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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 fluviati-
lis. We analysed variations in ecologically relevant endpoints (mortality, growth and repro-
duction) 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.

Introduction

Pollution caused by boating activities is a well-known problem, largely due to the use of anti-
fouling (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 situ-
ated 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., nutri-
ents and salinity, is highly relevant for improving prediction of toxic effects.

Long-term studies facilitate risk assessment at the population level and provide an under-
standing of the sublethal effects of pollutants. Field experiments (e.g., using caging technique)
allow experimentation under natural conditions and, hence, higher external validity, com-
pared 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 envi-
ronment, 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 metal-
lothionein (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, ele-
vated MTLP concentrations are generally observed in organisms collected from metal-con-
taminated 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 ecosys-
tem integrity. Gastropods are the taxonomically largest group of marine animals, ~40 000 spe-
cies [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 lev-
els. 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, render-
ing them more susceptible to pathogen infections [25], which might ultimately affect repro-
duction 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 freshwa-
ters [29]. This snail is a generalist grazer, feeding on epilithic algae and detritus, and has a life-
span 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 environ-
ment (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 I) and a guest harbour were chosen as repre-
sentative 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 indus-
trial 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 nauti-
cal 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

Marina 1
Marina 2
Guest harbour
Reference 1
Reference 2

https://doi.org/10.1371/journal.pone.0180157.t001

Residence time of boats Boat maintenance activities Depth (m)
long (entire season) frequent ~3t0>6
~6
short (mainly visiting boats) rare 8-11
no boats none ~3
~3
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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.0180157.9001

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 con-
ditions prior to the exposure. There was no pre-acclimatisation of the animals to the experi-
mental 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 cag-
ing; 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 con-
tains ca 80-100 eggs, out of which only one juvenile hatches and has the morphology of a min-
iature 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 Octo-
ber). 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).

N, 1
Mortality rate = M?, (Eq1)

aliveO

where Nge,q is the number of snails that died by the end of the experiment (time #, 8 or 16
weeks for year 1 and year 2, respectively) and N,y is the number of snails at the start, time 0.

Nt 1
Fecundity rate = —%— Eq2
ecundity rate W, T (Eq2)

where Negq, is the number of egg capsules at time t (2 and 4-5 weeks for year 1 and 2, respec-
tively) and Wy, is the weight of the snails at the start (mg dw).

_In(W,) —In(W,)
t

RGR

7 (Eq3)

where W, 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, accord-
ing 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-HCI buffer (pH 8.6), 0.006 mM leupeptin, 0.5 mM phenylmethylsulphonilfluoride
(PMSF) and 0.01% B-mercaptoethanol. The homogenization was done using FastPrep®)-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 pL
of the supernatant were used for fractionation of MTLP with cold absolute ethanol (101 pL,—
20°C) and chloroform (8 pL). The samples were centrifuged at 6 000 g for 10 min, and 180 pL
of the supernatant were combined with 1 mg RNA, 4 uL 37% HCl and 3 volumes of cold, abso-
lute ethanol and kept at -20°C for 1.5 h for precipitation of MTLP. The samples were then cen-
trifuged 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 B-mercaptoethanol) and centrifuged again at 6 000 g for 10 min. The supernatant was dis-
carded, and the pellets were dried under N gas and re-suspended in Buffer 3 (50 uL 0.25 M
NaCl, 50 uL 1IN HCl and 4 mM EDTA from Merck). To each sample, 800 pL of the reagent
solution containing 2 M NaCl, 0.2 M Na-phosphate pH 8 and 0.43 mM DTNB (5,5-dithiobis-
2-nitrobenzoic acid) were added, followed by centrifugation at 3 000 g for 5 min. The absor-
bance of the supernatant at 412 nm was measured with a spectrophotometer (Shimadzu UV-
2501PC) 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 mod-
els (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 GLM:s as predictors to investi-
gate 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 evaluat-
ing 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 nor-
mality and homogeneity of variance in residual plots. The zero-truncated mortality and fecun-
dity 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 crite-
ria 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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Response variables Method Data . N SO
transformation removed
Mortality rate (d) Hurdle Box-Cox 192 0
Fecundity rate (d) Hurdle Box-Cox 206 0
Relative growth rate, RGR (mgd™) GLM None 185 3
Metallothionein-like protein, MTLP (ugg” ww) || GLM Log 99 0
Explanatory variables
Water parameters: Cu, Zn, Cu:Zn ratio, TN, TP, pH, Salinity;
Sediment parameters: Cu, Zn, Cu:Zn ratio; Final models
Other parameters: Initial snail weight (mg) and in situ (Table 3)
exposure time (weeks)

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.0180157.9002

were also tested using GLMs. Furthermore, because MTLP levels may be affected by physiolog-
ical 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 direc-
tion 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 associ-
ated 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 contrib-
uted 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 ug/L) in both marinas compared to
the reference sites (0.6-1.2 pg/L), whereas intermediate levels were observed in the Guest har-
bour (1.4-1.8 ug/L). Likewise, dissolved Zn concentrations in the marinas (7.1-10.6 ug/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 previ-
ously reported in reference areas of the Baltic Sea (e.g., 2-10 pug TBT/kg TS)[38], whereas the
levels in the Guest harbour were similar to previous reports from other harbours in the Stock-
holm archipelago [38,39]. Irgarol and diuron were below detection limit at all sites (Table 2).

