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Abstract With the aim to evaluate the mollusk Nacella

(P)magellanica as biomonitor of elemental pollution in

seawater of the Beagle Channel, more than one hundred

individuals of the gastropod were sampled, separated in

viscera and muscle, and then examined with respect to the

accumulation of Cd, Cr, Cu, Ni, Pb and Zn. Collection was

performed in seven strategic locations along 170 km of the

coastal area of the Beagle Channel (Tierra del Fuego,

Argentina) in two campaigns during 2005 and 2007.

Samples of surrounding seawater in the different sites were

obtained and tested for the same metals as well. The

accumulation capacity of Nacella (P)magellanica and thus

its aptitude as biomonitor, was evaluated through the cal-

culus of the preconcentration factors of the metals assayed.

A discussion involving the comparison with other mollusks

previously tested will be given. Several statistical approa-

ches able to analyze data with environmental purposes

were applied. Non parametric univariate tests such as

Kruskal–Wallis and Mann–Whitney were carried out to

assess the changes of the metal concentrations with time

(2005 and 2007) in each location. Multivariate methods

(linear discriminant analysis on PCA factors) were also

applied to obtain a more reliable site classification. John-

son’s probabilistic method was carried out for comparison

between different geographical areas. The possibility of

employing these results as heavy metals0 background levels

of seawater from the Beagle Channel will be debated.

Keywords Limpets � Trace metals accumulation �
Beagle channel � Environmental significance

Introduction

Using organisms as biological monitors for metal pollution

in marine environment is a well established subject

(Rainbow and Phillips 1993; Conti 2008). Biological

monitoring methods lead to a remarkable reduction in time

and costs if compared with direct analysis in waters,

mainly because the amounts of metals to be measured are

larger and could escape from the more complex ultratrace

analysis domain. Additionally, the chemical analysis of

tissues of organisms (i.e., mollusks) supplies evidence of

the integrated bioavailability of trace metals in the marine

environment over time. In fact, they respond only to the

seawater fraction presenting a clear and improved ecotox-

icological relevance (Rainbow and Phillips 1993).

Mollusks are often used as biomonitors for trace metal

pollution in seawater as they meet the requisites for a good

biomonitor as stated elsewhere (Conti et al. 2002, 2005;

Deudero et al. 2009).

Recent studies on gastropod mollusks from the marine

Mediterranean areas have contributed to a better knowl-

edge on elemental accumulation of these species and at the
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same time have permitted to evaluate probable human

health risks derived from their consumption (Ahn et al.

1999; Conti et al. 2007a; Conti and Finoia 2010). Even

though the amounts of accumulated chemical species

revealed themselves as harmless for human ingest, they

constitute an index of human exposure as these mollusks

(e.g., patellid limpets) are an usual indigenous food

amongst the habitants of the area (Conti and Finoia 2010).

For a baseline study of trace metals in the Beagle

Channel (Fig. 1), the limpet Nacella (Patinigera) magel-

lanica (Gmelin 1971) seemed to be suitable as biomonitor

as it is well distributed in the middle and upper intertidal

zones of the Beagle Channel (Conti et al. 2006). The limpet

lives on rocky substrata of tidelands and tolerates fairly

long periods of time outside of the water. Since its diet is

based on algae and vegetable deposits scratched from the

rocks (Morriconi 1999; Conti et al. 2006), it takes metals

from the food (Ahn et al. 2002) making presumable its

capacity for elemental accumulation.

Consequently, it was selected to fulfill the objectives of

this study: (1) to evaluate Nacella (P)magellanica as a

possible biomonitor of pollution of Cd, Cr, Cu, Ni, Pb and

Zn in the Beagle Channel, (2) to search for strategic points

in the Beagle Channel able to provide background con-

tamination levels, (3) to analyze the variation of the con-

tamination with time, (4) to infer the daily intake of heavy

metals through the consumption of these gastropod mol-

lusks in the diet, and finally, (5) to compare the baseline

levels of contamination in the Beagle Channel ecosystem

with marine baseline sites in the Tyrrhenian Sea (Italy).

This study follows the first one conducted in the same

area by using the bivalve Mytilus chilensis (Conti et al.

2011) as biomonitor for baseline trace metals in the Beagle

Channel. In this case, we present the results obtained for

the determination of the metals listed above in samples of

muscle and viscera of Nacella (P)magellanica collected

in the same locations during 2005 and 2007. Metals

concentrations in the surrounding seawater are presented as

well. Different statistical approaches able to evaluate the

environmental meaning of the results will be also shown.

Comparison with similar studies in the literature will be

provided and the main findings fully debated.

