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Abstract

Pesticides (organochlorines—OC), polycyclic aromatic hydrocarbons (PAH) and heavy metals are toxic to fish and may be
taken in through gills, skin and contaminated foods. Here we measure concentrations of OC, PAH and heavy metals, and their
effects in the eelAnguilla anguillafrom three locations in the Camargue Reserve in southern France. The Camargue Biosphere
Reserve is the largest coastal wetland in Western Europe, andA. anguilla is a common predator at the top of the food chain.
Livers and spleens were analyzed for histopathological, chemical and organo-somatic (HSI and SSI) effects. Gill, liver and spleen
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samples were collected for histopathological studies. Livers and muscles were sampled for metabolic parameters and p
organic pollutant analysis. Total lipids were estimated by spectrophotometry and lipid-free residues were used in pro
glycogen analysis. OC pesticides were extracted from lipids of muscles and livers, analyzed by gas chromatography, a
from bile were analyzed by fixed wavelength fluorescence spectrofluorimetry. Heavy metals were measured by ind
coupled plasma with optical or with mass spectrometers. High concentrations of contaminants were found in eel tiss
Capelìere had the greatest OC and PAH concentrations; unexpected lesions in gills, livers and spleens were more comm
other sites. Liver and spleen tumors and lipidosis in livers were associated with chronic, and gill lesions with acute ex
High pesticide and PAH concentrations and lesions in eels from the Camargue reserve demonstrate the contaminati

area. A more complete study in the Camargue reserve is necessary to better understand the impact on wildlife and humans. Also,
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1. Introduction

Estuaries and coastal waters are often polluted by
pesticides as organochlorine (OC) compounds, poly-
cyclic aromatic hydrocarbons (PAH) and heavy metals.
Water pollution and the resulting potential for bioac-
cumulation of those pollutants in aquatic organisms
present a growing risk for wildlife and humans. In
the estuary of the Rhone delta, the Camargue Nature
Reserve is the largest protected coastal wetland area
in Western Europe (Roche et al., 2002a). Despite the
fact that this reserve has been registered in the Man
and Biosphere Program in 1977, the estuary receives
pollutants from a variety of sources (Ramade, 1997). A
large portion of applied pesticides does not reach target
organisms, including 10–30% of pesticides applied on
the ground, and 50–75% of sprayed pesticides. Instead,
this portion is carried away into the environment where
it may then enter plants and animals (WWF, 1999).
Aquatic environments are affected by a complex array
of pesticides, with agriculture as the greatest contribu-
tor. In the Camargue Reserve, nearby rice production
is associated with the largest body of water within the
reserve, the Vaccarès Lagoon. Crude oil spills, refinery
activities and industrial and urban wastes are important
sources of polycyclic aromatic hydrocarbons (PAH) in
aquatic ecosystems. PAH are potentially carcinogenic
(Shailaja and D’Silva, 2003) and an important concern,
because they are ubiquitous contaminants in coastal
and freshwater zones (Akaishi et al., 2004). These com-
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tion in tissues leads to intoxication, decreased fertility,
cellular and tissue damage, cell death and dysfunction
of a variety of organs (Oliveira Ribeiro et al., 2000,
2002; Damek-Proprawa and Sawicka-Kapusta, 2003).
Essential metals such as copper (Cu), magnesium (Mg),
manganese (Mn) and zinc (Zn) have normal physi-
ological regulatory functions (Hogstrand and Haux,
2001), but may also bioaccumulate and reach toxic lev-
els (Rietzler et al., 2001). Effects on the environment
of these trace metals, mainly from human discharges
are not well known and more information is required
to better understand the importance of these pollutants,
especially in protected areas.

Here we describe important physiological problems
associated with the accumulation of organochlorine
pesticides and heavy metals in liver and muscle and of
PAH metabolites in eel (A. anguilla) bile in the Camar-
gue Biosphere Reserve in France. Also, the effects
of field exposure were measured through changes in
glycogen, lipid and protein stores (energy reserves) in
muscle and liver, which indicate major physiological
responses (Smolders et al., 2004).

2. Material and methods

2.1. Study area and organisms

The Camargue Biosphere Reserve is located in the
Rhône delta in southern France, covering 13,000 ha,
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ounds may induce hepatic lesions, physiological
iochemical disorders in fish. Contaminated fish m

hen be used to biomonitor the presence and import
f these pollutants. PAH contamination is espec

mportant near industrialized areas (Aas et al., 2000).
inding PAH metabolites in fish bile has proven to
simple and sensitive method for screening fish

AH contamination as well as a useful biomarker
ssessing exposure to aromatic contaminants in aq
nvironments (Leadly et al., 1999; Aas et al., 2000).

Heavy metals often enter the environment thro
uman activities, persist in food webs and accumu

n living organisms. In addition to atmospheric sour
Batty et al., 1996), other potential metal sources (C
d, Pb and Zn) are nearby rice fields, the Rhône river

he Fos-sur-mer petrochemical complex and water
unting (Tavecchia et al., 2001). Non-essential heav
etals are usually potent toxins and their bioaccum
t is between the Northern Vaccarès lagoon and th
ast undamaged sand dunes on the Mediterranean
Ramade, 1999). This reserve is important becau
t is the largest coastal wetland of Western Euro
he European eel (A. anguilla), a catadromous, eur
aline fish, is a common predator at the top of

ood web. Living in both sediments and open wat
he eel remains in the wetlands for 9–15 years p
o migration. Eels were collected from three lo
ions in the Vaccar̀es Lagoon (Fig. 1). Sampling site
ere the mouth of the Fumemorte canal (FUM) i
hich rice fields drain, La Capelière (CAP) in the eas
rn part of the lagoon, approximately 300 m No
f the mouth of the canal, and Mornès peninsul
MOR), at the end of fresh water inputs and the m
emote area of the reserve. Thirty-one eels were ca
eighed and measured in October 2003 (Table 1).
condition index (CI) was used as a general he
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Fig. 1. The Biophere Camargue National Reserve, South of France; Mor, Mornès site; Cap, La Capellière site; Fum, Fumemorte site.

