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Abstract

A translocation experiment of red swamp crayfish (Procambarus clarkii) to different sites located in the River Guadiamar was
performed in order to assess the ability of this species as bioindicator of heavy metal and metalloid contamination. Crayfish were
placed in cages and exposed to polluted environment during either 6 or 12days in the three sites with different concentration of
contaminants. Their tissues (exoskeleton+ gills, hepatopancreas and abdominal muscle) were dissected and analysed by ICP—-MS
to assess for concentration of Cd, Cu, Zn, Pb and As. Both exposure times result in significant bioaccumulation of some metals in
crayfish tissues as compared to their concentration in the environment. According to overall metal concentration, crayfish tissues
rank as follows: hepatopancreas/viscera>exoskeleton/gills>abdominal muscle. Essential metals for crayfish metabolism (Cu and
Zn) are always found in high concentrations independently of their quantities in the environment because of the ability of crayfish
to manipulate their levels for their own metabolic profit. Metals not involved in crayfish metabolism (Cd, Pb, As) tend to increase
with increasing concentration in the surrounding environment and with longer exposure times. Thus crayfish could be used as
bioindicator of these pollutants because their dose- and time-dependent accumulation may be reflective of the levels of non-
essential metals present in contaminated wetlands. Future guidelines in plans for monitoring contamination on polluted
Mediterranean rivers and wetlands should take into account the implementation of the incubation of crayfish during 6 days and their
subsequent analyses of metal contents, as a routine.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction heavy metals on aquatic at both the individual and the
community level (Clements et al., 1988; Leslie et al.,
1999). The Aznalcdllar mine accident in 1998 caused
the discharge of 6hm” of sludge and acid water loaded
with heavy metals into the Guadiamar River (Seville,
SW Spain) directly affecting an area of approximately

4400ha (Grimalt et al., 1999; Arenas et al., 2004). As a

Spills of mining wastes are a relative frequent source
of trace element pollution (Farag et al., 1998) and
several authors have demonstrated the adverse effects of
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result of the spill, heavy metals accumulated in soils
(Cabrera et al., 1999; Simoén et al., 1999), sediments
(Palanques et al., 1999), water (Van Geen et al., 1999),
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flora (Murillo et al., 1999), fauna (Benito et al., 1999;
Blasco et al., 1999; Hernandez et al., 1999) and
therefore in food webs (Meharg et al., 1999) all through
the Guadiamar catchment. The river belongs to the
Lower Guadalquivir Basin and is a major contributor to
the marshes of Donana National Park, one of the most
valuable wetland areas within the European Union
(Montes et al., 1998).

Immediately after the mining accident an urgent
procedure for cleaning up the soil was carried out
(Grimalt et al., 1999). After finishing those critical
activities—which were indeed very effective—a restora-
tion plan focusing on socio-ecological systems and a
pollution monitoring plan (the ‘Green Corridor’ of
Guadiamar-Corredor Verde) were designed for the area.
Activities related to that plan still continue nowadays
(Montes et al., 2003). This paper reports on some field
experiments aimed to contribute to the monitoring plan
through the use of a widely distributed non-native
species in the area as a bioindicator, the red swamp
crayfish Procambarus clarkii Girard. In aquatic ecosys-
tems, the use of indicator species seems to be a suitable
way of monitoring environmental quality due to the
ability of some aquatic animals to accumulate metallic
ions either directly from the surrounding water or
indirectly through food sources (Devi et al., 1996).
Crayfish can be used to monitor the aquatic environ-
ments for heavy metal pollution because they are
solitary bottom dwellers, which keep much of their
bodies in contact with surrounding objects and tend to
accumulate metals in their tissues (Khan et al., 1995;
Schilderman et al., 1999). Previous studies have
addressed contaminant accumulation into tissues of a
variety of strains of crayfish under different concentra-
tions and times of exposure in both, the field (Anderson
and Brower, 1978: Pb in Orconectes virilis; Roldan and
Shivers, 1987: Fe, Pb in Orconectes propinquus,
Alikhan et al., 1990: Cu, Ni in Cambarus bartoni,
Keenan and Alikhan, 1991: Pb and Cd in Cambarus
bartoni; Khan et al., 1995: Pb, Cd, Cu, Zn, Co, Ni, Hg in
Orconectes virilis; Currie et al., 1998: Cd in Orconectes
virilis; Schilderman et al., 1999: PCBs, PAHs, Zn, Cu,
Pb, Cd in Orconectes limosus) and the laboratory
(Alikhan et al., 1990: Cu, Cd, Fe, Mn, Ni, Zn in
Cambarus bartoni; Meyer et al., 1991: Pb, Cd in
Astacus astacus; Allinson et al., 2000: Cu in Cherax
destructor).

When looking for a species which might be used as
such in the Guadiamar Basin attention was immediately
directed towards P. clarkii. The Decapod crustacean P,
clarkii was introduced in the Lower Guadalquivir Basin
back in 1973. Once the crayfish established and

developed dense populations, local people started its
commercial exploitation which, nowadays, comprises a
significant fraction of their incomes (Gutiérrez-Yurrita
et al., 1999). This crayfish species has been previously
used as bio-indicator of organic contaminants in
experiments done in laboratory conditions (Foster and
Crosby, 1986; Blat et al., 1988; Barron et al., 1991) and
metal pollution on behalf of its capacity to accumulate
metals (e.g. lead and cadmium) in its tissues, thus
reflecting environmental levels of those metals (Diaz-
Mayans et al., 1986; Pastor et al., 1988; Devi et al.,
1996; Anderson et al., 1997b; Bollinger et al., 1997).
Field experiments, however, are scarce (Rincon-Ledn et
al., 1988; Madigosky et al., 1991; Anderson et al.,
1997a). Other features also contribute to make out P.
clarkii a model indicator species (e.g. abundant popula-
tions, long life cycle, widespread distribution, and
relatively sedentary lifestyle) (Sanchez-Lopez et al.,
2004).

