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Abstract

This paper describes the partitioning of iron, manganese, zinc, copper, cadmium, cobalt, nickel and lead between the soft tissues and the
shells of the gastropod mollusc Patella aspera. Specimens of the limpet P. aspera were collected from a clean coastal marine site (CMS) and
from an estuarine contaminated site (ECS) on the south coast of Portugal. Fe and Zn concentrations were significantly lower on both
populations and less variable in the shells than in the soft tissues. In contrast Mn concentrations were higher in the shells than in the soft
tissues at ECS. The partitioning factor (PF), defined as the ratio between the mean metal concentrations in soft tissues and in the shells, was
maximum for iron and minimum for manganese. Between the soft tissues and the shells, only manganese at ECS recorded a significant
relationship between metal concentrations, suggesting that the mechanism that controls the accumulation of this essential metal in both
tissues was different from the others. From the obtained data, in biomonitoring sewage contamination studies, shells of P. aspera can be
considered as a good indicator for Mn while the soft tissues for Zn. As copper, cadmium, nickel and cobalt concentrations were much higher
in the soft tissues than in the shells (<0.1 ug g~ ), this indicates that the shells were not a good indicator for these metals because they do not

reflect the environmental bioavailability as do the soft tissues.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The usefulness of molluscs as sentinel organisms in
metal biomonitoring studies is widely recognized (Rainbow,
1990, 1992, 1993, 1997; Rainbow and Phillips, 1993;
Langston and Spence, 1995; Brown and Depledge, 1998).
Although metals in the soft tissues of marine mollusc has
been studied intensively there are only a few data available
concerning metals in the shells (Carriker et al., 1980, 1991;
Brix and Lyngby, 1985; Bourgoin, 1990; Lingard et al.,
1992; Foster and Chacko, 1995; Watson et al., 1995;
Prakash et al., 1996; Foster et al., 1997; Price and Pearce,
1997; Giusti et al., 1999; Richardson et al., 2001). Most of
these works have been directed either to the soft tissues or to
the shells but very few have concurrently addressed trace
metal concentrations in both tissues. It is generally recog-
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nized that the soft tissues accumulate higher metal concen-
trations than the shells (Langston et al., 1998). However,
sometimes, mollusc shells accumulate higher concentrations
than the soft tissues (Szefer and Szefer, 1985, 1990; El-
Nady, 1996; Puente et al., 1996; Fishelson et al., 1999;
Giusti et al., 1999; de Wolf et al., 2001; Szefer et al., 2002).
Shells have important practical advantages over the use of
the soft tissues to monitoring metal contamination of the
aquatic environment since they show less variability (Bour-
goin, 1990; Lingard et al., 1992), integrate elemental con-
centrations over the life of the animal, preserve the metals
after the death of the organisms giving information about
the concentrations that they were exposed in the past (Ferrell
et al., 1973; Sturesson, 1978; Carriker et al., 1980; Carell et
al., 1987) and offer considerable advantages in preservation
and storage.

Generally, metal concentrations in the soft tissues show
greater variability than in shells usually due to seasonal
weight changes (associated with physiological conditions,
reproductive state) and consequently, shells may provide a
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more realistic indication of the degree of contamination/
pollution. Due to this fact some authors when considering
the metal concentrations in the soft tissues of marine
molluscs, to avoid seasonal variations, prefer to correlate
them with shell weight, using metal/shell weight indices
(Soto et al., 1995, 1997).

Consequently, it is not definitively established which
tissue can be used as the best bioindicator in monitoring
programmes of metallic contamination/pollution. Of those
works addressing metal accumulation in both the soft tissues
and shells the majority are about Mytilus spp. but there are
also several studies on clams, oysters and other bivalves
from marine or estuarine environments (Brix and Lyngby,
1985; Bourgoin, 1990; Szefer and Szefer, 1990; Babukutty
and Chacko, 1992; Prakash et al., 1994; El-Nady, 1996;
Puente et al., 1996; Szefer et al., 1997, 2002; Fishelson et
al., 1999; Giusti et al., 1999). In molluscs other than
bivalves, namely gastropods, works carried out in polluted
areas are sparse. Those were relative to the marine gastro-
pod, Austrocochlea constricta from an area with a commer-
cial shipping harbour and from a marine lake with high
levels of recreational activities in the Newcastle region of
New South Wales, Australia (Walsh et al., 1994, 1995,
respectively), and to the periwinkles Littorina littorea along
a pollution gradient in the Scheldt Estuary (de Wolf et al.,
2000) and Littorina sabra from the mangrove area along
Dar es Salaam, Tanzania (de Wolf et al., 2001).

/4

#==Ribeira de Quarteira

The objective of this work was to contribute to the
knowledge of the partitioning of iron, manganese, zinc,
copper, cadmium, cobalt, nickel and lead concentrations
between the soft tissues and shells within the available
size of the gastropod Patella aspera taken from a clean,
coastal marine site and from a contrasting site, an estua-
rine contaminated environment, relating it to environmen-
tal metal bioavailability and to establish the potential of
both tissues to be considered a good indicator for metal
contamination.