Table 1
Mean length and weight (standard deviation) ofAnguilla anguilla from Camargue National Reserve—France of individuals samples in this
study

Length (cm) Weight (g)

Morphological studies
La Capelìerea,b,c 42.7± 4.3 143.8± 35.6
Fumemortea,b,c 63.0± 6.0 540.1± 147.9
Mornèsb,c 57.4± 5.1 385.7± 84.4

Chemical analyses (pesticides, PAH, heavy metals, glycogen, proteins, lipid)
La Capelìere 39.5± 2.1 116.35± 9.19
Fumemorte 66.0± 4.1 558.36± 119.49
Mornès 57.4± 7.3 383.98± 126.14

Indices of biological organization (RHS, RSS)
La Capelìere 40.7± 8.8 137.6± 100.6
Fumemorte 63.6± 5.1 533.3± 129.1
Mornès 46.2± 11.8 232.8± 168.7

a Gill.
b Liver.
c Spleen.
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indicator (growth, nutritional state, and energy con-
tent) (Sutton et al., 2000; Kleinkauf et al., 2004). Here,
the CI was evaluated by means of the weight–length
relationship in the reference population (n> 6000). It
is calculated as the ratio (actual weight/theoretical
weight), where the theoretical weight is estimated by
the residuals from a logarithmic regression of weight on
length. Here, the equation is log (theoretical weight) =
3.304× log (actual length)− 3.236.

Organs were carefully excised for histopatho-
logical and chemical analyses. Livers and spleens
were weighed and organo-somatic indices (%) were
calculated as follows: HSI: hepatosomatic index
[(liver weight/total weight)× 100]; SSI: spleno-
somatic index [(spleen weight/total weight)× 100].

2.2. Histopathological analyses

A total of 31 immature eels were collected and
analyzed (CAP—n= 9, FUM—n= 12, MOR—n= 10;
Table 1). Gill, liver and spleen samples were preserved
in Alfac fixative solution (16 h), dehydrated in a graded
series of ethanol baths and embedded in Paraplast
Plus resin (Sigma®). The sliced sections (5�m) were
stained in Haematoxylin/Eosin and observed under a
Zeiss microscope (Akaishi et al., 2004).

3. Chemical analyses
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OC were extracted from muscular and hepatic
lipids; PAH were extracted from bile. OC and PAH
were purified by solid phase extraction (SPE) on florisil
(MgO3Si), an extremely polar, magnesium-loaded sil-
ica gel, following the EPA method 3620 (Bond Elut
Florisil, 1 g, 200�m particle size—Varian), first with
hexane, to eliminate other lipophilic compounds, then
with hexane/di ethyl ether (90/10) for OC clean-up and
hexane/dichloromethane (50/50) for PAH.

OCs were analyzed by gas chromatography with
AutoSystem XL (Perkin-Elmer), using electron cap-
ture detection (63Ni Source) and nitrogen as the car-
rier gas following an adapted procedure of the EPA
Method 8081a. The detection limit ranged from 0.05
to 0.20 g kg−1 in fish tissues.

Bile extracts were diluted in methanol (48%) and
PAH were detected by fixed wavelength fluorescence
on a SFM25 (BioTek) spectrofluorometer following the
method described byAas et al. (2000), using the 16
PAHs considered priority pollutants by the US Environ-
ment Protection Agency (US-EPA) as references. The
wavelength pairs of excitation/emission of 288/330,
267/309, 334/376, 364/406 and 380/422 nm were used
for detection of naphthalene type (2 aromatic rings),
phenanthrene type (3 rings), pyrene type (4 rings),
benzo(a)pyrene type (5 rings) and benzo(ghi)perylene
type (6 rings) PAH, respectively. The concentrations
are expressed in terms of concentration in bile.

3.2. Heavy metal analysis
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nalytical procedures

Livers and muscles were dissected for metab
nd POP analysis. Water content of liver and mu
as determined by drying at 105◦C for 24 h. Tota

ipids were determined by weighing after extract
ith dichloromethane-methanol solution following
ethod ofFolch et al. (1957). Lipid phosphorus wa
stimated by spectrophotometry (Fiske and Subbarow
925). After lipid extraction, the lipid-free residu
ere filtered and digested in NaOH solution (1N)
rotein and glycogen measurement. Protein was
ured followingLowry et al. (1951). Glycogen, afte
thanol precipitation, was hydrolyzed by amylog
amylase and glucose was measured by glucose
ase method (Hugget and Nixon, 1957) using ABTS
s chromogen.
The material used in the digestion process
cid-rinsed. From 80 to 100�g of muscle and live

issue samples were placed on Teflon vessels
igested (120◦C, 12 h) with 2.0 ml 70% nitric aci
Baker Instra Analyzed) and 1.0 ml 30% hyd
en peroxide (Baker Instra Analyzed). Fe and
oncentrations were determined by a Perkin-El
PTIMA-3200RL Inductively Coupled Plasma opti
pectrometer (ICP-OES). Na, Al, Hg, Pb, Cd, As,
n, Mn, Ni, Ti, Co, Cr, Rb, Sr and Mo were quantifi
y a Perkin-Elmer ELAN-6000 Inductively Coupl
lasma Mass Spectrometer (ICP-MS). Two repli
ubsamples and a standard reference material (B
iver SRM-1577a) certified by the National Bure
f Standards (NBS) were included in the analyses
btain the elevation in the concentration of eleme

he mean values from 26 control assays were subtr
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from each sample. The advantages of such methods
include speed of digestion, lowered risk of contamina-
tion and a multielemental quantification of toxic heavy
metals (Bordajandi et al., 2003).

