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Abstract
Organotin-based (OTs: TBT and TPT) antifouling paints have been banned worldwide, but recent inputs have been detected in 
tropical coastal areas. However, there is a lack of studies evaluating the toxicity of both legacy and their substitute antifouling 
booster biocides (e.g., Irgarol and diuron) on neotropical species. Therefore, the acute toxicity of four antifouling biocides 
(TBT, TPT, Irgarol, and diuron) was investigated using the marine planktonic organisms Acartia tonsa and Mysidopsis 
juniae, the estuarine tanaid Monokalliapseudes schubarti (water exposure), and the burrowing amphipod Tiburonella viscana 
(spiked sediment exposure). Results confirmed the high toxicity of the OTs, especially to planktonic species, being about two 
orders of magnitude higher than Irgarol and diuron. Toxic effects of antifouling compounds were observed at levels currently 
found in tropical coastal zones, representing a threat to planktonic and benthic invertebrates. Furthermore, deterministic 
PNECmarine sediment values suggest that environmental hazards in tropical regions may be higher due to the higher sensitivity 
of tropical organisms. Since regulations on antifouling biocides are still restricted to a few countries, more ecotoxicological 
studies are needed to derivate environmental quality standards based on realistic scenarios. The present study brings essential 
contributions regarding the ecological risks of these substances in tropical and subtropical zones.

Keywords  Aquatic contaminants · Ecotoxicology · Organotin · Booster biocides · Marine toxicity test · PNEC · 
Environmental hazard

Introduction

Antifouling paints are required as ship or boat coatings 
to prevent fouling adhesion and development, which are 
harmful to naval operations (Amara et al. 2018). However, 
the release of biocides from these paintings has produced 
chemical contamination in aquatic systems worldwide 
(Almeida et al. 2007). Biocides used in antifouling paints 
have been the target of recent environmental concerns due 
to their potential impacts on marine biota, reaching the 
community level (Gallucci et al. 2015). Studies performed 
in areas under the influence of harbors, marinas, and 
shipyards have identified and quantified the concentrations 
of antifouling biocides in different environmental matrices 
(Thomas and Brooks 2010; Abreu et al. 2020). Similarly, 
toxicity tests have also shown that many of these biocides 
may cause deleterious effects on non-target aquatic 
organisms, in some cases at concentration ranges detected 
in the environment, as reported in a review organized by 
Martins et al. (2018).
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Organotin-based antifouling paints such as tributyltin 
(TBT) and triphenyltin (TPT) were highly efficient and have 
been used since the 1960s. In 1999, approximately 70% of 
all commercial vessels in the world used these coatings. 
However, paints containing TBT or TPT were associated 
with deleterious effects on marine biota, namely imposex in 
marine gastropods (Titley-O’Neal et al. 2011), larvae and 
shell malformations (“balling”) in oysters (Alzieu 2000), 
hormonal disruption in dolphins (Tanabe 1999), and obe-
sogenic metabolic syndrome in fish (Meador et al. 2011). 
Consequently, in September 2008, the International Conven-
tion on the Control of Harmful Anti-Fouling Systems on 
Ships (AFS Convention) issued by the International Mari-
time Organization (IMO) banned the use of organotin-based 
antifouling paints (IMO 2021).

Despite these regulations, some TBT-based products 
are still being produced and traded (Turner and Glegg 
2014; Uc-Peraza et al. 2022a) and recent inputs of tri-
organotin compounds have been detected (Eklund and 
Watermann 2018; Jokšas et  al. 2019; Uc-Peraza et  al. 
2022b), mainly in tropical coastal areas of developing 
countries (Mattos et al. 2017; Castro et al. 2018; Sheikh 
et al. 2020; Abreu et al. 2020). Organotins (OTs) are per-
sistent and hydrophobic compounds that preferentially 
partition onto suspended material and then sink to the 
bottom (Hoch and Schwesig 2004). In the sediment, these 
compounds remain more stable and might produce adverse 
effects on benthic organisms (Fang et al. 2017). Besides, 
the resuspension of contaminated sediments and desorp-
tion from the bottom sediments may transfer back the OTs 
to the water column (Formalewicz et al. 2019), resulting in 
exposure of pelagic organisms to these chemicals (Oliveira 
et al. 2020). Therefore, the peer-reviewed literature data 
demonstrates that OT pollution is still a critical environ-
mental issue (Filipkowska and Kowalewska 2019; Oliveira 
et al. 2020; Gomes et al. 2021a, b).

Among the substitutes to the OTs, Irgarol, and diuron 
have been used as co-biocides in antifouling paints (Paz-
Villarraga et al 2021). These biocides are used to boost 
the toxicity of copper and zinc-based antifouling paints 
(Amara et al 2018). Both Irgarol and diuron are inhibi-
tors of photosynthesis by blocking the electron transport 
at the photosystem-II; therefore, they are highly toxic to 
autotrophic organisms (Dafforn et al. 2011). Although 
Irgarol and diuron are herbicides, studies also reported 
their adverse effects on invertebrates and fish (Amara 
et al. 2018). Irgarol is a triazine used as an herbicide, 
antimicrobial pesticide, and mainly as an antifoul-
ing biocide, whereas diuron is a phenylurea herbicide 
extensively used in agriculture since 1950 (Giacomazzi 
and Cochet 2004). These compounds have been detected 
in seawater and surface sediments from ship/boat traf-
fic areas worldwide (Konstantinou and Albanis 2004; 

Batista-Andrade et al. 2018; Abreu et al. 2020). Con-
sequently, the use of Irgarol and diuron in antifouling 
paints was regulated in Europe (Price and Readman 
2013). Additionally, since January 2016, Irgarol has not 
been approved as an antifouling product by the EU Com-
mission – Commission Implementing Decision (EU) 
2016/107 (EC 2016).

Regarding ecotoxicological data related to OTs, Irga-
rol, and diuron, most studies are restricted to species from 
temperate zones (Martins et al. 2018; Campos et al. 2022). 
Moreover, despite the ecological importance of benthic 
species, few studies evaluated the toxicity of antifouling 
biocides, including OTs, in the sedimentary compart-
ment (Abreu et al. 2021a). The present study improved the 
knowledge related to the toxicity of TBT, TPT, Irgarol, 
and diuron to estuarine and marine organisms, especially 
neotropical species. Accordingly, acute toxicity tests in the 
aqueous phase were carried out using the marine plank-
tonic crustaceans Acartia tonsa and Mysidopsis juniae, as 
well as the estuarine tanaid Monokalliapseudes schubarti, 
while the spiked sediment toxicity test was performed 
using the burrowing marine amphipod Tiburonella viscana.

Materials and methods

Stock solutions and analytical procedures

Stock solutions were prepared by dissolving analytical 
grade OTs (tributyltin chloride and triphenyltin chlo-
ride; purity > 98%) and herbicides (Residue Analysis 
Pestanal standards of Irgarol; purity > 98%; and diuron; 
purity > 99.5%) in acetone; these stock solutions were 
chemically analyzed. TBT and TPT were analyzed as 
described by Castro et al. (2015). In brief, 100 µL of 
each solution was transferred to a 40-mL vial, derivat-
ized, extracted, and cleaned up. Finally, the extracts were 
analyzed by gas chromatography using a Perkin Elmer 
Clarus 500MS. Limit of Detection (LOD) and Limit of 
Quantification (LOQ) were ≤ 1 and ≤ 3 ng mL−1, respec-
tively, for TBT and TPT. Similarly, Irgarol and diuron 
concentrations were analyzed according to Biselli et al. 
(2000). Briefly, 100 µL of each solution was transferred 
to a 2-mL vial and analyzed in an LC–ESI–MS/MS 
system (Waters Alliance 2695 liquid chromatography 
with Micromass Quattro Micro API detector with ESI 
Waters interface—Milford, MA, USA). LOD and LOQ 
were ≤ 0.2 and ≤ 0.6 ng mL−1, respectively, for Irgarol 
and diuron.

Since previous experiments (data not shown) indicated no 
effects of acetone up to this level of exposure to the plank-
tonic species A. tonsa and M. juniae, exposure solutions (in 
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filtered seawater, 1 µm) were prepared so that the acetone 
levels did not exceed 0.05%.

Acute toxicity tests (water exposure)

The concentration ranges of each antifouling biocide for 
each species tested were determined after preliminary 
experiments (unpublished data). Three experiments were 
performed using A. tonsa and two experiments using M. 
juniae and M. schubarti for each compound. The exposure 
concentration ranges, dilution factors, and the number of 
treatments used in each experiment are shown in the supple-
mentary material (Table S1). The actual exposure concen-
trations could not be measured since confirmation samples 
were lost in a lab fire. Thus, they were calculated based on 
the chemical analysis of stock solutions.

The sensitivities of A. tonsa, M. juniae, and M. schubarti 
were evaluated using sodium dodecyl sulfate (SDS) as a ref-
erence substance to ensure the reliability of toxicity tests. 
Accordingly, sensitivity tests with SDS were performed dur-
ing the toxicity assessment of antifouling biocides. Control 
charts of tested species exposed to SDS are presented in the 
supplementary material (Figures S1 to S3).

Acartia tonsa

The acute toxicity tests using A. tonsa were performed 
according to the International Standardization Organization 
(ISO 1999) protocol. Four replicates with ten laboratory-
grown adult organisms were prepared for each concentration 
(glass flasks with 50 mL of exposure solution at salinity 30). 
Experiments were performed over 48 h at a constant tem-
perature (21 °C) and light/dark cycle of 12:12 h. After the 
exposure period, the number of dead organisms was counted 
to evaluate mortality levels.

Mysidopsis juniae

Toxicity tests using M. juniae were performed according to 
the ABNT-15308 protocol (ABNT 2011). Four replicates 
with ten laboratory-grown juvenile organisms (seven days 
old) were prepared for each concentration (glass flasks with 
200 mL of exposure solutions at salinity 30). Experiments 
were performed over 96 h at a constant temperature (25 °C) 
and light/dark cycle of 12:12 h. After this period, the mortal-
ity was quantified in each replicate.

Monokalliapseudes schubarti

Tanaids M. schubarti were collected from soft subtidal 
bottoms in the estuarine region of Lagoa dos Patos at the 
municipality of Rio Grande (Rio Grande do Sul – Brazil) 
(32° 09′ 23.74’’ S/52° 06′ 9.7’’ W). A layer of about 20 cm 

of sediment was collected using a shovel and then gently 
sieved through a 500-mm mesh. The retained material was 
taken to the laboratory, where individuals of M. schubarti 
were separated from the debris and acclimated under test 
conditions for three days.

Toxicity tests using M. schubarti were performed accord-
ing to Zamboni and Costa (2002). Four replicates with ten 
adult organisms (0.7–1.0 cm) were prepared for each con-
centration (glass flasks with 100 mL of the test solution at 
salinity 15). Experiments were performed over 96 h at a 
constant temperature (25 °C) and light/dark cycle of 12:12 h. 
After 96 h, the number of dead organisms was counted.