Materials and methods

Study area

Beagle Channel is a strait in Tierra del Fuego, near the

southern tip of South America. The channel has high

ecological relevance and is about 240 km long and

between 5 and 14 km wide. It separates Isla Grande de

Tierra del Fuego from several smaller islands in the south.

It owes its name to the British ship Beagle, employed by

Charles Darwin to explore the area between 1833 and

1834. The main urban settlement in Tierra del Fuego is the

city of Ushuaia that is the southernmost city of the world

with ca. 60,000 inhabitants (Conti et al. 2011). Ushuaia is

the most important port for the Antartic tourism and mar-

itime traffic. Tierra del Fuego has a unique ecosystem and

it is characterized by a wide range of wildlife and biodi-

versity (Conti et al. 2009, 2012, Pino et al. 2010). Except

for the case of Ushuaia Harbour, the six remaining sam-

pling sites were carefully selected as examples of suppos-

edly unpolluted areas along the Beagle Channel (Conti

et al. 2011).

Collection of samples

Mollusks were collected in two sampling campaigns car-

ried out on September 2005 and September 2007. Both

campaigns respected the same geographical locations.

Figure 1 shows the seven selected stations situated along

170 km of the Beagle Channel (Conti et al. 2011).

Fig. 1 The study area
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Individuals of N.(P)magellanica (n = 175) were col-

lected in the tidal zone at the same depth and distance from

the shoreline in 2005 (n = 105) and 2007 (n = 70) sam-

pling campaigns. The sampling campaign in 2005 was 15

individuals each site (15 9 7 = 105); and 10 individuals

each site (10 9 7 = 70) in 2007. Afterwards, they were

depurated (t = 24 h) with filtered seawater from the same

site of collection of samples. Shell lengths and weights of

the samples were kept fairly constant in order to reduce

variability due to size (Conti 2008).

All individual samples were separated in muscle and

viscera, placed in polyethylene bags, ice deep-frozen and

transported to the laboratory. Soft parts were taken out of

the shell using plastic tools (hammer and spatula) to pre-

vent metal contamination, and then they were rinsed with

deionized MilliQ water (DIW) to remove residues of shell

(for sample treatment details see Conti et al. 2010).

Drying, mineralization and analyses of mollusks

samples

Samples of muscle and viscera (400–800 mg) were pre-

viously dried, homogenized and treated with 8 mL of

70% (w/w) nitric acid Suprapur (Merck) and 2 mL of

30% (w/w) hydrogen peroxide Suprapur (Merck) in

PTFE� vessels. The microwave (MW) digestion system

(CEM, MDS-2000) (CEM) was used for the mineraliza-

tion process. The significance of the MW digestion

methods in biological and environmental matrices was

discussed elsewhere (Bocca et al. 2007; Pino et al. 2007).

The mineralization program was run according to the

manufacturer. The digested samples were made up to

25 mL with DIW.

Heavy metals were determined in both, mineralized

muscle and viscera samples, using atomic absorption

spectrometry with graphite furnace atomization (GFAAS,

Shimadzu 6800) for Cd, Cr, Ni and Pb, and flame atomic

absorption spectrometry (FAAS) for Zn and Cu. Instru-

mental parameters and graphite furnace programs were

those provided by the manufacturer (Conti et al. 2011).

Traceability of results was obtained from the analysis of

the certified reference material Antarctic krill MURST-

ISS-A2 (Italian Research Program in Antarctica). The

mean recovery percentages (five replicates) were: Cd:

93.4 ± 2.7%; Cr: 98.1 ± 1.0%; Cu: 101.1 ± 1.3%; Ni:

98.5 ± 2.5%; Pb: 96.5 ± 0.6% and Zn: 102.1 ± 2.9%.

Detection limits and dry weight determination

The Limit of Detection (LOD) is the lowest concentration

level that can be determined to be statistically different

from a blank with a 99% of confidence. The LOD is

mathematically defined as equal to three times the standard

deviation of the results for a series of ten replicate blanks

(3rb, n = 10).

Detection limits (LODs) (3rb, n = 10) were: Cd:

0.0001 mg L-1; Cr: 0.0002 mg L-1; Cu: 0.020 mg L-1; Ni:

0,005 mg L-1; Pb: 0.001 mg L-1 and Zn: 0.010 mg L-1.

A separate study was conducted for dry weight deter-

mination by oven drying at 105�C up to constant weight

(five replicates for each location in the two sampling

campaigns (n = 70).

All chemicals used throughout these experiments were

ultrapure grade.

