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’ INTRODUCTION

Recent environmental policies have reduced atmospheric
emissions of metals in industrialized countries. However, con-
siderable amounts of metals have been incorporated in soils and
sediments over centuries, even millennia, of ore- and metal-
working.1�5 In addition to atmospheric emissions, these activ-
ities also produced slag, dumps, and other industrial waste. Nowa-
days, mechanical erosion and leaching still introduce metals into
streams and soils, which may durably contaminate ecosystems.6�11

Even if the Parc National des C�evennes (PNC) is now one of the
least industrialized areas of France, it has experienced intensive
metallurgical andmining activity from the Iron Age until Modern
Times.12,13 The impact of these abandoned mines on aquatic
ecosystems could be assessed by water and sediment analyses.7,14

However, river water chemistry is particularly changeable,15 and
frequent flash floods modify streambed sediments in the region.
Using the brown trout (Salmo trutta fario) as a biomonitor is a

good choice.16 This predatory fish, situated at the top of the food
web, is relatively sedentary, ubiquist, and abundant in the PNC.
Studies have already been undertaken on its tissues and bones in
various natural conditions, providing a basis for comparison.17,18

Isotopic compositions of lead (Pb) contained in trout tissuesmay
also help to identify the origin of pollutants,19�22 because isotopic
ratios act as fingerprints of the ore from which they derive.19 The
instability of morphological development, assessed through fluc-
tuating asymmetry (FA), is another parameter potentially sensi-
tive to metallic contamination. It consists of small deviations
from perfect symmetry, supposed to reflect the ideal state of
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ABSTRACT: In the protected area of the C�evennes National Park (Southern
France), 114 wild brown trout (Salmo trutta fario) were captured at six locations
affected to different extents by historical mining and metallurgy dating from the
Iron Age toModern Times. Cadmium and lead in trout livers andmuscles reflect
high sediment contamination, although an age-related effect was also detected
for hepatic metal concentrations. Lead isotope signatures confirm exposure to
drainage from mining and metallurgical waste. Developmental instability,
assessed by fluctuating asymmetry, is significantly correlated with cadmium
and lead concentrations in trout tissues, suggesting that local contaminationmay
have affected fish development. Nowadays, the area is among the least
industrialized in France. However, our results show that 60% of the specimens
at one site exceed EU maximum allowed cadmium or lead concentration in
foodstuffs. The mining heritage should not be neglected when establishing
strategies for long-term environmental management.
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bilaterally paired traits.23,24 Such instability is directly related to
genetic and environmental stresses experienced by organisms.

The present study evaluates the impact of abandonedmines in
the PNC by combining chemical and morphological analyses of
114 brown trout. The fishes were caught in six geologically
distinct watersheds, generally in the vicinity of former industrial
sites dating from different periods. As concentrations are re-
ported in the literature for trout livers, and EU foodstuff levels
exist for salmonid muscles,25 both tissues were measured. The
results, including FA of four bilateral characters, are juxtaposed
with historical, geographical and geological data.

’STUDY SITES

The geology of the PNC, southern Massif Central, includes a
Hercynian basement covered in discordance by sedimentary
Mesozoic formations (Figure 1). Polymetallic sulfide ore depos-
its of hydrothermal origin are abundant close to the granites and
the discordance, or in association with faults. Ancient mining and
smelting (Middle Ages, Renaissance, and perhaps Antiquity)
have been identified far upstream from the site of Cocur�es
(COC). About one km upstream from the site of Combe Sourde
(COM), the mines and cleansing factory of Bleymard formed a
major center, which worked from the end of the 19th century to
the 1950s for Pb(-Ag) and zinc (Zn). Sizeable lead-rich slag
heaps, with some smaller ones dating from the Middle Ages, can
be also found on the watershed.26 The Cubi�eres site (CUB) is
located downstream from the Neyrac mines exploited during the
19th and 20th centuries, but where oil-lamp remains dating from
Antiquity were also discovered.27 Large mines of Vialas and a
smelting factory, exploited from 1781 to 1895 for Pb and Ag, are
located upstream from the sampling area of Pont-de-la-Planche
(PDP). About 500 m upstream from the site of Ramponenche

(RAM), the stream flows at the foot of impressive tailings
produced by cleansing processes occurring from the mid-19th
century to 1961, for Zn, Pb�Ag and Ba. Other mining works in
the vicinity are presumed to date as early as the 15th or 16th
centuries. The V�eri�e River (VER) was chosen as an “unconta-
minated” site because no industrial activity existed on its granitic
watershed.