The most abundant heavy metals released to the river
Guadiamar by the mine spill were Zn, Pb, As, Cu, Cd,
Sb and T1 (Prat et al., 1999; Sola et al., 2003; Toja et al.,
2003). All these metals can be accumulated by P. clarkii
and their potential to seriously affect human health is
widely documented (Czerczak and Fishbein, 2002;
Anton and Lizaso, 2004; Oyarzun and Higueras,
2005). Indeed Cd, Pb and As have been registered in
the database of the International Chemical Safety Cards
of the CIS (International Occupational Safety and
Health Information Centre) as carcinogenic to humans
(CIS 2006).

This study describes a translocation experiment of
red swamp crayfish (Procambarus clarkii) to several
sites in the River Guadiamar that were differently
affected by the toxic spill of the Aznalcollar mine
accident. The experiment was performed in order to
assess the ability of this species as bioindicator of heavy
metal and metalloid contamination.

2. Material and methods
2.1. Study area

The Guadiamar River runs through calcareous
gypseous clayey substrates linking the northward high-
lands in Sierra de Aracena with the lowland marshes of
Dofiana National Park in the Lower Guadalquivir Basin.
Although in former times it was one of the main
tributaries that fed the marshes, the Guadiamar is
nowadays channelled in its lower reach and flows
directly into the Guadalquivir River; its waters no longer
enter Donana National Park except on high flooding.
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From a hydrological point of view the Guadiamar is a
typical Mediterranean stream (Giudicelli et al., 1985)
with a pluvial hydrologic regime and an average annual
flow ranging from 3.67 to 6.3m’/s (minimum values:
0.15 to 0.4m>/s in dry periods) (Prat et al., 1999). The
mine where the toxic spill originated is placed near the
Agrio, a small tributary of the Guadiamar (Fig. 1).
Although pollution diminished significantly after
the remediation and restoration works done in 1998,
there are still residual pollutants in the riverbed at
several places along the basin. Three experimental
sites were chosen to include the range of conditions
concerning the spatial distribution of pollutants and
were located at 4 (Site 1), 9 (Site 2) and 42km (Site
3) downstream from the confluence with of the river
Guadiamar with the Agrio stream (Fig. 1). Site 1
(Guijo, UTM coordinates: 29S 215608, 4148147) and
Site 2 (Las Doblas; 29S 214340, 4143764) were fully
covered by the mud discharged in the mine accident in
April ’98 whereas Site 3 (Puente Vaqueros; 29S

216632, 4117443) is located in the channelled part of
the river Guadiamar, and although it was affected by
acid waters from the spill, the polluted mud did not
reach this point (Fig. 1).

2.2. Collection of baseline data

Before starting the experiment sediment and water
samples were obtained from the experimental sites and
analysed for heavy metal content. Sediment samples (4
replicates per site) were collected at random from the
uppermost layer (3 cm) driving a 90mm (&) methacry-
late core into the sediment and plugging the upper end of
the core with a rubber stopper so that the enclosed
sediment and water column were withdrawn intact.
Water was dropped away and the sediment core was
extruded from the tube obtaining an undisturbed sample
of the surface sediment up to a total of 250ml per
replicate. Water samples (3replicates per site) were
filtered (0.45 um pore size cellulose nitrate filter), placed
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Fig. 1. Geographic location of the study.
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in polyethylene bottles and for the analyses of metal
content brought to a pH bellow 2 with high-quality
concentrated nitric acid (MercK Suprapur®).
Physico-chemical variables (pH, conductivity and
water temperature) were measured in situ using a WTW
330i-pHmeter and a WTW LF26 conductivimeter.

2.3. Experimental design

Experimental crayfish were purchased from a local
seafood vendor and kept more than 24h in stocking
pools in order to clean their digestive tracts. Fourteen
control specimens (50% males and 50% females) were
then removed from the set, rinsed with deionised water,
measured (length and weight), sexed, introduced in
polyethylene bags, frozen and stored at —20°C until
analysed for heavy metals content (cadmium, copper,
lead, zinc and arsenic) so to assess contamination initial
conditions (Control). Remaining crayfish were translo-
cated to the experimental sites.

A total of 32 adult crayfish (1:1 sex ratio; total
length: 7.4 to 12.2cm) were placed in individual
compartments (to avoid cannibalism) within special
cages at each experimental site in May, 2002. The cages
(n=4 per site with 8compartments each) were built
using plastic net fabrics (1 cm mesh size) (Fig. 2) and
were totally submersed and anchored with sticks to the
sediment, allowing the contact between crayfish,
sediments and food sources (macrophytes, periphyton
and benthic fauna).

After a 6-day period of exposure (#5), two of the
cages were collected at random and the crayfish
processed as explained for the control individuals
above. The same procedure was repeated with the
other two cages after another 6-day period of exposure
(t12). Incubation periods were chosen based on existing
experimental studies that demonstrated significant
accumulation rates of heavy metals in crayfish tissues
for 7- and 14-day periods of exposure in both lab (Devi
et al., 1996) and field conditions (Anderson et al.,
1997a).

2.4. Processing and analysis of samples

The different crayfish tissues were analysed sepa-
rately because of their different roles with regard to
heavy metals and metalloids. Thus, crayfish were
dissected after thawing in abdominal muscle, hepato-
pancreas and exoskeleton (gills included). The hepato-
pancreas is a metabolically very active organ that
sequesters metals and therefore may provide an
integrated estimate of exposure to metal pollutants
over time without the confounding effects of frequent
moulting. Muscle is important to be monitored because
it is the subject of human consumption. Finally, the
exoskeleton is a tissue where heavy metals and other
contaminants are frequently excreted to.

