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Abstract To contribute to the use of the tropical brown mus-
sel Perna perna as a sentinel species for organochlorine pes-
ticides (OCP) and polychlorinated biphenyls (PCB), the pres-
ent study reports data on the toxicokinetics of these com-
pounds in P. perna. Specifically, the authors present data on
OCP and PCB bioaccumulation for eight sampling months
from three bays (SE Brazil) and two transplant experiments
(each 1 month long). Although seasonality is observed in the
total lipid content of the whole soft tissue, with summer sam-
ples showing higher values, no such seasonality is observed in
the OCP and PCB concentrations bioaccumulated by the mus-
sel P. perna. Because no seasonal effect is observed in the
annual OCP and PCB concentrations bioaccumulated by
P. perna, the use of this species as a sentinel organism to
monitor organochlorinated compounds is encouraged. One
month of transplantation is not enough to allow the
transplanted specimens to reach the concentrations observed

in animals reared at the destination site. Nevertheless, P. perna
showed a clear tendency to depurate the DDT metabolites p,
p′-DDD and p,p′-DDE after 1 month of transplantation.

Keywords Biomonitoring . Bioaccumulation . POP .Mussel
watch . Persistent toxic substance . Seasonality

Introduction

In previous publications, we have explored the potential of the
brown mussel Perna perna (Linnaeus, 1758) as a sentinel or-
ganism for the biomonitoring of organochlorinated compounds
in tropical marine ecosystems. It was possible to show that
animals sampled in areas with different histories of contamina-
tion presented distinct bioaccumulation profiles of chlorinated
pesticides and dioxin-like compounds (DLC), suggesting that

Responsible editor: Roland Kallenborn

Electronic supplementary material The online version of this article
(doi:10.1007/s11356-015-4607-3) contains supplementary material,
which is available to authorized users.

* Petrus Galvao
petrusmagnusbrazil@gmail.com

Bernhard Henkelmann
henkelmann@helmholtz-muenchen.de

Renan Longo
renan89_lp@hotmail.com

João Paulo Machado Torres
jptorres@biof.ufrj.br

Olaf Malm
olaf@biof.ufrj.br

Karl-Werner Schramm
schramm@helmholtz-muenchen.de; schramm@wzw.tum.de

1 Programa de Biofísica Ambiental, Instituto de Biofísica Carlos
Chagas Filho, Centro de Ciências da Saúde, Universidade Federal do
Rio de Janeiro, Cidade Universitária, Rio de Janeiro, RJ 21941-902,
Brazil

2 Helmholtz Zentrum München, German Research Center for
Environmental Health (GmbH), Molecular EXposomics,
Ingolstädter Landstrasse 1, 85764 Neuherberg, Germany

3 Laboratório de Radioisótopos Eduardo Penna-Franca, Universidade
Federal do Rio de Janeiro, Rio de Janeiro, RJ 21941-900, Brazil

4 Department für Biowissenschaften, Wissenschaftszentrum
Weihenstephan für Ernährung, Landnutzung und Umwelt,
Technische Universität München, Weihenstephaner Steig 23,
85350 Freising, Germany

