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A B S T R A C T

This study evaluates the current situation regarding PBDE and HBCD levels in different river fish species. We
collected published data in the last five years in different countries around the world. These levels of pollution
were compared with Environmental Quality Standards (EQS) for biota established by the European Directive in
the field of water policy. Although HBCD situation is not critical, with only some values exceeding the limit
about 5 times, the PBDE levels clearly exceeded the established EQS, with 25% of fish samples exceeding up to
ten thousand times. Although it is expected that levels of pollution by PBDEs will decrease over the next years
due to the ban in their use, it is not expected that this decrease will reach the EQS values by the end of 2021, as
demanded by the European Directive. Hence, it is necessary to implement new strategies in order to minimize
the impact of PBDEs on the environment.

1. Introduction

Flame retardants (FRs) are a group of compounds which are added
or applied to materials (plastics, furniture, vehicles, electronic
devices …) to increase their fire resistance. One of the most widely used
FRs were polybromodiphenyl ethers (PBDEs), which are typically pro-
duced at three different degrees of bromination, i.e., Penta-BDE, Octa-
BDE, and Deca-BDE commercial mixtures. These compounds have a
high lipophilicity (log Kow 5.98–9.97) and therefore they can be
bioaccumulated and biomagnified along the food chain (Eljarrat et al.,
2007; Barón et al., 2014, 2015a). Moreover, several toxic properties
have been reported for PBDEs: they can act as endocrine disruptors and
affect neurological, thyroid and liver activity (Hana et al., 2004; Lee
et al., 2010).

Due to its presence in the environment and its proved toxicity,
Penta- and Octa-BDE commercial mixtures have been banned in the
European Union (EU) and in some states of the USA from 2004 (La
Guardia et al., 2006), and also banned in Canada from 2006. In 2009,
they were designated as new persistent organic pollutants (POPs) and
the Stockholm Convention decided to add the commercial mixtures
with four, five, six and seven bromines to the Annex A, to end their
production and use (UNEP, 2015). As regards the Deca-BDE commercial
mixture, only in the EU was their use strictly prohibited in 2008: Deca-
BDE can no longer be used in electronics and electrical applications, but
a maximum concentration value of 0.1% of total PBDEs by mass in

homogeneous materials shall be tolerated (ECD, 2009; Kemmlein et al.,
2009). For the US and Canadian markets, companies decided to phase
out voluntarily the production, import and sale of Deca-BDE by the end
of 2012 (BSEF, 2012). However, in Asia, the use of Deca-BDE is not
under any regulatory restrictions (BSEF, 2009).

Hexabromocyclododecane (HBCD) is another widely applied bro-
minated FR, mainly used in thermal insulation building materials, up-
holstery textiles, and electronics as a flame retardant. The technical
product consists of several isomers, the most abundant ones being α-, β-
and γ-HBCD. While γ-HBCD dominates the technical product, α-HBCD
accumulates mainly in the food chain (Morris et al., 2004; Covaci et al.,
2006). The physical-chemical properties of HBCD are similar to some
PBDEs (log Kow 5.6) and therefore it can be found in wildlife (Guerra
et al., 2012) and in humans (Eljarrat et al., 2009). Some studies indicate
a possible role of HBCD as an endocrine disruptor (Palace et al., 2008).

HBCD has recently been listed as a POP, and the Stockholm
Convention decided to add it under Annex A, legislating its manu-
facture and formulation. However, under specific circumstances (i.e.,
their use is allowed for expanded polystyrene and extruded polystyrene
in buildings), HBCD may still be used until 2024.

On the other hand, chemical pollution of surface water poses a
threat to the aquatic environment, with effects such as acute and
chronic toxicity in aquatic organisms, accumulation of pollutants in the
ecosystem and loss of habitats and biodiversity, and also poses a threat
to human health. The Directive 2013/39/EU of the European
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parliament as regards priority substances in the field of water policy
(European Commission, 2013) lays down a strategy against the pollu-
tion of water. That strategy involves the identification of priority sub-
stances amongst those that pose a significant risk to, or via, the aquatic
environment at Union level. Moreover, this Directive established En-
vironmental Quality Standards (EQS) in biota for some pollutants, such
as PBDEs and HBCD.

A considerable number of studies reporting PBDE levels in river fish
samples worldwide have been undertaken since Andersson and
Blomkvist (1981) first indicated that these compounds were present in
fish samples collected from Viskan River basin (Sweden) where a
number of textile industrial companies. Despite its ban, and due to its
persistent nature, PBDEs continue to be detected in practically all
analysed samples showing their ubiquity in river environments. Law
et al. (2008) reviewed PBDE and HBCD concentrations in a variety of
matrices including fish. Typical concentrations for European freshwater
fish are from the hundreds of pg/g wet weight (ww) to 700 and 150 ng/
g ww for PBDEs and HBCD, respectively. For PBDEs, these values are
well above the established EQS, whereas for HBCD, the values fall
within the established EQS. However, it is to be expected that biota
levels have declined in recent years. The objective of this study was to
review and collect all available and published data (last 5 years) in
European river basins, as well as in other places around the world, and
to assess whether the established EQS are being met at present.

