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1.

Background

1.1. Aim
The overall aim of the deliverable 4.5, which includes work conducted both within task 4.2
Performance evaluation of antifouling paints and release rate investigation (panel) as well as task 4.3
Task 4.3. Measurements of mixtures toxicities from boat activities and development of new methods
is to provide scientific data on antifouling (AF) performance and ecotoxicity to convince boat owners
to use environmentally-friendly AF techniques. Our approach was based on performance analysis of
the existing AF methods (biocide-based), as well as on ecotoxicity tests on paint leachates or active
ingredients in the field and in the laboratory. More specifically, we aimed to develop in situ methods
with relevant test organisms for identifying early signs of toxic effects of hazardous substances leaching
from AF paints.

1.2. The Baltic Sea – a unique and particularly sensitive sea area
The Baltic Sea is a world unique brackish water body and is the youngest of the World’s Seas – formed
some 10,000-15,000 years ago after the last Ice Age. In fact, the Baltic Sea is one of the planet’s largest
brackish waters, governed by special hydrographical and climatic conditions. It is composed of high
salinity seawater from the North East Atlantic and fresh water from rivers and streams draining from
an area four times larger than the Baltic Sea itself.
This highly sensitive and interdependent marine ecosystem gives rise to unique flora and fauna. The
Baltic Sea hosts species of various origins and environmental tolerances. These immigrated to the sea
some 10,000 to 15,000 years ago or have been introduced to the area over the relatively recent history
of the system. The Baltic Sea has only one known endemic species. In general, but not in all organism
groups, high sub-regional total species richness is associated with elevated salinity. Salinities in the
Baltic Sea varies from the South to the North spanning from ~ 20 PSU (practical salinity unit) in the
South where high salinity water from the NE Atlantic enters the sea through the Kattegatt and the
Öresund and Bälten (the Sound and the Belts) to ~ 2 PSU in the Bothnian Sea in the North. However,
in comparison with fully marine areas the Baltic Sea supports fewer species (Ojaveer et al., 2010). A
system made up of so few species is not very stable, and is very susceptible to pressures such as fishing,
habitat destruction, and pollution. The Baltic ecosystem is immature and still evolving since it reached
its current form and salinity level only 2000 years ago, and changes such as land uplift still continue,
particularly in the northern areas (HELCOM).
On average, the water—and all the contaminants discharged from the catchment area with 85 million
people—remains in the Baltic for decades. The input of freshwater from the catchment is larger than
the inflow of saline water from the North Sea. This causes strong stratification of the water column
which at times leads to hypoxia or anoxia at the sea floor. Nevertheless, the occasional inflows of saline
water bring along well-oxygenated water which breathes life into the deeps of the Baltic Sea.
Due to the special hydrographical, biological and climatic conditions, the Baltic Sea is vulnerable.
Marginal ecosystems such as the Baltic Sea can be of great conservation value because they may
harbour unique genetic variation and even novel species. Indeed, a new species of macro algae has
evolved inside the Baltic Sea (Wennerström et al . 2013). At the same time, the dense human
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population of the Baltic drainage area imposes threats to its aquatic biota via eutrophication, habitat
destruction, and overfishing (Ducrotoy and Elliott 2008).
Over the past 100 years, the natural environment of the Baltic Sea has degraded dramatically. The
Baltic Sea is one of the most threatened marine ecosystems on the planet. Decades of human activities
in and around the Baltic Sea continue to negatively impact its sensitive environment and effects can
be observed over the entire sea area. The Baltic Sea is one of the most used and polluted seas in the
world. One of the key threats to the well-being of the Baltic Sea ecosystem is the waterborne transport
and discharges and airborne emissions of excessive amounts of nutrients and hazardous substances.
The greatest source of eutrophication-causing nutrients and a significant source of hazardous
substances are from land-based human activities (HELCOM).
The Helcom (Helsinki Convention and Helsinki Commission) has worked for over 40 years to improve
the environmental status of the Baltic Sea through regional cooperation between Member States in
the Baltic Sea area. In 2007 the Helcom adopted the Baltic Sea Action Plan which visions and goals
include that hazardous substances should be reduced to near natural levels.
The Baltic Sea is also classified as a Particularly Sensitive Sea Area (PSSA) under the IMO, meaning that
it needs special protection through action by IMO because of its significance for recognized ecological
or socio-economic or scientific reasons and which may be vulnerable to damage by international
maritime activities.
The key theme chosen by the Bonus CHANGE consortium was 4.1 – Governance structures, policy
performance and policy instruments and the subthemes addressed by the Bonus CHANGE were 1.4 –
Multilevel impacts of hazardous substances and 2.2 – Meeting the multifaceted challenges in linking
the Baltic Sea with its coast and catchment. Hence, the Bonus CHANGE consortium is convinced and
dedicated to deliver scientific results that can help improve policy performance and policy instruments
to reduce to a minimum the spread of hazardous (toxic) biocides from antifouling paints used on
leisure boats in the Baltic Sea.

1.3. Leisure boats and biofouling
Leisure boating is contributing to the high levels of contaminants in the Baltic Sea. A staggering 3-3.5
million boats have their homeports in the countries bordering the Baltic. In particular, the use of toxic
leaching antifouling paints that aim to deter settlement of marine organisms on constructions in the
sea, continuously adds to the supply of biocides in the coastal ecosystem.
Marine biofouling is the colonization and subsequent growth of sessile organisms on all manmade
surfaces in the sea, including boat hulls. Marine biofouling is made up of a wide range of organisms,
i.e., slime-forming microorganisms, algae and invertebrates. The barnacle is considered to be the most
serious fouler due to great difficulties in removing barnacle base plates from boat hulls. Biofouling
increases drag and weight and thereby fuel consumption. Biofouling also decreases vessel
maneuverability. Consequently, biofouling is a safety issue and a continual economic and technical
problem for leisure boat owners. Hence, several methods have been developed for preventing
biofouling, but the first choice for leisure boat owners commonly consists of traditional toxic biocide
paints. Biocide-based paints kill off fouling organisms and dominate the market of AF products. A
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typical biocide-based paint erodes slowly over time, giving rise to a slow, but controlled release of
biocides in the water.
Leisure boat marinas or harbours are sites of contaminant accumulation, due to their semi-enclosed
nature which allows only limited water circulation. Waste oil, fuel, paints and solid waste are the main
contaminants in such locations (Aly et al., 2013). In particular AF paints are releasing toxic heavy metals
such as copper (Cu) and zinc (Zn) into the water and studies have shown a high accumulation of these
metals in sediment and biota from harbours (Aly et al., 2013; Paradas and Amado Filho, 2007). The
regulation of AF products differs dramatically between the countries bordering the Baltic Sea, with
high Cu content being allowed in AF paints in Finland, Denmark and Germany but not in Sweden,
despite similar environmental conditions. This discrepancy highlights the need for better information
regarding the levels of fouling and the availability of sustainable AF methods, with the aim to
harmonize regulations between countries and reduce the negative impact of unsustainable AF
practices. Moreover, besides contaminants, other environmental factors such as nutrients,
temperature or parasites, among others, may represent a stress for the organisms inhabiting harbours.
Thus, it is important to develop tools that can be used for assessing the effects of such complex
exposures. Field studies allow a certain degree of control of the exposure conditions, while maintaining
the environmental relevance. Hence, our studies on biological effects due to AF paints are largely
based on field experiments.
In order to get a more comprehensive view of the potential risks in harbours, organisms from different
trophic levels were used for in situ testing, namely algae, crustaceans and molluscs. In an attempt to
identify the main target sites for toxicity, we have investigated responses at several levels of biological
organization, from the molecular, to the tissue and organism level.
As a complement to these in situ bioassays, we include here results from several in situ panel
monitoring studies of effects of Cu and Zn on macrofouling communities in the field, as these have not
been included in any previous deliverable. The field studies provide important information on temporal
and spatial variation in natural fouling pressure throughout the Baltic Sea, as well as deliver
information on the performance of different Cu and Zn-containing paints over one boating season and
re-iterated over several seasons and under different environmental conditions. These long-term and
large-scale data are unique and provide solid arguments and clear visual results (photos) that are easy
to interpret for boat owners as well as authorities dealing with authorization of AF products.

2.

Macrofouling

2.1. Natural fouling pressure
2.1.1. Experimental design
Field panels (15x15 cm) were used to collect data on natural fouling pressure throughout the Baltic
Sea area (18 marinas, Fig. 1) during four consecutive boating seasons (2013-2016). Two different types
of monitoring panels were used: transparent PMMA (polymethyl methacrylate) and PMMA coated
with a biocide-free under water coating designed for freshwater (Lago racing). The panels were
attached to ropes and placed in the field, hanging vertically at approximately 1.5 m (Fig. 2). At the end
of the boating season, the panels were retrieved and photographed, and fouling coverage of different
5

species was recorded according to the ASTM method (ASTM D6990, 2011). Further details of the
methods are described in the Appendix 8.2.A.

Figure 1. The locations of the marinas where the field panels were deployed.
1. Helsinki, 2. Turku, 3. Vaasa, 4. Gävle, 5. Stockholm (Bullandö), 6. Askö, 7. Nynäshamn, 8. Västervik,
9. Kalmar, 10. Karlskrona, 11. Simrishamn, 12. Malmö, 13. Helsingör, 14. Halmstad, 15. Göteborg
(Fiskebäck), 16. Strömstad, 17. Kiel, 18. Grömitz.

Figure 2. Field panels were placed at 1.5m depth from jetties in marinas around the Baltic Sea.
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2.1.2. Spatial and temporal variation in the Baltic Sea
In general, the fouling pressure (i.e., abundance of fouling organisms on the panel) was much lower
inside the Baltic Sea compared to the Swedish west coast/Kattegat bordering the North Sea. The
organism groups that were found on the panels from the marinas included barnacles, mussels,
bryozoans, tubeworms, hydroids, tunicates, red algae, brown algae and green algae. In general, total
macrofouling coverage of the panels (including all macroscopic species present) was high throughout
the Baltic Sea (Fig. 3), with a few exceptions. However, when looking at the total mass of fouling (data
not shown), there was a clear difference between the inner Baltic Sea and Kattegat (more fouling layers
in Kattegat). When focusing on the most problematic fouling group – barnacles, there were some
locations that may be considered “hotspots”, including the sites in Kattegat
(Strömstad/Fiskebäck/Halmstad), but also Karlskrona and Turku(Åbo) inside the Baltic Sea.

Figure 3. Summary of approximate fouling intensity at different marinas, displayed as total macrofouling
coverage of panels (%) to the left and only barnacle coverage (%) to the right.

Significant differences in macrofouling community structure were found between the various sites (Fig.
4), except for those sites, which were geographically close. Overall, barnacles and mussels dominated
the fouling on the Swedish west coast, whereas bryozoans dominated the central and southern parts
of the studied region, and hydroids were more common in the northern part of the Baltic Sea (with
the exception of Turku/Åbo, where barnacles strongly dominated the fouling community). The
difference in fouling communities between geographically separated localities where salinity varies
between ~5 - 32 ppt is not that surprising. However, the fact that the barnacle cover on the field panels
was high at Åbo in the northern parts of the Baltic Sea is somewhat surprising (Fig. 4).
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Figure 4. Fouling species community structure on PMMA panels in 2014.
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When comparing the two “control” treatments (unpainted PMMA and black painted biocide-free Lago
racing), it became clear that fouling by barnacles was markedly higher on Lago panels compared to the
unpainted ones (Fig. 5). This difference may be explained by a preference for dark surfaces by cyprid
larvae, which has been suggested previously (Bighiu et al., 2016; Dobretsov et al., 2013). This effect of
substratum colour suggests that dark monitoring panels should be used for maximizing detection of
barnacles. In contrast, the results indicate that boat owners should use light paint colours to reduce
fouling by barnacles on their hulls.

Figure 5. Barnacle fouling coverage (%) on different types of control panels (Lago racing and PMMA) in 2016. In
general barnacle fouling was much higher oh Lago racing compared to PMMA.
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2.2. Performance of Cu-based AF paints in situ along the Baltic salinity gradient
2.2.1. Low Cu paints are effective against fouling
An important focus in the Bonus CHANGE project is to provide scientific arguments that high Cu
contents in AF paints are redundant and do not increase a paint’s performance over one boating
season. Most boaters paint their boats each season and thus, demonstrating that the Cu content of
the paint can be held down is an important task. We have therefore evaluated the performance of five
different commercial AF paints with variable Cu and Zn content (6.9-34.6 weight %) (Table 1), over
several years at the same locations. More detailed information about this study is presented in the
Appendix 8.2.B.
Table 1. Commercial AF paints with Cu and Zn (% w/w) used during the panel tests.
Paint
None (PMMA)
Lago Racing
Mille Light Cu
Biltema Antifouling BS
Cruiser One
Biltema Antifouling
Mille Xtra

Producer
International
Hempel
Biltema
International
Biltema
Hempel

Cu2O
Biocide-free
Biocide-free
6.9
7.5
8.54
13.0
34.6

ZnO
0
0
10-25
20-25
10-25
15-20
10-25

In general, all of the tested commercial AF paints performed well and deterred fouling at most tested
sites during all seasons tested. Biltema West (13% Cu) was by far the most effective of the tested
paints, and proved to be significantly different in AF performance compared to the controls (PMMA
and biocide-free paint Lago racing) at all sites, in every year of this study (Figure 6 and 7 A-I).
Mille Xtra
(34.6% Cu)

Biltema WC
(13 Cu %)

Mille Xtra
(34.6 Cu%)

Vaasa

Karlskrona

Åbo

Fiskebäck

Biltema WC
(13 Cu %)

Askö

Figure 6. Comparison of macrofouling on panels painted with Mille Xtra (34.6% Cu) and Biltema WC (13%) shows
that the high-copper content paint Mille Xtra performed less well than the Biltema WC paint. The panels shown
are from the 2015 field test but similar results were observed for all years tested.
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Cruiser One (8.5% Cu) and MilleXtra (34.6% Cu) were the paints that performed less well, displaying
barnacle fouling coverage of between 5 and 70% in Karlskrona (Fig 7D) and Åbo (Fig 7H) in 2016.
Surprisingly, the fouling did not differ between the paint with the highest Cu content, Mille Xtra (34.6%
Cu) and the controls at one of the most northern sites in the Baltic Sea, Åbo (Fig 7H). Most likely, this
lack of difference can be explained by the low salinity reducing the release of Cu from Mille Xtra, which
is not designed for these conditions. This result highlights the importance of taking total paint
composition as well as environmental factors (salinity) into consideration when authorizing AF paints
in different parts of the Baltic Sea.