All heavy metal analyses were carried out at the
Spectroscopy Service of the University of Barcelona,
Spain.

3.3. Statistical procedures

Intersite variability was compared using one-way
analysis of variance (ANOVA) followed by Scheffé’s
and Bonferroni/Dunn post hoc tests and paired com-
parisons were used to check differences between mus-
cular and hepatic concentrations. Pearson correlations
between contamination level and biological data were
calculated. All tests were regarded as statistically sig-
nificant whenp< 0.05.

3.4. Chemicals

Reference organochlorines were purchased from
CIL Cluzeau (Ste-Foy-la-Grande, France) and the 16

EPA priority PAH were purchased from LGC Pro-
mochem (Molsheim, France).

4. Results

4.1. Pesticide OC in muscle and liver

Bioaccumulation of OC was greatest in individuals
collected in CAP and MOR for both liver (p= 0.003
and 0.014, respectively) and muscle tissues (p= 0.015
and 0.006, respectively;Table 2).

The greatest levels of OC were not found in indi-
viduals living in the Fumemorte, which should be the
most contaminated with pesticides (p< 0.016). The
most common organochlorine pesticide found in mus-
cle tissue was an endosulfan metabolite. Livers showed
highest bioaccumulation of lindane and its isomers
(
∑

HCH) followed by � chlordane and� endosul-
fan, fish muscles and liver had high concentrations
of lindane and its� isomer. Very high levels of�
chlordane in muscle were found in eels from the
Vaccar̀es lagoon and the FUM canal. Moreover, the

Table 2
Mean concentrations (deviation error) of different analyzed OC in muscle and liver of eels (A. anguilla) from two sites in the Vaccarès lagoon
(La Capelìere and Morǹes) and at the mouth of the main rice-field canal (Fumemorte)

Muscular OC impregnation (ng g−1 dry weight) Hepatic OC impregnation (ng g−1 dry weight)

La Capelìere Fumemorte Mornès
n= 8)

La Capelìere Fumemorte Mornès

B
15.6

120.3
578.3
78.0
40.5
73.0
60.4
14.2

334.8
40.1
25.9

U
75.8

110.7
112.6

1099.4

L vs. M a
C

(n= 9) (n= 9) (

anned or restricted pesticides
� HCH 11.4± 2.3 14.6± 2.9
� + � HCH 293.1± 41.2 165.5± 20.7 b
� HCH 415.0± 49.2 420.9± 157.8
Aldrine 53.9± 6.5 44.0± 8.1
Dieldrine 40.5± 9.0 26.4± 5.1
Endrine 40.9± 9.8 47.9± 15.6
Endrine aldehyde 120.1± 36.2 85.8± 43.8
� Chlordane 14.2± 4.6 51.7± 13.6 a,b
� Chlordane 399.2± 78.1 189.4± 60.3 b
Heptachlor 4.2± 2.5 2.6± 2.6 a
Heptachlor epoxide 48.2± 10.1 56.6± 16.4

sed pesticides
Fipronil 100.5± 50.6 72.8± 15.3
� Endosulfan 55.7± 8.6 130.2± 27.7 b
� Endosulfan 92.8± 20.5 90.7± 33.6
Endosulfan sulfate 857.6± 267.2 37.6± 13.8 a,b

etters indicate differences (p< 0.05). (a) Eels from Fumemorte
apelìere vs. Morǹes.
(n= 9) (n= 9) (n= 8)

± 2.4 9.5± 1.7 1.5± 0.9 a,b 30.5± 11.8
± 34.7 c 112.9± 64.9 80.9± 28.6 24.5± 7.1
± 93.9 22.0± 6.7 65.9± 45.6 11.1± 2.6
± 18.7 33.2± 8.5 20.5± 6.7 45.1± 13.5
± 7.7 27.8± 5.5 19.5± 9.4 a 55.5± 9.2 c
± 23.0 52.0± 6.8 2.6± 1.7 a,b 42.0± 10.4
± 22.5 58.2± 24.9 29.2± 10.7 80.2± 30.5
± 4.1 29.7± 18.2 15.7± 8.8 30.5± 10.0
± 35.0 283.9± 85.1 29.5± 12.1 a,b 184.7± 36.2
± 18.5 26.7± 5.0 15.5± 4.8 34.1± 9.3
± 7.7 25.9± 7.7 55.6± 19.7 a 117.6± 13.5 c

± 14.1 140.5± 25.8 48.1± 28.8 b 98.3± 14.1
± 46.1 82.3± 21.1 29.0± 8.8 a,b 61.1± 7.2
± 21.8 104.5± 21.2 42.5± 17.2 a,b 185.2± 32.2
± 135.7 23.0± 11.1 44.9± 18.9 27.8± 11.3

ornès; (b) Eels from Fumemorte vs. La Capelière; (c) Eels from L
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chlordane accumulation was increased in eels com-
ing from CAP (p= 0.001 CAP versus FUM). Con-
centrations of the banned substances, aldrin, dieldrin
and endrin, were relatively stable in muscle and liver
of individuals from the Vaccarès Lagoon. Eels com-
ing from the FUM showed a lower hepatic concen-
tration of dieldrin (p= 0.006) and endrin (p< 0.0004)
(Table 2).