2. Directive 2013/39/EU in the field of water policy

The Water Framework Directive 2000/60/EC of the European
Parliament (European Commission, 2000) introduced a legal frame-
work to protect and restore the water environment across Europe. It
establishes rules to halt deterioration in the status of water bodies, in-
cluding rivers, lakes and groundwater. Scientific, environmental and
socio-economic factors, including human health considerations, have
been taken into account in developing a cost-effective and propor-
tionate policy on the prevention and control of chemical pollution of
waters. That strategy involved the identification of priority substances
amongst those that pose a significant risk to the aquatic environment.
On 20 November 2001, the list of priority substances was established
setting the first list of 33 substances or groups of substances that were
prioritised at Union level. This list already included PBDEs. Later, it was
concluded that it was appropriate to amend the list of priority sub-
stances by identifying new substances. The list of priority substances
was recently revised under the Directive 2013/39/EU (European
Commission, 2013), including 45 substances (or groups of substances)
among which the HBCD is already included.

Moreover, the Directive 2008/105/EU, which entered into force in
January 2009, has defined EQSs for priority substances in water.
However, scientific knowledge about the fate and effects of pollutants
in water has evolved significantly over recent years. More is known
about which compartment of the aquatic environment (water, sediment
or biota) a substance is likely to be found in, and therefore where its
concentration is most likely to be measurable. Some very hydrophobic
substances, such as PBDEs and HBCD, accumulate in biota and are
hardly detectable in water even using the most advanced analytical
techniques. For such substances, EQS should be set for biota. For that
reason, the Directive 2008/105/EU, established EQS values for biota
for a number of chemical pollutants (mercury, hexachlorobenzene and
hexachlorobutadiene), below which no harmful effects are expected to
wildlife, or humans. The EQS are set for prey tissue with member states
being able to choose “the most appropriate indicator from among fish,
molluscs, crustaceans and other biota”. The Directive 2013/39/EU
(European Commission, 2013) includes biota standards for a further
eight chemicals in addition to the previous three and also states that,
unless specified, the standards should be for fish rather than the more
generic “prey”. PBDEs and HBCD are examples of this group of che-
micals for which biota standards are now proposed. For PBDEs, biota

EQS was set at 0.0085 ng/g ww, and refers to the sum of the con-
centrations of congener numbers 28, 47, 99, 100, 153 and 154. For
HBCD, biota EQS was set at 167 ng/g ww. These EQS should be taken
into account for the first time in river basin management plans covering
the period 2015–2021, and should be met by the end of 2021.

It is well known that POPs can be found for decades in the aquatic
environment at levels posing a significant risk, even if extensive mea-
sures to reduce or eliminate emissions of such substances have already
been taken. That because, additional measures to those already taken,
including at international level must be promote to reduce or eliminate
discharges, emissions and losses of those substances so as to achieve the
established EQS.

3. Data collection

Given the ban on the production and use of PBDEs and HBCD, it is to
be expected that their environmental levels will decline over the years.
Therefore, in order to evaluate the current situation, the literature
search has been restricted to the last 5 years (2012–2017) (publication
year). On the other hand, and taking into account that biota EQS were
established on a European directive, the search has focused on studies
carried out in Europe, but also in other areas of the world in order to
compare the situation in different continents.

It should be pointed out that PBDE and HBCD data are generally
expressed as concentrations in lipid weight basis. However, EQS in
biota are expressed in wet weight basis. That because, all collected data
must be transformed from lipid weight (lw) to ww basis. However, not
always the necessary information to perform this transformation was
available. Taking into account that fish lipid content varies according to
species, age, season and location, two different approaches were made
defining two scenarios: the best scenario, in which fish lipid content
was established at 0.5% ww; and the worst scenario, in which fish lipid
content was set at 20% ww (Geyer et al., 1994).

Table 1 shows a summary of published works with PBDE and HBCD
levels in fish samples collected around the world. As can be seen, we
found 13 published papers dealing with PBDE data in 15 different
European countries (Belgium, Bosnia and Herzegovina, Croatia, Czech
Republic, France, Germany, Greece, Italy, Latvia, Poland, Serbia, Slo-
venia, Spain, The Netherlands and UK), as well as 7 works in North
America, 8 papers in Asia (China and Korea) and 2 works in Africa
(South Africa and Tanzania). Finally, one study in a remote area
(Antarctica) has been also published. The European studies analysed
fish samples collected between 2007 and 2015, with the exception of
one work based on samples collected between 2000 and 2009. Similar
ranges of years are evaluated in the works carried out in North America
(2004–2014) and Asia (2009–2014). As regards the fish samples, a
great variety of species are studied, among which the most common are
carps, trout and European eels.

