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A B S T R A C T   

Plastic pollution is one of the major issues impacting on the marine environment. Plastic polymers are known to 
leach industrial chemicals and associated contaminants. In this review, we focused on assessing the global 
distribution and concentration of two polystyrene-derived contaminants, hexabromocyclododecanes (HBCDs) 
and styrene oligomers (SOs), in marine sediments and seawater. Overall, most of the studies were carried out in 
Asia, North America, and Europe. Relatively high concentrations of these contaminants are generally attributed 
to the proximity of urban cities, plastic industries, polystyrene pollution, and aquaculture. Moreover, the con-
centrations in sediments are many times higher than in seawater. HBCDs were found to be a negligible risk to 
marine biota when compared to the ecotoxicological endpoints. However, realistic concentrations of SOs could 
compromise the wellbeing of certain species in highly polluted sites. The future perspectives and research were 
discussed.   

1. Introduction 

Plastic, which was once a revolutionary material, has gradually 
become a global environmental threat (Frias and Nash, 2019). Global 
plastic production increases every year as it has become part of almost 
every aspect of our life (Ma et al., 2020; PlasticsEurope, 2019), from 
food packaging to medical and technological applications (Frias and 
Nash, 2019). Only in 2018, world plastic production almost reached 
360 million tons (PlasticsEurope, 2019). Polystyrene (PS) is a widely 
used polymer type of plastic, being the 6th most demanded plastic in 
Europe in 2018 and having a similar position on the global demand of 
plastic in 2015 (PlasticsEurope, 2019; Ryberg et al., 2018). PS is an 
amorphous thermoplastic made from styrene monomer, which exhibits 
low specific weight, high transparency and brilliance, absence of color, 
low shrinkage, chemical inertness, and a simple production process 
(Begum et al., 2019; Gausepohl and Nießner, 2001). It can be found in 
the market under different varieties, such as general-purpose poly-
styrene (GPPS), high impact polystyrene (HIPS), expanded polystyrene 
(EPS), and extruded polystyrene (XPS). Because of its characteristics, PS 
has been widely used as a packaging material for food and non-food 
applications, as a building insulator, on the manufacture of household 
items, on aquaculture, and on the electric, electronic and automobile 

industries (Begum et al., 2019; Chen et al., 2018; Gausepohl and 
Nießner, 2001; Gu et al., 2017). 

Much of the PS plastic produced end up in the marine environment 
causing concern about the potential effects on wildlife, ecosystems, and, 
ultimately, human health (Jambeck et al., 2015; Rochman et al., 2013). 
Moreover, microplastics, a group of plastic debris smaller than 5 mm, 
have become widespread and persistent contaminants in the environ-
ment (Dioses-Salinas et al., 2020; Kühn et al., 2015). Plastics carry toxic 
additives that can leach into the marine environment (Capolupo et al., 
2020) and compromise the survival of marine species (De-la-Torre, 
2020). Antioxidants, UV stabilizers, processing lubes, antistats, and 
flame retardants (FRs) are some of the additives incorporated to PS 
(Smith and Taylor, 2002). FRs are used in synthetic polymers to prevent 
combustion and delay the spread of fire after ignition (Kemmlein et al., 
2003). For example, brominated flame retardants (BFR) are one of the 
most widely used additives (Tongue et al., 2019), which have shown to 
be persistent pollutants, bioaccumulative and toxic to the environment 
(Aresta et al., 2003). 

Hexabromocyclododecanes (HBCDs) are non-aromatic BFRs used 
globally mainly in the production of EPS and XPS foams insulations and 
as an additive for textile coating (Covaci et al., 2006; UNEP, 2015). 
HBCDs are also used on a minor scale as additives for HIPS, packaging 
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materials, paints, and adhesives (UNEP, 2015; US EPA, 2018). HBCDs 
are widespread, being reported on air, water, sediment, soil, and biota; 
even in remote areas such as Antarctica, Greenland, Svalbard, and other 
Arctic regions (Cao et al., 2018; Chen et al., 2015; Covaci et al., 2006;  
de Wit et al., 2010; Law et al., 2014). HBCDs have been included in 
Annex A of the Stockholm Convention on Persistent Organic Pollutants 
since May of 2013 (UNEP, 2013). Therefore, parties of the convention 
must take measures to eliminate the production and use of this che-
mical. Over 180 nations have ratified this convention, although the 
United States has not. Nevertheless, the manufacture and importation 
of HBCDs in the United States have at least significantly decreased due 
to the availability of other alternative flame retardants (US EPA, 2018). 
However, many products containing HBCDs that were produced before 
the ban may still be available on the market. 