’EXPERIMENTAL SECTION

Sampling. It took place in May 2006, when fishes have access
to abundant food, over a short two-day period to reduce the
impact of possible hydrological or climatic changes. One hun-
dred and fourteen trout were caught by electrofishing, sacrificed
and frozen at �20 �C until further analyses. Between 12 and 22
trout were caught by site; this number may appear small for
biological monitoring, but this was themaximum allowed by local
fishing societies. Eleven commercial brown trout raised in fish-
eries were also analyzed for comparison. For each sampling site,
streambed sediments were pooled and stored at 4 �C. The
fraction finer than 250 μm was dried and ground in an agate
mortar.
Biological Variables.The animals were weighed wet (W, in g)

and measured from the tip of the snout to the fork of the tail (L,
in cm) to the nearest 0.1 mm, using a digital caliper (Table 1).
Livers and gonads were extracted and weighed wet:WL andWG,
respectively. Fulton’s condition factors, assumed to reflect the
individual’s energy state and overall quality, were calculated as
FCF = W � 100/L3. The gonado-somatic index was calculated
for females only, as GSI = 100�WG/W, and the hepato-somatic
index as HSI = 100 �WL/W. Ages were estimated by analyzing
approximately 10 scales per fish. This technique consists of
counting, under a binocular lens, the zones where growth slows

Figure 1. Simplified geology of the C�evennes. Trout sampling locations with associated watersheds. Mining and metallurgical sites are also indicated.
Periods of exploitation are given between parentheses: a, ma, r, m for Antiquity, Middle Ages, Renaissance, and Modern works, respectively.
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down. Results were confirmed by the use of the retro-measure-
ment method.28 Four bilateral morphometric traits were selected
for FA determination: length of pectoral fins, length of pelvic fins,
distance between snout and the anterior edge of the eye, distance
between the posterior edge of the eye and the posterior edge of
the operculum. All measurements were performed twice. Since a
number of factors such as the presence of other forms of
asymmetry, allometry or measurement error can lead to a biased
estimation of FA,29 a series of preliminary tests was conducted for
all traits. Tests did not reveal directional asymmetry (DA),
antisymmetry (AS) or significant relationships between asym-
metry and trait size (see Supporting Information S1-2 for details).
Chemical Analyses. Livers were dried to constant weight at

60 �C (water content c.a. 75�80%) and powdered in an agate
mortar. Approximately 60 mg of each sample was totally digested
on a hot plate in a Savilex PTFE beaker using 3 mL of Suprapur
HNO3. Metals contained in about 100 mg of fine (<250 μm)
sediment were extracted with 10mL ofHNO3 10% on a hot plate
overnight. Cadmium (Cd), copper (Cu), Pb, and Zn concentra-
tions, as well as lead isotopic compositions were determined by
high resolution inductively coupled plasma mass spectrometer
(HR-ICP-MS) Thermo Element XR (see Supporting Informa-
tion S3-7 for details about blanks, replicates, certified materials
and mass bias correction for isotopic determination).

’RESULTS AND DISCUSSION

Trout Biological Condition.All FCFs of the trout (aged from
1+ to 5+) are greater than 1 (median = 1.28, Table 1) and the
slope of the log10(length) vs log10(weight) linear regression (not
shown here) is 3.08. This indicates, at least with respect to size
and weight, that animals are in good physical condition.30 Values
observed at VER, located at the top of Mont Loz�ere, are however
significantly lower (Table 2). This can be explained by the
altitude of the site, the temperature, and its granitic substratum.
HSI andGSI do not show any clear statistical differences between
sites (Table 2). If trout from PDP, which are significantly older,
are excluded, no real difference in terms of age distribution can be
noticed between the other sites (Fisher’s exact test: p < 0.05
including PDP, and p > 0.05 without PDP). Because several
waterfalls considerably limit fish movements (ONEMA, Pers.

comm.), and small trout present low dispersal,32 our animals are
supposed to be relatively sedentary. For all these reasons, future
between-site comparisons should be facilitated.
Trout and Metallic Pollution. Hepatic concentrations of Cd

and Pb vary by more than 2 orders of magnitude, while Cu and
Zn exhibit narrower ranges (Figure 2, Supporting Information

