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Highlights: Abnormalities in shells and soft tissues were noted in bivalve larvae from Puck Bay.
The ratio of abnormal larvae could be used as an indicator of environmental pollution.
Postlarvae had deformations reminiscent of indentations on larval shell edges. The results
suggested that the survival of larvae with shell abnormalities was low.
ABSTRACT
This study described the occurrence of abnormalities in bivalve larvae from the Puck Bay.
Analyses of plankton samples collected in 2012-2013 showed that larval Mytilus trossulus,
Mya arenaria, and Cerastoderma glaucum exhibited abnormalities that could indicate adverse
environmental impacts. The deformities were mainly in shells, but missing soft tissue
fragments and protruding vela were also noted. In addition to larval studies, we analyzed
benthic postlarvae of Mytilus trossulus. Interestingly, grooves and notches at different locations
of the prodissoconch, dissoconch, and shell margin were observed. Some of these
deformations were reminiscent of the indentations found on the shell edge of larvae.
Comparing the proportion of abnormal postlarvae to larvae with shell abnormalities suggested
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that the survival of larvae with shell abnormalities was low. Overall, our results suggested that
the ratio of abnormal bivalve larvae could be used as an indicator of the biological effects of
hazardous substances in the pelagic environment.

INTRODUCTION
Marine pollution affects coastal and estuarine ecosystems in many ways and at various scales,
from the organism to community levels (Weis 2014). Because of their sensitivity to pollutants
and their bio-accumulation ability, marine invertebrates, especially mollusks, have long been
used to monitor the biological effects of contaminants and environmental quality (Rainbow and
Phillips, 1993) by measuring diverse molecular, cellular and physiological biomarkers (e.g.,
Bolognesi et al. 1996; Wedderburn et al., 2000; Leinio and Lehtonen, 2005). Early life stages
(embryos and larvae) of marine invertebrates are more sensitive to pollutants than adults of
the same species (Connor, 1972; Calabrese et al., 1973; Pineda et al., 2012), and, thus, they
offer the possibility of detecting lower levels of pollution. Exposed embryos and larvae typically
show retarded development, increased morphological abnormalities, and higher mortality
(e.g., Calabrese et al., 1977; Klöckner et al., 1985; Fichet and Miramand, 1998; Beiras and
Bellas, 2008; Mai et al. 2012; Stefansson et al. 2016). In the particular case of bivalves, slow
growth, increased percentages of abnormal D-shaped veliger larvae, tissue necrosis resulting
from damage to the shell gland, and abnormal velar structures are some of the documented
effects of harmful compounds (Calabrese et al., 1977; His et al, 1999; Inoue et al. 2006). Such
developmental alterations have been used to develop embryo-larval bio-assays, especially
using oysters (Crassostrea spp.) and mussels (Mytilus spp.), to examine the effects of a variety
of contaminants such as heavy metals, pesticides, detergents, and, ultimately, to assess
contamination levels of waters and sediments (e.g., His et al., 1999; Wedderburn et al, 2000,
Quiniou et al., 2007).
Bio-assays are typically carried out through embryo exposure to contaminants or to waters (or
sediments) over a short period (24-48h), with mortality and level of developmental
abnormalities as the endpoints. Although abnormality rates in embryos and larvae are
important in bio-assays and are recommended as one of the standard response variables to
be measured routinely in assessments of multistressor effects (Przeslawski et al. 2015), they
are targeted infrequently in field studies (but see Lehtonen et al., 2014 and references therein),
especially in those of mollusks. One explanation for the scarcity of such approaches could be
the difficulty of identifying larvae at the species level, especially in groups like bivalves. Not
only are early larval stages very difficult to distinguish based only on morphology (Garland and
Zimmer, 2002; Hendriks et al., 2005), morphological abnormalities caused by pollution can
make identification even more difficult. Advances in molecular-based methods of identifying
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species, i.e., DNA barcoding using standard sequencing or PCR-based techniques, permits
identifying species at the larval stage (Larsen et al. 2005, Le Goff Vitry et al., 2007a;b, Comtet
et al. 2015). Thus, they offer new opportunities to examine larval abnormalities and to use
early developmental stages in field studies.
During a routine analysis of meroplankton in the Gulf of Gdansk, we discovered particularly
high numbers of abnormal bivalve larvae, which prompted us to assess carefully their relative
abundance in a time-series sampling. In the present study, we report the occurrence of these
abnormalities in larvae of four species of bivalves that were identified accurately with molecular
tools. We also report abnormalities in benthic postlarvae of Mytilus trossulus. Based on our
findings, we discuss the use of larval abnormality rates as field bio-indicators of pollution
effects.

