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Abstract 
The Baltic Sea is an evolutionary young sea that has fluctuated from freshwater to marine 
conditions several times during the last 15,000 years. These unstable conditions have made it 
impossible for species to fully adapt to the brackish Baltic Sea of today, which houses many 
species that grow in suboptimal salinity levels. The energy spent to cope with this salinity stress 
might imply that algae growing in the Baltic Sea are more sensitive to other stress factors, such as 
pollutants.    
In this study, the impacts of leachate from surfaces painted with different antifouling paints on 
the photosynthetic activity of the marine species Fucus vesiculosus from the Baltic Sea and the 
Skagerack were tested. Four commercially available antifouling paints were used for the toxicity 
tests, of which two were so-called “non-toxic” paints advertised as working through physical 
action. A significantly higher sensitivity of Baltic F. vesiculosus was found for several of the 
investigated photosynthetic responses for three out of the four tested paints, compared to F. 
vesiculosus from the Skagerack.  
A surprising result obtained in the present study is a significant negative impact of the leachate 
from both of the tested “non-toxic” antifouling paints. This suggests that even the “non-toxic” 
antifouling paints act by release of biocides. If this result illustrates a general response of 
biological species to the tested leachates, this indicates a weakness in the Swedish laws on 
approval of chemical products. 
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2. Introduction 

2.1 The Baltic Sea 
The Baltic Sea is one of the world’s largest brackish-water basins. The salinity of the Baltic Sea 
varies from about 15 psu in the south to almost freshwater in the north and there is a northward 
decline in species richness along this gradient (Hällfors et al. 1981). The salinity level has 
changed several times during the last 15,000 years. It has fluctuated from freshwater (when the 
Baltic basin was entirely separated from the North Sea) to marine (during periods with greater 
water exchange). In the saline Littorina Sea stage (~7500 – 3000 years BP) the marine gastropod 
Littorina littorea was present all the way up to the Gulf of Bothnia. As a consequence of these 
fluctuating salinity conditions, few or no endemic species have evolved and the flora and fauna 
residing in the central and southern areas of the Baltic Sea of today mainly consist of marine 
species that colonized the area during the Littorina Sea stage (Shepard 2000). 
 
For several invertebrates, a higher sensitivity to heavy metals and diesel oil has been found in 
populations living in the Baltic Sea compared to individuals of the same species living in areas 
with a higher salinity. No examples of the opposite have been reported. There are several possible 
reasons for this increased sensitivity. The speciation, and therefore toxicity, of metals changes 
with salinity. Even with an unaltered toxicity of individual ions, the relative concentration of a 
fixed dose will be higher in the low-saline Baltic Sea than in a completely marine area. 
Furthermore, many harmful substances act through interactions with osmo-regulatory 
mechanisms, which in general are more activated in low-salinity areas (Tedengren 1988). 
 
In 2005 the International Maritime Organization (IMO) designated the Baltic Sea (except for the 
Russian territories) as one of eleven “Particularly Sensitive Sea Areas” (PSSA). According to 
IMO a PSSA is an area that “needs special protection through action by IMO because of its 
significance for recognized ecological or socio-economic or scientific reasons and which may be 
vulnerable to damage by international maritime activities” (IMO). The PSSA status does not 
automatically give legal rights, but provides a possibility to designate associated protected 
measures (APM). 
 

2.2 Fucus vesiculosus 
Fucus vesiculosus and the newly described Fucus radicans Bergström et al. (2005) are key 
species in the Baltic Sea. They are the only structurally important macroalgae in the major part of 
the Baltic Sea. The lack of competition with other algae compared to the Swedish west coast 
allows them to grow in the Baltic Sea down to depths where light becomes the limiting factor. 
This can be as deep as 10-12 m in clear water. There are approximately 30 species of macrofauna 
and macroscopic epiflora associated with F. vesiculosus in the Baltic Sea, which makes the Fucus 
belts the most diverse community in this otherwise species-poor ecosystem. There are no other 
macroalgae that are able to replace the important ecological role of F. vesiculosus in the Baltic 
Sea proper, which makes the reports of a decreasing abundance in many areas alarming. The 
major factor is considered to be higher phytoplankton productivity with higher water turbidity 
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and lower light conditions as a result of eutrophication, but pollution by contaminants is also 
considered a possible factor (Kautsky et al 1992). 
 
In a comparison between 1974 and 1990 dramatic decreases in the abundance of F. vesiculosus 
belts were reported. F. vesiculosus has disappeared completely from many sheltered areas and is 
replaced by the blue mussel (Mytilus edulis) and filamentous red alga such as Ceramium 
tenuicorne. The disappearance of F. vesiculosus has probably been going on for a longer time 
than that thought. In a study comparing the distribution in 1984 with similar data from 1944 it 
was found that F. vesiculosus showed decreased depth distribution at all investigated sites, by an 
average of 3 m (Kautsky et al. 1992). 
 