Apart from plastic additives, synthetic polymer analogues may also 
leach into the environment. For instance, styrene oligomers (SOs) ori-
ginate from the degradation of styrene-based polymeric materials 
(Kwon et al., 2015) such as PS (Amamiya et al., 2019), resins, and 
rubbers (Kwon and Moon, 2019). SOs encompass styrene monomers 
(SMs), styrene dimers (SDs), and styrene trimers (STs) (ECHA, 2019). 
They are persistent pollutants (Kwon and Moon, 2019), and their pre-
sence in water, sediment, and soil have been reported in Europe, Asia, 
Africa, and America (Hong et al., 2016; Kwon et al., 2014, 2015, 2017;  
Saido et al., 2014; Yoon et al., 2020). Furthermore, they are considered 
dangerous for aquatic environments and are suspected to be carcino-
genic (ECHA, 2019). 

Studies carried out mainly in Europe, Asia and North America in-
dicated that the presence of HBCDs and SOs in the environment appears 
to be on the rise. However, knowledge about their sources, toxicity, and 
distribution is scattered, making it difficult to understand and assess the 
risk of PS pollution and identify the possible sources in marine en-
vironments. This review will focus on the global distribution and con-
centration of HBCDs and SOs in the marine sediment and seawater 
matrices. Literatures were retrieved and the collected data was stan-
dardized and analyzed using a geographic information system. 
Moreover, we reviewed the toxicological effects of these contaminants 
in different aquatic organisms and compared the toxicological end-
points to the realistic environmental concentrations reported globally. 
We aim to establish the potential risk that these contaminants pose in 
the marine environment and determine future research needs. 

2. Literature review strategy and data treatment 

A literature search was carried out in May 2020, to retrieve articles 
on the occurrence of HBCDs and SOs in marine sediments and seawater. 
The Scopus (https://www.scopus.com) database was selected for this 
purpose. The keywords used in the literature search were 
“Hexabromocyclododecane”, “HBCD”, “Styrene oligomer” or “SOs” in 
conjunction with “sand”, “seawater”, “sediment”, “estuary”, “marine” 
and “ocean”. The reference list of the selected studies was retrieved as 
well if deemed necessary. The focus of the present review is regarding 
marine environments, thus only articles assessing coastal or deep-water 
sediments, offshore, estuarine, and coastal waters were retrieved. 

The concentrations of HBCDs and SOs in sediments reported in the 
selected studies were normalized to μg/kg of dried weight (dw), while 
HBCDs and SOs in seawater were expressed in ng/L and μg/L respec-
tively. For geospatial visualization and analysis, the data was classified 
according to their nearest locations (e.g., province, region, or state) 
based on the sampling sites reported in the literature. Maps and data 
processing were carried out using ArcGIS 9.3 (Esri Company). 

3. Results 

3.1. Sediments 

A total of 20 studies reporting concentrations of HBCDs in sediments 

from marine or estuarine environments were retrieved. The sampling 
years ranged from 2000 to 2016 and encompassed a total of 13 coun-
tries across Asia, Europe, North America, and Oceania (Figs. 1, 2). The 
first reports of HBCDs were conducted by Klamer et al. (2005) in Dutch 
coastal zones and the North Sea, concentrations ranging from < 0.20 to 
6.9 μg/kg dw and an overall mean of 3.39 μg/kg dw. The highest 
concentration was reported on China, in Bohai Bay (Tianjin city), Hebei 
Province, with 60.8 μg/kg dw, ranging from 17.4 to 244 μg/kg dw 
(Zhang et al., 2013). The lowest concentrations were reported in China 
as well, in Zhejiang Province, where it ranged from < 0.01 to 0.16 μg/ 
kg dw with an average of 0.05 μg/kg dw and a low detection frequency 
(37%) (Zhu et al., 2013). Overall, high variability in the concentration 
of HBCDs has been observed within the same region. By considering 
these results, it is apparent that high HBCDs concentration may be re-
presentative of site-specific factors, rather than region-scale drivers. 
Although, low concentrations in sites of no apparent source of HBCDs 
could be due to diffuse sources of long-range transport (Covaci et al., 
2006). Importantly, a sediment core analysis showed that the con-
centrations of HBCDs along with PBDEs in the sediments of the Sydney 
estuary have been increasing over time. For instance, the concentration 
of HBCDs in Iron Cove was 0.056 μg/kg dw in the 1980s, 0.12 μg/kg dw 
in the early 1990s, 0.43 μg/kg dw in the late 1990s, and 1.8 μg/kg dw 
in 2014 (Drage et al., 2015). The complete dataset of concentrations is 
shown in Table S1. 