Environ Sci Pollut Res (2015) 22:13522–13533
DOI 10.1007/s11356-015-4607-3

http://dx.doi.org/10.1007/s11356-015-4607-3


this species is able to reflect environmental exposure (Galvao
et al. 2012). We also demonstrate that the chlorinated com-
pound concentration observed in sediment has a clearer statis-
tical relationship to bioaccumulation by P. perna than that mea-
sured in suspended solids (Galvao et al. 2014). The lack of data
concerning the bioaccumulation of persistent organic pollutants
(POPs) by P. perna is a constraining factor to establish its
potentials and limitations as sentinel species for POP biomon-
itoring. It is important to highlight that P. perna has a wide
range worldwide, which comprises India, Sri Lanka, the Atlan-
tic coast of South America, North America, and many Carib-
bean islands (Fernandes et al. 2008), and has commercial value
as a seafood. Taking it into account, the establishment of new
sentinel specie for POPs in those areas represents a great ad-
vantage, especially because the two mussel species that are
already well studied (Mytilus edulis and Mytilus
galloprovincialis) do not have natural occurrence in most of
those areas. To the best of our knowledge, no data are available
concerning the temporal variation of the organochlorinated
compounds bioaccumulated by P. perna over a long-term sam-
pling period. Such studies are also scarce even in the case of a
more frequently studied species from the same genus, i.e.,
Perna viridis L. 1758. In a 3-year-long study, a minor role of
seasonality was observed in the tissue bioaccumulation of
polychlorinated biphenyls (PCB) and polyaromatic hydrocar-
bons (PAH) (Fang et al. 2010). In contrast, there is a large
database already available on the most frequently used
Mytilidae species (M. galloprovincialis and M. edulis), which
have been adopted as sentinel species by the American and
European environmental biomonitoring program (O’Connor
2002; UNEP 2004). Results covering a 10-year time window
concerning the bioaccumulationof PCBbyM.galloprovincialis
showed a tendency for the concentrations of these compounds
to decrease over time (Carro et al. 2010). Such reports are
essential for providing a solid database that facilitates manage-
ment actions by decision makers at the political level and al-
lows conclusive toxicological findings as well. Accordingly,
the present study seeks to assess the seasonal effect on the
bioaccumulation of organochlorine pesticides (OCP) and
DLC by the brown mussel P. perna to evaluate its temporal
response as a sentinel species for such contaminants in tropical
bays. With this aim, the toxicokinetics of these target com-
pounds was evaluated by monitoring the bioaccumulation of
P. perna over 8 months and performing a field transplantation
experiment.

Materials and methods

Experimental design

The study area included three socioeconomically important
bays from SE Brazil located in Rio de Janeiro State:

Guanabara Bay (GB), Sepetiba Bay (SB), and Ilha Grande
Bay (IGB). Descriptions of each bay are available in previous
publications (Galvao et al. 2012). GB shows higher OCP and
PCB environmental concentrations when compared to the
values observed at SB and IGB. The two latest bays show
concentrations which are comparable.

The present study covered eight sampling months and was
designed to characterize two seasons: summer (from Decem-
ber to March) and winter (from June to September). Eighteen
brown mussels were sampled from each studied area every
sampling month (a total of 144 animals from each site).

Two transplantation experiments were performed to evalu-
ate the depuration kinetics of PCB and OCP by P. perna: one
beginning in December 2008 and the other in June 2009, both
lasting 1 month. The transplantation experiments were per-
formed in different seasons to enhance the relevance of any
tendency for depuration in the concentrations bioaccumulated
by the transplanted mussels because it would reveal no inter-
ference from seasonal influence. In both experiments, mussels
grown at GB were transplanted to places with lower OCP and
PCB environmental contamination; in 2008, they were
transplanted from GB to SB and, in 2009, from GB to IGB.
Additionally, other P. perna individuals were maintained at
the original source location (GB). To represent the initial ex-
perimental conditions, time zero (T0), 15 mussels were col-
lected fromGB. After 30 days, 15 animals were sampled from
each site, i.e., from the original source location (GB) and the
destination bays (SB and IGB), totaling 45 individuals. Each
set of 15 individuals comprised three composite samples, as
described previously. The data concerning the two samples at
the original source location (GB), at time zero and 30 days
later, were used to assess the variance in the OCP and PCB
concentrations bioaccumulated by the mussels grown at GB.
If no overlap was observed between the ranges of concentra-
tions of the target compounds in the analyzed organisms, the
authors concluded that there was a tendency for accumulation
or depuration between the original conditions and the end of
the transplant experiment.

In an attempt to reduce the variability of the data, whole
soft tissue from six mussels was pooled. Accordingly, three
pooled samples per month were obtained from each sampling
site (a total of 24 pools from each site). The samples were
freeze-dried and homogenized in a mill homogenizer with a
stainless blade and aluminum cup (MA345, Marconi®). Pow-
dered samples were kept in a glass flask with a screw cap.

Chemical analysis

The analytical method followed in the present study is de-
scribed in previous publications (Wang et al. 2009; Galvao
et al. 2012) and is described briefly here. Accelerated Solvent
Extractor (ASE 200 Dionex®) was used to extract the analytes
from the mussels. A gravimetric method was used to
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determine the total lipid content in the extracted samples under
a nitrogen stream. NaSO4, alumina, and silica were packed in
a glass column for a first step cleanup, followed by the use of a
C18-silica column as a second step. For every batch of nine
environmental samples, one analytical blank was added. All
glassware used was rinsed with solvent (3:1 (v/v) toluene-
dichloromethane and acetone), washed in a laboratory dish-
washer, and heated (up to 450 °C).