Acute toxicity tests with spiked sediment

Sediment and the amphipods Tiburonella viscana used in the 
acute toxicity tests were collected in the Engenho D’Água 
beach, Ilhabela (São Paulo – Brazil) (23° 47′ 30.59’’ S/45° 
21′ 50.76’’ W). Sediment was sieved (500 μm mesh) using 
filtered seawater, allowed to decant for 12 h, and then the 
supernatant seawater was removed by siphoning. Subse-
quently, sediment was characterized by determining the 
percentage of moisture, grain size, and total organic matter 
and carbonate contents.

Amphipods were collected by using a manual dredge. The 
organisms were transported to a laboratory and acclimated 
under the test conditions for 4 days. Sensitivity tests with the 
reference substance SDS were performed with each batch of 
amphipods collected. Figure S4 (supplementary material) 
presents the control chart of T. viscana exposed to SDS, car-
ried out during toxicity assessment of antifouling biocides.

Sediment characterization

The sediment moisture content was measured gravimetri-
cally by weighing three sub-samples of approximately 10 g 
of sediment before and after the material was dried at 60 °C 
for 48 h (ASTM 2008). Moisture content was determined 
to calculate the amount of chemical spiked on a dry-weight 
basis. The sediment grain size was determined according to 
Gray and Elliott (2009); the classification method was based 
on the scale established by Wentworth (1922). Calcium car-
bonate (CaCO3) content was determined by digestion with 
hydrochloric acid (HCl), followed by gravimetry (Gross 
1971). Organic matter content was measured in decarbon-
ated sediment, using the loss of weight on ignition method, 
described by Luczak et al. (1997).

Sediment spiking procedure

The spiking procedure was based on the slurry spik-
ing method (with adaptations) following the Standard 
Guide E 1391–03 (ASTM 2008). For each exposure 
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concentration, biocides aqueous solutions were pre-
pared from the stock solutions in seawater filtered by 
cellulose acetate membranes (0.45 µm). Aqueous bioc-
ides solutions (50 mL) were added to 500 g of sediments 
to obtain nominal concentrations (dry weight basis), 
considering the sediment moisture content. The spiked 
sediments were then homogenized (mixed manually) for 
30 min using a glass rod. Test chambers were covered 
and maintained in a darkroom at a controlled temperature 
(20 °C) for 24 h to equilibrate. The choice of this equili-
bration time was based on literature considering the char-
acteristics of compounds (ASTM 2008; Langston and 
Pope 1995). Accordingly, in spiking procedures using 
organic compounds with octanol–water partition coeffi-
cients (Kow) < 6, the equilibration times can be as short 
as 24 h (DeWitt et al. 1992). Subsequently, 200 mL of 
spiked sediments was placed in 1-L beakers (3 replicates 
for each exposure level) and then carefully covered with 
600 mL of seawater (salinity 34) filtered by cellulose 
acetate membranes (0.45 µm). Sediment exposure cham-
bers were allowed to settle fine particles for 12 h before 
the introduction of amphipods. During these steps, all 
chambers were maintained at 20 °C and dark conditions 
to prevent the photodegradation of biocides. Negative 
control (biocide-free) sediment received a 50-mL aliquot 
of biocide-free filtered water, and a solvent control with 
acetone 0.05% was also prepared. The sediments of both 
control groups were submitted to the same steps of the 
biocide treatments. The actual concentrations of spiked 
sediments could not be measured since confirmation 
samples were lost in a lab fire. Thus, exposure concen-
trations were calculated based on the chemical analysis 
of stock solutions.

Acute toxicity test using Tiburonella viscana

The exposure bioassay was performed according to 
ABNT-15638 (ABNT 2015), which evaluates the mor-
tality of organisms exposed to the sediment. Tree rep-
licates with ten adult organisms (> 0.5 mm) were used 
in each treatment group. Experiments were performed 
at 25 ± 2 °C under constant aeration and light for ten 
days. Temperature, dissolved oxygen, and pH were meas-
ured at the start and end of the test at all treatments, 
and salinity (34) was adjusted daily during the 10-day 
test period. Two experiments were performed using T. 
viscana in spiked sediment with each compound. The 
dilution factors and the number of treatments used in 
each experiment are shown in Table S2 (supplementary 
material). After 10 days, sediments were sieved (0.5 mm) 
to separate the amphipods, which were observed at the 
stereomicroscope to evaluate mortality levels. Missing 
organisms were considered dead.

Data analysis

Nominal concentrations of biocides were used to estimate 
the LC50 values (concentration that is expected to be lethal to 
50% of organisms under the specified exposure period) and 
their respective 95% confidence intervals. These values were 
obtained by Probit parametric method (Abou-Setta et al. 
1986) or Trimmed Spearman-Karber nonparametric method 
(Hamilton et al. 1977). Results were expressed as 48 h-LC50 
for A. tonsa, 96 h-LC50 for M. juniae and M. schubarti, and 
10d-LC50 for T. viscana. The LC50 values of different bio-
cides calculated for the same test species were considered 
statistically different when their 95% confidence intervals 
did not overlap. However, when confidence intervals pre-
sented overlapping, significant differences between LC50s 
were tested by Litchfield-Wilcoxon method (Environment 
Canada 2007). The global concentration–response curves 
of each antifouling biocide and test species were obtained 
by non-linear regression based on Hill’s model using Regtox 
macro for Microsoft Excel freely available at https://​www.​
norma​lesup.​org/​~vindi​mian/​en_​index.​html. Data for each 
experiment were adjusted for mortality of the respective 
controls using Abbott’s correction (Abbott 1925).

Results and discussion

Stock solutions

The concentrations of the stock solutions of each biocide 
were quantified as follows: 1105 ± 21.9 mg L−1 (TBT); 
1477 ± 28.3 mg L−1 (TPT); 5324 ± 19 mg L−1 (Irgarol); and 
3596 ± 17 mg L−1. Details of these results are presented in 
the supplementary material (Table S3).

Acute toxicity of waterborne antifouling biocides

Results confirmed the high toxicity of the OTs, especially to 
planktonic species (Table 1). Although toxicity levels were 
different considering the evaluated species, TBT and TPT 
were about two orders of magnitude more toxic than Irga-
rol and diuron. In general, TBT presented the lowest LC50 
values for species tested in the aqueous phase. Despite most 
OTs LC50 values presenting overlap in the 95% confidence 
intervals within the same chemical class, TPT LC50 values 
were considered significantly different from TBT LC50 for 
A. tonsa (Table 2).

Regarding the booster biocides, Irgarol seemed to be 
more toxic than diuron (based on the individual LC50 val-
ues). However, LC50s were not significantly different since 
Irgarol and diuron 95% confidence intervals overlapped in 
all the experiments using A. tonsa. For M. juniae, diuron 

https://www.normalesup.org/~vindimian/en_index.html
https://www.normalesup.org/~vindimian/en_index.html
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LC50 of experiment #2 overlapped between 95% confidence 
intervals of Irgarol LC50s, resulting in a non-significant dif-
ference. On the contrary, for M. schubarti, LC50s of diuron 
and Irgarol were considered significantly different despite 
overlapping confidence intervals (Table 2).

For each tested species, concentration–response curves 
were similar between TBT and TPT, but different patterns 
were identified between Irgarol and diuron (Fig. 1). At the 
highest concentrations, the copepod mortality increased 
at shorter concentration intervals of Irgarol than of diuron 
(Fig. 1a). Accordingly, diuron effect on A. tonsa started at 
lower concentrations and was less intense between con-
centrations (lower slope of the line in Fig. 1a). According 
to Rand et al. (1995), the smaller slope in the concentra-
tion–response curve, as observed for diuron, may repre-
sent deficient absorption of the substance by the organism. 

Interestingly, the effects of Irgarol and diuron intersect close 
to LC50 values (slightly before 50% mortality, Fig. 1a), 
which leads to an assumption that toxicities of both biocides 
are similar for A. tonsa if based only on this endpoint. For 
M. juniae, the effect of Irgarol starts at lower concentrations, 
and the concentration–response curve presented a higher 
slope (Fig. 1b), indicating more effective toxicity (Rand 
et al. 1995). However, no intersections between curves were 
observed at concentrations with an effect below 100%. For 
M. schubarti, the Irgarol concentration–response curve pre-
sented a smaller slope, intersecting the diuron curve close 
to 75% of tanaid mortality (Fig. 1c).

Differences between concentration–response patterns 
observed to Irgarol and diuron suggest distinct modes of 
action, which are well-known only for photosynthetic 
organisms (Hall et al. 1999; Ranke and Jastorff 2000; 

Fig. 1   Concentration–response curves for A. tonsa (a), M. juniae (b), M. schubarti (c), and T. viscana (d) exposed to TBT, TPT, Irgarol, and 
Diuron
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Fernández-Alba et al. 2002). However, information about 
the effects of Irgarol and diuron on more complex cellu-
lar systems is scarce. Responses related to the intensity 
of effects, and consequently, evidence of possible dif-
ferences in modes of action was reported in a previous 
study using marine invertebrates. Perina et al. (2011) 
reported similar NOEC, LOEC, and EC50 for embryos 
of Lytechinus variegatus exposed to Irgarol and diuron 
but observed discrepancies in embryonic development 
and distinct types of larval anomalies at equivalent con-
centrations. Such differences were attributed to specific 

modes of action of each biocide, evidenced in the most 
sensitive early-life stages of sea urchins. Nevertheless, the 
mechanism of action was not explained, which requires 
further studies.

Acute toxicities of TBT, Irgarol, and diuron were also 
tested on copepods and mysids from all over the world 
(Table 3). LC50 values of TBT estimated in the present 
study for the cosmopolitan copepod A. tonsa were con-
sistent with those reported in the literature, but this spe-
cies was more sensitive than other copepods. Regarding 
the booster biocides, A. tonsa was also more sensitive 

Table 3   LC50 values and corresponding 95% confidence intervals (95% CI) reported to copepods and mysids

NR, not reported; sw, reported as saltwater
* Geometric mean (± standard deviation) of results from n tests

Life stage Test duration LC50 (95% CI); µg L−1

Taxa Species Salinity T(ºC) TBT Irgarol Diuron Reference

Copepoda Acartia tonsa Adult sw 20 72 h 2.1 (1.4–3.0) U'ren (1983)
Adult sw 20 96 h 1.0 (0.8–1.2) U'ren (1983)
Adult 10 20 48 h 1.1 (0.7–2.2) Bushong et al. 

