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Assessing the health of blue mussels (Mytilus edulis) for site-selection of
cultivation areas: potentials and constraints of applied parameters
Matthias Brenner
In a comprehensive approach intertidal, near- and offshore areas in the German Bight were
evaluated to determine their suitability for the cultivation of blue mussels (Mytilus edulis). Over
a ten month sampling period mussels were assessed using biodiagnostic marker -so far
applied only in environmental monitoring- such as lysosomal membrane stability and the
concentrations of lipofuscin, neutral lipids and glycogen in cells of the digestive gland.
Together with investigations regarding the presence of macro- and micro parasites in mussel’s
tissues the overall health of animals was described. First results showed high condition
indices, low parasite infestations and very high growth rates for submerged mussels. In
contrast, intertidal mussels had significantly higher parasite loads and lower condition indices.
A refers pattern was obtained regarding the concentration of e.g. neutral lipids in cells of the
digestive gland. Due to the permanent feeding mode submerged mussels accumulated
significantly more neutral lipids than intertidal mussels. However, these differences between
sites were not displayed using screening tools sensitive for environmental impacts and
individual stress such as the test on lysosomal membrane stability. Here, mussels from all
sites showed comparably low, values throughout the sampling season. Differences were
displayed only on inter seasonal level with e.g. low labilisation values in spring due to the
reproduction of mussels. The results show that mussels may react differently to the same level
of environmental stress according to their habitat conditions. Further, there is a need to
evaluate impact and relevance of health related parameters to improve the significance of
deployed parameters.
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1. Introduction
Along the Germany Bight, most of the protected nearshore areas are comprised of natural reserves,
recreational areas and shipping routes. An expansion of marine aquaculture in suitable coastal areas
is limited, since many stakeholders with vital interests compete for the same space (Buck 2004). A
shifting of the mussel production off the coast would minimise spatial conflicts, but requires different
culture techniques, since the water is too deep for on-bottom cultivation in most offshore areas.
Technical solutions are arising with the first positive results of off-bottom cultivation experiments
showing that these techniques are a potential alternative to the traditional on-bottom cultivation (e.g.
Kamerman et al. 2002, Walter & Liebezeit 2003) even under harsh hydrodynamic conditions (Langan
& Horton 2003). The idea of relocating aquaculture systems offshore was provided momentum as a
new stakeholder, the offshore wind farm industry entered the scene, offering a unique opportunity to
co-use large marine areas (Buck 2002). A sharing of: the solid groundings of windmills to attach the
culture systems (Buck 2002, Buck et al. 2006) have been proposed.
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However, compared to the traditional methods of mussel cultivation in Germany the offshore longline
approach would be cost intensive. A realisation of this idea is perhaps desirable under the perspective
of spatial efficiency and a sustainable expansion of extensive production of seafood, but it is not
independent of economic restraints. Therefore Buck and Michler-Cieluch (2009) calculated a potential
scenario of a virtual offshore mussel farm and determined the economics drivers. The two most
important parameters making an offshore mussel farm profitable are the number of market sized
mussels available per meter longline and the price achievable at the market. The first parameter
presents a more technical aspect of how to design the artificial substrates that mussels settle on so
that they will not be dislodged by the harsh hydrographical conditions. The second crucial point market
price is highly dependent on the quality and optical appearance of the mussels. Only, healthy mussels
living under the best conditions, free of growth hampering factors such as parasites and pollutants with
a high meat yield and good shell optics, reach the highest price on the market.
In nearshore intertidal areas, mussels are particularly exposed to high concentrations of pollutants,
pesticides, near surface agents and estuarine runoffs etc, which can pose a threat to the health of
mussels. The scope of growth, i.e. the energy available for growth, is usually directly and positively
correlated to a good overall health condition of the respective organism (Allen & Moore 2004). But
organisms with high growth rates and an aesthetic appearance are no guarantee for a good overall
health. In waters, eutrophicated and contaminated by urban sewage, mussels can show good growth
performance, although they may carry high concentration of heavy metals and other pollutants.
In addition macro parasites living in blue mussels are numerous in intertidal and nearshore areas.
Buck et al. (2005) have shown that offshore grown mussels were free of macro parasites. Infestation
rates increased the closer the sites were to shore, where in particular intertidal mussels showed the
highest numbers of parasites. The debate over the effects of macro parasites on the energy status and
overall health of the host is still open, data needed to elucidate these issues are still lacking. The only
micro parasite known to be associated with M. edulis along the European Atlantic coast is Marteilia
refrigens, causing the Marteilliosis or Aber disease (Le Roux et al. 2001). From the North Sea, infested
populations of mussels have been reported from the British Isles, whereas the eastern regions
including the German Bight are regarded as micro parasite free. Marteilliosis in mussels is generally
associated with a poor condition index, exhaustion of energy reserves (e.g. glycogen) and high
mortalities (Grizel et al. 1974). Mass infections with M. refrigens can have a severe economic impact,
e.g. oyster farmers in France lost about 440 million Euros in two years (1980 and 1983) due to
Marteilliosis.
1.1. First trials to apply biodiagnostic tools in aquaculture
The presence of toxic compounds in the environment can be detected by chemical analysis of water
and sediment samples. However this approach provides only minimal information on the effects of
these toxic chemicals on biological systems. Analysing the chemistry of water or sediments does not
provide information on concentrations of pollutants in organisms and their tissues. Chemical analysis
of biota will provide only limited indications of health effects, since interactions or combination effects
of pollutants are not covered with this approach. Therefore chemical analyses alone are inapplicable
as cost-effective tools to detect e.g. "hot spots" of pollution (UNEP/ STAP 2003). As a result the health
of so-called sentinel organisms were assessed to describe the quality of a certain environment the
investigated animals lived in. Bivalves are the most commonly used sentinel organisms for the health
assessment of the marine environment. The special properties of a sentinel species are that it is able
to survive in a polluted habitat, and accumulates chemicals in its tissues. Due to their ability to
accumulate and reflect a wide range of contaminants, mussels have been widely used in marine
pollution monitoring (Goldberg 1975, Cajaraville et al. 1990, Livingstone et al. 1990, Smolders et al.
2003, Marigómez et al. 2006, ICES 2006). The blue mussel predominantly inhabits shores and
estuarine environments. These habitats are very complex, varying in temperature, salinity, duration of
exposure to air and food supply due to tides. To cope with these factors, the blue mussel has
developed a series of behavioural, physiological and metabolic adaptations. Joergensen (1990) has
described the mussel as an autonomous unit, incapable of regulation of its metabolism, meaning that
physiological processes of the mussel respond directly to environmental changes.
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The blue mussel is an active suspension feeder, filtering mainly phytoplankton from the water column.
Due to this filtering mechanism, mussels ingest, besides phytoplankton, suspended particular material,
bacteria, algae toxins and all kinds of pollutants and particles from their marine environment. As
sessile organisms, they directly reflect the contaminant conditions of their habitat. As a result molluscs
and especially blue mussels are the bioindicator of choice in several national and international
biomonitoring programs e.g. MED POL (UNEP Mediterranean Biomonitoring Programme) or BEEP
(EU Biological Effects of Environmental Pollution Programme).
Biomarkers can be deployed to assess the impacts of stress at the molecular and cellular levels, thus
providing the earliest warning signals of toxic chemicals on tissues and organisms (Shugart et al.
1990; 1992). On the organism level, biomarkers can be used to indicate the potential survival capacity
and the reproductive performance of the investigated animals. The latter is essential when relating the
measured effects of individuals to possible changes for the population. According to their level of
sensitivity biomarkers are classified into three main groups: biomarkers of exposure, biomarkers of
genotoxicity and biomarkers of stress (Viarengo et al. 2007). In this study only biomarkers of stress
were applied, which will be described in more details below. Stress sensitive biomarkers can be used
to assess the health of an ecosystem as a whole in which the organisms live in (Cajaraville et al. 1998)
or for the analysis of individual organisms that live in a specific environment or at specific
contaminated sites. Well established examples of biomarkers of stress are the tests for lysosomal
membrane stability, the lysosomal lipofuscin content and the neutral lipid accumulation in lysosomes.
Lysosomes are cell organelles containing various hydrolytic enzymes necessary for different metabolic
processes surrounded by a semi permeable membrane (e.g. Moore 1976, Ferreira & Dolder 2003).
They are responsible for the recycling of used-up cell organelles, macro molecules and metabolic
waste products, and isolate harmful substances, once they have entered the cells. Lysosomes in
molluscan digestive cells accumulate metals, organic contaminants as well as nanoparticles that
cannot be degraded. These substances may provoke significant alterations in the lysosomes (Moore
et al. 1980a, Moore et al. 1980b, Nott et al. 1985, Viarengo et al. 1985, Sarasquete et al. 1992,
Cajaraville et al. 1995, Moore et al. 2004, Koehler et al. 2008). In general, contaminants from the
environment cause a significant increase in size and number of lysosoms (Marigómez et al. 1989,
Regoli et al. 1998, Koehler et al 2002). When that the storage capacities of lysosomes are overloaded
and cells are stressed by high concentrations of harmful substances, the lysosomal membrane
becomes instable and leaky. Pollutants and hydrolytic-lysosomal enzymes can re-enter the cytoplasm
with serious risk of cell death (Koehler et al. 2002). When membrane stability and the over-all health
status of mussels are low, more specific tests may elucidate the type and background of the infection
or pollutant. Vice versa, if membranes of the lysosomes are stable there is strong evidence that the
individual mussel grew under optimal water conditions (Widdows et al. 2002, Moore et al. 2004).
Impairment of lysosomal functions and, hence, of food assimilation, can result in severe alterations in
the nutritional status of cells and the whole organism, and could be indicative of disturbed health. For
that reason, lysosomal changes and especially lysosomal membrane destabilisation are widely
accepted as general stress biomarkers (Moore et al. 2004).
Glycogen is the molecule that functions as the secondary long-term energy storage in animal and
fungi cells. Glycogen is found in the form of granules in the cytosol in many cell types, and plays an
important role in the glucose cycle. Glycogen forms an energy reserve that can be quickly mobilized to
meet a sudden need for glucose. In bivalves glycogen is the primary energy reserve (Patterson et al.
1999). Environmental stress and anthropogenic pollution is increasing stress for the mussel, thus
leading to an increased metabolism and reduced glycogen storage. Since modifications of glycogen
levels correlates with the level of chemical stress this parameter is used as a general biomarker for
environmental monitoring (Ansaldo et al. 2006).
Lipofuscin, also known as age pigment, is widely regarded as end product of protein and lipid
peroxidation due to oxidative stress (Au et al. 1999; Au 2004; Terman and Brunk 2004). Increased
accumulation of lipofuscin in lysosoms of the digestive gland of mussels or in the liver of fish has been
shown to be associated with contamination by anthropogenic pollutants e.g. heavy metals
(Krishnakumar et al. 1994; Krishnakumar et al. 1997; Au et al. 1999; Au 2004). Accumulation of
neutral lipids in cell vacuole is an indicator of lipidosis induced by toxic chemicals, especially due to
exposure to xenobiotics such as polycyclic aromatic hydrocarbons (Lowe et al. 1981).