Physicochemical parameters

The nutrient levels varied 288-338 ug/L for TN and 10-24 pg/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 loca-
tions. 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 ref-
erence 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 sur-
vival was significantly higher at low concentration of dissolved Zn, yet relatively high concen-
tration 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 Cueq (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 Concentra-
tions in water are in pg/L and in sediment in mg/kg TS and pg/kg TS for organotins.

Parameter

Total solids (TS, %)

Cu

Zn

TBT
DBT
MBT
Irgarol
Diuron
TN

TP

Year

2014
2015
2014
2015
2014
2015
2014
2014
2014
2014
2014
2014
2015
2014
2015

Guest harbour Marina 1 Marina 2 Reference 1 Reference 2
s w s w ] w s w s w
45.7 59.9 76.8
56.2 36.7 51.2 88.4
59.6 1.4 37 3.7 126 1.2
334 1.8 61.2 3.5 23 2.7 5.5 0.6
116 1.8 64.8 71 67.1 7.4
101 3.3 162 10.6 69.2 8.1 16.6 3.4
86 26.6 0.91
58.1 8.86 <1
46.9 19.3 1.29
<0.01 <0.01 <0.01
<0.01 <0.01 <0.01
295 308 338
268 288 288 300
16 15 24
18 12 16 10

https://doi.org/10.1371/journal.pone.0180157.t1002
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respectively and the whiskers show the furthest point within 1.5 x 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.0180157.9004

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 zero-
inflated 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) Cu 8.45E-01 2.57E-01 10.79 0.001
Zn -7.84E-01 1.44E-01 29.74 <.0001
CUsed:ZNseqd 3.85E+00 6.17E-01 38.89 <.0001

2) Positive mortality submodel Cu 1.67E-02 5.27E-03 9.57 0.002
CUseq 9.43E-04 2.39E-04 14.43 0.0001

Fecundity

1) Zero fecundity submodel (probability of failed reproduction) Cu 5.26E+00 8.14E-01 41.64 <.0001
salinity 1.10E+01 1.95E+00 32.09 <.0001

2) Positive fecundity submodel Cu -5.20E-02 1.13E-02 20.04 <.0001
ClUsed:ZNsed 1.81E-01 1.94E-02 69.72 <.0001

b) GLMs

RGR Zn -2.38E-04 3.00E-05 54.11 <.0001
CUged:ZNseqd 2.30E-03 3.00E-04 51.27 <.0001
Initial weight -1.78E-04 4.60E-05 14.37 0.0002

MTLP Zn -9.57E-02 2.83E-02 12.32 0.0004
CUseq:ZNseqd 4.67E-01 1.09E-01 19.74 <.0001
salinity -6.95E-01 1.90E-01 14.25 0.0002

https://doi.org/10.1371/journal.pone.0180157.t1003
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Nonetheless, the highest MTLP levels were observed at Marina 1 in both years. The GLM iden-
tified 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 syner-
gistic 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 envi-
ronments, 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 habi-
tat 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 mari-
nas around the world, e.g., Cu: 16 ug/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 sedi-
ment, 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 compa-
rable to the values reported in harbour areas, e.g., San Diego Bay: 5-6 pg/L [42,44]; Bahia
Blanca Estuary: 5 pg/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 pg/L for Cu and Zn, respectively) [45], whereas in the harbours, the metal concentra-
tions 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 pg/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 condi-
tions in the studied areas. The values recorded (TN: 297.9 + 21.7 ug/L and TP: 15.9 £ 4.5 pg/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 pg/L and

22.2 2.5 pg/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 pollut-
ants 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 loca-
tions 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 differ-
ences 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 tem-
perature 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 fithess 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 pg/L and
10.6 ug/L for Cu and Zn, respectively, which is in line with the published toxicity data for var-
ious snail taxa, where chronic (28 d) exposure resulted in LCs, varying between 13 and

42 pg/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 pg/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 af-
fected both directly, as a result of reproductive toxicity, and indirectly, as a result of the inhibi-
tion 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 ECy, ranging from 8.2 to 27 pg/L [53]. It is
possible that, due to the higher levels of contaminants in the harbours, the snails employed cop-
ing 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 stag-
nalis [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 sedi-
ment metal ratios have implications for the long-term effects of AF paints in harbours, as met-
als 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 impor-
tant 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 osmoconfor-
mers. 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 sev-
eral 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 spe-
cies 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 survivor-
ship, growth and reproduction. However, contrary to our hypothesis, there was no overall ele-
vation 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 pos-
sible 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 phos-
phates, 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 dif-
ference 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.