A higher concentration of� chlordane occurred in
the liver of the individuals from the lagoon sites, follow-
ing the same standard distribution as that described for
muscles, when compared to FUM (p< 0.03). The com-
pound currently used in rice-field (i.e., fipronil) showed
similar concentrations in muscles and in livers, while
endosulfan (isomers plus metabolites), suspected to be
sprayed in the nearby areas, was more concentrated in
livers than muscles of eels from all three sites (p< 0.05;
Table 2).

4.2. Bile PAH

Total PAH in bile ofA. anguilladoes not show the
same distribution patterns as pesticides; the concentra-
tion observed in CAP was higher than that in FUM
(p= 0.008) and MOR (p= 0.004) (Fig. 2). PAH found
in bile had the highest concentration in the youngest
eels from CAP (yellow versus juvenilep= 0.0017).
The most abundant metabolite was pyrene and other
hydrocarbons with four aromatic rings. Pyrene is fre-
q mi-
n h as
p t eels
f nds
w on
(

Fig. 2. Total PAH distribution in bile from the eelAnguilla anguilla
from three sites in the Camargue Reserve.

4.3. Heavy metals in muscle and liver

The highest concentration of metals (Al, Hg, Ti, Zn,
As and Mg;Table 4) were found in CAP with a sig-
nificant difference in Co concentration between MOR
and CAP (p< 0.001). Muscle and liver distribution of
metals is provided inTable 4. FUM and CAP differed
in Hg (p= 0.006), Cu (p= 0.012) and Co (p< 0.001). At
MOR, Hg levels were significantly higher (p< 0.0001)
and Co levels significantly lower (p< 0.001) than at
FUM. The highest concentrations of the analyzed met-
als (Al, Hg, Cu, Ti, Zn, Mn, Ni, Mg and Fe) were
found in livers. Metal-enrichment factors in livers were
around 50 times greater than those in muscle for Fe, 20
times greater for Mn and Mo, 10 times greater for Ni
and Co, and three times greater for Na and Zn. Hg and
Cr showed similar concentrations in both tissues. The
liver was the most important target organ for heavy met-
als and only Sr and As showed highest values in muscle
(three and two times greater than in liver, respectively).
Eels from FUM showed the lowest concentrations of

T
M lla) from two sites in the Vaccarès lagoon (La Capelière and Morǹes) and at
t

concentration (ng g−1 bile)

re (n=10 ) Fumemorte (n= 10) Morǹes (n= 9)

2 8.8 84.9± 12.8 a 70.1± 17.7 b
3 4.2 132.4± 29.1 70.0± 18.3 b
4 3.4 110.6± 15.3 a 104.7± 22.7 b
5 9.1
6 .5

L s. La C
uently used as a marker of the total PAH conta
ation in fish. Naphthalene and 3-ring PAHs suc
henanthrene were also abundant in the younges

rom CAP (p< 0.004). The other analyzed compou
ith five and six aromatic rings were less comm

Table 3).

able 3
ean concentration (±S.E.M.) of total PAH in bile of eel (A. angui

he mouth of the main rice-field canal (Fumemorte)

Bile PAH

La Capelìe

Aromatic rings (like Naphtalene) 223.8± 3
Aromatic rings (like Phenanthrene) 221.6± 4
Aromatic rings (like Pyrene) 311.0± 5
Aromatic rings (like Benzo[a]pyrene) 92.9± 1
Aromatic rings (like Benzo[ghi]perylene) 44.0± 9

etters indicate differences (p< 0.05). (a) Eels from Fumemorte v
36.6± 5.5 a 34.0± 7.2 b
17.6± 2.6 a 17.1± 3.3 c,b

apelière; (b) Eels from La Capelière vs. Morǹes.
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Table 4
Mean concentrations (± standard error) of metals in muscle and liver of eels (A. anguilla) from two sites in the Vaccarès lagoon (La Capelière
and Morǹes) and at the mouth of the main rice-field canal (Fumemorte)

Muscular metal concentration (�g g−1 dry weight) Hepatic metal concentration (�g g−1 dry weight)

La Capelìere (n= 9) Fumemorte (n= 9) Mornès (n= 8) La Capelìere (n= 10) Fumemorte (n= 9) Mornès (n= 8)