The high HBCDs contamination levels in Bohai Bay may be due to a 
drainage canal discharging water into the bay and ship activities 
(Zhang et al., 2013). The HBCD concentration (average of 83.7 μg/kg 
dw) in sediments from the drainage canal surpassed that of Bohai Bay. 
The proximity of a PS material producing plant is likely to be attributed 
to the high contamination in the drainage canal, leading to marine 
pollution with BFRs (Zhang et al., 2013). On the other hand, the low to 
negligible concentrations in marine sediments from the Zhejiang Pro-
vince was much lower than that of the sediments of the Yangtze River 
Delta (Zhu et al., 2013). It was found that the concentration of various 
BFRs decreased towards offshore sampling sites. No direct source of 
HBCDs was found to be impacting the river delta, but the proximity to 
highly urbanized areas, where manufacturing plants are present, may 
be causing a higher concentration of HBCDs in inland water sediments 
(Zhu et al., 2013). Apart from urban sites and highly populated cities, 
wastewater discharge contributes to substantial HBCD contamination 
even in remote locations, such as research stations in Antarctica (Chen 
et al., 2015). Moreover, the use of PS materials, such as EPS buoys, has 
been determined as a source of HBCDs in aquaculture farms (Al-Odaini 
et al., 2015). 

Jang et al. (2017) conducted a large-scale detection of HBCDs in 
stranded EPS materials and microplastics, suggesting that EPS litter are 
one major source of hazardous chemical release and could potentially 
travel long distances, working as an HBCDs vector. Few leaching ex-
periments have evaluated the capacity of PS products and debris to 
release HBCDs and SOs into the marine environment under natural 
conditions (Aminot et al., 2020; Rani et al., 2017; Tian et al., 2020). PS 
seems to rapidly release high concentrations of HBCDs, probably due to 
the rapid desorption of the substance from the surface of the debris 
(Aminot et al., 2020; Rani et al., 2017). EPS spherules lost 61% of their 
HBCD content after 7 days of exposure to open sea surface conditions 
(Rani et al., 2017). This rapid initial leaching can be followed by a 
slower release of internal HBCDs over a long period, although this ca-
pacity may be affected by the debris characteristics and environmental 
factors (Aminot et al., 2020). The exposure to sunlight, the tempera-
ture, strong biofouling, water flow, the increase of the fragment surface 
area by fragmentation or water movement are factors that increase the 
leaching of HBCDs from EPS and probably from other types of PS as 
well (Rani et al., 2017). 

Unlike HBCD, SOs seems to have a lower and slower leaching rate 
from PS debris. EPS buoys particles lost only 0.031%  ±  0.004% of the 
total SOs concentration through leaching after 5 days of exposure in 
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laboratory conditions (Tian et al., 2020). Even though the leached 
concentration of SOs in this study was small, the results suggest that 
other PS products and debris may leach SOs into the environment, and 
thus further studies are needed. Based on this, marine-coastal areas 
with a high abundance of PS and, particularly, EPS litter or micro-
plastics are especially subject to pollution with polystyrene-associated 
compounds, including HBCDs and SOs (De-la-Torre et al., 2020). This is 
further supported by a recent study reporting a positive and significant 
correlation between BFRs, including HBCDs, and microplastic abun-
dance in estuarine sediments (Zuo et al., 2020). In water streams, high 
concentrations of HBCDs travel relatively short distances. Zhang et al. 
(2018) investigated the transport of HBCDs from the discharge point 
located in a river and many kilometers downstream. It was observed 
that the initial concentration of HBCDs (5080 ng/L) significantly de-
creased after 2 km, reaching 75.3 ng/L and down to 27.9 ng/L after 
4 km. Given that PS debris is an important source of HBCDs and SOs, 
their buoyancy and widespread use suggest that PS may serve as a 
vector of associated contaminants in the marine environment. Thus, the 
transport mechanism relies mainly on the disposal and drift of PS debris 
across the ocean. For instance, Saido et al. (2014) suggested that wash- 
up plastic debris is an important source of SOs in Japan. In this sense, 
the fate of drifting PS debris, conditioned by surface oceanic currents, is 
an important driver of HBCDs and SOs. 