All laboratory dissecting tools and containers were
plastic or Teflon-made, acid washed with high-quality
concentrated nitric acid (Merck Suprapur®) and rinsed
with deionised water (Milli-Q) to minimize the
possibility of contamination. All crayfish sample tissues
were rinsed with deionised water and the digestive tract
eliminated. Exoskeleton and muscle were placed in
Pyrex petri dishes and oven dried for 48h at 80°C to
determine dry weight. Hepatopancreas were placed in
ceramic crucibles and burnt at 550°C for 2h in a muffle
furnace to determine ash-free weight. Samples were
grounded with a pestle and mortar. The same procedure
followed for muscle and exoskeleton tissues was
followed with sediment samples.

2.5. Metal analysis

Analyses of heavy metals and metalloids content
(hereafter named as “metals”) were carried out by
inductively coupled plasma mass spectrometry (ICP—
MYS) at the Servicio Interdepartamental de Investigacion
(SIdI) lab of the Universidad Autéonoma de Madrid.
Certified ICP standards of Merck were used in the
calibration and validation of the standard curves. The
determination of total cadmium, copper, lead, zinc and
arsenic content was performed with a Perkin-Elmer
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Fig. 2. Sketch of the cage designed for the experiment.
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Sciex Elan 6000 ICP-MS equipped with an AS-91
autosampler.

High-purity deionised water purified with a Milli-Q
analytical-reagent grade water-purification system
(Millipore Ellix with Milli-Q Element) and high-quality
concentrated nitric acid (Merck Suprapur®) were used
for the preparation of reagents and standards.

Tissue (<20mg of hepatopancreas, and 0.25g of
muscle, exoskeletons or whole homogenised crayfish)
and sediment samples (0.25g) were digested in a
solution of 5ml of concentrated (65%) nitric acid
(Merck Suprapur®) with 5ml deionised water (Milli-
Q) using a high pressure microwave digestion system
(Milestone ETHOS SEL) with Teflon closed vessels,
and pressure and temperature control following the
protocol described by Anderson et al. (1997a).

For crayfish tissues, complete digestion was accom-
plished, whereas for sediments the analyses were
performed on the lixiviate. After digestion, samples
were driven to a final volume of 25ml adding diluted
nitric acid (1%). The following metal isotopes were
selected for measurement: *Cu, Cu, ®*Zn, °Zn, " As,
14Cd and 2°®*Pb. The ICP-MS system was calibrated
using *Ge and '®Rh. In order to check for contami-
nation during the digestion procedure and sample
manipulation, a blank solution was prepared and carried
through each ten samples analysed. All calibration
straight lines had correlation coefficients >0.999.

2.6. Statistical analysis

Mean values of metal concentrations in sediments
and water sampled before starting the experiment were
compared through a Tukey’s HSD equal sample size
(P<0.05). Multi-way analysis of variance (MANOVAs)
were used to test for the effects of sites, exposure time
and type of tissues, on the average metal content in
Procambarus clarkii. Wilks” Lambda statistic was used
to determine whether the test factors of interest affected
the response variables (Cu, Zn, Cd, Pb, and As) in all
MANOVAs. An initial four-way MANOVA compared
metal levels by site, sex, exposure time and type of
tissue. No significant differences in metal concentra-
tions were found between the sexes within sites and
exposure times; therefore, the data for both sexes were
pooled prior to subsequent analysis.

Six MANOVAs were conducted afterwards. First,
all data were combined in a three-way ANOVA to
determine the overall effects of sites, tissues and
exposure time on metal contents. Then, one-way
ANOVAs was used to determine significant differ-
ences in average metal contents for tissues, sites or

exposure times. Specific contrasts between levels of
each factor were performed. Finally, once significant
differences between control and experimental crayfish
were detected, two-way ANOVA was done to test the
effects of tissues and exposure time on metal contents
for each site. Further exploration of the effects of sites
and exposure time over the metal content of the
hepatopancreas was also carried out using two-way
ANOVA. Significant levels were adjusted using
Bonferroni’s correction. Following all significant
MANOVAs, Tukey’s HSD multiple comparisons test
was performed between groups for the main effects, or
between interacting factors where interactions were
significant.

To meet the assumptions of ANOVA, all data were
tested for heterogeneity of variance by Levene’s test,
and for deviations from normality by the Kolmogorov—
Smirnov test. Whenever heterogeneity of variances and/
or skewness were detected the data were transformed (X
’=arcsin ((X+0.5)"?) to achieve normality, a feature
that was re-evaluated prior to analysis (Zar, 1999).

3. Results

Values physicochemical variables measured before
starting the experiment in all sites are summarised in
Table 1. As expected, water temperature and pH values
increase downstream. Concentration of metals (Cd, Cu,
Pb, Zn and As) in riverbed sediment and stream water
measured at that time as the environmental baseline
conditions are presented in Table 2. Average values for
all metals were exceedingly higher in Site 2 than in the
other two (Table 2).

Although a significant improvement with regard to
abiotic (water and sediment quality) and biotic (species
richness and community structure) conditions has been
documented all along the riverbed (Toja et al., 2003;
Martin et al., 2005), Site 2 is still at an early successional
stage with low-density macrophyte beds and poorly
developed macroinvertebrate communities (Sola et al.,
2003).

The experimental results showed a significant overall
trend towards an increase of metal concentration with
increasing exposure time for all crayfish tissues at all

Table 1
Values of the physicochemical variables measured at each of the three
sites

Site Temperature (°C) Conductivity (pScm D) pH
Site 1 20.1 1719 7.0
Site 2 21.72 1491.4 7.4
Site 3 22.14 1645.2 7.6
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Table 2

Mean=S.E.M. values of metal concentration measured in sediments (ngg '

beginning of the experiment

dry wt) and in water (ugL~ ') samples taken in the three sites at the

Sample Site n  As Cd Cu Pb Zn
Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M.
Sediment 82.984  2.887 5.812  0.140 177.930 5.869 132.882 7.199 1486.731 53.948

227.035  3.937 7.626  0.341
27382  0.434 4.001  0.090
2.537  0.099 0365 0.167
3.024  0.041 1.605  0.144
5933  0.035 0.568  0.147

