost et al. 1996a). According to K index that has been used
as an indicator of health condition (Ricker 1975), eels from
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Fig. 5 Redundancy analysis ordination diagram displaying the scores
for biological variables (straight arrows), quantitative environmental
variables showing correlations above 0.30 with the environmental
axes (dotted arrows), and nominal environmental variables (trian-
gles): first axis is horizontal, second axis vertical. Only biological
variables that have at least more than 8% (derived from the
eigenvalue for the second canonical axis) of their variability
explained by environmental variables are shown. The diagram
explains 44.4% of the total variance in biological data, the first two
eigenvalues being 0.273 and 0.078, respectively. The third and fourth
eigenvalues are 0.033 and 0.025, respectively. The biological
variables are: Fulton’s condition factor K(K), hepatosomatic index
(LSD), acetylcholinesterase (AChE), sodium/potassium ATPase (Na*/
K"-ATPase), catalase (CAT), glutathione peroxidase (GPx), glutathi-
one reductase (GR) and superoxide dismutase (SOD) activities, total
glutathione (7G), reduced glutathione (GSH) and oxidised glutathione
(GSSG) levels. The quantitative environmental variables are: salinity
(Sal), ammonium ion (NHY), silica (Si05) and phenol (CsHsOH). The
nominal environmental variables are: the studied estuaries (Minho,
Lima and Douro) and the sampling seasons (summer, autumn, winter
and spring)

Lima estuary show a poorer health condition than those
from Minho and Douro estuaries, particularly in winter
(Table 3). This may be related to food availability and
other unfavourable environmental conditions as suggested
in other studies (Ricker 1975; Hoque et al. 1998; Lloret
et al. 2002). The lower LSI found in Lima and Douro eels
relatively to Minho animals may indicate poor habitat
quality and/or low food available forcing the animals to
metabolize liver stored lipids and reducing liver weight
(Hoque et al. 1998). However, it should be noted that
several studies report increased or decreased LSI values in
response to different environmental stressors. An increased
LSI may occur due to accumulation of parasites, liver
damage or exposure to pollution (e.g., some metals, PAHs
and PCBys), as the liver increases in size due to the presence
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Table 4 Biological responses in eel populations along a pollution
gradient, from Fig. 5: canonical and intraset correlations of environ-
mental variables with the first two axes of redundancy analysis

Axis variable  Canonical coefficients Correlation coefficients

1 2 1 2
Minho 0.00 0.00 0.20 0.45
Lima 0.03 —0.50 —0.11 —-0.37
Douro —0.56 —1.10 —0.08 —0.07
Summer 0.76 —0.26 0.83 —0.53
Autumn 0.53 0.95 —0.02 0.67
Winter —0.60 0.31 -0.19 0.25
Spring 0.00 0.00 —0.63 —0.45
Sal 1.37 1.08 0.30 -0.32
NH,* 0.92 0.57 0.06 0.49
SiO, 0.97 0.35 —-0.33 0.07
CeHsOH —0.38 —0.54 0.43 0.31

The environmental variables are: the studied estuaries (Minho, Lima
and Douro), the sampling seasons (summer, autumn, winter and
spring), and the abiotic factors salinity (Sal), ammonia (NH,™), silica
(8i03), and phenol (C¢HsOH)

of parasites, to allow greater detoxification or as a conse-
quence of toxicants accumulation (Slooff et al. 1983; van
der Oost et al. 2003).

Inhibition of AChE activity above 20% has been con-
sidered indicative of exposure to anticholinesterase agents
(Ludke et al. 1975). Lima and Douro eels showed signifi-
cant inhibition of AChE activity in autumn and winter (23—
43%) relatively to the reference estuary, indicating the
presence of anticholinesterase agents at these periods of the
year. These agents may be heavy metals, PAHs, organo-
phosphate and carbamate pesticides and/or detergents that
have been found to be cholinesterase inhibitors (Payne
et al. 1996; Guilhermino et al. 1998; Buet et al. 2006). In
fact, metals and PAHs have been found in sediments of
Lima and Douro estuaries at concentrations high enough to
cause AChE inhibition (ppm range). In addition, anticho-
linesterase insecticides might also arrive to estuaries by
runoff of agriculture fields and detergents from domestic
and industrial effluents. Moderate levels of AChE inhibi-
tion may result in alterations of nervous and neuromuscular
functions (Payne et al. 1996) interfering with several
physiological functions and development. They may also
increase the mortality rate since, for e.g., animals may have
difficulties in escaping from predators or in avoiding
unfavourable environmental conditions.