Supporting information

S1 Table. Mixture effects.
(DOCX)

S1 Raw Data.
(XLSX)

S1 Fig. Cages used for snail exposure.
(TIFF)

S2 Fig. Water temperatures.
(TIFF)

S3 Fig. Between-group PCA; a) year 1 and b) year 2.
(TIFF)

S1 Text. Determination of snail dry weight.
(DOCX)

$2 Text. Quality control and calculation of metallothionein concentrations.
(DOCX)

S3 Text. Between-group PCA.
(DOCX)

Acknowledgments

The authors are grateful to Dr. Damien Bolinius for assistance in the field work.

Author Contributions

Conceptualization: Maria Alexandra Bighiu, Ann-Kristin Eriksson Wiklund.

Formal analysis: Elena Gorokhova.

Funding acquisition: Ann-Kristin Eriksson Wiklund.

Investigation: Maria Alexandra Bighiu, Ann-Kristin Eriksson Wiklund.

Methodology: Maria Alexandra Bighiu, Elena Gorokhova, Ann-Kristin Eriksson Wiklund.
Project administration: Maria Alexandra Bighiu, Ann-Kristin Eriksson Wiklund.
Software: Maria Alexandra Bighiu.

Supervision: Elena Gorokhova, Bethanie Carney Almroth, Ann-Kristin Eriksson Wiklund.

Validation: Maria Alexandra Bighiu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180157  July 3, 2017 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180157.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180157.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180157.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180157.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180157.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180157.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180157.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180157.s008
https://doi.org/10.1371/journal.pone.0180157

@° PLOS | ONE

Life-history and MT in snails

Visualization: Maria Alexandra Bighiu, Elena Gorokhova.

Writing - original draft: Maria Alexandra Bighiu.

Writing - review & editing: Maria Alexandra Bighiu, Elena Gorokhova, Bethanie Carney

Almroth, Ann-Kristin Eriksson Wiklund.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Konstantinou IK, Albanis TA. Worldwide occurrence and effects of antifouling paint booster biocides in
the aquatic environment: a review. Environ Int. 2004; 30: 235-248. https://doi.org/10.1016/S0160-4120
(03)00176-4 PMID: 14749112

Turner A. Marine pollution from antifouling paint particles. Mar Pollut Bull. 2010; 60: 159—-171. https://
doi.org/10.1016/j.marpolbul.2009.12.004 PMID: 20060546

Sapozhnikova Y, Wirth E, Schiff K, Fulton M. Antifouling biocides in water and sediments from California
marinas. Mar Pollut Bull. 2013; 69: 189—194. https://doi.org/10.1016/j.marpolbul.2013.01.039 PMID:
23453818

Eklund B, Eklund D. Pleasure Boatyard Soils are Often Highly Contaminated. Environ Manage. 2014;
53: 930-946. https://doi.org/10.1007/s00267-014-0249-3 PMID: 24563015

Swedish Chemicals Agency. Antifouling products: pleasure boats, commercial vessels, nets, fish cages
and other underwater equipment. 1993. Report No.: 2/93.

Eklund B. Disposal of plastic end-of-life-boats. Nordic Council of Ministers; 2013 Oct.

Bighiu MA, Eriksson-Wiklund A-K, Eklund B. Biofouling of leisure boats as a source of metal pollution.
Environ Sci Pollut Res. 2016; https://doi.org/10.1007/s11356-016-7883-7 PMID: 27766522

Schiff K, Brown J, Diehl D, Greenstein D. Extent and magnitude of copper contamination in marinas of
the San Diego region, California, USA. Mar Pollut Bull. 2007; 54: 322—-328. https://doi.org/10.1016/j.
marpolbul.2006.10.013 PMID: 17150230

Ejhed H, Palm Cousins A, Karlsson M, Kéhler SJ, Huser B, Westerberg I. Feasibility study of net load of
metals: Particulate fraction and retention of metals in lakes and rivers. 2011;

Eklund B, Hansson T, Bengtsson H, Eriksson Wiklund A-K. Pollutant Concentrations and Toxic Effects
on the Red Alga Ceramium tenuicorne of Sediments from Natural Harbors and Small Boat Harbors on
the West Coast of Sweden. Arch Environ Contam Toxicol. 2016; 70: 583-594. https://doi.org/10.1007/
s500244-016-0262-z PMID: 26833201

Karlsson J, Eklund B. New biocide-free anti-fouling paints are toxic. Mar Pollut Bull. 2004; 49: 456—464.
https://doi.org/10.1016/j.marpolbul.2004.02.034 PMID: 15325213