MATERIALS AND METHODS

Study area
The Puck Bay is located in the western part of the Gulf of Gdansk and is separated from the
open sea by the Hel Peninsula (Fig. 1). The bay is divided by a shallow sand bar into the inner
Puck Bay (known as the Puck Lagoon) and the outer Puck Bay. It is under the influence of
marine waters from the deep regions of the Gulf of Gdansk and terrestrial waters, including
from the Vistula, which is the longest and largest river in Poland. Water temperature in the
outer Puck Bay varies between 1 to 21°C, while the salinity reaches an average value of 7.65
(see Kruk-Dowgiałło and Szaniawska, 2008 for references). Their geographical locations and
specific hydrological conditions mean the Gulf of Gdansk and the Puck Bay face significant
ecological threats. Low salinity, limited water exchange, highly developed agriculture and
processing, urbanized coastal zone, and river and sewage treatment plant water inflow mean
that the organisms living in this area are particularly vulnerable to increasing loads of nutrients
and toxic substances such as metals, organochlorine compounds, polycyclic aromatic
hydrocarbons, endocrine disrupting compounds, and antibiotics (HELCOM, 2010).

Sampling
Bivalve larvae were collected from the r/v Oceanograf 2 in 2012-2013 using a WP2 plankton
net with a mesh size of 100 µm at the Mechelinki site (54°36'34.40"N, 18°31'40.60"E), which
is located near the mouth of the sewage outlet of the treatment plant in the village of Debogorze
(Fig. 1). On each sampling date, one plankton sample was collected vertically from the bottom
(depth 7-8m) to the surface. After collection, the plankton was preserved with 96 % ethanol
and stored in a refrigerator until sorting. High density samples were sorted in a Motoda
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plankton box splitter. When available, more than one hundred bivalve larvae were then sorted
randomly for further identification and examination. If the sample contained fewer individuals,
all of them were analyzed. Sampling dates and the number of larvae analyzed are presented
in Table 1.

Table 1. Sampling dates and numbers (N) of analyzed larvae
date

N

8.7.12

18.7.12

25.7.12

18.9.12

24.10.12

7.12.12

26.2.13

9.6.13

24.7.13

30.8.13

30.9.13

14.10.13

134

127

130

72

43

5

2

114

128

14

13

66

Fig. 1. Location of the sampling site (black dot)

A sediment sample was collected at the same site on 23/08/2012 with a Van Veen grab from
onboard the r/v Oceanograf 2. Bivalves (mostly Mytilus trossulus) were sorted roughly and
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immediately preserved and stored in 96% ethanol. Later, the sample was examined to search
for bivalve postlarvae. More than 100 postlarvae were sorted and easily identified as M.
trossulus based on their morphology (e.g., Fuller and Lutz, 1989; Bownes et al., 2008; Lasota
et al., 2013).