10
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Figure 7 A-I. Performance of Cu-based commercial AF paints during 2016 at the nine studied sites: A) Fiskebäck,
Kattegatt area; B) Kiel; C) Grömitz; D)Karlskrona; E) Nynäshamn; F) Bullandö; G) Helsinki; H) Åbo and I) Vaasa.
Blue bars represent total surface coverage of macrofouling including barnacles (%) and red bars represent
barnacle surface coverage (%). Results are presented as means ± SE (n=4).

2.2.2. Reducing Cu and Zn below the levels currently available on the AF market
Based on the first results from the commercial AF paints (Table 1), that most paints were highly
efficient against fouling (Fig. 6), the question was raised whether the Cu content could be lowered
even further without compromising the protection against fouling. Therefore, in 2015 and 2016, we
included a biocide-free AF paint (Boero Group) to which we added CuO and ZnO in even lower
concentrations (4.3%, 6.1%, Cu, combined with 0, 10 or 20% Zn) than found in any of the commercial
AF paints available on the market. We also added CuO and ZnO in concentrations comparable to the
commercially available AF paints, i.e., 8.5%, 11.7%, 16.3% Cu combined with 0, 10 or 20% Zn). The
panels coated with these different paint formulations were deployed in 2015 in six different marinas,
i.e., Helsinki, Vaasa, Bullandö (Stockholm), Simrishamn, Fiskebäck (Gothenburg) and Strömstad (in the
Skagerrak and acting as a fully marine control locality). The results from 2015 are summarized in Table
2 below.
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Table 2. A summary of the 2015 field test using an experimental paint to which we added gradually
increasing Cu concentrations in combination with 0, 10 or 20% Zn. The results are based on a means
of 4 replicate panels.
Zinc
Copper
Vaasa
Helsingfors
Bullandö
Simrishamn
Fiskebäck

0%
0.0%

4.3%

6.1%

8.5%

11.7%

16.3%

4.3%

6.1%

8.5%

11.7%

16.3%

4.3%

6.1%

8.5%

11.7%

16.3%

Strömstad
Zinc

10%

Copper
Vaasa
Helsingfors
Bullandö
Simrishamn
Fiskebäck

0.0%

Strömstad
Zinc

20%

Copper
Vaasa
Helsingfors
Bullandö
Simrishamn
Fiskebäck

0.0%

Strömstad

Barnacle surface coverage:
0%
1-10%
10-50%
50-100%

Our results show that the paint with the lowest concentration of copper, i.e., 4.3% in combination with
20% Zn completely inhibited barnacle fouling over one boating season, i.e., for 150 days in all marinas
tested including the fully marine control locality Strömstad with heavy fouling pressure (Table 2).
During 2016, panels were prepared with the above-mentioned treatments and deployed in three
marinas (Helsinki, Bullandö and Fiskebäck), using the same experimental set-up as the other in situ
panel tests in the project.
The paint containing 4.3 weight % Cu reduced fouling substantially at all three sites, indicating that
lower Cu concentrations than currently used in commercial AF paints are sufficient to prevent fouling
in the Baltic Sea region. However, it is also important to take release rates of Cu into account, which
are determined by the paint composition and environmental conditions (including salinity). Adding Zn
to the Cu-containing paint enhanced the AF efficacy markedly. Furthermore, zinc in itself also had an
AF effect, by reducing barnacle coverage up to 4-fold (Fig. 8 A-C).
13

Figure 8 A-C. Results on total macrofouling (surface coverage (%)) including barnacles is displayed as blue bars
and barnacle fouling (surface coverage (%)) is displayed as red bars on panels painted with experimental paint
including different concentrations of copper and zinc, from the localities A) Fiskebäck marina; B) Bullandö marina
and; C) Helsinki marina, 2016. Results are presented at means ± SE (n=4).
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2.2.3. Increasing the time interval between consecutive coatings
We also tested whether the paints were effective over two full boating seasons (May-Oct 2015 and
2016). The details of the experimental setup are presented in the Appendix 8.2.B. The results show
that several of the commercial AF paints tested are effective during two consecutive seasons without
re-painting, provided that the coating is cleaned carefully (Fig. 9). Thus, good fouling prevention can
be achieved by simply re-painting only the exposed parts every year and avoiding the use of using highpressure hosing, since it destroys the paint layer and hampers the second year performance of the AF
paint.

Figure 9. Performance of commercial AF paints after two field seasons (2015-2016). Data are displayed as
percentage coverage of macrofouling species. Newly painted non-toxic control panels (Lago racing paint) green
bars were included to compare the results with the natural fouling pressure during 2016. Results are presented
as means ± SE (n=4).

2.2.4. Conclusions from field panel testing of AF paint performance
The results of the field panel testing of AF paint performance are unique, consistent and substantial
and are the first of their kind. Here we prove that paints containing 7.5% copper have excellent AF
performance with no difference from that of high Cu content paints, i.e., in the range of 35% Cu even
in locations with very high fouling pressure such as Fiskebäck on the Swedish Kattegatt coast.
The results from two consecutive years on a paint to which we ourselves added Cu and Zn in even
lower concentrations than 7.5% Cu show that 4.3% (w/w) Cu together with 10-20% (w/w) Zn
completely deterred recruitment of the most severe fouling organism, the barnacle, for a whole season
(150 days from May to October) both in the Kattegatt, the Central Baltic and in the Northern Baltic.
These results convincingly show that Cu can be drastically lowered in AF paints and still have 100% AF
performance. Copper can thus be reduced below 7.5% (w/w) (found in commercial paints) down to
4.3% (w/w) or even lower since 4.3% (w/w) Cu with 20% (w/w) Zn gave a 100% reduction of
recruitment of barnacles.
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Algae
Ceramium tenuicorne is a red alga that is very common in the Baltic Sea. A test method with this species
to determine inhibiting effects on growth from chemicals or waste in the water became an ISOstandard in 2010 (ISO 107 10). A review of laboratory results with this species on substances, products,
effluent waters, sediment and soil has recently been published (Eklund 2017). The ecological relevance
of the test would increase further if the test could be conducted directly in the field. Hence, we aimed
to develop a field test with the alga C. tenuicorne and to use this test to compare effects in a harbour
for leisure boats with an uncontaminated area.

3.1. Experimental design
Dialysis tubes (Medicell Membranes Ltd., London, U.K.) were used as containers for C. tenuicorne tips.
These tubes were made of cellulose ester (CE) with a permeability for molecules ranging from 12 to 14
kD (molecular weight cut-off, MWCO). The tubes were pre-treated with glycerine, as a humectant to
prevent brittleness. To remove the glycerine, the tubes were rinsed three times with Milli-Q water and
then with water from the respective exposure sites. The tubes had a diameter of 38.1 mm and a length
of approximately 20 cm, with one end closed with a knot. Three pieces of algal tips were added in each
tube containing 50 mL of exposure water; the tubes were closed with a nylon clip (Medicell
Membranes Ltd., London, U.K.). The algal tips were pre-cut in the laboratory and the mean starting
length was 2.5 mm.
Two series were compared: one, which was filled with only the natural seawater from each site and
the other one with the same water but with added nutrients. The nutrients added were nitrogen (3.46
mg N/L), phosphorous (0.78 mg P/L) and iron (0.1 mg Fe/L). These concentrations should promote
good growth according to the ISO-standard.
Karlslund marina situated 50 km south-east of Stockholm was chosen as the contaminated site and the
non-contaminated reference site was 4 km south of the marina off from any direct anthropogenic
activities. The exposure time was 23 days, from June 2 until June 25. Five replicate tubes were used
for each series. The tubes were exposed at 0.5 m below the surface along several jetties.

3.2. Algal health
The three algal tips were found back at the end of the experiment in almost all tubes. The appearance
of all algae had changed from bright red to pale yellow or even white, indicative of poor condition. The
appearance was the same for both algae at the reference site and in the boat harbour. This shows that
the algae did not thrive in the dialysis containers. This conclusion was confirmed by the almost nonexisting growth during the 23 days of exposure. The mean increase in the length of algae in the boat
harbour was 1.9 mm ± 1.6 and 1.7 ± 1.1 without and with added nutrients, respectively. The increase
in length of the algae at the reference site was similar, namely 2.0 ± 1.8 and 1.9 ± 1.7 without and with
added nutrients, respectively.
The algae did not look healthy after exposure in the dialysis bags neither at the reference site nor in
the harbour. The algae only grew about 2 mm during the 23 days of exposure. This is considerably
lower than the average 10 mm growth during one week exposure under standard laboratory
procedure. We conclude that dialysis bags are not a suitable option for exposing C. tenuicorne in situ
16

and hence, these results cannot be used to draw any conclusions about the effects of harbour
contaminants on this alga. In contrast, dialysis bags were successfully used in short term bioassays with
microalgae (Bauer et al., 2012; Geng et al., 2014).

3.

Crustaceans

The amphipod crustacean Gammarus spp. occurs in high abundances in the Baltic Sea, especially
among stands of Fucus vesiculosus, a macroalga which shelters approximately 20-30 faunal taxa
(Råberg and Kautsky, 2007; Wikstrom and Kautsky, 2007). Mesoherbivores like Gammarus spp. and
macroalgae like F. vesiculosus are interdependent and a part of this important key-community of the
Baltic Sea (Råberg & Kautsky, 2007). By feeding on the macroalgae, the gammarids both degrade the
tissues of the macroalgae, as well as remove impeding epibiota (Orav-Kotta et al., 2009). The
gammarids consequently affect the macroalgal structure and productivity (Arrontes, 1999), and
constitute an important link in the littoral community. Thus, we aimed to assess the potential impacts
of harbour contaminants on this important group of organisms, by focusing on sublethal effects at
tissue level.

4.1. Sampling
The gammarids were collected from three leisure boat harbours and three reference areas in the
Stockholm archipelago, in the summer of 2015. The individuals were collected from stands of Fucus
vesiculosus attached to rocks. The stands were soaked in buckets with ambient water directly at each
location and the gammarids were picked by hand using small sieves or tweezers. Approximately 20
individuals were sampled from each location. The gammarids were fixed in Bouin’s solution and
transported to the LimnoMar laboratory where they were processed using routing histology staining.

4.2. Effects at tissue level
The most predominant effects observed at tissue level in the gammarids were haemocytic congestion
in gills, parasite infestation, haemocyte infiltration in the heart-sinus, spongious epidermal and mucous
cells in the digestive gland, necrosis of gill lamellae and digestive gland cells, reduced oogenesis and
spermatogenesis, atrophy of the digestive gland, and dilatation, melanin accumulation and oedema in
the gills. The prevalence of parasite infestation and necrosis of digestive gland was significantly higher
for gammarids collected from harbours, compared to those from the reference sites (Fisher’s exact
test, p = 0.0052 and 0.0185, respectively) (Fig. 10).
A few sexual dichotomies were also observed in some cases. In harbours, male gammarids had a higher
prevalence of parasite infestation and haemocyte infiltration in the heart-sinus, compared to females.
At the reference sites, males tended to have a higher prevalence of gill congestion than females.
These results show that gammarids from habitats affected by boating acitivities display distinct
histological disorders with a higher prevalence than individuals from the reference sites, which might
be related to contaminant induced stress. Reports of gill pathological disorders (oedema, congestion,
necrosis) (Rossbach et al., 2017) and hepatopancreas alterations (swollen and disorganized
epithelium) were also reported as a result of Cu exposure in crabs (Yang et al., 2007) and shrimps
(Abad-Rosales et al., 2010). However, we also observed several alterations in gammarids collected at
17

the reference sites, which implies that other factors than contaminants are also contributing to the
histological effects. Further laboratory studies are needed for establishing a clear cause-effect
relationship between AF paints and histological endpoints in Gammarus spp.

Figure 10. Total percentage of snails displaying histological alterations

5.

Snails

The nerite Theodoxus fluviatilis is a common snail in the Baltic Sea, found in areas with salinities up to
18 ppt (Skoog, 1978) (Fig. 11), and in abundances of 200 -1000 individuals/m2 (Zettler, 2004). It inhabits
rocky coastal areas and is a generalist grazer with a lifespan of ca 2-3 years. It reproduces mainly in the
summer season by laying egg capsules on hard substrata. There is no planktonic larval stage and one
juvenile emerges from each capsule (Skoog, 1978). T. fluviatilis plays an important role in the
ecosystem by grazing benthic diatoms and algae and by serving as food source to fish or birds. T.
fluviatilis is not a common vessel fouling organism and hence it was studied as a non-target organism
representative of the Baltic ecosystem.

5.1. Experimental design
We carried out two field experiments on T. fluviatilis during two consecutive boating seasons in the
Stockholm archipelago. We placed the snails in plastic cages (as shown in Fig. 12) and exposed them
at 1 m depth in the harbours and at reference sites. The exposure lasted between 8 to 16 weeks,
depending on experiment, during which the snails were feeding on periphyton growing inside the
cages. Water and sediment samples were taken from each location for chemical analysis of metals (Cu,
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Zn), organic AF biocides such as butyltins, diuron and irgarol (sediment only) and nutrients, namely N
and P (water only).
In the first experiment, the endpoints studied were mainly related to life-history traits such as growth,
reproduction and mortality. In addition, metallothionein (MT) was measured in order to obtain an
indication of metal exposure at molecular level. MT is a protein involved in metal metabolism and it is
generally found in elevated concentrations among organisms from metal polluted environments. In
the second experiment, snails from two populations with different exposure histories (A, not preexposed and B, pre-exposed) were used in order to test for tolerance to new exposure (i.e. harbour
contaminants). Besides survival of individuals, alterations at tissue level were evaluated in all the
organs. This analysis was blindly done at LimnoMar, Germany, using routine histology staining. More
details regarding the experimental design are found in the published papers in the Appendix 8.1.

Figure 11 Sites inhabited by T. Fluviatilis in the
Baltic Sea. Data from HELCOM 2012.

Figure 12. Cages used for field exposure of T. fluviatilis.

