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Fish as bioindicators of brackish ecosystem health:
integrating biomarker responses and target pollutant concentrations

Les poissons, bioindicateurs de la santé d’écosystèmes saumâtres :
réponses intégrées de biomarqueurs et concentrations de polluants cibles
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Abstract

Biological responses and contaminant levels in biological tissues were investigated in fish specimens of grass goby (Zosterisessor
ophiocephalus) collected in spring 2000 in a moderately polluted brackish ecosystem, the Orbetello lagoon (southern coast of Tuscany, Italy).
The complexity of harmful effects that contaminants may cause in fish over time was assessed. General condition indices (somatic liver index,
and gonadal somatic index), cytochrome P450 enzymes, acetylcholinesterase activity and ovarian morphology were integrated with the
content of organochlorines (OCs—hexachlorobenzene, DDTs and polychlorinated biphenyls) in liver and ovaries andp-nonylphenol (NP) and
lower ethoxylate (NPE1–2) content in muscle and ovaries as well. Samples collected from the western basin of the lagoon near the Orbetello
sewage treatment plant had somatic liver index values and two P450 activities significantly higher than those collected from the same basin at
theAlbegna river delta and in theAnsedonia canal in the eastern basin (P < 0.05). On the other hand, while muscle content ofp-NP and NPE1–2

was significantly higher in samples from the Orbetello andAlbegna river sites than in samples from theAnsedonia canal site, OC levels in liver
(DDTs > PCBs > HCB) were particularly lower in samples from STP compared to levels detected in sites AC and AR. Light microscopy of
ovaries revealed that although the gonads were sexually mature, the diameter of the oocytes and eggs was smaller than that commonly reported.
High levels of OCs and NPs were, in fact, observed in grass goby ovaries, and the differences observed between acetylcholinesterase activities
among investigated sites suggest exposure to insecticides as well. The integration of biological responses and contaminant tissue content
reveals that certain areas of the lagoon are selectively impacted by various human activities and helps in distinguishing relationships between
biological responses and contaminant load in the lagoon environment.
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Résumé

Les réponses biologiques et les niveaux de contamination des tissus ont été recherchés dans des spécimens de gobies d’herbiers
(Zosterisessor ophiocephalus) récoltés au printemps 2000 dans un écosystème saumâtre modérément pollué, la lagune d’Orbetello (côte sud
de la Toscane). La complexité des effets nuisibles des contaminants sur les poissons est suivie au cours du temps. Des indices globaux (indice
somatique hépatique, indice somatique gonadique), les enzymes du cytochrome P450, l’activité acétylcholinestérase et la morphologie de
l’ovaire sont utilisés ainsi que le contenu organochloré (hexachlorobenzène, DDTs et biphényles polychlorinatés) du foie et des ovaires, les
teneurs enp-nonylphénol et en éthoxylates inférieurs du muscle et des ovaires. Des échantillons provenant du bassin ouest de la lagune près
de la station d’épuration d’Orbetello présentent, pour l’indice somatique hépatique et pour les deux activités P450, des valeurs nettement
supérieures à celles qui sont relevées dans le même bassin dans le delta de la rivière Albegna et dans le canal Ansedonia dans le bassin est
(P < 0,05). D’autre part, alors que le contenu des muscles enp-nonylphénol et en éthoxylates inférieurs apparaît nettement supérieur dans les
échantillons provenant des sites « station d’épuration d’Orbetello » et « rivière Albegna » comparé aux échantillons du site « canal
Ansedonia », les niveaux d’organochlorés dans le foie (DDTs > PCBs > HCB) sont particulièrement faibles au site « station d’épuration
d’Orbetello » comparé à ceux des sites « canal Ansedonia » et « rivière Albegna ». L’examen microscopique des ovaires révèle que, même si
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les gonades sont sexuellement mûres, le diamètre des oocytes et des œufs est plus petit qu’habituellement. De hautes concentrations
d’hexachlorobenzènes et de p-nonylphenols sont en fait observées dans les ovaires des gobies des herbiers et les différences entre les activités
acetylcholinestérase des différents sites suggèrent une exposition aux insecticides. L’ intégration des réponses biologiques et du contenu
tissulaire en contaminants indique que certaines aires de la lagune subissent un impact sélectif des activités humaines. Ceci met en évidence
les relations entre les réponses biologiques et la charge en contaminants dans l’environnement lagunaire.
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1. Introduction

Lagoon ecosystems, like most brackish environments, are
biotopes of great ecological value, characterised by high
biodiversity and trophic migrations, which could be at risk
without appropriate management and risk assessment (Cog-
netti and Maltagliati, 2000). Since in such delicate semi-
closed ecosystems, environmental and ecological factors
may influence or drastically modulate the response of organ-
isms to particular stressors, like contaminants, it is more
difficult to identify relationships between contaminants and
organism responses (Adams et al., 1989, 1999).