The strong induction of LDH activity observed in eels
collected in Douro estuary during the autumn suggests a
change to anaerobic metabolism during this period.
Increases in anaerobic metabolism have been found to be a
rapid response caused by chemical stress, when organisms
need additional energy to cope with pollutants exposure,
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such as PAHs (Cohen et al. 2001) and metals (De Coen
et al. 2001; Diamantino et al. 2001).

The general induction of Na*/K™-ATPase observed in
eels collected in Lima and Douro estuaries during all sea-
sons may be related to the higher salinity found in
contaminated estuaries relatively to the reference one and/
or to effects of metals and lipophilic contaminants on the
activity of this enzyme involved in osmoregulation. For
instance, an increase of Na'/K'-ATPase activity with
increasing concentrations of several PAHs and PCBs has
been reported in yellow eels from polluted sites of the
Rhone Delta (Buet et al. 2006). In addition, despite the
inhibitory effect of some metals on this enzyme activity
(Watson and Beamish 1981; Stagg et al. 1992a; Lionetto
et al. 2000), compensatory mechanisms may increase the
amount of enzyme present through the synthesis of new
Na*/K*-ATPase and/or enhanced chloride cell turnover
(Wendelaar Bonga 1997) leading to an increased activity or
to its maintenance at pre-exposure levels (Sheppard and
Simkiss 1978; Watson and Beamish 1980; Stagg et al.
1992a, b).

EROD activity in fish liver has been considered a very
sensitive biomarker for the assessment of contamination by
organic compounds (Livingstone et al. 1993). Several
laboratory and field studies have reported increases in
EROD activity in many fish species after exposure to
organic pollutants such as PAHs, and PCBs (van der Oost
et al. 2003) which are relevant contaminants in Douro
estuary, among other organic pollutants (Ferreira et al.
2004, 2006; Almeida et al. 2007; Ribeiro et al. 2008). The
increased EROD activities found in eels from this estuary,
particularly in the autumn, are thus in good agreement with
the presence of these agents in the estuary and also with the
induced liver EROD activity found in mullets from this
estuary (Ferreira et al. 2004, 2006). Furthermore, liver GST
that is also involved in the detoxification of both PCBs and
PAHs (van der Oost et al. 1996a; Buet et al. 2006) was also
found to be in general increased in eels from Douro estu-
ary. Concerning the inhibition of EROD activity observed
in the Lima estuary during winter, it is noteworthy that in
vitro experiments revealed that very low concentrations of
heavy metals, such as copper and mercury, added to liver
microsomes of sea bass treated with f-naphthoflavone or
benzo[a]pyrene (B[a]P) significantly decreased EROD
activity (Viarengo et al. 1997).

The general decrease of GT, GSH, and GSH/GSSG
observed in eels from Lima and Douro during autumn and
winter is consistent with the types of contaminants present
in these estuaries. GSH is considered an important anti-
oxidant agent involved in the protection of cell membranes
from lipid peroxidation by scavenging reactive oxygen
species (ROS), yielding glutathione disulphide (GSSG).
Additionally, it acts also as cofactor of enzymes catalyzing

the detoxification and excretion of several toxic com-
pounds, as GPx and GST (Pefia-Llopis et al. 2001). Field
studies have shown a decrease in glutathione content in fish
species, including eel, from sites polluted with PAHs and
PCBs (van der Oost et al. 1996a, 2003). It is also known
that several metals show high affinity to this molecule
either originating the spontaneous formation of complexes
with the thiol group of GSH or promoting its oxidation
(Christie and Costa 1984). Moreover, laboratory experi-
ments have shown that copper induces a significant
depletion of TG, GSH, and GSH/GSSG content in eels pre-
exposed to PAH-like compounds (Gravato et al. 2006).
Overall, the enzymatic antioxidant activity observed in eels
from Lima and Douro estuaries during winter seems to be
insufficient to face pollution stress. This may contribute to
the glutathione depletion observed, through both ineffec-
tive removal of ROS and recycling of GSH. Such a
situation may also be an indirect consequence of exposure
to several metals, as the latter can both stimulate the for-
mation of ROS and inhibit the normal pathways by which
they are removed (Christie and Costa 1984).