A total of 7 studies that reported concentrations of SOs in sediments 
from marine or estuarine environments were retrieved. The sampling 
years are documented between 2003 and 2018, covering a total of 20 
countries from Africa, Asia, Europe, and North America. The first re-
ports on the concentration of these contaminants in both sediment and 
seawater were made by Kwon et al. (2015) in American, European, 
African, and Asian countries. In European countries, the highest mean 
concentrations were reported in Greece with 31,400 μg/kg, and France 
with 4496.6 μg/kg. In Asia, the highest concentrations were reported in 
Malaysia (18,924.8 μg/kg), followed by China (1408.2 μg/kg). Re-
garding North America, the highest concentration was found in Los 
Angeles (29,106.8 μg/kg) and Florida (23,507 μg/kg). In Africa, Tunisia 
registered a concentration of 92 μg/kg. Saido et al. (2014) focused on 
assessing eight Japanese islands, Tokyo, and one Korean Island. Results 
indicated that the islands of Tsushima (1142.3 μg/kg) and Okinawa 
(643.6 μg/kg) were the most contaminated. Interestingly, the study by  
Kwon et al. (2015) reported much lower concentrations in Okinawa, 
with 69.3 μg/kg. This could be due to site-specific SOs sources and sinks 
or a rather uneven distribution of SOs within a small territory. This is 
supported by the high variability of SOs concentration in Okinawa as 
reported by Saido et al. (2014), ranging from 0 to 8000 μg/kg across 34 
sampling sites. 

By observing the worldwide occurrence of SOs, it is apparent that 
the SOs have become ubiquitous but highly variable in the marine 
environment. The high levels of contamination could be due to the 
number of anthropogenic activities carried out in the sampled sites 
(Saido et al., 2014), while low concentrations may be attributed to the 
remoteness of large-scale factories and the human population (Kwon 
et al., 2015). Although it is argued that the hydrophobicity of SOs 
prevents it from traveling to remote areas (Hong et al., 2016), Amamiya 
et al. (2019) found a positive correlation between SOs concentration in 
sand and precipitation events in Tokyo Bay. This indicates that weather 
events could drive SOs from land sources to coastal areas. Same as in 
HBCDs, PS plastic pollution presents a higher risk of SOs pollution. 
Weathering conditions, such as wind, wave actions, or drag forces, start 
and accelerate SOs leaching from marine PS debris (Kwon et al., 2015). 
Washed-up PS debris from oceanic surface currents may also act as a 
source of PS plastic pollution and SOs leaching (Saido et al., 2014). 
Upon leaching, SOs adsorb to sand grains and persist in the sediment 
matrix for an unknown period (Kwon et al., 2015). Hong et al. (2016) 
reported a much higher concentration of SOs in inland creeks (mean of 
395 μg/kg) than in the inner and outer parts (mean of 33 μg/kg and 
25 μg/kg respectively) of Lake Sihwa, Gyeonggi Bay, South Korea. This 

distribution is attributed to the inland creeks' proximity to several fa-
cilities and industrial complexes, although runoffs from these areas may 
not play an important role in SOs transport (Hong et al., 2016). Based 
on this evidence, PS plastics serve as a more significant SOs driver than 
weathering conditions acting on SOs already released to the environ-
ment. 