5.2. Effects on life-history traits
Chronic exposure of snails in harbours caused a substantial reduction in growth, compared to snails
from the reference locations (Fig. 13). While the snails from reference sites grew in mass by 7 %, on
average, those from the Guest harbour only grew by 2.6 %. Moreover, in the two marinas, which
hosted the highest number of boats, the growth of the snails was negative. As the nutrient levels were
very similar at all locations, it is unlikely that food availability was a major contributor to the differences
in growth rates. Hence, we hypothesize that other factors, such as contaminants, played an important
role for the ability of snails to thrive. A similar situation was encountered for fecundity, which was
significantly lower in all the harbours, compared to the reference sites (Fig. 14). Most notably, in 2014
there were barely any eggs laid in Marina 1. Thus, we hypothesize that the contaminant stress led to
a trade-off between survival and growth or reproduction. On the long term, this may potentially lead
to a decline in population size.
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Figure 13. Relative growth rate of snails caged at different
locations; means and SE.

Figure 14. Fecundity of snails caged at different locations;
means and SE.

In both experiments, the snail mortality was significantly higher in the harbours, compared to the
reference areas (Fig. 15). In line with the other biological effects, the highest mortality was also
found in Marina 1, namely 5-6 times higher than at reference sites.
Contrary to our expectation, we did not find any indication of increased tolerance in the pre-exposed
population in experiment 2. It appears that the snails have instead reached their tolerance limit, which
resulted in an average mortality 3-fold higher than the population lacking exposure history.
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b)

a)

Figure 15. Mortality rate of snails exposed at different locations in experiment 1 (a) and 2 (b); means and SE.

5.3. Effects at tissue level
The most common histological alterations encountered in this study are listed in Table 3. Most of these
alterations occurred with a higher frequency among harbour-exposed snails, compared to referenceexposed ones.
Table 3. List of the most frequent histological alterations found in field-exposed snails.

Organ

Alteration

Organ

Alteration

Gonads

arrested oogenesis/spermatogonesis
Atresia
lysis
necrosis
dilatation
lysis
haemocyte infiltration
necrosis
dilatation
necrosis of lamellae
phagocytosis

stomach epitelium
kidney tubules

lipofuscins accumulation
dilatation
necrosis
phagocytosis
haemocyte infiltration
necrosis
lysis
haemocyte infiltration
loose connective tissue
granulocytoma
fouling (algae/fungi)
parasites

mid gut gland

Gills

storage tissue

foot

shell
general

A high (48-55 %) prevalence of parasite infestation (with rediae or cercariae of trematodes) was found
among both snail populations, which complicates the interpretation of the results, as it is difficult to
distinguish between contaminant-induced and parasite-induced pathologies. Nonetheless, it is highly
relevant to study these two types of stressors together, as wild populations are commonly parasitized.
It has been suggested in the literature that contaminants debilitate the immune system of organisms,
thus rendering them more susceptible to parasite infestations (Sures, 2004). In line with this, we found
a higher prevalence of parasites among harbour-exposed snails, relative to reference-exposed ones.
Interestingly, we have also found a higher infestation among males from one population (A), relative
to females, but the reason for this is still not clear.
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As multiple pathologic alterations were found at the gonad level, we hypothesize that damage to the
reproductive organs might be one of the reasons behind the reduced fecundity observed in the
previous study.

5.4. Metals as key explanatory variables for toxicity
The role of abiotic factors (metals, nutrients, pH, salinity) in predicting biological effects was
investigated using generalized linear models (GLMs, first experiment) and logistic regressions (second
experiment). For both studies, the statistical models indicated that metals were the key explanatory
factors for the biological endpoints. For example, dissolved Cu was associated with increased mortality
and reduced fecundity, while dissolved Zn was associated with decreased growth and MT. Both
dissolved Cu and Zn were associated with increased probability of several histological alterations, such
as necrosis of gills, gonads and digestive gland and lysis of gonads, kidney and storage tissue. Statistical
details regarding the contribution of metals and other abiotic factors to the observed effects are
presented in the Appendix (Table 3 in 8.1. A,B). Thus, we conclude that AF paints contribute to the
observed toxicity, as indicated by the relationship with metals and the proximity to leisure boats.
However, the relative contribution of other factors (e.g. organic contaminants) to the overall toxicity
is still unknown and should be further investigated.

6.

Conclusions

Within this deliverable, four in situ concepts were tested; in situ sampling, deployment of cages, field
plastic panels or semi-permeable membrane devices. After initial tests two concepts were futher
developed, caging and field panels.
The first promising concept was monitoring biofouling and evaluating AF performance of paints using
field panels constitute a promising method to support policy recommendations and adaptive
management strategies towards more sustainable and environmentally-friendly AF methods in the
Baltic Sea by:



providing data to support policy recommendations and authorization processes of new AF
products on a regional/national level;
facilitating the use of mechanical cleaning of the hulls as an alternative to AF paints by
informing individual boat owners and boat clubs regarding the optimal cleaning period.

These aspects are particularly important, as we have showed evidence of increased toxicity in harbours
for different species, and in many cases the toxic responses were linked to the metal concentrations.
For instance, the settlement of barnacle larvae in Fiskebäck was reduced 44-fold on panels coated with
a paint containing as little as 4.3 % Cu, compared to no Cu at all. Furthermore, effects on the physiology
of snails were observed in harbours, with detrimental consequences on growth and reproduction,
which may potentially lead to a risk for the population. Pathologies at tissue level were observed in
both snails and crustaceans (gammarids) and such sub-lethal effects should be considered as a warning
signal for the fitness of these organisms.
The second promising concept was the caging method employed in the snail study, which proved to
be an effective way of controlling some experimental parameters (exposure duration, depth, location),
22

while including the natural variability in environmental factors and ensuring protection from snail
predators. On the downside, loss of cages due to unpredicted factors (e.g. stormy weather or
vandalism) may lead to loss of data. Luckily, this only occurred to a small extent in our studies. We
believe that the in situ caging method can be successfully used for other sessile invertebrates as well,
thus broadening the knowledge on effects of contaminants on several taxa.
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Abstract
Harbours with limited water exchange are hotspots of contaminant accumulation. Antifouling
paints (AF) contribute to this accumulation by leaching biocides that may affect non-target
species. In several leisure boat harbours and reference areas in the Baltic Sea, chronic
exposure effects were evaluated using caging experiments with the snail Theodoxus fluviatilis. We analysed variations in ecologically relevant endpoints (mortality, growth and reproduction) in concert with variation in metallothionein-like proteins (MTLP) levels. The latter is
a biomarker of exposure to metals, such as copper (Cu) and zinc (Zn), which are used in AF
paints as active ingredient and stabilizer, respectively. In addition, environmental samples
(water, sediment) were analysed for metal (Cu and Zn) and nutrient (total phosphorous and
nitrogen) concentrations. All life-history endpoints were negatively affected by the exposure,
with higher mortality, reduced growth and lower fecundity in the harbours compared to the
reference sites. Metal concentrations were the key explanatory variables for all observed
adverse effects, suggesting that metal-driven toxicity, which is likely to stem from AF paints,
is a source of anthropogenic stress for biota in the harbours.
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Introduction
Pollution caused by boating activities is a well-known problem, largely due to the use of antifouling (AF) paints [1–4]. In the Baltic Sea, the most commonly used AF paints contain metals,
such as copper (Cu) and zinc (Zn), whereas organic biocides are forbidden [5]. The number of
leisure boats in the Baltic Sea is approximately 2 million, with half of them located in Sweden
[6]. Leisure boats are stationary 90% of the time [7], leaching biocides and contributing to
increased pollution in harbours [8]. In Sweden, the input of Cu from AF paints into surface
waters was estimated 104 tonnes/year, which is twice the input from forest land runoff and
7-fold the input from atmospheric deposition. This makes AF paints the main diffuse source
of Cu in the surface waters [9]. Elevated Cu and Zn levels in the sediment have been linked to
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AF paint use in several harbours on the west coast of Sweden, including natural harbours situated in pristine areas [10].
Antifouling paints are designed to have a toxic effect on the biofouling organisms but
release biocides, which are also toxic to non-target organisms. Several laboratory studies have
reported toxic effects of AF paint leachates, such as growth inhibition of algae and mortality in
copepods [11,12], while field evidence is scarce. It is important to assess the effects of the AF
substances in the aquatic environment, especially when the active ingredients, i.e. metals, are
not biodegradable, and will, therefore, be persistent. Moreover, investigating the interaction
effects of metals and other abiotic factors commonly varying in estuarine habitats, e.g., nutrients and salinity, is highly relevant for improving prediction of toxic effects.
Long-term studies facilitate risk assessment at the population level and provide an understanding of the sublethal effects of pollutants. Field experiments (e.g., using caging technique)
allow experimentation under natural conditions and, hence, higher external validity, compared to the laboratory experiments [13]. Long-term field experiments integrate responses to
both natural variability in the environmental factors (e.g., temperature and salinity) and
environmentally relevant levels of contaminants to which the organisms are exposed. Also,
some endpoints, such as reproduction, can in some cases only be assessed in the natural environment, because some species mate poorly under laboratory conditions [14].
The use of molecular biomarkers as functional measures of exposure to contaminants is
increasingly being adopted in risk assessment [13,15,16]. In particular, the induction of metallothionein (MT) or metallothionein-like proteins (MTLP) has been commonly used to detect
exposure to both essential, e.g. Cu and Zn, as well as non-essential metals, e.g. Cd and Ag
[17,18]. Metallothioneins are non-enzymatic proteins with high cysteine content which bind
heavy metals thereby playing an important role in their detoxification [19,20]. Therefore, elevated MTLP concentrations are generally observed in organisms collected from metal-contaminated sites [21,22].
While effects of AF substances on target species have been evaluated, their potential impacts
on non-target species are poorly known. Clearly, understanding these impacts for ecologically
relevant species is a prerequisite for environmental risk assessment and protection of ecosystem integrity. Gastropods are the taxonomically largest group of marine animals, ~40 000 species [23]. Thus, they constitute a substantial part of the biodiversity; they also perform essential
ecological functions in the aquatic systems, both as grazers and as prey for higher trophic levels. In general, snails have limited capacity to metabolize contaminants and can, therefore,
bioaccumulate them to a greater extent than other animals [24]. In addition to the direct toxic
effect (e.g. mortality), contaminants can also weaken the immune system of the snails, rendering them more susceptible to pathogen infections [25], which might ultimately affect reproduction and survival. During the reproductive season, molluscs are particularly sensitive to
stress (e.g. parasites, thermal stress, contaminants) due to the high energy cost of spawning
[26]. In marinas, all these multiple stressors are likely to interact with each other and to
increase the chances of population decline for this ecologically important functional group
[27].
Here, we use the nerite snail Theodoxus fluviatilis as a model organism. It is the second
most widespread snail in the Baltic Sea [28] and is also commonly found in European freshwaters [29]. This snail is a generalist grazer, feeding on epilithic algae and detritus, and has a lifespan of 2–3 years [14]. In this study, we focused on effects on life history responses in T.
fluviatilis induced by exposure to harbour contaminants. Snails were collected at a pristine site
in the Baltic Sea and caged at several harbours and reference areas for 8–16 weeks. Mortality,
growth, and reproduction, which are highly ecologically relevant endpoints, were analysed. In
addition, snail MTLP levels were analysed and linked to metal concentrations in water and
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sediments at the exposure sites. We hypothesized that animals caged in the harbours would
have higher mortality, lower growth, and lower fecundity, compared to those exposed at the
reference sites (Hypothesis 1), and that these effects will be correlated to both the dissolved
and sediment levels of Cu and Zn, the active substances in AF paints (Hypothesis 2). We also
expected levels of MTLP to increase with increasing Cu and Zn concentrations in the environment (Hypothesis 3). Moreover, we evaluated the role of other environmental factors (nutrient
availability, salinity, and pH) in modulating effects of Cu and Zn on the snails.

Materials and methods
Study locations
Permission for carrying out the experiments was obtained verbally from the respective harbour
masters. Two experiments were conducted over two consecutive years: 2014 (year 1) and 2015
(year 2). In year 1, a commercial marina (Marina 1) and a guest harbour were chosen as representative areas with relatively high levels of contamination originating from AF substances.
The main differences between marinas and guest harbours are outlined in Table 1. No industrial sites, sewage treatment plant effluents or other point sources of pollution were identified
in the nearby areas. The reference site (Reference 1) was a pristine area located 80 km south of
Stockholm and not directly exposed to any sources of AF paints. In year 2, the study was
expanded by including an additional marina (Marina 2), increasing the number of snails per
cage (in order to have enough material for biomarker analysis), and increasing the exposure
time. Moreover, a new and easily accessible reference site was chosen (Reference 2). The three
harbours included in the study operated 900 to 1 400 boats per year and were located within
40–80 km of Stockholm, Sweden (Fig 1). The depth at each location was estimated from nautical maps (Table 1). For simplicity, Marina 1 and 2 and the Guest Harbour are called ‘harbours’
when making general statements throughout the paper.
Water and sediment sampling. Water samples were collected from 1 m depth using a
Ruttner sampler and sediment was collected with an Ekman grab sampler; all the samples were
placed in acid-washed plastic containers, transported to the laboratory in cooling boxes and
stored at 4˚C until analysis (ca 4 months). Approximately 2 cm from the top sediment were
used for the chemical analysis. The samples were collected at the start of the experiment.
Physicochemical parameters. Measurements of pH and salinity were performed in the
laboratory using Metter Toledo FiveEasy™ FE20 and FG3, respectively. Data on surface water
temperature were collected by the Swedish Meteorological and Hydrological Institute (SMHI)
at the nearby monitoring station (58˚46’08.0"N 17˚51’32.0"E; Fig 1). The temperature data
were retrieved from the SMHI database (http://sharkdata.se) and average temperatures were
calculated for the exposure period of our experiment. Nutrient concentrations (nitrogen and
phosphorus) were measured in the water samples from each location. Total nitrogen (TN) and
phosphorus (TP) were analysed using Autoanalyzer II (Technicon), according to the standards
SS-EN ISO 11905–1:1998 and SS-EN ISO 15681–2:2005, respectively.
Table 1. Details on boating activities at the study locations.
Site

