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A B S T R A C T   

This review summarizes the most relevant information on PBDEs’ occurrence and their impacts in cetaceans at 
global scale, with special attention on the species with the highest reported levels and therefore the most 
potentially impacted by the current and continuous release of these substances. This review also emphasizes the 
anthropogenic and environmental factors that could increase concentrations and associated risks for these 
species in the next future. High PBDE concentrations above the toxicity threshold and stationary trends have 
been related to continuous import of PBDE-containing products in cetaceans of Brazil and Australia, where 
PBDEs have never been produced. Non-decreasing levels documented in cetaceans from the Northwest Pacific 
Ocean might be linked to the increased e-waste import and ongoing production and use of deca-BDE that is still 
allowed in China. Moreover, high levels of PBDEs in some endangered species such as beluga whales (Delphi-
napterus leucas) in St. Lawrence Estuary and Southern Resident killer whales (Orcinus Orca) are influenced by the 
discharge of contaminated waters deriving from wastewater treatment plants. 

Climate change related processes such as enhanced long-range transport, re-emissions from secondary sources 
and shifts in migration habits could lead to greater exposure and accumulation of PBDEs in cetaceans, above all 
in those species living in the Arctic. In addition, increased rainfall could carry greater amount of contaminants to 
the marine environment, thereby, enhancing the exposure and accumulation especially for coastal species. 

Synergic effects of all these factors and ongoing emissions of PBDEs, expected to continue at least until 2050, 
could increase the degree of exposure and menace for cetacean populations. In this regard, it is necessary to 
improve current regulations on PBDEs and broader the knowledge about their toxicological effects, in order to 
assess health risks and support regulatory protection for cetacean species.   

1. Introduction 

In recent years there has been growing concern pertaining the stable 
and high levels of some legacy persistent organic pollutants (POPs) 
continuously reported in the environment (Jepson et al., 2016; Jones, 
2021; Stuart-Smith and Jepson, 2017). At the same time, recent studies 
have drawn attention to the impact that climate change could have on 
POPs’ cycling and distribution and consequently on exposure and 
accumulation in living organisms (Borgå et al., 2022; Hung et al., 2022; 
Nadal et al., 2015). Evidence suggested that climate change-driven 
processes could enhance long-range transport of POPs (Dalla Valle 
et al., 2007; Li et al., 2021) and their remobilization from secondary 
sources, especially in the Arctic zone (Borgå et al., 2022; Chen et al., 
2019; Ma et al., 2011; Potapowicz et al., 2019). Undoubtedly, this could 

translate into enhanced POP exposure and accumulation in cetaceans 
living in this area. Additionally, some cetacean species inhabiting 
industrialized regions such as killer whales (Orcinus orca) are already 
facing important anthropogenic pressures and ultimately population 
depletion, which has been linked to their high body burdens of POPs 
(Desforges et al., 2018; McGuire et al., 2020). 

In this regard, two individual-based models have described the 
possible negative influence of polychlorinated biphenyls (PCBs) and 
structurally similar compounds on the potential annual growth rate in 
the bottlenose dolphin (Tursiops truncatus) population of Sarasota Bay 
(Hall et al., 2006), and on the long-term viability of the world’s killer 
whale population (Desforges et al., 2018). Despite the evidence of the 
detrimental impact of POPs on marine mammals’ health, a compre-
hensive understanding of toxicological consequences has not yet been 
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Contents lists available at ScienceDirect 

Environmental Pollution 

journal homepage: www.elsevier.com/locate/envpol 

https://doi.org/10.1016/j.envpol.2022.119670 
Received 11 April 2022; Received in revised form 16 June 2022; Accepted 19 June 2022   

mailto:juan.ma@iqog.csic.es
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2022.119670
https://doi.org/10.1016/j.envpol.2022.119670
https://doi.org/10.1016/j.envpol.2022.119670
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2022.119670&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Environmental Pollution 308 (2022) 119670

2

achieved. In consequence, species-specific threshold values are not well 
established. 

High and stable concentrations, enhanced exposure due to climate 
change processes and population collapse related to high body burdens 
for some cetacean species, have led to questioning about the effective-
ness of current global efforts aimed at the mitigation and elimination of 
POPs (Stuart-Smith and Jepson, 2017; Wang et al., 2021; García-Alvarez 
et al., 2014). Thus, revision of existing multilateral environmental 
agreements (MEAs), implementation of national legislations and more 
holistic approaches have become necessary. Special attention should be 
given to polybrominated diphenyl ethers (PBDEs) for which emissions 
from in use and waste stocks are expected to continue until 2050 (Abbasi 
et al., 2019). It is plausible that prohibitions of production and use are 
not steadily lowering the long-term environmental impact of PBDEs, but 
shifting instead the issue from more to less industrialized regions where 
the demand of PBDE-containing products and e-waste import have 
increased since the late 1990s (Li et al., 2016). 

PBDEs are a family of brominated-flame retardants (BFRs) 
comprising 209 congeners that are divided into 10 groups, from mono-to 
deca-BDE, according to their different degree of halogenation. The 
estimated global production from 1970 to 2005 was around 1.3 and 1.5 
million of tons (UNEP, 2010), comparable to that of PCBs (Breivik et al., 
2002). United States and Israel were the two main manufacturers prior 
to 1995, while China started its production in the 1980s, principally 
focused on deca-BDE, and became one of the main producers 20 years 
later (Abbasi et al., 2019). PBDEs have been commercialized as three 
technical mixtures, i.e., penta-, octa-, and deca-brominated diphenyl 
ether, named so after the major congeners present in each mixture. They 
were primarily used as flame retardants in polyurethane (PUR) foams, 
computers, housing appliances, electrical and electronic products. 

By the beginning of the 21st century, environmental authorities (e.g., 
the European REACH regulation; the Stockholm Convention; the United 
States Environmental Protection Agency; Environment and Climate 
Change Canada) became aware of the harmful effects of PBDEs based on 
the available scientific evidence, and nations started to take measures. In 
2004 the United States and Europe voluntarily phased out the produc-
tion of penta- and octa-BDE mixtures (Hites, 2006), while in 2009 they 
were globally regulated with their introduction in the annex A (elimi-
nation) of the Stockholm Convention (UNEP, 2009). Accordingly, most 
reported PBDEs started to decline or level off in the early 2000s in 
environmental media around the world (Law et al., 2014), with noto-
rious exceptions such as some top predators in Northern Europe 
(McKinney et al., 2006; Vorkamp et al., 2005) and beluga whales from 
the Gulf of St. Lawrence (Canada) (Raach et al., 2011) and Alaska 
(Hoguet et al., 2013). Importantly, the ban on these two mixtures lead to 
an increased production of deca-BDE formulation, made up of 96.8% 
BDE-209, until its more recent inclusion in the annex A of the Stockholm 
Convention in 2019 (UNEP, 2022a). The extensive use of deca-BDE 
shifted the environmental congener pattern distribution of PBDEs with 
increasing levels of higher brominated congeners in different abiotic and 
biotic matrices (Olofsson et al., 2012; Su et al., 2015; Verreault et al., 
2018). Thus, Olofsson et al. (2012) reported decreasing concentrations 
(ca. 20% each year) of BDE-154 and BDE-183 (representative of 
penta-mix and octa-mix, respectively) in sewage sludge from Sweden 
during 2004–2011, while BDE-209 increased (ca. 16%) over the same 
period. Heightened levels of deca-BDE were observed in herring gulls 
(Larus argentatus) from the Laurentian Great Lakes (Su et al., 2015) and 
top predator birds from the Arctic (Verreault et al., 2018), sampled 
during 2012–2013. Even if BDE-209 is highly hydrophobic and has low 
water solubility, making it hardly bioavailable, evidence suggests that 
its biomagnification may take place in aquatic food webs (Cas-
tro-Jiménez et al., 2021; Johnson-Restrepo et al., 2005). In addition, its 
affinity to abiotic matrices such as sediments generates a large 
contaminant reservoir that put at risk low-trophic level species and their 
feeders. Toxicological relevance of higher brominated BDEs has not yet 
been fully investigated, but their debromination to lighter, more toxic 

and bioaccumulative congeners have been demonstrated (Eriksson 
et al., 2004; La Guardia et al., 2007; Rayne et al., 2003; Zhu et al., 2019). 
This fact is worthy of attention due to the large historical production of 
deca-BDE estimated to be almost 10 times higher than those of penta- 
and octa-BDE mixtures (Abbasi et al., 2019). 