Prepared solutions were injected into a high-resolution gas
chromatograph coupled to a high-resolution mass spectrome-
ter (HRGC–HRMS) system (Thermo Finnigan MAT95 or
MAT95S, Bremen, Germany), and the results were reported
on a dry weight basis. Three times the standard deviation of
the blank was taken to represent the method determination
limits (MDL), but a signal-to-noise ratio of 3:1 was used if
no signal was detected. Data were reduced to three significant
digits. The following target compounds were measured in this
study: α-, β-, γ-, δ-, and ε-hexachlorocyclohexane (HCH);
pentachlorobenzene; hexachlorobenzene; pentachloroanisole;
p,p′- and o,p′-dichloro-diphenyl-trichloroethane (DDT); p,p′-
and o,p′-dichloro-diphenyl-dichloroethane (DDD); p,p′- and
o,p′-dichloro-diphenyl-dichloroethylene (DDE); trans-chlor-
dane, cis-chlordane, and oxychlordane; heptachlor; cis-hepta-
chlor epoxide; aldrin; dieldrin; endrin; endosulfan-I and
endosulfan-II; methoxychlor; mirex; and PCB 28, 52, 101,
138, 153, 180, 77, 81, 126, 169, 105, 114, 118, 123, 156,
157, 167, and 189. The average uncertainty, estimated on the
basis of control samples and interlaboratory comparisons, in
the analysis of OCP and PCB is 21 and 20 %, respectively.

Data analysis

A cluster analysis was used to classify the observations.
Ward’s method was used as the linkage rule, and the squared
Euclidean distance was used as the distance measure. For the
statistical assays, the MDL values were assumed for samples
in which the compounds were not detected or the concentra-
tion was below the MDL.

Results

The present study represents a compilation of extensive data
on the toxicokinetics of OCP and PCB in the brown mussel
P. perna. The results are presented and discussed in the light of
the current scarcity of data on the bioaccumulation of such
target compounds by the tropical brown mussel P. perna.
Studies involving sampling periods of 8 months or longer
are rare, especially for tropical areas. Note also that the sea-
sonal fluctuations of the environmental parameters are expect-
ed to be smaller in tropical areas than in the temperate zone.
Such a tropical scenario might result in a more stable physio-
logical response by the bivalves and produce bioaccumulation

patterns of OCP and PCB differing from those observed in
animals of temperate zones. The study’s research advances
concerning the evaluation of P. perna as a sentinel species
for OCP and PCB offer data crucially relevant to the adoption
of this species in environmental monitoring programs because
P. perna occurs worldwide and is economically important.

Lipid content and seasonal variance

As a first approach to evaluate seasonal effects on the bioac-
cumulation of organochlorinated compounds by P. perna, the
monthly lipid content (% of soft tissue dry weight) variance of
the homogenized soft tissue was analyzed. The lipid content in
mussels sampled from the three studied bays is show inTable 1
and was subjected to a cluster analysis. The sampling months
were the variables examined in the analysis. Figure 1 shows
the graph of the dendrogram of the lipid content in the whole
homogenized soft tissue of the analyzed mussels.

This statistical assay identified two highly distinct groups
of months: summer months (December to March) and winter
months (June to September). Higher median values for the
percentage of lipid were observed in the summer months
(11.0–12.9 %) than in the winter months (7.9–10.3 %). The
lipid content in the tissue plays a special role in the reproduc-
tive cycle of the mussels because it is an energy source, as
p r e v i o u s l y r e v i ew e d (N a r v á e z e t a l . 2 0 0 8 ) .
M. galloprovincialis showed seasonal variation in its lipid
content in a study performed in the northern Adriatic Sea
(Italy) over the reproductive cycle of the species (Bressan
and Marin 1985). Despite the observed seasonal variation in
the lipid content, previous studies have reported that P. perna
spawning is relatively constant throughout the year on the
southeastern Brazilian coast (Santos et al. 2006; Marques
et al. 2008). The composition of the diet of filter-feeding mus-
sels is also related to the lipid content of the mussels because
phytoplankton species vary in lipid content and composition
(Orban et al. 2002; Alkanani et al. 2007). A seasonal change in
the phytoplankton community of the southeastern Brazilian
coast has previously been reported (Brandini and Fernandes
1996). This change might be related to the observed variation
of the lipid content of the mussel tissue.