2. Materials and methods
2.1. Sampling and sampling sites

Twenty-five limpets, P. aspera through the available size
range (21-51 mm) were collected from two contrasting
sites on the south coast of Portugal in terms of water
characteristics and quality. The clean marine site (CMS) is
located at 37°2022N, 8°51'l5W (Fig. 1), a remote and
rugged coastal site on the southwest coast of Portugal with
almost invariant salinity regime (range 36.0—36.4) and a
mean annual temperature of 18 °C (Almeida, 1999) where
the water chemistry is typical of Atlantic waters, not directly
induced by anthropogenic perturbation. The estuarine con-
taminated site (ECS) is located at 37°4'20N, 8°7'27W, on

37°4'30" N

Vilamoura

37°N

8°7'30" W

Fig. 1. Location of the sampling sites. 1—CMS, 2—ECS.
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the south coast of Portugal, within the confluence zone of
the waters from a small river (Ribeira de Quarteira, receiv-
ing sewage discharges) and a marina (Fig. 1). In both sites,
P. aspera limpets were taken over a longitudinal distance of
10 m.

Data on the quality of the intertidal regime at the ECS
have been published elsewhere (Cravo, 1996). At low water,
the mean annual water temperature (19.2 °C) was higher
than at the CMS whereas the mean salinity (15.4) was much
lower. This estuarine location showed a low but highly
variable salinity regime (ranging from 7.9 to 23.3) and water
quality was seriously impaired by the discharge of domestic
effluents from a sewage treatment plant (secondary, biolog-
ical treatment) that serves a population of = 15,000 inhab-
itants. Particularly during summer, due to an increase of
tourism, the population usually exceed 150,000 inhabitants.
Very high concentrations of ammonium ( = 300 uM),
phosphate (= 50 uM), suspended solids (>80 mg 1~ ')
as well as extremely low percentage of dissolved oxygen
(<1 mg 1" ') are not unusual (Cravo, 1996).

2.2. Metal analysis

All specimens were depurated for 48 h to eliminate gut
contents and the shells were cleaned by scrubbing in
distilled deionised water with a toothbrush to remove
loosely attached biogenic and inorganic particles and dried
at 80 °C to constant weight. The maximum length of each
shell was measured. The soft tissues were separated from
the shells with a plastic knife and dried at 80 °C until
constant weight. After drying, the whole soft tissue of each
limpet was digested with concentrated HNOj3 as described
by Bryan et al. (1985). The residue was dissolved in 10%
HCIL. Fe, Mn, Zn, Cu, Cd, Ni, Co and Pb concentrations
were determined by flame atomic absorption spectropho-
tometry. Prior to elemental metal analysis each shell was
individually subjected to a further cleaning process designed
to remove material that were not an integral component of
the crystalline shell matrix (Foster and Chacko, 1995). Each
shell was individually treated with 50% w/v hydrogen
peroxide in the ratio of 1 ml g~ ' shell weight and gently
heated at 60 °C overnight. After rinsing with distilled water,
individual shells were placed in vials of appropriate diam-
eter to ensure that the entire surface of the shell was covered
with 0.05 M HCI, that was added in the ratio of 1 ml g~ '
shell weight and left overnight. After washing and drying,
each shell was individually pulverised in an agate mortar
and the resulting homogeneous fine powders stored for
subsequent analysis.

Duplicate samples of each shell (0.1 g) were totally
digested in a mixture of concentrated nitric acid and 50%
w/v hydrogen peroxide. After evaporation to dryness, the
residue was redissolved in 2 ml of concentrated hydro-
chloric acid and fumed to dryness. The final residue was
redissolved in 10 ml of 0.05 M hydrochloric acid. Sub-
samples of this digest were taken for the analysis of Fe, Mn,

Table 1

(CC) certified metal concentrations and (AC) analysed concentrations (mean + standard error) in TORT-1 and DOLT-1 reference materials (ug g~ ' d.w.)

Pb

Co

Cd

Cu

Zn

Mn

Fe

RM

AC*

AC* CcC AC* cC AC* CcC AC* cc
169+7 439+22 445+25 263+2.1 27.1+22 042+0.05 0483+007 23+03 24+03

CcC

AC* cC AC* CcC AC*

CcC

+ 104+2.0 100£2.2

177 £ 10 +

18112 234+£1.0 226%+09
712+48 694 £38

186 + 11

TORT-1
DOLT-1

*
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Zn, Cu, Cd, Ni, Co and Pb by flame atomic absorption
spectrophotometry.

Samples for metal analysis in the soft tissues and shells
were batch-analysed in random sequence (10 per batch) to
remove analytical bias from the intra- and inter-population
comparability studies. During measurements, the calibra-
tion was rechecked every 10 samples with a “running”
standard.