Even though PBDEs are mostly prohibited today on a global scale, 
their production and use is still ongoing in some world areas (Sharkey 
et al., 2020). Several countries have not yet ratified some amendments 
of the Stockholm Convention and in many cases also lack national reg-
ulations for both production and use. For example, in the United States 
only 13 states have applied limitations on the use/presence of PBDEs in 
certain goods entering the market, but no federal restrictions are in 
place. Other examples are those of Brazil and Indonesia where there are 
no regulations or limits defined for marketable goods or wastes (Sharkey 
et al., 2020). China has set concentration limits in newly manufactured 
goods for penta- and octa-BDE, but not for deca-BDE (Sharkey et al., 
2020). Moreover, specific exemptions under the Stockholm Convention 
permit the use of the three commercial BDE mixtures for certain specific 
applications (UNEP, 2022b; 2022a). For instance, deca-BDE counts on 
specific exemptions allowing its production up to 2036 in the European 
Union, Republic of Korea and Switzerland (Sharkey et al., 2020). 

Today, in use PBDE-containing products and waste stocks, accentu-
ated by improper disposal in both developed and developing countries, 
represent important sources of PBDE contamination (Zhang et al., 
2021). Due to the lack of chemical bonds and susceptibility to physical, 
chemical and biological factors, PBDEs can be easily released during 
waste disposal and therefore contaminate the surrounding environment 
or reach water masses through leaching and runoff (Danon-Schaffer 
et al., 2013; Zhang et al., 2021). Additionally, the high temperatures 
(80◦C–90 ◦C) that can be reached in landfills enhance volatilization of 
lower brominated congeners (Stubbings and Harrad, 2014). Once in the 
atmosphere and thanks to their ability for long-range transport, these 
substances can reach remote areas where they have never been pro-
duced (Stubbings and Harrad, 2014; Wang et al., 2017; Zhang et al., 
2021). Although recycling infrastructures have been implemented in 
many countries, older landfills without proper engineered facilities 
continue to be in use in Europe and United States (Propp et al., 2021), 
being likely responsible for inadvertent release of PBDEs into the envi-
ronment (Ohajinwa et al., 2019). 

As reported by Abbasi et al. (2019), emissions of PBDEs will continue 
for the next 30 years. This means that without appropriate control an 
additional enormous amount of BDE-209 (40 kilotons) may be subject to 
improper disposal. On top of that, higher temperatures and increased 
rainfall-runoff expected over the next few years as consequences of 
global warming could enhance PBDE volatilization and transportation 
from landfills and dumpsites. These all are likely to increase the amount 
of these semi-volatile contaminants reaching remote areas and entering 
the marine environment (Nadal et al., 2015). 

Indeed, PBDEs have been detected in various environmental matrices 
for the last 40 years and since 10 years ago they have been recognized as 
ubiquitous contaminants (Abbasi et al., 2019). These substances enter 
the coastal waters through municipal and industrial wastewater outfalls, 
landfill leachates and atmospheric deposition (De Wit, 2002). Once in 
the marine environment, thanks to their hydrophobicity and persis-
tency, PBDEs accumulate in biological tissues and biomagnify along the 
food web (Aznar-Alemany et al., 2019; De Wit, 2002; Noël et al., 2009). 
Species with large lipid reservoirs, high trophic levels and long-life 
spans, such as those in the cetacean suborder of odontocetes, tend to 
accumulate great concentrations of these substances and thus are 
regarded as bioindicators of POP contamination (Tanabe and Ramu, 
2012). In addition, their reduced metabolic ability to eliminate POPs in 
comparison with carnivorous predators (polar bears, seals and walruses) 
make toothed whales especially vulnerable to this pollution (McKinney 
et al., 2011; Sonne et al., 2018). Even if POPs accumulate to a lesser 
extent in mysticetes, mobilization and redistribution of sequestered 
contaminants resulting from fasting and associated lipid fluctuations 
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seem to cause a “reexposure” of target tissues (Bengtson Nash, 2018) 
increasing the likelihood and/or intensity of toxic effects (Aguilar et al., 
1999; Bossart, 2011) in this suborder as well. 

It has been demonstrated that upon continue exposure, marine 
mammals could reach potential toxic levels of PBDEs in their tissues. In 
the last 30 years many studies have reported PBDE levels in species 
around the world surpassing the threshold value for alteration in thyroid 
hormone levels in blubber of grey seals (Alonso et al., 2014). Moreover, 
stable or increasing concentrations of higher brominated congeners 
have been reported for different species and areas, in some cases in 
populations already impacted by other anthropogenic threats (Lebeuf 
et al., 2014; Simond et al., 2017; Jeong et al., 2020; Rotander et al., 
2012). 

Unlike others contaminants such as PCBs, PBDE effects in marine 
mammals have not been deeply investigated so far. In spite of the limited 
information available in literature in this regard, however, PBDEs in 
marine mammals seem to be associated with different harmful health 
effects. Particularly, they are responsible for toxicity responses involving 
the endocrine and immune systems (Simond et al., 2019; Beineke et al., 
2005; Huang et al., 2020) as well as for cytotoxicity and genotoxicity to 
some extent (Rajput et al., 2021). 

This review aims to compile the most relevant information on PBDE 
occurrence and associated health effects in cetaceans. A major objective 
would be drawing attention on the anthropogenic and environmental 
factors that could increase PBDE concentrations and associated risks in 
the next future. The discussion of PBDE levels and trends will be focused 
on the species with the highest reported levels and therefore the most 
potentially impacted by the current and continuous release of these 
substances. 

The studies analyzed in this article are performed in blubber or liver 
of worldwide cetaceans covering a temporal range of about 30 years, 
since 1992 to 2021. Data are discussed when possible as mean concen-
tration and range, and expressed as ng/g on lipid weight (l.w.) basis. All 
species investigated and discussed in this work are listed in Fig. 1. 

1.1. Three decades of PBDEs in cetaceans: highest levels reported to date 
and trends 

Despite their prohibition dating back more than 10 years ago, penta- 
BDE and octa-BDE congeners are still globally reported in marine 
mammals (Alonso et al., 2014; Aznar-Alemany et al., 2021; Kratofil 
et al., 2020; Simond et al., 2017). This can easily be linked to different 
factors, e.g. the persistence of these substances in the environment, the 
in use PBDE-containing products, the still ongoing production of these 
flame retardants in some geographical areas as well as the degradation 
of higher brominated (mainly deca-BDE) to lighter, bioavailable and 
more toxic congeners. 

Kuehl et al. (1991) published the first study on PBDEs in cetaceans in 
1991 reporting a mean value of 200 ng/g l.w. of total tetra-to hexa-BDEs 
in blubber of bottlenose dolphins collected during 1987–1988 along the 
Atlantic coast of the U.S. Since then, several studies have been con-
ducted on different tissues and species, most of them focused on blubber 
of odontocetes inhabiting the Northern Hemisphere (Alonso et al., 2014) 
and reporting levels one order of magnitude higher than those initially 
documented in 1991 (Boer et al., 1998; Fair et al., 2007; Lindström et al., 
1999; Moon et al., 2010). Values between 1060 and 7900 ng/g l.w., have 
been reported in more recent years (Kratofil et al., 2020; Noël et al., 
2018; Simond et al., 2017) when, a priori, it would be expected a greater 
decrease as a consequence of the ban on production and use of penta- 
and octa-BDE. The only known threshold value for PBDEs is that of 1500 
ng/g l.w., associated to the concentration in blubber of grey seals 
(Halichoerus grypus) eliciting alterations in thyroid hormone levels (Hall 
et al., 2003). Several studies have documented levels of PBDEs above 
this threshold (Boer et al., 1998; Fair et al., 2007; Kratofil et al., 2020; 
Lam et al., 2009; Lindström et al., 1999; Moon et al., 2010; Tuerk et al., 
2004), pointing out the hazard these substances pose to cetacean health. 
Interestingly, some cetacean populations showing the highest concen-
trations of PBDEs are facing population depletion and lack of recovery. 
Most of them are classified as endangered species (Kratofil et al., 2020; 
Noël et al., 2018; Simond et al., 2017), which is likely consequence of 

Fig. 1. Cetacean species investigated in this review.  
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the synergic effects of multiple anthropogenic threats including chemi-
cal pollution. Cetacean species living in urbanized coastal regions also 
deserve special attention due to the constant release of PBDEs in these 
areas and the subsequent high degree of contamination in their habitats. 