Identification of the larvae
Four bivalve species dominate in the Puck Bay: Mytilus trossulus, Limecola balthica, Mya
arenaria, and Cerastoderma glaucum (e.g., Węsławski et al., 2013). Recent observations
reported the occurrence of the non-native Conrad's false mussel Mytilopsis leucophaeata
close to the sampling area (Dziubińska 2011, Brzana & Janas 2016) and in the Vistula Delta
located in the eastern part of the Gulf of Gdansk (Brzana et al. 2017), and the non-native clam
Rangia cuneata in the Vistula Delta and Vistula Lagoon further east (Janas et al. 2014,
Warzocha et al. 2016). Regarding the density and local occurrence of these two non-native
species, we considered their potential contribution to the meroplankton of our study area
negligible. This assumption is supported by the lack of any recruitment event on artificial
substrates in this area during 7 years of observations (Brzana & Janas, 2016; Sokołowski et
al., 2017).
Larvae at the veliger and pediveliger stages were thus sorted based on morphological
characteristics into two groups: 1) Mytilus trossulus and 2) other species. Mytilus trossulus
larvae are indeed easy to identify at this stage (Aucoin et al., 2004; Lasota et al., 2013).
Species identification of larvae belonging to group 2, as well as larvae at the D-shaped stage
(which can include M. trossulus larvae), was done using a molecular approach. Larval genetic
material was isolated based on a procedure described in Lasota et al. (2013), and species
were identified with single-step nested multiplex PCR developed by Larsen et al. (2005), which
targets a fragment of the 18S rRNA gene. Amplicons were separated electrophoretically on 2
% agarose gel and visualized using GelRedTM. The pattern of electrophoregrams obtained
for larvae were compared to those obtained for adults.
This technique involved the simultaneous use of a pair of universal primers and internal
primers specific to each from four native species occurring in the Puck Bay. Since the primers
were developed originally by Larsen et al. (2005) to identify Mya spp., L. balthica, C. edule,
and M. edulis, among others, the authors mention that they cannot exclude that their primers
would work on other species from these genera (Larsen et al., 2007). Thus, we first checked
the usefulness of these primers to distinguish adults of our four target species, in particular M.
trossulus and C. glaucum, with which the method has never been applied. It turned out that
the primers worked perfectly to discriminate these species, as is shown in Figure 2. In order to
exclude possible molecular misidentification of non-native bivalves Mytilopsis leucophaeata
and Rangia cuneata with targeted species, we also checked whether the specific primers
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would amplify non-native species. None of the target-specific primers amplify DNA in Rangia
cuneata. Concerning Mytilopsis leucophaeata, because we failed to get DNA for this species,
we used DNA from Dreissena polymorpha as a substitute. We chose this species because it
belongs to the same family as M. leucophaeata (Dreissenidae), and the same order Myida as
Mya arenaria (target species), for which the Mya1754R primer was designed (Larsen et al.
2005). In addition, D. polymorpha and M. leucophaeata share the same 3 mismatches with
this Myida-specific primer, making them likely to show the same electrophoresis pattern. None
of the target-specific primers amplify any specific band in D. polymorpha. These results thus
confirm the reliability of our molecular identification of larvae. In total, 412 larvae were identified
using this molecular method.

Fig. 2. Example of an electrophoregram. Reference individuals: MA - Mya arenaria, LB - Limecola
balthica, MT - Mytilus trossulus, CG - Cerastoderma glaucum; C – PCR negative control; 1-23 – tested
larvae.

Classification of abnormalities
Before molecular identification, which destroys the specimens, the larvae were examined
carefully to detect morphological abnormalities that are commonly observed in larvae exposed
to various contaminants (e.g., His et al., 1999; Wedderburn et al., 2000). Abnormal larvae were
classified according to three categories of abnormalities: 1) shell deformations (changes in the
outer margin, including various types of visible indentations); 2) losses of soft tissue (patches
of missing tissue); 3) protruding velum (Fig. 3).
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Fig. 3. M. trossulus larvae with shell deformation (a), loss of tissue (b), protruding velum (c)