Residence time of boats

Boat maintenance activities

Depth (m)

long (entire season)

frequent

~3 to > 6

short (mainly visiting boats)

rare

8–11

no boats

none

~3

Marina 1
Marina 2
Guest harbour

~6

Reference 1
Reference 2

~3

https://doi.org/10.1371/journal.pone.0180157.t001
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Fig 1. Map of the study locations and SMHI (Swedish Meteorological and Hydrological Institute) station that was used to retrieve the temperature
data.
https://doi.org/10.1371/journal.pone.0180157.g001

Experimental design and test animals
In both years, the experimental animals were collected at the site Reference 1 to minimize
genetic variability among individuals, and to ensure that snails had similar physiological conditions prior to the exposure. There was no pre-acclimatisation of the animals to the experimental environments. T. fluviatilis is an invertebrate and a species of Least Concern on the
IUCN (International Union for Conservation of Nature) Red List of Threatened Species™ and
hence no ethical permit was required for conducting this study.
Plastic 100-mL cages (S1 Fig) were used for in situ exposure. Each cage contained 5 or 10
snails (in year 1 and 2, respectively) of different sizes (3 to 8 mm shell length) and fresh tips of
bladderwrack (Fucus vesiculosus) as a natural substrate, collected from Reference 1. During the
exposure, the snails were also able to graze on the ambient periphyton growing inside the
cages. Thirty cages were placed at each site, tied to the docks in the harbours or to the buoys at
the reference sites at 1 m beneath the water surface. The snails were not sexed before the caging; however, in T. fluviatilis the sexes are separate, with a sex ratio of ~1:1 in the Baltic Sea
[14], which means that each cage was likely to contain both males and females. Females lay
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20–40 egg capsules of ca 1 mm diameter, which are attached to the substrate. Each capsule contains ca 80–100 eggs, out of which only one juvenile hatches and has the morphology of a miniature adult (i.e. there is no free-swimming larval stage). Egg-laying occurs throughout the
year, but most abundantly in the summer [30].
The exposure time was defined as the time spent in the cage in the test area. The exposure
lasted eight weeks in year 1 (mid-July to mid-September) and 16 weeks in year 2 (end of May
to mid-September), thus covering most of the boating season in the area (May to early October). During the exposure, the cages were periodically cleaned from biofouling to facilitate
water exchange, and the bladderwrack was changed when necessary. Snail mortality was
recorded at each field visit (e.g., every 2–4 weeks) and fecundity was assessed by counting the
number of egg capsules in each cage after the first 2 or 4–5 weeks of exposure (year 1 and 2,
respectively). The data are presented as mortality rates (Eq 1) and weight-specific fecundity
(Eq 2). Growth was measured as an increase in the whole body mass (i.e. soft tissue and shell)
over the entire exposure period and calculated as relative growth rate (RGR) using Eq 3.
Details on the weight measurements are found in the supplementary material (S1 Text).
Mortality rate ¼

Ndeadt 1
;
Nalive0 t

ðEq 1Þ

where Ndead is the number of snails that died by the end of the experiment (time t, 8 or 16
weeks for year 1 and year 2, respectively) and Nalive is the number of snails at the start, time 0.
Fecundity rate ¼

Neggst 1
;
W0 t

ðEq 2Þ

where Neggs is the number of egg capsules at time t (2 and 4–5 weeks for year 1 and 2, respectively) and W0 is the weight of the snails at the start (mg dw).
RGR ¼

ln ðWt Þ

ln ðW0 Þ
t

;

ðEq 3Þ

where Wt is the dry weight of the snails at the end of the experiment.

Analysis of metals and organic antifouling biocides
Concentrations of dissolved metals (Cu and Zn) were measured in the water samples from
each location. Cu and Zn were also analysed in the sediment samples from each location (SS
EN ISO 17294–1 mod). In addition, irgarol, diuron and organotins MBT, DBT and TBT
(mono-, di- and tributyl tin, respectively) were measured in the sediments (year 1 only). The
analysis of organic biocides was carried out by a certified laboratory (ALS Scandinavia, according to DIN ISO 38407–35) and dissolved metals were analysed at both ALS (SS EN ISO 17294–
1 mod) and Stockholm University (SS EN ISO 17294–2:2005).

Analysis of metallothionein-like proteins
At the end of the exposure period, the surviving snails were frozen in liquid nitrogen and
stored at -80˚C until analysis. A spectrophotometric method modified from [31] was used
for quantifying MTLP in the soft tissues. The whole shell-free body was used for the analysis
as it has been shown to be more reliable for long-term monitoring than dissected digestive
glands [32]. The tissues of 3–6 snails were pooled into a sample (50.4 ± 0.2 mg wet weight; 12–
18 samples per site) and homogenized with Buffer 1 (1:3) containing 0.5 M sucrose, 20 mM
Tris-HCl buffer (pH 8.6), 0.006 mM leupeptin, 0.5 mM phenylmethylsulphonilfluoride
(PMSF) and 0.01% β-mercaptoethanol. The homogenization was done using FastPrep1-24
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(MP Biomedicals), ~34 mg zirconium/silica beads (0.5 mm, BioSpec) and one ceramic sphere
(6.35 mm, MP Biomedicals) at a speed of 6 m/s for five cycles of 20 sec each (with cooling on
ice in-between). The homogenates were further centrifuged at 30 000 g for 30 min, and 100 μL
of the supernatant were used for fractionation of MTLP with cold absolute ethanol (101 μL,—
20˚C) and chloroform (8 μL). The samples were centrifuged at 6 000 g for 10 min, and 180 μL
of the supernatant were combined with 1 mg RNA, 4 μL 37% HCl and 3 volumes of cold, absolute ethanol and kept at -20˚C for 1.5 h for precipitation of MTLP. The samples were then centrifuged at 6 000 g for 10 min, after which the MTLP-containing pellet was washed with
87:1:12 ethanol, chloroform and Buffer 2 (prepared as Buffer 1 but without leupeptin, PMSF
and β-mercaptoethanol) and centrifuged again at 6 000 g for 10 min. The supernatant was discarded, and the pellets were dried under N gas and re-suspended in Buffer 3 (50 μL 0.25 M
NaCl, 50 μL 1N HCl and 4 mM EDTA from Merck). To each sample, 800 μL of the reagent
solution containing 2 M NaCl, 0.2 M Na-phosphate pH 8 and 0.43 mM DTNB (5,5-dithiobis2-nitrobenzoic acid) were added, followed by centrifugation at 3 000 g for 5 min. The absorbance of the supernatant at 412 nm was measured with a spectrophotometer (Shimadzu UV2501PC) using reduced glutathione as standard. All centrifugation steps were conducted at
4˚C, with the exception of the last one that took place at room temperature. The amount of
MTLP in the snails was calculated assuming a cysteine content of 18% [33]. Information
regarding recovery rates and detection limits is found in the supplementary material (S2 Text).
All reagents were of analytical grade and purchased from Sigma Aldrich or VWR unless stated
otherwise.

Data analysis
First, the variability of the life-history and abiotic variables within the dataset was explored
using between-group PCA (bgPCA) plots as implemented in PAST software v. 3.14. All other
statistical analyses were conducted in JMP software v. 12 (SAS, USA). Generalized linear models (GLM) were used to identify the abiotic factors (concentrations of metals, TN, TP, salinity,
pH and the relevant interactions) affecting responses in the snails (growth, fecundity, MTLP
and mortality). In addition to the metal concentrations, Cu:Zn ratios for dissolved metals and
those measured in the sediment samples were also used in the GLMs as predictors to investigate potential mixture effects [34]; the effect was interpreted as antagonistic when the metal
ratio predicted a positive (beneficial) biological effect and synergistic when it was negative
(adverse)(S1 Table). The growth model also included the size of the snails at the beginning of
the exposure, because in these animals growth rates are size-specific [35]. The summary of the
dependent and independent variables used in different models is shown in Fig 2. For evaluating mortality and fecundity rates that were zero-inflated, we used the Hurdle model [36] with
two submodels: 1) a binomial logistic regression predicting the probability of zero mortality
and zero fecundity, respectively; 2) GLM on zero-truncated mortality and fecundity, using a
normal error structure and log link function. The model evaluation was done by assessing normality and homogeneity of variance in residual plots. The zero-truncated mortality and fecundity data were Box-Cox transformed to achieve a normal distribution. Outliers in the growth
data were identified with Grubb’s test and removed from the analysis; this procedure did not
affect the significance of the predictors but improved the normality of the residuals. The criteria for choosing the best model were based on the AIC value and the parsimony of the models.
To observe the changes in mortality over time, standard survival curves were fitted for each
location. For this, individuals who were lost or alive at the end of the exposure period were
censored, and log-rank tests were used to check for differences in survivorship between the
sites. Differences between site types (harbours vs. references) in fecundity, growth and MTLP
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Fig 2. Response and explanatory variables considered in the regression models. TP = total phosphorous, TN = total
nitrogen, GLM = generalized linear model, ww = wet weight.
https://doi.org/10.1371/journal.pone.0180157.g002

were also tested using GLMs. Furthermore, because MTLP levels may be affected by physiological changes in the organism [37], Spearman correlation was used for investigating potential
relationships between MTLP and growth-related variables (RGR and fecundity).

Results
Between-site variability in environmental conditions and life-history
responses
In both years, the harbours differed substantially from the reference sites in terms of the direction and variability of life history responses and environmental conditions. High variability
was also observed between the harbours within a year (S3 Fig). Nevertheless, in both years, the
reference sites were associated with high fecundity and high nutrient levels (TN and TP in year
1 and TN in year 2). In contrast to the reference sites, the harbour environments were associated with elevated concentrations of metals, either dissolved (Marina 1) or associated with the
sediment (Guest harbour in year 1 and Marina 2) as well as high mortality and low RGR
(Marina 1) and low fecundity (Marina 2) of the snails. Moreover, low salinity and relatively
low pH contributed to the separation of Marina 1, whereas high TP and low TN levels contributed to the separation of Guest harbour in year 2. Thus, the studied environments showed a
high variability in the environmental factors that was both related and unrelated to the metal
contamination.

Metals and organic antifouling biocides
There were higher concentrations of dissolved Cu (2.7–3.7 μg/L) in both marinas compared to
the reference sites (0.6–1.2 μg/L), whereas intermediate levels were observed in the Guest harbour (1.4–1.8 μg/L). Likewise, dissolved Zn concentrations in the marinas (7.1–10.6 μg/L)
were approximately 3-fold higher than those observed at Reference 2. Similarly, the sediments
in the harbours had higher concentrations of metals and organic tin compounds, compared to
the reference sites, except for the sediment from Reference 1. The levels of Cu and Zn in the
harbour sediments varied 23–61 and 65–116 mg/kg TS (total solids), respectively, exceeding
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those at the reference sites by up to a factor of 11 for Cu and 7 for Zn. The concentrations of
organotin compounds at Reference 1 and Marina 1 were comparable to the low levels previously reported in reference areas of the Baltic Sea (e.g., 2–10 μg TBT/kg TS)[38], whereas the
levels in the Guest harbour were similar to previous reports from other harbours in the Stockholm archipelago [38,39]. Irgarol and diuron were below detection limit at all sites (Table 2).

Physicochemical parameters
The nutrient levels varied 288–338 μg/L for TN and 10–24 μg/L for TP (Table 2). The TN levels
were very similar between harbours and reference areas for both years, whereas TP was
1.6-fold lower and 1.8-fold higher in the harbours than at reference sites in year 1 and 2,
respectively. The salinity varied between 5.47–5.80 PSU at the reference sites and 4.82–5.75
PSU in the harbours, thus not differing by more than 1.2-fold between the two types of locations. The pH was very similar for the reference sites and harbours, ranging between 7.94–8.34
and 7.91–7.98, respectively. The surface water temperature was higher in year 1 than in year 2
(18.0 and 15.1˚C, respectively, S2 Fig).

Mortality
During both years, the snail mortality rate was higher in the two marinas compared to the reference areas (Figs 3 and 4A). In general, the survival of the snails in the marinas decreased by
up to 7% per week, compared to the reference sites where the survival decreased by maximum
1% per week (Fig 3; log-rank p = 0.006 for year 1 and 0.003 for year 2). The probability of survival was significantly higher at low concentration of dissolved Zn, yet relatively high concentration of dissolved Cu; the survival was also positively related to Cu:Zn ratio in sediment,
indicating antagonistic interactions between the two metals. Moreover, Cu concentrations in
water and sediment were the best positive predictors of mortality rate, with dissolved Cu being
a stronger predictor than Cused (Table 3A).
Table 2. Metals and organic antifouling biocides in sediment (s) and water (w) from harbours and reference sites; TS = total solids, TBT, DBT and
MBT = tri, di and monobutyl tin, respectively; TN = total nitrogen, TP = total phosphorous; one sediment sample was analysed per site Concentrations in water are in μg/L and in sediment in mg/kg TS and μg/kg TS for organotins.
Parameter

Year

Guest harbour
s

Total solids (TS, %)
Cu
Zn

2014

w

45.7

Marina 1
s

Marina 2
w

s

w

59.9

56.2

2014

59.6

36.7

2015

33.4

1.8

61.2

3.5

2014

116

1.8

64.8

7.1

3.3

162

10.6

37

Reference 2

s

s

51.2

w

88.4

3.7
23
69.2

126

1.2

67.1

7.4

2.7

2015

101

TBT

2014

86

26.6

DBT

2014

58.1

8.86

<1

MBT

2014

46.9

19.3

1.29

Irgarol

2014

<0.01

<0.01

<0.01

Diuron

2014

<0.01

<0.01

TN

2014

295

308

2015

268

288

2014

16

15

2015

18

12

TP

w

76.8

2015

1.4

Reference 1

8.1

5.5

0.6

16.6

3.4

0.91

<0.01
338
288

300
24

16

10

https://doi.org/10.1371/journal.pone.0180157.t002
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Fig 3. Survival curves for snails exposed at different locations in year 1 (a) and 2 (b); note the different scales on the yaxis.
https://doi.org/10.1371/journal.pone.0180157.g003
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Fig 4. Mortality and sublethal responses of snails exposed in different locations. For each variable, the
horizontal line indicates the median, the lower and upper limits of the boxes are the 1st and 3rd quartile,
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respectively and the whiskers show the furthest point within 1.5 × the interquartile range. Harbours and
reference sites are shown in black and grey, respectively. MTLP = metallothionein-like proteins,
RGR = relative growth rate.
https://doi.org/10.1371/journal.pone.0180157.g004