(ngg ', dry wt)

Water (gL~ ")

W N = W DN =
[SST NS 2 (O R VSRR US I OS]

415290  10.842 769328  14.358  2250.065  38.082
91.906 2.236 53.920 0.658  1229.648  23.648
4.698 1.480 0.742 0.103 142.034  29.673
8.873 0.579 1.463 0.187 324567  38.670
6.916 1.233 1.964 0.892 92432  18.812

sites (MANOVA 1 in Table 3; Fig. 3). There was a
significant effect of both experimental exposure times
on the bioaccumulation of metals in crayfish tissues at
all sites as compared to Control (MANOVA 2, C vs. t5
+t15, P<0.0001; Table 3). Average metal content

Table 3

measured at each site was higher than the Control
(MANOVA 3, C vs. 14+2+3, P<0.0001; Table 3).
Among sites, Site 2 was the one with the highest metal
contents during the experiment (MANOVA 3, 2 vs. 1
+3, P<0.0001; Table 3).

Effects of exposure time (C=control, fts=6days, t;,=12days), site (C=controls 1, 2 and 3) and tissues (H=hepatopancreas, E=exoskeleton,
M=muscle), and contrasts on mean metal content of crayfish (Cu, Zn, Cd, Pb, As)

Type of analysis MANOVA, source of variation df effect  dferror  Wilks’ Lambda F P
MANOVA 1 (three-way ANOVA) Tissue 10 538 0.0464 195.740  <0.0001
Sites 10 538 0.4234 28.877  <0.0001
Exposure time 5 269 0.9336 3.822  0.0023
Tissues vs. Sites 20 893 0.2923 20.049  <0.0001
Tissues vs. Exposure time 10 538 0.8164 5.742  <0.0001
Tissues vs. Sites vs. Exposure time 10 538 0.8543 4405  <0.0001
MANOVA 2 (one-way ANOVA) Exposure time 10 574 0.8850 3.614  <0.0001
Contrast C vs. tgtty 5 287 0.9002 6.361 <0.0001
MANOVA 3 (one-way ANOVA) Sites 15 789 0.6125 10.231  <0.0001
Contrast Cvs. 14243 5 286 0.8991 6.418  <0.0001
Contrast 2vs. 1+3 5 286 0.7049 23.935  <0.0001
MANOVA 4 (one-way ANOVA) Tissues 10 574 0.0999 124.139  <0.0001
Contrast Hvs. E+M 5 281 0.1823 252.032  <0.0001
MANOVA 5 (two-way ANOVA)
For Site 1 and without Control Tissues 10 148 0.0081 148.98 <0.0001
Exposure time 5 74 0.7604 4.66 <0.0001
Tissues vs. Exposure time 10 148 0.6378 3.73 0.0001
Contrast Hvs. E+M 5 74 0.0209 690.014  <0.0001
Contrast te VS. t12 5 74 0.7604 4.662  0.0009
For Site 2 and without Control Tissues 10 148 0.0055 183.79 <0.0001
Exposure time 5 74 0.3210 9.03 <0.0001
Tissues vs. Exposure time 10 148 0.5871 4.51 <0.0001
Contrast Hvs. E+M 5 74 0.0148 983.626  <0.0001
Contrast t6 VS. 2 5 74 0.6210 9.029  <0.0001
For Site 3 and without Control Tissues 10 148 0.0110 126.15 <0.0001
Exposure time 5 74 0.8792 2.03 n.s.
Tissues vs. Exposure time 10 148 0.5959 4.37 <0.0001
Contrast Hvs. E+M 5 74 0.0311 460.964  <0.0001
Contrast te VS. t12 5 74 0.8792 2.032 ns
MANOVA 6 (two-way ANOVA)
For Hepatopancreas without Control  Sites 10 148 0.0759 38.888  <0.0001
Exposure time 5 74 0.8008 3.681  0.0049
Sites vs. Exposure time 10 148 0.6553 3.482  0.0003
Contrast 2vs. 1+3 5 74 0.1256 103.007  <0.0001
Contrast te VS. t12 5 74 0.8008 3.681 0.0049
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The highest accumulations response for all sites and
exposure time periods was found in the hepatopancreas
followed by the exoskeleton and , the muscle (MAN-
OVA 4, H vs. E+M, P<0.0001; Table 3).

When the effect of the exposure time on the average
metal content and type of tissue was analysed site by
site, no differences were found for Site 3 (MANOVA 5;
Table 3). Post hoc comparison of the mean metal content
of each element for all tissues pooled by exposure time
was always significantly higher for ¢, than for 7, at Sites
1 and 2, but in Site 3, they showed the opposite pattern
(except Zn which was bigger at #1,, ¢=3.384, P=0.026).
This result in Site 3 is explained because crayfish were
able to decrease their concentrations to about a 76% in
Pb, 35% in Cd and 71% in As from the exposure time 7,
to 1, of the experiment in their hepatopancreas tissue,
which is the one that accumulates more metals (Fig. 3).

When the hepatopancreas is the only tissue consid-
ered in the analyses a significant effect of the exposure
time was found on the average metal content at all sites
(MANOVA 6, f6 vs. t15, P<0.004; Table 3).

Post hoc comparisons revealed that the mean
concentration of each metal in the hepatopancreas
when they were compared in relation to sites, should
be ranked in all of them as Site 2>Site 1>Site 3 (all
P<0.0001), except for Cu, that presented the biggest
value at Site 1 (¢=4.7661, P<0.0001).

In general, the tissue accumulation of nonessential
metals (Pb, As, Cd) reflected environmental concen-
trations (Fig. 3; Table 2). Other metals, like Zn and
Cu, were by far the ones that showed the highest
concentrations in the three tissues at all sites and
independently of time exposure. They are two
physiologically essential elements that are concentrat-
ed in the mainly in the hepatopancreas and regulated
up to certain threshold levels, 5 to 200times higher
than those of Pb and Cd.