In order to assess the ecological risk and the causal or
correlative relationship between the health of organisms and
environmental contaminant levels in a brackish environment,
female specimens of a sentinel fish species, the grass goby
(Zosterisessor ophiocephalus), were collected from three
areas of a moderately human-impacted lagoon on the south-
ern coast of Tuscany, the Orbetello lagoon. The Orbetello
lagoon is a significant example of a brackish environment
regardless of its small size, weak hydrodynamism and shal-
low waters, which limit exchange with seawater (Bucci et al.,
1988; Innamorati, 1998). The nutrient enrichment of sedi-
ment and/or the retention of toxic compounds are mainly
related to pollution, although there are few industrial activi-
ties carried out in the area. Recently, the lagoon was declared
a “High Environmental Risk Area” by the Italian Ministry of
Environment. In fact, urban waste released from the sewage
treatment plant (STP), pesticides, agricultural runoff from
the Albegna river (Fig. 1) and discharges from several aquac-
ulture facilities along the Ansedonia and Nassa canals may
have cumulatively negative effects on the environmental
quality of the waters, in which decreased biodiversity and
accidental fish die-offs have occurred (Lardicci et al., 1997;
Cognetti and Maltagliati, 2000). The recent development of
economic activities such as intensive and extensive fish farm-
ing is now impacting the lagoon, as fish feed residues and
metabolites are directly discharged into the waters. Tourism
in spring and summer results in increased urban wastewater,
coupled with insufficient clearance capability of the only
STP in Orbetello, located off the shores of the western basin
(Innamorati, 1998; Corsi and Focardi, 2002). Furthermore,
the lagoon and the surrounding areas underwent malaria
eradication by the use of dichlorodiphenyltrichloroethane

(DDT) immediately after World War II, and this continued
into the 1950s (Romi et al., 2001).

Aquatic toxicology normally focuses on changes at the
toxicokinetic level and on measuring contaminant concentra-
tions in biological tissues to assess exposure levels and bio-
accumulation patterns. An integrated approach of selected
biological responses was therefore implemented to investi-
gate site-specific associations between biological responses
and bioaccumulation of the most common aquatic pollutants.
Bioindicators of the health of individual fish included a
general condition index, the somatic liver index (SLI), spe-
cific biomarkers of contaminant exposure such as two cyto-
chrome P450 enzyme activities, like 7-ethoxyresorufin-O-
deethylase (EROD) and benzo(a)pyrene monooxygenase
(BaPMO), and acetylcholinesterase activity (AChE). Indica-
tors of reproductive competence, like gonadal somatic index
(GSI) and histology of ovaries, which are particularly sensi-
tive to a variety of environmental contaminants, were also
included. In brackish ecosystems, assessing exposure to
other factors that can have detrimental effects on fish ovarian
development and spawning is especially important, since it is
in these environments that genetic diversity and ecological
processes (reproduction, recruitment, nursery and fattening)

Fig. 1. Sampling sites in the Orbetello lagoon: STP in the western basin, AC
site on AC in the eastern basin and AR site at the AR, also in the western
basin.
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are maintained (Johnson et al., 1988; Cognetti and Malta-
gliati, 2000). While induction of P450 enzyme activities and
inhibition of AChE activity are specific markers of exposure
to certain pollutants, others, like the histology of ovaries,
represent signs of interaction between pollution and physi-
ological processes (Depledge and Fossi, 1994; Walker, 1998;
Ham et al., 1997; Adams et al., 1999). The mixed function
oxidase system P450 is known to play a major role in the
oxidative metabolism/biotransformation of toxic compounds
such as chlorinated and aromatic hydrocarbons. Both EROD
and BaPMO activities are, in fact, widely used in environ-
mental exposure assessments to polychlorinated biphenyls
(PCBs) and PAHs in a variety of fish species, including grass
goby (Z. ophiocephalus) (Goksøyr and Förlin, 1992; Gok-
søyr, 1995; Livingstone, 1996; Nasci et al., 1985, 1991;
Livingstone et al., 1995). The AChE enzyme activity also
represents a more specific marker of exposure to agricultural
pesticides such as organophosphate (OP) and carbamate
(CB) insecticides. However, AChE is recently emerging as a
more general marker of exposure to other neurotoxic con-
taminants such as heavy metals and organochlorines (OCs)
(Galgani and Bocquené, 1990; Gill et al., 1990a, b; Sturm et
al., 1999; Fulton and Key, 2001). The histology of ovaries
was therefore investigated for endocrine disruption and to
evaluate its potential use as a biomarker of endocrine disrup-
tion in wild fish (Tricklebank, 2001).