To date, the highest concentrations of PBDEs in cetaceans’ blubber 
have been reported for Southern Resident killer whales from Canada 
(mean: 7900 ng/g l.w.) (Noël et al., 2018), Main Hawaiian Island false 
killer whales (Pseudorca crassidens) (mean: 2900 ng/g l.w.) (Kratofil 
et al., 2020), Atlantic white-side dolphins (Leucopleurus acutus) in the 
North Sea (mean 7777 ng/g l.w.) (Boer et al., 1998), Indo-pacific 
humpback dolphin (Sousa chinensis) from Hong Kong waters (mean: 
3590 ng/g l.w; range: 280-51,100 ng/g l.w.) (Lam et al., 2009) and 
bottlenose dolphins in the Northwestern Atlantic Ocean (mean: 7850 
ng/g l.w.; range: 2680–22,800 ng/g l.w.) (Fair et al., 2007) (Fig. 2). High 
concentrations of PBDEs, often surpassing the threshold mentioned 
previously, have also been reported for long-finned pilot whales (Glo-
bicephala melas) from Faroe Islands (NW Atlantic) (mean: 1939 ng/g l. 
w.) (Lindström et al., 1999), Atlantic white-sided dolphins of Massa-
chusetts coast (NW Atlantic) (mean: 1607 ng/g l.w.) (Tuerk et al., 2004), 
long-beaked common dolphins (Delphinus capensis) from Korea (NW 
Pacific) (mean: 1650 ng/g l.w.; range: 140-3100 ng/g l.w.) (Moon et al., 
2010) and beluga whales from St. Lawrence Estuary (mean: 1068 ng/g l. 
w.; range: 666-1287 ng/g l.w) (Simond et al., 2017) (Fig. 2). These high 
values are to be linked to feeding habits and longer stays in urbanized 
and industrialized areas such as the California coastline – a feeding area 
for killer whales (Hanson et al., 2021) - and St. Lawrence Estuary where 
belugas live. 

Different studies revealed the presence of PBDEs in Pacific salmon 
(Oncorhynchus spp) (O’Neill and West, 2009; Shaw et al., 2008; Veld-
hoen et al., 2010) with higher levels in coastal species, such as Chinook 
salmon (Oncorhynchus tshawytscha) the main prey of southern resident 
killer whale, than in those species with more oceanic distributions 
(O’Neill et al., 2006). As reported by the authors, this fact could 
contribute to the higher PBDE levels found in Southern Resident killer 
whales in comparison to those reported for other killer whale 
populations. 

PBDE burdens in California’s coastline have been found in sediments 
(Dodder et al., 2012) and wildlife, such as seabirds (Clatterbuck et al., 
2018), fish (Maruya et al., 2016) and marine mammals (Shaul et al., 

2015; Cossaboon et al., 2019), principally deriving from wastewater and 
stormwater discharges (Kimbrough, 2009). At the same time, different 
studies reported the presence of PBDEs in seal species from the Estuary 
and Gulf of St. Lawrence (Frouin et al., 2011; Soulen et al., 2018) and in 
fish and invertebrates from the St. Lawrence River, heavily impacted by 
discharge of treated wastewater, with the Montreal effluent being the 
most important PBDE source (Marcogliese et al., 2015). 

Additionally, important concentrations of PBDEs in Main Hawaiian 
Island false killer whales have been related to the discharge of 
contaminated wastewater effluents in the coastal waters of Hawaii 
(Ylitalo et al., 2009). It is noteworthy that Canadian Southern Resident 
killer whale and Main Hawaiian Island false killer whale populations are 
experiencing a population depletion and lack of recovery due to multiple 
anthropogenic threats, among which chemical contamination may be 
playing an important role (Bradford et al., 2020; Desforges et al., 2018; 
Foltz et al., 2014; Hall et al., 2018). Hence, Southern resident killer 
whales and St. Lawrence beluga whales have been classified as endan-
gered in the United States (Department of commerce. National Oceanic 
and Atmospheric, 2005) and Canada (SARA, 2017). The Main Hawaiian 
Island false killer whale stock was listed as endangered under the U.S. 
Endangered Species Act (ESA) in 2012 as a consequence of a rapid 
population decline during 1990s (GovInfo Endangered and Threatened 
Wildlife and Plants, 2012). Thus, the last census counted only 167 in-
dividuals, three time less than a previous estimation from 1998 (Brad-
ford et al., 2018). Among the various causes, such as bycatch, decreased 
prey biomass and size and reduced genetic diversity, exposure to POPs 
and its related adverse health effects may contribute to the reduction of 
this population (Foltz et al., 2014; Kratofil et al., 2020; Ylitalo et al., 
2009). 

Among mysticetes, humpback whales (Megaptera novaeangliae) from 
the Gulf of Maine seem to be the most PBDE contaminated species, with 
a mean level around 900 ng/g l.w. in specimens sampled during 
2005–2006 (Elfes et al., 2010). As suggested by the authors, this is likely 
a consequence of the great industrialization and human population 
density of the east coast of the United States. 

Liver is the second most investigated tissue for PBDE contamination 
in cetaceans. PBDE levels in liver at which biological responses or 
toxicity effects occur have not yet been elucidated. Bearing that in mind, 
in this work we have also adopted as proxy for a toxicity reference the 

Fig. 2. PBDE highest mean concentrations (ng/g l.w.) in cetaceans’ blubber around the world. Dotted line represents the threshold value for alteration of thyroid 
hormone levels in grey seals (Hall et al., 2003). 
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threshold established for alteration of thyroid hormone levels in grey 
seals (Hall et al., 2003). 

Notable concentrations surpassing this threshold value of 1500 ng/g 
l.w., have been reported in liver of striped dolphin (Stenella coeruleoalba) 
(mean: 3624 ng/g l.w.; range: 129-8133 ng/g l.w.) and risso’s dolphin 
(Grampus griseus) (mean: 2564 ng/g l.w.; range: 1778–2998 ng/g l.w.) 
from the Mediterranean Sea (Pettersson et al., 2004), and beluga whale 
in St. Lawrence Estuary (mean: 2210 ng/g l.w.; range: 246-3030 ng/g l. 
w.) (McKinney et al., 2006) (Fig. 3). Significant values of PBDEs have 
been also found in cetaceans inhabiting the highly industrialized and 
urbanized south-eastern coast of Brazil that represents a feeding and 
breeding ground for several coastal species such as the Guiana dolphin 
(Sotalia guianensis) (Ribeiro-Campos et al., 2021) and the highly 
threatened franciscana dolphin (Pontoporia blainvillei) (Secchi et al., 
2021). Dorneles et al. (2010) found mean PBDE levels in liver of Atlantic 
spotted dolphins (Stenella frontalis), pantropical spotted dolphins (Sten-
ella attenuata) and false killer whales of 1150 ng/g l.w., 1215 ng/g l.w. 
and 3600 ng/g l.w., respectively, which are in the same order of 
magnitude as those in Mediterranean dolphins (Pettersson et al., 2004) 
and Canadian Belugas (McKinney et al., 2006) (Fig. 3), dwellers of two 
well-known contaminated areas. This is in line with the results from a 
recent study performed in four distinct groups of Atlantic spotted dol-
phins, stranded between 2005 and 2015 in the Canary Islands, Azores, 
Caribbean Sea and São Paulo (Méndez-Fernandez et al., 2018). In this 
study among the four different populations, the highest concentrations 
of PBDEs in blubber were reported in specimens stranded along the coast 
of Brazil. 

As shown in Fig. 4 the highest PBDE levels have been described for 
species living in the North Hemisphere and in many cases inhabiting or 
frequenting recognized contaminated areas such as the Mediterranean 
Sea, the North American East Coast or the North West Pacific zone. 
Cetacean species living in Southern Hemisphere waters, on the other 
hand, appear to be less investigated. The highest PBDE loads in that case 
have been reported for species inhabiting the Eastern coast of Brazil and 
Australia, but basically no information exists for the African Coast or the 
Indian Ocean. 

In general, PBDE temporal trends in cetaceans showed remarkable 
increased concentrations from the late 1980s and earlier 2000s (Hoguet 
et al., 2013; Kajiwara et al., 2008, 2006; Lebeuf et al., 2004; Leonel 

et al., 2014; Ramu et al., 2006; Rotander et al., 2012) followed by a 
slight decrease or level off in subsequent years (Isobe et al., 2011, 2009; 
Jeong et al., 2020; Kunisue et al., 2021; Rotander et al., 2012; Simond 
et al., 2017). At the same time, an increased proportion of higher 
brominated compounds, such as BDE-154 and BDE-153, have been 
documented in more recent years (Jeong et al., 2020; Kunisue et al., 
2021). This tendency probably reflects the regulatory measures imple-
mented in 2009 for penta- and octa-BDE that lead to increased use and 
production of deca-BDE, only banned in 2019 (UNEP, 2022a, 2009). All 
of this translated into ongoing inputs of deca-BDE in the environment 
and a greater bioavailability of higher brominated congeners deriving 
from debromination processes of BDE-209 (La Guardia et al., 2007; Zhu 
et al., 2019). 