The rapidity with which the changes in the
concentrations of Pb, As, and Cd occurred in crayfish
tissues indicates that there is a sensitive and dynamic
equilibrium between the crayfish and their environment
with regard to metals.

4. Discussion

Analyses of sediment samples revealed large
amounts of metals still present at the study sites,
suggesting that metal bioaccumulation in crayfish
tissues might result from interactions of the organism
with the substrate of the crayfish contact with the
sediment rather than with the water, which contained
lower levels of metals. Downstream the mine, metal

concentrations in water column tend to decrease
exponentially due to adsorption to particles, precipita-
tion, sedimentation and dilution (Sola et al., 2004).
Metal concentrations in crayfish tissues from Sites 1 and
2 are higher than those from Site 3, a likely consequence
of metals stored in the sediments which confirms the
conclusions reached by Bradley and Morris (1986) and
Alikhan et al. (1990) concerning the negative relation-
ship between tissue metal concentration in bioindicator
species and the distance of their habitat from the
emission site. Anderson et al. (1997a) found a similar
behaviour in the exposure experiment of crayfish to a
contaminated bayou with petroleum wastes and coolant
discharges from a manufacturing plant in Louisiana
(USA).

According to our results, a period of exposure time to
metal contamination from 6 to 12days, was enough to
produce a significant and bioaccumulation of metals in
several tissues of Procambarus clarkii, mainly in
hepatopancreas. Bioaccumulation level is related to the
metabolic role of each of the metals studied and to their
abundance in the surrounding environment.

Hepatopancreas and the exoskeleton (plus gills) were
the tissues with the highest amount of metals. The gills
are in direct contact with the environment; they have
high permeability and are involved in the exchange of
gases through respiration and the regulation of ion
fluxes, which contributes to osmotic, excretory, and
acid—base homeostasis (Vogt, 2002). Thus, they are
likely one of the first logically tissues to show metal
accumulation (Bollinger et al., 1997). The hepatopan-
creas is involved in a variety of physiological processes
that include the secretion of digestive juices, the
absorption and storage of digested food, and the
detoxification and storage of heavy metals (Icely and
Nott, 1992). It has the capability to concentrate metals
from the haemolymph and the digestive tract and to
store them in intracellular vacuoles F and R (Roldan and
Shivers, 1987), and it is the major organ of detoxifica-
tion aside from the antennal gland (Vogt, 2002).
Furthermore, it is usual to find high levels of metals,
specially Pb, in the exoskeleton tissue, but it has been
postulated that this fact is mainly related with adsorption
rather than with bioaccumulation (Knowlton et al.,
1983).

The abdominal muscle has consistently been found in
the literature to be the tissue containing the lowest
concentration of metals (Rincon-Leon et al., 1988; Devi
et al.,, 1996; Anderson et al., 1997a; Bollinger et al.,
1997), and our results also agree with this, which is of
special relevance for human health in this case since this
is the edible part.
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Each metal displays a different concentration pattern
depending on their role in crayfish metabolism. Copper
and zinc, which are essential micronutrients, do not
accumulate in decapod crustaceans, but are regulated up
to certain threshold levels. Uptake at the cell membrane
level is governed by specific carrier-mediated transport,
transport through protein channels, passive diffusion of
lipid soluble metals and endocytosis (Rainbow, 1997).
Zinc is used as an active centre for metaloenzymes and
activators of other enzyme systems (carbonic anhy-
drase), while copper is an integral part of the respiratory
pigment haemocyanin, accounting for the high copper
levels observed at the hepatopancreas. Due to the fact
that these metals are essential, they are also subject to
strong regulation, being detoxified by metallothioneins
(Canli et al., 1997), eliminated by excretion through
faeces or urine, and via haemolymph through excretory
organs or gills (Arumugtan and Ravindranath, 1987).

Zinc level in hepatopancreas tissue was found to be
approximately six times higher than the concentration in
the sediment, whereas in muscle and exoskeleton with
gills, are fourteen to sixteen times lower than in the
sediment. The copper content of the hepatopancreas
tissue was found to be approximately sixteen times
higher than in the sediment levels, and in muscle and
exoskeletons seven times more than that of the sediment
copper levels, consequently both elements were mainly
regulated regardless of environmental levels.

Conversely, concentration of lead in the hepatopan-
creas was an order of magnitude lower than in the
surroundings, and related to the concentration of
contaminants in the environment and to changes in
time exposure. Lead is not essential and tends to be
detoxified by metallothioneins or phosphoric granules
and stored permanently in tissues (Rubio et al., 1991;
Rainbow, 1997). Thus, in our results, crayfish were
found capable of doing a clearance of lead in their
different tissues after diverse times of exposure to
contaminants. Differences in concentration of lead of up
to one order of magnitude were found among tissues (in
decreasing order exoskeletons>abdominal muscle).
Similar results were found in other field studies
(Rincon-Ledn et al.,, 1988; Madigosky et al., 1991;
Khan et al., 1995) and laboratory experiments (Knowl-
ton et al., 1983; Pastor et al., 1988; Meyer et al., 1991;
Anderson et al., 1997b), which conclude that lead
accumulation in crayfish is dose and time dependent
(Anderson et al., 1997b). After 30years of its arrival, P
clarkii has changed the structure and functioning of the
invaded ecosystems where it readily occupied a central
position in the food webs (Geiger et al., 2005). Thus
from an ecosystem perspective, attention should also be

paid to the crayfish role as vector of pollutants as it can
carry heavy metals and other harmful substances to
higher trophic levels, human populations included.

Pollution level at each sampling site is related to
remaining patches of contaminated soil and diffuse
inputs of additional sources of pollutants independent
from the mine spill occurred in 1998 (e.g. like urban
sewage outputs, oil mill spills, and pesticides used in
olive-tree plantations) (Sola et al., 2004).