Previous studies have related the lipid content in the soft
tissues of mussels to the concentrations of organic pollutants
in the soft tissues (Capuzzo et al. 1989; Lee et al. 1996; Solé
et al. 2000). Accordingly, the OCP and PCB data were con-
verted to a lipid weight basis to normalize the concentrations
in mussel tissue according to the lipid content prior to the
cluster analysis.

Monthly monitoring

The analysis of the OCP showed that hexachlorobenzene,
octachlorostyrene, trans-heptachlor epoxide, and
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methoxychlor remained below the MDL (median values of
330, 24, 3, and 21 pg g−1) in all analyzed samples.

In general, the OCP bioaccumulated by P. perna sampled
in GB were one order of magnitude higher than those ob-
served in the animals from SB and IGB, as shown in Table 2
(reported on a dry weight basis).

The compounds that showed markedly higher concentra-
tions were β-, δ-, and ε-HCH; pentachloroanisole; DDT and
its metabolites; chlordane isomers; dieldrin; endrin;
endosulfan-I and endosulfan-II; and mirex.

The concentrations of PCB congeners from SB and IGB
showed a similar range of values, whereas the samples from
GB showed concentrations one order of magnitude higher (for
nos. 180, 77, 81, 105, 114, 156, 157, 167, 189) than those
from the other two sampling sites, i.e., 5 to 8 times higher,
as shown in Table 3 (reported on a dry weight basis).

The ranges of OCP and PCB concentrations observed over
the eight sampling months were very comparable to those
reported in a previous publication (Galvao et al. 2014) in
which only two sampling months were considered. A discus-
sion of the extent of contamination in the studied sites can be

found in previous studies, whereas temporal variation is the
focus of the present study.

To identify similarities between the concentrations of OCP
and PCB bioaccumulated by the mussels, a cluster analysis
was performed with the sampling months as the grouping
variable and the concentrations of the target compounds as
the independent variable. It was not possible to clearly identify
two large groups of sampling months (summer and winter) on
the dendrograms for the concentrations of the target com-
pounds (Fig. 2), in contrast to the large groups of sampling
months that were clearly shown when the independent vari-
able considered was the percentage of lipid content.

The relation between the lipid content and the bioaccumu-
lation of PCB and OCP by filter-feeding marine bivalves has
previously been discussed in the literature. A study performed
with indigenous mussels from the North Atlantic coast (MA,
USA) showed that PCB were better correlated with higher
lipid content levels (Bergen et al. 2001), suggesting that nor-
malization by the lipid content should only be performed
above some threshold. When chlorinated pesticide concentra-
tions were correlated with lipid content in reared mussels from
the Galician coast (Spain), several target compounds showed
positive correlations, whereas others showed negative corre-
lations and still others showed no correlations (Carro et al.
2014). As stated above, P. perna reared in the South Atlantic
(SE Brazil) spawns relatively constantly during the year, and it
is probable that this characteristic reduces the possible season-
al influence on the bioaccumulation of OCP and PCB.

Such a lack of a seasonal tendency in the bioaccumulation
of OCP and PCB by P. perna reared on the South Atlantic
coast is in accordance with previous findings for another
Perna species, P. viridis (Linnaeus, 1758), in a study conduct-
ed in the Middle China Sea. That study reported a seasonal
change in water quality parameters (temperature, salinity, and
dissolved oxygen) between the dry and wet season, whereas
no seasonal tendency was found for the sum of PCB and PAH
(Fang et al. 2010).

In contrast, mussels M. galloprovincialis (Lamarck, 1819)
reared on the North Atlantic coast (Galicia, Spain), in the
temperate zone, showed strong tendencies toward seasonality

Table 1 Lipid content (mg) in
the analyzed soft tissue (1 g
rounded) from the specimens of
Perna perna

Site December January February March June July August September

GB 87 108 88 77 66 89 74

GB 103 101 102 95 87 55 88 69

GB 110 92 92 89 64 63 93 89

SB 147 161 117 150 111 102 93 59

SB 112 124 134 115 116 110 100 62

SB 156 133 145 139 101 119 113 88

IGB 65 89 104 104 80 55 57 71

IGB 66 77 104 108 87 55 57 65

IGB 85 90 84 105 91 68 76 67

Fig. 1 Dendrogram of the cluster analysis of the lipid content of the
whole soft tissue of the mussel, with the sampling month as the
grouping variable
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in the bioaccumulation of OCP and PCB. The same study
reported that the reproductive cycle of the studied mussels
was seasonal and that the lipid content in soft tissue followed
this seasonality (Suárez et al. 2013). These studies highlight
that the local climate in which the sentinel species are sampled
should be considered prior to any discussions of the bioaccu-
mulation of OCP and PCB by filter-feeding marine bivalves.