All the concentrations in the soft tissues were validated
with reference materials: lobster hepatopancreas TORT-I
and fish liver DOLT-1 (National Research Council Can-
ada), using the same digestion method as applied for the
samples. DOLT-1 was used only for iron. The certified and
analysed concentrations in the standard reference material
and samples are expressed in pug g~ ' dry weight (d.w.)
(Table 1). In the absence of an analytical reference material
for marine biogenic carbonate, the analyses of the shells
were performed against an internal reference standard
consisting of a homogeneous fine powder of the shells of
30 specimens of the common limpet, Patella vulgata
(Foster and Chacko, 1995; Watson et al., 1995). The mean
concentrations ( % standard error) from 10 individual anal-
yses of this powder were: 18.9 0.2, 58.3 £0.2 and
4.0+0.1 pg g~ ' expressed on dry weight basis for iron,
manganese and zinc, respectively. The Cu, Cd, Co, Ni and
Pb concentrations in the samples and internal reference
standard of shells were not detected since they were below
the detection limit obtained for the used flame atomic
absorption method (<0.1 pg g~ ).

2.3. Statistical analysis
Data were treated by using the coefficient of correlation
(r) between variables, the Student’s #-test to determine the

significant differences between the metal concentrations set
to a level of 99% of significance.

Table 2

3. Results

3.1. Metal concentrations in the soft tissues and shells of P.
aspera at CMS

Data on soft tissues weight, shell weight, shell length and
concentrations of Fe, Mn, Zn, Cu, Cd, Ni, Co and Pb in the
soft tissues of 25 individuals of P. aspera distributed
through the available size range (21.2—48.6 mm), collected
at CMS are presented in Table 2.

For all the determined elements in the soft tissues,
there was significant variation from specimen to speci-
men, particularly evident for iron and manganese con-
centrations (42% and 53% of coefficient of wvariation,
respectively) (Table 2). The mean iron concentration in
the soft tissues (1022 pg g ') was much greater than
that of the other metals. The metal concentrations in
the soft tissues decreased according to the sequence:
Fe>>Zn>Mn>Cu ~ Cd>Ni~ Co>Pb. From those, only
zinc showed a significant negative relationship with soft
tissues weight (STW), ranging from 0.10 to 0.81 g (Table
2), as described by Cravo et al. (submitted for publica-
tion) and expressed by the following equation: Zn=
—23.8 X In(STW) +34.2.

Concerning the shells, of all the studied metals, only
iron, manganese and zinc were detected (Table 2). From
those, zinc registered the lowest concentrations (4.2 to 9.0
pg g~ ') and a higher coefficient of variation (21%) than
iron and manganese (10% and 11%, respectively). Metal
concentrations in the shells decreased in the order:
Fe>Mn = Zn, revealing a change in metal concentrations
as well as a decrease in the coefficient of variation when
compared with the whole soft tissues (Table 2). However,
manganese and zinc concentrations exponentially decreased
with the increase in shell growth (), ranging from 0.63 to
7.30 g (Table 2), as described in Cravo et al. (2002):

Soft tissues weight (g), shell weight (g), shell length (mm) and metal concentrations (in pg g~ ': mean = standard deviation, minimum (min) and maximum

(max), % of coefficient of variation (%CV)) in P. aspera (n=25) from CMS

Soft tissues Shells PF
Mean + S.D. Min Max %CV Mean + S.D. Min Max %CV

Soft tissues 0.36 +£0.21 0.10 0.81 60

weight

Shell weight 3.07+1.92 0.63 7.30 63

Shell length 36.0 £ 8.5 21.2 48.6 24

Fe 1022 +£431 393 2152 42 26.7+3.7 21.7 31.6 10 38.3

Mn 10.6 £5.6 3.9 22.4 53 72+0.8 6.2 9.3 11 1.5

Zn 62.2+22.3 36.1 114.2 35 5.6+1.2 4.2 9.0 21 11.1

Cu 62+12 3.5 9.2 19 nd

Cd 6.0+ 1.7 3.5 9.1 28 nd

Co 43+14 1.7 6.9 31 nd

Ni 44+ 14 1.8 7.2 31 nd

Pb nd nd

nd=<0.1 pg g~ ', below the limit of detection of flame atomic spectrophotometry.
PF =ratio of mean metal concentration in the soft tissues/mean metal concentration in the shells.
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[Mn]=7.87xW °'?(r=-0.80; p<0.01);
[Zn]=6.61 x W~ %% (r=—10.86; p<0.01).

3.2. Metal concentrations in the soft tissues and shells of P.
aspera at ECS

Data on soft tissues weight, shell weight, shell length and
concentrations of Fe, Mn, Zn, Cu, Cd, Ni, Co and Pb in the
soft tissues of 25 individuals of P. aspera distributed
through the available size range (21.3—51.1 mm), collected
at ECS, are presented in Table 3. It is interesting to note that
despite the ranges of shell length and shell weight were
similar (p>0.01) at both sampling sites (Tables 2 and 3) at
ECS the soft tissues weight range (0.10—1.92 g) was
significantly higher (»<0.01) than at CMS (0.10—0.81 g).

It is clear from Table 3 that, as observed at CMS, for all
the determined metals there was considerable variation in
the soft tissues, particularly evident for iron and manganese
(398 t0 3101 pgg 'and 5.1t0 863 pgg '; 47% and 77%
of coefficient of variation, respectively). At ECS, also as
observed at CMS, Pb was not detected and the mean metal
concentrations in the soft tissues change a little from that
observed at CMS. From those detected, Cd concentrations
were minimal and metal concentrations decreased in the
order: Fe>Zn>Mn>Cu>Ni~ Co>Cd>Pb. Conversely to that
found at CMS, all the elements except zinc decreased
logarithmically with body weight, as described by Cravo
et al. (submitted for publication).