4

This study is the first trial to implement biodiagnostic tools for site selection and health monitoring in
marine extensive aquaculture of mussels. As a priority a synchronic sampling throughout one annual
cycle was conducted, where parameters of interest were investigated using the same individual
(condition index, lysosomal membrane stability, lipofuscin, neutral lipids) or at least mussels from the
same cohort (macro and micro parasites) for comparison and correlation. This information can be
used to determine the suitability of site conditions and help calculate economic risks for potential
mussel farmers.
2. Material and methods
Five locations along the coast of the German Bight were sampled to test and analyse mussels grown
under different conditions (Fig. 1). Three areas were natural beds of mussels near Neuharlingersiel
(NH, upper intertidal, Position 53° 42’ 10’’ N; 007° 43’ 50’’ E), Bordumer Sand (BS, upper intertidal,
Position 53° 30’ 00’’ N; 008° 06’ 00’’ E) and from the Lister Strand from the Island of Sylt (SY, lower
intertidal, Position 55° 01’ 32’’ N; 008° 26’ 43’’ E).

Fig.1: Map of the German Bight showing the sample sites. Three intertidal sampling locations
at Neuharlingersiel (NH), Bordumer Sand (BS) and Lyster Strand at the island of Sylt (SY) and
two suspended hanging cultures at the Niedersachsenbrücke (nearshore) near Wilhelmshaven
in the Jade (JD) estuary and offshore at the entranceof the Weser estuary near the lighthouse
Roter Sand (RS) were sampled in the year 2007.
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Two locations were specially designed testing areas, where mussels were grown suspended on an
artificial substrate: the nearshore location on the Niedersachsenbrücke, an approx. 1.300 m long
cargo bridge, at the Jade bay (JD, Position 53° 35’ 05’’ N; 008° 09’ 14’’ E) near the city of
Wilhelmshaven, and under offshore conditions an area called Roter Sand (RS, Position 53° 51’ 00’’ N;
008° 04’ 20’’ E) situated in the outer Weser estuary ca. 17 nautical miles northwest of the city of
Bremerhaven. Throughout 2007 four consecutive sampling cycles in March, May, August, and
November were conducted to test for site and seasonal influences on assessed parameters. Each
sampling cycle was completed within 10 days and all parameters were analysed for each site and
sample cycle. Intertidal areas (NH, BS and SY) were sampled at low water, whereas RS had to be
sampled at slack water with a team of scuba divers operating from a research vessel. The JD site is
accessible without any tidal constraints all year round. At each sampling site ca. 5 kg of mussels were
collected for all investigations.
2.1. Parasites
To ensure that all mussels were of a comparable age range, 15 mussels were selected according to a
shell length between 30 to 50 mm. These represent specimens of similar physiology, also used in
standardized bioassays (Ernst et al. 1991). Raw mussel were frozen and stored at -20 °C. After
defrosting at room temperature (approx. 20-30 min) mussels were analyzed immediately. Length and
width of each selected mussel was measured according to Seed (1968) to the nearest 0.1 mm using
a vernier calliper. Mussels were opened, briefly drained on absorbent paper, and subsequently total
wet weight was determined. Then, the soft body was removed and both shell and soft body were
weighed (± 0.01 g) separately. The soft body was then placed on the bottom of a glass
compressorium and the mantle, gills, food, adductor muscle and other tissues were dissected
carefully and dispersed. The digestive gland was pulled apart and squeezed together with the other
tissues using the cover glass of the compressorium. The preparations were examined under a stereo
magnifying glass (10-50 magnification) with transmitting light for the presence of macro parasites.
Parasite species were identified according to descriptions from the literature (e.g. Dethlefsen 1979;
1972, Lauckner 1983, Watermann et al. 1998) and infested organs listed. As freezing of the samples
does not affect size of a trematod’s metacercaria (Lepitzki et al. 1994), identification of trematodes
was also reliable using frozen samples. In a final step all shells of the analysed mussels were
inspected for the presence of shell-boring polychaets using the stereo magnifying glass.
40 mussels (30-50 mm) per sample site were analysed each sampling cycle to assess potential
infestations with intracellular micro parasites, of the genus Marteillia. Fresh meat of 20 mussels was
removed from the shell and glued separately on aluminium chucks before being frozen at –20 °C for
kryostat-sectioning. To ensure a representative overview of potential infested organs, the frozen
softbody was trimmed until digestive gland, gills, and palps appeared together in one tissue sections
of the sample. Soft bodies of additional 20 mussels were removed and cut transversally according to
international standard methods (Ifremer 2008) and subsequently used for smear preparations. Tissue
®
sections and smear preparations were stained using Haemacolor (Merck) before assessed by light
microscopy.
2.2. Condition Index
30 mussels were used to calculate the condition index (CI) for all testing sites (data of 15 mussels
used for macro parasite assessment added by 15 mussels used for histochemical analysis). For a
direct comparison of CI and the parasite load only wet weights of tissues and shells could be used for
the calculation (see below).