Transplantation experiment

Because the OCP and PCB concentrations observed at GB
tended to be higher than those found at SB and IGB, we
evaluated the depuration dynamics of the OCP and PCB with
transplant experiments using P. perna mussels. The observed
OCP and PCB concentrations in the mussel samples were
displayed as boxplots. We only discuss cases in which a re-
duction or increasing trend in bioaccumulated PCB and OCP

concentrations in mussels transplanted from GB was ob-
served. In these cases, no overlap was observed between the
concentration ranges recorded for the sample sets: T0 and T1
from GB compared to T1 from SB and to T1 from IGB.

Figure 3 shows the OCP concentrations for the experiments
conducted in December 2008 and January 2009, when ani-
mals were transplanted from GB to SB. Figure 4 shows the
OCP data for the transplantation conducted in June and Ju-
ly 2009, when animals were transplanted from GB to IGB.

The DDTs p,p′-DDD and p,p′-DDE showed a clear de-
crease in the bioaccumulated concentrations in mussels, a pat-
tern that was repeated in the December (GB to SB) and June
(GB to IGB) experiments. Other varying trends in OCP con-
centrations were also observed but were only recorded in one
experiment, for cis-heptachlor epoxide concentrations, which
were lower in the mussels taken to IGB. Unexpectedly, con-
centrations tended to increase in animals transplanted from

Table 2 Concentrations (pg g−1 d.w.) of organochlorinated pesticides (OCP) bioaccumulated by the brown mussel P. perna (whole soft tissue)

Mussel—Guanabara Bay Mussel—Ilha Grande Bay Mussel—Sepetiba Bay

Compounds Summer Winter Range Summer Winter Range Summer Winter Range

α-HCH 390 240 <72–880 330 120 <67–440 420 340 <69–750

β-HCH 6300 1000 <180–12,000 1000 500 <170–1800 1200 730 370–2100

γ-HCH 270 270 <150–1900 210 370 <140–620 230 650 <140–1600

δ-HCH 330 190 <79–500 – – <77–<87 110 84 <76–120

ε-HCH 160 88 <33–280 – – <33–<37 48 44 <32–50

∑HCH 7600 1900 <33–13,000 1500 830 120–1800 1800 1200 370–4400

Pentachlorobenzene 330 290 <180–400 200 340 <190–420 <190 330 <180–410

Pentachloroanisole 2200 1300 348–13,000 1800 840 430–4300 1400 650 190–15,000

p,p′-DDT 2300 2000 <800–8800 1500 990 <770–3400 910 1700 <760–24,000

o,p′-DDT 1600 730 150–2700 350 220 130–520 280 250 <110–3100

p,p′-DDD 4700 4900 580–7500 730 360 <270–1200 420 340 <260–1900

o,p′-DDD 2600 1200 270–4000 510 130 71–950 150 92 48–250

p,p′-DDE 10,000 16,000 970–26,000 1100 730 520–1800 840 620 390–3300

o,p′-DDE 1400 1000 150–1700 110 75 48–160 75 43 23–130

∑DDT 23,000 28,000 3200–38,000 4600 1800 790–6300 2000 2200 690–33,000

trans-Chlordane 220 150 <23–340 190 57 <23–220 37 29 <22–200

cis-Chlordane 150 100 17–200 27 16 <3–36 28 18 <5–60

Oxychlordane 39 20 <1–56 8 7 <1–12 8 8 <1–14

∑Chlordane 430 270 29–540 220 55 <1–250 75 31 <1–260

Heptachlor 23 29 <1–420 29 23 <1–80 27 17 7–410

cis-Heptachlor epoxide 77 28 12–94 17 9 <6–25 33 16 <7–36

Aldrin 170 110 47–1200 140 140 47–200 100 72 25–1100

Dieldrin 1700 1100 320–2400 310 160 120–410 420 290 150–750

Endrin 230 130 <39–300 40 44 <36–47 48 57 <37–270

∑Drins 1800 1300 490–2800 450 290 240–600 620 370 220–1900

Endosulfan-I 530 94 <55–670 490 100 <55–910 890 120 <54–1400

Endosulfan-II 170 79 <39–540 140 97 <38–220 220 <40 <38–570

Mirex 120 140 71–190 210 190 93–420 150 120 82–270

The median values are presented according to organisms sampled in the summer and winter months and also the data range
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GB to SB for the pesticides pentachlorobenzene (PeCB), al-
drin, and heptachlor.

