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The evaluation of new antifouling paints is usually performed through long and expensive field tests
(raft-tests), often depending on the season of exposure. Particularly in the Mediterranean Sea, these tests
are representative only if carried out during spring or summer. Therefore, it is strategically important to
develop laboratory methods that are able to test and select, during winter, the best formulations to submit
to raft-test during the summer. For this reason, an acute toxicity bioassay using larvae (Stage II nauplii) of
Amphibalanus amphitrite on paint leaching products obtained with an accelerated ageing system was tested
as a tool for the indirect evaluation of antifouling efficacy. Seven experimental paint formulations were
selected on the basis of previous obtained field efficacy performances, and were subjected to both laboratory
bioassays and to a 12-month raft-test. The data show how paint behaviour (expressed as fouling coverage
percentage) after 12 months of immersion in the field could be predicted by the results of laboratory
bioassays, expressed as immobilisation percentage of larvae exposed for 48 h to leaching products of
artificially aged paints.
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1. Introduction

In the nautical field, biofouling protection systems are mostly represented by antifouling (AF)
paints applied to the ship’s hull. There are different types of AF paints, which can generally
be divided into soluble matrix, insoluble matrix and self-polishing, depending on the chemical
properties of the paint matrix and on the mechanism by which active substances are released.

At present, the market is mainly made up of AF paints containing toxic substances (biocides).
During formulation, the toxic molecule is included together with substances forming the paint
matrix (bindings, pigments, thickenings, solvents), and is slowly released on contact with seawater.
Efficacy length therefore depends on the mechanism of release of the toxic substance (leaching)
over time, preventing fouling by generating a chemical barrier at the surface–water interface.
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In AF paints, biocide release is of fundamental importance and is quantified through leaching
rate, which shows the amount of biocide released by the paint. When this value decreases and
goes below the fouling settlement inhibition limit, it means that the paint has lost its efficacy. The
leaching rate of toxic substances depends upon the paint formulation and on ambient conditions
during use [1,2]. Many ambient factors such as temperature, salinity and pH influence biocide
activation and release processes [3–5].

At present, due to limitations on the use of organostannic compounds [6–8], formulation of new
AF paints has become a complex and expensive process. Evaluation of a biocide’s antifouling
efficacy and of new paint prototypes is usually performed using field and laboratory methods
[9–11].

Laboratory screening is generally aimed at checking a biocide’s antifouling efficacy by the use of
larval settlement tests [10,12,13] and a series of ecotoxicological bioassays for the characterisation
of their environmental compatibility.

The results of laboratory tests on biocides allow a preliminary evaluation of the efficacy and
potential toxicity of an antifouling molecule, but it is difficult to foresee the real performance of
the finished product once the biocide is included into a paint matrix. Indeed, laboratory tests on
experimental formulations consist of a simulation or acceleration of the biocide leaching process
to obtain a leaching rate over a stated time. Evaluation of the leaching rate can be performed
both analytically [13], by measuring the quantity and chemical composition of the leachate,
and ecotoxicologically, through evaluation of the effect of the leachate on non-target organisms
(bioassays) in order to evaluate the potential impact on the marine ecosystem [14–16].

Field tests play a fundamental role in analysing the efficacy of new AF paints. The classic
raft-test [17,18] consists of the static exposition of painted samples into seawater. Organism
settlement is monitored at regular intervals and compared with settlement found on non-painted
samples (control samples) usually made of inert material [19,20]. However, this method has some
limits becauase of a lower leaching rate with respect to the real rate that would be found on a
moving boat, due to environmental conditions of exposure place and mainly to prolonged exposure
length (months/years) depending on place periodicity. In the Mediterranean Sea, the verification
of a paint prototype’s antifouling efficacy is representative only if performed during spring and
summer. To select paints with the best antifouling performances, many efficacy raft-tests repeated
in different years are often necessary to improve paint formulation. It is therefore important to
develop innovative laboratory methods that are able to test and select, during the winter months,
the best formulations to submit to raft-tests during the summer season, thus optimising the times
and costs of efficacy screening.

The aim of this study was to use a toxic bioassay with Stage II nauplii of Amphibalanus
amphitrite on paint leaching products as a tool for the indirect evaluation of leaching rate
(antifouling efficacy) using a laboratory paint sample accelerated ageing system.

Amphibalanus (=Balanus) amphitrite was selected as a model organism; this sessile crustacean
is one of the main species of fouling organism and is cosmopolitan [21]; it is reared and used mainly
as a model organism for testing the efficacy of laboratory tests (settlement tests) in antifouling
technologies [22–25]. The ease of obtaining and rearing its larval stages has extended its use as a
model for studies dedicated to the standardisation of new marine ecotoxicological tests [26–29].