Crayfish captured in the two more contaminated sites
(Sites 2 and 1) had high levels of heavy metals that, in
some cases, exceed the thresholds of Spanish regula-
tions for trade and consumption of crustaceans (Fig. 3).
According to Spanish legislation, maximum limits for
heavy metals in edible wet mass are 20pugg ' for Cu
and Ipgg ' for Pb and Cd (BOE 195, 15/8/1991),
whereas. European legislation limits are 0.8pugg™ ' for
Cd, and 0.5 for Pb (EC Regulation 466/2001). No
maximum legal limits exist in Spain for Zn and As, but
adequate reference values are those provided by
qualified agencies (FAD, EPA: 70ugg ' for Zn, and
lpgg ! for As (Australia and New Zealand legal limits
for marine organisms). In Fig. 3, these limits have been
converted to dry weight to make easier the comparison
with metal concentrations measured in the different
tissues and sites. These results might be relevant, for
instance, for future management plans of the fishing
activities in the area and for restoration plans focused on
improving water quality, and therefore, the ecosystem’s
health.

5. Conclusions

This study shows the fast (6days are enough)
bioaccumulation response of crayfish when exposed to
a polluted environment. Metals that show less concen-
tration variability in crayfish tissues are the more toxic,
metabolically non-essential, elements: Pb, Cd and As.
The amount of metals that accumulates in crayfish is
related to their abundance in the sediments around and
can be used to identify sites under pollution stress.
Copper and Zinc, are always found in high concentra-
tions independently of their quantities in the environ-
ment because of the ability of crayfish to manipulate
their levels for their own metabolic profit.

Considering that the whole area has been subjected to
intensive cleaning activities after the mine spill took
place, current contamination is likely to have another
origin (pesticides of olive tree plantations, waste water
from villages and other industrial activities).

River sediments, rather than water seem to be the
source of metals that crayfish bioaccumulate.
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As a corollary, we proposed to implement the use of
Procambarus clarkii as a sentinel species to monitor
environmental health of this and other Mediterranean
rivers and wetlands. The protocol here applied (the
measure of metal content in the hepatopancreas of
originally reference individuals after exposure to study
site conditions for no longer than 6 days) provides a fast,
efficient and accurate indicator of contamination, if
existing.

Acknowledgments

We acknowledge Miguel Angel Bravo for his
valuable help with fieldwork; Angel Luis Sanchez
and Irene Lozano for their help with the preparation of
the samples and to Inmaculada Rivas, for running the
metal analysis at the ICP-MS lab of the Servicio
Interdepartamental de Investigacion (SIdI) of the
Universidad Auténoma de Madrid. This work was
part of the PICOVER program that was financed by
the “Consejeria de Medio Ambiente, Junta de
Andalucia“ Project title: Uso del cangrejo rojo
americano (Procambarus clarkii) como especie cen-
tinela en el Corredor Verde del Guadiamar -
Implicaciones de la especie en las redes tréficas —.
At that time, P. Alcorlo was financed by a postdoc-
toral grant of the Comunidad Autéonoma de Madrid
and the European Social Fund.

References

Alikhan MA, Bagatto G, Zia S. The crayfish as a “biological indicator”
of aquatic contamination by heavy metales. Water Res
1990;24:1069-76.

Allinson G, Laurenson LJB, Pistone G, Stagnitti F, Jones PL. Effects
of dietary copper on the Australian freshwater crayfish Cherax
destructor. Ecotoxicol Environ Saf 2000;46:117-23.

Anderson RV, Brower JE. Patterns of trace metal accumulation in
crayfish population. Bull Environ Contam Toxicol 1978;20:120-7.

Anderson MB, Reddy P, Preslan JE, Fingerman M, Bollinger JE,
Jolibois L, et al. Metal accumulation in crayfish, Procambarus
clarkii, exposed to a petroleum-contaminated bayou in Louisiana.
Ecotoxicol Environ Saf 1997a;1997(37):267-72.

Anderson MB, Preslan JE, Jolibois L, Bollinger JE, George WIJ.
Bioaccumulation of lead nitrate in red swamp crayfish
(Procambarus clarkii). ] Hazard Mater 1997b;1997(54):15-26.

Anton A, Lizaso J. Los metales pesados en la alimentacion. http://
www.ccsa.org.es/modules/Downloads/metales%20pesados.pdf,
2004, pp.

Arenas JM, Montes C, Borja F. The Guadiamar Green Corridor. 1998—
2003, from an ecological disaster to a newly designated natural
protected area. Junta de Andalucia: Consejeria de Medio
Ambiente; 2004. 80 pp.

Arumugtan M, Ravindranath MH. Copper toxicity in the crab, Scylla
serrata, Cu levels in tissues and regulation after exposure to a Cu
rich medium. Bull Environ Contam Toxicol 1987;39:708-15.

Barron MG, Hansen SC, Ball T. Pharmacokinetics and metabolism of
triclopyr in the crayfish (Procambarus clarkii). Drug Metab Dis
1991;19(1):163-7.

Benito V, Devesa V, Muiioz O, Suiler MA, Montoro R, Baos R, et al.
Trace elements in blood collected from birds feeding in the area
around Dofiana National Park affected by the toxic spill from the
Aznalcéllar mine. Sci Total Environ 1999;242:309-23.

Blasco J, Arias AM, Saenz V. Heavy metals in organisms of the River
Guadiamar estuary: possible incidence of the Aznalcolllar disaster.
Sci Total Environ 1999;242:249-59.

Blat A, Almar MM, Romero FJ. The effect of two sulfur-
containing pesticides, fenitrothion and endosulfan, on glutathi-
one (GSH) content and on GSH S-transferase and +y-glutamyl
transpeptidase activities in midgut gland of the American red
crayfish Procambarus clarkii. Drug Metab Drug Int 1988;6(3/
4):384-94.

Bollinger JE, Bundy K, Anderson MB, Millet L, Preslan JE, Lolibois
L, et al. Bioaccumulation of chromium in red swamp crayfish
(Procambarus clarkii). ] Hazard Mater 1997;54:1-13.