Karlsson J, Ytreberg E, Eklund B. Toxicity of anti-fouling paints for use on ships and leisure boats to
non-target organisms representing three trophic levels. Environ Pollut. 2010; 158: 681-687. https://doi.
org/10.1016/j.envpol.2009.10.024 PMID: 19913342

Connon RE, Geist J, Werner |. Effect-Based Tools for Monitoring and Predicting the Ecotoxicological
Effects of Chemicals in the Aquatic Environment. Sensors. 2012; 12: 12741-12771. https://doi.org/10.
3390/s120912741 PMID: 23112741

Skoog G. Aspects on the biology and ecology of Theodoxus fluviatilis (L) and Lymnea peregra (O.F
Muiller) (Gastropoda) in the Northern Baltic. Sweden: Stockholm University; 1978.

Galloway TS, Brown RJ, Browne MA, Dissanayake A, Lowe D, Jones MB, et al. A multibiomarker
approach to environmental assessment. Environ Sci Technol. 2004; 38: 1723—-1731. PMID: 15074681

Schettino T, Caricato R, Calisi A, Giordano M, Lionetto M. Biomarker approach in marine monitoring
and assessment: new insights and perspectives. Open Env Sci. 2012; 6: 20-27.

Zorita |, Strogyloudi E, Buxens A, Mazdn LI, Papathanassiou E, Soto M, et al. Application of two SH-
based methods for metallothionein determination in mussels and intercalibration of the spectrophoto-
metric method: laboratory and field studies in the Mediterranean Sea. Biomarkers. 2005; 10: 342—359.
https://doi.org/10.1080/13547500500264645 PMID: 16243720

Perceval O, Pinel-Alloul B, Méthot G, Couillard Y, Giguere A, Campbell PGC, et al. Cadmium accumula-
tion and metallothionein synthesis in freshwater bivalves (Pyganodon grandis): relative influence of the
metal exposure gradient versus limnological variability. Environ Pollut. 2002; 118: 5-17. PMID:
11996382

Amiard J, Amiardtriquet C, Barka S, Pellerin J, Rainbow P. Metallothioneins in aquatic invertebrates:
Their role in metal detoxification and their use as biomarkers. Aquat Toxicol. 2006; 76: 160—202. https://
doi.org/10.1016/j.aquatox.2005.08.015 PMID: 16289342

PLOS ONE | https://doi.org/10.1371/journal.pone.0180157  July 3, 2017 16/19


https://doi.org/10.1016/S0160-4120(03)00176-4
https://doi.org/10.1016/S0160-4120(03)00176-4
http://www.ncbi.nlm.nih.gov/pubmed/14749112
https://doi.org/10.1016/j.marpolbul.2009.12.004
https://doi.org/10.1016/j.marpolbul.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20060546
https://doi.org/10.1016/j.marpolbul.2013.01.039
http://www.ncbi.nlm.nih.gov/pubmed/23453818
https://doi.org/10.1007/s00267-014-0249-3
http://www.ncbi.nlm.nih.gov/pubmed/24563015
https://doi.org/10.1007/s11356-016-7883-7
http://www.ncbi.nlm.nih.gov/pubmed/27766522
https://doi.org/10.1016/j.marpolbul.2006.10.013
https://doi.org/10.1016/j.marpolbul.2006.10.013
http://www.ncbi.nlm.nih.gov/pubmed/17150230
https://doi.org/10.1007/s00244-016-0262-z
https://doi.org/10.1007/s00244-016-0262-z
http://www.ncbi.nlm.nih.gov/pubmed/26833201
https://doi.org/10.1016/j.marpolbul.2004.02.034
http://www.ncbi.nlm.nih.gov/pubmed/15325213
https://doi.org/10.1016/j.envpol.2009.10.024
https://doi.org/10.1016/j.envpol.2009.10.024
http://www.ncbi.nlm.nih.gov/pubmed/19913342
https://doi.org/10.3390/s120912741
https://doi.org/10.3390/s120912741
http://www.ncbi.nlm.nih.gov/pubmed/23112741
http://www.ncbi.nlm.nih.gov/pubmed/15074681
https://doi.org/10.1080/13547500500264645
http://www.ncbi.nlm.nih.gov/pubmed/16243720
http://www.ncbi.nlm.nih.gov/pubmed/11996382
https://doi.org/10.1016/j.aquatox.2005.08.015
https://doi.org/10.1016/j.aquatox.2005.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16289342
https://doi.org/10.1371/journal.pone.0180157

@° PLOS | ONE

Life-history and MT in snails

20.

21.

22,

23.