(1988)
Adult 18 17.5 48 h 0.47 (0.37–0.61) Kusk and Petersen 

(1997)
Adult 28 17.5 48 h 0.24 (0.19–0.33) Kusk and Petersen 

(1997)
Adult 30 21 48 h 1.52 

(± 0.11)*n=3
776 

(± 115)*n=3
1122 

(± 120)*n=3
Present study

Eurytemora 
affins

Adult 10 20 48 h 2.2 (0.20–7.3) Hall et al. (1988)

Adult 10 20 48 h 2.5 (1.7–3.9) Bushong et al. 
(1988)

Nitokra spinipes Adult 7 22 96 h 13 (10–17) 4500  
(3400–6900)

4000  
(3300–5200)

Karlsson et al. 
(2006)

Tigriopus 
japonicus

Juvenile 35 25 96 h 0.15 (NR) Kwok and Leung 
(2005)

Adult sw 20 96 h 50 (29–108) Lee et al. (2007)
Adult 33 25 96 h 18 (17–20) 2400  

(1700–3400)
11,000  

(10,500–
11,400)

Bao et al. (2011)

Adult 33 25 96 h 1800  
(1600–2100)

Bao et al. (2013)

Mysidacea Acanthomysis 
sculpta

Juvenile sw 18 96 h 0.42 (NR) Davidson et al. 
(1986)

Americamysis 
bahia

Juvenile 19–22 25 96 h 2.0 (1.4–2.6) Goodman et al. 
(1988)

Juvenile NR NR 96 h 400 (340–470) 1100  
(970–1300)

USEPA (2000)

Juvenile sw NR 96 h 400 (NR) Hall et al. (1999)
Metamysidopsis 

elongata
Juvenile 33–34 13–14 96 h 1.95 (NR) Salazar and Salazar 

(1989)
Adult 33–34 13–14 96 h 2.43 (NR) Salazar and Salazar 

(1989)
Mysidopsis 

juniae
Juvenile 30 25 96 h 1.83 

(± 0.09)*n=2
341 

(± 12.6)*n=2
581 

(± 39.3)*n=2
Present study
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than other copepods species. LC50 values of TBT and 
Irgarol estimated for M. juniae were, in general, compa-
rable to those observed for mysids of temperate zones. 
However, M. juniae was more sensitive to diuron than 
other mysids cited in the literature (Table 3).

Acute toxicity of spiked sediment antifouling 
biocides

The characterization of the sediment used in the experiments 
indicated the following: Sediment texture—3.7% medium 
sand, 29.2% fine sand, 48.5% very fine sand, and 18.4% silt/
clay; 7.23% of total CaCO3, and 0.8% of organic matter. 
Physicochemical parameters did not show significant vari-
ations during the experiment, remaining within the accept-
able levels for assays with T. viscana: pH > 7.7, salinity 
between 33 and 36, dissolved oxygen > 6 mg L−1, ammonia 
content < 10 mg L−1, and temperature at 25 ± 2 °C (ABNT 
2015).

In the spiked sediment toxicity tests using T. viscana, 
the 10d-LC50 values of TBT were slightly higher than TPT 
(Table 1 and Fig. 1d). However, the estimated values were 
not considered significantly different between both com-
pounds (Table 2). For the booster biocides, although the 
result of experiment #2 overlaps the diuron LC50s confidence 
intervals, 10d-LC50 values of Irgarol were about an order of 
magnitude higher than diuron (Table 1) and were considered 
significantly different (Table 2). The concentration–response 
curves presented a similar pattern between the compounds of 

the same chemical class (Fig. 1d). Therefore, distinct modes 
of action may not be evidenced only by graphical analysis.

A possible explanation for the different magnitude of 
LC50 values compared with water exposure experiments 
may be related to the availability of each compound in the 
interstitial water. In this sense, differences in the toxicity of 
the tested antifoulants would be explained by their distri-
bution between sediment solid and aqueous phases. These 
compounds tend to be adsorbed onto the sediment particles 
and the organic carbon/water partition coefficients (Koc) are 
helpful to understand their distribution (Artifon et al. 2019). 
Koc (usually expressed as Log Koc) indicates the sorption of 
organic compounds on OC associated with sediments. In the 
present study, organic matter (OM) determined in the sedi-
ment was 0.8%, measured by mass loss on ignition (LOI). 
Since LOI is a semi-quantitative method for OM determi-
nation, a conversion factor is necessary to estimate the OC 
content (Schumacher 2002). Considering that about 50% 
of the organic matter (determined by LOI) is composed of 
carbon (Dean 1999), the total OM can be divided roughly 
by 2, giving 0.4% of OC content in the sediment used in the 
present study.

These subtle differences between the toxicity of OTs in 
the sediments (TPT ≥ TBT) compared to aqueous experi-
ments (TBT > TPT) may be due to the lower affinity of TPT 
to the solid phase. The lower Log Koc of TPT (estimated 
value = 3.53) compared to TBT (estimated value = 4.5) may 
lead to a slightly higher bioavailability of TPT even at low 
concentrations. Indeed, a previous study indicated that TPT 

Table 4  Concentrations of organotins and booster biocides in environmental samples of water (µg  L−1) reported in the last decade

*Concentrations converted from ng Sn  L−1 to µg  L−1 using the conversion factor of 2.44 and 2.95 for TBT and TPT, respectively

Localities TBT* TPT* Irgarol Diuron Reference

Africa
  Tanzania (Zanzibar harbor) 0.001–0.002 Sheikh et al. (2020)
  Algeria (harbor areas) 0.03–1.16 El Hadj et al. (2016)
  Nigeria (Lagos harbor)  < 0.04–1.5  < 0.04–0.7 Basheeru et al. (2020)

Americas
  Argentina (Bahía Blanca estuary) 0.052– 0.944 Quintas et al. (2019)
  Brazil (Itaqui Harbor) 0.02–4.80 0.05–7.80 Diniz et al. (2014)
  USA (Southern California marinas) 0.002–0.254  < 0.002–0.068 Sapozhnikova et al. (2013)

Asia
  Malaysia (harbor areas)  < 0.001–2.021  < 0.0005–0.285 Ali et al. (2021)
  Japan (Tanabe bay) 0.004–0.028 0.003—0.0075  < 0.0001–0.002  < 0.0001–0.027 Harino and Yamato (2021)
  South Korea (Gwangyang and 

Busan bays)
 < 0.002–0.025  < 0.003–0.009  < 0.0001–0.0021 0.0003–0.0962 Lam et al. (2017)

Europe
  Italy (Gulf of La Spezia)  < 0.001–0.028  < 0.0002–0.0097 Ansanelli et al. (2017)
  Italy (Gulf of Napoli) 0.001 –0.135 0.0016–0.0348 Ansanelli et al. (2017)
  Finland (dockyard area) 0.023–0.75 0.085–1.4 Haaksi and Gustafsson (2016)
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has higher mobility at the solid/liquid interface (Marcic et al. 
2006), thus it could be desorbed more easily than TBT. In 
this sense, the similar toxicity between OTs is possibly due 
to exposure pathways involving the dissolved phase (dermal 
contact) and the solid phase (ingestion, dermal contact).

The partitioning of booster biocides between aquatic 
compartments is influenced by sediment characteristics and 
environmental factors, which has important implications on 
bioavailability. In the present study, pH probably did not 
affect the sorption processes to the inorganic particles since 
Irgarol and diuron do not present significant variations in 
the adsorption rates at pH 8 (Voulvoulis et al. 2002). How-
ever, calculations using modeled estimations indicated that 
around 4% of Irgarol in the marine environment would parti-
tion into sediments (Rogers et al. 1996). Furthermore, the 
relatively lower affinity of diuron to sediment (estimated 
Log Koc = 2.4) favors partitioning into the interstitial water 
compared to Irgarol (estimated Log Koc = 3.3). However, the 

sorption equilibrium of the booster biocides is also strongly 
influenced by the concentrations (Fernandez-Parez et al. 
2000), which could explain the observed dose-dependent 
responses (Fig. 1d).

Although the actual concentrations of spiked sediments 
could not be measured, it is essential to highlight that amphi-
pods were exposed to the whole sediment, including both the 
aqueous (i.e. porewater) and the solid phase. In such condi-
tions, the uptake of the biocides via interstitial water may 
have been the most critical exposure route for T. viscana. 
Gallucci et al. (2015) pointed out that interstitial water was 
the primary exposure pathway for meiobenthic organisms to 
booster biocides, especially Irgarol. In a microcosms study 
with spiked sediments, these authors reported that nema-
todes with more permeable cuticles were more affected by 
Irgarol. In this sense, the experimental procedure appears 
to have been efficient since the effects observed on the 
amphipods indicate a concentration–response relationship. 

Table 5   Concentrations of organotins and booster biocides in environmental samples of sediment (µg kg−1, dry weight) reported in the last dec-
ade

*Concentrations converted from ng Sn g−1 to µg kg−1 using the conversion factor of 2.44 and 2.95 for TBT and TPT, respectively

Localities TBT* TPT* Irgarol Diuron Reference

Africa
  Nigeria (Lagos harbor) 0.002–7.11 0.006–2.33 Basheeru et al. (2020)
  Tunisia (El Kantaoui marina) 14.9 0.89 Anastasiou et al. (2016)

Americas
  USA (Southern California marinas)  < 0.3–8.9  < 0.3–4.2 Sapozhnikova et al. (2013)
  Panama  < 2.4–364 Batista-Andrade et al. (2018)
  Peru (Callao harbor) 127–417 Castro et al. (2018)
  Chile (Northern Chilean coast) 221–1470 Mattos et al. (2017)
  Venezuela (Caribbean coast) 139–4707 Paz-Villarraga et al. (2015)
  Argentina (Puerto Madrin)  < 2.4–427 Del Brio et al. (2016)
  Argentina (Patagonian coast)  < 2.4–85 Commendatore et al. (2015)
  Brazil (northeastern coast)  < 2–827 Maciel et al. (2018)
  Brazil (Santos Estuarine System)  < 1.2–1679  < 0.5  < 0.5–9.9 Abreu et al. (2020)
  Brazil (Vitoria Estuarine System)  < 2.4–51.5  < 0.4–1.4  < 0.5–2.7 Abreu et al. (2021b)

Asia
  Japan (Tanabe bay) 3.1–24 2.3–37  < 0.1 8.2–9.3 Harino and Yamato (2021)
  South Korea (Gwangyang and Busan bays)  < 0.24–5622  < 0.3–202.1  < 0.02–7.79  < 0.06–144 Lam et al. (2017)
  South Korea (Gunsan shipyard areas)  < 3.5–236.2 Lee and Lee (2017)
  Malaysia (Sungai Pulai estuary) 8.1–10.6 17.1–19.4  < 0.1–22.9  < 0.1–1.4 Mukhtar et al. (2019)
  Saudi Arabia (Jubail harbour)  < 0.02 35.4 Hassan et al. (2019)
  China (South Hangzhou bay)  < 0.5–42.5  < 0.5–17.4 Chen et al. (2019a)
  China (Yangtze estuary)  < 0.5–25.6  < 0.5–30.7 Chen et al. (2019b)

Europe
  Malta (Valletta Grand harbor) 8–5654 Romeo et al. (2015)
  Italy (Acciaroli marina) 227–1117 Lofrano et al. (2016)
  Italy (Port of Cagliari) 182 2.20 Anastasiou et al. (2016)
  Portugal (Ria Formosa lagoon) 4.4–6.3 0.98 Anastasiou et al. (2016)
  Portugal (Lima estuary)  < 0.0005–0.859 Laranjeiro et al. (2018)
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Nevertheless, experiments with spiked sediments using 
closer intervals between concentrations (e.g., dilution fac-
tor of 2) are needed to more clearly determine responses.