In the Baltic Sea, F. vesiculosus has two different reproduction periods, which represent two 
different genotypes (Berger et al. 2001). Summer-reproducing individuals reproduce in May-June 
and autumn-reproducing individuals in September-November. The summer-reproducing 
individuals release their gametes at the same time as many recreational boat owners paint and 
launch their boats, which means that these individuals might be more affected by antifouling 
paints than autumn-reproducing individuals. Another factor that benefits autumn-reproducing 
individuals is that they experience a lower negative impact of eutrophication on their 
reproduction since sedimentation rates and occurrence of competing filamentous algae are lower 
in the autumn than in the spring/early summer.  
 
Since F. vesiculosus is a marine species, the low salinity of the Baltic Sea is a potential stress 
factor that can force the alga to allocate more energy in maintaining osmotic potential which 
leaves less energy to withstand other disturbances. This has been shown to be true for F. 
vesiculosus reproductive stages when exposed to bromine and copper, both in super- and 
supraoptimal salinity (Andersson 1996). In the same study, it was surprisingly shown that both F. 
vesiculosus collected from the Swedish west coast and F. vesiculosus collected from the Baltic 
Sea had a salinity optimum at 10 psu for germination. Atlantic F. vesiculosus, on the other hand, 
has an optimum salinity for germination in full strength marine medium of 34 psu (Wright and 
Reed 1990). This suggests that the F. vesiculosus growing in the Skagerack is a brackish water 
population that is less sensitive to supraoptimal salinity levels than truly marine populations. 
Whether this adaptation is strong enough to compensate for the physical stress factor it 
experiences in the Baltic Sea with salinity below 10 psu is, however, uncertain.  
 

2.3 Biofouling and antifouling paints 
 
Biofouling is a major problem in both commercial and recreational boating. It leads to reduction 
of speed and an increase in fuel consumption which is unattractive in both a commercial and an 
environmental perspective. In some cases, an untreated boat bottom can accumulate up to 150 kg 
biomass per m2 in six months and cause an increase in fuel consumption with 50% (Löschau and 
Krätke 2005). Another important, but often overlooked, environmental problem with biofouling 
is the spread of invasive species. It has been suggested that fouled ships’ hulls even might be a 
more important route of introduction of invasive species than ballast water (Evans et al. 2000). 
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In the first half of the 20th century a wide array of chemicals were used as antifoulants, among 
others arsenic, DDT, lead and organo-mercury compounds. These chemicals had severe impacts 
on both the environment and human health and in the early 1960s they were voluntarily 
withdrawn by the paint industry and mainly replaced by paints containing tributyltin (TBT). 
TBT-paints were highly effective and soon became the dominating antifouling products in the 
world. Serious environmental effects were eventually discovered. As a result many gorvernments 
bannes the use of TBT containing antifouling paints on vessels below 25m in length in the late 
1980s and the early 1990s. The TBT-containing paints were replaced by a wide array of other 
compounds. In Sweden, the by far most used chemically acting antifouling biocides are Irgarol 
1051 and different copper compounds. In 2001 the Swedish government banned the use of 
antifouling paints containing Irgarol 1051 and copper in the Baltic Sea and they were replaced by 
antifouling paints which, according to the producers, are completely biocide-free and prevent 
biofouling by physical means, e.g. by being an unattractive growth substratum through structural 
means or by being self-polishing. Several of these new paints have been shown to be effective 
antifoulants (The Swedish Maritime Administrations 2002), but recent studies suggest that the 
antifouling properties are in fact as well caused by the release of toxic compounds (Eklund et al. 
2005). Mass spectrometric studies of eluate samples from commercially available self-polishing 
antifouling paints have shown leaching of zinc (Löschau and Krätke 2005), which together with 
copper and cadmium, is the only heavy metal that  shows an increasing trend in the Baltic Sea 
during the years 1980-2002 (ICES/ACME). The known biocide zinc pyrithone is an ingredient in 
at least some self-polishing antifouling paints (Eklund and Karlsson 2004) and this could be 
considered a candidate for the discovered phytotoxic effects. However, different response 
patterns in different species indicate that more than one substance is responsible for the toxic 
responses (Eklund and Karlsson 2004). Watermann et al. (2005) found a high content of zinc in 
five investigated self-eroding antifouling paints with rates varying between 11% and 57%. 

2.4 Substances of special interest 

2.4.1 Irgarol 1051 
Irgarol 1051 (2 methylthio-4-tert-butylamine-6-cyklopropylamino-s-triazine) is an s-triazine, 
which is used as a booster biocide in several copper-based antifouling paints. Its main target 
organisms are algae as it inhibits photosynthesis by blocking the electron transport in 
photosystem-II (PSII). It acts by competing with the plastoquinone, QB, for the binding site on 
the D1 protein, preventing electron flow, so electrons do not reach the cytochrome b6/f complex 
(Macinnis-Ng and Ralph 2004). It is extremely phytotoxic and NOEC144h (no observed effect 
concentration) for growth as low as 0.022 µg L-1 has been reported for macrophytes (van Wezel 
and van Vlaardingen 2003). Macinnis-Ng and Ralph (2004) found that Irgarol 1051 did not affect 
the chlorophyll a content of Zostera capricorni Ascherson exposed to 100 µg L-1 in two 10-h 
exposures with a four-day recovering period in-between. The same study showed that even 
though the photosynthetic capacity was almost totally inhibited during the exposures some degree 
of recovery was seen during the four days following the second exposure period. 
 