24,

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hockner M, Dallinger R, Stiirzenbaum SR. Nematode and snail metallothioneins. JBIC J Biol Inorg
Chem. 2011; 16: 1057—1065. https://doi.org/10.1007/s00775-011-0826-3 PMID: 21822727

Schiedek D, Broeg K, Barsiené J, Lehtonen KK, Gercken J, Pfeifer S, et al. Biomarker responses as
indication of contaminant effects in blue mussel (Mytilus edulis) and female eelpout (Zoarces viviparus)
from the southwestern Baltic Sea. Mar Pollut Bull. 2006; 53: 387—405. https://doi.org/10.1016/j.
marpolbul.2005.11.013 PMID: 16380139

Hagger JA, Galloway TS, Langston WJ, Jones MB. Application of biomarkers to assess the condition of
European Marine Sites. Environ Pollut. 2009; 157: 2003—2010. https://doi.org/10.1016/j.envpol.2009.
02.038 PMID: 19359075

Appeltans W, Ahyong ST, Anderson G, Angel MV, Artois T, Bailly N, et al. The Magnitude of Global
Marine Species Diversity. Curr Biol. 2012; 22: 2189-2202. https://doi.org/10.1016/j.cub.2012.09.036
PMID: 23159596

Oehlmann J, Di Benedetto P, Tillmann M, Duft M, Oetken M, Schulte-Oehimann U. Endocrine disrup-
tion in prosobranch molluscs: evidence and ecological relevance. Ecotoxicology. 2007; 16: 29—43.
https://doi.org/10.1007/s10646-006-0109-x PMID: 17219087

Galloway TS, Depledge MH. Immunotoxicity in Invertebrates: Measurement and Ecotoxicological Rele-
vance. Ecotoxicology. 2001; 10. https://doi.org/10.1023/A:1008939520263

Berthelin C, Kellner K, Mathieu M. Storage metabolism in the Pacific oyster (Crassostrea gigas) in rela-
tion to summer mortalities and reproductive cycle (West Coast of France). Comp Biochem Physiol B
Biochem Mol Biol. 2000; 125: 359-369. PMID: 10818269

Dillon RT. The ecology of freshwater molluscs. Cambridge; New York: Cambridge University Press; 2000.

Helsinki Commission. Checklist of Baltic Sea Macro-species. 2012. Report No.: Baltic Sea Environment
Proceedings No. 130.

Zettler ML. Morphological and ecological features of Theodoxus fluviatilis (Linnaeus, 1758) from Baltic
brackish water and German freshwater populations. Journal of Conchology. 2004; 38: 305-316.

Kirkegaard J. Life history, growth and production of Theodoxus fluviatilis in Lake Esrom, Denmark. Lim-
nol—Ecol Manag Inland Waters. 2006; 36: 26—41. https://doi.org/10.1016/}.limno.2005.11.002

Viarengo A, Ponzano E, Dondero F, Fabbri R. A Simple Spectrophotometric Method for Metallothionein
Evaluation in Marine Organisms: an Application to Mediterranean and Antarctic Molluscs. Marine Envi-
ronmental Research. 1997; 44: 69-84.

Oaten JFP, Hudson MD, Jensen AC, Williams ID. Effects of organism preparation in metallothionein
and metal analysis in marine invertebrates for biomonitoring marine pollution. Sci Total Environ. 2015;
518-519: 238-247. https://doi.org/10.1016/j.scitotenv.2015.03.003 PMID: 25765376

DALLINGER R, BERGER B, HUNZIKER PE, BIRCHLER N, HAUER CR, KAAGI JH. Purification and
primary structure of snail metallothionein. Eur J Biochem. 1993; 216: 739-746. PMID: 8404892

Obinna Obiakor M, Damian Ezeonyejiaku C. Copper—zinc coergisms and metal toxicity at predefined
ratio concentrations: Predictions based on synergistic ratio model. Ecotoxicol Environ Saf. 2015; 117:
149-154. https://doi.org/10.1016/j.ecoenv.2015.03.035 PMID: 25863353

Schmera D, Baur A, Baur B. Size-dependent shell growth and survival in natural populations of the
rock-dwelling land snail Chondrina clienta. Can J Zool. 2015; 93: 403—410. https://doi.org/10.1139/cjz-
2014-0307

Welsh AH, Cunningham RB, Donnelly CF, Lindenmayer DB. Modelling the abundance of rare species:
statistical models for counts with extra zeros. Ecological Modelling. 1996; 88: 297-308.

Machreki-Ajmi M, Rebai T, Hamza-Chaffai A. Variation of metallothionein-like protein and metal con-
centrations during the reproductive cycle of the cockle Cerastoderma glaucum from an uncontaminated
site: A 1-year study in the Gulf of Gabés area (Tunisia). Mar Biol Res. 2011; 7: 261-271. https://doi.org/
10.1080/17451000.2010.497187

Eklund B, Elfstrom M, Gallego |, Bengtsson B-E, Breitholtz M. Biological and chemical characterization
of harbour sediments from the Stockholm area. J Soils Sediments. 2010; 10: 127—141. https://doi.org/
10.1007/s11368-009-0149-y

Eklund B, Elfstrém M, Borg H. Tributyltin originates from pleasure boats in Sweden in spite of firm
restrictions. Open Environ Sci. 2008; 2: 124—132.