Sensitivity of the neotropical species 
to environmental levels and regulations 
of antifouling biocides

OTs and booster biocides levels have been reported in sea-
water and sediment samples of coastal zones worldwide 
in the last decade (Tables 4 and 5). However, many coun-
tries lack regulations addressing the issue of antifouling 
biocides in natural environments, especially in developing 
countries of tropical zones. In Latin America, for instance, 
the AFS Convention was fully implemented only by Brazil, 
Chile, Panama, Peru, Mexico, and Uruguay (IMO 2021) and 
there are no legislations for booster biocides. Despite the 
efforts of the IMO banning the use of TBT-based antifoul-
ing paints (September 2008), and the Rotterdam Conven-
tion (RC) to forbid the trade of tributyltin (TBT) (www.​
pops.​int), TBT-based paints are still being manufactured 
and sold (Uc-Peraza et al 2022a). As a consequence, effects 
have recently been observed around the world, such as in 
Europe (Laranjeiro et al. 2018; Gomes et al. 2021b), Africa 
(Van Gessellen et al. 2018), Asia (Mukhtar et al. 2020), and 
Latin America (Rodríguez-Grimon et al. 2020; Uc-Peraza 
et al. 2022b), indicating that these compounds still represent 
a hazard for marine biota. Considering the LC50 and cor-
responding 95% confidence intervals obtained in the present 
study, current environmental concentrations of OTs may 
induce lethal effects on marine invertebrates.

Hence, establishing regulatory strategies to reduce envi-
ronmental contamination by antifouling biocides in tropi-
cal coastal areas must be done based on sound science. 
To achieve that, environmental risk assessment (ERA) is 
an indispensable tool to estimate the risks of antifoulants, 
considering both the exposure scenario and the hazard to 
marine biota. Therefore, ERA should be addressed to sup-
port environmental management decisions and regulate 
these compounds in developing countries of tropical zones, 
especially the Group of Latin America and the Caribbean 
(GRULAC) region.

An ERA is a process that evaluates the probability that 
adverse effects may occur due to exposure to stressors. The 
EU Technical Guidance Document on Risk Assessment (EC 
2003) indicates that the predicted no-effect concentration 
(PNEC) is a fundamental reference safety value used to pro-
tect the biota of an ecosystem and is an essential tool for 
managing toxic chemicals. Some ERA may provide accurate 
probabilistic estimates of the adverse effect, and others may 
be deterministic.

The probabilistic PNEC is based on the species sensitiv-
ity distribution (SSD) method and requires a minimum of 8 

taxonomic groups, which is calculated through the quotient 
between the HC5 value (5% hazardous concentration) and 
an assessment factor ranging from 1 to 5 (EC 2003). When 
information on the compound’s toxicity is limited (e.g., few 
species), a deterministic PNECseawater can be calculated con-
sidering assessment factors (AFs), which can range from 10 
to 10,000 and are applied on the lowest L/EC50s, L/EC10s 
or NOECs, depending on the information available (EC 
2003). In the case of acute tests with seawater species from 
a single trophic level, an AF = 1000 is recommended, based 
on the high uncertainty due to data limitation. For the pre-
sent data, such “preliminary” PNECseawater for the tropical 
environment would be 0.00152 μg L−1 for TBT, 0.00303 μg 
L−1 for TPT, 0.341 μg L−1 for Irgarol, and 0.580 μg L−1 
for diuron. For Irgarol and diuron, these PNECs are higher 
than the probabilistic PNECseawater proposed in recent review 
papers, which were 0.0014 μg L−1 for Irgarol (Martins et al. 
2018) and 0.25 μg L−1 for diuron (Campos et al. 2022). 
Most of the published antifouling biocides environmental 
monitoring studies have been carried out in the temperate 
zone using photosynthetic organisms, mainly distributed 
in the Mediterranean and Northeastern Atlantic (Campos 
et al. 2022), which may bias the estimation of environmental 
risks in tropical regions. Hence, further toxicity tests using 
photosynthetic and other trophic levels of neotropical spe-
cies would provide information for a hazard assessment and 
determination of site-specific ERA based on more realistic 
scenarios.

In the marine environment, the half-life of OTs varies 
from 7 to 19 days in the water column (Harino et al. 2009; 
Langston et al. 2009). However, they adsorb onto suspended 
material and sink into the bottom sediments, where OTs 
degradation rates are lower, with a half-life ranging from 
years to decades (Furdek et al. 2016). Thus, such compounds 
accumulate in sediments and reach concentrations capable of 
causing toxicity to the biota (Soroldoni et al. 2018). Recent 
studies have reported OT levels in sediments within the 
range to cause lethality to T. viscana, especially in ports 
and marinas of Latin America (Table 5).

Irgarol does not degrade quickly in the marine environ-
ment, with a half-life between 100 and 350 days in seawa-
ter (Thomas et al. 2002) and between 100 and 200 days in 
sediment (Dafforn et al. 2011). Diuron also persists in sea-
water (half-life of 180 days) and adsorbs onto suspended 
material (Okamura et al. 2003) but is less persistent in 
marine sediments (half-life of 14 days) (Thomas et al. 
2002). Furthermore, Irgarol and diuron inputs can also 
result from their use as an herbicide in crops (Giacomazzi 
and Cochet 2004). In the last decade, levels of booster bio-
cides in sediments have been found at levels significantly 
relevant to produce adverse effects on T. viscana (Table 5). 
Although less common, concentrations of Irgarol and 
diuron were recently reported at values within the range 
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which produce lethality, considering the 95% confidence 
interval of LC50 values obtained for the studied species.

A deterministic approach to derive the PNEC is often 
applied to contaminants characterized by a lack of toxic-
ity information (Gredelj et al. 2018), which is the case of 
sediment data. As previously mentioned, the AFs vary 
depending on the uncertainty and quality of the databases, 
ranging from 10 to 10,000 for deriving PNEC for seawater 
and marine sediments. In this sense, considering the LC50s 
obtained for T. viscana and an AF = 10,000 (one acute toxic-
ity test only; see EC 2003), preliminary PNECmarine sediment 
would be 0.0000122 μg kg−1 for TBT, 0.000011 μg kg−1 
for TPT, 0.00634 μg kg−1 for Irgarol, and 0.0492 μg kg−1 
for diuron. Abreu et al. (2021a) reported a deterministic 
PNECsediment of 0.15 μg kg−1 for diuron, based mainly on 
toxicity tests for a single trophic level (producers), and 
taxonomic group (microalgae), extrapolated from tests with 
freshwater organisms. These authors estimated a determin-
istic PNECsediment of 16 μg kg−1 for Irgarol, based on tox-
icity tests using amphipods of Northeastern Atlantic and 
freshwater organisms. Our results, despite limited, indicate 
lower PNECs for neotropical species, suggesting that envi-
ronmental risks in tropical regions may be higher, due to the 
elevated sensitivity of tropical organisms. Anyway, further 
studies should be done to produce information to allow the 
estimation of more reliable environmental risks of antifoul-
ing biocides in neotropical regions.

To estimate reliable PNEC, the EC (2003) recommends a 
minimum of the toxicity values from three different trophic 
levels, represented by producers, primary consumers, and 
secondary consumers. Furthermore, according to Sorgog and 
Kamo (2019), risk assessments with a higher degree of accu-
racy can be expected with the SSD method. Thus, whenever 
possible, probabilistic PNEC is recommended and commonly 
used in environmental risk assessment frameworks (Gredelj 
et al. 2018; Figueiredo et al. 2020). Therefore, in addition to 
the data provided by the present paper, further ecotoxicologi-
cal studies are necessary to better estimate probabilistic PNEC 
values. Moreover, chronic toxicity tests using representative 
neotropical species of different trophic levels are required to 
increase reliable datasets for such compounds, bringing essen-
tial contributions to the refinement of risk assessments.

Conclusion

The acute toxicity tests with neotropical estuarine and 
marine invertebrates ranked the toxicity of antifouling bio-
cides as TBT > TPT >  > Irgarol ≥ diuron for planktonic spe-
cies, TBT ≥ TPT >  > Irgarol > diuron for the benthic tanaid 
in aqueous exposure, and TPT ≥ TBT >  > Irgarol > diuron 
for the burrowing amphipod in spiked sediments exposure. 

Lethal effects of OTs were observed at concentrations cur-
rently found in coastal waters, implying that these com-
pounds are still a threat to pelagic biota. On the other hand, 
reported water levels of booster biocides are not enough 
to cause acute toxicity in the tested organisms. Regarding 
sediments, current environmental levels of antifouling bio-
cides pose risks to natural populations and may cause biota 
damage. In addition, deterministic PNECmarine sediment values 
based on acute toxicity data suggest higher environmental 
hazards of these biocides in tropical regions. Furthermore, 
ecotoxicological data could integrate datasets to derive 
site-specific PNECs for the tropical zone, particularly the 
Southwest Atlantic coast. Hence, the present study brings 
essential contributions to address environmental hazard and 
risk assessments from realistic scenarios that may be used 
to establish strategies to support environmental management 
decisions.

Supplementary Information  The online version contains sup-
plementary material available at https://​doi.​org/​10.​1007/​
s11356-​023-​26368-9.

Author contribution  All authors contributed to the study concep-
tion and design. Material preparation was performed by F.C. Perina 
and I.B. Castro; data collection and analysis were performed by 
F.C. Perina and D.M.S. Abessa. G. Fillmann and G.L.L. Pinho 
contributed to the funding acquisition. The first draft of the manu-
script was written by F.C. Perina, and all authors commented on 
previous versions of the manuscript. All authors read and approved 
the final manuscript.

Funding  The present study was sponsored by FINEP – Financia-
dora de Estudos e Projetos (Proc. No 1111/13 – 01.14.0141.00), 
and CNPq—Conselho Nacional de Desenvolvimento Científico 
e Tecnológico of Brazil (Grant No. 456372/2013–0). F.C. Perina 
was a graduate fellow (Grant No. 134170/2007–5) and G. Fill-
mann (PQ No 312341/2013–0 and 314202/2018–8), D. Abessa 
(PQ No 311609/2014–7 and 308533/2018–6), I. B. Castro (Pq 
No 302713/2018–2) and G. Pinho (PQ No 304495/2019–0) are 
research fellows of CNPq. We acknowledge financial support to 
CESAM by FCT/MCTES (UIDP/50017/2020 + UIDB/50017/202
0 + LA/P/0094/2020) through national funds. Finally, we thank the 
resources provided by CAPES—Coordenação de Aperfeiçoamento 
de Pessoal de Nível Superior of Brazil (CAPES) to support the 
Graduate Program in Oceanology (PPGO) of Universidade Fed-
eral do Rio Grande (FURG) and the Post-Doc grant of F.C. Perina 
(Grant No. 88887.124100/2016–00). The authors are thankful to 
LACOM -Laboratório de Análises de Compostos Orgânicos e 
Metais (FURG) for the LC-ESI-MS/MS analyses.