Contaminant concentrations were assessed in biological
tissues by measuring liver content of hexachlorobenzene
(HCB), DDTs and PCBs, while p-nonylphenol (p-NP) and
lower ethoxylates (NPE1–2) were measured in muscle, where
they accumulate most (Keith et al., 2001). All compounds
were also investigated in fish ovaries. NP surfactants are
discharged into aquatic environments via urban and indus-
trial wastewater, where they are biologically degraded into
the by-products NPEn < 5 and into the final degradation
intermediate p-NP (Talmage, 1994). Evidence of how such
hydrophobic metabolites (log Kow 4–4.6), especially p-NP
and its lower oligomers (NPE1–3), are persistent and toxic to
aquatic organisms is increasing (Lewis, 1991), and there are
some indications of their oestrogenic properties in sexually
mature fish (endocrine disruption) (White et al., 1994;
Jobling and Sumpter, 1993). OCs and PCBs are widespread
in most environmental compartments as a result of river
transport, surface runoff and atmospheric deposition (Porte
and Albaigés, 1993). There is growing evidence that these
compounds are extremely harmful to marine and freshwater
ecosystems, since they are highly persistent and bioaccumu-
late up aquatic food webs. This is widely documented in fish
species in various brackish Mediterranean ecosystems (Puls-
ford et al., 1995; Focardi et al., 1998). Liver and muscle
tissue are used in pollution assessments and for comparison
purposes, while concentrations in gonads, like ovaries, are
crucial for reproduction (Hellou et al., 1993), since “ the early
life stages [of biota] are more susceptible to the effects of
pollution” (Kime, 1997).

The fish species selected for this study, grass goby
(Z. ophiocephalus), is a typical resident bottom-dweller
abundant in shallow waters, like the Orbetello lagoon. It is
suitable for biomonitoring studies of brackish environments
because it can concentrate pollutants to a higher degree than
other species, due to the fact that it feeds on sediments and
has reduced detoxifying capabilities (Fossato, 1982; Nasci et
al., 1991; Livingstone et al., 1995; Pulsford et al., 1995;
Pastor et al., 1996).

2. Material and methods

2.1. Study area and sampling

Sampling was conducted in the Orbetello lagoon, a
2600-ha area on the southern coast of Tuscany (lat. 42°30' N;
long. 11°10' E), bordered by two sandbars. Dividing the
lagoon into an eastern basin and a western basin is an isth-
mus, upon which the town of Orbetello is located. Water from
the Albegna river flows into the western basin up north, while
the Nassa canal connects it to the sea down south. The eastern
basin is connected to the sea by the Ansedonia canal (AC), a
narrow inlet limiting the exchange with seawater (Fig. 1).

Prespawning female grass gobies of mean length 12.9 ±
2.08 cm were collected in late spring 2000 using fish traps
positioned in three sites of the lagoon: site STP in front of the
sewage treatment plant of Orbetello town (western basin),
site AC on the Ansedonia canal (eastern basin) and site AR on
the Albegna river delta (western basin). Ten fish specimens
were collected at every site and sent to the laboratory in
oxygenated water tanks with aerated collection-site water.
Immediately after being sacrificed, fish were individually
weighed and measured. Livers, a portion of dorsal fin and
ovaries were excised and weighed individually. The left
ovary was stored on ice for histology, while liver, muscle, gill
and brain tissues and right ovary were flash frozen in liquid
nitrogen and stored at –80 °C for enzyme assays and at
–20 °C for chemical determinations. SLI and GSI were
calculated according to the following formulas: SLI = (liver
weight (g)/body weight (g)) × 100 and GSI = (ovary weight
(g)/gutted body weight (g)) × 100.

2.2. Laboratory procedures

About 1 g of liver tissue was used for enzyme analysis
prior to microsome extraction in sucrose buffer in 1:4 (w v–1)
proportion (50 mM K2HPO4, 75 mM sucrose, 1 mM EDTA,
0.5 mM DTT and 400 µM PMSF, 10 µM Leupeptin, 1 µM
Pepstatin and 1 mg ml–1 Aprotinin) pH 7.5 at 4 °C, first
centrifuged at 9000 g for 20 min and run through a second
centrifuge at 100,000 g for 1 h. The pellet was resuspended in
10 mM Tris buffer, 20% w v–1 glycerol, 0.5 mM DTT, 1 µM
Pepstatin, 10 µM Leupeptin, 1 mg ml–1 Aprotinin and
400 µM PMSF (pH 7.5, T 4 °C) and stored at –80 °C until
analysis. The isolated microsomal fraction was then used to
determine both EROD and BaPMO activities by the spectrof-
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luorimetric method of Burke and Mayer (1974) and the
fluorimetric method of Kurelec et al. (1977), respectively.
The amount of resorufin used for EROD assay was calculated
from a pure reference resorufin standard calibration curve
with a detection limit of 0.05 pmol min–1 mg proteins–1. The
EROD activity was expressed as pmol min–1 mg proteins–1.