Observations of postlarvae
All M. trossolus postlarvae were carefully examined with a dissecting microscope under both
unpolarized and polarized light to search for shell abnormalities by focusing on the dissoconch
and the prodissoconch II / dissoconch boundary. Specimens exhibiting potential abnormalities
and a few normal specimens were then prepared for scanning electron microscopy (SEM).
Preserved specimens were immersed in a 5.2 % sodium hypochlorite solution to dissolve soft
tissues and separate the two valves (Comtet et al. 2000). Disarticulated valves were then
rinsed with distilled water, air-dried, mounted on SEM pin stubs with adhesive tabs and coated
with gold. The samples were examined under a Phenom G2 Pro desktop SEM.
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RESULTS

Species composition of bivalve larvae
Based on both morphological and molecular identification, the bivalve larvae present in
samples belonged to four species reported in the Puck Bay. Mytilus trossulus and/or Mya
arenaria clearly dominated throughout the year (Fig. 4). They represented from 59 to 100 % of
all larvae in the 12 samples at an average of 92 % across all samples.

Fig. 4. Relative species composition of the bivalve larval pool sampled in Puck Bay
(percentage)

Temporal changes in proportions and types of larval abnormalities
The proportion of abnormal larvae differed among months (Fig. 5). In 2012, the largest
proportion of abnormal larvae observed in a sample (25.07.12) was 34 %, while the smallest
percentage of individuals exhibiting abnormalities, 1 %, was recorded in sample collected on
08.07.12. In 2013, the highest percentage of abnormal larvae was 36 % (30.08.13), while in
one sample (26.02.13) no abnormal larvae were found.
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Fig. 5. Temporal variations in abnormality rates (percent of abnormal larvae) of bivalve larvae
sampled in the Puck Bay in 2012-2013. All species.

Among the four species studied, M. trossulus and M. arenaria larvae were the most affected
by abnormalities (Fig. 6), with percentages of abnormal larvae as high as 67 % and 50 %,
respectively. In July 2013, 7 % of C. glaucum larvae had abnormalities (Fig. 6), but no
abnormalities were noted in L. balthica.
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Fig. 6. Percentage of abnormal larvae of each species. Only species with abnormal larvae are
shown in particular samples.
All three types of abnormalities were observed (Fig. 7a) in M. trossulus, but most of them were
shell deformations and loss of soft tissues. These two types of abnormalities were also
observed in M. arenaria (Fig 7b). Only shell deformations were observed in C. glaucum.
Overall, shell deformations were the most commonly observed abnormalities although the
relative contribution of each type of abnormality differed among months (Fig. 7).

Fig. 7. Distribution (percentage) of different abnormalities in Mytilus trossulus (a) and Mya
arenaria (b) larvae. Asterisks indicate samples with larvae exhibiting two types of abnormalities
simultaneously.

Abnormalities in postlarvae
Several types of shell abnormalities were observed in benthic Mytilus trossulus postlarvae (Fig.
8). A few individuals exhibited grooves at different locations on the dissoconch, either at the
shell margin (Fig. 8 b) or at the prodissoconch II (PII)/dissoconch (D) boundary (Fig. 8 b, c, d).
In one case, one groove was in line with a potential abnormality of the PII/D boundary (Fig. 8
d). Two postlarvae exhibited abnormal PII/D boundaries, one with two slight undulations at the
PII margin (Fig. 8 d) and the other with a severe notch at the PII margin (Fig. 8 e, f). A severe
deformation was observed in one individual that exhibited a rolled-up shell margin (Fig. 8 g).
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Erosion scars on the outer surface of the PII were also observed on one individual (Fig. 8 h).
Overall, less than 10 % of the postlarvae examined exhibited at least one type of abnormality.