Concerning the metal concentrations in the shells, as
found at the CMS, only Fe, Mn and Zn were detected and
a relatively high variation from specimen to specimen for
those metals was also found. Relatively to the mean
metal concentrations in the shells the sequence noted for
the CMS was different from that observed at the ECS, i.e.
Mn>Fe>Zn. Additionally, the heterogeneity for iron and
manganese in shells was higher than at CMS. For manga-
nese, the concentrations ranged from 24.1 to 130.5 pg g~ '

Table 3

and recorded 56% of coefficient of variation while zinc
and iron registered lower mean concentrations and lower
coefficients of variation (16%, Table 2) than manganese.
Manganese was the only metal that showed significant
shell weight (W) dependency: [Mn]=75.80 x W~ 46
(r=-0.70; p<0.01) (Cravo et al., 2002). The shell weight
ranged from 0.45 to 7.33 g.

3.3. Comparison of metal concentrations between the soft
tissues and shells of P. aspera at the two sites

The metal concentrations found in both the soft tissues
and shells at the two sampling sites revealed that:

(i) At each of the sampling sites the variability in metal
concentrations from individual to individual is much
lower with respect to the concentrations in the shell
than in the soft tissues (Tables 2 and 3).

(il) The concentrations in the soft tissues decreased in the
order Fe>Zn>Mn while in the shells decreased in the
order Fe=Mn>Zn.

(iii)

(a) The concentrations of iron and zinc were
consistently lower in the shells than in the soft
tissues.

(b) With respect to manganese, the concentrations
were similar or even significantly higher (p <0.01)
in the shell than in the soft tissues, which was
particularly evident at ECS.

(c) Copper, cadmium, nickel and cobalt were only
detected in the soft tissues.

(iv) At ECS, the concentrations of iron and manganese in
the shells were significantly higher than at CMS
(p<0.01). In contrast, zinc concentrations were not
significantly different between sites (p>0.01). In the
soft tissues, iron, manganese, zinc, copper, and nickel
concentrations were significantly higher than those in

Soft tissues weight (g), shell weight (g), shell length (mm) and metal concentrations (in pg g~ '; mean =+ standard deviation, minimum (min) and maximum

(max), % of coefficient of variation (%CV)) in P. aspera (n=25) from ECS

Soft tissues Shells PF
Mean + S.D. Min Max %CV Mean + S.D. Min Max %CV

Soft tissues 0.76 £ 0.50 0.10 1.92 66

weight

Shell weight 3.62+2.15 0.45 7.33 59

Shell length 373+£8.0 21.3 51.1 21

Fe 1466 + 689 398 3101 47 449+73 37.3 70.5 16 32.7

Mn 25.6 £19.8 5.1 86.3 77 5254293 24.1 130.5 56 0.5

Zn 128.8 +£27.8 73.4 172.0 22 53409 3.5 7.2 16 24.5

Cu 8.1+29 42 15.2 36 nd

Cd 1.6+04 1.0 2.6 23 nd

Co 41+12 2.3 8.0 29 nd

Ni 5.8+ 1.9 2.9 11.3 33 nd

Pb nd nd

nd=<0.1 pg g~ ', below the limit of detection of flame atomic spectrophotometry.
PF =ratio of mean metal concentration in the soft tissues/mean metal concentration in the shells.



92

£ 140+

(o] [ ] °

3120—

(2]

= 100

] .

® 80

s

S 601

Q

§ 40+ Y y = 1.05x + 25.6

() ® r=0.71

S, 20

g

= 0 T T T T 1

0 20 40 60 80 100

Manganese in soft tissues (ug g")

Fig. 2. Relationship between manganese concentrations in the shell and

manganese concentrations in the soft tissues at ECS (p<0.01).

the limpets taken from CMS (p <0.01) while cadmium
concentrations were significantly lower than at CMS

(p<0.01).

(v) The partitioning factors, PF, (defined as the ratio
between the mean metal concentration in soft tissue
and the mean metal concentration in shell) for the three
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elements Fe, Zn and Mn in both populations (Table 2)
show that:

(@

(b)

(©

(d)

The PF values of iron (32.7-38.3) and of zinc
(11.1-24.5) were higher than those of manganese
(0.5-1.5).

The PF of iron (>30) are greater than those for zinc
(11.1-24.5) indicating that it is far easier for iron
to be incorporated into the soft tissues rather than
in the shell.

The PF of iron do not vary considerably from one
environment to another. In contrast, the PF of zinc
at ECS is two times that found at CMS.

In contrast to iron and zinc, manganese shows a
much greater propensity to be incorporated into the
shell. The PF among sites varied from 1.5 at CMS
to 0.5 at ECS and was the only metal to exhibit a
significant relationship between the element con-
centration in the shell and the element in the soft
tissues at ECS (Fig. 2).