Collection of water samples and heavy metals

determination

Marine water samples were collected in both sampling

campaigns (seven samples each) at 2 m depth and at the

same sites of mollusks collection (see Fig. 1). Two samples

of 1 L each were collected, preserved and stored in PFTE

bottles in each one of the locations under study (n = 28).

Thus, we have performed reproducibility tests (true repli-

cates). Repetitivity tests were also performed as several

measurements of each one of the analytes in the same

sample were performed.

Salinity measurements were performed as changes in the

ionic strength could affect elemental speciation (Turner

et al. 2008; Conti et al. 2010).

Filtration was performed in the laboratory where water

samples were passed through an acid pre-cleaned mem-

brane filter of 0.45 lm. Afterwards, they were acidified and

stored at 4�C for soluble metals determination.

For the determination of heavy metals in seawater

samples, the resin Amberlite XAD-16 (Narin and Soylak

2003) impregnated with 1-(2-pyridylazo) 2-naphtol (PAN)

was used for the solid phase extraction (SPE) of Cu, Pb,

Cd, Ni and Zn. In this way both, the pre-concentration of

the analytes as well as the isolation from the saline matrix

which seriously interferes the analytical determinations,

were automatically performed. For doing this a flow

injection system carrying an acrylic microcolumn filled

with the resin (about 20 lL bed volume) was coupled to

the atomic absorption spectrometer as described in a pre-

vious paper (Conti et al. 2011). Elution was performed with

500 lL of HNO3 5% m/v in order to obtain quantitative

recovery of the metals. Subsampling of the eluate was

needed as no more than 100 lL are supported by the

atomizer employed here (Pedro et al. 2008).

The accuracy of the analytical method was validated by

the employment of the certified standard reference material

Trace elements in Water (1643e, NIST). The experimental

values obtained for metals concentration were in good

agreement (95% confidence level) with the certified ones.
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Calculus of the concentration factors (CFs)

Once heavy metals concentrations on both, mollusks and

seawater samples were determined, the concentration fac-

tor was calculated as the ratio between the mean concen-

tration of each one of the metals in the organism (Co)

expressed in lg g-1 dry weight (d.w.) and the mean con-

centration in seawater (Csw) expressed in ng L-1. CFs

were always referred to the soluble fraction in seawater.

Statistical analysis

Several statistical approaches can be used for data analysis

applied to environmental studies (Conti et al. 2005, 2007b).

The changes of the metal concentrations with time in each

site was evaluated by using univariate tests such as Kruskal–

Wallis (K–W) and Mann–Whitney (M–W) tests. The K–W

one-way analysis of variance by ranks is a non-parametric

method for testing equality of population medians among

groups. In this case K–W was employed to verify the dif-

ferences of metal concentrations between the two sampling

campaigns. The M–W U test is a non-parametric statistical

hypothesis test for assessing whether two independent

samples of observations have equally large values. It was

employed here to carry out unpaired comparisons. The cor-

rection of the first-type error was applied by using Bonfer-

roni’s correction at significance level of p = 0.007 (among

sites) and at p = 0.01 (variation with time).

Data were standardized and analyzed by multivariate

techniques such as principal component analysis (PCA)

and linear discriminant analysis (LDA) on PCA factors

(Conti et al. 2007b; Zhou et al. 2007). The latter was

validated by applying Monte-Carlo test on LDA (Test of

the sum of a discriminant analysis eigenvalues divided by

the rank, non parametric version of the Pillai’s test)

(Chessel et al. 2004). A number of 999 permutations were

simulated: the p-value was highly significant when differ-

ences between groups were detected.

Linear discriminant analysis on PCA factors was

applied in order to discriminate sampling sites based on

N. magellanica metal contents in viscera. Data obtained in

both sampling campaigns (2005 and 2007) were employed.

Multivariate analysis was not applied to muscle because

the levels of Cu Ni and Pb fell below the limits of detection

(LOD). Data analysis was performed by Ade4 package,

program R.2.4.1 and SPSS 12.1. Description of PCA and

LDA techniques are reported elsewhere (Conti and Mec-

ozzi 2008).

Finally, we compared our results to those obtained for

other patellid limpet (i.e., Patella caerulea) in the Italian

seas. We used the normality ranges defined by Johnson’s

method (Johnson 1949; Giovanardi et al. 2006) for

P. caerulea (Conti and Finoia 2010) which was sampled

along a 800 km transect in the Tyrrhenian Sea, with the aim

to test these normality ranges (i.e., baseline levels) and to

compare them with other ecosystems (i.e., Beagle Channel).

Data analysis was perfomed by SuppDists package

(Wheeler 2009). For this purpose our metal data were

standardized using 66 and 34% of mean weight for muscle

and viscera in the whole tissue respectively (n = 70).