3.2. Sea water 

Few studies have addressed the occurrence of HBCDs in seawater. 
Due to the hydrophobic character of the HBCDs, it may be more ap-
pealing to study their occurrence on solid particles such as sediments, 
soil, and sewage sludge. Some of the main sources of HBCDs on water 
identified are industrial effluents from HBCDs and HBCDs retardant 
materials manufacturers, as well as effluents from other industries that 
use products containing HBCDs (e.g. textile industry, plastic industry), 
leaching from products containing HBCDs throughout its usage and 
disposal (e.g. EPS buoys, EPS liter), atmospheric deposition and mu-
nicipal wastewaters (Cao et al., 2018; Covaci et al., 2006; Feng et al., 
2012; Gu et al., 2017). Moreover, proximity to the source, water cir-
culation, and the content of suspended particulate matter are some 
factors that may influence the HBCD concentration in seawater (Gu 
et al., 2017; Vorkamp et al., 2014). 

Following our literature review strategy, a total of 4 studies re-
porting the presence of HBCDs in seawater were retrieved. The sam-
pling campaigns were carried out from 2011 to 2016 in Denmark and 
South Korea. The overall range of concentrations reported on the stu-
dies ranged from No Data (ND) to 1.62 ng/L, presenting the maximum 
concentration values on aquaculture farms in the province of South 
Gyeongsang, in South Korea. Such high concentration was attributed to 
the presence of EPS buoys in those areas (Hong et al., 2013). Surpris-
ingly, the lowest concentration range of HBCDs was reported on a si-
milar study whose survey included South Gyeongsang as well (Gu et al., 
2017). 

The difference in the results between the two studies may be in-
dicative of the greater influence of site-specific factors than regional 
drives, as mentioned before. Nevertheless, both studies surveyed areas 
with a high presence of aquaculture farms. Besides, the effect of inland 
sources such as industrial complexes, wastewater treatment plants, and 
shipyards may not be significant in comparison to the EPS buoys, as a 
similar concentration of HBCDs has been reported on aquaculture farms 
close to those inland sources and in other sites without them (Gu et al., 
2017). The depth of the sampling may have been a factor that influ-
enced the results, as EPS buoys influence may decrease with water 
depth (Hong et al., 2013). Also, the proximity of the sampling locations 
to aquaculture areas may be related to the higher concentrations (Hong 
et al., 2013). 

Like the sediment data, sampling years among the 8 retrieved stu-
dies ranged from 2003 to 2013, encompassing 20 countries from Africa, 
Asia, Europe, and North America. Kwon et al. (2015) also investigated 
the presence of SOs in seawater along with sediment samples, but there 
was no apparent correlation between the SOs concentration in both 
matrices. The results of Kwon et al. (2015) showed low levels of SOs 
contamination, ranging from below the limit of detection (< LOD) to 
30.4 μg/L and an overall mean of 5.1 μg/L. In contrast, Saido et al. 
(2014) reported mean concentrations ranging from < LOD to 547.4 μg/ 
L, the highest belonging to Okinawa island. The concentration from 
Honshu Island, Japan, was reported to be 4.7 μg/L (Kwon et al., 2015) 
but a later study reported 1.48 μg/L in the same region (Kwon et al., 
2017). Moreover, SOs levels in Okinawa island were 1.2 μg/L according 
to Kwon et al. (2015), although a much higher concentration was re-
ported by Saido et al. (2014). The long-term sampling campaigns by  
Kwon et al. (2015) were carried out in a 10-year period (2003−2013). 
The sampling periods by Kwon et al. (2017) and Saido et al. (2014) fall 
within this time range. Thus, it is unknown whether SOs concentration 
is increasing or decreasing over time. 
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The concentrations recorded in seawater are in lower levels of 
magnitude compared to sediment samples. Kwon et al. (2015) propose 
that SOs leach from the outer layer of PS plastics instantly, while the 
inner layers upon weathering conditions and cracking. The leaching 
process may accelerate under a higher surface area due to PS particle 
disintegration (Cooper and Corcoran, 2010). Although SOs persist in 
the sediment matrix through adsorption, only a small part dissolves in 
seawater due to the hydrophobic nature of these compounds (Hong 
et al., 2016). As a result, low seawater concentrations of SOs can be 
found despite being in contact with a highly polluted sand matrix. No 
specific sources have been identified for seawater other than the ones 
impacting on coastal sediments. 