In order to determine and understand which of the soft
tissues or shells can represent a major metal reservoir, the

100%
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70%
60%
50%
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30%
20%
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Specimen Number

19 21 238 25
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Fig. 3. Partitioning of metals between soft tissues and shells expressed in percentage of the total amount of metals incorporated in both tissues at: (A) Fe at

CMS; (B) Fe at ECS; (C) Mn at CMS; (D) Mn at ECS; (E) Zn at CMS and (F) Zn at ECS.
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percentage distribution of the total amount of iron, manga-
nese and zinc incorporated in both tissues at both sites was
calculated and shown in Fig. 3. At CMS, in the soft tissues
the average percentage of iron was significantly higher
(80%) than in the shells (20%) (Fig. 3A). However, at
ECS despite of the average percentage of iron (85%) (Fig.
3B) was slightly higher than at CMS, the difference between
both sites was not significant (»>0.01). For manganese and
zinc, the situation changed; there were significant differ-
ences between sites. For manganese, the average percentage
at CMS was significantly higher in the shells (85%) than in
the soft tissues (15%), (Fig. 3C) and the percentage at ECS
(91%) was significantly higher (p»<0.01) than at the CMS
(Fig. 3D). For zinc, the average percentage at CMS was
similarly distributed in both tissues (57% in the soft tissues
and 43% in the shells) (Fig. 3E); however, at ECS the
average percentage in the soft tissues (83%) was signifi-
cantly higher than in the shells (17%) (Fig. 3F) and
consequently significantly different (»<0.01) from the
former site.

4. Discussion

4.1. Inter-population variability of metal concentrations in
the soft tissues and shells of P. aspera

Data that compare metal concentrations in the soft tissues
of P. aspera are sparse. Only two papers have reported data
for P. aspera individuals collected from Milos Island, in the
Aegean Sea off Greece (Catsiki et al., 1991) and from the
south-southeast coast of Portugal (Miguel et al., 1999). A
comparison of the mean metal concentrations in the soft
tissues of P. aspera with other Patella species from a wide
range of geographical locations and different environmental
regimes is presented in Table 4.

It is clear from Table 4 that for each trace metal, its
concentrations associated with the soft tissues vary over a
considerably wide range and a number of general points can
be observed. In all Patella species, there is a general
tendency for iron and zinc to be preferentially incorporated
into the soft tissues, as usually found in other marine

Table 4

Trace metal concentrations (ug g~ ') in the soft tissues of P aspera determined in present work and in Patella sp. from other geographical locations

Metal concentrations Fe Mn Zn Cu Cd Ni Co Reference

Patella aspera—CMS 1022 10.6 62.3 6.1 6.0 4.4 43 This work

Patella aspera—ECS 1466 25.6 128.8 8.1 1.6 5.8 4.1 This work

Patella aspera (Central Aegean Sea, 11.3-32.1 31.9-56.5 7.6—12.0 3.7-11.4 19.1-28.6 Catsiki et al.
Milos Island, Greece—three clean stations) (1991)

Patella aspera (Central Aegean Sea, 23.0 432 7.9 5.0 16.0 Catsiki et al.
Milos Island, Greece, semi-enclosed gulf (1991)
including the port)

Patella aspera (SW Algarvian coast, Portugal) 1099 10.2 180 4.7 4.7 Miguel et al.

(1999)

Patella aspera (Sagres—SW Algarvian coast, 581 6.1 165 3.5 53 0.2 Miguel et al.
Portugal) (1999)

Patella aspera (Mouth of Arade River, 1317 11.8 298 5.9 1.9 0.3 Miguel et al.

S Algarvian coast, Portugal) (1999)

Patella aspera (Vilamoura Marina, 1012 8.5 154 6.2 1.7 0.3 Miguel et al.
S Algarvian coast, Portugal) (1999)

Patella vulgata (Fal estuary, several stations) 952-2821 3.4-25.1 155-331 15.6-225 33-74 12-19 0.8-4.1 Bryanetal.

(1985)
Patella vulgata (Bristol Channel, several stations) 1160-2361 6-102 81-476  5.1-59 2.7-289 1.1-45 <0.1-2.4 Bryan et al.
(1985)

Patella vulgata (Nuclear fuel reprocessing 1206 64 4.7 3.6 1.3 0.2 Miramand and
La Haugue, France) Bentley (1992)

Patella vulgata (Alexandria waters, 450 16.0 38 20.9 0.4 El-Rayis and
Mediterranean—domestic sewage influence) Ezzat (1986)

Patella vulgata (Alexandria waters, 504-1239  14-17 38-63 20.7-22.9 0.5-0.9 El-Rayis and
Mediterranean—two stations, domestic + Ezzat (1986)
industrial sewage influence)

Patella caerulea (Follonica Bay, Italy) 103-331 10.6—-46.2 63-104 7.7-125 08-4.6 12-47 Bargagli et al.