In contrast to the current findings of the OCP concentra-
tions bioaccumulated by the mussels, a previous publication
reported higher concentrations of OCP in sediment and
suspended solids from GB than in corresponding samples
from SB and IGB (Galvao et al. 2014). Because the mussels
from GB were reared in an area with greater environmental
exposure to the target compounds, 1 month was apparently
not sufficient for the transplanted mussels to clearly reflect the
differences in all the quantified OCP. Given that 1 month is a
reasonable time window for an assessment of environmental
contamination in a field study, the need for a longer time to
reach an equilibrium between what is bioaccumulated by the
mussels and the environmental levels might limit the potential
of mussels as a sentinel organism. Most studies available in
the literature involving the use of bivalves in transplantation
experiments focus on the kinetics of contaminant accumula-
tion by the organism. In one field experiment, mussels
(P. viridis) were taken from a location with low environmental
OCP exposure to areas of moderate and high exposure (Siu
et al. 2008). The authors of that study followed the bioaccu-
mulation of pesticides of the DDT group, BDrins,^ and HCH.
Among the results of that study, we draw attention to the high
OCP concentrations observed on the 16th day, followed by a

decrease at day 30. These data, therefore, emphasize the com-
plexity of interpreting data from field experiments.

Similarly, P. viridis specimens from less impacted areas on
the coast of Hong Kong, after spending 5 days in laboratory
acclimation, were taken to more impacted areas, where they
remained for 30 days. In this experiment, no increased OCP
concentrations in the transplanted animals were observed; the
OCP concentrations remained at the same level observed for
the organisms from the reference site (Richardson et al. 2001).

A bioaccumulation study with M. galloprovincialis and
P. viridis in Tokyo and Aburatsubo Bays, Japan, indicated that
an equilibrium of OCP concentrations was reached in only
2 weeks in animals transplanted from less impacted areas to
more contaminated areas (Ueno et al. 1999). In another study,
M. edulis (Linnaeus, 1758) specimens were taken from an
impacted bay to another area with low contaminant concen-
trations. After 24 days, the sum of p,p′- and o,p′-DDT, DDD,
and DDE metabolite concentrations reached values compara-
ble with those observed in the local population in the destina-
tion area of the transplantation experiment (Peven et al. 1996).
That study did not assess other pesticides but confirmed the
indications of the depuration potential of p,p′-DDD and o,
p′-DDE found in the present study.

In contrast, in another study, no decrease in p,p′-DDT con-
centrations in P. viridis was observed after 10 days of

Table 3 Concentrations (pg g−1 d.w.) of polychlorinated biphenyl (PCB) congeners bioaccumulated by the brown mussel P. perna (whole soft tissue)

Mussel—Guanabara Bay Mussel—Ilha Grande Bay Mussel—Sepetiba Bay

Compound Summer Winter Range Summer Winter Range Summer Winter Range

28 7700 5700 890–14,000 870 650 490–1900 1400 760 490–10,000

52 7900 6200 840–16,000 1100 880 740–1900 1100 810 480–11,000

101 3900 5300 910–9400 1000 890 600–2000 1100 940 580–5000

138 6200 5700 2100–8200 1500 1000 810–2100 1400 1300 470–1900

153 8700 8300 3000–11,000 2000 1500 1200–2900 2100 1900 840–2900

180 2600 2300 960–3200 390 290 210–550 480 500 240–800

77 300 340 47–400 97 48 26–120 61 41 <3–96

81 20 25 <2–36 0 5 <2–5 5 0 <2–5

126 31 26 <1–40 15 15 <1–19 9 6 <1–15

169 7 8 <1–10 6 5 <1–13 0 3 <1–5

105 2100 2100 360–2800 360 240 180–490 260 300 110–390

114 120 120 32–150 20 14 <1–31 20 20 <1–65

118 6800 6000 1500–7900 1000 700 550–1500 1000 920 370–1300

123 830 860 110–1200 200 170 110–300 150 150 62–210

156 230 360 47–460 56 52 38–100 42 49 16–80

157 150 160 36–220 40 33 <1–58 30 29 13–53

167 440 420 160–520 87 68 33–130 80 85 37–140

189 32 34 <1–110 6 10 <1–14 7 4 <1–8

∑PCB 48,000 47,000 11,000–62,000 9100 7000 5000–12,000 9200 7800 4100–32,000

The median values are presented according to organisms sampled in the summer and winter months and also the data range