4. Ecotoxicity 

Exposure of marine organisms to HBCDs and SOs is expected due to 
the wide distribution of these contaminants. Bioaccumulation of HBCDs 
in tissues of bivalves (Gu et al., 2017; Son et al., 2015), fish (Son et al., 
2015), polar bears (Dietz et al., 2013), and marine bird eggs (Reindl 
and Falkowska, 2020) is reported in the literature. Table S2 displays a 
summary of the studies reporting bioaccumulation of HBCDs in marine 
biota HBCDs may also biomagnify from prey to predator in the aquatic 
food web, bioaccumulating in several tissues but mainly in perivisceral 
adipose tissues (Morris et al., 2004; Tang et al., 2015). Bioassays also 
demonstrated the high bioaccumulation potential of HBCDs in marine 
copepod Tigriopus japonicus and medaka Oryzias melastigma (Hong et al., 
2014; Shi et al., 2017). To the best of our knowledge, reports of SOs 
bioaccumulating in organisms' tissues from environmental examples 
and biomagnification potential are lacking. 

Several studies have investigated the acute and chronic effects of 
HBCDs and styrene (SM) in aquatic organisms (Table 1). Dong et al. 
(2017) conducted chronic and acute toxicity tests with nine freshwater 
species exposed to HBCDs in different concentration ranges. The toxic 
endpoints for acute toxicity were 96 h LC50/EC50 and 48 h LC50 for 
Daphnia magna. D. manga and Macrobrachium nipponense were the most 
sensitive species, with acute toxicities of 18.5 and 13.0 mg/L, respec-
tively. Other less sensitive organisms, such as Cipangopaludina cath-
ayensis, Chironomus plumosus, and Limnodrilus hoffmeisteri reached the 
toxicity endpoint at 1100, 729, and 412 mg/L respectively. The cal-
culated acute and chronic safety thresholds of HBCDS were 2.32 and 
0.128 mg/L (Dong et al., 2017). Other sublethal effects observed in 
Zebrafish (Danio rerio) were a significantly high percentage of curved 
body malformations starting at 2.5 mg/L and increased glutathione-S- 
transferase (GST) activity at 5 mg/L (Usenko et al., 2016). In clam 
Venerupis philippinarum, low concentrations of HBCDs increased the 
activity of GST and superoxide dismutase (SOD) enzymes and increased 
glutathione (GSH) content (H. Zhang et al., 2014; Y. Zhang et al., 
2014). 

Kuiper et al. (2007) investigated the chronic effects of HBCD on 
European flounders (Platichthys flesus). The test was performed in 
78 days in which the organisms were exposed through food and sedi-
ment to HBCD concentrations up to 3000 μg/g lipid and 8000 μg/g of 
total organic content (TOC), which can be expressed as 2.4 mg/kg dw 
(EU, 2011). They found a limited potential for in vivo endocrine dis-
ruption of the reproductive and thyroid hormonal system. Similar re-
sults were found on a toxicity test with Hyalella azteca using sediments 
with 2% TOC content and 5% TOC. The test presented 28 days no 
observed effect concentration (NOEC) of 1000 mg/kg dw (the highest 
dose tested). There were no apparent effects on the survivorship and 
growth of the organisms, even if the organic content of the sediment 
varied (Thomas et al., 2003). Similarly, toxicity tests with the fresh-
water oligochaete Lubricus variegates and Chironomus riparius were 
performed for 28 days (Oetken et al., 2001). Significant effects on the 
mortality were seen since nominal concentrations of 50 mg/kg dw, 
while in the case of mean biomass and number of large and small 
worms the significant effect was reached at a nominal concentration of 

500 mg/kg dw. In the case of Chironomus riparius significant reduction 
of the production of eggs of the F1 generation was seen at nominal 
concentrations of 500 mg/kg dw. The calculated lowest observed ef-
fective concentration (LOEC) for Lubricus variegates and Chironomus ri-
parius was 28.7 mg/kg dw and 159 mg/kg dw respectively, while the 
normalized NOEC for both species were 8.61 mg/kg dw and 37.8 mg/ 
kg dw. 