Table 1. Summary of Study Sites; Geographical and Chemical Settings; Main Biological Characteristics for Sampled Brown
Trout; Range and Median in Parentheses for FCF, GSI, and HSI

site Cocur�es Combe Sourde Cubi�eres Pont de la Planche Ramponenche V�eri�e

simplified name COC COM CUB PDP RAM VER

coordinates (UTM-WSGS84) 549.2/4911 558.1/4926.5 560.7/4924.6 571/4908.5 553/4910 568.5/4914.9

water pHa 8.4 7.5 7.8 7.2 7.3 6.4

water hardness (mg/L)a 180 15 140 12 60 8

main mines on the watershed Pb, Ba, (Zn.Cu), Ag Pb, Zn Pb, Ag, Zn Pb, Zn, Ag, Ba Pb, Zn, Ag, (Cu)

number of fishes analyzed 20 22 20 20 20 12

weight (g) 35.1�291 (72.6) 36.5�255 (58.7) 25.3�85.7 (42.5) 47�273 (106) 48.4�211 (87.2) 16�84.5 (23.2)

length (mm) 139�281 (176) 141�269 (169) 123�190 (151) 159�281 (198) 158�250 (182) 112�195 (129)

age (yr) 1+ to 5+ 1+ to 4+ 1+ to 3+ 2+ to 5+ 2+ to 4+ 1+ to 3+

FCF 1.11�1.45 (1.31) 1.04�1.57 (1.27) 1.12�1.48 (1.29) 1.10�1.49 (1.24) 1.21�1.49 (1.30) 1.01�1.31 (1.10)

GSIb 0.25�1.35 (0.83) 0.21�0.85 (0.76) 0.54�1.87 (0.73) 0.33�1.04 (0.66) 0.27�0.98 (0.66) 0.37�1.24 (0.67)

HSI 0.77�1.81 (1.29) 0.83�2.05 (1.43) 0.82�2.03 (1.23) 0.56�1.61 (1.20) 0.95�1.8 (1.42) 0.52�1.64 (1.29)
aData provided by ONEMA (Pers. comm., 2007). bCalculated on females only (n = 10 for COC, n = 7 for CS, n = 8 for CUB, n = 14 for PDP, n = 11 for
RAM, n = 4 for VER).

Table 2. Comparison between Sites for FCF, HSI, GSI, and
Trace Elements in Trout Livers and Muscles

KW test DS test

FCF p < 0.0001 COMa RAMa PDPa CUBa COCa VERb

HSI p = 0.020 COMa RAMa PDPa CUBa COCa VERa

GSIa p = 0.813

Cd

liversb p < 0.0001 COMa RAMa PDPb VERb CUBc COCd

musclesb p < 0.0001 COMa VERa RAMb CUBbc PDPc COCd

Pb

liversb p < 0.0001 COMa PDPb RAMb VERc CUBd COCd

musclesb p < 0.0001 COMa PDPb RAMbc VERcd CUBd COCd

Cu

liversb p < 0.0001 PDPa RAMa COCab VERb CUBb COMb

musclesb p = 0.422

Zn

liversb p < 0.0001 COMa RAMab VERab PDPbc COCbc CUBc

musclesb p = 0.199
aCalculated on females only. bTests operated on wet tissue metal
concentrations; A Kruskal�Wallis test (KW) was applied for each
variable (a nonparametric approach was required at least for metal
concentrations because they appear not to be normally distributed, even
after a log-transformation). When KW tests appeared to be significant
(p < 0.05), all pairwise comparisons between groups were then made
using the nonparametric Dwass-Steel (DS) test adapted by Critchlow
and Fligner (1991).31 Sites are ranked from the highest to the lowest values.
Sites with the same superscript letter are not significantly different for
the considered variable. Note that significant differences appear with the
KS test for HSI, but pairwise comparisons do not exhibit any significant
differences. COC for Cocur�es, COM for Combe Sourde, CUB for
Cubi�eres, PDP for Pont-de-la-Planche, RAM for Ramponenche, and
VER for V�eri�e.
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S8-9). In livers, the highest Pb concentrations are noticed at
COM, followed by PDP and RAM, VER and finally by CUB and
COC (Table 2). For Cd content, the sequence is slightly
different due to the position of VER. In muscles, the patterns
for Cd and Pb are almost the same but with lower concentra-
tions, so that some marginal intersite differences are no longer
recognized. Minor but statistically significant interpopulation

differences are identified for Cu and Zn in livers but not in
muscles.
Among biotic variables playing a role in metal accumulation,

the species and sex of animals may have some influence. Here,
the study was undertaken on a single species, and the sex of
individuals proved to be an insignificant variable for metal
accumulation (Mann�Whitney U-test for each site, all p > 0.05),