Fig. 8. Mytilus trossulus. Abnormalities observed in benthic postlarvae collected in the Puck
Bay, Gulf of Gdansk (Baltic Sea). a - normal postlarva, showing the larval shell prodissoconch
I (PI) and prodissoconch II (PII), postlarval shell dissoconch (D), and their boundaries (black
arrowheads) with visible growth lines (white arrowheads); b - left valve of a 1000-μm postlarva
showing abnormal grooves on the dissoconch (arrowheads); c - right valve of a 480-μm
postlarva, showing a groove (arrowhead) close to the PII/D boundary, insert - detail; d - right
valve of a 600-μm postlarva showing two types of abnormalities, a groove on the dissoconch
(black arrowhead) and two potential indentations of the PII/D boundary (white arrowheads),
insert - same individual before sample preparation under transmitted light showing the two
visible indentations; e - right valve of a 680-μm postlarva, showing a notch on the PII/D
boundary (arrowhead), the left valve had a similar but less severe deformation (not shown); f
- detail of e; g - left valve of a postlarva showing the rolled-up ventral margin; h - prodissoconch
II of a 600-μm postlarva showing erosion marks (arrowheads).
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DISCUSSION

Are larval abnormalities symptoms of environmental pollution?
The data from the present study showed that a substantial proportion of bivalve larvae from
the Puck Bay, up to 36 % in some samples, exhibited several types of abnormalities, including
shell deformities and soft tissues abnormalities (e.g., a protruding velum). Among the four
species occurring in this part of the Baltic Sea, three were affected—Mytilus trossulus, Mya
arenaria and Cerastoderma glaucum. In contrast, Limecola balthica was found to be free from
any abnormalities, but only 14 larvae were examined. On several occasions, the percentage
of abnormalities in the two most abundant species (M. trossulus and M. arenaria) reached high
values of up to 67 %. These values are much higher than those observed in laboratory-reared
larvae under “normal” conditions and those commonly noted in bioassays, which are typically
less than 10-20 %. Interestingly, they do agree with values reported after acute exposure
experiments (His et al., 1997; His et al., 1999). It should be noted, however, that the highest
values in this study were observed in the fall/winter samples of small numbers of individuals;
thus, they could be increased artificially by sampling drift. Nevertheless, in the sample from
July 25, 2012 (130 larvae, including 79 M. trossulus), approximately 44 % of M. trossulus
larvae were abnormal, and this is likely explained by the adverse impact of environmental
conditions. The abnormalities observed in this study are typically observed when bivalve
embryos or larvae are exposed to a wide range of pollutants (e.g., Money et al., 2011; Mai et
al., 2012; Vignier et al., 2015; Finch et al., 2016; and references therein). Although these
abnormalities are not specific to any particular chemical, they could result from both adult and
larval exposure to contaminants. As previously mentioned, the Gulf of Gdansk is particularly
vulnerable to contamination from many toxic substances from different sources (e.g., Korpinen
et al., 2012, 2013). According to HELCOM’s 2010 integrated classification of “hazardous
substances status,” 60 % of the assessment units in the Gulf of Gdansk were of a “moderate”
status, 20 % – “poor,” and only 20% – “good.” Further, among the 137 assessment units in the
different sub-basins of the Baltic Sea, the highest contamination ratios (i.e., the highest
concentrations in relation to target levels) of four substances, namely benz[a]anthracene (a
polycyclic aromatic hydrocarbon), cesium-137, mercury, and PCBs (HELCOM, 2010), were
observed in the Gulf of Gdansk. Additionally, the sampling site used in the present study is
very close to a sewage treatment plant outlet, which is one of the greatest sources of
endocrine-disrupting compounds, namely bisphenol A , 4-tert-octylphenol, and 4-nonyl-phenol
in the Gulf of Gdansk (Staniszewska et al., 2014).
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To our knowledge, the present study is one of a few, if not the first, to report such high rates
of abnormalities in pelagic bivalve larvae, and previous surveys conducted in the Gulf of
Gdansk, where bivalve larvae dominate meroplankton communities, failed to detect abnormal
larvae (Józefczuk et al., 2003 ; Mudrak and Żmijewska, 2007). Similar results with high rates
of morphological malformations in field samples were reported in fish embryos collected in
heavily polluted areas in the southeastern North Sea (Cameron et al. 1992) and in the western
Baltic Sea (von Westernhagen et al., 1988).
If pollutants likely explained our observations because of the high level of contamination in the
study area, other factors could also have been involved. In particular, low salinities have been
shown to increase the rate of abnormalities in larval M. galloprovincialis (Hrs-Brenko et al.,
1977) and to alter the potential effects of pollutants in various ways depending on the species
(Deruytter et al., 2015; Gamain et al. 2016). Thus, we cannot exclude that the low salinities
prevailing in the Puck Bay explain some of the abnormalities either alone or in combination
with pollutants, although local adaptation cannot be excluded (Stickney, 1964; Newkirk, 1978).
Similar abnormalities can also arise from low-pH exposures (e.g., Kurihara et al., 2008; Parker
et al., 2010; Andersen et al., 2013; Barros et al., 2013; Waldbusser et al., 2015) and less
obvious factors like sound (Aguilar de Soto et al., 2013; Carroll et al., 2017) and pathogens
(e.g., herpes virus causing velar lesions; Renault and Novoa, 2004). Temporal variation in the
rates of abnormalities within particular species was noted. This could also indicate a synergistic
effect of abiotic factors that vary seasonally and pollutants. Many studies have also shown that
temperature and salinity can modify strongly the toxicity of pollutants. Vulnerability to pollutants
can also vary with the physiological state of an organism. Understanding possible interactions
among contamination and other abiotic and biotic factors and how they determine the level of
abnormalities in larvae requires further detailed research.