Environmental Fate 
Irgarol 1051 is not hydrolyzed in water in the pH range 5-9 (Liu et al. 1999) and it is insensitive 
to biodegradation by bacteria. The white rot fungus (Phanerochaete chrysosporium) has been 
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shown to be able to transform it into its main metabolite M1 (2-methylthio-4-t-butylamino-6-
amino-s-triazine) (Liu et al. 1997).  
 
Under anaerobic conditions in sediments, no significant degradation of Irgarol 1051 has been 
found while the metabolite M1 (2-methylthio-4-tert-butylamino-6-amino-s-triazine) shows a half-
time (t1/2) of 226 days (Thomas et al. 2002). Irgarol 1051 is however, sensitive to 
photodegradation. Okami et al. (2002) found that the Irgarol 1051 leached from a painted surface 
during three months was degraded to non-detectable levels after 1.5 months of exposure to 
sunlight. Under dark conditions, the Irgarol 1051 released during three months remained stable. 
Detectable concentrations of Irgarol 1051 have been reported in water samples from southern 
England, the Mediterranean coast, Queensland, Denmark and Japan (Evans et al. 2000). The fact 
that the highest levels were found in areas with a high boat activity is an indication that 
antifouling paint might be a probable source. The highest concentration detected in Japanese 
coastal waters (0.296 µg L-1) was close to the calculated seven-day NOEC for the growth of the 
brown macroalgae Eisenia bicyklis (0.3 µg L-1) (Okamura et al. 2000). The maximum M1 
concentration detected in the same project was only 20% of the NOEC. 
No synergistic toxic effect of Irgarol 1051 and M1 has been found (Gatidou et al. 2003). 
 
M1 is more persistent to photodegradation than its parent substance. During a long-term 
investigation 78-93 % of M1 was degraded after 10 months exposure to sunlight. In dark 
conditions, only 12-25 % was degraded. (Okamura et al. 2002). M1 has been found in high 
concentrations in the coastal water of the Seto inland Sea of Japan (Okamura et al. 2000). 
 

2.4.2 Copper 
Many active substances in toxic antifouling paints are copper-based compounds.  Several 
photosynthesis-inhibiting effects of Cu (II) ions have been discovered, e.g. inhibition of the 
electron transport to NADP+ (Andersson 1996). Pandey et al. (1992) found that copper inhibits 
CO2

- -fixation and PSII activity as well as lowering of the ATP-content in the cyanobacterium 
Nostoc calciola. An inhibition of photosynthesis, as well as an increased respiration, has been 
found in F. vesiculosus after long-term exposure to copper levels found in polluted areas in the 
Baltic Sea (10-20 µg L-1) (Hermansson 1995). Macinnis-Ng and Ralph (2004) found a decrease 
in the chlorophyll a content of Zostera capricorni exposed to copper. In the same study it was 
found that Z. capricorni seemed to be able to recover its photosynthetic activity after a 10 h 
exposure to 5 mg L-1, but that the damage was irreversible after a second 10-h exposure 
administered four days after the first exposure. Proposed causes for this were sustained declines 
in chlorophyll pigments due to interference with enzymes required for chlorophyll production or 
destruction of the inner membrane of the chloroplasts. 
 
An increased sensitivity to copper has been found in the reproductive stages of F. vesiculosus in 
water with a salinity that corresponds to that of the Baltic Sea (6 psu) when compared to water 
with a salinity of 14 psu. This higher sensitivity is believed to be the result of a slower 
germination- and development-rate of zygotes in the Baltic Sea, which means that a longer time 
is spent in an early sensitive state. Even though Cu2+ has a higher bioavaibility in lower salinities 
this higher sensitivity has been correlated to salinity stress on the algae (Andersson and Kautsky 
1996). 
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Environmental Fate 
Copper is released from antifouling paints as free Cu2+-ions but in natural waters most of the 
released ions rapidly form less toxic complexes with naturally occurring organic ligands. In 
laboratory studies with filtered and autoclaved water from Chesapeake Bay the proportion of free 
Cu2+ was found to be less than 0.2 % of the total diluted copper (Hall et al. 1997). How large the 
proportion of the released ions is that remains in its free form and how quickly the ligand binding 
occurs depends on the chemical and biological composition of the water. When the concentration 
of diluted copper exceeds that of the organic ligands a considerable increase in the bioavaibility 
can be observed. This threshold effect is further increased by the fact that cyanobacteria, which 
have been found to be among the most copper-sensitive aquatic organisms, also is the group of 
organisms responsible for producing the most effective Cu2+-binding ligands. A decrease in 
cyanobacterial abundance due to Cu2+ concentration can therefore act as a positive feedback on 
increasing Cu2+-levels once it reaches a critical level. Laboratory toxicity tests using artificial 
seawater might therefore not tell the whole truth about how the copper ions would act in natural 
waters (Hirose 2006). 