Bradley RW, Morris JR. Heavy metals from fish from a series of metal-
contaminated lakes near Sudbury, Ontario. Water Air Soil Pollut
1986;27:341-54.

Cabrera F, Clemente L, Diaz-Barrientos E, Lopez R, Murillo JM.
Heavy metal pollution of soils affected by the Guadiamar toxic
flood. Sci Total Environ 1999;242:117-29.

Canli M, Stagg RM, Rodger G. The induction of metallothioein in
tissues of the Norway lobster Nephrops norvegicus following
exposure to Cd, Cu, and Zn: the relationships between metal-
lothioein and the metals. Environ Pollut 1997;96(3):343-50.

CIS (International Occupational Safety and Health Information
Centre) <http://www.ilo/org/public/english/protection/safework/
cis/index.htm><http://www.ilo.org/public/english/protection/
safework/cis/products/icsc/> 2006; ILO/BIT/OIT - CIS CH - 1211
Genéve.

Clements WH, Cherry DS, Caims J. Impact of heavy metals on insect
communities in streams: a comparison of observational and
experimental results. Can J Fish Aquat Sci 1988;45:2017-25.

Currie RS, Muir DCG, Fairchild WL, Holoka MH, Hecky RE.
Influence of nutrient additions on cadmium bioaccumulation by
aquatic invertebrates in littoral enclosures. Environ Toxicol Chem
1998;17:2435-43.

Czerczak S, Fishbein L. Arsine: human health aspects. Concise
International Chemical Assessment Document, vol. 47. Geneva:
World Health Organization; 2002. p. 29.

Devi M, Thomas DA, Barber JT, Fingerman M. Accumulation and
physiological and biochemical effects of cadmium in a simple
aquatic food chain. Ecotoxicol Environ Saf 1996;33:38—43.

Diaz-Mayans J, Hernandez F, Medina J, Del Ramo J, Torreblanca A.
Cadmium accumulation in the crayfish, Procambarus clarkii,
using graphite furnace atomic absorption spectroscopy. Bull
Environ Contam Toxicol 1986;37:722-9.

Farag AM, Woodward DF, Goldstein JN, Brumbaugh W, Meyer S.
Concentrations of metals associated with mining waste in
sediments, biofilm, benthic macroinvertebrates, and fish from
the Coeur d’Alene River Basin, Idaho. Arch Environ Contam
Toxicol 1998;34:119-27.

Foster GD, Crosby DG. Xenobiotic metabolism of p-nitrophenol
derivates by the ricefield crayfish Procambarus clarkii. Environ
Toxicol Chem 1986;5:1059—70.

Geiger W, Alcorlo P, Baltanas A, Montes C. Impact of an introduced
Crustacean on the trophic webs of Mediterranean wetlands. Biol
Invasions 2005;7:49-73.


http://www.ccsa.org.es/modules/Downloads/metales%20pesados.pdf
http://www.ccsa.org.es/modules/Downloads/metales%20pesados.pdf

390 P. Alcorlo et al. / Science of the Total Environment 366 (2006) 380-390

Giudicelli J, Dakki M, Dia A. Caractéristiques abiotiques et
hydrologiques des eaux courantes méditerranéennes. Verh Int
Ver Limnol 1985;22:2094-101.

Grimalt JO, Ferrer M, Macpherson E. The mine tailing accident in
Aznalcollar. Sci Total Environ 1999;242:3—11.

Gutiérrez-Yurrita PJ, Martinez JM, Bravo-Utrera MA, Montes C, I1héu
M, Bernardo JM. The status of crayfish populations in Spain and
Portugal. In: Gherardi F, Holdich DM, editors. Crayfish in Europe
as alien species. Rotterdam: AA. Balkema; 1999. p. 161-92.

Hernandez LM, Gomara B, Fernandez M, Jiménez B, Gonzalez MJ,
Baos R, et al. Accumulation of heavy metals and As in wetland
birds in the area around Dofiana National Park affected by the
Aznalcollar toxic spill. Sci Total Environ 1999;242:293-308.

Icely JD, Nott JA. Digestion and absorption: digestive systems and
associated organisms. In: Harrison FW, Humes AG, editors.
Microscopic anatomy of invertebrates, vol. 10. Decapod crustacea.
New York: Wiley-Liss, Inc.; 1992. p. 147-201.

Keenan S, Alikhan MA. Comparative study of cadmium and lead
accumulations in Cambarus bartoni (Fab.) (Decapoda, Crustacea)
from an acidic and a neutral lake. Bull Environ Contam Toxicol
1991;47:91-6.

Khan AT, Forester DM, Mileke HW. Heavy metal concentrations in
two populations of crayfish. Vet Hum Toxicol 1995;37(5):426-8.

Knowlton MF, Boyle TP, Jones JR. Uptake of lead from aquatic
sediment by submersed macrophytes and crayfish. Arch Environ
Contam Toxicol 1983;12:535-41.

Leslie HA, Pavluk TI, bij de Vaate A, Kraak MHS. Triad assessment of
the impact of chromium on benthic macroinvertebrates in the
Chusovaya River (Urals, Russia). Arch Environ Contam Toxicol
1999;37:182-9.

Madigosky SR, Alvarez-Hernandez X, Glass J. Lead, cadmium and
aluminum accumulation in the red swamp crayfish Procambarus
clarkii G. collected from roadside drainage ditches in Louisiana.
Arch Environ Contam Toxicol 1991;20:253-8.

Martin G, Plazuelo A, Burgos MD, Reyes MD, Toja J, Alcala E, et al.
Efecto de la contaminacion minera sobre el perifiton del rio
Guadiamar. Limnetica 2005;23(3):315-30.

Meharg AA, Osborn D, Pain DJ, Sanchez A, Naveso MA.
Contamination of Dofiana food-chains after the Aznalcollar mine
disaster. Environ Pollut 1999;105:387-90.