In this study responses of different nature and intensity
were observed in the biological parameters assessed. For
instance, high seasonal variability was generally found,
which may be attributed to both natural seasonal fluctua-
tions on the biological parameters examined and seasonal
fluctuations of environmental factors, including contami-
nation. Also, eel metabolism is known to be dependent of
temporal variations of biotic (e.g., age, nutritional state,
maturity, reproduction) and abiotic factors (Knights 1997).
While interpretation of changes on a biomarker-by-bio-
marker basis was useful to detect significant differences
among eels from different estuaries, it provided more
limited information on the global significance of biological
responses and their relationship with abiotic factors.
Therefore, data were also analysed through a redundancy
analysis which showed that condition indexes, glutathione
levels, and the activities of the enzymes AChE, Na*t/K™*-
ATPase, CAT, GR, and SOD were the biological param-
eters that contributed most to discriminate among estuaries.
AChE and Na*/K*-ATPase activities were also found to
be responsive biomarkers in field studies with yellow eels
performed in the Rhone Delta (Buet et al. 2006).

Interestingly, CAT and SOD, which showed different
responses to several environmental contaminants in previ-
ous studies with eels questioning their value as biomarkers
(van der Oost et al. 1996a, 2003), were found to be relevant
in the present study. On the contrary, despite being widely
used as a sensitive biomarker for organic contaminants
(Livingstone et al. 1993; van der Oost et al. 1996a, 2003),
EROD activity was not a discriminating biomarker in our
study, also in good agreement with the work of Buet et al.
(2006). In relation to these apparently contradictory
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findings, it was previously found by other authors that the
daily oral administration of B[a]P to the aerolated grouper
(Epinephelus areolatus) induced hepatic EROD activity
after 1 week, with maximum levels after 2 weeks; how-
ever, after 4 weeks, EROD activity returned to background
levels, despite the daily administration of B[a]P (Wu et al.
2003).

Here and contrary to what was expected, LPO was not a
major discriminating factor. In fact, although inhibition of
antioxidant enzymes and diminished glutathione levels
were observed in contaminated estuaries during winter,
there was not an increase in lipid peroxidation as found in
other studies (Livingstone et al. 1993; van der Oost et al.
2003). According to field transplantation (Cossu et al.
2000) and laboratory experiments (Gravato et al. 2005)
with mussels this relationship between antioxidant
enzymes and cytotoxic damage through lipid peroxidation
was observed after short exposures to toxic compounds
inducing severe reductions of antioxidant defences, but not
for exposures inducing moderate decreases. Furthermore,
Regoli and Principato (1995) also working with mussels
have suggested that these concomitant alterations, mostly
obtained in laboratory exposures, may represent only the
initial phase of a biological response, which would be
followed by some compensatory adaptive mechanisms
probably more frequent in field conditions.

Concerning the relationship between biological param-
eters and abiotic factors, salinity was found to be
associated to Na™/K" ATPase as expected due to the
osmoregulatory role of this enzyme. The inverse correla-
tion between this enzyme and ammonium levels is
probably due to the capability of this ion to replace K in
the molecule of Na™/K* ATPase (Towle and Holleland
1987; Sherwood et al. 2005). GPx responses appear to be
uniquely associated with temperature, which was highly
positively correlated with summer and negatively with
autumn and winter. These results suggest that temperature
variations may act as a confounding factor when assessing
the response of GPx to pollution.