(1985)

Patella caerulea (viscera) 8.1 180 27.1 0.5 Nicolaidou and
(ferro-nickel smelter, Greece) Nott (1990)

Patella caerulea (Cap de Nice, Alpes Maritimes, 16—-120 Puel et al. (1987)
France)

Patella sp. (Turkish coast, sewage influence) 891-1512 448-96.0 1.4-13.7 25-303 2.5-14.6 Ramelow (1985)

Patella sp. (Turkish coast, not influenced 929-1257 39.9-589 3.1-11.6 1.1-84 7.6-83.7 Ramelow (1985)
by sewage)

Range of metal concentrations in the soft parts 110-5000 5-150 50-500  3-12 1-5 2-5 1-3 Depledge et al.

of molluscs

(1994)
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gastropods (Depledge et al., 1994; Brown and Depledge,
1998). Patella sp. in general are characterised by a high
concentration of iron in the soft tissues which may be
ascribed to the fact that iron is a constituent of goethite
(a-FeOOH) present in the radula of Patellidae (Runham et
al., 1969; Mann, 1988; Fish and Fish, 1989). Relatively to
zinc, high concentrations were previously noted by other
authors for bivalves such as Mytilus spp. and oysters, as well
as other gastropods (Carriker et al., 1980; Koide et al., 1982;
Martincic et al., 1984; Szefer and Szefer, 1985, 1990; Puel
et al. 1987; Babukutty and Chacko, 1992; Walsh et al.,
1995; Giusti et al., 1999; de Wolf et al., 2001).

However, metal concentrations in the soft tissues of P.
aspera affected by sewage discharges when compared to
those of other Patella sp., taken from sites influenced by
industrial discharges, cannot be considered elevated.

Nevertheless, data on trace metal concentrations in the
soft tissues of P. aspera showed differences between sam-
pling sites. Data from ECS provide an assessment of the
organism’s response to waters where the quality is seriously
impaired by the discharge of domestic sewage. The con-
centrations of iron, manganese, zinc, copper, and nickel in
the soft tissues of the animals from CMS were significantly
lower than those in the limpets taken from ECS (p<0.01).
In contrast, cadmium concentrations in the soft tissues of P.
aspera at CMS were significantly higher than at ECS
(p<0.01). This issue is discussed in Cravo et al. (submitted
for publication) and was associated with the higher bio-
availability of cadmium at CMS induced by the lithological
differences between sites. At the CMS site coastal rocks are
predominantly schists, relatively enriched in cadmium
whereas at ECS calcareous rocks predominate (Bebianno
et al., 2003).

From this comparison, it is tempting to conclude that the
elevated iron, manganese, zinc, copper and nickel concen-
trations associated with the ECS limpet population are a
direct reflection of the availability of metals by the impact of
sewage contamination, what, however, was not observed in
respect to cadmium.

Zinc in the soft tissues of P aspera showed the best
response in monitoring the environmental level of metals.
The mean zinc concentration in the tissues was at least one
order of magnitude greater than those of Mn, Cu, Cd, Ni and
Co and was significantly higher at ECS than at CMS (about
two fold). At ECS, the increase of all the other metal
concentrations in limpets tissues induced by domestic sewage
discharges was, where evident, not particularly amplified.
However, at ECS, where higher zinc concentrations were
observed, it can be considered partly regulated. At this
sampling site, in the soft tissues the lowest coefficient of
variation was found for this metal (Table 2) and no relation-
ship between zinc concentrations and soft tissues weight was
detected. Nevertheless, this difference between populations
seems extremely useful for assessing the impact of zinc once
mussels that are more commonly used in biomonitoring
studies regulate zinc concentrations in their tissues.

Concerning the shells of marine molluscs they are
predominantly composed of calcium carbonate in the form
of calcite or aragonite or a mixture of both polymorphs.
Calcium has an ionic radius of 0.099 nm and other metals
with radii less than calcium (Fe?*, Fe®*, Cu®>", Mn?",
Zn* ") always form hexagonal carbonates isostructural with
calcite. The increase of some elements in the shell of marine
molluscs has been noted in response to increases of envi-
ronment metal concentrations (Carriker et al., 1980; Walsh
et al., 1995; Giusti et al., 1999, de Wolf et al., 2001).

Data in the literature that compare trace metal concen-
trations in the shells of Patella sp. are, as for the soft tissues,
also sparse. The importance of the polymorphic form of
calcium carbonate upon the chemical composition of a shell
is illustrated in Table 5. Iron and zinc concentrations in P,
vulgata from the Irish Sea (Segar et al., 1971) were
dramatically higher than for other species and sites. How-
ever, apart from those values, metal concentrations in the
present work showed no particular enhancement in compar-
ison with those in Patella sp. from other sites of the world,
either clean sites or sites influenced by sewage discharges.
Even so, metal concentrations associated with the shell of P,
aspera and P. vulgata are sensitive to changes in environ-
mental conditions, particularly in the case of manganese and
to a lesser extent in the case of iron.

At CMS, metal concentrations in the shells decreased
according to: Fe>Mn>Zn. At ECS due to the preferential
incorporation of manganese in the shell, these metal con-
centrations were more important than those of iron and zinc
and therefore the order was Mn>Fe>Zn. Zinc concentrations
in the shell do not show any difference between sites and
even if they represent a direct reflection of zinc in the
environment, there was little more than the intra-variability
recorded amongst shells (Tables 2 and 3). Only manganese
concentrations in the shell exhibited large, consistent and
significant differences between both sites. The works by
Foster and Chacko (1995) for P. vulgata, Ireland and
Wootton (1977) for the gastropods Thais lapillus and L.
littorea, Bourget (1974) and Watson (1993) for barnacles
(Table 5) attest that the manganese concentrations in shells
are particularly sensitive to differences in environmental
concentrations.