Results

Table 1 shows mean metal concentrations in the two

sampling campaigns (2005 and 2007) (lg g-1 dry weight)

in muscle and viscera of Nacella (Patinigera) magellanica

(mean ± SD), mean metal concentrations (mean ± SD) in

coastal seawater samples (ng L-1) (n = 7 stations), and

Concentration Factors (CFs) in muscle and viscera calcu-

lated as described above.

The muscle concentrations for the metals in the two

sampling campaigns were in the range 0.90–10.10 lg g-1

for Cd;\0.07–2.10 lg g-1 for Cr and 19.1–55.0 lg g-1 for

Zn. Cu, Ni and Pb were always below the LODs of the

instrumental technique (i.e.,\4.0,\0.30 and\0.10 lg g-1,

respectively). Metals determinations in viscera for both

sampling campaigns, showed concentrations in the range

1.60–24.20 lg g-1 for Cd; 0.13–12.10 lg g-1 for Cr;

\4.0–51.80 lg g-1 for Cu; 2.50–22.70 lg g-1 for Ni;

\0.10–10.40 lg g-1 for Pb and 40.9–159.0 lg g-1 for Zn.

Variation of the metal contamination

Figures 2, 3, 4, 5 show box and whiskers plots of the metal

concentrations (raw data) contents in muscle and viscera of

the mollusks in the selected sites for both sampling cam-

paigns (2005 and 2007). The whiskers plots of muscle

samples (Fig. 4) are not reported for Cu, Ni and Pb since

their concentrations fell below the LODs. The black line is

the median value, the boxes represent the first and the third

quartile, whilst the whiskers are set to ±1.5 times the inter-

quartile interval. These values should match the minimum

and the maximum values in absence of outliers and/or

extreme values.

Cd showed no significant bioaccumulation differences

for both muscle and viscera in both sampling campaigns

(Fig. 2; M–W test: not significant). Lapataia (A) and Punta

Moat (G) showed higher significant levels (K–W,

p \ 0.007) of Cd than the other sites. The Ushuaia Harbour

(B) showed the lower Cd levels (K–W, p \ 0.007) in

muscle and viscera in comparison to the other sites

(Fig. 2). These results are in agreement with those reported

in a previous paper (Conti et al. 2011) where the bivalve

M. chilensis was used as biomonitor in the same sites.

Nonetheless, this fact is still surprising and needs further
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investigation. As stated in previous works of the authors,

may be cadmium speciation is different in each location

yielding to differences in the biovailability of the metal

(Muse et al. 2006; Conti et al. 2011).

Cr in muscle samples showed higher levels (M-W,

p \ 0.007) in 2007 than in 2005 sampling campaign for the

sites Ushuaia Harbour (B) and Punta Paranà (C) (Fig. 3).

On the contrary, the M–W test (p \ 0.03) revealed lower

Cr bioaccumulation levels in viscera samples in 2007 than

those of 2005 sampling campaign in Ushuaia Harbour (B),

Brown Bay (D) and Punta Moat (G) sites. Punta Paranà

(G) increased its Cr levels (M–W, p \ 0.01) in 2007

(Fig. 3).

No significant differences (M–W: n.s.) were observed

for Ni in viscera samples between the two sampling cam-

paigns (Fig. 4 middle). Lapataia Bay (A) and Punta Paranà

(C) showed the higher levels of Ni while Punta Moat site

showed the lowest (K–W, p \ 0.007).

Table 1 Mean metal concentrations in the two sampling campaigns

(2005 and 2007) (lg g-1 d.w.) in muscle and viscera samples of Nacella
(Patinigera)magellanica (mean ± SD), mean metal concentrations in

coastal seawater samples (ng L-1) (mean ± SD) (n = 7 stations) and

CFsa 9 103 in muscle and viscera

Cd Cr Cu Ni Pb Zn

Muscle (n = 175) 3.97 ± 2.45 0.20 ± 0.28 \4.00 \0.30 0.13 ± 0.16 30.7 ± 5.9

Viscera (n = 175) 8.22 ± 4.01 3.16 ± 2.29 15.16 ± 8.45 7.63 ± 4.07 1.23 ± 1.57 96.2 ± 25.4

Seawater (n = 28) (soluble) \18 – 311 ± 233 \100 1,176 ± 1,243 768 ± 369

CFsa 9 103 (muscle) 227.8b – – – 0.114 41.3

CFsa 9 103 (viscera) 471.7b – 50.3 78.8b 1.08 129.4

a CF = Co/Csw, where Co = mean concentration in the organism (lg g-1 d.w.) and Csw = mean concentration in seawater (ng L-1). CFs are

referred to the soluble fraction of seawater. Mean salinity recorded during sampling: 33 ± 1 NaCl/liter
b CFs are here intended as a minimum possible CF value obtained for Nacella samples