Data availability  The datasets used and/or analyzed during the current 
study are available from the corresponding author.

Declarations 

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  The authors declare no competing interests.

https://doi.org/10.1007/s11356-023-26368-9
https://doi.org/10.1007/s11356-023-26368-9


61900	 Environmental Science and Pollution Research (2023) 30:61888–61903

1 3

References

Abbott WS (1925) A Method of computing the effectiveness of an 
insecticide. J Econ Entomol 18:265–267

ABNT [Associação Brasileira de Normas Técnicas] (2011) NBR 
15308 Ecotoxicologia aquática —Toxicidade aguda — Método 
de ensaio com misídeos (Crustacea) [Aquatic ecotoxicology — 
Acute toxicity — Method of test mysids (Crustacea)].  Rio de 
Janeiro, RJ, Brazil, p 19

ABNT [Associação Brasileira de Normas Técnicas] (2015) NBR 
15638 Ecotoxicologia aquática — Toxicidade aguda — Método 
de ensaio com anfípodos marinhos e estuarinos em sedimentos 
[Aquatic ecotoxicology — Acute toxicity — Test method in sedi-
ment with marine and estuarine amphipods]. Rio de Janeiro, RJ, 
Brazil, p 19

Abou-Setta MM, Sorrell RW, Childers CC (1986) A computer program in 
BASIC for determining probit and log-probit or logit correlation for 
toxicology and biology. Bull Environ Contam Toxicol 36:242–249

Abreu FEL, Martins SE, Fillmann G (2021) Ecological risk assessment 
of booster biocides in sediments of the Brazilian coastal areas. 
Chemosphere 276:130155. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2021.​130155

Abreu FEL, Batista RM, Castro ÍB, Fillmann G (2021) Legacy and 
emerging antifouling biocide residues in a tropical estuarine 
system (Espirito Santo state, SE, Brazil). Mar Pollut Bull 
166:112255. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2021.​112255

Abreu FEL, Lima da Silva JN, Castro ÍB, Fillmann G (2020) Are anti-
fouling residues a matter of concern in the largest South Ameri-
can port? J Hazard Mater 398:122937. https://​doi.​org/​10.​1016/j.​
jhazm​at.​2020.​122937

Ali HR, Ariffin MM, Omar TFT et al (2021) Antifouling paint bioc-
ides (Irgarol 1051 and diuron) in the selected ports of Peninsu-
lar Malaysia: occurrence, seasonal variation, and ecological risk 
assessment. Environ Sci Pollut Res 28:52247–52257. https://​doi.​
org/​10.​1007/​s11356-​021-​14424-1

Almeida E, Diamantino TC, Sousa O (2007) Marine paints: the par-
ticular case of antifouling paints. Prog Org Coatings 59:2–20. 
https://​doi.​org/​10.​1016/j.​porgc​oat.​2007.​01.​017

Alzieu C (2000) Environmental impact of TBT: the French experience. 
Sci Total Environ 258:99–102. https://​doi.​org/​10.​1016/​S0048-​
9697(00)​00510-6

Amara I, Miled W, Ben SR, Ladhari N (2018) Antifouling processes 
and toxicity effects of antifouling paints on marine environment 
A review. Environ Toxicol Pharmacol 57:115–130. https://​doi.​
org/​10.​1016/j.​etap.​2017.​12.​001

Anastasiou TI, Chatzinikolaou E, Mandalakis M, Arvanitidis C (2016) 
Imposex and organotin compounds in ports of the Mediterra-
nean and the Atlantic: is the story over? Sci Total Environ 569–
570:1315–1329. https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​06.​209

Ansanelli G, Manzo S, Parrella L et al (2017) Antifouling biocides 
(Irgarol, Diuron and dichlofluanid) along the Italian Tyrrhenian 
coast: temporal, seasonal and spatial threats. Reg Stud Mar Sci 
16:254–266. https://​doi.​org/​10.​1016/j.​rsma.​2017.​09.​011

Artifon V, Zanardi-Lamardo E, Fillmann G (2019) Aquatic organic 
matter: classification and interaction with organic microcon-
taminants. Sci Total Environ 649:1620–1635. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2018.​08.​385

ASTM [American Society for Testing and Materials] (2008) Standard 
guide for collection, storage, characterization, and manipulation 
of sediments for toxicological testing and for selection of sam-
plers used to collect benthic invertebrates. E 1391 – 03. ASTM 
International, West Conshohocken, PA, USA, p 94

Bao VWW, Leung KMY, Qiu JW, Lam MHW (2011) Acute toxicities 
of five commonly used antifouling booster biocides to selected 

subtropical and cosmopolitan marine species. Mar Pollut Bull 
62:1147–1151. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2011.​02.​041

Bao VWW, Lui GCS, Leung KMY (2013) Acute and chronic toxicities 
of zinc pyrithione alone and in combination with copper to the 
marine copepod Tigriopus japonicus. Aquat Toxicol 157:81–93. 
https://​doi.​org/​10.​1016/j.​aquat​ox.​2014.​09.​013

Basheeru KA, Okoro HK, Adekola FA, Abdus-Salam N (2020) Spe-
ciation and quantification of organotin compounds in Lagos har-
bour, Nigeria. Int J Environ Anal Chem 00:1–20. https://​doi.​org/​
10.​1080/​03067​319.​2020.​18496​47

Batista-Andrade JA, Caldas SS, Batista RM et al (2018) From TBT to 
booster biocides: levels and impacts of antifouling along coastal 
areas of Panama. Environ Pollut 234:243–252. https://​doi.​org/​
10.​1016/j.​envpol.​2017.​11.​063

Biselli S, Bester K, Hühnerfuss H, Fent K (2000) Concentrations of 
the antifouling compound Irgarol 1051 and of organotins in water 
and sediments of German North and Baltic Sea marinas. Mar 
Pollut Bull 40:233–243. https://​doi.​org/​10.​1016/​S0025-​326X(99)​
00177-0

Bushong SJ, Hall LW, Scott Hall W et al (1988) Acute toxicity of 
tributyltin to selected Chesapeake Bay fish and invertebrates. 
Water Res 22:1027–1032. https://​doi.​org/​10.​1016/​0043-​1354(88)​
90150-9

Campos CBG, Figueiredo J, Perina F et al (2022) Occurrence, effects and 
environmental risk of antifouling biocides (EU PT21): are marine 
ecosystems threatened? Crit Rev Environ Sci Technol 52:3179–
3210. https://​doi.​org/​10.​1080/​10643​389.​2021.​19100​03

Castro ÍB, Costa PG, Primel EG, Fillmann G (2015) Environmental 
matrices effect in butyltin determinations by GC/MS. Ecotoxicol 
Environ Contam 10:47–53. https://​doi.​org/​10.​5132/​eec.​2015.​01.​
08

Castro ÍB, Iannacone J, Santos S, Fillmann G (2018) TBT is still a matter 
of concern in Peru. Chemosphere 205:253–259. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2018.​04.​097

Chen C, Chen L, Li F et al (2019a) Urgent caution to trace organometal 
pollution: occurrence, distribution and sources of methyltins, 
butyltins and phenyltins in sediments from South Hangzhou Bay, 
China. Environ Pollut 246:571–577. https://​doi.​org/​10.​1016/j.​
envpol.​2018.​12.​037

Chen C, Chen L, Xue R et al (2019b) Spatiotemporal variation and 
source apportionment of organotin compounds in sediments in 
the Yangtze Estuary. Environ Sci Eur 31:1–9. https://​doi.​org/​10.​
1186/​s12302-​019-​0207-z

Commendatore MG, Franco MA, Gomes Costa P et al (2015) Butyl-
tins, polyaromatic hydrocarbons, organochlorine pesticides, and 
polychlorinated biphenyls in sediments and bivalve mollusks in 
a mid-latitude environment from the Patagonian coastal zone. 
Environ Toxicol Chem 34:2750–2763. https://​doi.​org/​10.​1002/​
etc.​3134

Dafforn KA, Lewis JA, Johnston EL (2011) Antifouling strategies: his-
tory and regulation, ecological impacts and mitigation. Mar Pollut 
Bull 62:453–465. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2011.​01.​012

Davidson B, Valkirs A, Seligman P (1986) Acute and chronic effects of 
tributyltin of the mysid acanthomysis sculpta (Crustacea, Mysi-
dacea). OCEANS ’86, Washington, DC, pp 1219–1228. https://​
doi.​org/​10.​1109/​OCEANS.​1986.​11603​65

Dean WE (1999) The carbon cycle and biogeochemical dynamics in 
lake sediments. J Paleolimnol 21:375–393

Del Brio F, Commendatore M, Castro IB et al (2016) Distribution and 
bioaccumulation of butyltins in the edible gastropod Odontoc-
ymbiola magellanica. Mar Biol Res 12:608–620. https://​doi.​org/​
10.​1080/​17451​000.​2016.​11692​96

DeWitt TH, Swartz RC, Lamberson JO (1992) Measuring the acute 
toxicity of estuarine sediments. Environ Toxicol Chem 8:1035–
1048. https://​doi.​org/​10.​1002/​etc.​56200​81109

https://doi.org/10.1016/j.chemosphere.2021.130155
https://doi.org/10.1016/j.chemosphere.2021.130155
https://doi.org/10.1016/j.marpolbul.2021.112255
https://doi.org/10.1016/j.jhazmat.2020.122937
https://doi.org/10.1016/j.jhazmat.2020.122937
https://doi.org/10.1007/s11356-021-14424-1
https://doi.org/10.1007/s11356-021-14424-1
https://doi.org/10.1016/j.porgcoat.2007.01.017
https://doi.org/10.1016/S0048-9697(00)00510-6
https://doi.org/10.1016/S0048-9697(00)00510-6
https://doi.org/10.1016/j.etap.2017.12.001
https://doi.org/10.1016/j.etap.2017.12.001
https://doi.org/10.1016/j.scitotenv.2016.06.209
https://doi.org/10.1016/j.rsma.2017.09.011
https://doi.org/10.1016/j.scitotenv.2018.08.385
https://doi.org/10.1016/j.scitotenv.2018.08.385
https://doi.org/10.1016/j.marpolbul.2011.02.041
https://doi.org/10.1016/j.aquatox.2014.09.013
https://doi.org/10.1080/03067319.2020.1849647
https://doi.org/10.1080/03067319.2020.1849647
https://doi.org/10.1016/j.envpol.2017.11.063
https://doi.org/10.1016/j.envpol.2017.11.063
https://doi.org/10.1016/S0025-326X(99)00177-0
https://doi.org/10.1016/S0025-326X(99)00177-0
https://doi.org/10.1016/0043-1354(88)90150-9
https://doi.org/10.1016/0043-1354(88)90150-9
https://doi.org/10.1080/10643389.2021.1910003
https://doi.org/10.5132/eec.2015.01.08
https://doi.org/10.5132/eec.2015.01.08
https://doi.org/10.1016/j.chemosphere.2018.04.097
https://doi.org/10.1016/j.chemosphere.2018.04.097
https://doi.org/10.1016/j.envpol.2018.12.037
https://doi.org/10.1016/j.envpol.2018.12.037
https://doi.org/10.1186/s12302-019-0207-z
https://doi.org/10.1186/s12302-019-0207-z
https://doi.org/10.1002/etc.3134
https://doi.org/10.1002/etc.3134
https://doi.org/10.1016/j.marpolbul.2011.01.012
https://doi.org/10.1109/OCEANS.1986.1160365
https://doi.org/10.1109/OCEANS.1986.1160365
https://doi.org/10.1080/17451000.2016.1169296
https://doi.org/10.1080/17451000.2016.1169296
https://doi.org/10.1002/etc.5620081109