As shown in Table 1, upward trends prior to 1990s and earlier 2000s 
have been reported in the Northwest Pacific Ocean in finless porpoises 
(Neophocaena phocaenoides) (South China) and melon headed-whales 
(Peponocephala electra) (Japan) (Kajiwara et al., 2008, 2006; Ramu 
et al., 2006); in the Northeast Pacific and Northwest Atlantic Ocean in 
beluga whales (Canada, Alaska) (Hoguet et al., 2013; Lebeuf et al., 
2004); in the Northeast Atlantic Ocean in long-finned pilot whales 
(Faroe Islands), white-sided dolphins (Faroe Islands) and fin whales 
(Balenoptera physalus) (Iceland) (Rotander et al., 2012); in the Southwest 
Atlantic Ocean in franciscana dolphins (Pontoporia blainvillei) (Brazil) 
(Leonel et al., 2014); in Indo-Pacific bottlenose dolphin from South 
Australia (Weijs et al., 2020). On the other hand, only one study showed 
clearly downward trends during the 1990s and 2018s in Mediterranean 
striped dolphins (Aznar-Alemany et al., 2021), whereas Law et al. 
(2010) reported a decreased trend in harbor porpoises (Phocoena pho-
coena) from United Kingdom between 1998 and 2008. It is worth noting 
that the majority of these studies did not include BDE-209. This is, 
however, the dominant component of the deca-BDE mixture and in some 
cases one of the main BDE congeners of total PBDE contents (Koenig 
et al., 2013; Muñoz-Arnanz et al., 2011). As mentioned before, while 
lower brominated congeners such as those predominantly present in the 
commercial penta-BDE mixture or deriving from debromination pro-
cesses are decreasing in some cetacean species (Aznar-Alemany et al., 
2021; Rotander et al., 2012), increasing concentrations of higher 
brominated congeners have been reported for different species and areas 
(Jeong et al., 2020; Kunisue et al., 2021). 

Fig. 3. PBDE highest mean concentrations (ng/g l.w.) in cetaceans’ liver around the world. Dotted line represents the threshold value for alteration of thyroid 
hormone levels in grey seals (Hall et al., 2003). 
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Fig. 4. Map showing locations of cetacean species analyzed in the studies discussed in this review.  

Table 1 
Most relevant PBDE trends in cetaceans worldwide, according to the levels found in blubber or *liver samples.  

Species Locations Sampling years Trends References  

Finless porpoise South China 1989–2006 ↗ increased Kajiwara et al., 2006a; Ramu et al., 2006b NW Pacific 
Finless porpoise Korea 2003–2010 ↘ decreased 2003–2010 Jeong et al., 2020c NW Pacific 

↔ stable 2010–2015 
Melon headed-whale Japan 1982–2015 ↗ increased 1982–2011 Kunisue et al. (2021)d NW Pacific 

↔ stable 2001–2015 
Melon headed-whale Japan 1982, 2001, 2002, 2006 ↗ increased Kajiwara et al. (2008)e NW Pacific 
Beluga whale Alaska 1989–2006 ↗ increased Hoguet et al. (2013)f NE Pacific 
Beluga whale St. Lawrence 

Bay 
1987–2013 ↗ increased 1987–1997 

↔ stable 1997–2013 
Lebeuf et al. (2014)g; Simond et al. 
(2017)h 

NW Atlantic 

Fin whale Iceland 1986–1989, 2006, 2009 ↗ increased Rotander et al. (2012)i NE Atlantic 
Long-finned pilot whale Faroe Islands 1986, 1997, 2006, 2007 ↗ increased Rotander et al. (2012)i NE Atlantic 
White-sided dolphin Faroe Islands 1997, 2001, 2006 ↗ increased 1997–2001/ 

2002 
↘ decreased 2001/2002- 
2006 

Rotander et al. (2012)i NE Atlantic 

Harbor porpoise United 
Kingdom 

1992–2008 ↗ peakead around 1998 
↘ decreased until 2008 

Law et al. (2010)j NE Atlantic 

Franciscana dolphin Brazil 1994, 1996, 1998, 2000, 2002, 
2004 

↗ increased Leonel et al. (2014)k SW Atlantic 

Bottlenose dolphin* Brazil 1994–2012 ↔ stable Dorneles et al. (2010)l; Lavandier et al. 
(2019)m 

SW Atlantic 

Indo-Pacific bottlenose 
dolphin 

South Australia 1989–2014 ↗ increased 1989–2005 
↗ increased 2009–2014 

Weijs et al. (2020)n SE Indian 

Stripped dolphin Catalan coast 1990, 2004–2009, 2014–2018 ↘ decreased trend Aznar-Alemany et al. (2021)o Mediterranean 
Sea 

PBDE congeners investigated in each study. 
a,b,e n. 3, 15, 28, 47, 99, 100, 153, 154, 183, 209. 
c n. 17, 28, 47, 66, 71, 85, 99, 100, 119, 126, 138, 153, 154, 183, 184, 191, 196, 197, 206, 207, 209. 
d n. 17, 28, 30, 47, 49, 66, 71, 77, 85, 99, 100, 119, 126, 138, 139, 140, 153, 154, 156/169, 171, 180, 183, 184, 191. 
f n. 28, 47, 99, 100, 138, 153, 154, 155, 156, 181, 183, 190, 191, 203, 205, 206, 209. 
gn. 28, 47, 49, 66, 99, 100, 153, 154, 155, 183. 
h n. 7, 10, 15, 17, 28, 47, 49, 66, 71, 77, 85, 99, 100, 119, 126, 138, 139, 140, 153, 154, 171, 180, 183, 184, 191, 196, 197, 201, 203, 204, 205, 206, 207, 208, 209. 
i n. 28, 47, 66, 85, 99, 100, 138, 154, 153,183. 
j n. 28, 47, 66, 85, 99, 100, 138, 153, 154. 
k n. 1, 2, 3, 7, 8, 11, 10, 12, 13, 15, 17, 25, 28, 30, 32, 33, 35, 37, 47, 49, 66, 71, 75, 77, 85, 99, 100, 116, 118, 119, 126, 138, 153, 154, 155, 166, 181, 183, 190. 
l n. 28, 47, 66, 85, 99, 100, 153, 154, 183. 
m n. 47, 100, 99, 154, 153. 
n n. 47, 99, 100. 
o n. 28, 47, 99, 100,154, 153, 183, 209. 
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As reported in Table 1, stable trends of PBDEs have been documented 
in cetaceans from Northwest Pacific, Northwest Atlantic, and Southwest 
Atlantic. In addition, increasing proportions of higher brominated con-
geners have been recently reported in cetaceans from Northwest Pacific. 
Jeong et al. (2020) investigated blubber of finless porpoises from Korean 
coastal waters during 2010–2015 and reported a significant decrease of 
lower brominated congeners (BDE-28 and BDE-47). At the same time, 
this study documented an increase of more brominated congeners 
(BDE-153 and BDE-154) during the study period, which is likely related 
to the greater consumption of deca-BDE in recent years. No significant 
variation on PBDE concentrations and relatively higher proportions of 
BDE-154 (equivalent to those of BDE-47) have been reported during 
2011–2015 in melon-headed whales of the Japanese coast (Kunisue 
et al., 2021). Considering that technical penta- and octa- BDE products 
were banned by the early 2000s, the high proportion of BDE-154 – a 
minor component of these two mixtures - could be related as well to the 
increased discharge into the environment of BDE-209 and its debromi-
nation processes (La Guardia et al., 2007; Stapleton et al., 2006; Zhu 
et al., 2019). It is worth noting that China, one of the biggest countries in 
the Northwest Pacific area and one of the main producers and suppliers 
of deca-BDE mixture in the last years (Zhang et al., 2017), started the 
production of this higher brominated product later than Europe and the 
United States. This could have resulted in increased emissions of this 
mixture in recent years, and likely in a delay in the effectiveness of 
global restrictions (An et al., 2022). Even if China has established con-
centration limits for penta- and octa-BDE in electronics, it has not yet 
ratified the Stockholm Convention for deca-BDE (Sharkey et al., 2020) 
and its production, use, import and export will not be banned until 2025 
(MEE, 2021). Additionally, China’s great degree of industrialization and 
economic growth as well as e-waste import and inappropriate waste 
management might have contributed to elevated concentrations of these 
contaminants in its area, as reported by different studies (Li and Achal, 
2020; Luo et al., 2021; Ma et al., 2011; Peng et al., 2019; Zhang et al., 
2019). All these facts draw attention to the continuous inputs of PBDEs 
in the Northwest Pacific zone and the potential impacts on endangered 
cetaceans inhabiting this area for which information about PBDE 
contamination is scarce. To date, no studies have investigated PBDEs in 
North Pacific right whale (Eubalaena japonica), Western grey whale 
(Eschrichtius robustus), Northern sei whale (Balaenoptera borealis) and 
Northern blue whale (Balaenoptera musculus), all living or frequenting 
the Northwest Pacific Ocean and classified as endangered by the Inter-
national Union of Conservation of Nature (IUCN) Red List of Threatened 
Species (Cooke, 2018a, 2018b; Cooke et al., 2018; Cooke and Clapham, 
2018). In Yangtze finless porpoises (Neophocaena asiaeorientalis 
asiaeorientalis), an endemic species of the Yangtze River (China) listed as 
critically endangered by the IUCN (Wang et al., 2013), a declining 
population trend has been associated to a high risk of pollution partic-
ularly by pesticides. Yet, no information is present about the potential 
detrimental impact of PBDEs in this species (Zhao et al., 2008). 