An early toxicity assessment determined the 4-day LC50 of SM in 
Pimephales promelas (10 mg/L) and Hyalella azteca (9.5 mg/L) 
(Cushman et al., 1997). A further study found that a 7 days continuous 
exposure of 0.2 mg/L SM to mussel Mytilus edulis and fish Symphodus 
melops disrupts lysosomal membrane stability and leads to DNA damage 
in blood cells and haemocyte (Mamaca et al., 2005). Importantly, SM at 
relatively realistic concentrations impacts on the development of 
mussel Mytilus galloprovincialis at early life stages, including transcrip-
tional effects on the genes involved in shell biogenesis (Wathsala et al., 
2018), a crucial process for assuring the survival in their adult stages. 
To the best of our knowledge, the toxicity of SD and ST have not been 
assessed before. This is a key gap in the literature since the con-
centration of ST in seawater has been reported to be many times higher 
than SM (Kwon et al., 2014). 

5. Discussion 

Overall, there are no studies reporting concentrations of HBCDs or 
SOs in any environmental compartment from South America. Only a 
few studies reported the presence of HBCDs in seawater. For instance, 
mean concentrations as low as 0.40 ng/L (Gu et al., 2017) and ranging 
from 0.08 to 1.62 ng/L in South Korean surface waters (Hong et al., 
2013) and from 0.052 to 0.40 ng/L in Denmark (Vorkamp et al., 2014) 
imply that the presence of HBCDs in seawater is negligible when 
compared to the safety thresholds calculated by Dong et al. (2017) and 
are not sufficient to induce sublethal effects as reported in the literature 
for several organisms. Low environmental concentrations are mainly 
attributed to the solubility of HBCDs ranging from 2 to 5 μg/L at 25 °C 
due to their hydrophobic nature (Marvin et al., 2011). Owed to their 
hydrophobic properties, hydrolysis is considered a non-significant de-
gradation pathway for HBCDs (OECD, 2007). After being uptaken by 
the marine fauna, bio-isomerization occurs. Mukai et al. (2020) re-
ported that the highest concentrations of α-HBCD in oysters (Saccostrea 
mordax), can be attributed to the bio-isomerization of γ- HBCD to α- 
HBCD. Likewise, it was observed that HBCD is debrominated to become 
new metabolites tetrabromocyclododecadiene (TBCDi) and tri-
bromocyclododecatriene (TriBCDie) in the microalgae Spirulina subsalsa 
(H. Zhang et al., 2014; Y. Zhang et al., 2014). However, owing to their 
low concentrations in seawater, HBCDs are a minor concern for aquatic 
life. On the contrary, most studies focused on the presence of HBCD on 
sediments. In this matrix, mean concentrations varied from 0.0257 μg/ 
kg dw to 60.8 μg/kg dw, being reported the minimum and maximum 
value on British Columbia (Canada) and Tianjin city (China), respec-
tively. Nevertheless, none of the mean concentrations reported and 
none of the maximum values of the ranges reported surpassed the 
NOEC calculated for Lubricus variegates (8.61 mg/kg dw), which was the 
lowest NOEC. Therefore, we suggest that HBCDs may be a minor con-
cern for sediment organisms. 

In contrast. SOs could pose a higher risk to marine biota, given that 
SOs in seawater are in many times larger orders of magnitude than 
HBCDs, and SM bioassays reach toxicological endpoints at lower con-
centrations. According to Wathsala et al. (2018), a significant reduction 
in normal M. galloprovincialis larvae development, including mal-
formation, is induced from 0.1 μg/L (LOEC), and decreasing at higher 
concentrations. SOs concentrations in seawater around the globe sur-
pass the LOEC value in most countries (Table S1). Moreover, the con-
centration (0.2 mg/L) inducing lysosomal membrane stability disrup-
tion and DNA damage in M. edulis and fish S. melops (Mamaca et al., 
2005) is surpassed by only Okinawa Island, with a mean concentration 
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of 547.4 μg/L SM (Saido et al., 2014). There is a high variability of SOs 
levels among samples within the same location, SM concentrations in 
Iriomote island (Japan) range from 0 to 517.4 μg/L (mean of 79.2 μg/L) 
and in Tokyo range from 0 to 1350 μg/L (mean of 158.6) (Saido et al., 
2014). This suggests that toxicological risks may be perceived in site- 
specific areas, despite the reduced SO mobility across the environ-
mental matrix. None of the environmental concentrations reported in 
literature reached lethal endpoints. 