Ferrer LD, Santiago Andrade J, Contardi ET, Asteasuain RO, Marcovecchio JE. Copper and zinc con-
centrations in Bahia Blanca Estuary (Argentina), and their acute lethal effects on larvae of the crab
Chasmagnathus granulata. Chem Speciat Bioavailab. 2003; 15: 7—14. https://doi.org/10.3184/
095422903782775271

Sim VXY, Dafforn KA, Simpson SL, Kelaher BP, Johnston EL. Sediment Contaminants and Infauna
Associated with Recreational Boating Structures in a Multi-Use Marine Park. McKindsey CW, editor.
PLOS ONE. 2015; 10: e0130537. https://doi.org/10.1371/journal.pone.0130537 PMID: 26086427

PLOS ONE | https://doi.org/10.1371/journal.pone.0180157  July 3, 2017 17/19


https://doi.org/10.1007/s00775-011-0826-3
http://www.ncbi.nlm.nih.gov/pubmed/21822727
https://doi.org/10.1016/j.marpolbul.2005.11.013
https://doi.org/10.1016/j.marpolbul.2005.11.013
http://www.ncbi.nlm.nih.gov/pubmed/16380139
https://doi.org/10.1016/j.envpol.2009.02.038
https://doi.org/10.1016/j.envpol.2009.02.038
http://www.ncbi.nlm.nih.gov/pubmed/19359075
https://doi.org/10.1016/j.cub.2012.09.036
http://www.ncbi.nlm.nih.gov/pubmed/23159596
https://doi.org/10.1007/s10646-006-0109-x
http://www.ncbi.nlm.nih.gov/pubmed/17219087
https://doi.org/10.1023/A:1008939520263
http://www.ncbi.nlm.nih.gov/pubmed/10818269
https://doi.org/10.1016/j.limno.2005.11.002
https://doi.org/10.1016/j.scitotenv.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25765376
http://www.ncbi.nlm.nih.gov/pubmed/8404892
https://doi.org/10.1016/j.ecoenv.2015.03.035
http://www.ncbi.nlm.nih.gov/pubmed/25863353
https://doi.org/10.1139/cjz-2014-0307
https://doi.org/10.1139/cjz-2014-0307
https://doi.org/10.1080/17451000.2010.497187
https://doi.org/10.1080/17451000.2010.497187
https://doi.org/10.1007/s11368-009-0149-y
https://doi.org/10.1007/s11368-009-0149-y
https://doi.org/10.3184/095422903782775271
https://doi.org/10.3184/095422903782775271
https://doi.org/10.1371/journal.pone.0130537
http://www.ncbi.nlm.nih.gov/pubmed/26086427
https://doi.org/10.1371/journal.pone.0180157

@° PLOS | ONE

Life-history and MT in snails

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Neira C, Levin LA, Mendoza G, Zirino A. Alteration of benthic communities associated with copper con-
tamination linked to boat moorings. Mar Ecol. 2014; 35: 46—66. https://doi.org/10.1111/maec.12054

Wiklund A-KE, Sundelin B. Bioavailability of metals to the amphipod Monoporeia affinis: Interactions
with authigenic sulfides in urban brackish-water and freshwater sediments. Environ Toxicol Chem.
2002; 21: 1219-1228. PMID: 12069306

Biggs TW, D’Anna H. Rapid increase in copper concentrations in a new marina, San Diego Bay. Mar
Pollut Bull. 2012; 64: 627-635. https://doi.org/10.1016/j.marpolbul.2011.12.006 PMID: 22245437

Swedish Environmental Protection Agency, Swedish Chemicals Agency. Forslag till gransvarden for
sarskilda férorenande &mnen: stéd till vattenmyndigheterna vid statusklassificering och faststéllande av
miljokvalitetsnormer. Stockholm: Naturvardsverket; 2008. (in Swedish).

Swedish Agency for Marine and Water Management. Havs-och vattenmyndighetens féreskrifter om
klassificering och miljokvalitetsnormer avseende ytvatten. Havs-och vattenmyndigheten; 2013. Report
No.: HYMFS 2013:19. (in Swedish).