2. Materials and methods

2.1. Antifouling field efficacy test (raft-test)

Seven experimental AF paints from 30 available formulations examined in a previous field test
were applied on 10 × 30 cm steel panels and plunged into seawater under static conditions for
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1 year. In particular, among hard and self-polishing matrix formulations, the two best (3 and 4) and
two worst (1 and 2) performing paints were selected. Moreover, two matrices without biocides
(5 and 6) and an epossidic finishing product (7) were also selected as reference samples without
biocides.

Two distinct series, characterised by different exposures, were prepared: one series (FL) was
plunged such that half of the sample was exposed to air to simulate the floating line of the bottom,
and the second series (CP) was plunged completely. Experimental samples were painted on both
sides to allow exposure in both direct and half-light conditions. Each month, macro pictures of
both sides were acquired, and an analysis of fouling was performed using the Dethier method
[30], opportunely modified for image analysis. In addition to total surface coverage, fouling
biodiversity was also quantified and analysed, on the basis of the percentage of each taxon found
relative to total coverage. Thanks to this analysis, it was possible to carry out a characterisation
of fouling typology by dividing organisms found on the panels into three categories (slime,
soft and hard-fouling), allowing for organisms with different characteristics. The term slime
indicates a thin coat, of biological origin, that can be observed on every surface after a short
period of immersion in seawater. Soft-fouling is represented by macrofouling organisms withough
calcareous structures (algae, hydrozoans, ascidians). Hard-fouling, by contrast, is represented by
macrofouling organisms with calcareous structures, such as barnacles, serpulids, briozoans and
bivalves; these organisms are those mainly problematic in hull biodeterioration.

2.2. Antifouling laboratory efficacy test

A toxicity bioassay on A. amphitrite larvae (Stage II nauplii) was performed as a tool for the
indirect evaluation of leaching rate (antifouling efficacy). A laboratory paint samples accelerated
ageing system was used to simulate boat movement.

2.2.1. Paints accelerated ageing

A series of samples, 10 × 5 cm (treated surface 50 cm2), were painted onto one side. The free
surface of the samples was isolated from water using a non-toxic protective product. To simulate
field exposure, samples were plunged into a 150-L tank permanently fed with natural seawater
(constant flow 2.5 L·min−1) at ambient temperature; inside the tank, a current was artificially
created to simulate movement of a boat. Samples were located in the tank with the painted side
turned to the wall. In the middle of the tank, a rotor, moving with a controlled speed of 500 rpm,
was used to produce an upward current along the walls [31]. In this way, water runs on painted
surface with a speed of 0.2 m·s−1, thus simulating movement of a boat. The ageing process started
during winter months (January) and continued to the end of spring (May), it lasted 5 months and
was subjected to natural variations in seawater temperature (11.5◦C ≤ T ≥ 25◦C).

2.2.2. Obtaining leaching products

In order to obtain leaching products at fixed ageing times, samples were periodically collected
from the tank and placed into 600-mL Pyrex borosilicate beakers containing natural seawater at
37‰ salinity, pH 8 and filtered with a 0.22 μm filter (0.22 FNSW). Beakers were kept at 25◦C
and aerated. The leaching process was carried out for 24 h and leachates were collected and kept
in the dark at 4◦C for 48 h before performing toxicity bioassays. For all paints, seven ageing
times (T) were selected: T0 = 24 h ; T1 = 7 days; T2 = 14 days; T3 = 30 days; T4 = 2 months;
T5 = 3 months; T6 = 4 months; T7 = 5 months.
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90 V. Piazza et al.

2.2.3. Leachate toxicity bioassay

Toxicity tests were prepared by using leaching products obtained at different ageing times. Tests
were performed using Stage II nauplii of A. amphitrite obtained 2–4 h before starting the test.
Nauplii were obtained from an adult culture according to the method described by Faimali and
Garaventa [32]. Toxicity bioassays were performed by adding 15–20 nauplii into multiwell plates
containing 2 mL of non-diluted (100%) paint leaching products. Controls were obtained by adding
nauplii to 2 mL of 0.22 FNSW, plates were kept in the dark at 20◦C. After 24 and 48 h, plates
were observed under a stereo-microscope, and larvae that were completely motionless for 10 s
were counted as dead. Larvae that presented appendage movement without shifting their own
barycentre were counted as ‘not-swimming’. The number of dead and ‘not-swimming’ larvae
constitutes ‘immobile’ larvae, and the percentage of immobilisation was calculated compared
with control.