Na 1249± 121 1017± 58 1280± 114 4100± 797 3151± 144 2897± 406
Al 50.3 ± 10.1 47.2± 5.1 16.0± 3.2 a,c 85.0± 27.0 48.3± 11.0 124± 25
Zn 55.4± 3.4 57.9± 4.0 57.1± 4.5 206± 108 215± 17 201± 40
Rb 2.53± 0.36 1.98± 0.28 2.29± 0.37 2.03± 0.15 1.44± 0.21 a 1.74± 0.34
Sr 2.30± 0.73 1.62± 0.59 1.79± 0.48 0.77± 0.15 0.43± 0.05 b 0.64± 0.15
Cu 0.43± 0.07 0.19± 0.04 b 0.30± 0.06 72.3± 45.1 76.5± 10.2 59.9± 18.0
Mn 0.32± 0.11 0.11± 0.03 0.23± 0.08 7.55± 2.71 7.56± 0.44 7.74± 1.44
Ti 46.3 ± 4.3 43.2± 3.0 47.0± 3.3 70.2± 13.0 53.2± 1.6 62.4± 2.8
Hg 0.16± 0.02 b,c 0.44± 0.06 0.61± 0.08 a 0.32± 0.20 0.42± 0.05 0.76± 0.14
Mo 0.04± 0.00 0.06± 0.03 0.03± 0.01 0.93± 0.19 0.76± 0.02 0.76± 0.02
As 2.46± 0.73 0.17± 0.01 4.67± 1.99 1.27± 0.31 0.10± 0.02 a,b 1.28± 0.74
Cr 1.46± 0.07 2.48± 1.17 1.59± 0.13 1.51± 0.32 1.05± 0.06 1.36± 0.20
Ni 0.83 ± 0.40 0.16± 0.10 0.13± 0.05 7.74± 1.90 6.01± 0.37 3.66± 0.99
Co 0.06± 0.01 0.02± 0.01 0.03± 0.01 0.48± 0.12 0.29± 0.05 0.16± 0.04
Cd – – – 0.13± 0.04 0.23± 0.06 0.44± 0.17
Pb 0.79± 0.58 0.24± 0.05 0.21± 0.02 0.64± 0.36 0.38± 0.10 –
Fe 14.5± 5.0 17.7± 8.5 12.5± 1.6 801± 280 1166± 83 1175± 395
Mg 637 ± 77 539± 39 685± 77 646± 123 481± 11 583± 42

Letters indicates differences (p< 0.05); (a) Eels from Fumemorte vs. Mornès; (b) Eels from Fumemorte vs. La Capelière; (c) Eels from La
Capelìere vs. Morǹes.

Rb (FUM versus MORp= 0.017), Sr (FUM versus
CAP p= 0.028) and As (FUM versus CAPp= 0.0009
and FUM versus MORp= 0.043).

4.4. Histopathology

A. anguilla had several interesting microscopic
features including the occurrence of necrotic areas,
neoplasias, and abundant hepatic lipid accumulation
among others (Table 5). Microscopic analyses in gills
showed occasional lesions in individuals from FUM
(aneurisms and secondary lamellar fusion,Fig. 3B and
E). Internal and external parasites were only observed
in individuals from FUM, the site connecting the Vac-
car̀es Lagoon with the rice fields (Fig. 3C and D,
Table 5).

Livers were the most damaged organs. InA.
anguilla, the morphological characteristics of liver is
as described for other teleost fish (Rabitto et al., 2005),
where hepatocytes surround vessels and typical hep-
atic cells with rounded nuclei, evident nucleoli and
delimited cytoplasm are observed (Fig. 4A). Necro-
sis (Fig. 4D) was found in all sites and in almost all
specimens (Table 5). The presence of prenecrotic areas,

described here as foci of red and white blood cells
(Fig. 4B and C), showed a similar distribution and inci-
dence as described above for necrotic areas (Table 5).
Apoptosis was more common in individuals from MOR
and FUM (Table 5) than in those from CAP. This type
of cell death is characterized by intense chromatin stain
concentrating close to the nuclear envelope, and by
the typical nuclear shape (Fig. 4E and F). Livers of
some individuals from MOR and FUM showed dif-
ferent forms of preneoplasic foci (Fig. 5). These foci
are classically recognized as an early stage of tumour
development. A rounded and nonencapsulated tumour
presenting a completely differentiated and visible mass
of cells was observed in liver of two individuals from
FUM (Fig. 6A). Differentiated and amorphous cells
including numerous nuclei (Fig. 6B) are diagnostic
for typical neoplasic areas. Lipidosis was common,
with the greatest incidence in FUM followed by MOR
(Table 5). Individuals with greater lipidosis also had, in
the hepatic cytoplasm, variable amounts of clear, round,
well-demarcated vacuoles and, in some cells, multiple
cytoplasmic vacuoles (Fig. 6C and D;Table 5). Spleens
had lesions that have not been previously described.
This organ is important for blood cell development
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Table 5
Histopathological findings in gills, livers and spleens ofA. anguillafrom Camargue National Reserve—France

La Capelìere Fumemorte Morǹes

Gills
Lamellar fusion 0(7) 6(7) na
External parasite and aneurisms 0(7) 3(7) na
Internal parasites 0(7) 3(7) na

Liver
Pre necrosis area 5(9) 11(12) 7(10)
Necrosis area 8(9) 11(12) 8(10)
Lipid intracellular accumulation 1(9) 11(12) 5(10)
Cell death like apoptosis 1(9) 7(12) 5(10)
Preneoplasic foci 0(9) 2(12) 2(10)
Tumor 0(9) 2(12) 0(10)
Melanomacrophage centers 1(9) 4(12) 4(10)

Spleen
Free melanomacrophages 9(9) 12(12) 10(10)
Melanomacrophages centers 9(9) 12(12) 10(10)
Necrosis area 5(9) 7(12) 1(10)
Pre necrosis area 3(9) 7(12) 1(10)
Tumor 0(9) 2(12) 0(10)

na: Not analyzed.