Continuous exposure to PBDEs has been also reported for St. Law-
rence estuary belugas. This population seems to be exposed to contin-
uous inputs of PBDEs as indicated by the high and stable levels of penta-, 
octa- and deca-BDE from 1997 to 2013, preceded by an increasing trend 
from 1987 to 1997 (Lebeuf et al., 2014; Simond et al., 2017) (Table 1). 
Elevated concentrations of PBDEs reported in different abiotic and biotic 
matrices in this area are to be related to the proximity of North America 
and the discharge of Montreal municipal effluents - the major source of 
PBDEs in the St. Lawrence River - along with the Great Lakes water mass 
(Marcogliese et al., 2015). In consequence, high values of PBDEs 
continue to be detected in different aquatic species and in a similar 
fashion as those of Canadian belugas (Travis et al., 2020; Zhou et al., 
2019). Zhou et al. (2019) described an increase in PBDE concentrations 
in predator fishes of the Laurentian Great Lakes from 1990 to 2000, 
rapidly decreasing concentrations from 2000 to 2007, and unchanged or 
slightly decreasing levels up to 2015. This tendency probably reflects the 
voluntary phase out of penta- and octa-BDE commercial mixtures in 

2004 and the extensive use of deca-BDE in the following years resulting 
in increasing concentrations of brominated congeners such as BDE-100 
and BDE-154, which possibly stem from debromination processes of 
BDE-209. This thesis is supported by the increased proportion of 
BDE-209 - from 72% to 95% - of the total PBDE burdens after 2013 
(Zhou et al., 2019). 

An increase of PBDE levels was observed from 1989 to 1995 (range: 
80–91 ng/g l.w. blubber) and from 2009 to 2014 (range: 23-1851 ng/g l. 
w. blubber) in Indo-Pacific bottlenose dolphins (Tursiops aduncus) from 
Spencer Gulf and Gulf St Vincent (South Australia), with a difference of 
at least one order of magnitude between the two study periods (Weijs 
et al., 2020). Concentrations were in general higher than those reported 
for other odontocetes from Australia, normally ranging between 4.3 and 
440 ng/g l.w. in blubber (Symons et al., 2004; Weijs et al., 2016). These 
data are not consistent with the results reported for human serum blood 
in the Australian population, which showed a constant lowering of PBDE 
levels during 10 years (Drage et al., 2019; Toms et al., 2018). Yet sed-
iments from the Sidney estuary confirmed increased concentrations of 
these substances in the marine environment from 1990 to 2014, with 
BDE-209 reaching 97% of the total PBDE concentrations in more recent 
years (Drage et al., 2015). Prohibition of penta- and octa-BDE and the 
consequent increment in the use of deca-BDE could be responsible for 
the rapid increase in the average contribution of BDE-209 to the total 
PBDE content in sediment. Australia has never manufactured penta- and 
octa-BDE mixtures and its importation was banned in 2005 (Toms et al., 
2009). Despite this, import of PBDE-containing products manufactured 
elsewhere continues to take place in the country (Drage et al., 2019). 

Two different studies on male bottlenose dolphins stranded in 
Southeast Brazilian coast during 1994–2006 and 2007–2012 reported 
mean PBDE levels in liver of 982 ng/g l.w. and 960 ng/g l.w., respec-
tively (Dorneles et al., 2010; Lavandier et al., 2019). Even if comparison 
and interpretation of data generated from different studies is not 
straightforward, owing to the different variables involved (sampling 
procedures, analytical methods employed, biological factors, etc.), it 
suggests that levels of PBDEs in bottlenose dolphins of Southeast Brazil 
have remained unchanged for nearly 20 years (1994–2012). PBDEs have 
never been manufactured in Brazil; nevertheless, this country is one of 
the major global electronic and textile waste producers (Baldé et al., 
2017), commercial sectors where large amounts of these substances are 
employed. In this region, almost 215 thousand tons of municipal solid 
waste is generated daily and in a great proportion (40%) inadequately 
disposed (ABRELPE, 2017). This, together with the absence of specific 
legislation limiting the concentrations of PBDEs in commercial waste 
goods and a lack of regulation on the import/export of these BFRs 
(Rodrigues et al., 2015) could favor constant releases of these sub-
stances. Moreover, the existing exemptions for the use of penta-/oc-
ta-BDEs and deca-BDE in certain applications in Brazil, which will expire 
in 2030 and 2036, respectively, are likely to delay future decreases in 
the environmental concentrations of these contaminants (Sharkey et al., 
2020). 

1.2. Does climate change have an impact on PBDE accumulation in 
cetaceans? 

In recent years, different studies have focused on the influence that 
climate change-driven processes could have on POPs’ fate and distri-
bution and the consequent impact on the global environmental pollution 
and living organisms (Alava et al., 2017; Chen et al., 2019; de Wit et al., 
2022; Gong and Wang, 2022; Hung et al., 2022; Li et al., 2021; Nadal 
et al., 2015; Potapowicz et al., 2019). It is documented that changes in 
environmental variables and meteorological conditions brought about 
by global warming may affect POPs’ behavior in the environment and 
may alter the “grasshopper effect” that is strictly dependent on tem-
perature (Chen et al., 2019; Dalla Valle et al., 2007; Li et al., 2021; Ma 
et al., 2011; Wania and MacKay, 1996). Enhanced volatilization of POPs 
between primary and secondary sources, faster degradation in the 
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aquatic ecosystem and distorted partitioning between geochemical 
spheres, are some processes caused by climate change and potentially 
determining POPs’ fate and distribution (Cai et al., 2014; Macdonald 
et al., 2005; Nadal et al., 2015; Noyes et al., 2009). A recent study by 
Gong and Wang (2022) has drawn attention to the increased contribu-
tion of “secondary sources” to global contamination and the accelerated 
cycling of POPs under climate change conditions. It is plausible that 
increased temperatures are forcing the re-volatilization of POPs stored 
in pools (glaciers, vegetation and soils), thus converted in secondary 
sources responsible for the re-emissions of these contaminants into the 
global cycle (Dalla Valle et al., 2007). Secondary sources represent a 
threat above all for cold-climate ecosystems, more sensitive to climate 
change and where increased long-range transport might contribute to 
accumulation of POPs (IPCC, 2021; Li et al., 2021; Wania and MacKay, 
1996). In addition, cryosphere degradation observed both in the 
Northern and Southern Hemispheres during the last decades could 
represent another important secondary source of POPs, previously 
trapped into it (Chadburn et al., 2017; Grannas et al., 2013; Siegert et al., 
2019; Stroeve et al., 2012; the IMBIE team, 2018). 

As sentinels of marine ecosystem pollution, cetaceans could be 
affected by changes in POPs’ distribution, revealing alterations in the 
concentration and accumulation pattern of these substances over time. 
On the other hand, some studies demonstrated alterations in cetaceans’ 
distributions, habitat and migration due to climate change that in some 
cases could result in increased residence times in more polluted areas 
(Ramp et al., 2015; Storrie et al., 2018; van Weelden et al., 2021). 

Global warming may have an important impact on POPs’ occurrence 
especially to those related to sediments and soils such as BDE-209, 
which accounts approximately for 75% of the worldwide use of PBDEs 
(Shi et al., 2015). Increased rainfalls may enhance POPs’ deposition into 
soil, while more intense precipitations and land runoffs could raise the 
quantity of eroded soil particles reaching the ocean (Dalla Valle et al., 
2007). Thus, increased amounts of these toxic and persistent substances 
could reach the marine environment entering aquatic food webs 
throughout benthonic organisms feeding on surface sediments or within 
them. At the same time, increased precipitation and atmospheric aero-
sols could enhance POPs’ deposition to aquatic ecosystems (Cas-
tro-Jiménez et al., 2017; Macdonald et al., 2003; Noyes et al., 2009). A 
high contribution of BDE-209 (70–75% of the detected ΣPBDEs) has 
been documented in zoo- and phytoplankton as a possible consequence 
of the constant atmospheric input through dry deposition (Cas-
tro-Jiménez et al., 2021; 2017). 