Sublethal effects
Growth. The growth rates were lower in the animals exposed in the harbours, compared
to those from the reference sites (p = 0.0016 and p < 0.0001 for years 1 and 2, respectively;
Fig 4C). Negative growth was observed in the harbours (except Guest harbour in year 1),
with average mass decrease of 3 and 11% (year 1 and 2, respectively), whereas growth at the
reference sites was positive, with average 5 and 9% in year 1 and 2, respectively. The lowest
growth rates were observed in Marina 1 during both years (Fig 4C). As expected, the growth
was size-dependent, with initial body weight having a significant negative effect on RGR.
Moreover, the RGR was negatively associated with dissolved Zn and positively with the Cu:Zn
ratio in the sediment, indicating a potential antagonistic effect of the two metals on snail
growth (Table 3B).
Fecundity. In both years, the fecundity rate was significantly lower in the snails exposed
in the harbours, compared to those from the reference areas (p < 0.0001 for both years; Fig
4B). In particular, Marina 1 was the site with almost no fecundity in year 1. Only 2 out of 30
cages contained egg capsules, which were present in small numbers; thus, the fecundity rate
at this site was 67-fold lower than at Reference 1. Across the sites, fecundity was negatively
affected by dissolved Cu and salinity (Table 3A). Moreover, Cu:Zn ratio in the sediment was a
significant positive predictor, indicating a possible antagonistic effect of the two metals on
snail reproduction.
Metallothionein. The MTLP levels in the harbour-exposed snails were not significantly
different from those from the reference sites (p = 0.192 and 0.255 for years 1 and 2; Fig 4D).
Table 3. Regression models testing effects of environmental variables on snail life-history and biomarker responses: a) Hurdle models for zeroinflated data (mortality and fecundity rate); b) Generalized linear models (GLMs) for the growth (RGR) and MTLP responses.
Effect

Predictors

Estimate

SE

Chi2

p

a) Hurdle models
Mortality
1) Zero mortality submodel (probability of survival)

2) Positive mortality submodel

Cu

8.45E-01

2.57E-01

10.79

0.001

Zn

-7.84E-01

1.44E-01

29.74

< .0001

Cused:Znsed

3.85E+00

6.17E-01

38.89

< .0001

Cu

1.67E-02

5.27E-03

9.57

0.002

Cused

9.43E-04

2.39E-04

14.43

0.0001

Cu

5.26E+00

8.14E-01

41.64

< .0001

salinity

1.10E+01

1.95E+00

32.09

< .0001

Cu

-5.20E-02

1.13E-02

20.04

< .0001

Cused:Znsed

1.81E-01

1.94E-02

69.72

< .0001

Zn

-2.38E-04

3.00E-05

54.11

< .0001

Cused:Znsed

2.30E-03

3.00E-04

51.27

< .0001

Initial weight

-1.78E-04

4.60E-05

14.37

0.0002

Zn

-9.57E-02

2.83E-02

12.32

0.0004

Cused:Znsed

4.67E-01

1.09E-01

19.74

< .0001

salinity

-6.95E-01

1.90E-01

14.25

0.0002

Fecundity
1) Zero fecundity submodel (probability of failed reproduction)
2) Positive fecundity submodel
b) GLMs
RGR

MTLP

https://doi.org/10.1371/journal.pone.0180157.t003
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Nonetheless, the highest MTLP levels were observed at Marina 1 in both years. The GLM identified dissolved Zn, salinity, Cu:Zn ratio in the sediment as significant predictors of MTLP
(Table 3B). The Cu:Zn ratio was positively associated with MTLP, suggesting potential synergistic effect between the two metals. The MTLP levels decreased with salinity and increasing
levels of dissolved Zn. No significant correlation was found between MTLP and fecundity
(p = 0.76) or growth (p = 0.818).

Discussion
Although there was a high variability of physiological responses and environments among all
study sites, there were higher metal concentrations in the harbours compared to the reference
sites and lower fitness of the snails caged in the harbours. We found that Cu and Zn, i.e., the
metals originating to a great extent from AF paints, were the key predictors of the observed
biological responses. Therefore, the Hypotheses 1 and 2 were supported, and the harbour environments, boating activities and AF paints were identified as significant contributors to the
suboptimal environment for T. fluviatilis. The poorest survival, growth, and reproduction of
the snails, as well as highest MTLP levels, were observed at the site Marina 1, one of the largest
marinas for recreational boats in the Baltic Sea; thus, it is not surprising that snails in this habitat were the most heavily impacted.

High metal concentrations in the harbours
The harbours investigated in this study had sediment Cu and Zn levels similar to other marinas around the world, e.g., Cu: 16 μg/g TS [40], 63 mg/kg TS [41] and 210 mg/kg [42], Zn:
94 mg/kg TS [41] and 53 mg/kg TS [40]. Reference 1 also had high levels of Cu in the sediment, which was unexpected, since the values previously reported for that site were 4-fold
lower [43]. Furthermore, the dissolved Cu concentrations in the harbour waters were comparable to the values reported in harbour areas, e.g., San Diego Bay: 5–6 μg/L [42,44]; Bahia
Blanca Estuary: 5 μg/L [40]. At our reference sites, dissolved Cu and Zn concentrations were
similar or slightly higher compared to the background levels estimated for the Baltic Sea (0.3
and 1 μg/L for Cu and Zn, respectively) [45], whereas in the harbours, the metal concentrations exceeded these levels up to 12- and 11-fold for Cu and Zn, respectively (Table 2). Thus,
the metal concentrations in the harbours substantially exceeded the target values for Good
Environmental Status in the Baltic Sea (1.45 and 1.1 μg/L for Cu and Zn, respectively) [46].
Since no major point sources of Cu and Zn emissions were located in the vicinity of the study
sites, we believe that the levels of these metals reflect inputs from AF paints used on leisure
boat hulls. Several studies have also shown a metal release from AF paints in marinas [8,47,48]
Such elevated metal concentrations can impact various species inhabiting harbour areas,
including snails [49,50].

Variability of the physicochemical factors
In our study, total nitrogen and phosphorous were used as measures of the nutritional conditions in the studied areas. The values recorded (TN: 297.9 ± 21.7 μg/L and TP: 15.9 ± 4.5 μg/L;
Table 2), were similar to the nutrient levels in the Baltic Sea during summer. For example,
SMHI (http://sharkdata.se station B1 in the northern Baltic proper, 58˚48’00.0"N 17˚37’00.1"E)
reports TN and TP in the surface water during May-September to be 307.8 ± 41.3 μg/L and
22.2 ± 2.5 μg/L, respectively. In general, nutrient deficiency can cause growth inhibition both
directly by energy limitation or indirectly by rendering the test animals more sensitive to pollutants and other stressors [51]. In this study, we did not observe any effects of nutrients on the
life-history or MTLP levels of the snails. Moreover, we have not detected any statistically
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significant interaction between metals and nutrients, while other studies [52] showed that
antagonistic interactions might occur. The lack of such effects in our study can be related to the
relatively low variability of the nutrient concentrations. Besides the nutrients, the salinity and
pH were also very similar between harbours and reference sites. This implies that more locations with controlled gradients should be employed in field studies to adequately assess the
effects of multiple stressors (e.g. nutrient abundance or limitation, salinity and pH fluctuations,
among others) on environmentally relevant species and their responses to contaminants.
Variability in the summer temperature may have contributed to the between-year differences in growth and fecundity observed in our study. The average temperature in the study
area during the experiment was 18.0 and 15.1˚C for year 1 and 2, respectively (S2 Fig), which
may explain the higher growth and fecundity in year 1. As temperature is an important factor
initiating egg-laying in T. fluviatilis [30], the between-year difference in the average water temperature during the first half of the exposure (20.8˚C vs. 12.7˚C) was sufficient to induce the
observed difference in reproductive output. It is also possible that the lower density of animals
in the cages during year 1, and hence lower competition for food, might have contributed to
higher growth and reproduction during this experiment.

Elevated Cu and Zn levels as major drivers of fitness reduction
Environmental metal concentrations in the harbours were found to negatively affect the
main fitness parameters (survivorship, growth and reproduction) in the snails (Fig 4).
Indeed, all these endpoints were significantly affected by metals, particularly Cu (Table 3).
The observed mortality did not exceed 50% at the maximum concentrations of 3.7 μg/L and
10.6 μg/L for Cu and Zn, respectively, which is in line with the published toxicity data for various snail taxa, where chronic (28 d) exposure resulted in LC50 varying between 13 and
42 μg/L for Cu [53]. Similar mortality response was also observed in the snail Biomphalaria
glabrata (Heterobranchia, Planorbidae that had 20% mortality when exposed for 33 d to
15 μg/L Zn [54].
In the harbour-exposed snails, mortality increased by up to 7-fold, in concert with growth
becoming negative and reproduction declining up to 67-fold. The latter could have been affected both directly, as a result of reproductive toxicity, and indirectly, as a result of the inhibition of somatic growth. The reduced growth in harbours is in line with other reports, e.g., a
reduction in growth for Lymnaea stagnalis at Cu levels similar to Marina 1 [55] and Cu-induced
growth reduction in several species of snails, with EC20 ranging from 8.2 to 27 μg/L [53]. It is
possible that, due to the higher levels of contaminants in the harbours, the snails employed coping mechanisms that were energetically costly and led to the negative energy budget and losses
of body mass.
The lower fecundity rates associated with dissolved Cu concentration (Table 3A) are also in
line with observations for other freshwater snails, e.g. Stagnicola vulnerata [56], Lymnaea stagnalis [55], though at higher Cu concentrations. Moreover, we observed a positive effect of the
sediment Cu:Zn ratio on fecundity, growth and the probability of survival, indicating possible
antagonistic effects between Cu and Zn. Similar interactions between the two metals were
observed for the reproduction of Ceriodaphnia dubia [57]. Competition between Cu and Zn
for binding at the target sites might explain the antagonistic effect of the mixtures [58]. The
fact that metals in both dissolved form and from the sediment were important predictors of
toxic responses suggests that the role of metals depends on complex-forming properties (e.g.,
hardness, redox potential, organic matter) [59] that were not measured in this study. The sediment metal ratios have implications for the long-term effects of AF paints in harbours, as metals will persist in the sediment even after their use in the paints is ceased.
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Several studies on aquatic invertebrates have shown that dietary exposure is more important than waterborne exposure for metal bioaccumulation and toxicity [60,61]. We believe that
was the case in our study as well, as the snails do not drink water, since they are osmoconformers. Hence, the ion pumps in the gills are not as active as in freshwater environments, which
reduces active uptake of metal ions. Although metal concentrations in the periphyton growing
in the cages were not measured, the fact that mortality increased over time in all harbours (Fig
3) suggests that snails accumulated pollutants from food, i.e., algal biofilms which can have a
Cu bioaccumulation factor of up to 25 000 [62]. At the same time, the metals in the sediment
also seem to play an important role for the observed effects. We hypothesize that the levels of
metals in the sediment reflect the (unmeasured) levels of metals in the biofilm, as the two
matrices have similar metal-binding characteristics [63]. This hypothesis is supported by several studies which have shown a strong positive correlation between metals in sediments and
biofilm [63,64]. To identify the most important metal exposure pathways for non-target species with different feeding habits, future studies should employ carefully designed laboratory
experiments in combination with field exposures.

Metallothionein response: Importance of salinity and Cu:Zn ratio in
sediment
Animals exposed at Marina 1 had the highest MTLP levels coinciding with the lowest survivorship, growth and reproduction. However, contrary to our hypothesis, there was no overall elevation in the MTLP levels in the snails exposed in the harbours, compared to those from the
reference sites. The lack of response was, most probably, related to the confounding negative
effects of salinity on the MTLP levels. A negative effect of salinity on MT was also observed in
the gills of the crab Pachygrapsus marmoratus [65] and in the mussel Mytilus galloprovincialis,
presumably due to changes in the general protein metabolism or due to shifts in the subcellular
partitioning of metals [66]. Moreover, MT from T. fluviatilis has not been characterized yet and
thus there are uncertainties regarding the response patterns of this protein upon exposure to
Cu, Zn, and other unmeasured metals. For example, Cd has a higher binding affinity for MT
compared to Zn [67], so Cd can replace Zn in MT, thus leading to transcriptional activation
and MT upregulation. So Hypothesis 3 was not supported, and MTLP was not found to be a
suitable biomarker for exposure to dissolved Cu and Zn in the harbour environments. However,
the Cu:Zn ratio in sediment was a positive predictor for MTLP levels (Table 3B), which is a possible indication of synergistic effects between Cu and Zn. Both synergism and antagonism have
been reported for Cu-Zn mixtures [68,69], which suggests that the type of interaction depends
on the concentration of metals, the test species and the endpoints measured. Physiological
changes associated with reproduction and growth have been found to increase the MTLP levels
[37,51]; yet, we detected no statistically significant relationship between MTLP and fecundity or
growth. The fact that the MTLP levels were not substantially higher in the harbours compared
to the reference sites might also indicate that the snails exposed to high metal concentrations
use metal-binding strategiesother than MT (e.g., lipofuscin) or granules composed of phosphates, oxalate and carbonates to store Cu and Zn in inert form [70].
The between-year MTLP variability was similar to that observed for growth and fecundity.
The average MTLP concentrations were 14–16% higher in year 1 than in year 2. Both the difference in the water temperature and the exposure time could potentially contribute to that.
Indeed, in other molluscs, the MTLP levels were found to be positively correlated to water
temperature [37]. In order to fully evaluate the applicability of MTLP in the monitoring of
biological effects of metal contaminants, the optimal response time of MTLP should be
investigated.
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Conclusion
In conclusion, this study shows that leisure boat harbours accumulate metal contaminants and
this has negative consequences for non-target species, such as the snail T. fluviatilis. As AF
paints are one of the main sources of Cu in the studied areas, we ascribe the observed impacts
to the metals leaching from boat coating. However, we did not analyse organic contaminants
originating from e.g., oils used in motorboats and, therefore, their potential contribution to
the observed toxic effects cannot be excluded. Further studies on metal bioaccumulation in
periphyton and snails are needed in order to link the biological effects to the dietary exposure.
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Contaminants are important stressors in the aquatic environment and may exert selective pressures on organisms. We hypothesized that snails originating from a metal-contaminated habitat (B) would have increased
tolerance to harbour contaminants (e.g. metals from antifouling paints), compared to snails originating from a
relatively clean habitat (A). We assessed tolerance to metals in terms of survival and histopathological alterations after 2, 4 and 8 weeks of in situ exposure in three Baltic Sea boat harbours and three reference sites. We also
hypothesized that any potential tolerance to contaminants would be associated with diﬀerences in genetic diversity between the two snail populations (evaluated as mitochondrial cytochrome c oxidase subunit I, COI). The
results show that snails from population A survived to a higher extent compared to population B, possibly
indicating either a lack of adaptation to metals in snails B or impaired health condition due to contaminant preexposure or a higher resilience of snails A. Moreover, the genetic diversity of COI was low within each population and did not diﬀer between populations. In general, 83% of all the types of histopathological alterations
(e.g. lysis and necrosis of gonads and digestive gland or granulocytoma and phagocytosis in the storage tissue,
among others) had a higher probability of occurrence among harbour-exposed snails compared to referenceexposed snails, regardless of snail population origin. The only signiﬁcant diﬀerence in histological eﬀects between the two populations was in the frequency of parasite infestations and shell fouling, both being larger for
population A than B. Interestingly, the rate of parasite infestations was higher for males than females from
population A, whereas no sexual dichotomy was observed for population B. Our results show that exposure to
harbour contaminants causes both lethal and sublethal toxicity to snails, and the association between many of
the toxic responses and metals substantiates that antifouling substances contribute to the observed eﬀects, although there is a large proportion of variation in our data that remains unexplained.