Fig. 3. Cross section of gills inA. anguilla from Camargue Reserve. A. Primary and secondary lamellas: La Capelière site. B. Aneurisms in
secondary lamellae extremity: Fumemorte site. C. Internal parasite within secondary lamellae: Fumemorte site. D. External parasites in gills:
Fumemorte site. E. Fusion among secondary lamellas: Fumemorte site. Scale bar 50�m, Hematoxylin and Eosin stain.
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Fig. 4. Cross section of the liver ofA. anguillafrom Camargue Reserve. A. Hepatocytes and sinusoids in non affected tissue: La Capelière site.
B. Red blood cells accumulation: Mornès site. C. White blood cells accumulation: Fumemorte site. D. Necrosis area: Mornès site. E. Apoptosis
in a very affected tissue: Fumemorte site. Scale bar 50�m. F. Figure of apoptosis: Mornés site. Scale bar 10�m, hematoxylin and eosin stain.

and replacement, and is characterized by a large num-
ber of melano-macrophage and melano-macrophage
centres (Fig. 7A and C, respectively). Necrosis and pre-
necrosis were observed in individuals from all studied
sites, but the highest incidence was in individuals from
FUM (Table 5andFig. 7C). Tumours were also found
in spleens of individuals from FUM, which also had
the highest incidence of lesions. Spleen tumours were
not necessarily found in the same individuals as liver
tumours, and so FUM had a 30% tumour incidence rate
(Table 5). Spleen tumours, similar to those in livers,
were not encapsulated and contained a large mass of

differentiated cells, and within which was an active and
encapsulated melano-macrophages centre (Fig. 7D).

4.5. Available energy reserves (proteins, glycogen,
lipid)

A. anguilla at the end of summer are normally
fat. Indeed, neutral lipids represent up to 83% of
total lipids in liver and 97% in muscle, repectively.
Yet, eels from FUM contained an excess of lipids in
muscles and livers, essentially due to the accumula-
tion of neutral lipids (p= 0.01). The sampling sites
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Fig. 5. Cross section of the liver ofA. anguillafrom Camargue reserve. Different preneoplasic foci are shown. A and B: Mornès site; B and D:
Fumemorte site. Scale bar 50�m, hematoxylin and eosin stain.

Table 6
Overview of different endpoints describing the effects of field exposure on conditions status and physiological energetic of eel (A. anguilla)
from two sites in the Vaccarès lagoon (La Capelière and Morǹes) and at the mouth of the main rice-field canal (Fumemorte)

La Capelìere Fumemorte Morǹes

Hepatic components
Protein 296.0± 18.1 (9) 257.6± 9.8 (10) a 336.3± 15.6(10)
Glycogen 68.2± 20.8 (9) 43.1± 11.3(10) 57.1± 17.6 (10)
Total lipids 329.3± 24.3 (9) b 432.5± 30.4 (10) a 335.6± 31.8 (10)
Neutral lipids 280.5± 25.2 (9) 381.6± 30.8 (10) a 281.4± 34.9 (10)
Phospholipids 48.8± 3.7 (9) 51.0± 4.5(10) 54.2± 5.3 (10)

Muscular components
Protein 343.0± 28.1 (10) 355.4± 26.2 (10) 394.3± 39.9 (9)
Glycogen 0.558± 0.175 (10) 0.619± 0.181 (10) a 0.147± 0.070 (9)
Total lipids 380.2± 57.2 (10) 510.2± 46.2 (10) a 330.1± 32.7 (9)
Neutral lipids 370.1± 57.3 (10) 499.9± 46.0 (10) a 316.2± 33.5 (9)
Phospholipids 10.1± 0.9 (10) c 10.3± 0.7 (10) a 13.9± 1.0 (9)

Condition status
CI 1.05± 0.04 (10) 0.93± 0.03 (10) b 0.99± 0.04 (10)
HIS 1.56± 0.12 (10) 1.16± 0.09 (10) 1.46± 0.09 (10)
SSI 0.096± 0.007 (10) 0.106± 0.013 (10) 0.106± 0.013 (10)

Letters indicate differences (p< 0.05). (a) Eels from Fumemorte vs. Mornès; (b) Eels from Fumemorte vs. La Capelière; (c) Eels from La Capelière
vs. Morǹes; CI, condition index; HIS, hepatic somatic index; SSI, spleen somatic index, number of individuals analyzed in parentheses.
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Fig. 6. Cross section of the liverof A. anguillafrom Camargue Reserve. A. Tumor showing a large neoplasic area: Fumemorte site. B. Detail
showing a multinuclear neoplasic cell: Fumemorte site. D. High cellular lipid accumulation showing many vesicles: Fumemorte site. A and C
scale bar 50�m; B and D scale bar 10�m, hematoxylin and eosin stain.

Fig. 7. Cross section of the spleen ofA. anguilla from Camargue Reserve. A. Melanomacrophage: La Capelière site. B. Differentiated
tissue: Morǹes site. C. Melanomacrophage center and necrosis areas: Fumemorte site. D. Tumor showing a large neoplasic area. Inset: a
melanomacrophage within the tumor (d): Fumemorte site. Scale bar 50�m, hematoxylin and eosin stain.
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usually did not influence structural components (pro-
teins and phospholipids), but FUM had lower values
for hepatic proteins (p= 0.0004) and muscular phos-
pholipids than MOR (p= 0.008). Interestingly, higher
glycogen levels occurred in the muscle of eels from
FUM than those from the other sampling sites (p< 0.05;
Table 6).