2.4.3 Zinc pyrithione 
 
Zinc pyrithione is a booster biocide that has been shown to have a strong acute phytotoxic effect 
with an EC50 (72 h) of 0.54 µg L-1 on the microalgae Emiliana huxleyi (Devilla et al. 2005). In 
addition to its use as antifouling biocide it is also used as an ingredient in anti-dandruff shampoos. 
The exact fate of zinc pyrithione in the environment is unknown. Some studies suggest that it is 
rapidly degraded by photolysis and biodegradation and does not accumulate (Turley et al. 2004) 
while others claim that the biodegradation of zinc pyrithione is negligible and that no photolysis 
occur at depths exceeding 2 m (Dahllöf et al. 2005).    

2.4.4 Synergistic effects 
 
Synergistic effects between Irgarol 1051 and several other antifouling chemicals, especially other 
organic booster biocides, have been shown in growth-inhibition tests using the marine microalgae 
Chaetoceros gracilis (Koutsaftis and Aoyama 2006). In the same study, synergistic effects were 
found between Irgarol 1051 and several heavy metals, including copper. Irgarol 1051 and zinc 
pyrithione showed additive or weak synergistic effects while zinc pyrithione and copper showed 
antagonistic effects.  
 

2.5 Current legislation 
 
All chemically acting antifouling paints must be approved by the Swedish National Chemicals 
Inspectorate (KemI) before they are allowed to be released on the Swedish market. The use of 
antifouling paints that contain Irgarol 1051 or copper is forbidden for leisure boats in the Baltic 
Sea since 2001 according to Swedish law. The only chemically acting antifouling paint approved 
for use in the Baltic Sea according to Swedish law contains the pepper derivate capsaicin. On the 
Swedish west coast, copper containing antifouling paints with a maximum leaching of 200 µg Cu 
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cm-2 for the first 14 days and 350 µg Cu cm-2 for the 30 first days are allowed. No fixed 
maximum levels exists for leaching of Irgarol 1051 but this is considered individually for each 
new antifouling paint before it is allowed to be released on the Swedish market. 
 
In contrast to chemically acting antifouling paints, antifouling paints acting in a non-chemical 
way do not need to be approved by the Swedish National Chemicals Inspectorate (KemI) before 
they are released on the Swedish market and the responsibility for deciding whether an 
antifouling paint acts chemically or not lies completely with the producer.  All chemical products, 
including non-chemically acting antifouling paints, produced in, or imported to, Sweden must be 
reported to KemI. In this report, information about the product’s chemical composition must be 
included. However, only ingredients with concentrations of 1% (w/w) or more must be reported. 
If the producer considers the product to be harmful to the environment, information about 
harmful substances and their concentrations must be included.  
 
It is important to remember that the laws regulating the use of antifouling paints in the Baltic Sea 
is far from consistent in the nine countries surrounding it (Denmark, Estonia, Finland, Germany, 
Latvia, Lithuania, Poland, Russia and Sweden) and the use of chemically acting antifouling 
paints is approved in some countries surrounding the Baltic Sea (e.g. Finland), while others have 
regulations similar to Sweden (e.g. Denmark) (Anneli Rudström, Swedish Chemicals Agency, 
pers. com.) 
 

2.6 Objectives of this study 
The objectives of this study were to evaluate whether or not F. vesiculosus growing under 
hyposalinity stress in the Baltic Sea is more sensitive to substances leaching from antifouling 
paints than F. vesiculosus growing in the more saline Skagerack. The sensitivity of the alga was 
defined as a decrease in photosynthetic properties. A higher sensitivity in Baltic F. vesiculosus 
may suggest that also other species are more sensitive to antifouling substances when growing in 
the Baltic Sea and motivate a more restrictive use of toxic antifouling paints in the Baltic Sea 
than in marine environments. 
 
The differences in toxicity between four different paints are evaluated, including two biocide-free 
antifouling paints. The possible prescence of leaching biocides in “non-toxic” paints would 
indicate a weakness in the Swedish laws concerning approval of chemical products. 
 

3 Materials and Methods 
 

3.1 Collection and storage of Fucus vesiculosus 
 
F. vesiculosus was collected from Fiskebäckskil  (N 58º 15' 10.60" E 11º 27' 56.58") on the 
Swedish west coast on March 23rd, 2006, and from Nothamn (N 60º 1' 46.8" E 18º 50' 52.39") on 
the Swedish east coast on May 5th, 2006. The samples were temporarily stored in plastic 
containers containing natural seawater (NSW) from the sample locality during transportation. 
Within 24 h they were moved to cultivation cylinders filled with 20 L NSW from the sampling 
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locality, situated in a thermostated room with a light/dark cycle of 12/12 h and a temperature of 
14°C. The irradiation inside the cultivation cylinders was 100 µmol photons m−2 s−1. The water 
was exchanged once every week with new NSW stored in plastic containers in darkness at 4°C. 
The algae were grown in the cultivation cylinders until they were used within five weeks. 
Approximately 10-15 cm of the growing tips of healthy individuals without visible epiphytes 
were used in the experiment. 
  