The BaPMO fluorimetric assay was carried out according
to the method of Nebert and Gelboin (1968) as modified by
Walters et al. (1979). The activity was expressed as unit of
fluorescence (U.F.) min–1 mg proteins–1. A Perkin Elmer LS
50 B spectrophotofluorimeter was used in both assays; each
sample was done in triplicate.

AChE activity was measured in brain and gill tissues
according to the colorimetric method of Ellmann et al.
(1961). Assay components included: 25 mM Tris–HCl buffer
(pH 7.6, containing 1 mM CaCl2), DTNB (0.333 µM, final
concentration) and 200–250 µl of sample supernatant, in a
total volume of 3 ml. The reaction was initiated by adding
ATCI (277 µM final concentration) and the progressive in-
crease in absorbance recorded for 5 min at 410 nm in a UV
spectrophotometer. Activity was calculated as micromoles of
substrate hydrolysed min–1 mg proteins–1. Total protein con-
tent (microsomes and gill and brain tissue) was measured by
the method of Bradford (1976). Visible recording spectro-
photometer k 595 nm, Biorad Protein and bovine serum
albumin (BSA), as reference standard, were used.

For histological examination, left ovaries were fixed in
Bouin’s fluid for 48 h, resin embedded (Technovit 8100), cut
at 3 µm with an LKB Ultratome III, stained with Mayer’s
haemallum and eosin and examined at light microscopy.

The reproductive status of the ovary and the developmen-
tal stage of oocytes of the grass gobies were described ac-
cording to Giulianini et al. (1994).

The extraction and quantitation method for NP analysis
was as modified by Marcomini et al. (1990). High-purity
standards (>99% purity) of p-NP were obtained from Fluka,
while ethoxylates (NPE1–2) were obtained from Condea
(commercial mixture: Nonfix2). Portions of dorsal muscle
and left ovary Soxhlet digested in n-hexane (16 h) were
concentrated by solid phase extraction (LC-NH2 cartridge)
and injected (50–200 µl) into a liquid chromatograph (Wa-
ters) connected to a UV spectrophotometer at 277 nm. Pre-
packed spherical 3 µm aminopropylsilica columns (Hypersil
APS, 100 × 4 mm i.d., Supelco®) were used. 2,4,6-
Trimethylphenol was added to the extracts as internal stan-
dard. Spiked samples showed recoveries greater than 90%
for both p-NP and NPE1–2. The limit of quantification was
0.01 ng g–1 on 1 g of fresh tissue. Residues are reported on a
wet weight (w.w.) basis.

OC pesticides and PCBs were extracted according to
Wakimoto et al. (1971). Portions of liver and ovary Soxhlet
digested in 1 N KOH/ethanol (1 h) were transferred to
n-hexane and cleaned in a 1.5 g silica gel (63–200 mesh size),
packed in a glass column (10 mm i.d. × 20 cm). This method
transforms p,p'-DDT to p,p'-DDE and decomposes p,p'-DDD
by alkaline treatment. DDT values are the sum of p,p'-DDT

and p,p'-DDE (�DDT). Columns were eluted with 200 ml of
n-hexane, and the eluates were concentrated and analysed by
gas chromatography with a Perkin Elmer Autosystem gas
chromatograph fitted with a 63Ni electron capture detector
using an SBP-5 capillary column (Supelco) (30 m, 0.25 mm
i.d., 0.25 µm-thick coating). A mixture of HCB, p,p'-DDE
and Aroclor 1260 (Supelco) was used as external standard for
calibration, recovery evaluation and confirmation. Blanks
were determined before analysis of samples, and their maxi-
mum values were subtracted from the results. The concentra-
tions of individually resolved peaks of PCB isomers were
summed to obtain total PCB concentrations. The detection
limit was 0.01 ng g–1 w.w., and the recoveries ranged from
80% to 105%. The concentrations of OC compounds and
individual PCB congeners were both calculated on a w.w.
basis.

2.3. Statistical analysis

Data were expressed as mean ± standard deviation (±
S.D.). Data were log-transformed for achieving normal dis-
tribution before running ANOVAs. Post-hoc Tukey compro-
mise tests were used to determine statistical differences
among sampling sites and tissues. A probability level of less
than 0.05 was considered significant. Statistical analyses
were performed with Statistica 5.1 (StatSoft, USA).