4.6. Linking levels of biological organisation (CI,
SSI, HSI)

The morphometric index is a quite interesting indi-
cator for disturbances of feeding in the fish. The condi-
tion indices (CI) of sampled eels were compared with a
normal population (more than 6000 individuals) from
different Camargue ecosystems. For species that store
energy reserves hepatically, the hepatic somatic index
(HSI) is useful in ecotoxicological investigations. The
HSI and the spleen somatic index (SSI), a marker of the
spleen response, are indicators of physiological status.
Here, while no inter-site difference was observed for
HSI and SSI, eels from FUM had CI significantly lower
than 1 (p= 0.02), indicating a typical weight deficit
(Table 6).

5. Discussion

Organochlorine (OC) compounds, such as pesti-
cides, may influence fish development, reproduction
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concentration emphasizes the persistence of such
compounds.
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Nonessential metal concentrations at the Camargue
Reserve (Cd, Hg, Pb and As) are similar to (Linde
et al., 1999), lower than (Hendriks and Pieters, 1993;
Usero et al., 2003) and greater than (Mason and Barak,
1990) those reported in other fish species in studies in
polluted locations. WhileLinde et al. (1999)reported
higher concentrations of cadmium in eels than in other
animals, fish in general accumulate very little of this
heavy metal (Calamari et al., 1982). Here, cadmium
was not found in any significant level. Mercury, on
the other hand, a very toxic pollutant, was found in
high concentrations and may have come from atmo-
spheric transportation from other areas. Mercury levels
exceeded 0.30 mg/kg, the maximum allowable concen-
tration under E.C. Directives (Mason and Barak, 1990).
For the other elements no high levels were measured.
The large intraspecific variation found here was sim-
ilar to that from other European regions and may be
explained by uptake, age, sex and individual metabolic
response to detoxification (Nendza et al., 1997; Van
der Oost et al., 1998; Verweij et al., 2004; Vives et al.,
2005).

Using morphological characteristics of target organs
as biomarkers is very useful in biomonitoring pro-
grammes and has been recently recommended by
STAP/GEF (2003)for monitoring persistent organic
pollutants (POPs) in aquatic ecosystems. Microscopic
damage to gills, livers and spleens has been recently
reported in other fish species (Dutta and Meijer, 2003;
Marty et al., 2003; Akaishi et al., 2004; Brown and
S ith
w ants
a and
a re to
c om
t tem.
H cute
a

the
e ;
B a-
K l.,
2 s
f e to
s age
t t
a y
a ida-

tion is a clear source of membrane bilayer suscepti-
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due to the formation of highly carcinogenic interme-
diates (Shailaja and D’Silva, 2003). Tumours found
in livers and spleens of the eel are results of long-
term exposure to a combination of potentially carcino-
genic pollutants (Roche et al., 2002b). This damage
is described in the literature as strong evidence for
BaP toxicity, but in this study may also be due to
pesticides and heavy metals. Liver neoplasia and PAH
exposure are linked (Myers et al., 1998), making this
finding relevant for use in environmental risk assess-
ment. In fish the spleen is important for immune system
development along with production and replacement
of blood cells. Macrophage accumulation in melano-
macrophage centres (MMC) is common in fish spleens
and may be found in kidneys and livers (Leknes, 2001;
Rabitto et al., 2005). Macrophage aggregates in fish
livers have been associated with crude oil exposure
(Marty et al., 2003) and macrophage activation has
been described to cells exposed to lindane (Duchiron et
al., 2002). Hence, macrophage accumulation is a poten-
tially useful biomarker.

Glycogen as a biomarker may be ambiguous. POP
contamination may lead to glycogen depletion, which
is a consequence of failure to feed and a decrease
in gluconeogenesis due to modified gluconeogenic
enzyme activities (Viluksela et al., 1999). Glyco-
gen and lipid depletion and gut and liver ultrastruc-
tural changes occur at low doses of endosulfan in
carp (Braunbeck and Appelbaum, 1999). Conversely,
chronically exposed organisms may develop physio-
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ple, A. anguilla from CAP (smaller individuals) had
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ticide concentrations in muscles and livers than fishes
from other sites. Otherwise, individuals from MOR,
supposedly a non-polluted site, had high pesticide con-
centrations but low PAH concentrations in the bile.
Surprisingly, fishes from FUM, which links the Camar-
gue reserve with the rice-fields, had lower liver and
muscle pesticide concentrations and lower PAH con-
centrations in the bile than fishes from other sites.

6. Conclusion

This study found pathological concentrations of
organochlorine pesticides and heavy metals in mus-
cles and livers and PAH in the bile ofA. Anguillafrom
the Biosphere Camargue Reserve. The relative ecolog-
ical risks of these toxicants in these waterways were
evaluated. For OC and PAH, it should be noted that
their occurrence in the eels from the Camargue Reserve
indicates their ubiquitous presence in this environment.
Habitat, physiologic factors, lipid content, geographic
origin and feeding behaviour are all important aspects
that explain pollutant storage and elimination from
these animals.

Histopathological lesions are indicative of damage
at the tissue and organ level indicating that the con-
taminants have chronic effects. In addition, the links
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populations of piscivorous birds, major component of
its protected biodiversity.

Acknowledgments

This work was supported by CNRS (Centre National
de la Recherche Scientifique - France), CAPES (Brazil-
ian Agency for Science and Technology), and by from
Generalitat de Catalunya (Autonomous Government
of Catalonia). We are greatly thankful to the staff of
the National Nature Reserve of Camargue, especially
François Lescuyer, for his technical field assistance
during fish sampling and Eric Coulet for biological
information and valuable suggestions.

References

Aas, A., Beyer, J., Goksoyr, A., 2000. Fixed fluorescence (FF) of bile
as a monitoring tool for polyaromatic hydrocarbon exposure in
fish: an evaluation of compound specificity inner filter effect and
signal interpretation. Biomarkers 5, 9–23.