3.2 Tested Paints 

3.2.1 Micron WQ (International Paint Ltd.) 
Micron WQ is a biocide-containing antifouling paint, which is approved for use on the Swedish 
west coast but not in the Baltic Sea. Its active substances are copper oxide (Cu2O) and Irgarol 
1051. In the Swedish Maritime Administration’s effectiveness test it got the result “insignificant 
biofouling” (Swedish Maritime Administration  2002). 

 

3.2.2 Fabi (International Paint Ltd.) 
Fabi is a biocide-containing antifouling paint, which is approved use on the Swedish west coast 
but not in the Baltic Sea. Its active substance is copper oxide. In the Swedish Maritime 
Organization’s test it got the result “some biofouling” (Swedish Maritime Administration  2002). 

 

3.2.3 Micron Eco (International Paint Ltd.) 
Micron Eco is a biocide-free antifouling paint that works through self-polishing. It is approved 
for all Swedish waters. In an efficiency test conducted by the Swedish Maritime Administration it 
got the result “insignificant biofouling” when tested in the Baltic Sea (Swedish Maritime 
Administration  2002).  In previous studies it has been shown to leach substances that inhibit 
growth in the two red macroalgae Ceramium tenuicorne and Ceramium strictum, as well as 
having a lethal effect on the crustacean Nitocra spinipes (Eklund and Karlsson 2004). One of the 
ingredients of Micron Eco is zinc pyrithione, which is known to have biocidal properties 
(Petersen et al. 2004). Zinc pyrithione is however not described as an active substance by the 
paint-producer. 
 

3.2.4 LeFant H2000 (Lotréc AB) 
According to the producer, LeFant H2000 is a physical growth repellent without biocides. It is 
approved for all Swedish waters and in an efficiency test conducted by the Swedish Maritime 
Administration it got the result “some biofouling” and was, with that, the only tested antifouling 
paint without copper compounds or Irgarol 1051 that did not get the result “substantial 
biofouling” when tested on the Swedish west coast (Swedish Maritime Administration 2002). 
Similarly to Micron Eco, it has previously been shown to leach substances that are toxic to 
crustaceans and the two red macroalgae Ceramium tenuicorne and Ceramium strictum (Eklund 
and Karlsson 2004). 
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3.3 Preparation of test leachates 
5 cm2 of each paint was applied to Petri-dishes according to the instructions from the producers 
and dried in room temperature. The Petri-dishes were then put into 2-L beakers containing 0.5 L 
artificial seawater with 30 or 6 psu salinity depending on if the leachate later was to be used with 
algae from Skagerack or the Baltic Sea. The beakers were covered with aluminum foil to avoid 
any possible photodegradation of phytotoxic substances or growth of photosynthetic 
microorganisms and put on a shaker table for two weeks to mimic water movement. The Petri-
dishes were then removed and the leachate stored in darkness in 14°C until use for a maximum of 
eight days. As control solution an unpainted Petri-dish was put into a beaker that was treated in 
the same way. New tests solutions were prepared once per week. 
 

3.4 Exposure 
Each day, pieces of approximately 2 cm were cut from one algal individual from the cultivation 
cylinders and put into Petri-dishes containing 8 ml leachate diluted into a 0%, 12.5%, 25%, 50% 
75% and 100% dilution with leachate from the control beaker. As 0% pure control solution was 
used. The algal pieces were exposed to the leachates for 20 h in a thermostated room with a 
light/dark cycle of 12/12h and a temperature of 4°C. 
 

3.5 Measurements 

  
One method to obtain an estimate of the general health of photosynthetic organisms is to measure 
the photosynthetic capacity by means of a PAM fluorometer. Energy absorbed by a 
photosynthetic pigment can 
have three different fates. 
Either it is lost as heat or 
fluorescence or it is used to 
drive photosynthesis. By 
controlling the incoming 
light and measuring the 
fluorescence after a light 
pulse that is short enough to 
prevent heat loss one can 
estimate how much of the 
incoming light is used to 
drive photosynthetic 
reactions. 
 
A PAM fluorometer subjects a 
sample to a short light pulse 
that saturates the PSII reaction 

Fig 1. Rapid Light Curve. By measuring changes in fluorescence when a 
sample is subjected to short intense light pulses the Electron Transport 
Rate (ETR) can be calculated. ETR can then be plotted against ambient 
light to get a light curve from which several parameters can be obtained 

Light Intensity

E
T

R
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centers thus closing them and increasing the fluorescence signal. This difference in fluorescence 
(Fv) divided with the fluorescence signal during the saturating pulse (Fm) gives the quantum yield 
(Y). The quantum yield is the percentage of the incoming light that is used to drive 
photosynthesis. The quantum yield decreases with increasing absorbed light and the highest yield, 
the optimal quantum yield is obtained in a completely dark-adapted plant. The electron transport 
rate (ETR) can be then be calculated according to Genty et al. (1989) by using the following 
formula: 
 

! 