3. Results and discussion

As an indication of fish liver metabolic activity, SLI was
significantly higher in fish collected off the STP than those
from the AC and the Albegna river delta (AR) (P < 0.05)
(Fig. 2). The high SLI values from site STP (2.24 ± 1.17) are
similar to those reported for grass gobies experimentally
exposed to 10 µg/l of Aroclor 1260 for 12 d (2.39 ± 0.71) and
to 10 µg/l of Aroclor 1254 in water and food for 7 d (2.23 ±
0.9) (Fossi et al., 1989; Nasci et al., 1985). Wild grass gobies

Fig. 2. Liver metabolic activity (SLI) and P450 responses in 10 fish collec-
ted from each sampling site (P < 0.05 marked with * and P < 0.01 marked
with **).
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from a highly industrialised area of the Venice lagoon (Porto
Marghera) showed similar SLI values (2.9 ± 0.32) (Nasci et
al., 1991). However, the same authors as well as Casini et al.
(1994) reported lower SLI values in grass gobies from areas
of the Venice lagoon with low pollution (1.93 ± 0.8 to 1.7 ±
0.7 and 1.7 ± 0.93, respectively), as in those measured in fish
from the Ansedonia canal (AC, eastern basin). The trend
observed for SLI among sampling sites is confirmed by the
highest EROD and BaPMO activities recorded in these
samples. EROD activities were, in fact, significantly higher
in fish from site STP than those in AC fish (P < 0.05), while
activities of fish from site AR were the lowest (Fig. 2). In
particular, EROD activities measured in fish from site STP
were slightly lower than those reported by Livingstone et al.
(1995) for grass gobies collected from one of the most pol-
luted and industrialised areas of the Venice lagoon: Porto
Marghera (19.81 ± 8.14 and 39.6 ± 0.2 pmol min–1 mg pro-
teins–1, respectively). Moreover, lower EROD activity, simi-
lar to those measured in samples from site AC (eastern basin)
and AR, was reported by the same authors for a less polluted
site (Lio Grande) (14.1 ± 3.4 and 14.65 ±
8.65 pmol min–1 mg proteins–1, respectively) (Livingstone et
al., 1995) and in the urban area of the Venice lagoon (7.0 ±
6.8 and 10.36 ± 6.04 pmol min–1 mg proteins–1, respectively)
(Casini et al., 1994, 1995). While BaPMO activity was again
significantly higher in samples from site STP than in fish
from site AC (P < 0.01), samples from AC also showed
significantly lower levels than those from site AR (P < 0.05)
(Fig. 2). High BaPMO activities observed in grass gobies
from site STP were similar to those reported by Nasci et al.
(1985, 1991) and Casini et al. (1994) for both the highly
polluted area of Porto Marghera (2.1 and 2.18 ±
1.53 U.F. min–1 mg proteins–1) and the urban area of the
Venice lagoon (2.5 ± 1.5 U.F. min–1 mg proteins–1).

The consistent liver responses (SLI, EROD and BaPMO
activities) among grass gobies collected from site STP seem
to indicate the presence of moderate to high levels of con-
taminant type-P450 inducers in this area and are likely to be
related to the release of STP effluents. On the other hand,
PCB levels in liver of grass gobies from this site were par-
ticularly lower (136.93 ± 77.18 ng g–1 w.w.) compared to
levels detected in fish from sites AC and AR (164.78 ± 74.95
and 183.35 ± 173.35 ng g–1 w.w., respectively) (Fig. 3). As
seen for PCBs, liver levels of other P450 inducers, like
DDTs, were also significantly greater in grass gobies from
site AC (359.83 ± 79.63 ng g–1 w.w.) than in those from sites
STP and AR (290.1 ± 153.23 and 176.7 ± 173.4 ng g–1 w.w.,
respectively) (P < 0.05). PCB levels measured in liver of
gobies in the present study seemed to be very low when
compared to those found in samples from the highly polluted
area of Porto Marghera (Venice lagoon) (11,391 and
8863 ng g–1 dry weight (d.w.), respectively), while liver
levels of DDTs reported by the same authors were highly
comparable (430–283.3 ng g–1 w.w. as mean level from all
three sites in the present study) (Livingstone et al., 1995).
Pulsford et al. (1995) found much higher levels of DDTs in

liver of gobies collected from the same area in June 1992
(mean: 827 ng g–1 d.w.). The presence of relatively high
concentrations of DDTs in the Orbetello lagoon is consistent
with the wide use of this compound for malaria eradication
from the 1940s to 1950s (Romi et al., 2001). In fact, the OC
trend observed here on grass goby liver contents is as fol-
lows: DDTs > PCBs >HCB. These results, indicating a mod-
erate OC contamination in site STP, are consistent with those
of previous investigations, in which Eljarrat et al. (1999)
reported higher PCN and PCDD/F concentrations in sedi-
ment collected from the same site (1515.36 pg g–1 d.w.).
Jimenez et al. (1998) also detected higher values of PCDDs
and PCDFs in sediment and biological samples of Carcinus
aestuarii caged off STP, in accordance with our previous
investigations showing high P450 activities as BaPMO and
NAD(P)H reductases in crabs collected from this site (Corsi,
1995; Fossi et al., 1996). More evidence on the release of
chlorinated hydrocarbons at the STP site comes from a recent
study conducted by Eljarrat et al. (1999), where high PCN
levels were measured in sediment. In particular, the authors
report that although not all the PCN congeners were tested
for EROD enzyme induction, those measured are attributed
to the mixture Halowax 1014, which has a high content of
PCN congeners that induce the P450 system (Villeneuve et
al., 2000; Eljarrat et al., 1999).