From larvae to postlarvae
The potential consequences for recruitment success of the occurrence of the abnormalities
observed in pelagic larvae is unknown. To date, most laboratory studies have comprised short
term experiments (typically 24-48 h) and did not assess the later survival of abnormal larvae,
although some studies have concluded that most abnormal larvae will never metamorphose in
nature (Hrs-Brenko et al., 1977, Liu et al. 2009). Our observations of two (i.e., less than 2%)
postlarvae of Mytilus trossulus that exhibited damage (undulation or notches) at the margin of
the prodissoconch II (larval shell) are reminiscent of indentations seen on the shell edge of
pelagic larvae. This result suggested that abnormal larvae could settle and survive, at least for
some time. However, a rough comparison of the proportion of postlarvae with abnormalities
(approximately 2 %) and the proportion of pelagic larvae with shell abnormalities one month
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before sampling the postlarvae (July 25, 2012; approximately 44 %) suggests that the survival
of larvae with shell abnormalities is low. Similar interpretations were reported in fish embryos
by von Westernhagen et al. (1988), who observed higher rates of abnormalities in earlier
stages, which was a result they explained by higher mortality rates in abnormal embryos.
Other abnormalities observed on benthic postlarvae of Mytilus trossulus were located on the
dissoconch, which suggested they were produced post-settlement. The grooves closely
resembled those described by Sunila and Lindström (1985) on adult Mytilus edulis
experimentally exposed to copper and cadmium in brackish waters (salinity of 7) and those
reported in adult Perna viridis from polluted sites off of the Malaysian coast (Yap et al. 2002).
Similarly, the round scars observed at the surface of the prodissoconch II of a 600-µm
individual can appear to be like some of the shell deformities (craters and crevices) reported
by Smolarz and Bradtke (2011) on adult Limecola balthica from the Baltic Sea, which they
attributed to pollution and other environmental factors. Other types of shell deformities (flexure
at the ventral margin, elongation of the posterior end) were observed in adult L. balthica from
the Gulf of Gdansk that also had high concentrations of trace metals such as As, Ag, Cd, Pb,
Cu and Zn in their soft tissues (Sokołowski et al., 2002) and cytogenetic alterations
(Sokolowski et al., 2004). Interestingly, in the present study, we did not observe larval
abnormalities in L. balthica. This would support the hypothesis of Sokolowski et al. (2008) that
deformities in adult clams could be interpreted as acclimatization mechanisms to the low
oxygen and high hydrogen sulfide concentrations prevailing in the deep areas of the Gulf of
Gdansk, or at least those that occur only during the postlarval stage. However, this should be
confirmed by examining greater numbers of larvae of this species. In contrast to the studies
mentioned above, which focused on adult bivalves, in the present work, the proportion of
postlarvae with abnormalities was very low (less than 10 %). It is noteworthy that adult mussels
at this site also exhibited abnormal grooves (authors’ personal observations). Whether these
types of abnormalities are linked to pollution alone cannot be confirmed based on our dataset.
However, with regard to pelagic larvae, the similarity between our observations and previously
reported deformities in polluted areas support this hypothesis. In this context, it is noteworthy
that the most severe shell abnormality we observed was the rolled-up shell margin (Fig. 8 g)
that was similar to that pictured in Lehnberg and Theede (1979) in Mytilus edulis larvae
exposed to high cadmium concentrations.