ETR(µmol " e# "m#2
" s

#1
) = F

v
/F

m
$ E0A $ 0.5 

 
where E0 is the incoming PAR (µmol photons m−2 s−1). The ETR is correlated to oxygen 
production and can be used as a measurement of photosynthetic activity. By controlling the 
incoming irradiance and record the ETR for different light intensities a rapid light curve (RLC) 
can be created (Fig. 1). From this curve, several parameters can be obtained, e.g. the maximum 
ETR (Pmax) and the initial slope of the RLC (alpha). 

 
For this study, the photosynthetic capacity of F. vesiculosus was determined by measuring 
variable chlorophyll fluorescence of photosystem II using a portable pulse amplitude modulated 
fluorometer (Diving-PAM, Walz GmbH, Effeltrich, Germany). Samples were allowed to adapt to 
darkness for 15 minutes using light-excluding leaf-clips before they were transferred into the 
fluorometer and RLCs were created. The RLCs were created by measuring Fv/Fm after 150 
seconds long pulses of actinic light. 8 actinic light pulses of gradually increasing intensity were 
performed. Each RLC was analyzed in Microsoft Excel™ by using the formula described by 
Webb et al. (1974) and three factors were determined: 
 

1. The maximum electron transport rate (Pmax) 
2. The initial slope pf the RLC (alpha) 
3. Optimum quantum yield of PSII (Fv/Fm) 

 
Each day, algal pieces from one single individual were sampled and all responses were later 
recalculated as a relative value compared to a control sample from the same individual measured 
on the same day. The order in which the experimental treatments were measured by PAM was 
randomized to minimize the impact of diurnal differences.    
 

3.6 Statistics 
For each response and paint the impact the leachate water tested by a one-way ANOVA test. In 
the cases where a significant effect could be seen, the EC50 was calculated by creating a trend line 
in Microsoft Excel™. The difference in sensitivity to the leachate water between Baltic and 
Skagerack algae was investigated by a two-way ANOVA. All statistical tests were performed in 
MINITAB™.  
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4 Results 
The results of the statistical tests of the impacts of the antifouling paints on the Baltic Sea and 
Skagerack algae are presented in Table 1. The calculated EC50 values for exposures where a 
significant negative impact could be found are presented in Table 2. 
 

4.1 Differences between antifouling paints 
Of the four tested paints, Micron WQ had the strongest negative impact on the photosynthesis of 
the algae, with a significant negative effect on all three photosynthetic properties measured, for 
both the Baltic Sea and the Skagerack. Pmax and alpha showed logarithmic response curves (Figs. 
2C and 3C) while the response of Fv/Fm was linear for the investigated concentrations (Fig 4C). 
Pmax showed the most sensitive response with an EC50 value of 10% and 21% for the Baltic and 
Skagerack algae respectively. The least sensitive response was that of Fv/Fm, which had a 
theoretical EC50 value of 91% and 131% (theoretical value obtained by extrapolation of trendline). 
In the Baltic Sea algae, both Pmax and alpha were zero for several of the replicates of the higher 
concentrations of the paint. Fv/Fm never reached zero but had a mean of approximately 50% and 
60% of the control for both east- and west coast algae. 
 
LeFant H2000 showed a significant negative effect on all three photosynthetic properties of the 
Baltic Sea algae and no significant effect to any response of the Skagerack algae. The theoretical 
EC50 values of the Baltic algae ranged from 111% to 313%. 
 

Table 1: Summary of the ANOVA-results of the impact of two biocide-containing antifouling paints (Micron WQ 
and Fabi) and two “non-toxic” antifouling paints (Micron Eco and Lefant H2000) on three different photosynthetic 
properties of algae collected from the Baltic Sea and the Skagerack. The effects on the algae were investigated 
separately for the Baltic Sea and the Skagerack, using a one-way ANOVA, and combined, using a two way 
ANOVA. Significant p-values are presented in bold. 

 

    

Allowed on 
the west 

coast 

Allowed in 
the Baltic 

Sea Baltic Sea Skagerack Concentration 
Locality * 

Concentration 

Micron WQ Pmax yes no <0.001 <0.001 <0.001 0,027 
 Alpha yes no <0.001 <0,001 <0,001 0,008 
 Fv/Fm yes no <0.001 <0.001 <0.001 0,134 
Fabi Pmax yes no 0,238 0,310 0,280 0,191 
 Alpha yes no 0,879 0,478 0,544 0,808 
 Fv/Fm yes no 0,598 0,471 0,799 0,649 
Micron Eco Pmax yes yes 0,048 0,214 0,004 0,189 
 Alpha yes yes 0,963 0,587 0,802 0,807 
 Fv/Fm yes yes 0,162 0,032 0,036 0,140 
LeFant H2000 Pmax yes yes 0,029 0,833 0,006 0,072 
 Alpha yes yes 0,045 0,563 0,111 0,405 
 Fv/Fm yes yes 0,025 0,729 0,012 0,004 
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Micron Eco had a significant negative effect on Pmax of the Baltic Sea algae and on Fv/Fm of the 
Skagerack algae. No other significant effects were detected for this paint. EC50 values were 100% 
for the effect on the Baltic algae and 2500% (theoretical value obtained by extrapolation of 
trendline) for the effect on the Skagerack algae.  
 