1. Introduction
Metal toxicity for aquatic organisms has been well-described, particularly in the case of copper-induced inhibition of algal photosynthesis or decreased ﬁtness of invertebrates and ﬁsh (Lewis and Cave
1982). Moreover, metal contamination may represent a selective pressure for many species in diﬀerent habitats, potentially leading to the
elimination of individuals which cannot tolerate the metal stress. In
addition, metal exposure can result in many sub-lethal eﬀects in surviving individuals (Pease et al., 2010). Species adaptations and changes
in the genetic diversity can occur in natural populations due to contaminants exposure (Bickham 2011). Speciﬁc genes can be selected for,

i.e. those involved in reducing uptake or increasing the metabolism and
excretion of metals. Thus, understanding the extent to which organisms
adapt to contaminants is highly relevant for assessing impacts at community level (Pease et al., 2010). Contaminant exposure history is accordingly an important factor for adaptation or tolerance (Gall et al.,
2013; Côte et al., 2015), although it is rarely investigated in ﬁeld studies.
Field experiments are valuable tools for maintaining realistic concentrations of multiple contaminants while accounting for natural
variability in environmental conditions. Caging studies have the added
advantage of allowing the control of the exposure duration and proximity to site-point discharges, as well as ensuring comparable biological
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samples (Lekube et al., 2014). Histopathological assays are useful tools
for detecting early signs of toxicity, as many eﬀects of exposure will be
reﬂected in cells and tissues earlier than mortality will occur. In molluscs, the digestive gland is the main organ involved in metabolizing
contaminants and thus, alterations in digestive gland tissues are commonly used as indicators of environmental pollution (Zaldibar et al.,
2008). Gastropods represent the largest group of molluscs and constitute an important part of the aquatic food chain. Although gastropods
represent the most species-rich group of marine animals (Appeltans
et al., 2012), they have not been monitored in the environment to the
same extent as other groups of organisms. One exception to this is the
investigation of TBT-induced imposex, which is widely documented in
neogastropods and some prosobranch snails (Barroso et al., 2000;
Strand and Jacobsen 2002).
In this study, we conducted a ﬁeld exposure experiment involving
translocation and caging of two populations of Theodoxus ﬂuviatilis with
diﬀering exposure histories, to harbour environments which are generally aﬀected by antifouling agents from boating activities (Warnken
et al., 2004; Schiﬀ et al., 2007). This study aims at answering two main
questions: 1) which toxic eﬀects are detectable at the tissue and cellular
level in snails exposed in contaminated harbours and what are the key
biotic and abiotic factors associated with these eﬀects? and 2) does preexposure to contaminants aﬀect the snails’ ability to cope in polluted
harbours? Speciﬁcally, we hypothesized that the incidence of both
mortality and histopathological alterations would be higher amongst
snails originating from a ‘clean’, unexposed population, compared with
the pre-exposed snails which are likely to be adapted to some extent.
Moreover, we hypothesized that the potential diﬀerences in responses
between the two snail populations would be due to diﬀerences in genetic diversity.

location (Brunnsviken), snails B. Thus, we consider snails A to have no
exposure history, while snails B were pre-exposed to contaminants in
their natural habitat. Snails B originated from a region with lower
salinity (2.3 psu) compared to the environments in which they were
subsequently transplanted and therefore, they were acclimatised over a
period of three weeks in the lab (i.e. to 5.5 psu) in natural sea water.

2. Materials and methods

2.3. Analysis of metals and nutrients

2.1. Model organism

Water samples from each location were analysed for nutrients:
NO2 + NO3 according to ISO 13395 and PO4 according to ISO 15681-2,
using an Autoanalyzer II, Technicon. Dissolved metals (Cu, Zn, Pb) were
analysed in ﬁltered (0.45 μm) samples (1–3 samples per site) by
Inductively-Coupled Plasma Mass Spectrometry, ICP-MS in a Thermo
Scientiﬁc X-series 2 according to SS EN ISO 17294-2:2005. Metal concentrations (Cu, Zn and Pb) in the top 2 cm of sediment, approximately,
were analysed by ICP-SFMS (Sector-Field Mass Spectrometry) according
to SS EN ISO 17294-1,2 mod.; QA/QC information is presented in
supplementary Table S1. Cu and Zn were chosen due to their high
prevalence in antifouling paints, whereas Pb was analysed in order to
get an indication of anthropogenic pollution unrelated to boating activities. In a previous study (under review), we also measured organic
AF biocides, namely mono-, di- and tributyl tin, irgarol and diuron in
the sediments, and as the levels were generally low or below the limit of

2.2. In situ exposure
Leisure boat harbours (marinas) were chosen as representative sites
of metal pollution. The exposure of the snails was carried out in three
harbours in the Baltic Sea, located ca 80 km from Stockholm, Sweden
(Fig. 1). For comparison, three references were also chosen; these were
remote sites without harbours or other major sources of direct pollution. The snails were placed in plastic cages (400 ml) together with a
piece of bladderwrack (Fucus vesiculosus, their natural substrate). For
each snail population, ﬁve cages containing 20 snails each were placed
at every location at 1 m depth. During the exposure period, the snails
were feeding on the bioﬁlm growing inside the cages. The experiment
lasted 2 months (August-October), during which snail mortality was
checked after 2 weeks, 1 month and 2 months, simultaneously with
sampling a subset of individuals for histopathological evaluations (i.e.,
2 snails per cage were sampled on the ﬁrst two events and 1 snail per
cage on the last sampling event). At each ﬁeld visit the cages were
cleaned from excessive fouling in order to ensure eﬀective water exchange. The experimental design is illustrated in Fig. 2. Water samples
were collected from a depth of 1 m with a Ruttner sampler and sediment was collected with an Ekman grab sampler. All the samples were
placed in acid-washed plastic containers and transported to the laboratory in cooling boxes and stored at 4 °C until analysis.

The nerite gastropod Theodoxus ﬂuviatilis is a highly abundant and
widely distributed snail in the Baltic Sea (HELCOM, 2012) up to salinities of 18 psu (Skoog 1978) and it is also found in freshwaters
throughout Europe (Bunje and Lindberg 2007). T. ﬂuviatilis has a lifespan of 2–3 years and can reach shell lengths of up to 9 mm (Skoog
1978). The sexes are separate and the reproductive period typically
peaks between May and November (Kirkegaard 2006). Eggs are laid in
capsules from which miniature adults hatch (Orton and Sibly 1990).
Only adult snails were used in this study and were collected at two
diﬀerent locations with diﬀerent degrees of chemical pollution, measured here in terms of dissolved metal concentrations (Table 1). For
simplicity, we name the snails originating from the relatively clean
location (Askö), snails A and those from the more contaminated

Table 1
Metal concentrations in the water and sediment collected from reference sites and harbours; N/A is not measured, TS = total solids, LOQ = limit of quantiﬁcation; N for dissolved metals
was 3 for Marina 1 and Guest harbour, 2 for Marina 2 and 1 for the others.
Metals in water (μg/L)

Metals in sediment (mg/kg TS)

Site

Cu

Zn

Pb

Cu

Zn

Pb

TS

prior exposure
Askö
Brunnsviken

0.92
1.54

5.31
22.3

0.08
0.61

N/A
N/A

N/A
N/A

N/A
N/A

N/A
N/A

in situ exposure
Marina 1
Marina 2
Guest harbour
Reference 1
Reference 2
Reference 3

3.49
2.65
1.77
0.752
0.953
0.62

10.55
8.05
3.27
1.86
0.846
3.35

0.05
0.06
0.15
< LOQ
< LOQ
< LOQ

61.2
23
33.4
3.81
15.2
5.5

162
69.2
101
162
74.6
16.6

19.7
11.3
23.2
1.57
6.52
2.44

36.7
51.2
56.2
74.7
45.6
88.4

Standard deviations for dissolved Cu, Zn and Pb, respectively are 0.28, 2.18, 0.02 μg/L (Marina 1) and 0.25, 0.91, 0.09 μg/L (Guest harbour).
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Fig. 1. Map showing the sites of snail collection (A and B) and the 6
sites of transplant; Ref = reference, Mar = marina, GH = guest harbour.

The histological analyses were performed blindly in order to avoid
bias. The living snails were relaxed in 3% magnesium chloride and the
shell was partly incised to facilitate the penetration of the ﬁxative. The
animals were ﬁxed in Bouin’s solution for 14 days to decalcify the shell,
and transferred to 80% ethanol for 2 days. Processing of paraﬃn embedding was performed in a Shandon Hypercenter™. Four to ﬁve animals were embedded per paraﬃn cassette, and continuous serial sections of 2–3 μm with distance of 10 μm each were cut using a rotating
microtome (Microm™). For routine histology, sections were stained
with haematoxylin and eosin for 1 and 10 min, respectively. The presence of histological alterations was observed under a light microscope
(ZEISS-Ultraphot™) in the following organs: foot, stomach, intestine,
digestive gland, gonad, kidney, gill, storage tissue and shell. The presence of parasites throughout the soft body of the snails was also noted.
The severity of the alterations was not quantiﬁed, thus the data analysis
is based on presence/absence of each histopathological eﬀect.

Master Mix (2X) (containing 0.05 U/μl Taq DNA polymerase, reaction
buﬀer, 4 mM MgCl2, 0.4 mM of each dNTP, Thermo scientiﬁc), 0.5 μM
of two primers (Sigma-Aldrich) and around 2 ng genomic DNA from a
single individual. The PCR was performed according to a protocol
previously used in T. ﬂuviatilis COI gene ampliﬁcation (Gergs et al.,
2015): an initial cycle at 95 °C for 10 min followed by 36 cycles of 50 s
denaturation at 95 °C, 60 s annealing at 54 °C, 60 s extension at 72 °C
and a ﬁnal extension at 72 °C for 7 min.
The PCR reaction was conﬁrmed by testing in agarose gel electrophoresis. Electrophoresis was performed on Wide Mini-Sub® Cell GT
(Bio-rad) (power supplied by PowerPac™, Bio-rad). One percent agarose
gel was cast and 1X Tris-Acetate-EDTA buﬀer (TAE, 40 mM tris, 20 mM
acetic acid and 1 mM EDTA) was used. The DNA ladder and 6X DNA
loading dye (containing bromophenol and xylene cyanol) were purchased from Thermo scientiﬁc. Gelred™ (Biotium) was used for DNA
staining. Electrophoresis was performed at 100 V for 50 min after
which the gel was visualized in UV transilluminator and photographed.
Individual PCR products were analysed by Macrogen (Seoul, Korea) and
selected based on the following criteria: (1) a clear band at the right size
according to the DNA ladder; and (2) A260/280 and A 260/230 ratios
fall into the right range.

2.5. Mitochondrial genome analysis

2.6. Data analysis

Snail soft tissues (15.3 ± 6.68 mg per sample) were homogenized
in a FastPrep®-24 (MP Biomedicals) using ca 100 mg of 1 mm silica
spheres (MP Biomedicals) and approximately 34 mg of 0.5 mm zirconia
spheres (BioSpec), for 3 cycles of 20 s. Mitochondrial DNA was extracted following a salt-extraction protocol described in detail by
(Gemmer and Gergs 2013) and quantiﬁed using NanoDrop™.
A fragment of the mitochondrial cytochrome c oxidase subunit I
gene (COI, around 600 bp in length) from T. ﬂuviatilis was ampliﬁed by
polymerase chain reaction (PCR). DNA primers applied were F4d. 5′TACTTTRTATATTATGTTTGGT-3′and
R1d,
5′-TGRTAWARAA
TDGGRTCWCCHCCVCC-3′(Bunje and Lindberg 2007). Ampliﬁcation
was carried out in a 20 μl PCR reaction volume, consisting of 10 μl PCR

The mitochondrial DNA sequences were screened with the online
Basic Local Alignment Search Tool (BLAST) to reduce the possibility of
including contaminated sequences. SeqTrace (0.9.0) was used for
computing a consensus sequence for every individual sample from
matching forward and reverse traces. Sequences were aligned with
CLUSTAL X (version 2.1). Variable sites were conﬁrmed by visual inspection and modiﬁed manually if necessary. A series of genetic diversity indices were calculated using DnaSP (version: 5.10.01): the
number of polymorphic sites (S), the number of haplotypes (Nh), haplotype diversity (Hd), the average number of nucleotide diﬀerences (k),
and nucleotide diversity (π). Genetic diﬀerentiation between populations and percentage of variation within or between populations were

quantiﬁcation and no correlation was found with toxicity, the present
study is focused on metals only.
2.4. Histological processing

Fig. 2. Overview of the experimental design.
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harbour sediments were also higher than at the reference sites, namely
up to 16-fold for Cu, 10-fold for Zn and 15-fold for Pb. The levels of
dissolved Cu and Zn were highly correlated with each other (r = 0.93,
p = 0.0065), suggesting a common input source. The nutrient levels at
the reference sites ranged from < 5 to 75 for NO2 + NO3 and 6–17 for
PO4 and were generally higher than the levels in the harbours, which
ranged from < 5 to 30 for NO2 + NO3 and 5–12 for PO4. Salinity was
similar between harbours and references, ranging from 4.5 to 5.5 ppt in
both cases, whereas pH was slightly lower in the harbours (7.95–7.98)
than at references (8.02-8.34); the pH prior exposure was 7.94 (site A)
and 8.01 (site B).