Warnken J, Dunn RJK, Teasdale PR. Investigation of recreational boats as a source of copper at
anchorage sites using time-integrated diffusive gradients in thin film and sediment measurements. Mar
Pollut Bull. 2004; 49: 833-843. https://doi.org/10.1016/j.marpolbul.2004.06.012 PMID: 15530527

Costa LDF, Wallner-Kersanach M. Assessment of the labile fractions of copper and zinc in marinas and
port areas in Southern Brazil. Environ Monit Assess. 2013; 185: 6767-6781. https://doi.org/10.1007/
$10661-013-3063-0 PMID: 23475526

Brix KV, Esbaugh AJ, Grosell M. The toxicity and physiological effects of copper on the freshwater pul-
monate snail, Lymnaea stagnalis. Comp Biochem Physiol Part C Toxicol Pharmacol. 2011; 154: 261—
267. https://doi.org/10.1016/j.cbpc.2011.06.004 PMID: 21723419

Peters A, Simpson P, Merrington G, Schlekat C, Rogevich-Garman E. Assessment of the effects of
nickel on benthic macroinvertebrates in the field. Environ Sci Pollut Res. 2014; 21: 193-204. https://doi.
org/10.1007/s11356-013-1851-2 PMID: 23749201

Leung KMY, Furness RW. Survival, growth, metallothionein and glycogen levels of Nucella lapillus (L.)
exposed to sub-chronic cadmium stress: the influence of nutritional state and prey type. Mar Environ
Res. 2001; 52: 173—194. PMID: 11525429

Lawes JC, Clark GF, Johnston EL. Contaminant cocktails: Interactive effects of fertiliser and copper
paint on marine invertebrate recruitment and mortality. Mar Pollut Bull. 2016; 102: 148—159. https://doi.
org/10.1016/j.marpolbul.2015.11.040 PMID: 26632524

Besser JM, Dorman RA, Hardesty DL, Ingersoll CG. Survival and Growth of Freshwater Pulmonate and
Nonpulmonate Snails in 28-Day Exposures to Copper, Ammonia, and Pentachlorophenol. Arch Environ
Contam Toxicol. 2016; 70: 321-331. https://doi.org/10.1007/s00244-015-0255-3 PMID: 26747374

Muinzinger A, Guarducci M-L. The effect of low zinc concentrations on some demographic parameters
of Biomphalaria glabrata (Say), Mollusca: Gastropoda. Aquat Toxicol. 1988; 12: 51-61.

Das S, Khangarot BS. Bioaccumulation of copper and toxic effects on feeding, growth, fecundity and
development of pond snail Lymnaea luteola L. J Hazard Mater. 2011; 185: 295-305. https://doi.org/10.
1016/j.jhazmat.2010.09.033 PMID: 20934807

Real M, Munoz |, Guasch H, Navarro E, Sabater S. The effect of copper exposure on a simple aquatic
food chain. Aquat Toxicol. 2003; 63: 283—-291. PMID: 12711417

Cooper NL, Bidwell JR, Kumar A. Toxicity of copper, lead, and zinc mixtures to Ceriodaphnia dubia and
Daphnia carinata. Ecotoxicol Environ Saf. 2009; 72: 1523-1528. https://doi.org/10.1016/j.ecoenv.2009.
03.002 PMID: 19419764

Vijver MG, Elliott EG, Peijnenburg WJGM, de Snoo GR. Response predictions for organisms water-
exposed to metal mixtures: A meta-analysis. Environ Toxicol Chem. 2011; 30: 1482—-1487. https://doi.
org/10.1002/etc.499 PMID: 21337610

Flemming CA, Trevors JT. Copper toxicity and chemistry in the environment: a review. Water Air Soil
Pollut. 1989; 44: 143—158.

Wang W-X. Interactions of trace metals and different marine food chains. Mar Ecol Prog Ser. 2002;
243: 295-309.

Xie L, Buchwalter DB. Cadmium exposure route affects antioxidant responses in the mayfly Centropti-
lum triangulifer. Aquat Toxicol. 2011; 105: 199—205. https://doi.org/10.1016/j.aquatox.2011.06.009
PMID: 21762651

Barranguet C, Charantoni E, Plans M, Admiraal W. Short-term response of monospecific and natural
algal biofilms to copper exposure. Eur J Phycol. 2000; 35: 397-406. https://doi.org/10.1080/
09670260010001736001