61901Environmental Science and Pollution Research (2023) 30:61888–61903	

1 3

Diniz LGR, Jesus MS, Dominguez LAE et al (2014) First appraisal 
of water contamination by antifouling booster biocide of 3rd 
generation at Itaqui Harbor (São Luiz - Maranhão - Brazil). J 
Braz Chem Soc 25:380–388. https://​doi.​org/​10.​5935/​0103-​5053.​
20130​289

EC [European Commission] (2016) Commission Implementing Decision 
(EU) 2016/107 of 27 January 2016 not approving cybutryne as an 
existing active substance for use in biocidal products for product-
type 21. Official Journal of the European Union, p 81–82. Available 
at: https://​eur-​lex.​europa.​eu/​eli/​dec_​impl/​2016/​107/​oj. Accessed 06 
Aug 2021

EC [European Commission] (2003) Technical guidance document on 
risk assessment. TGD Part II. Joint Research Centre, Institute for 
Health and Consumer protection, European Chemical Bureau, 
p 328. Available at: https://​echa.​europa.​eu/​docum​ents/​10162/​
987906/​tgdpa​rt2_​2ed_​en.​pdf. Accessed 15 May 2021

Eklund B, Watermann B (2018) Persistence of TBT and copper in 
excess on leisure boat hulls around the Baltic Sea. Environ 
Sci Pollut Res 25:14595–14605. https://​doi.​org/​10.​1007/​
s11356-​018-​1614-1

El Hadj Z, Boutiba Z, Meghabar R (2016) Trace analysis of butyltin 
compounds in seawater of some west Algerian harbors by gas 
chromatography-mass spectrometry. Environ Forensics 17:183–
189. https://​doi.​org/​10.​1080/​15275​922.​2016.​11636​24

Environment Canada (2007) Guidance document on statistical methods 
for environmental toxicity tests. EPS 1/RM/46. Method Develop-
ment and Applications Section, Environmental Technology Centre. 
Ottawa, ON, Canada, p 280. Available at: https://​publi​catio​ns.​gc.​ca/​
site/​eng/9.​559583/​publi​cation.​html. Accessed 13 Jul 2021

Fang L, Xu C, Li J et al (2017) The importance of environmental fac-
tors and matrices in the adsorption, desorption, and toxicity of 
butyltins: a review. Environ Sci Pollut Res 24:9159–9173. https://​
doi.​org/​10.​1007/​s11356-​017-​8449-z

Fernández-Alba AR, Hernando MD, Piedra L, Chisti Y (2002) Toxicity 
evaluation of single and mixed antifouling biocides measured 
with acute toxicity bioassays. Anal Chim Acta 456:303–312. 
https://​doi.​org/​10.​1016/​S0003-​2670(02)​00037-5

Fernandez-Parez M, Gonzalez-Pradas E, Villafranca-Sanchez M et al 
(2000) Bentonite and humic acid as modifying agents in con-
trolled release formulations of Diuron and Atrazine. J Environ 
Qual 29:304–310. https://​doi.​org/​10.​2134/​jeq20​00.​00472​42500​
29000​10038x

Figueiredo J, Loureiro S, Martins R (2020) Hazard of novel anti-
fouling nanomaterials and biocides DCOIT and silver to marine 
organisms. Environ Sci Nano 7:1670–1680. https://​doi.​org/​10.​
1039/​d0en0​0023j

Filipkowska A, Kowalewska G (2019) Butyltins in sediments from 
the Southern Baltic coastal zone: is it still a matter of concern, 
10 years after implementation of the total ban? Mar Pollut Bull 
146:343–348. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2019.​06.​050

Formalewicz MM, Rampazzo F, Noventa S et al (2019) Organotin 
compounds in touristic marinas of the northern Adriatic Sea: 
occurrence, speciation and potential recycling at the sediment-
water interface. Environ Sci Pollut Res 26:31142–31157. https://​
doi.​org/​10.​1007/​s11356-​019-​06269-6

Furdek M, Mikac N, Bueno M et al (2016) Organotin persistence in 
contaminated marine sediments and porewaters: in situ degrada-
tion study using species-specific stable isotopic tracers. J Hazard 
Mater 307:263–273. https://​doi.​org/​10.​1016/j.​jhazm​at.​2015.​12.​
037

Gallucci F, Castro IB, Perina FC et al (2015) Ecological effects of Irgarol 
1051 and Diuron on a coastal meiobenthic community: a labora-
tory microcosm experiment. Ecol Indic 58:21–31. https://​doi.​org/​
10.​1016/j.​ecoli​nd.​2015.​05.​030

Giacomazzi S, Cochet N (2004) Environmental impact of diuron trans-
formation: a review. Chemosphere 56:1021–1032. https://​doi.​org/​
10.​1016/j.​chemo​sphere.​2004.​04.​061

Gomes DM, Galante-Oliveira S, Almeida C et al (2021) Temporal 
evolution of imposex and butyltin contamination in Gemophos 
viverratus from São Vicente (Cabo Verde) - a countercurrent 
trend on the world scenario. Mar Pollut Bull 170:112633. https://​
doi.​org/​10.​1016/j.​marpo​lbul.​2021.​112633

Gomes DM, Galante-Oliveira S, Oliveira IB et al (2021) Long-term 
monitoring of Nucella lapillus imposex in Ria de Aveiro (Por-
tugal): When will a full recovery happen? Mar Pollut Bull 
168:112411. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2021.​112411

Goodman LR, Cripe GM, Moody PH, Halsell DG (1988) Acute toxic-
ity of malathion, tetrabromobisphenol-A, and tributyltin chloride 
to mysids (Mysidopsisbahia) of three ages. Bull Environ Contam 
Toxicol 41:746–753. https://​doi.​org/​10.​1007/​BF020​21028

Gray JS, Elliott M (2009) Ecology of Marine Sediments - From Sci-
ence to Management, 2nd edn. Oxford University Press Inc., New 
York, United States

Gredelj A, Barausse A, Grechi L, Palmeri L (2018) Deriving predicted 
no-effect concentrations (PNECs) for emerging contaminants in 
the river Po, Italy, using three approaches: Assessment factor, 
species sensitivity distribution and AQUATOX ecosystem mod-
elling. Environ Int 119:66–78. https://​doi.​org/​10.​1016/j.​envint.​
2018.​06.​017

Gross MG (1971) Carbon Determination. In: Carver RE (ed) Proce-
dures in Sedimentary Petrology. Wiley-Interscience, New York, 
pp 573–596

Haaksi H, Gustafsson J (2016) What is discharged from a boat bot-
tom? Investigation about advantages with a boat wash pad. (Mitä 
pohjastasi irtoaa - veneiden pohjapesupaikan ympäristöhyö-
tyjen selvitys). Report from Keep the Arcipelago Tidy (KAT), 
Finland. Available at: https://​www.​pidas​aaris​tosii​stina.​fi/​viest​
inta/​julka​isut/​rapor​tit. Accessed 14 Jul 2021

Hall LW, Bushong SJ, Hall WS, Johnson WE (1988) Acute and chronic 
effects of tributyltin on a chesapeake bay copepod. Environ Toxi-
col Chem 7:41–46. https://​doi.​org/​10.​1002/​etc.​56200​70107

Hall LW, Giddings JM, Solomon KR, Balcomb R (1999) An ecological 
risk assessment for the use of Irgarol 1051 as an algaecide for 
antifoulant paints. Crit Rev Toxicol 29:367–437

Hamilton MA, Russo RC, Thurston RV (1977) Trimmed Spearman-
Karber method for estimating median lethal concentrations in 
toxicity bioassays. Environ Sci Technol 11:714–719. https://​doi.​
org/​10.​1021/​es601​30a004

Harino H, Arai T, Ohji M, Miyazaki N (2009) Organotin contamina-
tion in deep sea environments. In: Arai T, Harino H, Ohji M, 
Langston WJ (eds) Ecotoxicology of Antifouling Biocides. 
Springer, Tokyo - Japan, pp 95–108

Harino H, Yamato S (2021) Distribution of antifouling biocides in 
a coastal area of Tanabe Bay, Japan. J Mar Biol Assoc United 
Kingdom 101:49–59. https://​doi.​org/​10.​1017/​S0025​31542​00013​
81

Hassan AT, Qurban M, Manikandan K et al (2019) Assessment of the 
organotin pollution in the coastal sediments of the Western Ara-
bian Gulf, Saudi Arabia. Mar Pollut Bull 139:174–180. https://​
doi.​org/​10.​1016/j.​marpo​lbul.​2018.​12.​041

Hoch M, Schwesig D (2004) Parameters controlling the partitioning 
of tributyltin (TBT) in aquatic systems. Appl Geochemistry 
19:323–334. https://​doi.​org/​10.​1016/​S0883-​2927(03)​00131-8