Environ Sci Pollut Res (2015) 22:13522–13533 13527



controlled laboratory depuration conditions, whereas α-HCH
and aldrin concentrations did indeed decrease (Richardson
et al. 2005). In the same study, dieldrin also showed a decrease
relative to the initial experimental concentrations, as also ob-
served in this study for the transplantation experiment per-
formed in June. Figures 5 and 6 show the results of the trans-
plantation experiments for PCB.

We examined the variation in the concentrations observed
in the animals transplanted to IGB. The lowest concentrations
showed values up to three orders of magnitude below those
observed for mussels at T0 from GB, as in the case of conge-
ner PCB 28. However, as we observed some PCB 28 values

even higher than those at T0, it was not possible to clearly
identify the PCB depuration trend in these transplanted mus-
sels. Likewise,M. edulis transplanted from a polluted area to a
less polluted site in the Dutch Delta did not show a depuration
tendency for the bioaccumulated PCB concentrations in an
experiment lasting 150 days (Hummel et al. 1989).

Nevertheless, we observed a depuration trend for
congeners 52 and 101 in animals transplanted to IGB.
In addition, PCB 81, 189, and 126 were detected in
animals from GB but were below the MDL in mussels
transplanted to IGB. These observations also represent
PCB depuration processes.

Fig. 2 Dendrogram of the cluster analysis of PCB (a) and OCP (b) in the whole soft tissue of the mussel, with the sampling month as the grouping
variable. Data was normalized by the lipid content in mussel soft tissue prior to the cluster analysis
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Based on the results of a detoxification experiment con-
ducted with the bivalve Tapes philippinarum at the Venice
Lagoon (Raccanelli et al. 2008), the authors of that study
proposed a half-life for PCB 114, 167, 157, and 189 of 6.5,
6.2, 5.4 and 6.4 days, respectively (approximately 6 days).
These data were obtained by extrapolation of the results ob-
tained by transplanting animals from a contaminated to a clean
site and collecting the organisms 60 and 120 days after the
beginning of the experiment. In the cited study, the authors
used bottom surface sediment to infer the environmental ex-
posure at the studied sites. The PCB concentrations of conge-
ners 114, 167, 157, and 189 found at the transplantation des-
tination were 2.7, 1.5, 3.4, and 3.2 %, respectively, of the PCB
concentrations of the place of origin. Accordingly, using bot-
tom sediment as a parameter for assessing PCB environmental

exposure in T. philippinarum, the transplanted destination rep-
resents approximately 3 % of the exposure at the original
source site. In the present study, the median concentrations
of PCB obtained in sediments collected in December 2008
and February 2009 were considered for the calculation of
the percentage concentrations ([transplantation area]*100/
[place of origin]). The results for PCB 114, 167, 157, and
189 at SB were 5, 3, 4, and 5 %, respectively, whereas at
IGB, they were, in the same order, 19, 13, 15, and 8 %. Al-
though the percentage fractions obtained at SB were higher
than those observed in the study conducted at the Venice La-
goon, the percentage differences are less than one order of
magnitude, allowing a comparison between the results from
the two areas. An average half-life of 6 days was assumed for
the PCB congeners in question. With this half-life, one would

Fig. 3 OCP concentrations (pg
g−1 dry weight basis) in mussels
from the transplant experiment
conducted in December 2008.
Animals collected from
Guanabara Bay (initial conditions
represented by empty bars) were
transplanted to Sepetiba Bay,
where they remained for 30 days
before collection (gray bars).
Black bars represent animals that
remained at Guanabara Bay and
were collected 30 days after the
first sampling. Each bar
represents the values of three
replicates, and the dash in the
middle represents the median.
The identities of the compounds
are indicated on the abscissa, and
the ordinate on which the
corresponding values are plotted
is indicated as follows: R—right
y-axis, L—left y-axis
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expect a decrease of PCB concentrations to 1/5 of the initial
concentrations in the mussels that remained 30 days at SB.
Paradoxically, the most significant reductions in PCB concen-
trations in our transplanted bivalves were observed in the
transplantation experiment fromGB to IGB. However, despite
reductions even greater than 1/5 (based on an average half-life
of 6 days) compared with the baseline (T0) for animals taken
to IGB, we also recorded levels higher than those of T0.