The only investigated paint without any significant negative effect to the three photosynthetic 
properties investigated was Micron Fabi.  
 

4.2 Differences between Baltic Sea and Skagerack F. vesiculosus 
In the control exposures, a significantly higher Pmax could be found in the west coast algae than in 
the Baltic algae (t-test p<0.001, DF=19) with mean values of 96.72 and 66.13 respectively. No 
significant difference could be found between either alpha (t-test p= 0.824, DF=27) or Fv/Fm (t-
test p=0,516, DF= 12). 
 
 

Several significant interaction effects between locality and leachate concentration were found for 
Micron WQ and LeFant H2000 (Table 1). Significant negative responses were in several cases 
found for the Baltic Sea algae whereas none were found for the Skagerack algae. For all 
responses where an EC50 value could be found in both the Baltic and Skagerack algae, the EC50 
was lower in the Baltic Sea algae. The only response where a negative effect could be seen in the 
Skagerack algae but not in the Baltic Sea algae was Fv/Fm when exposed to Micron Eco. This 
response was, however, weak (Table 2).  
 
The differences in response to the four paints are illustrated in Figs 2-4. 
 

Table 2: EC50 values for leachate from the investigated antifouling paints for the three investigated responses. Where 
no number is presented no significant negative effect was found. Values higher than 100% were calculated by 
extrapolation of trend lines. 

   Pmax alpha Fm/Fv 
Micron Eco 100 % - - 
LeFant H2000 111 % 238 % 313 % 
Micron WQ 10 % 21 % 91 % 

Baltic Sea 

Fabi - - - 
Micron Eco - - 2500 % 
LeFant H2000 - - - 
Micron WQ 21 % 25 % 131 % 

West Coast 

Fabi - - - 
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Figure 2: Comparison of Pmax between Baltic Sea algae white symbols) and Skagerack algae (black symbols) when 
exposed to different antifouling paints. A) Micron Eco B) LeFant H2000 C) Micron WQ D) Fabi. Each value is 
presented as a proportion of a control sample from the same individual measured the same day. Error bars show 
standard deviations. 
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Figure 3: Comparison of alpha between Baltic Sea algae (white symbols) and Skagerack algae (black symbols) when 
exposed to different antifouling paints. A) Micron Eco B) LeFant H2000 C) Micron WQ D) Fabi. Each value is 
presented as a proportion of a control sample from the same individual measured the same day. Error bars show 
standard deviations. 
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Figure 4: Comparison of Fv/Fm between Baltic Sea algae (white symbols) and Skagerack algae (black symbols) 
when exposed to different antifouling paints. A) Micron Eco B) LeFant H2000 C) Micron WQ D) Fabi. Each value is 
presented as a proportion of a control sample from the same individual measured the same day. Error bars show 
standard deviations. 
 

5 Discussion 
 

5.1 Differences between antifouling paints  
Substantial differences in phytotoxicity on the photosynthetic performances of Fucus vesiculosus 
between the four investigated paints were found. Micron WQ was clearly the most toxic paint. 
Lefant H2000 and Micron Eco had relatively similar toxicities and Micron Fabi showed no toxic 
effect on the algae at the investigated concentrations. The fact that Micron WQ, with both copper 
and Irgarol 1051 as active substances, had the highest impact while Fabi, with only copper as 
active substance showed no impact on either of the algae populations suggests that the phytotoxic 
effect of Micron WQ is mainly caused by Irgarol 1051 or by synergistic effects of copper and 
Irgarol 1051. This assumption that copper alone would have no effect is confirmed by the fact 
that Fabi shows a higher level of copper leaching than Micron WQ (14 days: 122.8 µg cm-2, 30 
days: 265.5 µg cm-2 and 14 days: 100.7 µg cm-2, 30 days: 198.8 µg cm-2 respectively) (Kurt 
Haglund, Swedish Chemicals Agency, pers. com.). This is not surprising since Irgarol 1051 has 
previously been shown to be a potent phytotoxin (e.g. van Wezel and van Vlaardingen 2003). 
The effect of Irgarol 1051 can, however, be increased by a synergistic effect with copper 
(Koutsaftis and Aoyama 2006). 
 
Micron WQ contains a higher concentration of zinc oxide than Fabi (25% - 50% compared to 
10% - 25% according to the producer), which could be a reason for the difference in toxicity. 
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However, the fact that Micron Eco, which has a clearly lower toxicity, contains the same amount 
of zinc oxide as Micron WQ contradicts this possibility. 
 