Figure 2. Cd, Pb, Cu, and Zn concentrations (logarithmic scale) in trout livers (wet-based concentrations), muscles (wet-based concentrations), and
streambed sediments (fraction <250 μm). COC for Cocur�es, COM for Combe Sourde, CUB for Cubi�eres, PDP for Pont-de-la-Planche, RAM for
Ramponenche, and VER for V�eri�e.Median, 25th and 75th percentiles are represented as vertical boxes. Vertical lines range from 10th to 90th percentiles.
See Table 2 for comparison tests.
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except for Cu in livers (p = 0.003), for reasons unknown.
Significant relationships between metal concentrations and age
have been reported elsewhere.33 Spearman’s correlation coeffi-
cients between age and Cd, Pb, Cu, and Zn concentrations in
tissues were computed for each site (Supporting Information
S10). Hepatic concentrations of Cd (for 5 sites out of 6) and, to a
lesser extent, those of Pb and Cu (for three and four sites out of
six, respectively) are significantly and positively correlated to
trout age. Muscle concentrations do not show any significant
relationship with the age of specimens, except for Pb concentra-
tions at CUB, which exhibit a moderate, negative correlation.
Metals therefore continuously accumulate in trout liver but not in
muscle. However, in the present case, the liver constitutes a
suitable organ because age distribution is approximately the same
among sites, and intersite variations are much higher than for
muscle.
It is well-known that metal accumulation in fishes is also

governed by abiotic variables, including the nature and intensity
of pollution that could contaminate water, sediment, and hence
the food web.6,10,16�18 Water chemistry (pH, Ca content, etc.)
also tends to make metals more or less bioavailable (and thus
more or less toxic) for animals. In the study area, and more
particularly at COM, Cd, Pb, and Zn concentrations measured in
fine streambed sediments (Figure 2, Supporting Information
S11) are far higher than the levels usually noted in uncontami-
nated environments: ∼0.3, 40, 240 μg g�1, respectively,34 while
Cu contents are similar to pristine areas: 50 μg g�1.34 Although
the chemical procedure applied to sediments is overaggressive
when compared to real-life processes, it is interesting to note the
resemblance between Pb patterns in sediments and those observed
in fish livers. Isotopic compositions may help to confirm the
pathway frommines through sediment to trout. The 206Pb/207Pb
and 208Pb/206Pb ratios of trout livers vary within 1.170�1.185
and 2.082�2.102, respectively (Figure 3a and b, Supporting
Information S12). Except for the trout fromVER, which were not
measured for their Pb isotopic compositions, each site appears
clustered and distinct from the others (Figure 3b). Such signa-
tures are incompatible with liquid urban waste, atmospherically
deposited Pb previously estimated locally using lichens as
receptors, lead naturally present at trace level in local granite
and in Jurassic sedimentary rocks, or with Pb recently used as an
antiknock compound in gasoline (Figure 3a and references cited
therein). A multicomponent mixing, involving some of these
sources in adequate proportions could theoretically produce the
same isotopic composition as that found in fishes. Nonetheless,
ore deposits located upstream from the sampling areas35 are an
excellent match, and are therefore more obvious candidates than
any hypothetical mixing. Lead from mining and metallurgical
wastes must have entered the aquatic ecosystem by mechanical
erosion and/or natural weathering of lead-rich particles, and was
further homogenized in trout tissues. As a consequence, trout
livers from each site present a lower isotopic heterogeneity than
the local ore deposits where the Pb originated (Figure 3a).
Cadmium, which is closely correlated to Pb in sediments, must
have followed the same pathway from mining wastes, through
sediments, to fish tissues. Within this general scheme, given the
low Cd concentrations in the sediments and substratum (under
1 μg g�1 in local granites, n = 6), the Cd levels in trout tissues at
VER are much higher than expected. This watershed is exclu-
sively granitic, so that pH and hardness are the lowest measured
in the study:∼6.4 and 8 mg L�1, respectively (Table 1). Ca2+ is
a powerful competitor for waterborne metal assimilation in

organisms,37 so the absence of calcareous rocks may have facil-
itated the incorporation of Cd in biota. Moreover, the solubility
of metal salts increases in acid waters, especially Cd which is
highly labile.38 The dynamics of Zn and Cu concentrations in fish
tissues appear to bemuch lower than those of Cd and Pb, because
there is a homeostatic control of internal concentrations due to
their essentiality.10,39 No clear patterns are observed for these
elements in fish tissues (Figure 2, Table 2).
Interpopulational variations are clearly established at least for