Environmental Quality Standards (EQS) and quality guidelines for 
HBCDs have been developed by the European Union (EU) and Canada. 
For the case of seawater, the EU has established 0.05 μg/L as the 
maximum allowable concentration (MAC) (EU, 2013), while the Min-
ister of Environment and Climate Change of Canada (ECCC) determined 
a quality guideline of 0.56 μg/L in which it is presumed there is a low 
probability of adverse effect to aquatic life (ECCC, 2016). None of the 
mean concentrations or concentration ranges reported on the studies 
surpassed these values. The highest concentration from all the ranges 
represented 0.4% of the MAC determined by the EU, which is the lower 
threshold. 

In the EQS dossier for HBCDs, the EU suggested as EQS for marine 
sediments an annual average of 0.17 mg/kg dw (170 μg/kg dw) (EU, 
2011), while the ECCC settled a quality guideline of 1.6 mg/kg dw 
(1600 μg/kg dw) (ECCC, 2016). None of the mean concentrations re-
ported on the studies surpassed these values. The maximum average 
value (60.8 μg/kg dw) reported on Bohai Bay represents 36% of the 
EQS of the EU. Nevertheless, concentration ranges reported on Bohai 
Bay and Southern Hong Kong in China presented maximum values 
higher than the EQS suggested by the EU (Ruan et al., 2018; Zhang 
et al., 2013). Besides, the concentration range reported for South 
Gyeongsang and Jeolla Provinces in South Korea presented a maximum 
value of just 1.18% below the threshold (Gu et al., 2017). The authors 
indicated that a possible reason for such high concentration is the 
closeness of the sampling site to highly populated areas and boat 
stopping activities, for Southern Hong Kong and Bohai Bay respectively 
(Ruan et al., 2018; Zhang et al., 2013). In the case of South Gyeongsang 
and Jeolla Provinces, EPS buoys for aquaculture activities were iden-
tified as the main source of HBCD. It is important to highlight that EU 
EQS refers to an annual average, so it should just be taken as a re-
ference. No EQS, environmental quality guidelines, or similar regula-
tion were identified for SOs. 

6. Conclusion 

Plastic pollution is a global problem that looks to continue exacer-
bating over time. Once they reach the environment, plastics leach toxic 
chemicals, and additives associated with the manufacturing process. 
Here, the global distribution and concentrations of two significant PS- 
derived contaminants were analyzed, along with the ecotoxicological 
implications and regulations. High concentrations of HBCDs and SOs 
may be perceived in specific areas due to site-specific factors, rather 
than on a regional scale, which may explain the high variability of 
concentrations found even in small territories such as the Okinawa is-
land or remote territories such as the Antarctic. Nevertheless, the re-
sults of various studies suggest a ubiquitous presence of both con-
taminants in the marine environment. This ubiquitous presence may 
imply the existence of diffuse sources or long-range transport me-
chanisms that must be further studied. There is evidence that HBCDs 
concentration in the marine environment has been increasing over 
time, but it is unknown whether the SOs concentration is increasing as 
well. However, the HBCDs concentrations in seawater are negligible 
compared to safety thresholds and environmental quality standards. 
Similarly, the maximum average concentration of HBCDs in sediment 
represents only 36% of the minimum EQS. This evidence suggests that 
HBCDs may not pose an important risk to the marine environment. 
Future ecotoxicological research should conduct chronic assays and 
evaluate biochemical biomarkers and the potential biomagnification of 

HBCDs in different trophic levels. Co-exposure assays with relevant 
contaminants, such as microplastics, may further elucidate the com-
bined effects of HBCDs with other widespread pollutants. 

Overall, the concentrations of HBCDs and SOs in sediment is far 
higher than in water due to the hydrophobicity of these chemicals. On 
the other hand, SOs presence in the marine environment is many times 
higher than HBCDs and toxicological endpoints are reached at lower 
concentrations. The apparent higher risk along with the lack of inter-
national regulation for SO makes it an appealing pollutant to be further 
studied especially in terms of transport mechanisms, toxicity, bio-
magnification, and bioaccumulation. As ecotoxicological studies have 
focused on SMs only, SDs and STs must be assessed to have a complete 
understanding of the potential risk SOs pose. 
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