Table 2
List of the main histopathological eﬀects identiﬁed, and logistic regressions for higher
probability of alterations occurring in snails exposed in harbours vs reference sites; the
bold numbers represent signiﬁcant p values at the 0.05 level; * and ^ indicate alterations
that occurred only in harbours or only at reference sites, respectively.
Snail origin
Tissue
general
gonads

digestive gland

stomach
epithelium
gills

kidney tubules
storage tissue

foot

shell

Observation
parasites
arrested oogonia/
spermatogonia
atresia
lysis
necrosis
dilatation
lysis
haemocyte inﬁltration
necrosis
lipofuscins accumulation

A (n = 132)
0.9063
0.8631

B (n = 133)
0.0023
0.2879

0.3411
0.0009
0.0017
0.6192
0.0568
0.6026
0.3054
0.2398

0.6532
0.0097
0.0059
0.7750
0.1896
0.0477
0.0553
0.3189

dilatation
necrosis of lamellae
phagocytosis
dilatation
necrosis
phagocytosis
haemocyte inﬁltration
necrosis
lysis
haemocyte inﬁltration
loose connective tissue
granulocytoma
fouling (algae/fungi)

0.0023
0.0009 *
0.3281
0.3786
0.5188
0.6976
0.6876
0.9394
0.5751
0.0356 ^
0.3213
0.1780
0.9306

0.0292
0.0224
0.2173
0.4512
0.2044
0.0224
0.6589
0.6532
0.0186
0.0032 *
0.8575
0.3985
0.0027

3.2. Snail mortality
The mortality of the snails was signiﬁcantly higher amongst snails
exposed in the marinas, compared to those from the reference sites
(p = 0.0267 and 0.0059 for snails A and B, respectively). On average,
the diﬀerence in mortality between harbour and reference-exposed
snails was 2-fold, but it reached 7-fold when comparing Marina 1 with
Reference 3, for example. Snails from population B had a signiﬁcantly
higher mortality, compared to those from population A (Fig. 2,
p = 0.00017 and 0.003 for harbours and references). The GLM
(Table 3) indicated dissolved Cu, snail origin and salinity as key explanatory variables for mortality. Both Cu and snail origin (B) were
positively related to mortality, whereas salinity was negatively associated with mortality.
3.3. Histopathological alterations
The histological status prior to caging was similar for both snail
populations; haemocyte inﬁltration in the foot was the only signiﬁcant
diﬀerence identiﬁed (e.g. 5/5 for snails B, 0/4 for snails A, p = 0.008).
Following in situ exposure, the majority of histopathological alterations
(83%) had a higher probability of occurring in the harbours, compared
to the reference sites (though not all were statistically signiﬁcant; see
Table 2 and Fig. 5). In addition to the most frequent histological eﬀects
observed (listed in Table 2), other phenomena occurred with lower
frequency, such as lacunes in the foot (i.e., multiple, large empty spaces
between the ﬁbres and muscles, possibly caused by trematode larvae)
phagocytosis, accumulation of lipofuscins and autolysis of the digestive
gland tubules, granulocytoma (i.e. clusters of granular haemocytes
which exceed normal condition), lysis and concrements (i.e. deposits of
inorganic compounds which react poorly with routine stains, and are
visible in unstained sections) in the kidney, lysis and granulocytoma in
the gills lamellae, dilatation (i.e. broadening and ﬂattening of the epithelium) and nematode infestation of the intestine, necrosis in the
stomach epithelium, granulocytoma in the storage tissue around the
gonads and digestive gland, spongiotic wall of ovarian follicles, atrophy
of the accessory sexual glands (prostate/albumen and capsule gland)
and atrophy of the heart muscle (exclusively in harbour-exposed snails).
For simplicity, the eﬀects are grouped under the categories ‘harbours’
and ‘references’. For diﬀerences between speciﬁc locations, see supplementary Fig. S3. The logistic regressions indicated a positive relationship between the probability of several of the histopathological
eﬀects and dissolved Cu and Zn (Table 3). As Cu and Zn are highly
correlated with each other, we cannot separate the eﬀects of these two
metals; nonetheless, it appears that the contribution of Cu is slightly
higher than that of Zn.

estimated by AMOVA (analysis of molecular variance, performed in
Arlequin, version: 3.5).
JMP v. 12 (SAS, USA) was used for performing statistical analysis of
histopathology data (binary). Diﬀerences in the probability of histopathological alterations occurring between site types (harbours vs references) and between snail populations (A and B) were investigated
with nominal logistic regressions (repeated measures using the cages as
random factors). Logistic regressions were also used for predicting the
probability of histological alterations as a function of abiotic parameters, i.e. nutrients (NO2 + NO3 and PO4), pH, salinity and metals in
dissolved form and in the sediment (i.e. Cu, Zn, Pb as well as the binary
ratios between them in order to test for mixture eﬀects). The percentage
of snails displaying a speciﬁc alteration was calculated relative to the
subset of snails on which histological observations were made (i.e. not
relative to the total number of snails in the cages). Mortality was calculated as the total number of dead snails at the end of the experiment,
relative to the total number at start. Generalized linear models (GLMs)
with binomial distribution and logit function were used in R v. 3.3.1 to
test for diﬀerences in mortality between harbours and references and
between snail populations, as well as to identify the most important
abiotic (metals, nutrients, pH, salinity) and biotic (snail origin or
parasites) factors associated with mortality. Selection of the best model
was based on model parsimony and AIC value and model validation was
performed by evaluating normality and homogeneity of variance in
residual plots. Diﬀerences in variation over time in snail mortality at
the two site types (harbours vs references) were tested with a two-way
ANOVA including the interaction between time (on ordinal scale) and
site type.
3. Results

3.3.1. Parasites
Rediae or cercariae of trematodes (Fig. S2D) were frequently present, with a total of 58% and 44% of the snails from populations A and
B found to be infested, regardless of exposure site. The total frequency
of parasitized snails diﬀered signiﬁcantly between the two populations
(p = 0.0233). Moreover, the parasite infestation varied diﬀerently for
the two snail populations with regard to sex. The males from population

3.1. Environmental parameters
The dissolved metals in the harbours exceeded the values from the
reference sites by up to 6-fold for Cu and 12-fold for Zn, and Pb was
only detected in the harbours (Table 1). The metal concentrations in the
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Table 3
Statistical models: A) Generalized linear model for mortality (binomial distribution, logit
function) and B) Logistic regressions predicting the probability of presence of a speciﬁc
histological alteration (both populations pooled).
Explanatory
variables

A) Generalized linear model
Mortality
Cu
Snail origin
[B]
salinity
B) Logistic regressions
(bivariate)
Gills necrosis Cu
Zn
Cu
Gills
dilatation
Zn
Gonad lysis
Cu
Zn
Gonad
Cu
necrosis
Zn
Cu
Digestive
gland
lysis
Zn
Cu
Digestive
gland
necrosis
Zn
Kidney lysis
Cu
Zn
Cu
Storage
tissue
lysis
Zn

2

Estimate

SE

Chi

0.39
1.13

0.11
0.23

3.54
0.23

0.0004
< 0.0001

−0.68

0.29

−2.39

0.0167

p-value

A
B

20

Odds ratio

15

1.12
0.33
0.69

0.30
0.09
0.18

14.40
14.64
14.26

0.0001
0.0001
0.0002

3.08
1.40
1.99

0.19
0.51
0.13
0.53

0.05
0.14
0.04
0.15

12.69
12.40
8.84
13.24

0.0004
0.0004
0.003
0.0003

1.21
1.66
1.14
1.69

0.14
0.43

0.04
0.14

10.24
9.74

0.0015
0.0018

1.14
1.54

Mortality (%)

Response

Snail origin

10

5

0
harbours

references

Fig. 3. Average mortality of snails from populations A and B exposed in harbours vs
references; error bars indicate sem.
0.12
0.41

0.04
0.14

8.97
9.21

0.0027
0.0024

1.13
1.51

0.13
1.22
0.32
0.81

0.04
0.58
0.16
0.21

10.85
4.48
4.19
14.93

0.001
0.0342
0.0406
0.0001

1.14
3.40
1.38
2.26

0.22

0.06

13.16

0.0003

1.25

regardless of location (p < 0.05 for all tests).
3.3.3. Digestive gland and stomach
Lysis and necrosis of the digestive gland tissue (Fig. S1B) occurred
in 28% of all the snails exposed in harbours and 16% of those from the
reference sites. These diﬀerences were statistically signiﬁcant
(p = 0.026 for lysis and 0.043 for necrosis) even after excluding the
parasitized snails, indicating that site-speciﬁc abiotic factors other than
parasite load contributed to the observed eﬀects. Autolysis of the digestive gland tubules occurred to a small extent (2.8%) and exclusively
in harbour-exposed snails (Fig. 5).
Accumulation of lipofuscin (Fig. S2A) and, to a smaller extent, necrosis, were the most common histological observations in the stomach.
Unlike other histopathological eﬀects observed in this study, the prevalence of lipofuscin was not consistently higher in harbour-exposed
snails, compared to reference-exposed snails, but it varied depending on
the snail origin. Thus, for snails B, the frequency of lipofuscin accumulation was higher in harbour-exposed snails, whereas for snails A it
was higher among reference-exposed individuals (relative to harbourexposed ones; Fig. 5). None of the aforementioned diﬀerences were
statistically signiﬁcant (Table 2).

A were infested by parasites to a greater extent, compared to females
(p < 0.0001), while for snails B, there was no diﬀerence between
sexes. Moreover, the probability of parasite infestation was overall
signiﬁcantly higher in harbours, compared to references, regardless of
snail origin (p = 0.0339).
Several histopathological alterations showed a signiﬁcantly higher
probability of occurrence amongst parasitized snails, compared to
parasite-free snails. This included lysis and necrosis in the gonads and
digestive gland, kidney dilatation, and lipofuscin accumulation in the
stomach epithelium. Lysis and necrosis of gonads and dilatation of
kidney were signiﬁcantly positively related to parasite infestation only
for snails A exposed in harbours, whereas necrosis of the digestive gland
showed a positive relationship to parasites only at reference sites.
Interestingly, the frequency of active gonads was signiﬁcantly higher in
parasitized snails B caged at reference sites, relative to non-infested
individuals (logistic regressions, p < 0.05 for all tests).

3.3.4. Storage tissue around the gonads and digestive gland
Lysis and depletion of glycogen and lipids in the storage tissue occurred to a signiﬁcantly higher extent in the harbours, compared to the
reference areas and regardless of snail origin (p < 0.05 for all tests).
Phagocytosis also occurred to a higher extent among harbour-exposed
snails, compared to those from the reference sites, though the diﬀerence
was not statistically signiﬁcant; granulocytoma occurred exclusively in
the harbours. Necrosis and haemocyte inﬁltration occurred to a smaller
extent than the previously-mentioned alterations of the storage tissue
and did not diﬀer signiﬁcantly between harbours and reference sites.
Lysis of the storage tissue aﬀected twice more snails from population B
than population A (not signiﬁcant).

3.3.2. Gonads and sexual dichotomies
The frequency of snails with active gonads was higher at the reference sites by a factor of 1.9 and 1.6 for snails A and B, compared to
the harbours (p = 0.0096 and 0.0582). The prevalence of lysis of gonadal tissues was 16% for the snails exposed in harbours, and 5% for
those from reference sites (p = 0.0001), regardless of snail origin. The
same distribution was observed for necrosis of the gonads
(p = 0.0001). The main gonadal alterations are illustrated in Fig. 4.
The sex ratio of the subset of snails sampled for histology was 2:1
(males to females) for both snail populations. Snails B had no sexual
dichotomies regarding the histological alterations, whereas snails A had
several diﬀerences. For example, the males from population A had a
signiﬁcantly higher probability of parasite infestation, gills dilatation,
gonad necrosis and kidney dilatation, compared to the females,

3.3.5. Gills
Dilatation of the lamellae, necrosis (Fig. S1D), phagocytosis, and
granulocytoma were the main types of alterations observed in the gills.
All these alterations occurred independently of the presence of parasites. Dilatation and necrosis occurred to a higher extent in harbours,
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Fig. 4. A) Testis tubule with normal active spermatogenesis B) Lysis of testis tubules after 1 month
exposure in a harbour, C) Normal ovaries, D) Atresia
of ovarian follicles after 2 weeks exposure in a harbour;,
spg = spermatogonia,
spt = spermatids,
spm = sperm, stt = storage tissue, ltt = lytic testis
tubule, shl = shell, ooc = oocytes, oog = oogonia,
fcl = follicle, nst = necrotic storage tissue, afc = atretic follicle.

the main observations in the kidney but did not diﬀer signiﬁcantly
between harbour and reference-exposed snails; however, lysis occurred
exclusively in harbour-exposed snails (Fig. 5).

compared to references, regardless of snail origin (p = 0.0011 and
0.008 for dilatation and necrosis, respectively). The eﬀects of harbour
exposure on gills were stronger on population A than B (Table 2, Fig. 5).
Granulocytoma in the gills occurred to a small extent (1.5%) and exclusively in snails A.