Even these data show a greater presence of dioxin-like
compounds in sediments and invertebrates in site STP; the
low levels of PCBs determined in liver of our grass gobies
from this site could be related to enhanced detoxifying activi-
ties (EROD and BaPMO), as described in other studies
(Nasci et al., 1991). In particular, the examination of the
GC-ECD PCB fingerprint allowed the identification of 38
individual congeners by comparing their retention times with
peaks of the Aroclor 1260 mixture. Since hexachlorobiphe-
nyl no. 153 was usually the highest component, we referred
the distribution pattern of selected congeners to it. Hexachlo-
rinated biphenyls such as congeners IUPAC nos. 153, 118 +
149 and 138 were selectively and highly accumulated in liver

Fig. 3. Organochlorine liver content and NP muscle content in 10 fish
collected from each sampling site (P < 0.05 marked with * and P < 0.01
marked with **).
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according to the bioaccumulation pattern reported for fish in
the literature (Porte and Albaigés, 1993; Corsolini et al.,
1995a; Corsi et al., 2001). In fact, hexachlorinated congeners
with chlorine atoms in the 2,4,5 positions in both rings, are
less readily metabolised and more persistent (Zell et al.,
1978; Porte and Albaigés, 1993; Focardi et al., 1998).

Hexachlorinated biphenyls were, in fact, the most abun-
dant class of isomers in samples from all sites as previously
described by Corsolini et al. (1995b) throughout this region
and were followed by hepta- and pentachlorobiphenyls only
in sites STP and AC. Pentachlorobiphenyls were predomi-
nant compared to heptachlorobiphenyls only in AR samples,
representing 25% of total PCBs (Fig. 4). Regarding the other
compounds measured in grass goby livers, HCB concentra-
tions exhibited relatively low values, ranging from 38.63 ±
55.35 ng g–1 w.w. in samples from AC to 81.9 ±
85.9 ng g–1 w.w. in those from site STP, up to a significantly
higher (P < 0.01) 147.37 ± 130.01 ng g–1 w.w. in samples
from AR. Mean HCB levels measured in fish livers from all
three sites (84.5 ng g–1 w.w.), except for those from site AR,
were in the range of those reported for fishes collected
throughout the Italian coasts ranging from 0.14 to
84.34 ng g–1 w.w. (Fig. 3). The association with the upper
range of HCB levels is probably related to a relatively high
lipid content and to reduced detoxifying capability of the
sentinel species, since the grass goby seems to be unable to
fully metabolise and excrete HCB (Focardi et al., 1996).

Finally, the trend observed for p-NP and NP1–2 muscle
content among the three sampling sites revealed a higher
p-NP content in samples from site STP (0.98 ±
0.05 ng g–1 w.w.) than levels measured in samples from sites
AC and AR (0.84 ± 0.01 and 0.75 ± 0.02 ng g–1 w.w.,
respectively). Although no significant differences were ob-
served among the three sites, the highest levels being mea-
sured in samples from site STP is consistent with our previ-
ous investigation, in which a greater p-NP accumulation in
muscle of grass gobies collected off STP was reported (Corsi
and Focardi, 2002). Likewise, NP1E muscle content was
higher in samples from site STP (0.34 ± 0.2 ng g–1 w.w.),
followed by levels in samples from sites AC and AR (0.27 ±
0.1 and 0.24 ± 0.05 ng g–1 w.w., respectively). Regarding

NP2E, similar levels were detected in samples from sites STP
and AC (0.16 ± 0.02 and 0.15 ± 0.01 ng g–1 w.w., respec-
tively), while levels in samples from site AR were below the
detection limit of 0.01 ng g–1 w.w. (Fig. 3). Levels of both
p-NP and ethoxylates (NPE1–2) in grass gobies seem very
low compared to those reported by Lye et al. (1999) and
Keith et al. (2001) in freshwater fish species from rivers
heavily impacted by STP effluents. However, levels may
increase seasonally depending on the intensity of stressors in
the lagoon and can seriously affect fish health in terms of
oestrogenic action and that of humans and wildlife through
dietary exposure (Corsi and Focardi, 2002).