IMO [International Maritime Organization] (2021) Status of IMO trea-
ties - Comprehensive information on the status of multilateral 
Conventions and instruments in respect of which the Interna-
tional Maritime Organization or its Secretary - General performs 
depositary or other functions. London, UK. Available at: https://​

https://doi.org/10.5935/0103-5053.20130289
https://doi.org/10.5935/0103-5053.20130289
https://eur-lex.europa.eu/eli/dec_impl/2016/107/oj
https://echa.europa.eu/documents/10162/987906/tgdpart2_2ed_en.pdf
https://echa.europa.eu/documents/10162/987906/tgdpart2_2ed_en.pdf
https://doi.org/10.1007/s11356-018-1614-1
https://doi.org/10.1007/s11356-018-1614-1
https://doi.org/10.1080/15275922.2016.1163624
https://publications.gc.ca/site/eng/9.559583/publication.html
https://publications.gc.ca/site/eng/9.559583/publication.html
https://doi.org/10.1007/s11356-017-8449-z
https://doi.org/10.1007/s11356-017-8449-z
https://doi.org/10.1016/S0003-2670(02)00037-5
https://doi.org/10.2134/jeq2000.00472425002900010038x
https://doi.org/10.2134/jeq2000.00472425002900010038x
https://doi.org/10.1039/d0en00023j
https://doi.org/10.1039/d0en00023j
https://doi.org/10.1016/j.marpolbul.2019.06.050
https://doi.org/10.1007/s11356-019-06269-6
https://doi.org/10.1007/s11356-019-06269-6
https://doi.org/10.1016/j.jhazmat.2015.12.037
https://doi.org/10.1016/j.jhazmat.2015.12.037
https://doi.org/10.1016/j.ecolind.2015.05.030
https://doi.org/10.1016/j.ecolind.2015.05.030
https://doi.org/10.1016/j.chemosphere.2004.04.061
https://doi.org/10.1016/j.chemosphere.2004.04.061
https://doi.org/10.1016/j.marpolbul.2021.112633
https://doi.org/10.1016/j.marpolbul.2021.112633
https://doi.org/10.1016/j.marpolbul.2021.112411
https://doi.org/10.1007/BF02021028
https://doi.org/10.1016/j.envint.2018.06.017
https://doi.org/10.1016/j.envint.2018.06.017
https://www.pidasaaristosiistina.fi/viestinta/julkaisut/raportit
https://www.pidasaaristosiistina.fi/viestinta/julkaisut/raportit
https://doi.org/10.1002/etc.5620070107
https://doi.org/10.1021/es60130a004
https://doi.org/10.1021/es60130a004
https://doi.org/10.1017/S0025315420001381
https://doi.org/10.1017/S0025315420001381
https://doi.org/10.1016/j.marpolbul.2018.12.041
https://doi.org/10.1016/j.marpolbul.2018.12.041
https://doi.org/10.1016/S0883-2927(03)00131-8
https://www.imo.org/en/About/Conventions/Pages/StatusOfConventions.aspx


61902	 Environmental Science and Pollution Research (2023) 30:61888–61903

1 3

www.​imo.​org/​en/​About/​Conve​ntions/​Pages/​Statu​sOfCo​nvent​
ions.​aspx. Accessed 18 Sep 2021

ISO [International Organization for Standardization] (1999) Water 
quality - Determination of acute lethal toxicity to marine copep-
ods (Copepoda, Crustacea). ISO 14669, p 16

Jokšas K, Stakėnienė R, Raudonytė-Svirbutavičienė E (2019) On 
the effectiveness of tributyltin ban: distribution and changes in 
butyltin concentrations over a 9-year period in Klaipėda Port. 
Lithuania. Ecotoxicol Environ Saf 183:109515. https://​doi.​org/​
10.​1016/j.​ecoenv.​2019.​109515

Karlsson J, Breitholtz M, Eklund B (2006) A practical ranking sys-
tem to compare toxicity of anti-fouling paints. Mar Pollut Bull 
52:1661–1667. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2006.​06.​007

Konstantinou IK, Albanis TA (2004) Worldwide occurrence and effects 
of antifouling paint booster biocides in the aquatic environment: 
a review. Environ Int 30:235–248. https://​doi.​org/​10.​1016/​
S0160-​4120(03)​00176-4

Kusk KO, Petersen S (1997) Acute and chronic toxicity of tributyltin 
and linear alkylbenzene sulfonate to the marine copepod Acartia 
tonsa. Environ Toxicol Chem 16:1629–1633. https://​doi.​org/​10.​
1002/​etc.​56201​60810

Kwok KWH, Leung KMY (2005) Toxicity of antifouling biocides to 
the intertidal harpacticoid copepod Tigriopus japonicus (Crus-
tacea, Copepoda): effects of temperature and salinity. Mar Pollut 
Bull 51:830–837. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2005.​02.​
036

Lam NH, Jeong Hh, Kang SD et al (2017) Organotins and new antifoul-
ing biocides in water and sediments from three Korean Special 
Management Sea Areas following ten years of tributyltin regula-
tion: contamination profiles and risk assessment. Mar Pollut Bull 
121:302–312. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2017.​06.​026

Langston WJ, Harino H, Pope ND (2009) Behaviour of Organotins in 
the Coastal Environment. In: Arai T, Harino H, Ohji M, Langston 
WJ (eds) Ecotoxicology of Antifouling Biocides. Springer, pp 
75–94

Langston WJ, Pope ND (1995) Determinants of TBT adsorption and 
desorption in estuarine sediments. Mar Pollut Bull 31:32–43. 
https://​doi.​org/​10.​1016/​0025-​326X(95)​91269-M

Laranjeiro F, Beiras R, Barroso C (2018) The use of the biomarker 
imposex to assess the environmental status of aquatic ecosystems 
regarding tributyltin pollution. Ecol Indic 95:1068–1076. https://​
doi.​org/​10.​1016/j.​ecoli​nd.​2017.​12.​004

Lee K-W, Raisuddin S, Hwang D-S et al (2007) Acute toxicities of 
trace metals and common xenobiotics to the marine copepod 
Tigriopus japonicus: evaluation of its use as a benchmark species 
for routine ecotoxicity tests in Western Pacific coastal regions. 
Environ Toxicol 22:532–538. https://​doi.​org/​10.​1002/​tox.​20289

Lee S, Lee YW (2017) Determination of five alternative antifouling 
agents in Korean marine sediments. Environ Earth Sci 76:1–9. 
https://​doi.​org/​10.​1007/​s12665-​017-​6954-5

Lofrano G, Libralato G, Alfieri A, Carotenuto M (2016) Metals and 
tributyltin sediment contamination along the Southeastern Tyr-
rhenian Sea coast. Chemosphere 144:399–407. https://​doi.​org/​
10.​1016/j.​chemo​sphere.​2015.​09.​002

Luczak C, Janquin MA, Kupka A (1997) Simple standard procedure 
for the routine determination of organic matter in marine sedi-
ment. Hydrobiologia 345:87–94. https://​doi.​org/​10.​1023/A:​
10029​02626​798

Maciel DC, Castro ÍB, Souza JRB et  al (2018) Assessment of 
organotins and imposex in two estuaries of the northeastern 
Brazilian coast. Mar Pollut Bull 126:473–478. https://​doi.​org/​
10.​1016/j.​marpo​lbul.​2017.​11.​061

Marcic C, Le Hecho I, Denaix L, Lespes G (2006) TBT and TPhT per-
sistence in a sludged soil. Chemosphere 65:2322–2332. https://​
doi.​org/​10.​1016/j.​chemo​sphere.​2006.​05.​007

Martins SE, Fillmann G, Lillicrap A, Thomas KV (2018) Review: Eco-
toxicity of organic and organo-metallic antifouling co-biocides 
and implications for environmental hazard and risk assessments 
in aquatic ecosystems. Biofouling 34:34–52. https://​doi.​org/​10.​
1080/​08927​014.​2017.​14040​36

Mattos Y, Stotz WB, Romero MS et al (2017) Butyltin contamination 
in Northern Chilean coast: is there a potential risk for consum-
ers? Sci Total Environ 595:209–217. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2017.​03.​264

Meador JP, Sommers FC, Cooper KA, Yanagida G (2011) Tributyltin 
and the obesogen metabolic syndrome in a salmonid. Environ 
Res 111:50–56. https://​doi.​org/​10.​1016/j.​envres.​2010.​11.​012

Mukhtar A, Mohamat-Yusuff F, Zulkifli S et al (2019) Concentration 
of organotin and booster biocides in sediments of seagrass area 
from Sungai Pulai Estuary, South of Johor, Malaysia. Environ-
ments 6:26. https://​doi.​org/​10.​3390/​envir​onmen​ts602​0026

Mukhtar A, Zulkifli SZ, Mohamat-Yusuff F et al (2020) Distribution 
of biocides in selected marine organisms from South of Johor, 
Malaysia. Reg Stud Mar Sci 38:101384. https://​doi.​org/​10.​
1016/j.​rsma.​2020.​101384

Okamura H, Aoyama I, Ono Y, Nishida T (2003) Antifouling herbi-
cides in the coastal waters of western Japan. Mar Pollut Bull 
47:59–67. https://​doi.​org/​10.​1016/​S0025-​326X(02)​00418-6

de Oliveira DD, Rojas EG, dos Fernandez MA, S, (2020) Should TBT 
continue to be considered an issue in dredging port areas? A brief 
review of the global evidence. Ocean Coast Manag 197:105303. 
https://​doi.​org/​10.​1016/j.​oceco​aman.​2020.​105303

Paz-Villarraga CA, Castro IB, Miloslavich P, Fillmann G (2015) Ven-
ezuelan Caribbean Sea under the threat of TBT. Chemosphere 
119:704–710. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2014.​07.​
068

Paz-Villarraga CA, Castro IB, Fillmann G. (2021) Biocides in antifoul-
ing paint formulations currently registered for use. Environ Sci 
Pollut Res (ESPR-D-21–09468). Pre-print available at https://​
doi.​org/​10.​21203/​rs.3.​rs-​704342/​v1

Perina FC, Abessa DMS, Pinho GLL, Fillmann G (2011) Comparative 
toxicity of antifouling compounds on the development of sea 
urchin. Ecotoxicology 20:1870–1880. https://​doi.​org/​10.​1007/​
s10646-​011-​0725-y

Price ARG, Readman JW (2013) Booster biocide antifoulants: is his-
tory repeating itself? Publications Office of the European Union, 
Copenhagen, Denmark, European Environment Agency

Quintas PY, Alvarez MB, Arias AH et al (2019) Spatiotemporal distri-
bution of organotin compounds in the coastal water of the Bahía 
Blanca estuary (Argentina). Environ Sci Pollut Res 26:7601–
7613. https://​doi.​org/​10.​1007/​s11356-​019-​04181-7

Rand GM, Wells PG, McCarty LS (1995) Introduction to aquatic toxi-
cology. In: Rand GM (ed) Fundamentals of Aquatic Toxicology: 
Effects, Environmental Fate, and Risk Assessment, 2nd edn. Tay-
lor & Francis, Washington, DC, pp 3–67

Ranke J, Jastorff B (2000) Multidimensional risk analysis of antifouling 
biocides. Environ Sci Pollut Res 7:105–114. https://​doi.​org/​10.​
1065/​espr1​99910.​003

Rodríguez-Grimon R, Campos NH, Castro ÍB (2020) Imposex inci-
dence in gastropod species from Santa Marta Coastal Zone, 
Colombian Caribbean Sea. Bull Environ Contam Toxicol 
105:728–735. https://​doi.​org/​10.​1007/​s00128-​020-​03020-7