4.2. Comparison of metal concentrations between the soft
tissues and shells of P. aspera

The present work provides a preliminary snapshot of
partitioning of the three trace metals, Fe, Mn and Zn
between the soft tissues and the shell of P. aspera distrib-
uted through the available size range at two contrasting
sites. At each of the sites the variability in metal concen-
trations is much lower in the shell than in the soft tissues
which is in accordance with the fact that metal variability in
the shells is less associated with weight, size, season,
physiological condition, etc., than in the soft tissues (Lin-
gard et al., 1992). The data revealed that the soft tissues and
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Table 5

Trace metal concentrations (g g~ ') in the shells of P. aspera (present
work) and in Patella sp. from other geographical locations and in other
gastropods with mixed mineralogy

Metals (ng g ") Reference
Mn Fe Zn
Patella aspera
CMS 7.2 26.7 5.6 This work
ECS 52.5 449 53 This work

Calcitic shells
Patella vulgata
Menai Bridge (UK) 61.6 19.2 4.0 Foster and Chacko

(1995)

Dulas Bay (mine 57.3 176 4.1 Foster and Chacko
drainage (1995)
influence, UK)
Hen Borth 19.5 9.9 3.5 Foster and Chacko
(“baseline”, UK) (1995)
Irish Sea (UK) 8.6 430 51 Segar et al. (1971)
Norway 39-64 3-18 Lande (1977)
Weymouth (UK) Bowen (1956)
Tel-Aviv, Israel 5.5 5.8 Navrot et al. (1974)
(direct sewage
influence)
Tel-Aviv, Israel 5.1-7.1 4.7-8.6 Navrot et al. (1974)
(less sewage
influence)
Patella coerulea
France 3-47 Puel et al. (1987)
Semibalanus balanoides
Menai Bridge (UK) 270 20 Watson (1993)
Dulas Bay (UK) 281 53 Watson (1993)

Shells of mixed mineralogy

Nerita albicilla (Phuket 9.1 30.8 5.8 Foster et al. (1997)
Island, Thailand)

Nerita albicilla (India) 5.9 37.7 6.8 Badran (1993)

Nerita albicilla (Kenya) 17.3 27.6 7.7 Badran (1993)

Nerita albicilla 4.6 21.1 43 Badran (1993)
(Mauritius)

Nerita albicilla 0.7 28.7 33 Badran (1993)
(Aldabra)

Nerita polita (Phuket 34 20.8 4.1 Foster et al. (1997)
Island, Thailand)

Nerita costata (Phuket 5.3 21.5 52 Foster et al. (1997)
Island, Thailand)

Nerita undata (Phuket 3.6 326 4.6 Foster et al. (1997)

Island, Thailand)

shells of P. aspera accumulate the bioavailable metals in the
environment in very different ways.

The concentrations of iron were consistently lower in the
shells than in the soft tissues (PF=32.7-38.3). The same
was found even in oysters (Carriker et al., 1980), clams (El-
Nady, 1996), mussels Mytilus edulis (Giusti et al., 1999;
Szefer et al., 2002) and the gastropod L. sabra (de Wolf et
al., 2001). In contrast for limpets P. vulgata (Segar et al.,
1971), gastropods 7. lapillus and L. littorea (Ireland and
Wootton, 1977) or bivalves M. edulis, Cardium glaucum
and Astarte borealis (Szefer and Szefer, 1985, 1990) higher
iron concentrations were found in the shells rather than in

the soft tissues. In these cases, there is a suspicion that the
cleaning process applied prior to analysis in the shells was
inadequate.

Like for iron, zinc is preferentially found in the soft
tissues (PF=11.1-24.5). The same was observed in the
limpet P. coerulea (Puel et al., 1987), in oysters Crassostrea
virginica (Carriker et al., 1980), in mussels M. edulis (Koide
et al., 1982; Martincic et al., 1984; Szefer and Szefer, 1985,
1990; Giusti et al., 1999; Szefer et al., 2002), in clams
Venerupis decussata (El-Nady, 1996) and in an estuarine
bivalve Villorita cyprinoides (Babukutty and Chacko,
1992). However, the partitioning factors determined for zinc
in the present study were significantly higher than those
found for the gastropod A. constricta (1.3 to 2.8), in the
Newecastle region, Australia, from an area with a commer-
cial shipping harbour and a marine lake with high levels of
recreational activities (Walsh et al., 1995).