Even if BDE-209 is highly hydrophobic with low water solubility that 
makes it hardly bioavailable, studies have documented accumulation 
and biomagnification of this congener in cetaceans’ tissues (Aznar--
Alemany et al., 2019; Noël et al., 2009). It has been also demonstrated 
that an increase in environmental temperatures and atmospheric con-
centrations of ozone driven by global warming could enhance PBDE 
degradation and generation of more toxic and persistent lower bromi-
nated congeners (Niu et al., 2015). Keeping in mind the huge historical 
production and its recent prohibition, deca-BDE is worthy of attention in 
the next future, above all in those countries where production and use 
continue, and in urbanized and industrialized coastal areas where great 
amounts of higher brominated congeners and associated metabolites 
could be continuously released. It could be argued that the quantity of 
BDE-209 and other brominated congeners entering the marine food web 
could increase in the next years due to meteorological changes. This fact 
could lead to an increase of concentrations in marine top predators such 
as odontocetes living in coastal areas. On the other hand, as mentioned 
above, global warming and changes in meteorological conditions have 
been related to shifts in migration habits of some cetaceans. Thus, some 
of them began to spend more time in more contaminated lower latitude 
regions and to act as vectors of contamination to less polluted areas 
(Borgå et al., 2022; Ramp et al., 2015; Storrie et al., 2018). Species that 
spend longer periods than usual feeding at southern latitudes are 
probably increasing their exposure to these substances, as it has been 

already reported for some seabird species (Bustnes et al., 2010; Elliott 
et al., 2021; Mora et al., 2016). 

A study by Ramp et al. (2015) assigns the earlier ice break-up, caused 
by global warming, as the plausible cause for fin whales anticipating 
their date of arrival and increasing their residence time (in about 16 
days) in the summer feeding area at St. Lawrence Estuary. This is a 
well-known contaminated area situated in the North Atlantic Ocean and 
where the St. Lawrence River pours its waters after receiving PBDE 
contaminated urban effluents from the Metropolitan Community of 
Montreal (3.8 million inhabitants) (Marcogliese et al., 2015). Cumula-
tive effects of changes in migrations habits, more intense precipitations 
and continuous emissions of PBDEs above all in industrialized coastal 
areas, can result in greater PBDE exposures for fin whales (Ramp et al., 
2015). Moreover, higher brominated BDE congeners accumulate pref-
erentially in lower trophic levels such as zooplankton, compartment that 
includes the main prey of this species and other baleen whales (Cas-
tro-Jiménez et al., 2021). 

The Cook Inlet Alaskan beluga whale population has increased its 
residence time in the more industrialized and urbanized upper Cook 
Inlet during warmer years, suggesting a risk of toxicological implications 
for this endangered population that is already facing a growth rate 
reduction and difficult recovery (Ezer et al., 2013). Furthermore, if 
long-term climatic changes occur in the future, Cook Inlet belugas whale 
could stay longer in the northernmost part of the inlet facing higher 
levels of contamination. Hoguet et al. (2013) documented a different 
degree of PBDE exposure between two distinct populations of Alaskan 
belugas with the Cook Inlet beluga population being more contaminated 
than the Bering Sea population. As explained by the authors, the 
different degree of contamination is probably the consequence of 
distinct geographic localizations. Cook Inlet is an urbanized and 
industrialized area where localized inputs of contamination occur, for 
instance stemming from wastewaters from Anchorage’s treatment plant 
serving more than 200,000 people. 

Some species of baleen whales such as humpback whale, fin whale, 
common minke whale (Balaenoptera acutorostrata) and blue whale have 
increased their annual maximum latitudes between 1◦ and 4◦, appar-
ently due to the reduction of sea ice extent as a consequence of climate 
warming (Storrie et al., 2018). As cetaceans could act as biovectors of 
POPs, enhanced ice melt and the subsequent habitat expansion of these 
species might rise the transportation of persistent and toxic pollutants 
into polar zones. Furthermore, increasing temperature and sea ice 
melting could result in remobilization of organic contaminants, such as 
PBDEs, and increased concentrations in the marine environment (Ma 
et al., 2011). 

1.3. Effects of PBDEs in cetaceans’ health: what is already there and what 
is lacking 

A limiting factor in risk assessment of PBDEs in cetaceans is the lack 
of species-specific toxicity thresholds that can be used to assess potential 
health risks of these substances. To the best of our knowledge the single 
upper limit threshold for PBDEs in marine mammals (1500 ng/g l.w.) 
has been established for endocrine disruption in blubber of grey seals 
(Hall et al., 2003). To date this threshold is employed for a wide range of 
species with some degree of approximation (Lam et al., 2009; Lindström 
et al., 1999; Moon et al., 2010; Tuerk et al., 2004). Toxicokinetic dif-
ferences as well as distinct physiological characteristics lead to a high 
level of uncertainty when extrapolating a threshold value for different 
species, even if among marine mammals. Hence, there is a need for 
toxicological studies focused on calculating species-specific and 
tissue-specific threshold values, as well as to assess different endpoints, 
already settled for other POPs such as PCBs and dioxins (Desforges et al., 
2016; Kannan et al., 2000; Ross et al., 1995; Schwacke et al., 2012). 
PBDEs lack of a unifying methodology like that of the Toxic Equivalent 
(TEQ) approach used in risk assessment for dioxins, and others 
dioxin-like compounds. Moreover, while a group of seven indicator 
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congeners exists for PCBs, there is not a similar counterpart yet for 
PBDEs (Boalt et al., 2013). Despite the lesser attention given to PBDEs, it 
has been demonstrated that these substances could alter the normal 
activity of biological systems in the same way as PCBs and in some cases 
with a higher degree of interference. Studies in rats suggested agonist 
potency of PBDEs on the aryl hydrocarbon receptor (AHR) comparable 
to those of some mono-ortho PCBs (Meerts et al., 1998). Hooper and 
McDonald (2000) reported greater ethoxyresorufin-o-deethylase 
(EROD) induction capacity of commercial penta-BDEs compared to 
that of Aroclor1254. Potential additive reduction on circulating thyroxin 
hormone level (T4) induced by coexposure of PCBs and PBDEs have 
been described by Miller et al. (2012). 

Besides being endocrine disruptors (ECD) (Hall et al., 2003; Zhou 
et al., 2001), PBDEs have been associated to immunotoxicity in harbor 
porpoises, pantropical spotted dolphins, sperm whales (Physeter macro-
cephalus), striped dolphins, fin whales, Bryde’s whales (Balaenoptera 
edeni), killer whales, long-beaked common dolphins, and furthermore, 
genotoxicity and cytotoxicity in pantropic spotted dolphins (Beineke 
et al., 2005; Villanger, 2011; Hall et al., 2003; Huang et al., 2020; Marsili 
et al., 2019; Rajput et al., 2021; Simond et al., 2019). Thymic atrophy 
and splenic depletion have been significantly correlated with high PBDE 
concentrations in harbor porpoises (Beineke et al., 2005). Stimulation of 
innate immune response has been reported in fibroblast cells of 
pantropical spotted dolphins exposed to BDE-47, BDE-100 and BDE-209 
(Huang et al., 2020). A recent study on fibroblast cells of pantropic 
spotted dolphin described alterations on reactive oxygen species (ROS) 
production, mitochondrial membrane potential, cellular calcium levels, 
mitochondrial structure, cell membrane structure and apoptosis, after 
exposure to BDE-47, BDE-100 and BDE-209 (Rajput et al., 2021). Also, 
alterations on a polymorphic protein that is induced upon stress, damage 
or transformation of cells, has been described in fibroblast cells of killer 
whale, long-beaked common dolphin, Bryde’s whale, sperm whale, 
striped dolphin and fin whale, after treatment with PBDEs (Marsili et al., 
2019). Besides, disruptive capacity to thyroid hormones (Villanger, 
2011) and alteration of gene transcription involved on the regulation of 
thyroid and/or steroid hormones (Simond et al., 2019) have been 
documented in beluga and minke whales. 

All these in vitro studies, performed mainly in fibroblast cells, have 
demonstrated the capacity of these contaminants to interfere with hor-
mone production and the immune system response, to negatively affect 
the structure of the cells and their functions as well as to alter production 
of reactive oxygen species (ROS) resulting in oxidative stress. Further-
more, it has been shown that the hormone, cellular and immune systems 
respond to PBDE exposure in a specific way according to different types 
of congeners, species or tissue analyzed. For example, BDE-47, BDE-99 
and BDE-100 have been reported to differently influence oxidative 
stress, mitochondrial membrane potential (MMP) response, cellular 
calcium levels and protein expression of apoptosis-associated genes, 
being BDE-47 the most cytotoxic one (Rajput et al., 2021). At the same 
time, Marsili et al. (2019) showed differences in the expression of 
polymorphic proteins in fibroblast cells exposed to a mixture containing 
27 PBDEs in different marine mammal species; downregulation has been 
documented for killer whale and Bryde’s whale, while upregulation has 
been reported for striped dolphin. 