Fig. 2 Box and whiskers plots

of Cd concentrations

determined in muscle and

viscera of N. magellanica in the

selected sites and in the two

sampling campaigns (2005 and

2007). See Fig. 1 for sites

description
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Fig. 3 Box and whiskers plots

of Cr concentrations determined

in muscle and viscera of

N. magellanica in the selected

sites and in the two sampling

campaigns (2005 and 2007). See

Fig. 1 for sites description

Fig. 4 Box and whiskers plots

of Cu, Ni, Pb concentrations

determined in viscera of

N. magellanica in the selected

sites and in the two sampling

campaigns (2005 and 2007). See

Fig. 1 for sites description
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Pb levels in N. magellanica viscera samples decreased

significantly (M–W, p \ 0.01) from 2005 to 2007 in Lapataia

(A), Ushuaia Harbour (B), Punta Paranà (C) and Punta Moat

(G) sites (Fig. 4 bottom). Lapataia Bay (A) and Ushuaia

Harbour (B) showed the higher levels of Pb (K–W,

p \ 0.007), while Brown Bay (D) and Punta Moat (G) showed

the lowest Pb levels (K–W, p \ 0.05) (Fig. 4 bottom).

The levels of Zn in muscle samples were higher in 2007

sampling campaign in Lapataia (A) and Bridges Islands

(E) in comparison to 2005 samples (M–W, p \ 0.01)

(Fig. 5 top). On the contrary, Zn levels in viscera samples

decreased significantly (M–W test p \ 0.01) in 2007

(Fig. 5 bottom). Since the whole amount of accumulated

Zn (viscera ? muscle) remained practically constant in

both sites and during both campaigns, it is reasonable to

think that there is no site undoubtedly more contaminated

than the other or, at least, that essential elements like Zn

are not good for discrimination purposes.

Sites classification

With the aim to obtain more reliable results multivariate

techniques were applied. Figure 6 shows LDA on PCA

results of sampling station factors for the two sampling

campaigns in N. magellanica viscera metal data

(2005–2007). 75.5% of the total variability is explained by

the first two canonical axes. LDA resulted significant

(Monte-Carlo test 0.29; p = 0.001) confirming sites’ dis-

crimination. N. magellanica viscera samples collected in

the Ushuaia Harbour (B) showed the highest Pb, Cu, Cr and

Zn levels and the lowest Cd concentrations. Moreover,

Lapataia (A) samples showed clearly higher concentrations

of Ni and Cd with respect to the other sites (Fig. 6).

Moreover, Cd levels decreased gradually by going from the

negative (Brown Bay (D) and Punta Moat (G) sites) to the

positive semiaxis (Ushuaia Harbour site (B) (Fig. 6).

Ecosystems comparison

With the aim of comparing ecosystems (Beagle Channel

vs. Tyrrhenian Sea), we applied the Johnson’s method

(Conti and Finoia 2010) to the results obtained with

P. caerulea—a well known metal biomonitor—sampled

along a 800 km transect in the Tyrrhenian Sea. The results

of this study are shown in Figs. 7, 8, 9, 10, 11.

Considering the baseline metal levels (i.e., natural ran-

ges) in Italian seas, in ecosystems with medium–low, and

very low levels of contamination (Conti and Finoia 2010)

we observe that all metal levels in the Beagle Channel are

within the normality range limits of metals’ concentration

(Figs. 7, 8, 9, 10, 11). Some assumptions on these findings

will be presented with the discussion.

Fig. 5 Box and whiskers plots

of Zn concentrations determined

in muscle and viscera of

N. magellanica in the selected

sites and in the two sampling

campaigns (2005 and 2007). See

Fig. 1 for sites description
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Discussion

Results displayed in Table 1 shows clearly higher metal

bioaccumulation levels in viscera than muscle Nacella

(P)magellanica samples. This finding agrees with previous

studies conducted on Nacella species (De Moreno et al.

1997; Ahn et al. 2002). The mean metal concentrations

determined in viscera samples in the two sampling cam-

paigns decreased in the order: Zn [ Cu [ Cd [ Ni [
Cr [ Pb. The higher metal accumulation found in the

viscera suggest that accumulated metals are taken up

mainly from diet (Ahn et al. 2002). However, very few data

are available on N. magellanica for the Beagle Channel.