3. Results

3.1. Antifouling field efficacy test (raft-test)

In order to quantify and qualify biological covering due to hard-fouling, only the results of half-
light-exposed sides are shown; in fact, on the light-exposed sides, significant percentages of
hard-fouling covering were not found. On the half-light-exposed side, all paints showed a fouling
composition much more heterogeneous in correspondence with the floating line (FL), where
typical Mediterranean biofouling organisms were found, for this reason only data regarding this
series of samples are shown.

Figure 1 shows the biological coverage percentage composition obtained after 12 months; paint
formulations 1 and 2 show the presence of both soft-fouling (hydrozoans, ascidians, algae) and
hard-fouling (barnacles, serpulids, briozoans) organisms, thus showing bad antifouling efficacy
performances. By contrast, paint formulations 3 and 4, also after 12 months of static immersion,
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Figure 1. Biological covering composition percentages found on half-light exposed panels for the seven selected paints
after 12 months in correspondence to the floating line (FL). Histograms represent mean results of the two sample replicates
(mean ± SE; n = 2).
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Chemistry and Ecology 91

show excellent antifouling efficacy: biological coverage composition is small (≤20%) and mainly
composed of slime, algae and hydrozoans. Both matrices without biocide (5, 6) show total coverage
percentages and fouling composition comparable with those the control (>60%).

It is interesting to observe how samples painted with the epossidic undercoat (7), not containing
an antifouling product, show coverage percentages (>100%) higher than those observed for
control samples. Moreover, from a more detailed analysis of fouling composition and typology,
it is evident that this series of samples is characterised by a higher settlement percentage of
calcareous organisms (barnacles and serpulids) belonging to hard-fouling.

3.2. Antifouling laboratory efficacy test

Results of A. amphitrite larvae immobilisation after 48 h of contact with leaching products of
the seven selected paints are reported in Figure 2. An end-point of 48 h was selected as most
representative; seawater temperature values are also reported.

The results show how the matrices (5, 6) and the epossidic undercoat (7), not containing
biocides, do not have any toxicity towards nauplii, as immobilisation percentages for all ageing
times are comparable with those obtained for the control. However, leachates obtained from paints
with biocides (1, 2, 3 and 4) show higher immobilisation percentages. In particular, after 14 days
of accelerated ageing (T1), paints 3 and 4 show immobilisation percentages >80%. This might
mean that after a first short paint-conditioning period, necessary to start surface hydrolysis, there
is a correct release of leaching products that has an evident effect on larval immobilisation.

The figure also shows how, starting from the first month of ageing (T3), there is a constant
reduction in immobilisation percentages, and, after the fourth month of ageing (T5), an increase
occurs again. This trend might have been caused by seawater temperature fluctuations during the
ageing process, as it started during winter and ended during late spring, in conjunction with the
increase in temperature, which for these paints probably has a positive effect on the hydrolysis
process [4,33].
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Figure 2. Immobilization percentages of A. amphitrite larvae exposed to leaching products obtained after different
ageing times (T0…T7). Seawater temperature fluctuations during the experiment are also reported.
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92 V. Piazza et al.

The larval immobilisation effect of paint 1 increases constantly with ageing time, whereas paint
2, even though it also shows an increasing trend, seems to be less stable and constant over time.

Moreover, it is interesting to observe how paint 3 shows, in correspondence to T0, a high release
of toxic substances (immobilisation percentage = 100%) probably because of its self-polishing
matrix, whereas paint 4, with a hard matrix, despite having an excellent leaching rate, required a
longer period of activation.

Paints 1 and 2 exhibit lower immobilisation percentages (≤60%) than paints containing biocides
(3 and 4), the only exception being the last month (T7). In this case, the increase in the toxic effect
for paints 1 and 2 might have been caused by the increase in seawater temperature, causing a
greater release of leaching products.

4. Discussion

The sequential execution of a field antifouling efficacy test (raft-test) and the laboratory bioassay
on two series of the same experimentalAF paints allowed us to check the reliability of the proposed
bioassay as a predictive tool for field performances.

Comparison of raft-test and ecotoxicological results showed how paints with a high efficacy
towards hard-fouling organisms (barnacles, serpulids) also exhibit high immobilisation percent-
ages towards A. amphitrite larvae. By contrast, paints with a low antifouling efficacy during the
first months of field immersion, also have a lower ecotoxicological response. It is clear that formu-
lations not containing biocides, which do not exhibit any toxic effect in bioassays, give coverage
percentages and a fouling community biodiversity comparable with those obtained from control
samples.