Meyer W, Kretschmer M, Hoffmann A, Harisch G. Biochemical and
histochemical observations on effects of low level heavy metal
load (lead, cadmium) in different organ systems of the freshwater
crayfish, Astacus astacus L. (Crustacea: Decapoda). Ecotoxicol
Environ Saf 1991;21:137-56.

Montes C, Borja F, Bravo MA, Moreira JM. Reconocimiento biofisico
de espacios naturales protegidos. Dofiana: una aproximacion
ecosistémica. Junta de Andalucia: Consejeria de Medio Ambiente;
1998. 311 pp.

Montes C, Arenas JM, Borja F. Iniciativa cientifico — técnica del
PICOVER. In: Arenas JM, Martinez-Faraco FR, Mora A, editors.
PICOVER 1998-2002. Ciencia y restauracion del rio Guadiamar.
Junta de Andalucia: Consejeria de Medio Ambiente; 2003.
p. 14-37.

Murillo JM, Marafién T, Cabrera F, Lopez R. Accumulation of heavy
metals in sunflower and sorghum plants affected by the Guadiamar
spill. Sci Total Environ 1999;242:281-92.

Oyarzun R, Higueras P. Minerales, metales, compuestos quimicos, y
seres vivos: una dificil pero inevitable convivencia. http://www.
ucm.es/info/crismine/Geologi_Minera/Mineria_toxicidad.htm,
2005.

Palanques A, Puig P, Guillén J, Querol X, Alstuey A. Zinc
contamination in the bottom and suspended sediments of the
Guadalquivir estuary after the Aznalcollar spill (south-western
Spain). Control of hydrodynamic processes. Sci Total Environ
1999;242:211-20.

Pastor A, Medina J, Del Ramo J, Torreblanca A, Diaz-Mayans J,
Fernandez F. Determination of lead in treated crayfish Procam-
barus clarkii: accumulation in different tissues. Bull Environ
Contam Toxicol 1988;41:412-8.

Prat N, Toja J, Sola C, Burgos MD, Plans M, Rieradevall M. Effect of
dumping and cleaning activities on the aquatic ecosystems of the
Guadiamar River following a toxic flood. Sci Total Environ
1999;242:231-48.

Rainbow PS. Ecophysiology and trace metal uptake in crustaceans.
Estuar Coast Shelf Sci 1997;44:169-75.

Rigler FH, Downing JA. The calculation of secondary production. In:
Downing JA, Rigler FH, editors. A manual on methods for the
assessment of secondary productivity in fresh waters. IBP
Handbook, vol. 17. 2nd edition. Oxford: Blackwell; 1984.
p. 19-58.

Rincon-Leon F, Zurera-Cosano G, Pozo-Lora R. Lead and cadmium
concentrations in red crayfish (Procambarus clarkii G.) in the
Guadalquivir River marshes (Spain). Arch Environ Contam
Toxicol 1988;17:251-6.

Roldan BM, Shivers RR. The uptake and storage of iron and lead in
cells of the crayfish (Orconectes propinquus) hepatopancreas and
antennal gland. Comp Biochem Physiol 1987;86C:201-14.

Rubio R, Tineo J, Torreblanca A, Del Ramo J, Diaz-Myans J.
Histological and electron microscopical observations on the effects
of lead on gills and midgut gland of Procambarus clarkii. Toxicol
Environ Chem 1991;31-32:347-52.

Sanchez-Lopez FJ, Gil MD, Martinez JL, Aquilera PA, Garrido PA.
Assessment of metal contamination in Dofiana National Park
(Spain) using crayfish (Procambarus clarkii). Environ Monit
Assess 2004;93:17-29.

Schilderman PAEL, Moonen EJC, Maas LM, Welle I, Kleinjans JCS.
Use of crayfish in biomonitoring studies of environmental
pollution of the River Meuse. Ecotoxicol Environ Saf
1999;44:241-52.

Simén M, Ortiz I, Garcia I, Fernandez E, Fernandez J, Dorrensoro C, et
al. Pollution of soils by the toxic spill of a pyrite mine (Aznalcéllar,
Spain). Sci Total Environ 1999;242:105—15.

Sola C, Plans M, Prat N. Los macroinvertebrados de los rios Agrio y
Guadiamar; evolucion de la comunidad, concentracion de metales
y toxicidad. In: Arenas JM, Martinez-Faraco FR, Mora A, editors.
PICOVER 1998-2002. Ciencia y restauracion del rio Guadiamar.
Junta de Andalucia: Consejeria de Medio Ambiente; 2003.
p. 110-25.

Sola C, Burgos M, Plazuelo A, Toja J, Plans M, Prat N. Heavy metal
bioaccumulation and macroinvertebrate community changes in a
Mediterranean stream affected by acid mine drainage and an
accidental spill (Guadiamar River, Spain). Sci Total Environ
2004;333:109-26.

Toja J, Alcala E, Burgos MD, Martin G, Plazuelo A, de Schutter T, et
al. Efecto del vertido toxico en las comunidades de plancton y
perifiton del rio Guadiamar. In: Arenas JM, Martinez-Faraco FR,
Mora A, editors. PICOVER 1998-2002. Ciencia y restauracion del
rio Guadiamar. Junta de Andalucia: Consejeria de Medio
Ambiente; 2003. p. 94—-109.

Van Geen A, Takesue R, Chase Z. Acid mining tailings in southern
Spain. Sci Total Environ 1999;242:221-9.


http://www.ucm.es/info/crismine/Geologi_Minera/Mineria_toxicidad.htm
http://www.ucm.es/info/crismine/Geologi_Minera/Mineria_toxicidad.htm

	The use of the red swamp crayfish (Procambarus clarkii, Girard) as indicator of the bioavailabi.....
	Introduction
	Material and methods
	Study area
	Collection of baseline data
	Experimental design
	Processing and analysis of samples
	Metal analysis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References