In another study of the depuration kinetics of PCB in bi-
valves, M. edulis individuals sampled from an uncontaminat-
ed environment were exposed to suspended sediments collect-
ed from a contaminated area. After 40 days of exposure, the
animals were placed in another tank with clean water for an
additional 40 days of depuration (Pruell et al. 1986), and con-
gener 128 returned to initial exposure concentrations. Based

on these results, the authors proposed a half-life for PCB 128
of 36.5 days. A comparison of this result with those for the
bivalve T. philippinarum from the Venice Lagoon (Raccanelli
et al. 2008) yields a difference of 30 days between the pro-
posed half-lives for PCB congeners obtained from laboratory
and field tests. This result highlights the complexity of the
interactions that occur in the organism-contaminant-
environment system.

Several previous authors have cited the role of the quality
of organic matter associated with suspended solids and sedi-
ment as a determining factor in the process of partitioning
involving hydrophobic organic chemicals (Cornelissen et al.
2005) such as PCB and OCP. Accordingly, beyond the differ-
ences in the concentrations of contaminants observed at the
studied sites, the amount and quality of organic matter at each

Fig. 4 OCP concentrations (pg
g−1 dry weight basis) in mussels
from the transplant experiment
conducted in June 2009. Animals
collected from Guanabara Bay
(initial conditions represented by
empty bars) were transplanted to
Ilha Grande Bay, where they
remained for 30 days before
collection (gray bars). Black bars
represent animals that remained at
Guanabara Bay and were
collected 30 days after the first
sampling. Each bar represents the
values of three replicates, and the
dash in the middle represents the
median. The identities of the
compounds are indicated on the
abscissa, and the ordinate on
which the corresponding values
are plotted is indicated as follows:
R—right y-axis, L—left y-axis
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of the transplantation sites may have determined the bioavail-
ability of those chemicals to P. perna. Therefore, the results of
the present study indicate that a transplantation experiment

with a duration of 1 month is not sufficient to predict accumu-
lation or depuration trends in the bioaccumulation of these
compounds by P. perna.

Fig. 5 PCB concentrations (pg
g−1 dry weight basis) in mussels
from the transplant experiment
conducted in December 2008.
Animals collected from
Guanabara Bay (initial conditions
represented by empty bars) were
transplanted to Sepetiba Bay,
where they remained for 30 days
before collection (gray bars).
Black bars represent animals that
remained at Guanabara Bay and
were collected 30 days after the
first sampling. Each bar
represents the values of three
replicates, and the dash in the
middle represents the median.
The identities of the compounds
are indicated on the abscissa, and
the ordinate on which the
corresponding values are plotted
is indicated as follows: R—right
y-axis, L—left y-axis

Fig. 6 PCB concentrations (pg
g−1 dry weight basis) in mussels
from the transplant experiment
conducted in June 2009. Animals
collected from Guanabara Bay
(initial conditions represented by
empty bars) were transplanted to
Ilha Grande Bay, where they
remained for 30 days before
collection (gray bars). Black bars
represent animals that remained at
Guanabara Bay and were
collected 30 days after the first
sampling. Each bar represents the
values of three replicates, and the
dash in the middle represents the
median. The identities of the
compounds are indicated on the
abscissa, and the ordinate on
which the corresponding values
are plotted is indicated as follows:
R—right y-axis, L—left y-axis
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Conclusions

The present data suggest that seasonal variation does not rep-
resent a source of noise that must be considered in the inter-
pretation of bioaccumulation of the compounds of interest by
the brown mussel P. perna. This result verifies the potential of
this species as a sentinel species for the monitoring of chlori-
nated pesticides and dioxin-like compounds. A longer trans-
plantation experiment (up to 3 months longer) and involving
transplantation in the reverse direction, from a less polluted to
a more polluted site, is required to better elucidate the
toxicokinetics of OCP and PCB bioaccumulation by P. perna.
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