A slightly significant positive correlation was observed
between NP1E in muscle and EROD activity (r = 0.69),
while no correlation was observed with HCB and p-NP and
NP2E. p-NP showed a slight correlation with SLI (r = 0.48),
BaPMO (r = 0.56), GSI (r = 0.52) and gill AChE (r = 0.52).
DDTs and PCBs are known potent P450 inducers and, in
particular, of EROD activity in fish such as grass goby
(Stegeman et al., 1992), while no clear evidence is available
on the role of p-NP and NPE1–2 on P450 activities, suggest-
ing the need for further investigations.

Regarding biological responses related to OP and CB
exposure, results on AChE activity showed a different profile
among sampling sites both in gills and in brain (Fig. 5). Brain
AChE activity was significantly lower in samples from site
AR (P < 0.05), and likewise, those from sites STP and AC
were highly comparable. In contrast, gill AChE activities in
fish from sites STP and AC were significantly lower (P <
0.001) than in fish from site AR (Fig. 5). Brain AChE activity
represents a more reliable response to OP insecticide expo-
sure than gills (Habig and Di Giulio, 1991). Differences in
time-dependent responses between the two tissues or a dif-
ferent behaviour towards various inhibitors, as reported for
other vertebrates and invertebrates (Habig and Di Giulio,
1991; Talesa et al., 2001), may explain the different signals
between brain and gill (Fulton and Key, 2001). The lowest
activities in samples from the AR might be related to river
transport of chemicals from agricultural areas that this river

Fig. 4. Percentage of class of isomers from each site: hexachlorobiphenyls
and hepta- and pentachlorobiphenyls were most abundant in sites STP and
AC. Pentachlorobiphenyls were predominant when compared to heptachlo-
robiphenyls, representing 25% of the total PCBs in site AR.

Fig. 5. AChE activity in gills and brain (nmol min–1 mg proteins–1) of 10 fish
collected from each sampling site (P < 0.05 marked with * and P < 0.001
marked with ***).
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crosses, as already reported in previous studies. Predictive
models validated by the measurement of AChE activity in
grass goby samples from both basins of the Orbetello lagoon
recently confirmed a greater pesticide release in the delta
area (Villa, 1999; Villa et al., 1999). A similar study con-
ducted on the lagoon by Casini et al. (2003) reported lower
brain AChE activities in grass goby samples from the western
basin near the AR (Casini et al., 2003).

Concerning the effects of contaminant exposure on grass
goby ovarian development, all specimens collected from
both basins showed GSI values of approximately 20% of
body weight. This is consistent with findings from light
microscopy, in which a fully mature state of ovaries is de-
scribed. GSI values calculated in fish from site STP were
higher compared to those from site AC: 7.17 ± 2.02 (STP)
and 4.29 ± 4.1 (AC), while fish from site AR showed GSI
values comparable to those from STP (5.77 ± 4.37). Accord-
ing to Giulianini et al. (1992), ovarian histology revealed ripe
ovaries filled with oocytes at all stages of development: early
and late perinucleus, yolk vesicles, primary, secondary and
tertiary yolk stage and eggs. The presence of at least two
populations of oocytes at different developmental stages and
oocytes at all stages of development only in the ripe ovary is
considered to be indicative of a “group synchronous ovary”
(Nagahama, 1983). Mature eggs have a distinct circular pro-
file and a mean diameter of 705 ± 31 µm (n = 10); the animal
pole is occupied by a layer of ooplasm covering the yolk solid
mass, and the micropylar area exhibits typical filaments.
Even if vitellogenic oocytes showed a morphological struc-
ture referable to the literature (Pilati, 1950), the diameters of
oocytes and eggs of all grass goby samples collected from
Orbetello lagoon were smaller than those reported for the
same species in the North Adriatic Sea (Giulianini et al.,
1992, 1994) (Table 1) (Fig. 6a–c). In a previous study on fish
exposed to sub-lethal doses of various contaminants, includ-
ing OPs, CBs and OC pesticides (endosulfan), ovarian alter-
ations such as smaller diameter of oocytes compared to
control fish are reported (Rastogi and Kulshrestha, 1990).
Because it is related to the amount of nutrient stored in the
form of vitellogenin, variation in egg size could affect the
number of offspring produced. The occurrence of smaller-
sized eggs supports the suspected high exposure levels of
both AChE-inhibiting OPs and CBs and of OCs, particularly
of PCNs and PCBs, in fish from the western basin (sites AR
and STP, respectively).