Rogers HR, Watts CD, Johnson I (1996) Comparative predictions 
of irgarol 1051 and atrazine fate and toxicity. Environ Technol 
(united Kingdom) 17:553–556. https://​doi.​org/​10.​1080/​09593​
33170​86164​18

https://www.imo.org/en/About/Conventions/Pages/StatusOfConventions.aspx
https://www.imo.org/en/About/Conventions/Pages/StatusOfConventions.aspx
https://doi.org/10.1016/j.ecoenv.2019.109515
https://doi.org/10.1016/j.ecoenv.2019.109515
https://doi.org/10.1016/j.marpolbul.2006.06.007
https://doi.org/10.1016/S0160-4120(03)00176-4
https://doi.org/10.1016/S0160-4120(03)00176-4
https://doi.org/10.1002/etc.5620160810
https://doi.org/10.1002/etc.5620160810
https://doi.org/10.1016/j.marpolbul.2005.02.036
https://doi.org/10.1016/j.marpolbul.2005.02.036
https://doi.org/10.1016/j.marpolbul.2017.06.026
https://doi.org/10.1016/0025-326X(95)91269-M
https://doi.org/10.1016/j.ecolind.2017.12.004
https://doi.org/10.1016/j.ecolind.2017.12.004
https://doi.org/10.1002/tox.20289
https://doi.org/10.1007/s12665-017-6954-5
https://doi.org/10.1016/j.chemosphere.2015.09.002
https://doi.org/10.1016/j.chemosphere.2015.09.002
https://doi.org/10.1023/A:1002902626798
https://doi.org/10.1023/A:1002902626798
https://doi.org/10.1016/j.marpolbul.2017.11.061
https://doi.org/10.1016/j.marpolbul.2017.11.061
https://doi.org/10.1016/j.chemosphere.2006.05.007
https://doi.org/10.1016/j.chemosphere.2006.05.007
https://doi.org/10.1080/08927014.2017.1404036
https://doi.org/10.1080/08927014.2017.1404036
https://doi.org/10.1016/j.scitotenv.2017.03.264
https://doi.org/10.1016/j.scitotenv.2017.03.264
https://doi.org/10.1016/j.envres.2010.11.012
https://doi.org/10.3390/environments6020026
https://doi.org/10.1016/j.rsma.2020.101384
https://doi.org/10.1016/j.rsma.2020.101384
https://doi.org/10.1016/S0025-326X(02)00418-6
https://doi.org/10.1016/j.ocecoaman.2020.105303
https://doi.org/10.1016/j.chemosphere.2014.07.068
https://doi.org/10.1016/j.chemosphere.2014.07.068
https://doi.org/10.21203/rs.3.rs-704342/v1
https://doi.org/10.21203/rs.3.rs-704342/v1
https://doi.org/10.1007/s10646-011-0725-y
https://doi.org/10.1007/s10646-011-0725-y
https://doi.org/10.1007/s11356-019-04181-7
https://doi.org/10.1065/espr199910.003
https://doi.org/10.1065/espr199910.003
https://doi.org/10.1007/s00128-020-03020-7
https://doi.org/10.1080/09593331708616418
https://doi.org/10.1080/09593331708616418


61903Environmental Science and Pollution Research (2023) 30:61888–61903	

1 3

Romeo T, D’Alessandro M, Esposito V, et al (2015) Environmen-
tal quality assessment of Grand Harbour (Valletta, Maltese 
Islands): a case study of a busy harbour in the Central Mediter-
ranean Sea. Environ Monit Assess 187. https://​doi.​org/​10.​1007/​
s10661-​015-​4950-3

Salazar MH, Salazar SM (1989) Acute effects of (Bis) tributyltin 
oxide on marine organisms. Summary of Work Performed 1981 
to 1983. Technical Report 1299. Naval Ocean Systems Center, 
San Diego, CA, USA, p 86. Available at: https://​apps.​dtic.​mil/​
sti/​pdfs/​ADA21​4005.​pdf. Accessed 15 Feb 2021

Sapozhnikova Y, Wirth E, Schiff K, Fulton M (2013) Antifouling bioc-
ides in water and sediments from California marinas. Mar Pollut 
Bull 69:189–194. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2013.​01.​039

Schumacher BA (2002) Methods for the determination of total organic 
carbon (TOC) in soils and sediments. EPA/600/R 02/069. Eco-
logical Risk Assessment Support Center (ERASC). U.S. Envi-
ronmental Protection Agency. Available at: https://​nepis.​epa.​gov/​
Exe/​ZyPDF.​cgi/​P100S​8MB.​PDF?​Dockey=​P100S​8MB.​PDF. 
Accessed 15 Mar 2021

Sheikh MA, Fasih MM, Strand J et al (2020) Potential of silicone 
passive sampler for Tributyltin (TBT) detection in tropical 
aquatic systems. Reg Stud Mar Sci 35:101171. https://​doi.​
org/​10.​1016/j.​rsma.​2020.​101171

Sorgog K, Kamo M (2019) Quantifying the precision of ecological 
risk: conventional assessment factor method vs. species sensi-
tivity distribution method. Ecotoxicol Environ Saf 183:109494. 
https://​doi.​org/​10.​1016/j.​ecoenv.​2019.​109494

Soroldoni S, Castro ÍB, Abreu F et al (2018) Antifouling paint parti-
cles: sources, occurrence, composition and dynamics. Water Res 
137:47–56. https://​doi.​org/​10.​1016/j.​watres.​2018.​02.​064

Tanabe S (1999) Butyltin contamination in marine mammals – a 
review. Mar Pollut Bull 39:62–72. https://​doi.​org/​10.​1016/​
S0025-​326X(99)​00064-8

Thomas KV, Brooks S (2010) The environmental fate and effects of 
antifouling paint biocides. Biofouling 26:73–88. https://​doi.​org/​
10.​1080/​08927​01090​32165​64

Thomas KV, McHugh M, Waldock M (2002) Antifouling paint booster 
biocides in UK coastal waters: inputs, occurrence and environ-
mental fate. Sci Total Environ 293:117–127. https://​doi.​org/​10.​
1016/​S0048-​9697(01)​01153-6

Titley-O’Neal CP, Munkittrick KR, MacDonald BA (2011) The effects 
of organotin on female gastropods. J Environ Monit 13:2360–
2388. https://​doi.​org/​10.​1039/​c1em1​0011d

Turner A, Glegg G (2014) TBT-based antifouling paints remain on 
sale. Mar Pollut Bull 88:398–400. https://​doi.​org/​10.​1016/j.​
marpo​lbul.​2014.​08.​041

Uc-Peraza RG, Castro IB, Fillmann G. (2022a). An absurd scenario at 
2021: banned TBT-based antifouling products still available on 
the market. Sci Total Environ, 805, 20 January 2022a, 150377 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​150377

Uc-Peraza RG, Delgado-Blas VH, Rendón-von Osten J, et  al 
(2022b) Mexican paradise under threat: the impact of anti-
fouling biocides along the Yucatán Peninsula. J Hazard Mater 
427. https://​doi.​org/​10.​1016/j.​jhazm​at.​2021.​128162

U’Ren SC (1983) Acute toxicity of bis(tributyltin) oxide to a marine 
copepod. Mar Pollut Bull 14:303–306. https://​doi.​org/​10.​1016/​
0025-​326X(83)​90540-4

USEPA [United States Environmental Protection Agency] (2000) Pes-
ticide Ecotoxicity Database (Formerly: Environmental Effects 
Database - EEDB). Environmental Fate and Effects Division, 
Washington, D.C.; ECOREF #344: U.S. Environmental Protec-
tion Agency. In: EPA Ecotox Database. https://​cfpub.​epa.​gov/​
ecotox/​search.​cfm. Accessed 11 Aug 2020

van Gessellen N, Bouwman H, Averbuj A (2018) Imposex assess-
ment and tributyltin levels in sediments along the Atlantic 
coast of South Africa. Mar Environ Res 142:32–39. https://​
doi.​org/​10.​1016/j.​maren​vres.​2018.​09.​016

Voulvoulis N, Scrimshaw MD, Lester JN (2002) Partitioning of 
selected antifouling biocides in the aquatic environment. Mar 
Environ Res 53:1–16. https://​doi.​org/​10.​1016/​S0141-​1136(01)​
00102-7

Wentworth CK (1922) A scale of grade and class terms for clastic sedi-
ments. J Geol 30:377–390

Zamboni AJ, Costa JB (2002) Testes de toxicidade com sedimentos 
marinhos utilizando tanaidáceos (Toxicity tests with marine sedi-
ments using tanaid). In: Nascimento IA, Sousa ECPM, Nipper 
M (eds) Métodos em Ecotoxicologia Marinha: Aplicações no 
Brasil (Methods in Marine Ecotoxicology: Applications in Bra-
zil), 1st edn. Comp & Art, Salvador, BA, Brazil, pp 179–188 (in 
portuguese)

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1007/s10661-015-4950-3
https://doi.org/10.1007/s10661-015-4950-3
https://apps.dtic.mil/sti/pdfs/ADA214005.pdf
https://apps.dtic.mil/sti/pdfs/ADA214005.pdf
https://doi.org/10.1016/j.marpolbul.2013.01.039
https://nepis.epa.gov/Exe/ZyPDF.cgi/P100S8MB.PDF?Dockey=P100S8MB.PDF
https://nepis.epa.gov/Exe/ZyPDF.cgi/P100S8MB.PDF?Dockey=P100S8MB.PDF
https://doi.org/10.1016/j.rsma.2020.101171
https://doi.org/10.1016/j.rsma.2020.101171
https://doi.org/10.1016/j.ecoenv.2019.109494
https://doi.org/10.1016/j.watres.2018.02.064
https://doi.org/10.1016/S0025-326X(99)00064-8
https://doi.org/10.1016/S0025-326X(99)00064-8
https://doi.org/10.1080/08927010903216564
https://doi.org/10.1080/08927010903216564
https://doi.org/10.1016/S0048-9697(01)01153-6
https://doi.org/10.1016/S0048-9697(01)01153-6
https://doi.org/10.1039/c1em10011d
https://doi.org/10.1016/j.marpolbul.2014.08.041
https://doi.org/10.1016/j.marpolbul.2014.08.041
https://doi.org/10.1016/j.scitotenv.2021.150377
https://doi.org/10.1016/j.jhazmat.2021.128162
https://doi.org/10.1016/0025-326X(83)90540-4
https://doi.org/10.1016/0025-326X(83)90540-4
https://cfpub.epa.gov/ecotox/search.cfm
https://cfpub.epa.gov/ecotox/search.cfm
https://doi.org/10.1016/j.marenvres.2018.09.016
https://doi.org/10.1016/j.marenvres.2018.09.016
https://doi.org/10.1016/S0141-1136(01)00102-7
https://doi.org/10.1016/S0141-1136(01)00102-7

	Toxicity of antifouling biocides on planktonic and benthic neotropical species
	Abstract
	Introduction
	Materials and methods
	Stock solutions and analytical procedures
	Acute toxicity tests (water exposure)
	Acartia tonsa
	Mysidopsis juniae
	Monokalliapseudes schubarti

	Acute toxicity tests with spiked sediment
	Sediment characterization
	Sediment spiking procedure
	Acute toxicity test using Tiburonella viscana

	Data analysis

	Results and discussion
	Stock solutions
	Acute toxicity of waterborne antifouling biocides
	Acute toxicity of spiked sediment antifouling biocides
	Sensitivity of the neotropical species to environmental levels and regulations of antifouling biocides

	Conclusion
	Anchor 21
	References