Larval abnormalities in the field as a bioindicator of environment quality
Assessing ecosystem health not only requires measuring contaminant concentrations in water,
sediments, and organisms, but also assessing their biological effects in laboratory bioassays
and field studies (Lehtonen et al. 2014). This is why developmental alterations are proposed
as non-specific biomarkers for assessing the effects contaminants have on the reproductive
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outputs of target species based on field observations. In benthic ecosystems, developmental
aberrations in brooded embryos of the gastropod Littorina saxatilis (Dixon and Pollard, 1985)
or the amphipod Monoporeia affinis (Sundelin and Eriksson, 1998) were proposed as
indicators of pollution effects, and the latter species is now considered a core indicator in Baltic
Sea monitoring programs (Lehtonen et al., 2014; Reutgard et al., 2014; Löf et al., 2016).
Substantial work has already been conducted on developmental abnormalities in fish embryos
and larvae, which have also been suggested as biomarkers (von Westernhagen et al., 1988;
Cameron et al., 1992; Cameron et al., 1996).
Our observations suggest that the percentage of abnormalities in the bivalve larvae collected
in the field could be used as a candidate indicator for assessing the biological effects of
hazardous substances on plankton. One advantage of using abnormal larvae collected in the
field as a biomarker is that it integrates the direct effects contaminants have on larvae and
parental exposure, which can produce larval abnormalities by itself (Vaschenko et al., 1997;
Baussant et al., 2011). Further, targeting local populations permits comparing the responses
of distinct populations and environments. At similar levels of contaminants, this comparison
could be helpful to identify populations in which abnormalities are reduced, which could
suggest that acclimatization or local adaptation have occurred. Examining populations in the
field is also a pre-requisite to understanding to what extent biomarkers vary across sampling
locations. This also establishes its robustness. As suggested by Pain-Devin et al. (2014) in
their study of zebra mussels, population investigations are needed to describe better the link
between biomarker baselines and population health.

For the first time in this paper, we report high rates of abnormalities in pelagic bivalve larvae,
which suggest that environmental conditions, particularly pollutants, have negative impacts. In
the Gulf of Gdansk, bivalve larvae dominate the meroplankton particularly from April to
September (Józefczuk et al., 2003 ; Mudrak and Żmijewska, 2007), and they are a reliable
target for monitoring purposes and the development of biomarkers. Other groups, however,
could also be targeted such as sea urchins (e.g., Naidenko et al. 1997) provided that the
composition of the meroplankton of the study area is known. These results were obtained
thanks to the application of DNA-based tools, which permit accurately identifying species at
the larval stage. This is necessary because the bivalve species examined in the present study
are very similar in the early developmental stages, and because morphological abnormalities
can challenge species identification. The DNA-based approach for individual larva is not cost
effective. In further studies, we propose using one of two alternatives: 1) High-ThroughputSequencing methods that would be obtained from entire batches of abnormal larvae that would
permit determining simultaneously species composition and the percentage of larval
abnormalities, as in the present study; or 2) targeting only M. trossulus larvae, because they
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are easier to distinguish morphologically and were shown in the present work to be the most
affected by abnormalities. Finally, we advocate for further investigations at additional sites to
investigate possible variations in population responses to local environmental conditions.
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