Toxicological sensitivity, mechanisms and pathways may vary be-
tween species and each congener could interfere with vital systems in 
multiple ways and at different levels. Therefore, species-specific in-
vestigations as well as a broader knowledge about toxicity effects trig-
gered by different substances and congeners result crucial. However, if 
on one hand it is essential to study negative effects caused by mixtures, 
as cetaceans are normally exposed to different class of pollutants and 
various congeners simultaneously, on the other hand, studies on specific 
substances such as PBDEs could play a key role in management and 
conservation policies. 

2. Conclusions 

Despite all regulatory measures taken, PBDEs continue to impact 
cetaceans at global scale. Climate change and the constant economic 
growth together with the increase of e-waste trading could lead to 
higher exposure of cetaceans to PBDEs in the next years, especially in 
certain areas of the world such as the Arctic and the Northeast Pacific 
Ocean. Information about negative effects on the health status is still 
unknown for many species for which toxicological studies have not yet 
been performed. All of that represents a limiting factor for under-
standing the real impact exerted by PBDEs on these species both, at 
individual and population levels. 

Canadian Southern Resident killer whales, Atlantic white-sided 
dolphins in the North Sea, bottlenose dolphins in the Northwest 
Atlantic Ocean, Indo-Pacific humpback dolphins inhabiting Hong Kong 
waters, Mediterranean striped dolphins and false killer whales from 
Hawaii and Brazil showed the highest tissue concentrations of PBDEs. 
Significant levels and stable trends of PBDEs recently reported in ceta-
ceans of the Southern Hemisphere, where PBDEs have never been pro-
duced, highlight the environmental impact of the existing trade of PBDE- 
containing products. It is noticeable the urgent need for more carefully 
investigations and monitoring, especially in those countries that have 
not yet established concentration limits for imported products. The 
highest levels recently found in species living in urbanized coastal re-
gions have been related to discharge of contaminated waters deriving 
from wastewater treatment plants, which should improve treatment 
processes and removal efficiencies of PBDEs. The synergic effects of 
climate change and ongoing emissions of PBDEs, expected to continue at 
least until 2050, may result in increased contamination exposure for 
some species, in particular cetaceans inhabiting the Arctic for which 
global warming seems to have a greater impact. 

In light of this, a greater knowledge about effects both at species and 
population levels as well as more specific threshold values are strongly 
needed for cetaceans, in order to assess health risks and support regu-
latory protection for these species. The lack of generalized decreasing 
trends in total PBDE concentrations along with the reported changes in 
congener profiles underpin the need to reevaluate the efficacy of current 
regulations on PBDEs and to improve waste management, both in 
developed and developing countries. 
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Raach, M., Lebeuf, M., Pelletier, É., 2011. PBDEs and PCBs in the liver of the St Lawrence 
Estuary beluga (Delphinapterus leucas): a comparison of levels and temporal trends 
with the blubber. J. Environ. Monit. 13, 649–656. https://doi.org/10.1039/ 
C0EM00310G. 

Rajput, I.R., Yaqoob, S., Yajing, S., Sanganyado, E., Wenhua, L., 2021. Polybrominated 
diphenyl ethers exert genotoxic effects in pantropic spotted dolphin fibroblast cell 
lines. Environ. Pollut. 271, 116131 https://doi.org/10.1016/J. 
ENVPOL.2020.116131. 

Ramp, C., Delarue, J., Palsbøll, P.J., Sears, R., Hammond, P.S., 2015. Adapting to a 
warmer ocean—seasonal shift of baleen whale movements over three decades. PLoS 
One 10, e0121374. https://doi.org/10.1371/JOURNAL.PONE.0121374. 

Ramu, K., Kajiwara, N., Lam, P.K.S., Jefferson, T.A., Zhou, K., Tanabe, S., 2006. 
Temporal variation and biomagnification of organohalogen compounds in finless 
porpoises (Neophocaena phocaenoides) from the South China Sea. Environ. Pollut. 
144, 516–523. https://doi.org/10.1016/j.envpol.2006.01.027. 

Rayne, S., Ikonomou, M.G., Whale, M.D., 2003. Anaerobic microbial and photochemical 
degradation of 4,4′-dibromodiphenyl ether. Water Res. 37, 551–560. https://doi. 
org/10.1016/S0043-1354(02)00311-1. 

Ribeiro-Campos, A., Pereira, K.S., Quintana, C.E.P., Barbosa, M., Dias, C.P., Brião, J.A., 
dos Santos, C.V.C., Castro, C., Pedreira, H.S., Carvalho, R.R., Santos-Neto, E., 2021. 
Habitat use by the Guiana dolphin (sotalia guianensis) (cetartiodactyla: delphinidae) 
in southeastern Brazil. Reg. Stud. Mar. Sci. 44, 101778 https://doi.org/10.1016/j. 
rsma.2021.101778. 

Rodrigues, E.M., Ramos, A.B.A., Cabrini, T.M.B., Dos Santos Fernandez, M.A., 2015. The 
occurrence of polybrominated diphenyl ethers in Brazil: a review. Int. J. Environ. 
Health 7, 247–266. https://doi.org/10.1504/IJENVH.2015.073202. 

Ross, P.S., De Swart, R.L., Reijnders, P.J., Van Loveren, H., Vos, J.G., Osterhaus, A.D., 
1995. Contaminant-related suppression of delayed-type hypersensitivity and 
antibody responses in harbor seals fed herring from the {Baltic} {Sea}. Environ. 
Health Perspect. 103, 162–167. 

Rotander, A., van Bavel, B., Polder, A., Rigét, F., Audunsson, G.A., Gabrielsen, G.W., 
Víkingsson, G., Bloch, D., Dam, M., 2012. Polybrominated diphenyl ethers (PBDEs) 
in marine mammals from Arctic and North Atlantic regions, 1986-2009. Environ. Int. 
40, 102–109. https://doi.org/10.1016/j.envint.2011.07.001. 

Schwacke, L.H., Zolman, E.S., Balmer, B.C., de Guise, S., Clay George, R., Hoguet, J., 
Hohn, A.A., Kucklick, J.R., Lamb, S., Levin, M., Litz, J.A., Mcfee, W.E., Place, N.J., 
Townsend, F.I., Wells, R.S., Rowles, T.K., 2012. Anaemia, hypothyroidism and 
immune suppression associated with polychlorinated biphenyl exposure in 
bottlenose dolphins (Tursiops truncatus). Proc. R. Soc. B Biol. Sci. 279, 48–57. 
https://doi.org/10.1098/RSPB.2011.0665. 

Secchi, E.R., Cremer, M.J., Danilewicz, D., Lailson-Brito, J., 2021. A synthesis of the 
ecology, human-related threats and conservation perspectives for the endangered 
franciscana dolphin. Front. Mar. Sci. 8, 617956 https://doi.org/10.3389/ 
fmars.2021.617956. 

Sharkey, M., Harrad, S., Abou-Elwafa Abdallah, M., Drage, D.S., Berresheim, H., 2020. 
Phasing-out of legacy brominated flame retardants: the UNEP Stockholm Convention 
and other legislative action worldwide. Environ. Int. 144, 106041 https://doi.org/ 
10.1016/J.ENVINT.2020.106041. 

Shaul, N.J., Dodder, N.G., Aluwihare, L.I., Mackintosh, S.A., Maruya, K.A., Chivers, S.J., 
Danil, K., Weller, D.W., Hoh, E., 2015. Nontargeted biomonitoring of halogenated 
organic compounds in two ecotypes of bottlenose dolphins (Tursiops truncatus) from 
the Southern California Bight. Environ. Sci. Technol. 49 (3), 1328–1338. https://doi. 
org/10.1021/es505156q. 

Shaw, S.D., Berger, M.L., Brenner, D., Carpenter, D.O., Tao, L., Hong, C.S., Kannan, K., 
2008. Polybrominated diphenyl ethers (PBDEs) in farmed and wild salmon marketed 
in the Northeastern United States. Chemosphere 71 (8), 1422–1431. https://doi.org/ 
10.1016/j.chemosphere.2008.01.030. 