(1)
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2.3. Assessing lysosomal membrane stability (LMS)
Mussels between 3 and 5 cm in length were collected from the substrates and transferred immediately
dry in cool boxes to the lab. The length and width of 15 mussels was measured to the nearest 0.1 mm
using a vernier calliper. The mussels were opened; drained and total wet weight was determined (±
0.01 g). The soft body was then dissected, weighed (± 0.01 g) and put in cryo-vials each filled with 1
ml fish gelatine. Samples were controlled for remaining air bubbles and then frozen in liquid nitrogen.
Subsequently, shells were weighed (± 0.01 g). Frozen soft body samples were fixed on pre-frozen
aluminium chucks for subsequent cryostat-sectioning. Tissue sections of 10 µm were obtained using a
cryotome (Microm, HM 500) with chamber temperature of -25 °C. Sections were stored for a maximum
of 24 hours at -20 °C until processed for histochemistry.
The lysosomal membrane stability test was performed according to Moore et al. (2004). Serial cryostat
sections were incubated at 37 °C in a 0.1 M citrate buffer, pH 4.5, containing 3 % NaCl to destabilize
the membrane for increasing time intervals (2–50 min). After this acid labilisation, sections were
incubated for 20 min at 37 °C in a medium containing the substrate Naphthol AS-BI N-acetyl β-Dglucosamide (Sigma) dissolved in 2-methoxy ethanol and low-viscosity polypeptide (Polypep, Sigma)
dissolved in 0.1 M citrate buffer, pH 4.5 with 3 % NaCl. The lysosomal hydrolase N-acetyl ß-D
hexosamidase catalyses the release of the Naphthol AS-BI group which undergoes a post-coupling
reaction with the diazonium salt Fast Violet B (Sigma) dissolved in 0.1 M phosphate buffer (pH 7.4)
leading to an insoluble bright violet reaction product. Following the colour reaction, samples were
rinsed in running tap water, fixed in Baker’s Formol, rinsed in distilled water and dried overnight in the
dark at room temperature. Subsequently, slights were mounted in Kaiser’s glycerine-gelatine.
2.4. Sectioning and staining for glycogen, lipofuscin and neutral lipid assessment
Tissue sections for the assessment of glycogen, lipofuscin and neutral lipids were obtained using the
above described cryotome. To determine glycogen quantities duplicate sections were stained using
the Perjod-Acid-Schiff (PAS) method (modified after Culling 1974). Therefore sections were fixated
overnight in 10% formol before placed for two hours in an aldehyde blocking solution (2% sodium
chlorite in 6% acetic acid). Then slides were washed in running tap water for 10 min, rinsed in distilled
water for 2 min, placed in 1% periodic acid for 10 min and rinsed again in distilled water for 5 min.
Then the sections were counterstained in Schiff’s reagent for 8 min, bleached in sulfurous acid for 2
min and washed again in distilled water for 5 min. After few minutes drying slides were mounted in
Euparal.
The accumulation of neutral lipids in the lysosomes was determined using the Oil-Red-O method
modified after Lillie & Ashburn (1943). Duplicated sections were fixated in Baker`s Formol for 15 min,
dipped three times in distilled water before washed in 60 % Triethylphosphate. Sections were then
stained 15 min in Oil-Red-O solution (1% Oil Red O, 60% Triethylphosphate, pre-cooked for 5 min and
filtered 1 time hot and 1 time cold). Stained sections were rinsed again for 30 sec in 60 %
Triethylphosphate before washed with distilled water. Sections were dried shortly and mounted using
Kaisers glycerine-gelatine.
The lipofuscin content of lysosomes was determined by using the Schmorl reaction modified after
Pearse (1985). Duplicate cryostat sections (10µm) of the digestive gland were fixed 15 min in 4 %
Baker’s formalin then rinsed in distilled water before stained in a 1 % hydrous ferric chloride/potassium
ferricyanide (1:1) solution. Tissues sections were stained for 20 sec, washed in 1 % acetic acid for 2
min, rinsed under tab water for 10 min and finally rinsed 3 times in distilled water. After a short drying
®)
period, sections were mounted with uv-resistant mounting medium (Histomount . The optimal staining
duration was pre assessed by a time series controlled with the light microscope to avoid staining of
tissue background.
2.5 Microscopy
To assess the lysosomal membrane stability the maximum reaction product for N-acetyl β-DHexosamidase was determined by automatic measurement of number and percentage of dark
stained lysosomes in the digestive tubules by the use of computer assisted image analysis (Zeiss, KS
300) combined with a light microscope (Zeiss, Axioskop) at 400 fold magnification. For contrast
enhancement a green filter was applied. A long destabilization period indicates high lysosomal
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membrane integrity and vice versa. Unclear results of labilisation series (no clear peaks, only 1 peak)
were re-measured or excluded from further analysis.
Tissue sections stained with the Schmorl’s and Perjod-Acid-Schiff method were quantitatively and
objectively assessed for lipofuscin content using also computer assisted image analysis. The image
analysis consisted of the above described microscope and camera and the software KS300 (Version
3.0, ZEISS). Staining intensity was measured using the same macro applied for LMS assessment. For
both lipofuscin and glycogen assessment three black and white images were taken from each
duplicate section of digestive gland tissue (6 measurements per individual) at 400 fold magnification.
Similar to the LMS analysis a green filter for contrast enhancement was applied for PAS quantification.
Neutral lipids were assessed semi quantitatively using the same microscope (Axioscope, ZEISS) with
camera (MRc, ZEISS) coupled to a computer equipped with the software AxioVision (Version 4.6.3.0,
ZEISS). Pictures were taken at 400 fold magnification and classified to 8 different categories of
accumulation (0= no staining reaction, 7= maximum staining reaction).
2.6. Statistical analysis
Means and standard deviations (mean ± SD) of data of the macro parasite intensities and condition
indices were calculated by using Microsoft Office Excel 2007. Box plots displaying LMS were
calculated using Statistica 9.0 software. Differences of data on histopathology between sites and
season were tested for significances with the software JMP (Version 7.0, SAS Institute Inc.). Data
were analysed using a Kruskal-Wallis ANOVA on ranks with a Dunn’s test as post-hoc test. The
significance level was set at p < 0.05.
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3. Results
3.1. Condition Index
According to the condition index values (CI) sites are divided into two groups (Fig. 2). Low CIs (CI
27.39 to 39-47) are found throughout the year with only moderate variances at the intertidal areas,
whereas high indices (CI 61.21 to 113.79) are found at both culture sites. While the nearshore
hanging culture JD showed an overall peak already in spring 2007 (CI 113.79) followed by a decrease
of the CI down to 61.21 in autumn, the values of the offshore site stayed rather stable from spring to
autumn with a minimum of change in winter time (CI 66.20). The mean values calculated for the
whole sampling season showed the highest numbers for RS (94.5 ± 21.5 SD), followed by JD (82.97
± 24.88 SD), NH (34.76 ± 5.56 SD), BS (32.58 ± 8.96 SD) and SY (31.38 ± 7.83 SD) (Fig. 2).
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Fig. 2: Condition indices [CI] of blue mussels from five different sampling sites (NH [black], SY
[dark grey], BS [grey], JD [light grey] and RS [white] over the season 2007 in the German Bight
(n=30 per site and sample cycle).