The proposed laboratory bioassay was shown to be able to characterise and discriminate, by
using the toxicological response of A. amphitrite larvae, the different toxic substance release
performances of the experimental formulations. The possibility of observing in a laboratory,
over a short period (few months), differences in performances, also due to some environmental
parameters, confirms the possibility of characterising the potential efficacy of new AF paints. This
laboratory method allows us to execute efficacy pre-screening on new paints all year round. In
this study, we carried out a field efficacy test (raft-test) and a parallel laboratory bioassay to obtain
an indirect measure of leaching rate. Application of the two test typologies on the same series
of experimental AF paints allowed us to validate the laboratory test as a predictive tool for paint
field performances.

The aim of this study was to check whether toxicological data obtained in laboratory bioassays
(larval immobilisation percentage) representing an indirect measure of paint efficacy, were able
to provide information on the field behaviour of the paint itself. The results mean that, if a paint
leachate tested in laboratory shows low larval immobilisation (= low toxicity), a high coverage
percentage of panels will be expected for this formulation in a field test. By contrast, if a paint
leachate shows high naupliar immobilisation percentages in laboratory bioassays (= high toxicity),
panels exposed in a raft-test will probably show a low coverage percentage.

In order to make comparisons between field efficacy and laboratory tests, two graphs (Figures 3
and 4) reporting both total coverage percentages after 4 and 12 months of field immersion of panels
painted with selected formulations and larval immobilisation percentages obtained in laboratory
bioassay using leaching products collected respectively after 7 days and 5 months of panels ageing
(T1 and T7) are reported.

It is evident both from Figure 3 and Figure 4 that high covering percentages correspond to
low larval immobilisation percentages (that indicate a low toxicity of leaching products) and vice
versa.
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Figure 3. Total coverage percentages (grey bars) after 4 months of panel immersion in seawater and immobilization
percentages (black line) obtained by testing paint leaching products collected after 7 days (T1) of accelerated panel ageing
with stage II nauplii of A. amphitrite.
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Figure 4. Total coverage percentages (grey bars) after 12 months of panel immersion in seawater and immobilization
percentages (black line) obtained by testing paint leaching products collected after 5 months (T7) of accelerated panel
ageing with stage II nauplii of A. amphitrite.

From Figure 3 it can be seen that percentage coverage after 4 months of field immersion
of panels corresponds closely with larval immobilisation percentages obtained in the laboratory
bioassay using leaching products collected after 7 days of panels ageing (T1). This correspondence
is confirmed by data reported in Figure 4.

This means that the behaviour of field-exposed panels after four months (or even one year) of
immersion could be predicted from data (larval immobilisation percentages) obtained in laboratory
by using leaching products collected from 7 days (or 5 months) aged panels. This is an excellent
result, as the performance of this bioassay during winter months, before carrying out the raft-test,
would allow an early selection of most performing paints, thus reducing the number of prototypes
exposed in field, saving time and money. In the literature, a number of laboratory bioassays has
been designed to search for antifouling compounds. However, there is no evidence to date that
these assays provide results reproducible in ecologically realistic field experiments. Comparison
of ecotoxicological responses obtained in the laboratory with settlement rates observed in field
experiments has been analysed previously [34–37]. Rittschof [34] compared settlement inhibition
and toxicity data obtained with B. amphitrite larvae to define the antifouling mechanism of some
substances. Also Löschau and Krätke [35] showed how antifouling effects may be related to
the toxicity of released products on B. amphitrite larvae. In his article, Da Gama et al. [36]
tested natural extracts from the Brazilian seaweeds Laurencia obtusa and Stypopodium zonale
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in the laboratory through the ‘mussel test’ and in the field through the ‘phytagel method’ in
order to compare the efficiency of these methods in assessing antifouling activity; their findings
suggested that the ‘mussel test’ is a reliable time- and cost-saving screening method for antifouling
substances, although field assays are more sensitive for the detection of their activity spectrum.
Feng et al. [37] evaluated the antifouling activity of pyrethroids in both laboratory experiments
(settlement test on B. albicostatus cyprids) and field experiments and found that the laboratory
results were confirmed by field test.

Studies correlating results of laboratory assays with effects in the field are scarce [38–40] but,
like our study, they indicate relatively good agreement. Although the power of laboratory assays
lies in the rapid, highly sensitive screening of potential antifouling compounds for antifouling
effectiveness and toxicity [10], they have weaknesses. These include, for example, the use of a
single fouling organism, making it impossible to determine the activity spectrum of compounds
and the lack of standardised testing [41].Although the screening for new antifouling products using
laboratory based bioassays can be a useful and quite reliable method, the ecological significance
of laboratory bioassays appears to be very limited and should be confirmed by subsequent field
experiments. Further work is needed to confirm the validity of the proposed predictive laboratory
bioassay.
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