Akaishi, F.M., Silva de Assis, H.C., Jakobi, S.C.G., StJean, S.,
Couternay, S.C., Lima, E., Wagner, A.L.R., Scofield, A., Oliveira
Ribeiro, C.A., 2004. Morphological and neurotoxicological find-
ings in tropical freshwater fish (Astyanaxsp.) after waterborne
and acute exposure to water soluble fraction (WSF) of crude oil.
Arch. Environ. Contam. Toxicol. 46, 244–253.

Akay, M.T., Alp, U., 1981. The effects of BHC and heptachlor on
mice. Hacettepe Bull. Nat. Sci. Eng. 10, 11–22.

.,
s in

o,
ia
lls.

nt

d
m

d
g-
iol.

,
ne
the

e

Batty, J., Pain, D., Caurant, F., 1996. Metal concentrations in eels
Anguilla anguilla from the Camargue region of France. Biol.
Conserv. 76, 17–23.

Betoulle, S., Duchiron, C., Deschaux, P., 2000. Lindane differently
modulates intracellular calcium levels in two populations of rain-
bow trout (Oncorhynchus mykiss) immune cells: head kidney
phagocytes and peripheral blood leucocytes. Toxicology 145,
203–215.

Biagianti-Risbourg, S., Pairault, C., Vernet, G., Boulekbache, H.,
1997. Effect of lindane on the ultrastructure of the liver of the
rainbow trout,Oncorhynchus mykiss. Sac-Fry. Chemosphere 33,
2065–2079.

Bondy, G., Armstrong, C., Coady, L., Doucet, J., Robertson, P.,
Feeley, M., Barker, M., 2003. Toxicity of the chlordane metabo-
lite oxychlordane in female rats: clinical and histopathological
changes. Food Chem. Toxicol. 41, 291–301.

Bordajandi, L.R., Gomez, G., Fernandez, M.A., Abad, E., Rivera, J.,
Gonzalez, M.J., 2003. Study on PCBs, PCDD/Fs, organochlorine
pesticides, heavy metals and arsenic content in freshwater fish
species from the River Turia (Spain). Chemosphere 53, 163–
171.

Braunbeck, T., Appelbaum, S., 1999. Ultrastructural alterations in
the liver and intestine of carpCyprinus carpioinduced orally by
ultra-low doses of endosulfan. Dis. Aquat. Org. 36, 183–200.

Brown, J.S., Steinert, S.A., 2004. DNA damage and biliary PAH
metabolites in flatfish from Southern California bays and harbors,
and the Channel Islands. Ecol. Ind. 3, 263–274.

Buchiel, S.W., Luster, M.I., 2001. Signaling by environmental
polycyclic aromatic hydrocarbons in human lymphocytes. Clin.
Immun. 98, 2–10.

Calamari, D., Gaggino, G., Pacchetti, G., 1982. Toxicokinetics of
low levels of Cd, Cr, Ni and their mixture in long-term treatment
on Salmo gairdneri Rich. Chemosphere 11, 59–70.

Chang, S., Zdanowicz, V.S., Murchelano, R.A., 1998. Associations
between liver lesions in winter flounder (Pleuronectes amer-

east

C bon
ng in
83.

D o the
etals
zinc

D lorine

iron.

D dane
racel-

D on

E
F

icanus) and sediment chemical contaminants from north
United States estuaries. ICES J. Mar. Sci. 55, 954–969.

onnell, D.W., Miller, G., Anderson, S., 2002. Chlorohydrocar
pesticides in the Australian marine environment after banni
the period from the 1970s to 1980s. Mar. Poll. Bull. 45, 78–

amek-Proprawa, M., Sawicka-Kapusta, K., 2003. Damage t
liver; kidney and testis with reference to burden of heavy m
in yellow-necked mice from areas around steelworks and
smelters in Poland. Toxicology 186, 1–10.

as, B., Khan, Y.S.A., Das, P., Shaheen, S.M., 2002. Organoch
pesticides residues in catfish,Tachysurus thalassinus(Ruppell,
1835), from the south patches of the Bay of Bengal. Env
Poll. 120, 255–259.

uchiron, C., Betoulle, S., Reynaud, S., Deschaux, P., 2002. Lin
increases macrophage-activating factor production and int
lular calcium in rainbow trout (Oncorhynchus mykiss) leuko-
cytes. Ecotoxicol. Environ. Saf. 53, 388–396.

utta, H.M., Meijer, H.J.M., 2003. Sublethal effects of diawinon
the structure of the testis of bluegill.Lepomis macrochirus: a
microscopic analyses. Environ. Poll. 125, 355–360.

PA, 2004. http://www.epa.gov/pesticides/.
AO, 1999. Codex alimentarius http://faostat.fao.org/.
Agusa, T., Kunito, T., Tanabe, S., Pourkazemi, M., Aubrey, D.G
2004. Concentrations of trace elements in muscle of sturgeon
the Caspian Sea. Marine Poll. Bull. 49, 789–800.

Araragi, S., Kondoh, M., Kawase, M., Saito, S., Higashimot
M., Sato, M., 2003. Mercuric chloride induces apoptosis v
a mitochondrial-dependent pathway in human leukaemia ce
Toxicology 184, 1–9.

ATSDR, 1994. Toxicological Profile for Chlordane. US Departme
of Health and Human Services, Atlanta, USA, 133 pp.
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