3.2. Macro and micro parasites
Most macro parasites found in the tissues and organs of M. edulis belonged to four different native
species (Krakau et al. 2006): Mytilicola intestinalis a copepod living as juvenile and adult individual in
the digestive gland, two trematod species Renicula roscovita and Himastla elongata occurring as
metacercarias in the gills, mouth palps and tubuli of the digestive gland or in the foot and other
muscles, respectively. And last the Polychaet Polidora ciliate living in self drilled ducts of the shell of
mussels. Other candidates such as Modiolicula insgnis and the species of the genus Gymnophallus
occurred in less than 1 % of the cases and are not displayed. With the deployed sampling method
(using a glass compressorium under a stereo magnifying glass) only adult M. intestinalis of >2.5 mm
were found in the digestive gland.
The most common macro parasites showed a high prevalence of up to 100 % at the intertidal areas
whereas the cultivated mussels are hardly infested (nearshore) or free of parasites (offshore) (Fig. 3).
Prevalence of M. intestinalis from intertidal samples ranged from 45.0 % (NH), 68.33 % (BS) up to
86.67 % at SY (Fig. 3) with a mean intensity spreading from 0.87 ± 1.20 SD, 3.30 ± 2.30 SD and 3.22
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± 2.76 SD individuals per mussel, respectively (Fig. 4b). At the nearshore cultivation area JD about
21.67 % of the mussels were infested by M. Intestinalis (Fig. 3) with an average of 0.33 ± 0.73 SD
individuals (Fig. 4b).
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Fig. 3: Prevalence [%] of macro parasites M. intestinalis (black), R. roscovita (dark grey), H.
elongate (grey) and P. ciliata (light grey) found in blue mussel according to five sampling site
(n=60 per site) in the German Bight during the season 2007.

Trematods occurred in two species in intertidal areas. There, R. roscovita exhibited a prevalence up
to 96.67 % at SY and 100 % at NH (Fig. 3) together with high mean intensities of 90.52 ± 91.05 SD
and 197.28 ± 331.40 SD individuals per mussel, respectively (Fig. 4c). At the SY sampling site mass
infestations with >1000 R. roscovita were also observed. BS showed low intensities of an average of
5 ± 13.80 SD metacercarias of R. roscovita per mussel in about 38.33 % of the samples (Fig. 3 & 4c).
Himastla elongata the second trematod specie found as metacercarias occurred, similarly to R.
roscovita, only at intertidal sites. In this case prevalences were highest in NH (81.67 %), followed by
SY (46.67 %) and BS with 6.67 % of infested mussels (Fig. 3). Intensities were low and ranged from
8.28 ± 9.22 (NH), to 2.67 ± 5.34 SD (SY) and 0.22 ± 1.04 SD at BS (Fig. 3 & 4c).
Similarly to the three other parasite species, P. ciliata occurred only at intertidal sites. Prevalence was
high in SY (46.67 %), moderate at BS (15.00 %) and low at NH (8.33 %) (Fig. 3). Intensities were also
low and ranged between 0.10 ± 0.35 SD at NH, 2.02 ± 4.00 SD at SY and 0.20 ± 0.55 SD at the
sample site of BS (Fig. 4a).
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Fig. 4a-c: Intensity [n] of macro parasites (a shell boring Polychaet/ P.ciliata [light grey], b
Copepod/ M. intestinalis [black], c Trematods/ R. roscovita [dark grey]; H. elongate [light grey])
in blue mussels of five sampling sites (n=60 per site) in the German Bight in the year 2007.

Adult M. intestinalis inhabit only the hind gut of the digestive gland, whereas R. roscovita occurred in
the tubuli of the digestive gland (59 %) and in the gills or pulps (35 %) of the mussel. The second
trematod species H. elongata is found mainly in the foot (78 %) and in other muscular tissues (15 %)
(Tab. 1). The most invested organ by macro parasites was the digestive gland, where M. intestinalis
and R. roscovita were found, mouth palps and gills were infested by R. roscovita and the foot was
infested by mainly H. elongata and to a certain extent also R. roscovita (Tab. 1).
All organs and tissues of the investigated samples from all five different sample sites were free of M.
refrigens throughout the year 2007.
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Tab.1: Infestation [%] of mussel (n=300) organs by most common parasites of blue mussels
from five sampling sites of the German Bight (2007).
Digestive gland