PLOS ONE | https://doi.org/10.1371/journal.pone.0180157  July 3, 2017 18/19


https://doi.org/10.1111/maec.12054
http://www.ncbi.nlm.nih.gov/pubmed/12069306
https://doi.org/10.1016/j.marpolbul.2011.12.006
http://www.ncbi.nlm.nih.gov/pubmed/22245437
https://doi.org/10.1016/j.marpolbul.2004.06.012
http://www.ncbi.nlm.nih.gov/pubmed/15530527
https://doi.org/10.1007/s10661-013-3063-0
https://doi.org/10.1007/s10661-013-3063-0
http://www.ncbi.nlm.nih.gov/pubmed/23475526
https://doi.org/10.1016/j.cbpc.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21723419
https://doi.org/10.1007/s11356-013-1851-2
https://doi.org/10.1007/s11356-013-1851-2
http://www.ncbi.nlm.nih.gov/pubmed/23749201
http://www.ncbi.nlm.nih.gov/pubmed/11525429
https://doi.org/10.1016/j.marpolbul.2015.11.040
https://doi.org/10.1016/j.marpolbul.2015.11.040
http://www.ncbi.nlm.nih.gov/pubmed/26632524
https://doi.org/10.1007/s00244-015-0255-3
http://www.ncbi.nlm.nih.gov/pubmed/26747374
https://doi.org/10.1016/j.jhazmat.2010.09.033
https://doi.org/10.1016/j.jhazmat.2010.09.033
http://www.ncbi.nlm.nih.gov/pubmed/20934807
http://www.ncbi.nlm.nih.gov/pubmed/12711417
https://doi.org/10.1016/j.ecoenv.2009.03.002
https://doi.org/10.1016/j.ecoenv.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19419764
https://doi.org/10.1002/etc.499
https://doi.org/10.1002/etc.499
http://www.ncbi.nlm.nih.gov/pubmed/21337610
https://doi.org/10.1016/j.aquatox.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21762651
https://doi.org/10.1080/09670260010001736001
https://doi.org/10.1080/09670260010001736001
https://doi.org/10.1371/journal.pone.0180157

@° PLOS | ONE

Life-history and MT in snails

63.

64.

65.

66.

67.

68.

69.

70.

Ancion P-Y, Lear G, Dopheide A, Lewis GD. Metal concentrations in stream biofilm and sediments and
their potential to explain biofilm microbial community structure. Environ Pollut. 2013; 173: 117-124.
https://doi.org/10.1016/j.envpol.2012.10.012 PMID: 23202641

Holding KL, Gill RA, Carter J. The relationship between epilithic periphyton (biofilm) bound metals and
metals bound to sediments in freshwater systems. Environ Geochem Health. 2003; 25: 87-93. PMID:
12901083

Legras S, Mouneyrac C, Amiard JC, Amiard-Triquet C, Rainbow PS. Changes in metallothionein con-
centrations in response to variation in natural factors (salinity, sex, weight) and metal contamination in
crabs from a metal-rich estuary. J Exp Mar Biol Ecol. 2000; 246: 259-279. PMID: 10713280

Hamer B. Effect of hypoosmotic stress by low salinity acclimation of Mediterranean mussels Mytilus gal-
loprovincialis on biological parameters used for pollution assessment. Aquat Toxicol. 2008; 89: 137—
151. https://doi.org/10.1016/j.aquatox.2008.06.015 PMID: 18687480

Palacios O, Pagani A, Pérez-Rafael S, Egg M, Hckner M, Brandstétter A, et al. Shaping mechanisms
of metal specificity in a family of metazoan metallothioneins: evolutionary differentiation of mollusc
metallothioneins. BMC Biol. 2011; 9: 4. https://doi.org/10.1186/1741-7007-9-4 PMID: 21255385

Daka ER, Hawkins SJ. Interactive Effects of Copper, Cadmium and Lead on Zinc Accumulation in the
Gastropod Mollusc Littorina Saxatilis. Water Air Soil Pollut. 2006; 171: 19-28. https://doi.org/10.1007/
s11270-005-9009-6

Serafim A, Bebianno MJ. Effect of a polymetallic mixture on metal accumulation and metallothionein
response in the clam Ruditapes decussatus. Aquat Toxicol. 2010; 99: 370—-378. https://doi.org/10.1016/
j.aquatox.2010.05.016 PMID: 20557954

Marigédmez |, Soto M, Cajaraville MP, Angulo E, Giamberini L. Cellular and subcellular distribution of
metals in molluscs: Distribution of Metals in Molluscs. Microsc Res Tech. 2002; 56: 358—-392. https://
doi.org/10.1002/jemt.10040 PMID: 11877813

PLOS ONE | https://doi.org/10.1371/journal.pone.0180157  July 3, 2017 19/19


https://doi.org/10.1016/j.envpol.2012.10.012
http://www.ncbi.nlm.nih.gov/pubmed/23202641
http://www.ncbi.nlm.nih.gov/pubmed/12901083
http://www.ncbi.nlm.nih.gov/pubmed/10713280
https://doi.org/10.1016/j.aquatox.2008.06.015
http://www.ncbi.nlm.nih.gov/pubmed/18687480
https://doi.org/10.1186/1741-7007-9-4
http://www.ncbi.nlm.nih.gov/pubmed/21255385
https://doi.org/10.1007/s11270-005-9009-6
https://doi.org/10.1007/s11270-005-9009-6
https://doi.org/10.1016/j.aquatox.2010.05.016
https://doi.org/10.1016/j.aquatox.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20557954
https://doi.org/10.1002/jemt.10040
https://doi.org/10.1002/jemt.10040
http://www.ncbi.nlm.nih.gov/pubmed/11877813
https://doi.org/10.1371/journal.pone.0180157