Both of the “non-toxic” antifouling paints Micron Eco and LeFant H2000 had significant negative 
impacts on the photosynthesis of F. vesiculosus from the Baltic Sea. This supports previous 
studies which claim that the antifouling properties of many so-called “non-toxic” paints in fact 
are due to leaching of toxic substances after all (e.g. Eklund and Karlsson 2004).  
 
It is, at this point, impossible to determine what substance(s) are responsible for the toxic effects 
of the “non-toxic” paints. One possible candidate is the biocide zinc pyrithione that according to 
the home page of the producer (http://www.yachtpaint.com/msds_pdf/YMA471_SWE_SWE.pdf  
2007-02-15) is present in concentrations of 0 - <1% in Micron Eco. No information could be 
found regarding the presence of zinc pyrithione in LeFant H2000. 
 
One interesting observation is that the only antifouling paint that did not show any significant 
negative impacts was the biocide-containing Fabi, which according to Swedish law is not allowed 
in the Baltic Sea. One should remember, however, that copper, which is the active biocide in Fabi, 
has its highest impact on the early reproductive stages of F. vesiculosus. (Andersson and Kautsky 
1996).  One should be therefore be careful not to draw the conclusion from the present study that 
Fabi has no negative impact on F. vesiculosus and keep in mind that these results only reflect the 
impact on the vegetative stage of adult plants. The toxicity of copper in natural seawater is highly 
dependent of the chemistry and content of the water (Lenwood and Anderson 1999). The fact that 
the test solution was made of artificial sea water, and not from natural sea water from the 
localities where algae were collected makes it difficult to draw conclusions whether the results 
found for Fabi are representative for exposure under natural conditions. Future bioassays 
regarding the toxicity of copper-containing antifouling paints should therefore be made with 
natural seawater to achieve a more nature-related estimate of its toxicity. 
 
According to Swedish law, only ingredients present in concentrations higher than 1% must be 
presented on the product by the producer, although exceptions regarding certain substances exists 
(KIFS 1998:8). The substance responsible for the negative impacts in this study can very well be 
present in much lower concentrations. This 1% limit should be substantially lowered to allow for 
a realistic evaluation of the environmental effects of “non-toxic” antifouling paints without 
making numerous bioassays for each single paint.  Furthermore, the difference in legal status 
between traditional biocide-containing antifouling paints and  “non-toxic” antifouling paints 
should be reconsidered. Since this and previously mentioned studies (e.g. Eklund and Karlsson 
2004) clearly indicate that several “non-toxic” paints leach toxic substances, all antifouling paints 
should be legally treated as toxic unless bioassay studies have shown otherwise. 

 

5.2 Differences between Baltic Sea and Skagerack F. vesiculosus 
For several of the investigated factors a significantly stronger negative response was discovered 
in the Baltic Sea algae when compared to the Skagerack algae. This suggests that F. vesiculosus 
growing in the Baltic Sea is more sensitive to phytotoxic substances leaching from antifouling 
paints than F. vesiculosus growing in the Skagerack. If the higher sensitivity of the Baltic algae is 
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due to salinity stress higher sensitivity can also be expected for many of the other marine algal 
species living in the Baltic Sea. This would mean that the Baltic Sea is more sensitive to pollution, 
not only on an ecosystem level due to, e.g., low biodiversity and low water exchange, but also on 
the level of the sensitivity of single species. 
 
The only significant difference between untreated (control) individuals from the two investigated 
populations detected was a higher Pmax in the algae from the Skagerack. This could indicate a 
healthier condition of the west coast algae but may also be a non-geographically correlated 
difference between two separated populations. One interesting explanation for a difference in 
Pmax without differences in alpha and Fv/Fm could be a lowered chlorophyll content, which was 
proposed as a result of chronic exposure to copper by Macinnis-Ng and Ralph (2004). 
 
Since only one population was sampled from each locality, one can not disregard from the 
possibility that all the differences found between the two populations, both concerning biocide 
sensitivity and photosynthetic capacity of control treated samples, could be due to other reasons 
than their geographical position. Other reasons could include differences in rates of wind- and 
wave exposure, grazing, water turbidity etc. To determine whether this differs between algae 
from the Baltic Sea and the Swedish west coast or just between two separate populations, more 
studies including several populations from both areas need to be carried out. 
 
A significantly higher sensitivity of the Baltic Sea algae, as found in this study, is a valid 
argument for stronger regulations of antifouling paints in the Baltic Sea than on the Swedish west 
coast and other marine environments and should also be considered when evaluating the 
environmental impact of other chemicals, which may affect the Baltic Sea. 
 
The arguments for stronger regulations regarding antifouling paints used in the Baltic Sea issued 
by the Swedish Chemical Inspectorate have previously focused on the precautionary principle 
and the theoretical assumptions on the sensitivity of the whole ecosystem due to low biodiversity 
and salinity stressed organisms. This study shows that a higher sensitivity to biocides in the 
Baltic Sea than in the Swedish west coast can be seen even when comparing within species. 
These results strongly support the assumption that the brackish Baltic Sea shows a higher 
sensitivity to biocides than marine waters. 
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