Gills/Palps

Foot

Muscle

Shell

M. intestinalis

100

-

-

-

-

R. roscovita

59

35

3

3

-

H. elongata

6

1

78

15

-

P. ciliata

-

-

-

-

100

3.3. Lysosomal membrane stability
The results of the LMS-analysis for the five sampling locations according to site are shown in Figure
5a-j. Intertidal sites (5 a/b, c/d, or e/f) did not show any significant differences over the sampling
season for peak 1 and 2. At both sites for hanging cultivated mussels (5 g/h and 5 i/j), however, peak 1
values for spring and summer differed significantly. Values for peak 2 did not show any significant
differences. Both cultivation sites display comparable trends or peak 1 and 2 showing the lowest
labilisation values in spring followed by an increase in summer. Autumn and winter sample at both
sites stayed mostly stable on intermediate levels. The two intertidal sites NH and SY show contrary
trends with higher values for peak 1 and 2 in spring followed by a decline of values in summer for both
peaks. BS is comparable with the both cultivation sides, however, only concerning values for peak 1.
In Figure 6a-h labilisation values for the 5 different sites were sorted according to season. The only
significant difference was detected in summer (Fig. 6e) between peak 1 of NH and JD.
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Fig 5a-j: Box-Whisker plots of NH peak 1 (a) and 2 (b), SY peak 1 (c) and 2 (d), BS peak 1 (e)
and 2 (f), JD peak 1 (g) and 2 (h), and RS peak 1 (i) and 2 (j) of four consecutive sampling
cycles of the season 2007 from the German Bight. Differences for peak 1 between spring and
summer at JD (g) and RS (i) are significant (p < 0.05).
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Fig 6a-h: Box-Whisker plots of winter peak 1 (a) and 2 (b), spring peak 1 (c) and 2 (d), summer
peak 1 (e) and 2 (f) and autumn peak 1 (i) and 2 (j) from five different sites (NH, SY, BS JD and
RS) of four consecutive sampling cycles of the season 2007 from the German Bight.
Differences for peak 1 between NH and JD in summer (e) are significant (p < 0.05).

3.4. Glycogen quantification
The results of the quantification of glycogen in lysosomes of the digestive gland are displayed in
Figure 7a-d. Throughout the year mussels from all sampling sites show high glycogen concentrations,
however, - with only one exception of SY in autumn (7d) - always highest for mussels from the
submerged cultivation sites. At the cultivation sites values were higher for RS in winter and autumn
whereas JD showed highest values in spring and summer. More variable were the values from the 3
intertidal sites. Significant differences were detected between SY vs. JD, SY vs. RS and SY vs. NH in
summer (7b) and between SY vs. NH and SY vs. BS in autumn (7d).
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Fig 7a-d: Box-Whisker plots for lysosomal glycogen concentrations in mean area % of winter
(a), spring (b), summer (c) and autumn (d) from five different sites (NH, SY, BS JD and RS) of
the season 2007 from the German Bight. Differences between SY vs. JD, SY vs. RS and SY vs.
NH in summer (7b) and between SY vs. NH and SY vs. BS in autumn (7d) are significant (p <
0.05).

3.5. Lipofuscin assessment
The results for the concentrations of lysosomal lipofuscin from tissue of the digestive gland of blue
mussels are displayed in Figure 8a-d. Lowest values with biggest variances especially for intertidal
mussels were detected in winter. Values for all sampling sites increase in spring and summer and
show a slight decrease in autumn. Values from the submerged cultivation sites are already high in
winter and vary throughout the year only slightly on a high level. Especially the offshore area RS
showed extremely high values with low variances. Significant differences were detected in winter
between RS vs. SY, RS vs. NH and BS vs. SY. In spring values differed significantly between RS vs.
JD, RS vs. SY and BS vs. NH. The analysis in summer resulted in significant differences for RS vs.
JD, RS vs. BS, RS vs. NH and BS vs. SY. In autumn significant differences were detected between
NH vs. SY, NH vs. BS and NH vs. JD.
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Fig 8a-d: Box-Whisker plots for lysosomal lipofuscin concentrations in mean area % of winter
(a), spring (b), summer (c) and autumn (d) from five different sites (NH, SY, BS JD and RS) of
the season 2007 from the German Bight. Significant differences were detected in winter (a)
between RS vs. SY, RS vs. NH and BS vs. SY. In spring (b) values differed significantly
between RS vs. JD, RS vs. SY and BS vs. NH. The analysis in summer (c) resulted in
significant differences for RS vs. JD, RS vs. BS, RS vs. NH and BS vs. SY. In autumn (d)
significant differences were detected between NH vs. SY, NH vs. BS and NH vs. JD.
Significance level for all statistical analyses was p< 0.05.

3.6. Neutral lipids assessment
The results of the semi quantitative assessment of the lysosomal accumulations of neutral lipids are
displayed in Figure 9 a-d. There is a strong and static increase in the accumulation values at all sites
over the sampling period form winter to autumn. Similar to the glycogen and lipofuscin assessment
values were highest at the submerged cultivation areas with an all year maximum at RS. Differences
between sites were significant at RS vs. JD and RS vs. BS in winter (9a). In spring (9b) significantly
different values were detected between RS vs. BS, RS vs. SY and JD vs. BS. Summer (9c) values
differed significantly between RS vs. BS, RS vs. SY, JD vs. BS and JD vs. SY. In autumn (9d) both
cultivation sites differed significantly from all intertidal sites.
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Fig 9a-d: Box-Whisker plots for lysosomal neutral lipid concentrations in categories (0= no
neutral lipids and 7=maximum concentration of neutral lipids) of winter (a), spring (b), summer
(c) and autumn (d) from five different sites (NH, SY, BS JD and RS) of the season 2007 from the
German Bight. Significant differences were detected in winter (a) between RS vs. JD and RS
vs. BS. In spring (b) values differed significantly between RS vs. SY, RS vs. BS and JD vs. BS.
The analysis in summer (c) resulted in significant differences for RS vs. BS, RS vs. SY, JD vs.
BS and JD vs. SY. In autumn (d) significant differences were detected between RS vs. BS, RS
vs. SY, RS vs. NH, JD vs. BS, JD vs. SY and JD vs. NH. Significance level for all statistical
analyses was p< 0.05.

In Figure 10.1a-d-10.5a-d photos used for the semi-quantitative assessment are displayed showing
the seasonal variances at the different sites and their significance levels. At all sites there is a
significant increase of neutral lipid accumulation between winter and autumn (Fig. 10.1a/d, 10.2a/d,
10.3a/d, 10.4a/d and 10.5 a/d). With the exception of SY (Fig. 10.3a/c) values are also significantly
different between winter and summer Fig. 10.1a/c, 10.2a/c, 10.4a/c and 10.5a/c).