Regarding temporal variation, RDA shows that a high
amount of total variability in the biological parameters was
explained by sampling season. Similar results were found
in other studies carried out in the NW Portuguese coast
concerning the effects of environmental pollution on nat-
ural populations (Quintaneiro et al. 2006; Monteiro et al.
2007). Despite this variability, the second axis of RDA
clearly distinguished polluted estuaries from the reference
one, additionally confirming autumn and winter as difficult
seasons for eels in good agreement with other studies
(Oliver et al. 1979; Lemly 1993, 1996). Lemly (1996) even
described the winter stress syndrome (WSS), a condition of
metabolic distress in warm-water fish, which may develop
when external stressors, such as parasitism or chemical
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pollution, and cold temperatures are simultaneously pres-
ent. According to this work, these conditions may reduce
fish activity and food intake, in a way that organisms are
not able to respond to stressors with increased feeding to
cope with additional energetic demand due to stress
exposure. Stored body lipids will then be depleted in an
attempt to overcome these adverse circumstances and, in
consequence, body condition will drop and fish may die
(Lemly 1996). WSS has thus been considered a serious
threat because it occurs when compensatory capacity could
be at its lowest point and stressors levels that would nor-
mally be tolerated become lethal as water temperature
decreases and food intake drops. Interestingly, eels have
been described as essentially warm-water species, which
become quiescent at temperatures below 8-10°C lying
buried in sediments; these habits result in growth rates that
are very dependent of temperature (Knights 1997). In the
present study, average temperature during autumn and
winter was close to the range indicated as triggering both
quiescence in eels and WSS. Furthermore, several impor-
tant changes compatible to a combined effect of cold and
chemical stress were observed in the contaminated estu-
aries of Lima and Douro Rivers during the autumn and
winter: (1) low K and LSI indexes suggesting that lipid
storages are decreased in these populations; (2) neurotoxic
effects due to AChE inhibition which may impair feeding
as found in studies performed with other fish species
(Castro et al. 2004a); and (3) lower antioxidant capacity
increasing the vulnerability of eels to oxidative stressors.
Overall, these changes may increase the mortality in the
population during cold seasons or increase the accumula-
tion of pollutants in already vulnerable eels.

Several biomarkers show variations with age and
developmental stage. This may be particularly relevant in
long living species, such as eels, when assessing the
effects of pollution since these natural fluctuations may
act as confounding factors. For example, juveniles may
not have completely developed systems and aged animals
may have deficient liver and kidney functions interfering
with detoxification and excretion capabilities. In addition,
for continuous exposures, the accumulation of several
environmental contaminants is age dependent. Since in
eels age is only accurately determined by otolith analysis
that was not performed in the present study, one can not
exclude a possible contribution of this factor to bio-
markers variability. Another factor that may be important
for some biomarkers is gender. During the macroscopic
observation performed, it was not possible to distinguish
differentiated gonads in any of the animals. However,
considering the length range found (20.8-60.9 cm) it is
possible that some of the animals already had differenti-
ated gonads since they can start to develop at a body
length of about 20-22 cm (Colombo and Grandi 1996).
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Therefore, and as a microscopic study of gonads differ-
entiation was not performed, differences among animals
associated to gender and gonads development can not be
excluded. In addition, during the yellow eel stage fat is
accumulated as animals develop and, thus, differences due
to this factor may also exist. The inclusion of body
weight in the statistical analysis provided some correction
to this factor.

In conclusion, the multi-parameter approach was useful
to distinguish among estuaries with different histories and
levels of contamination. RDA provided an integrated
analysis of the parameters assessed indicating that: (1) K
and LSI indexes, glutathione levels, and the activities of the
enzymes ChE, Na*/K*-ATPase, CAT, GR, and SOD were
the biological parameters most contributing to discriminate
among estuaries; (2) sampling season, temperature, salin-
ity, silica, ammonium and phenol, were the environmental
factors playing a major influence on the biological
responses observed and (3) autumn and winter are key
seasons for the effects of contaminants on the health of
yellow eels. The overall analysis of data indicated, there-
fore, that eels developing in the contaminated estuaries of
Lima and Douro rivers are affected by pollution that is
causing alterations in cholinergic transmission, osmoregu-
lation and anti-oxidant defences. This may contribute to
increase mortality during the continental life phase and
reduce the probability of survival to the oceanic migration
due to a poor health status. In addition, because both
estuaries are contaminated with several persistent organic
pollutants, some of which are well known endocrine dis-
ruptors, yellow eels developing in these areas probably
accumulate considerable amounts of these chemicals in
their fat tissue. The mobilization of fat during periods of
food shortage (e.g., autumn and winter) may release into
blood circulation these compounds, thus, increasing the
exposure levels and possibly causing toxic effects that
might include interferences with sexual development. This
may also occur during the long oceanic migration to the
Sargasso Sea and during the final phase of gonads devel-
opment in the reproduction area when stored fat is also
used (Van Ginneken and Van den Thillart 2000). All these
processes may contribute to decrease the contribution of
each generation to the next one. Therefore, in the contin-
uation of this study, it will be important to investigate the
bioaccumulation of environmental contaminants in relation
to age, the effects of persistent organic pollutants com-
monly found in continental waters in growth, gonad
development and maturation, and the contribution of toxic
effects to mortality rate in exposed populations of eels.
Integrated approaches including in situ experiments, labo-
ratory assays and studies in natural populations (also using
reproductive endpoints) may be of great value to address
these issues.
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