Recently, Comoglio et al. (2011) reported metal concen-

trations in pooled samples of the total body of N. magella-

nica in the Ushuaia city coastline (Table 2). Unfortunately,

the pooled sampling performed by Comoglio et al. makes no

possible the comparison with the results presented here.

Cu, Ni and Pb were not detected in all the analyzed

muscle samples (Table 1). These findings are in agreement

with our previous assumptions which considered the

Beagle Channel as a baseline ecosystem for these pollu-

tants (Conti et al. 2011).

Another comparison was performed between the mean

muscle levels of Cd, Cu, Pb and Zn found in the patellid

limpet Nacella concinna in ice-impacted intertidal areas in

Antarctica (Ahn et al. 2002, 2003; Curtosi et al. 2010; De

Moreno et al. 1997) with those reported in this work. It was

observed that, with only one exception, the metals levels in

the Beagle Channel are clearly lower than those of Ant-

arctica sites (see Table 2). It is not surprising since the

surroundings of Antarctic Stations present several sources

of pollution (Vodopivez et al. 2008) whilst Beagle Channel

shows quite low industrial development in sites different of

Ushuaia City (Conti et al. 2011).

Comparing our mean levels of Cd, Cr, Cu, Pb and Zn

(i.e., 8.22, 3.16, 15.16, 1.23, 96.2 lg g-1 respectively) in

N. magellanica viscera samples with those of N. concinna

(viscera samples) collected in ice-impacted sites in Ant-

arctica and other patellid limpets collected in Greece

(Table 2), we clearly observe that our data are always

significantly lower than the others.

Fig. 6 LDA on PCA results

of sampling station factors for

N. magellanica metal data

(concentrations determined in

viscera). Composed plot: (top
left): the plot of the canonical

weights; (middle left) the plot of

canonical correlations between

variates and the first two

canonical discriminant

functions; (bottom left); the

eigenvalues bar chart; (bottom
centre): the plot of PCA factors

into LDA plane; (bottom right):
the gravity centers of classes;

[main graph]: the projection of

the canonical scores with

ellipses and gravity center of

classes. The 75.5% of total

variability is explained

Baseline trace metals in gastropod mollusks 1119
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The comparison of metal accumulation in whole tissues

of some patellid limpets of different geographical areas in

the world was also performed and it is displayed in

Table 2.

Mean Cd levels in the muscle and viscera of N. magel-

lanica (3.97; 8.22 lg g-1 respectively) in the Beagle

Channel (2005 and 2007 sampling campaigns) resulted quite

high as above reported (subsection Variation of the metal

contamination). Figure 2 (muscle) shows higher levels of Cd

in Lapataia Bay (site A) and Punta Moat (site G) compared

with the other sites. This agrees with our previous finding that

is the quite high Cd bioavailability present in the Beagle

Channel seawater, studied by using a bivalve Mytilus chil-

ensis as biomonitor (Conti et al. 2011). The higher Cd bi-

ovailability measured in the two sampling campaigns (2005

and 2007) could be ascribed to the chemical environment

which could leave a higher amount of bioavailable cadmium

in seawater (Conti et al. 2011; Muse et al. 2006). However,

the total soluble cadmium resulted no detectable with our

analytical method, this assumption needs additional inves-

tigation. Another possible reason could be the presence of

some concomitant able to trigger Cd accumulation (Conti

et al. 2011).

On the other hand our results again confirm that there

are different accumulation levels depending on the sam-

pling site which could be attributed to different speciation

of Cd in each site (Muse et al. 2006).

In relation to the intake, Nacella species constitutes a

popular food in the Beagle Channel areas together with

Mytilus species. As above reported they are well distributed

in the Beagle Channel. With regard to the intake of trace

metals it is of relevance to control the levels of toxic metals

such as cadmium and lead. Cadmium is a non essential

element and it is highly toxic. The effects of acute poi-

soning in humans are of high significance and can affect

blood pressure, kidney damage, destruction of red blood

cells and testicular tissue (Manahan 2000). However, and

taking into account the current consumption of N. magel-

lanica in the zone, presently, for Cd and Pb, the health risks

of N. magellanica consumers can be excluded.