17

Fig 10.1a-d-10.5a-d: Box-Whisker plots for lysosomal neutral lipid concentrations in categories
(0= no neutral lipids and 7=maximum concentration of neutral lipids) of winter (a), spring (b),
summer (c) and autumn (d) from five different sites (NH, SY, BS JD and RS) of the season 2007
from the German Bight. Significant differences were detected in winter (a) between RS vs. JD
and RS vs. BS. In spring (b) values differed significantly between RS vs. SY, RS vs. BS and JD
vs. BS. The analysis in summer (c) resulted in significant differences for RS vs. BS, RS vs. SY,
JD vs. BS and JD vs. SY. In autumn (d) significant differences were detected between RS vs.
BS, RS vs. SY, RS vs. NH, JD vs. BS, JD vs. SY and JD vs. NH. Significance level for all
statistical analyses was p< 0.05.
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4. Discussion
It is widely believed that cultivation of organisms under offshore condition will lead to increased growth
and better product quality since e.g. a better water quality, less temperature variability, better O 2conditions and lower microbial or contaminant loads can be expected due to the distance to shore and
the resulting dilution effects. The definition of the term offshore focuses on hydrographical or socio
economic prerequisites: (1) the full exposure to all environmental conditions (Ryan 2005) and (2) a
minimum distance of eight nautical miles to shore (Buck 2007) and reduced stakeholder conflicts
(Dahle et al. 1991). The data of this study show, however, that a differentiated perspective is
necessary in marine areas such as the German Bight. The test area RS fulfils the offshore definition
for exposure and distance to shore. Regarding macro parasites, growth and aesthetical appearance,
mussels of high quality can be produced offshore. Except for macro parasites the same is true for
nearshore hanging cultivated mussels. However, the biodiagnostic approach to determine health by
testing the lysosomal membrane stability and the concentration of glycogen did not detect differences
for the 10 months duration time of the experiment between intertidal and hanging cultivated mussels
near- and offshore. Other biomarkers such as the lysosomal lipofuscin concentration and the
accumulation of lysosomal neutral lipids give even evidence that hanging cultivated mussels are
exposed to more environmental stress than intertidal mussels.
Data of the Federal Hydrographic Agency (BSH, Hamburg) show that pollutants and heavy metals
were found in the water column and suspended matter of the whole German Bight. Highest
concentrations of the five different sampling sites were detected offshore at RS especially in autumn
2007. An explanation for these findings might be that the offshore site RS is located at the south-west
edge of an intermixing zone of estuarine run-offs of the rivers Weser and Elbe (BSH 2009). Due to the
more extensive drainage area of the Elbe the river is burdened with higher loads of contaminants
(BSH 2005, UBA 2009), leading to the paradox situation that pollutant concentrations are higher
offshore than nearshore in this region. This effect is more pronounced in autumn, since run-off is
increased by higher precipitation. According to OSPAR (2008) the southern part of the North Sea
including the German Bight remains in an unacceptable status, showing concentration levels of heavy
metals and organic pollutants in the sediment and in biota with assumed risks to the environment at
population, and community level. Although some pollutants (e.g. PCB) and heavy metals (e.g. lead
and mercury) show trends of decrease in concentrations, the Southern North Sea including the
German Bight is still one of the most polluted marine areas of the OSPAR regions (OSPAR 2008).
Infestations with parasites in the German Bight, as determined in this study, followed the pattern
described in other publications (e.g. Buck et al. 2005, Brenner et al. 2009). Macro parasites were
absent in offshore mussels but present in -over the sampling season- increasing prevalence and
intensities in nearshore samples. The offshore situation can be explained by: (i) the absence of
intermediate hosts (e.g. Littorina spp. for trematod species), which are restricted to nearshore water
habitats, (ii) the distance from the host populations, resulting in dilution effects and (iii) the poor
swimming capacities of parasites’ planktonic reproduction stages (e.g. M. intestinalis) (Davey and
Gee 1988). According to the findings of Brenner et al. (2009) intertidal individuals from wild mussel
beds showed high infestations rates regarding number of parasites and number of parasitic species.
The mussels from the nearshore area JD cultivated off-bottom in the vicinity of these highly affected
populations were infested moderately from the second year on, however only by the copepod M.
intestinalis. Interestingly, the displayed significant differences between parasite infestations rates of
intertidal and hanging cultivated mussels are -similar to the difference of the condition indices which
follow the same pattern- not detectable in the LMS values. This is particularly astonishing, since
infestations with parasites are concentrated on the digestive gland. Mass infestations with parasites
are affecting functionality and health of this important organ and this stress should be measurable by
applying the test on lysosomal membrane stability.
The fact that all investigated mussels regardless of their habitat conditions, sampling season or year
from all over the German Bight exhibit similar low LMS values (5-8 min) provides strong evidence that
the cause for the indicated stress is the same for all sampling sites. The described relatively
homogenous water body burdened with contaminants is the most conceivable reason for these
findings. According to Viarengo et al. (2007) these animals are considered as severely stressed,
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already exhibiting pathologies. If this is true, the coastal water up to 12 nautical miles distance to shore
in the German Bight poses a severe risk to the health of blue mussels. The only significant differences
in LMS detected were at both cultivation sites between spring and summer, most probably due to
reproductive processes, known to reduce fitness and health of the spawning animals.
Other biomarker sensitive for environmental stress like the assessment of lipofuscin and neutral lipids
content showed, however, seasonal variations and were sensitive for the habitat conditions on the
sampling sites. The semi quantitative assessment of neutral lipid displayed a pronounced increase of
lipid concentrations from winter to autumn most prominently at the cultivation sites. The lipofuscin
concentrations achieved their highest levels after a short increase already in spring and remained for
the rest of the year on high level. Similar to the neutral lipid assessment highest lipofuscin values
were detected at the cultivation sites, especially at RS. Mussels living suspended hanging in the water
column can feed permanently. The good food supply at hanging cultivation sites explains the rapid
growth and high condition indices, however, also seem to lead to an increased accumulation of
pollutants incorporated together with the food. Intertidal mussels in the German Bight interrupt feeding
for about twelve hours a day during time of emerging. In this phase an effective excretion of
metabolites seem to take place.
Outlook
The results of this study elucidate the potentials and some constraints of the deployed biomarker. Like
described in many other studies the LMS is sensitive for anthropogenic pollution in the marine
environment, however, not a suitable tool to measure the health effects of enhanced parasite
infestation rates. Other biomarker like neutral lipids and lipofuscin concentration display a strong
seasonality and show remarkable differences according to habitat conditions. The enhanced
metabolism of hanging cultivated mussels lead to a significant stronger accumulation of metabolites.
These differences between intertidal and submerged mussels should be considered if monitoring data
about environmental stress have to be interpreted. The same is true, if e.g. intertidal mussels are
used for caging experiments in subtidal testing areas. This habitat change may cause changes in the
metabolism and lead to an increased accumulation although water quality and pollution stress
remained the same.