With respect to manganese, the concentrations were
generally similar or even higher in the shell than in the soft
tissues (PF=0.5—1.5). The latter was particularly evident at
ECS. Higher manganese concentrations in the shells than in
soft tissues have also been found in oysters C. virginica
(Carriker et al., 1980), mussels M. edulis (Szefer and Szefer,
1985, 1990; Szefer et al., 2002) and in the estuarine bivalve
V. cyprinoides (Babukutty and Chacko, 1992). This could
suggest that shells may remove manganese from the sur-
rounding medium as pointed out by El-Nady (1996) acting
as a safe storage matrix for this metal, which may be
resistant to soft tissue detoxification mechanism, reducing
its availability within the food chain (Walsh et al., 1995).
Alternatively, this fact could also suggest that the mantle
tissue takes up manganese directly from seawater (along
with calcium) for incorporation into the shell, with no
involvement of remaining soft tissue, and that this rate of
uptake and accumulation is greater than that into the
remaining soft tissues directly.

The partitioning of the elements between the two tissues
is consequently sensitive to changes in environmental
conditions, suggesting that the difference between popula-
tions are promoted in part or whole by the contrasting
water environments to which they were exposed. Unfortu-
nately, there are no available data on metal concentrations
in the water of the sampling sites but it is known from
literature that sewage effluent discharges, even in the
absence of any industrial waste component, can contain
considerable quantities of trace metals originated from a
number of sources as the biogenic (metabolic) wastes, from
consumer products used for domestic purposes (e.g. deter-
gents formulations containing Fe, Mn, Cr, Ni, Co, Zn) and
from corrosion of water pipes (Cu, Pb, Zn and Cd)
(Depledge et al., 1994).

The partitioning of zinc between the soft and shell tissues
is much more sensitive to environmental concentrations than
that for iron. The greatest differential of PF between sites
was observed for this metal (11.4—24.5), indicating that in
environments when the bioavailability of zinc is greater it is
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preferentially incorporated into the soft tissues. For iron
despite of the PF decreasing from 38.3 at CMS to 32.7 at
ECS, the difference between sites was not significant. The
lowest PF value was associated with the manganese con-
centrations in the limpets taken from the ECS. With in-
creasing availability of Mn”>" (due to the influence of
sewage and higher impact of freshwater, this chemical form
is usually higher than in seawater; Waldichuk, 1974), this
form is preferentially incorporated into the shell. In fact
apparently, at this site, the bioavailability of this element in
P aspera was higher than at CMS. At ECS there was an
increase of manganese accumulation in both tissues rela-
tively to CMS (two fold in the soft tissues and seven fold in
the shells; Tables 2 and 3).

The metal amounts incorporated in both tissues were
determined separately in the soft tissues and shells and these
data revealed that with the increasing environmental avail-
ability of metals: (i) the soft tissues represent a major
reservoir for zinc; whereas for iron there was not a signif-
icant difference between sites relatively to the mean per-
centage of iron incorporated in each of the tissues; (ii) the
shells could represent a sink for manganese by removing a
relatively higher percentage of this metal from the surround-
ing medium at ECS than at CMS. This confirms as sug-
gested by Langston et al. (1998) that shells are a potential
sink for metals due to their capacity to remove bioavailable
metals from the environment.

With these results, it can be assumed that CMS may be
representative of a reference clean site. So, when P. aspera
population is used in metal biomonitoring studies at other
sampling sites if the mean percentage of iron and zinc in the
soft tissues are significantly higher than 80% and 60%,
respectively, or in the shells significantly higher than 85%,
than it can be considered that the limpets are accumulating
metals in response to an increase in metal bioavailability.

The fact that at CMS no significant relationship was
observed between metal concentrations in the soft tissues
and shells could indicate that at this clean site, without a
relevant anthropogenic disturbance the mechanism that
controls metal incorporation in the soft tissues and shells
is different from that at ECS. It is known that in the soft
tissues essential metals are incorporated in metabolically
important biomolecules (or bonded to their functional
groups) with a key role in the organism such as respiratory
pigments, proteins, enzymes or metalloenzymes (Bryan et
al., 1985; Depledge and Bjerregaard, 1989; Rainbow, 1997)
whereas in the shells metal ions may be incorporated into
the carbonate crystal lattice by diadochically replacing the
calcium ions in the calcite or can also be triggered by
metabolic functions (Babukutty and Chacko, 1992).

However, at ECS where higher metal concentrations are
available, a relationship between manganese concentration
in the soft tissues and in the shells occurs. This fact contrasts
with the data shown by Szefer et al. (2002) for M. edulis
from the southern Baltic, where iron and zinc concentrations
in both the tissues registered the same positive relationship

but that was not observed for manganese. It could suggest
that at ECS the excess of manganese in the soft tissues is
transported/exported to the shell, due to a possible regula-
tory or detoxifying mechanism. However, no regulation of
manganese was observed for both tissues at this site.
Alternatively, it could also results from the fact that in both
the soft tissues and shells a negative relationship was
observed between manganese concentrations and the corre-
spondent weight of the soft tissues and the shells.

In general, the soft tissues of P. aspera can be considered
as a potential indicator of Zn (and Mn) while the shell of P,
aspera can be considered as a potential indicator of Mn.
Relatively to copper, cadmium, nickel and cobalt, these
metal concentrations were much higher in the soft tissues
than in the shells (<0.1 pg g~ "), which indicates that the
shells were not a good indicator for these metals because
they do not reflect the environmental bioavailability of these
metals as do the soft tissues.
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