Seawater analysis of all the metals in solution was carried

out in order to determine the concentration factors (CFs) and

to test the ability of N. magellanica as metal bioaccumulator

(Table 1). Note that accumulation values soften the differ-

ences amongst sites and amongst periods as they account for

history of contamination and do not reflect an unexpected

change in a particular moment. Moreover, it is worth noting

that metal concentrations in seawater depend on several

conditions such as salinity, physicochemical parameters,

Fig. 7 Cd distribution in P. caerulea samples in the Tyrrhenian Sea

(800 km transect) compared with N. magellanica samples collected in

the Beagle Channel (170 km of coast). Concentration values (x-axis);

standardized values according to Johnson’s method (y-axis); range

(Q2.5–Q97.5 percentile) of metal concentration values (grey dotted
line); median values ± MAD (Median Absolute Deviation) deter-

mined for the two ecosystems; histograms of observed values (top
side); histograms of calculated values according to Johnson (right
side)

Fig. 8 Cr distribution in P. caerulea samples in the Tyrrhenian Sea

(800 km transect) compared with N. magellanica samples collected in

the Beagle Channel (170 km of coast). Concentration values (x-axis);

standardized values according to Johnson’s method (y-axis); Range

(Q2.5–Q97.5 percentile) of metal concentration values (grey dotted
line); median values ± MAD (Median Absolute Deviation) deter-

mined for the two ecosystems; histograms of observed values (top
side); histograms of calculated values according to Johnson (right
side)
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sampling conditions, humic substances, etc.; and this is why

they have to be interpreted with caution (Turner et al. 2008;

Güell et al. 2008; Conti et al. 2010).

Mean soluble metal levels in the Beagle Channel sea-

waters were low (Table 1), in particular \18 and

1,176 ± 1,243 ng L-1 for Cd and Pb respectively. These

levels are well below than those proposed by the World

Health Organization (WHO) and the U.S. Environmental

Protection Agency since the maximum tolerable levels,

that are 10 and 50 lg L-1 for Cd and Pb respectively

(Süren et al. 2007).

Comparing Cd, Cu and Zn levels in the Beagle Channel

seawater (soluble fraction) with other studies, they resulted

to be clearly lower than those of medium–low contaminated

and uncontaminated sites in Tyrrhenian areas (Campanella

et al. 2001; Conti and Cecchetti 2003; Conti et al. 2010).

Generally, the metal levels in the Beagle Channel are low; a

fully discussion on these results is reported elsewhere (Conti

et al. 2011).

CFs were calculated as above described. This study

evidences that viscera samples in N. magellanica accu-

mulate metals at clearly higher levels than those deter-

mined in muscle samples (Table 1). Very high CFs were

determined in viscera for all the analyzed metals in

N. magellanica (Table 1). In particular the CF values for

Cd and Zn in viscera samples were extremely high

(471.7 9 103 and 129.4 9 103 respectively) confirming

the great ability of Nacella species to accumulate very high

levels of metals. Thus, in N. magellanica, Cd was the most

abundant metal followed by Zn. This agrees with our

previous studies conducted in Italian seas were a patellid

limpet (Patella caerulea) resulted always the strongest

accumulator of Cd followed by Zn (Campanella et al.

2001; Conti and Cechetti 2003; Conti et al. 2007a, 2010).

Moreover, comparing N. magellanica CFs with those of

bivalve metal data (M. chilensis) determined in the same

sites in our previous study (Conti et al. 2011), we observe

that Cd, Cu, Ni, Pb and Zn CFs in viscera were higher in

the herbivorous gastropods than in bivalves.

Even if CFs could be influenced by the passage of

contaminant through the trophic chain (Ahn et al. 2002;

Wang and Ke 2002), our data confirms the high ability of

Nacella as a very good metal bioaccumulator, which is

consistent with the herbivorous diet of the limpet.

From the displayed results (i.e., Variation of the metal

contamination) we can conclude that the metal distribution

among sites is not univocal and, moreover, that none of these

sites is clearly contaminated than the others. No one

site shows significant high levels of the all studied metals in

Fig. 9 Cu distribution in P. caerulea samples in the Tyrrhenian Sea

(800 km transect) compared with N. magellanica samples collected in

the Beagle Channel (170 km of coast). Concentration values (x-axis);

standardized values according to Johnson’s method (y-axis); Range

(Q2.5–Q97.5 percentile) of metal concentration values (grey dotted
line); median values ± MAD (Median Absolute Deviation) deter-

mined for the two ecosystems; histograms of observed values (top
side); histograms of calculated values according to Johnson (right
side)

Fig. 10 Pb distribution in P. caerulea samples in the Tyrrhenian Sea

(800 km transect) compared with N. magellanica samples collected in

the Beagle Channel (170 km of coast). Concentration values (x-axis);

standardized values according to Johnson’s method (y-axis); Range

(Q2.5–Q97.5 percentile) of metal concentration values (grey dotted

line); median values ± MAD (Median Absolute Deviation) deter-

mined for the two ecosystems; histograms of observed values (top
side); histograms of calculated values according to Johnson (right
side)
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N. magellanica. This finding also agrees with our previous

study in which M. chilensis was used as a biomonitor. Thus,

the expected hypothesis of the Ushuaia Harbour as being the

most contaminated site should be again reconsidered.