20

References
Allen JI, Moore MN (2004). Environmental prognostics: is the current use of biomarkers appropriate for
environmental risk evaluation. Marine Environmental Research, 58: 227-232
Ansaldo M, Nahabedian DE, Holmes-Brown E, Agote M, Ansay CV, Guerrero NRV, Wider EA (2006).
Potential use of glycogen level as biomarker of chemical stress in Biomphalaria glabrata.
Toxicology, 224(1-2): 119-127
Au DWT (2004). The application of histo-cytopathological biomarkers in marine pollution monitoring: a
review. Marine Pollution Bulletin, 48: 817-834
Au DWT, Wu RSS, Zhou BS, Lam PKS (1999). Relationship between ultrastructural changes and
EROD activities in liver of fish exposed to benzo[a]pyrene. Environmental Pollution, 104: 235-247
Brenner M, Ramdohr S, Effkemann S, Stede M (2009). Key parameters consumption suitability of
offshore cultivated blue mussels (Mytilus edulis L.) in the German Bight. European Food
Research and Technology, 230: 255-267
BSH (2005). System Nordsee – Zustand 2005 im Kontext langzeitlicher Entwicklung. Federal Maritime
Hydrographic Agency, Hamburg, Germany, Report, 44: 270 pp
BSH (2009). Federal Maritime Hydrographic Agency. Marine environmental database (MUDAB).
Hamburg, Germany. Online data acquisition http://www.bsh.de
Buck BH (2002). Open Ocean Aquaculture und Offshore-Windparks: Eine Machbarkeitsstudie über die
multifunktionale Nutzung von Offshore-Windparks und Offshore-Marikultur im Raum Nordsee.
Reports on Polar and marine research. Alfred Wegener Institute for Polar and Marine Research,
Bremerhaven, 412: 252 pp
Buck BH (2004). Farming in a high energy environment: potentials and constraints of sustainable
offshore aquaculture in the German Bight (North Sea). Dissertation. University of Bremen,
Bremen, Germany, 258 pp
Buck BH (2007). Experimental trials on the feasibility of offshore seed production of the mussels
Mytilus edulis in the German Bight: installation, technical requirements and environmental
conditions. Helgoland Marine Research, 61: 87–101
Buck BH, Thieltges DW, Walter U, Nehls G, Rosenthal H (2005). Inshore-offshore comparison of
parasite infestation in Mytilus edulis: implications for open ocean aquaculture. Journal of Applied
Ichthyology, 21(2): 107-113
Buck BH, Berg-Pollack A, Assheuer J, Zielinski O, Kassen D (2006). Technical realization of extensive
aquaculture constructions in offshore wind farms: consideration of the mechanical loads. In:
Proceedings of the 25th international conference on offshore mechanics and Arctic engineering,
OMAE 2006: presented at the 25th International conference on offshore mechanics and Arctic
engineering, 4.–9. June 2006, Hamburg, Germany/ American Society of Mechanical Engineers,
1–7
Buck BH, Michler-Cieluch T (2009). Mussel cultivation as a co-use in offshore wind farms: potentials
and economic feasibility. Aquaculture Economics and Management (submitted)
Cajaraville MP, Díez G, Marigómez JA, Angulo E (1990). Responses of basophilic cells of the
digestive gland of mussels to petroleum hydrocarbon exposure. Diseases of Aquatic Organisms,
9: 221-228
Cajaraville MP, Robledo Y, Etxeberria M, Marigómez I (1995). Cellular biomarkers as useful tools in
the biological monitoring of environmental pollution: molluscan digestive lysosomes. In:
Cajaraville MP (Ed). Cell biology in environmental toxicology. Bilbo, University of the Basque
Country Press Service, 29-55
Cajaraville MP, Cancio I, Orbea A, Lekube X, Marigómez I (1998). Detection, control and monitoring of
pollution using early warning cellular biomarkers: conventional and innovative approaches based
on biotechnology. Cuad. Invest. Biol., 20: 545-548
Dahle LA, DePauw N, Joyce J (1991). Offshore aquaculture technology – possibilities and limitations.
Aquaculture and Environment, 14: 83-84
Davey JT, Gee JM (1988). Mytilicola intestinalis, a Copepod Parasite of Blue Mussels. American
Fisheries Society, Special Publications, 18: 64-73
Dethlefsen V (1970). On the parasitology of Mytilus edulis (L. 1758). International Council for the
Exploration of the sea (ICES) C.M. 1970/K: 16, Hamburg, 11pp

21

Dethlefsen V (1972). Zur Parasitologie der Miesmuschel (Mytilus edulis L., 1758). Berichte der
Deutschen wissenschaftlichen Kommission für Meeresforschung 22: 344-371
Ernst W, Weigelt S, Rosenthal H; Hansen PD (1991). Testing bioconcentration of organic chemicals
with the common mussel (Mytilus edulis). In: Bioaccumulation in aquatic systems: contributions to
the assessment. L. Nagel and R. Loskill (Eds). Proceeding of International Workshop, Berlin,
1990. VCH-Verlag, Weinheim, New York, Basel, Cambridge, 99-131
Ferreira A, Dolder H (2003). Cytochemical study of spermiogenesis and mature spermatozoa in the
lizard Tropidurus itambere (Reptilia, Squamata). Acta Histochemica, 105: 339-352
Goldberg ED (1975). The Mussel Watch - a first step in global marine monitoring. Marine Pollution
Bulletin, 6: 111
Grizel H, Comps M, Bonami JR, Cousserans F, Duthoit JL, Le Pennec MA (1974). Recherche sur
l'agent de la maladie de la glande digestive de Ostrea edulis Linne. Bulletin de l’Institute des
Pêches Maritimes 240: 7-30
ICES (2006). Report of the Working Group on Biological Effects of Contaminants (WGBEC), 27. - 31.
March 2006, Copenhagen, Denmark. ICES CM 2006/MHC: 04: 79 pp
Ifremer (2008). Standard Operating Procedures and Quality – Molluscs processing for diagnostics by
histology. Institut Français de Recherche pour l'Exploitation de la Mer. 7pp.,
http://www.ifremer.fr/crlmollusc/page_labo/SOPs., Accessed January 2009
Joergensen CB (1990). Bivalve filter feeding: Hydrodynamics, bioenergetics, physiology and ecology.
Olsen & Olsen, Fredensborg, Denmark
Kamermans P, Brummelhuis E , Smaal A (2002). Use of spat collectors to enhance supply of seed for
bottom culture of blue mussels (Mytilus edulis) in the Netherlands. World Aquaculture, 33(3): 1215
Koehler A, Wahl E, Soeffker K (2002). Functional and morphological changes of lysosomes as
prognostic biomarkers of toxic liver injury in a marine flatfish (Platichthys flesus L.).
Environmental Toxicology and Chemistry, 21(11): 2434–2444
Koehler A, Marx U, Broeg K, Bahns S, Bressling J (2008). Effects of Nanoparticles in Mytilus edulis
Gills and Hepatopancreas - a New Threat to Marine Life? Marine Environmental Research, 66:
12–14
Krakau M, Thieltges DW, Reise K (2006). Native parasites adopt introduced bivalves of the North Sea.
Biological Invasions, 8: 919-925
Krishnakumar PK, Casillas E, Varanasi U (1994). Effect of environmental contaminants on the health
of Mytilus edulis from Puget Sound, Washington, USA. 1. Cytochemical measures of lysosomal
responses in the digestive cells using automatic image analysis. Marine Ecology Progress
Series, 106: 249-261
Krishnakumar PK, Casillas E, Varanasi U (1997). Cytochemical responses in the digestive tissue of
Mytilus edulis complex exposed to microencapsulated PAHs or PCBs. Comparative Biochemistry
and Physiology Part C: Pharmacology, Toxicology and Endocrinology, 118: 11-18
Langan R, Horton F (2003). Design, operation and economics of submerged longline mussel culture in
the open ocean. Bulletin of the Aquaculture Association of Canada, 103: 11–20
Lauckner G (1983). Diseases of Mollusca: Bivalvia. In: Diseases of marine animals. Introduction,
Bivalvia to Scaphopoda. O. Kinne (Ed.). Biologische Anstalt Helgoland, Hamburg,
Westholsteinische Verlagsdruckerei Boyens & Co., Heide, 477-961
Lendrum AC, Slidders W, Fraser DS (1972). Renal hyalin - Study of amyloidosis and diabetic fibrinous
vasculosis with new staining methods. Journal of Clinical Pathology, 25: 373
Lepitzki DAW, Scott ME, McLaughlin JD (1994). Influence of storage and examination methods on the
recovery and size of metacercaria of Cerastoderma edule (L.) from commercial beds of the lower
Thames estuary. Zeitschrift für Parasitenkunde, 56: 1-11
Le Roux F, Lorenzo G, Peyret P, Audemard C, Figueras A, Vivarès C, Gouy M, Berthe FCJ (2001).
Molecular evidence for the existence of two species of Marteilia in Europe. J. Eukaryot. Microbiol.
48 (4): 449-454
Livingstone DR, García-Martínez P, Michel X, Narbonne JF, O'Hara S, Ribera D, Winston GW (1990).
Oxyradical production as a pollutionmediated mechanism of toxicity in the common mussel,
Mytilus edulis L., and other molluscs. Functional Ecolology, 4: 415-424