The results of OCs and NPs detected in the ovaries showed
strong differences among sampling sites and showed that
DDTs were the most accumulated compounds. HCB levels
were higher in samples from site STP (0.24 ±

0.03 ng g–1 w.w.), followed by those from the Albegna river
delta (siteAR) and theAnsedonia canal (siteAC) (0.15 ± 0.01
and 0.14 ± 0.01 ng g–1 w.w., respectively). In contrast, DDTs
and PCBs were higher and correlate significantly (r = 0.65) in
samples from sites AR (53.5 ± 5.3 and 32.27 ±
3.2 ng g–1 w.w., respectively) and AC (71.76 ± 7.1 and 40.85
± 4.1 ng g–1 w.w., respectively), while they were lower in site
STP (32.7 ± 10.6 and 22.35 ± 7 ng g–1 w.w., respectively), as
previously observed in liver tissue. p-NP was particularly
high in samples from site STP (15.54 ± 7.98 ng g–1 w.w.),
followed by levels in fishes from sites AR and AC (13.04 ±
12.55 and 8.07 ± 7.6 ng g–1 w.w., respectively), confirming
the observation in muscle tissue. Similar higher NP1E levels
were measured in samples from sites AR and STP (25.9 ±
14.14 and 23.54 ± 22.98 ng g–1 w.w.) than in those from site
AC (11.1 ± 6.37 ng g–1 w.w.), while no differences among
sites were found for NP2E (mean levels of 8.70 ±
2.3 ng g–1 w.w.).

The accumulation of OCs and NPs in fish ovaries may
have negative effects on egg and larval viability or larval
fitness. If greater exposure occurs in a “critical window” of
oestrogen sensitivity such as during vitellogenesis, hydro-
phobic compounds, like OCs and p-NP, could affect egg
ontogenesis, resulting in malformed or unviable larvae
(Kime, 1997). Hansen et al. (1985), in a study on herrings
from the German Baltic coast, found DDT and PCB thresh-
old levels (18 and 120 ng g–1 w.w., respectively) affecting egg
and larval viability that were lower than levels detected in
grass goby ovaries in the present study. In particular, high
DDT levels such as those measured in ovaries of grass gobies
from the AC (71.96 ± 0.01 ng g–1 w.w.) might affect the
reproductive success of the species. Although there is no
cause–effect relationship between the levels detected in tis-
sues and reproductive effects, smaller size of grass goby eggs
might be related to limited supply of vitellogenin, either due
to a dietary restriction or due to noxious conditions in the
lagoon ecosystem (Kime, 1997; Corsi and Focardi, 2002).

4. Conclusion

The results of this study, in which biological markers and
biological tissue content of common aquatic contaminants
were integrated, suggest that exposure to xenobiotic com-
pounds in the Orbetello lagoon has a spatial distribution and
might account for toxicity and detrimental effects on fish
reproduction. Fish sampled in the western basin at the STP
site seem more likely to be exposed to P450-inducing organic
contaminants, as suggested by the high metabolic (SLI) and

Table 1
Mean (± S.D.) oocyte diameter (µm) of all grass goby samples collected from the three sites of Orbetello lagoon and in the Upper Adriatic Sea as reported by
Giulianini et al. (1994)

Species Oocyte stages Oocyte diameter (Orbetello lagoon) Oocyte diameter (Upper Adriatic Sea)
Z. ophiocephalus Secondary yolk 488.8 ± 12.76 524.0 ± 30.9

Tertiary yolk 673.6 ± 37.86 725.8 ± 57.4
Egg 704.8 ± 31.20 811.4 ± 44.9
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detoxifying (EROD and BaPMO) activities. However, the
high levels of NPs, both in muscle and in ovaries, associated
with the highest GSI values observed in this site do not allow
us to rule out potential repercussion on sexual differentiation,

with reproductive anomalies such as smaller oocytes. Like-
wise, high levels of OCs, both in liver and in ovaries, associ-
ated with low detoxifying activity such as those observed in
fish from AC and, in particular, the high DDT levels in
ovaries above threshold levels may also be able to affect the
reproductive success of fishes. Moreover, in the western
basin, lowAChE activities observed in fish sampled at theAR
are a further confirmation of the release of OP and CB
insecticides associated with high levels of HCB, which seem
related to the agricultural runoff into the river. In this respect,
evidence of loss of biodiversity and high rates of fish die-offs
reported in the Orbetello lagoon over the past years (Cognetti
and Maltagliati, 2000) point out a detrimental role of con-
taminant exposure in this ecosystem, which should be ad-
dressed in future investigations on the lagoon. In fact, a
survey of concentrations of sediment pollutants, including
trace metals and chlorinated and aromatic hydrocarbons,
collected from seven sites in both lagoon basins is under way.
Regarding the potential use of this monitoring approach for
defining pollution control policies and conservation strate-
gies of lagoon ecosystems, the overall results obtained may
be useful in identifying the source of chemicals released into
the lagoon (the STP and Albegna river runoff) and their toxic
repercussion on fish fauna. In conclusion, the biomarker
approach based on multiple stress response integrated with
chemical residues in biological tissues not only reveals dif-
ferences in the health status of fish throughout the lagoon, but
also characterises the effects of human activities on shallow
water basins.
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