However, the obtained results for the study of sites classifi-

cation by LDA on PCA factors (see previous section),

demonstrate that the Ushuaia Harbour (B) has higher Pb, Cu,

Cr e Zn concentrations and lower Cd concentrations with

respect to the other sites. On the contrary, the PCA and LDA

analysis clearly show that the higher bioavailability of Cd

and Ni is present in the Lapataia Bay (A) with respect to the

other sites. Generally, at present, it is difficult to found

the direct source of these contaminants along 170 km of the

Beagle Channel coast.

The ecosystems’ comparison study (see ‘‘Results’’ sec-

tion) is of relevance and, to a certain extent, not expected

because the Beagle Channel ecosystem resulted to be not

much dissimilar to the North–South Tyrrhenian Seas

(Italy). In fact, the Beagle Channel ecosystem matches the

reference range limits of metals’ concentration of North–

South Tyrrhenian Seas (Italy) (Figs. 7, 8, 9, 10, 11). Thus,

from this finding we can infer that the marine ecosystems

in Patagonia are comparable with those of North–South

Tyrrhenian seas.

In particular, Zn concentrations between the ecosystems

studied resulted to be very similar (M–W, W = 20,834,

p value = 0.4775) (Fig. 11).

Comparing N. magellanica Pb levels in the Beagle

Channel with those obtained in North–South Tyrrhenian

(P. caerulea) sea ecosystems we observe significant lower

Pb levels in the Beagle Channel ecosystem as expected

(M–W, W = 11,989, p value \0.001) (Fig. 10).

Surprisingly, for the other metals (i.e., Cd, Cr and Cu),

the levels in N. magellanica resulted always significantly

higher in the Beagle Channel than those of the North–

South Tyrrhenian ecosystems (M–W, p \ 0.001) (Figs. 7,

8, 9). This is a matter of interesting discussion and, as

previously discussed (Conti et al. 2011) it can be connected

with the metal biogeochemistry in coastal waters (Price and

Morel 1990).

Conclusions

N. magellanica turned out to be very relevant for the study

of coastal areas with very low levels of contamination

considering its aptitude to accumulate from tens (muscle)

to hundreds of thousand times (viscera) higher levels of

metals than those present in the seawater soluble fraction.

Our results, as expected, clearly show higher metal bio-

accumulation levels in viscera than in muscle of Nacella

(P)magellanica.

Concerning the low consumption of these mollusks by

humans, toxic metals do not represent a risk for health at

present. Besides, giving the average intake in the area,

intoxication seems very unlikely.

In the case of essential metals, copper ingestion exceeds

with the amount proposed by the Food and Nutrition

Board, the same with the intake of Zn which is much

higher than that established by FAO/WHO. This confirms

the nutritional relevance of these mollusks. Ni intake, on

the contrary, is quite low according to the Food and

Nutrition Board.

The analysis of variation of contamination between

sampling periods, again confirm that there is not univocal

distribution of metals’ contamination in the Beagle Chan-

nel over time.

The multivariate study confirmed the high Cd bioavail-

ability in the Lapataia Bay. Surprisingly, the probabilistic

approach here employed for comparison among ecosystems

showed that Cd, Cr and Cu levels in N. magellanica were

always significantly higher in the Beagle Channel than those

of the North–South Tyrrhenian. This aspect needs further

investigation.

Fig. 11 Zn distribution in P. caerulea samples in the Tyrrhenian Sea

(800 km transect) compared with N. magellanica samples collected in

the Beagle Channel (170 km of coast). Concentration values (x-axis);

standardized values according to Johnson’s method (y-axis); Range

(Q2.5–Q97.5 percentile) of metal concentration values (grey dotted
line); median values ± MAD (Median Absolute Deviation) deter-

mined for the two ecosystems; histograms of observed values (top
side); histograms of calculated values according to Johnson (right
side)
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The main concluding remarks with respect to the area

under study are: (a) the hypothesis of Ushuaia Harbour as

being the most contaminated site amongs the seven sam-

pling locations must be reconsidered; (b) apart from cad-

mium, the results support the hypothesis that the Beagle

Channel could be a background reference ecosystem for

marine areas in the world (c) The naturality metal levels

between the Beagle Channel ecosystem and Tyrrhenian

low-contaminated and uncontaminated ecosystems (Italy)

resulted surprisingly comparable.
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