22

Lowe DM, Moore MN, Clarke KR (1981). Effects of oil in the digestive cells in mussels: quantitative
alterations in cellular and lysosomal structure. Aquatic Toxicology, 1: 213-226
Marigómez JA, Vega MM, Carajaville MP, Angulo E (1989). Quantitative response of the digestivelysosomal system of winkles to sublethal concentrations of cadmium. Cellular and Molecular
Biology, 35: 555-562
Marigómez I, Soto M, Cancio I, Orbea A, Garmendia L, Cajaraville MP (2006). Cell and tissue
biomarkers in mussel, and histopathology in hake and anchovy from Bay of Biscay after the
Prestige oil spill (Monitoring Campaign 2003). Marine Pollution Bulletin, 53: 287-304
Moore MN (1976). Cytochemical demonstration of latency of lysosomal hydrolases in the digestive
cells of the common mussel, Mytilus edulis, and changes induced by thermal stress. Cell and
Tissue Research, 175: 279-287
Moore MN, Bubel A, Lowe DM (1980a). Cytology and cytochemistry of the pericardial gland cells of
Mytilus edulis and their lysosomal response to injected horseradish peroxidise and anthracene.
Journal of the Marine Biological Association of the United Kingdom, 60: 135-149
Moore MN, Koehn RK, Bayne BL (1980b). Leucine aminopeptidase (aminopeptidase-I), N-acetylhexosaminidase and lysosomes in the mussel, Mytilus edulis L., in response to salinity changes.
Journal of Experimental Zoology, 214: 239-249
Moore MN, Lowe DM, Koehler A (2004). Biological effects of contaminants: Measurements of
lysosomal membrane stability. ICES Techniques in Marine Environmental Sciences (TIMES), vol.
36. ICES, Copenhagen
Nott JA, Moore MN, Mavin LJ, Ryan KP (1985). The fine structure of lysosomal membranes and
endoplasmatic reticulum in the digestive cells of Mytilus edulis exposed to anthracene and
phenanthrene. Marine Environmental Research, 34: 226-229
OSPAR (2008). 2006/2007 CEMP Assessment - Trends and concentrations of selected hazardous
substances in the marine environment. OSPAR Commission, 2007, London, UK, 63 pp
Patterson MA, Parker BC, Neves RJ (1999). Glycogen concentration in the mantle tissue of freshwater
mussels (Bivalvia: Unionidae) during starvation and controlled feeding. American Malocological
Bulletin, 15(1): 47-50
Pearse AGE (1985). Histochemistry: theoretical and applied, Vol. 2, analytical technology, 4th edition,
Churchill Livingstone, Edinburgh, London, Melbourne and New York, p. 748
Regoli F, Nigro M, Orlando E (1998). Lysosomal and antioxidant response to metals in the Antarctic
scallop Adamussium colbecki. Aquatic Toxicology, 40: 375-392
Ryan J (2005). Offshore Aquaculture – Do we need it, and why is it taking so long? International
Salmon Farmers Association (Ireland). Expert workshop on “Sustainable Aquaculture”, DG JRC
European Commission, Institute for Prospective Technological Studies, 17.-18. January 2005,
Seville, Spain
Saraquete MC, Gonzales de Canales ML, Gimeno S (1992). Comparative histopathological alterations
in the digestive gland of marine bivalves exposed to Cu and Cd. European Journal of
Histochemistry, 36: 223-232
Seed R (1968). Factors influencing shell shape in the mussel Mytilus edulis. J. Marine Biological
Association U.K., UK 48: 561-584
Shugart LR, McCarthy JF, D’Surney SJ, Greeley MS, Hull CG (1990). Molecular and cellular markers
of toxicity in the Japanease medaka (Oryzias latipes). Report No. CONF-9008165-1
Shugart LR, McCarthy JF, Halbrook RS (1992). Biological markers of environmental and ecological
contamination: An overview. Risk Analysis, 12: 353-360
Smolders R, Bervoets L, Wepener V, Blust R (2003). A conceptual framework for using mussels as
biomonitors in whole effluent toxicity. Human and Ecology Risk Assessment, 9: 741-760
Terman A, Brunk UT (2004). Lipofuscin. The International Journal of Biochemistry & Cell Biology, 36:
1400-1404
UBA (2009). Umwelt Bundesamt, Dessau-Roßlau, Germany. http://www.umweltbundesamt-umweltdeutschland.de/umweltdaten/public/ assessed 01.07.2009
UNEP/ STAP (2003). Report of the STAP/ GEF Workshop on the use of Bioindicators, Biomarkers and
Analytical Methods for the Analysis of POPs in Developing Countries. Tsukuba, Japan 10.-12.
December 2003, 34 pp

23

Viarengo A, Moore MN, Mancinelli G, Mazzucotelli A, Pipe RK (1985). Significance of metallothioneins
and lysosomes in cadmium toxicity and homeostasis in the digestive gland cells of mussels
exposed to the metal in presence or absence of phenanthrene. Marine Environmental Research,
17: 184-187
Viarengo A, Lowe D, Bolognesi C, Fabbri E, Koehler A (2007). The use of biomarkers in
biomonitoring: A 2-tier approach assessing the level of pollutant-induced stress syndrome in
sentinel organisms. Comparative Biochemistry Physiology, 146C: 281-300
Walter U, Liebezeit G (2003). Efficiency of blue mussel (Mytilus edulis) spat collectors in highly
dynamic tidal environments of the Lower Saxonian coast (southern North Sea). Biomolecular
Engineering, 20: 407-411
Watermann B, Die I, Liebe S (1998). Krankheiten der Miesmuschel (Mytilus edulis) an der
ostfriesischen Küste: VII. Tagung der Deutschen Sektion der European Association of Fish
Pathologists (EAFP) - Krankheiten der Aquatischen Organismen. 23.-25. September 1998,
Schmallenberg-Grafschaft, 177-187
Widdows J, Donkin P, Staff FJ, Matthiessen P, Law RJ, Allen YT, Thain JE, Allchin CR, Jones BR
(2002). Measurement of stress effects (scope of growth) and contaminant levels in mussels
(Mytilus edulis) collected from the Irish Sea. Marine Environmental Research, 53: 327-356