A. Bartalini et al.                                                                                                                                                                                                                               

https://doi.org/10.1007/s11356-020-11254-5
https://doi.org/10.1007/s11356-020-11254-5
https://doi.org/10.1016/J.JHAZMAT.2010.12.091
https://doi.org/10.1038/NCLIMATE1167
https://doi.org/10.1016/J.SCITOTENV.2004.12.059
https://doi.org/10.1080/713609959
https://doi.org/10.1007/s13280-014-0577-9
https://doi.org/10.1007/s13280-014-0577-9
https://doi.org/10.3389/FIMMU.2019.01219/BIBTEX
https://doi.org/10.1002/etc.3348
https://doi.org/10.1007/s00300-020-02750-y
https://doi.org/10.1897/05-284R.1
https://doi.org/10.1002/etc.535
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref102
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref102
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref102
https://doi.org/10.1016/j.envpol.2018.02.009
https://doi.org/10.1093/TOXSCI/KFS089
https://doi.org/10.1016/j.jhazmat.2010.03.063
https://doi.org/10.1002/ETC.3360
https://doi.org/10.1016/j.envint.2010.11.013
https://doi.org/10.1016/J.ENVRES.2015.10.012
https://doi.org/10.1016/J.CHEMOSPHERE.2014.10.068
https://doi.org/10.1016/J.CHEMOSPHERE.2014.10.068
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref110
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref110
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref110
https://doi.org/10.1016/j.marenvres.2009.06.009
https://doi.org/10.1016/j.marenvres.2009.06.009
https://doi.org/10.1016/j.envint.2009.02.006
https://doi.org/10.1016/j.envint.2009.02.006
https://doi.org/10.3390/IJERPH16060906
https://doi.org/10.1016/J.WATRES.2012.05.048
https://doi.org/10.1016/J.WATRES.2012.05.048
https://doi.org/10.1577/T08-003.1
https://doi.org/10.1577/T08-003.1
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref116
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref116
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref116
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref116
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref116
https://doi.org/10.1016/j.envint.2019.104952
https://doi.org/10.1007/s00244-004-3200-4
https://doi.org/10.1007/s00244-004-3200-4
https://doi.org/10.1016/J.SCITOTENV.2018.09.168
https://doi.org/10.1016/J.ENVPOL.2021.116474
https://doi.org/10.1016/J.ENVPOL.2021.116474
https://doi.org/10.1039/C0EM00310G
https://doi.org/10.1039/C0EM00310G
https://doi.org/10.1016/J.ENVPOL.2020.116131
https://doi.org/10.1016/J.ENVPOL.2020.116131
https://doi.org/10.1371/JOURNAL.PONE.0121374
https://doi.org/10.1016/j.envpol.2006.01.027
https://doi.org/10.1016/S0043-1354(02)00311-1
https://doi.org/10.1016/S0043-1354(02)00311-1
https://doi.org/10.1016/j.rsma.2021.101778
https://doi.org/10.1016/j.rsma.2021.101778
https://doi.org/10.1504/IJENVH.2015.073202
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref128
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref128
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref128
http://refhub.elsevier.com/S0269-7491(22)00884-3/sref128
https://doi.org/10.1016/j.envint.2011.07.001
https://doi.org/10.1098/RSPB.2011.0665
https://doi.org/10.3389/fmars.2021.617956
https://doi.org/10.3389/fmars.2021.617956
https://doi.org/10.1016/J.ENVINT.2020.106041
https://doi.org/10.1016/J.ENVINT.2020.106041
https://doi.org/10.1021/es505156q
https://doi.org/10.1021/es505156q
https://doi.org/10.1016/j.chemosphere.2008.01.030
https://doi.org/10.1016/j.chemosphere.2008.01.030


Environmental Pollution 308 (2022) 119670

13

Shi, J., Qu, R., Feng, M., Wang, X., Wang, L., Yang, S., Wang, Z., 2015. Oxidative 
degradation of decabromodiphenyl ether (BDE 209) by potassium permanganate: 
reaction pathways, kinetics, and mechanisms assisted by density functional theory 
calculations. Environ. Sci. Technol. 49, 4209–4217. https://doi.org/10.1021/ 
ES505111R/SUPPL_FILE/ES505111R_SI_001.PDF. 

Siegert, M., Atkinson, A., Banwell, A., Brandon, M., Convey, P., Davies, B., Downie, R., 
Edwards, T., Hubbard, B., Marshall, G., Rogelj, J., Rumble, J., Stroeve, J., 
Vaughan, D., 2019. The Antarctic Peninsula under a 1.5◦C global warming scenario. 
Front. Environ. Sci. 7, 102. https://doi.org/10.3389/FENVS.2019.00102/BIBTEX. 

Simond, A.E., Houde, M., Lesage, V., Michaud, R., Zbinden, D., Verreault, J., 2019. 
Associations between organohalogen exposure and thyroid- and steroid-related gene 
responses in St. Lawrence Estuary belugas and minke whales. Mar. Pollut. Bull. 145, 
174–184. https://doi.org/10.1016/J.MARPOLBUL.2019.05.029. 

Simond, A.E., Houde, M., Lesage, V., Verreault, J., 2017. Temporal trends of PBDEs and 
emerging flame retardants in belugas from the St. Lawrence Estuary (Canada) and 
comparisons with minke whales and Canadian Arctic belugas. Environ. Res. 156, 
494–504. https://doi.org/10.1016/j.envres.2017.03.058. 

Sonne, C., Jepson, P.D., Desforges, J.-P., Alstrup, A.K.O., Olsen, M.T., Eulaers, I., 
Hansen, M., Letcher, R.J., McKinney, M.A., Dietz, R., 2018. Pollution threatens 
toothed whales. Science 361, 1208. https://doi.org/10.1126/science.aav2403. 

Soulen, B.K., Venables, B.J., Johnston, D.W., Roberts, A.P., 2018. Accumulation of PBDEs 
in stranded harp (Pagophilus groenlandicus) and hooded seals (Cystophora cristata) 
from the Northeastern United States. Mar. Environ. Res. 138, 96–101. https://doi. 
org/10.1016/j.marenvres.2018.04.008. 

SARA (Species at Risk Act), 2017. Species at Risk Act, SC 2002 c 29. https://laws.justice. 
gc.ca/eng/acts/S-15.3/. (Accessed 12 June 2022). 

Stapleton, H.M., Brazil, B., Holbrook, R.D., Mitchelmore, C.L., Benedict, R., 
Konstantinov, A., Potter, D., 2006. In vivo and in vitro debromination of 
decabromodiphenyl ether (BDE 209) by juvenile rainbow trout and common carp. 
Environ. Sci. Technol. 40, 4653–4658. https://doi.org/10.1021/ES060573X/SUPPL_ 
FILE/ES060573XSI20060620_103933.PDF. 

Storrie, L., Lydersen, C., Andersen, M., Wynn, R.B., Kovacs, K.M., 2018. Determining the 
species assemblage and habitat use of cetaceans in the svalbard archipelago, based 
on observations from 2002 to 2014. Polar Res. 37 https://doi.org/10.1080/ 
17518369.2018.1463065/SUPPL_FILE/ZPOR_A_1463065_SM3703.DOCX. 

Stroeve, J.C., Serreze, M.C., Holland, M.M., Kay, J.E., Malanik, J., Barrett, A.P., 2012. 
The Arctic’s rapidly shrinking sea ice cover: a research synthesis. Clim. Change 110, 
1005–1027. https://doi.org/10.1007/s10584-011-0101-1. 

Stuart-Smith, Sarah J., Jepson, P.D., 2017. Persistent threats need persistent 
counteraction: responding to PCB pollution in marine mammals. Mar. Pol. 84, 
69–75. https://doi.org/10.1016/j.marpol.2017.06.033. 

Stubbings, W.A., Harrad, S., 2014. Extent and mechanisms of brominated flame retardant 
emissions from waste soft furnishings and fabrics: a critical review. Environ. Int. 71, 
164–175. https://doi.org/10.1016/J.ENVINT.2014.06.007. 

Su, G., Letcher, R.J., Moore, J.N., Williams, L.L., Martin, P.A., de Solla, S.R., 
Bowerman, W.W., 2015. Spatial and temporal comparisons of legacy and emerging 
flame retardants in herring gull eggs from colonies spanning the Laurentian Great 
Lakes of Canada and United States. Environ. Res. 142, 720–730. https://doi.org/ 
10.1016/J.ENVRES.2015.08.018. 

Symons, R., Burniston, D., Piro, N., Stevenson, G., Yates, A., 2004. A Study of the 
Presence of Brominated Flame Retardants in Australian Fauna. 

Tanabe, S., Ramu, K., 2012. Monitoring temporal and spatial trends of legacy and 
emerging contaminants in marine environment: results from the environmental 
specimen bank (es-BANK) of Ehime University, Japan. Mar. Pollut. Bull. 64, 
1459–1474. https://doi.org/10.1016/J.MARPOLBUL.2012.05.013. 

the IMBIE team, 2018. AnAlysis insight. Nature 558, 219–222. https://doi.org/10.1038/ 
s41586. 
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