Pb and Cd using animals of various ages, although age structure
might explain at least a part of the intrasite variations in metal
concentrations. The trout livers from COM, PDP, and RAM are
the most contaminated in Pb. These sites correspond to major
mining which recently ceased, located in the near fishing area
(less than 700 m). Lower Cd and Pb concentrations in trout
livers from CUB could be related to a minor mining network
located from 1.4 km upstream, which probably operated from
Antiquity until Modern Times. As expected, the COC site, which
is further downstream (>3.4 km) from mines dating from the
Middle Ages and the Renaissance (perhaps even the Iron Age),
yields trout with lower Pb and Cd contents. Although the
chronology of mining andmetallurgy may at times be incomplete
or uncertain, trout contamination is nevertheless related to the
distance between the sampling sites and the mines or dumps, and
to the nature, intensity and duration of the works.
Trout Morphometry. Contrasting degrees of mean FA are

observed between sites (Figure 4, FA10 data in Supporting
Information S2, all traits and Pb in S13, all traits and Cd in
S14). Whatever the trait considered, the highest levels of devel-
opmental instability are noticed in areas highly polluted in Pb or
Cd, especially COM. Correlations between FA and metal con-
centrations in trout livers are also significant when they are
computed for individuals (Supporting Information S15�16).
Although correlation does not necessarily imply causality, such

Figure 3. (a): 208Pb/206Pb vs 206Pb/207Pb ratios in trout livers from the
PNC (closed circles, this study) and for local mineralizations (open
circles,35). Other potential sources: local granite,35 sedimentary rocks,36

leaded gasoline and urban waste,21 and indigenous lichens,26 are also
plotted for comparison. (b): close-up for trout livers.

http://pubs.acs.org/action/showImage?doi=10.1021/es200755n&iName=master.img-003.jpg&w=240&h=220
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a finding is consistent with numerous studies demonstrating that
environmental stress increases FA.24,40 However, Linde et al.
(1998) reported no clear association between Cu, Pb, and Cd
concentrations and FA levels of three meristic traits in brown
trout collected in Spain.16 These interesting results do not neces-
sarily contradict ours, since their study was performed on fewer
specimens collected from fewer locations, characterized by lower
levels of pollution. Moreover, meristic traits which are deter-
mined early in development may be less or not affected by Pb and
Cd because established before accumulation within the organisms.
Necessary Environmental Management. In the present

study, both hepatic and muscle concentrations of Cd and Pb
are among the highest ever reported in natural environments for
brown trout, and ∼3 orders of magnitude greater than those of
commercial trout produced by fish farming and sold in super-
markets (Supporting Information S17). At the COM site, 60% of
the trout exceed the EU maximum allowed concentrations for
human consumption for Pb (0.3 μg g�1, fresh muscles) and/or
for Cd (0.05 μg g�1, fresh muscles).25 The streambed sediments
are comparable to highly contaminated sediments sampled in the
North Pennines, formerly one of the most productive Pb and
Zn mining areas in Britain.41 It is clear that direct runoff and
mechanical erosions from slag heaps, workshop grounds and
mining and cleansing dumps still contaminate aquatic envi-
ronments in the PNC, long after mining has ceased. Although
fishes may have acquired tolerance to prolonged metal exposure,
adverse environmental stress is related to measurable develop-
mental disturbances and may well have a deleterious effect on
animals. At first sight, such a situation may seem surprising in a
protected area. However, environmental policies mainly address
current human activities, and do not really take into account the
persistent pollution caused by historical mining. Dealing with
such contamination is a complex task because of the size of the
area involved. This state of affairs is not uncommon in such a
seemingly pristine environment. In France, it was recently
demonstrated from a peat bog core from the Celtic site of

Bibracte in the Morvan (also located in the Massif Central) that
about 20% of the total anthropogenic Pb was atmospherically
deposited before our era, and about 50% before the 18th century;
these pollutants also originated from historical mining.4 Metal
contamination has been identified in areas of the Vosges moun-
tains which were intensively mined in the past.42 Such pollution
hot spots are likely to have a deleterious effect on biodiversity,
and could be dangerous for human health. Unfortunately, the
industrial history of these middle altitude areas has either been
forgotten or has remained so familiar that it is no longer con-
sidered to represent a danger. Furthermore, research into metal
contamination has generally focused on urban and industrialized
areas, and on the largest mining sites of the recent past. For all
these reasons, the environmental impact of minor centers where
historical mining took place has often been disregarded. Yet this
troublesome environmental heritage remains of primary impor-
tance, particularly for the unwary human local population.
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