3.3.7. Foot
Haemocyte inﬁltration, granulocytoma and loose connective tissue
were the main alterations occurring in the foot tissue of the snails
(Table S2) and generally did not diﬀer signiﬁcantly between harbours
and reference sites. Haemocyte inﬁltration occurred exclusively in

3.3.6. Kidney
In general, a lower prevalence of alterations was observed in the
kidney, compared to other organs. Dilatation, necrosis and lysis were

Fig. 5. Total percentage of snails from populations A and B exposed in harbours (squares) and references (circles), showing histological eﬀects in the main systems; data for other organs
are included in Table S2.
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are commonly parasitized.
The most striking pathological alterations in the snail gonads were
lysis and necrosis, followed by arrested spermatogenesis and follicular
atresia (Fig. 5). Lysis and necrosis of the tissues may ultimately aﬀect
ﬁtness and survivability of the snails, whereas arrested spermatogenesis
and follicular atresia may lead to declines in reproduction. Disturbances
in gametogenesis and follicular atresia were also encountered in Littorina littorea from leisure boat harbours contaminated by antifouling
compounds (Watermann et al., 2008, 2016). Our previous experiments
on Theodoxus ﬂuviatilis revealed substantial detrimental eﬀects of harbour contaminants on fecundity (under review). Thus, it is likely that
damage of the gonadal tissues was one of the toxic mechanisms underlying the observations of reduced fecundity. This implies that
chronic exposure of snails in harbours not only alters the structure of the
gonadal tissues, but also the normal function of the gonads. Besides the
stress due to contaminants, parasitic castration was likely an important
factor contributing to the impairment of reproductive organs, as parasites can consume the gonads or aﬀect the energy allocation for reproduction (Laﬀerty and Kuris 2009).
Alterations in the digestive tract included dilatation of the tubules of
the digestive gland, necrotic destruction of the tubules and lysis of the
whole organ. The eﬀects in the digestive gland may be associated with
seasonal variations of copper levels in the water during the boating
season, and previous reports of the copper concentrations in Stockholm
harbours revealed a peak in August (Swedish Chemicals Agency, 2006).
In our study, we did not measure dissolved metals during the middle of
the exposure period, so it is likely that we have missed the copper peak.
Thus, if such a seasonal variation is still valid, it coincides with the
observed increases in pathological eﬀects in the digestive tract and in
the gonads (Fig. S4).
Multiple immune responses were identiﬁed throughout the snail
tissues, such as phagocytosis, granulocytoma, and haemocyte inﬁltration. Even though these responses predominantly indicate the presence
of pathogens (Söderhäll 2010), their prevalence in non-infested snails
was two-fold higher in harbour-exposed snails, compared to reference
snails. This result implies that other environmental factors were involved in triggering immunological responses. For example, many
classes of contaminants, including metals, can cause immunological
changes by aﬀecting the cellular energy metabolism (Galloway and
Depledge 2001). Moreover, despite being common pathogens in the
Baltic Sea (Norrgren and Levengood, 2012) protozoa were only observed in 2 snails in the present study, suggesting a potential resilience
of these two snail populations. Lipofuscin accumulation occurred in the
stomach epithelium, in similar proportions for both harbour and reference-exposed snails. Lipofuscin agglomerations are end products of
lipid peroxidation and commonly used as biomarkers of oxidative stress
(Au, 2004). Oxidative stress may be caused both by metals such as Cu
(Lushchak 2011) and by immunological responses such as inﬂammation
resulting from e.g. parasites (Marcogliese and Pietrock 2011). In this
study, we cannot diﬀerentiate between these two causes. Accumulation
of lipofuscin can lead to the inhibition of normal proteosomal and lysosomal degradation pathways, thereby impairing the normal cell
function (Brunk and Terman 2002).
Some histopathological processes occurred exclusively in the harbours, namely granulocytoma in the storage tissue and atrophy of the
heart-muscle. Granulocytomas (i.e. clusters of haemocytes displayed in
one or several concentric rings around foreign particles)(Lowe and
Moore 1979) were suggested to indicate long-term exposure to contaminants of blue mussels in the Baltic Sea (Svärdh and Johannesson
2002).
Many of the histopathological eﬀects were associated with the dissolved Cu and Zn concentrations (Table 3). Although no cause-eﬀect
relationship can be established in ﬁeld experiments, it is reasonable to
assume that metals exerted a negative eﬀect on the snails, as evidence
for this has been shown previously in the laboratory. For example,
copper exposure caused structural changes in the epidermis,

snails B in harbours and exclusively in snails A at reference sites.
3.3.8. Shell fouling
Both harbour and reference-exposed snails had relatively high rates
of shell fouling (48 and 39%, respectively), represented by the growth
of algae and/or fungi on the shells (Fig. S2C). Regardless of location,
snails from population A had a signiﬁcantly higher prevalence of shell
fouling, compared to snails from population B (62 vs 26%,
p < 0.0001). It is important to note that the incidence of shell fouling
before the transplantation (time zero) was 0% for both populations.
3.4. Variations over time
In general, the snail mortality increased over time for both harbours
and references though the increase was steeper in the harbours (Table
S3). When the snail populations were analysed separately, the diﬀerence in slopes between harbours and references was only statistically
signiﬁcant for snails A (p = 0.0085).
The histopathological eﬀects showed various temporal patterns.
Sixty one percent of all the types of alterations had the highest incidence after 1 month exposure, whereas 29% peaked after only 2
weeks, regardless of exposure site or snail population. In particular, the
lysis and necrosis of the gonads and digestive gland and the haemocyte
inﬁltration in the storage tissue occurred with the highest frequency
after 1 month of exposure in harbours (Fig. S4). The rate of both
parasite infestation and shell fouling peaked after 1 month in harbourexposed snails and after 2 months in reference-exposed snails from both
populations. Sixty ﬁve percent of all the alterations were identiﬁed at
all 3 time points.
3.5. Genetic diversity
Overall, the genetic diversity of each snail population was low, with
only 3 and 2 haplotypes identiﬁed for snails A and B, respectively
(Table 4). Moreover, the genetic diﬀerentiation between the two populations was low (AMOVA Fst = 0.019, p > 0.05). We found no
evidence indicating that genetic diversity aﬀected the snails’ responses
to harbour contaminants in terms of mortality and histological alterations.
4. Discussion
Leisure boats coated with antifouling paints are known point
sources of metal pollution in harbours (Eklund et al., 2010; Eklund and
Eklund 2014). Therefore, we expected that animals exposed in harbours, i.e in the vicinity of boats, would display more pathological alterations compared to animals from reference sites outside of harbour
areas. Indeed, indications of the enhanced toxicity were evident both at
tissue and at individual level (i.e. mortality), particularly at the most
contaminated sites (i.e. Marinas 1 and 2).
A clear discrimination between contaminant and parasite-induced
toxic eﬀects is generally diﬃcult to achieve in this type of ﬁeld study
and was beyond the scope of this paper. Nonetheless, it is valuable to
discuss the two types of stressors acting together, as this is likely to be
the most realistic scenario in the environment, since wild populations
Table 4
Genetic diversity indices for Theodoxus ﬂuviatilis from two habitats (A and B);
N = number of snails, Nh = number of haplotypes, Hd = haplotype diversity,
S = number of polymorphic sites, k = average number of nucleotide diﬀerences,
π = nucleotide diversity.
Snail origin

N

Nh

Hd

S

k

π

A
B

17
13

3
2

0.228
0.167

2
1

0.338
0.167

0.001
0.0003
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increasing the risk of the above-mentioned population-level eﬀects.
As the parasite infestation rate was lower in snails B compared to
snails A (Table S2), it is possible that resistance to parasites was
achieved with the cost of increased metal sensitivity (Salice and
Roesijadi 2002), thus resulting in higher mortality among snails B.
Contaminants and parasitism are two stressors which can interact in
diﬀerent ways depending on the environment, the host and the type of
contaminant. For example, Cross et al. (2003) found that the periwinkles infested with trematodes accumulated lower concentrations of
copper, relative to non-infested individuals, but higher concentrations
of zinc. Survival of Biomphalaria glabrata exposed to cadmium was
signiﬁcantly reduced in parasite-resistant individuals, compared to
parasite-susceptible ones (Salice and Roesijadi 2002). However, a review by Sures (2004) depicted parasitism as an issue of higher importance for toxicity of infested animals at lower concentrations of
pollutants, compared to higher levels of pollution. Parasites are also
known to induce gonad maturation (Laﬀerty and Kuris 2009), which
could explain the positive relationship between the probability of active
gonads and parasitic infestation in our study.
The growth of algae and fungi on the snail shells occurred with a
higher frequency on snails A than B (Table S2). This diﬀerence might
stem from snails B possibly grazing on the epiphytes from one another’s
shells more actively than snails A. As a result of increased grazing on
potentially contaminated bioﬁlms, it is likely that snails B accumulated
larger amounts of contaminants, which could have ultimately contributed to increased mortality amongst this population. In general, a
higher prevalence of shell fouling was found amongst parasitized snails,
relative to non-infested individuals (p = 0.065). It is possible that the
parasites aﬀected the feeding behaviour of the snails (Mouritsen and
Jensen 1994). A positive relationship between parasitism and shell
fouling was also described by Mouritsen and Bay (2000), who hypothesized that either the trematodes aﬀect the snails’ defence mechanism against epibionts or vice versa. Our results are not suﬃcient
for supporting any of these hypotheses and therefore, further studies
are needed for understanding the trade-oﬀs between tolerance to contaminants versus biotic stressors such as parasites or epibionts.

hepatopancreas, and gills of the ramshorn snail (Sawasdee et al., 2011),
clogging and peripheral thickening of hepatocytes, basophilic adenoma
and ﬁbrillary inclusions in the gonads of the giant land snail (Otitoloju
et al., 2009). Exposure to Pb caused inﬂammation of hepatic tubules in
the giant land snail (Otitoloju et al., 2009). Acute exposure to high
levels of Zn caused hyperplasia and destruction of the gills lamellae in
ﬁsh (dos Santos et al., 2012); studies on chronic histological eﬀects of
Zn on molluscs are scarce. However, it is important to note than only a
small amount of the variation in the data was explained by our models
(Table 3), indicating that other, unmeasured, variables (e.g. other
contaminants than metals) are contributing signiﬁcantly to the results.
Mortality was best explained by high levels of dissolved Cu, snail
origin (B) and low salinity (Table 3). The lethal eﬀect of Cu on invertebrates is well-documented (Cooper et al., 2009; Das and Khangarot
2011; Brix et al., 2011). In addition, it is commonly accepted that Cu
uptake and toxicity decrease with increasing salinity (Wang and
Rainbow 2008) and this is also reﬂected by the negative relationship
found in our study. The fact that mortality was greater in snails from
population B, compared to population A (Fig. 3) does not support our
hypothesis concerning snail adaptation during contaminant pre-exposure. It is possible that the levels of metals to which population B was
exposed prior to caging (Table 1) were not high enough to exert a selective pressure and to increase the snails’ tolerance to metals. Alternatively, it is also possible that due to the increase in metal stress during
caging (Table 1), the snails have exceeded their limit of tolerance, reﬂected by the increased mortality. In contrast, Daka and Hawkins
(2004) showed that pre-exposure to Zn led to increased tolerance to
acute exposure to Zn in the snail Littorina saxatilis, though chronic effects were not addressed. Adaptation of Physa acuta to chronic metal
exposure in volcanic areas was demonstrated through a high capacity
for metal storage (Zaldibar et al., 2006). Nonetheless, there is high
variability in responses to metal pre-exposure, depending on test species, metal and exposure duration; pre-exposure can lead to either increases or decreases in the uptake of metals from dissolved form or via
food, or have no eﬀect at all (Wang and Rainbow 2005). Moreover,
diﬀerences in tolerance between the two snail populations may also be
related to other unmeasured physiological factors such as size or age
(Izagirre et al., 2014), which are important drivers of metabolism.
The low genetic diversity within each population of T. ﬂuviatilis is in
line with the generally low genetic diversity in the Baltic Sea
(Holmborn et al., 2011). Yet, the fact that the two populations did not
diﬀer from each other in terms of diversity is rather unexpected since
this species does not have planktonic larvae. One would therefore expect populations which are geographically distant to be genetically
more diﬀerent than what was found in our study. However, our investigation is limited to one gene only. Other techniques (e.g. microsatellite marker analysis) could have led to more sensitive measures of
diversity. Unfortunately, the lack of physiological and genetic information on T. ﬂuviatilis created methodological restrictions. Nonetheless, our results suggest that other types of mechanisms were employed by the snails in order to cope with the stressors in the harbours,
rather than selection of favourable genes. Phenotypic plasticity, for
example, could be a reason why one snail population (i.e. A) tolerated
the conditions in the harbours better than the other population (B).
Phenotypic plasticity refers to the ability of an organism to change its
phenotype without changes in the genotype. Such changes maximize an
organism’s ﬁtness in unfavourable environments (Kammenga and
Riksen 1996). Changes in, for example, the proteome (Silvestre et al.,
2012) of the snails may be investigated in future studies as a form of
adaptation to contaminants. If the contaminants were to cause repeated
decreases in snail population size, the genetic diversity would be reduced even further, thus leading to a decreased capacity of the population to cope with further environmental stressors, or to genetic load
(Coutellec and Barata 2011). The release of antifouling paints in harbours is at present a process that occurs repeatedly every season and
which leads to exposure of multiple generations of organisms, thus

5. Conclusion
Chronic exposure to harbour contaminants had clear negative effects on the snail Theodoxus ﬂuviatilis. The toxicity was reﬂected at both
observed levels of biological organisation, i.e. at the tissue level and at
individual level (mortality). Mortality increased by up to 7-fold in
harbour-exposed snails, whereas the prevalence of necrosis in the digestive gland, gonad and gill increased by up to 2, 4 and 16-fold, respectively, compared to snails exposed at reference sites. Our results
imply that contaminants associated with boating activities (such as
metals from antifouling paints) have a substantial contribution to the
observed toxicity, as no other point-sources of pollution were identiﬁed
nearby the investigated harbours. In addition, we have observed a high
prevalence of parasites which may act in concert with contaminants by
debilitating the immune defence. This aspect is a confounding factor
generally not considered in pollution monitoring, thereby leading to
potential false-positives or false-negatives, due to a lack of understanding concerning the complex physiological changes induced by
parasites (Sures 2004).
The only histological diﬀerences observed between the two snail
populations were the prevalence of parasites and shell fouling (A > B).
Contrary to our expectations, mortality was larger in the pre-exposed
snails (relative to those lacking exposure history), indicating that the
selection of metal-tolerant phenotypes did not occur in this population,
and the pre-exposed snails may have exceeded their capacity to cope
with metal exposure. Further studies assessing more sensitive endpoints
are needed in order to obtain more conclusive information regarding
the contribution of genetic diversity to contaminant tolerance in T.
ﬂuviatilis in the Baltic Sea.
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