Within the reported data expressed in ww basis, PBDE concentra-
tion levels in European fish ranged between <LOD and 93 ng/g ww.
However, if we include also data obtained within the worst scenario
approach, the range is extended up to 353 ng/g ww. In any case, and
with the exception of few samples in which PBDEs have not been de-
tected, all the rest of samples clearly exceeded the European EQS
(0.0085 ng/g ww). Higher contamination was found in Asia and North
America studies, with concentration levels ranging between 0.03–1726
and 0.075–4806 ng/g ww, respectively. And lower levels were reported
in Africa, with PBDE concentrations up to 6.60 ng/g ww. However,
even the lowest levels found in Africa clearly exceeded the European
EQS value.

In spite of the numerous studies carried out for the determination of
PBDE levels in river fish, studies corresponding to HBCD are less
abundant. We found 8 studies reporting HBCD data in 10 different
European countries (Belgium, Czech Republic, Denmark, France,
Germany, Italy, Poland, Sweden, The Netherlands and UK), as well as
one work in North America, 5 papers in Asia (China and Korea) and 2
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Table 1
Summary of PBDE and HBCD range levels (expressed in ng/g ww) in fish samples collected around the world.

Country Year River or Location Specie n PBDEs HBCDs Refs.

EUROPE

France, Germany, Sweden,
The Netherlands and UK

2007–10 Götaälv, Mersey, Rhone,
Tees, Western Scheldt, Lake
Belau

Common bream (Abramis brama)
Common sole (Solea solea)

348 – 0.20–386 Rüdel et al. (2012)

Germany nr Elbe and Rhine Rivers European Eel (Anguilla anguilla) 61 < LOD – 46.3 – Sühring et al. (2013)

Spaina 2010 Llobregat, Ebro, Júcar and
Guadalquivir Rivers

Andalusian Barbel (LucioBarbus
sclateri)
Black Bass (Mycropterus salmpoides)
Bleak (Alburnus alburnus)
Brown Trout (Salmon trutta)
Common Carp (Cyprinus carpio)
Ebro Barbel (Barbus graellsii)
European Eel (Anguila anguila)
Iberian Gudgeon(Gobio lonzanoi)
Iberian Nase (PseudoChondrostoma
polylepis)
Mediterranean Barbel (Barbus
guiraonis)
Pike (Esox lucius)
Pumpkinseed (Leponis gibbosus)
Wels Catfish (Silurus glanis)

48 < LOD – 2.60 – Santín et al. (2013)

< LOD – 104 –

UK 2007–11 Thames, Kennet, Nene and
Glen Rivers

Bleak (Alburnus alburnus)
Roach (Rutilus rutilus)

48 2−44 – Jürgens et al. (2013)

Czech Republic 2010 Labe, Vltava, Bílina,
Lužická Nisa, Morava and
Dyje Rivers

Common bream (Abramis brama)
Common carp (Cyprinus carpio)
Crucian carp (Carassius carassius)
European chub (Squalius cephalus)
European perch (Perca fluviatilis)
Grayling (Thymallus thymallus)
Gudgeon (Gobio gobio)
Rainbow trout (Oncorhynchus mykiss)
Roach (Rutilus rutilus)
Rudd (Scardinius erythrophthalmus)

48 0.21–19.9 0.02–11.6 Hloušková et al.
(2013)

Belgium and The Netherlands 2010 Scheldt estuary Common sole (Solea solea)
European flounder (Platichthys flesus)

59 0.17–3.97 – Van Ael et al. (2014)

Poland 2010–12 Vistula and
Szczecin lagoons, Puck Buy,
Mazurian, Nidzkie and
Jamno Lakes

European Eel (Anguilla anguilla) 153 0.07–8.19 0.16–17.5 Szlinder-Richert
et al. (2014)

Italya 2011–12 Lake Maggiore Shad (Alosa agone)
Whitefish (Coregonus lavaretus)

123 0.75–8.82 0.14–6.16 Poma et al. (2014)

29.8–353 5.40–246

Denmark 2012 nr Cod (Gadus callarias)
Eelpout (Zoarces viviparus)
Flounder (Platichthys flesus)
Perch (Perca fluviatilis)
Roach (Rutilus rutilus)

11 – <LOD − 0.06 Vorkamp et al. (2014)

Belgium 2000–09 Flanders region European Eel (Anguilla anguilla) 26 0.77–93 0.58–751 Malarvannan et al.
(2015)

Italya 2010 Po River Common bream (Abramis brama)
Common carp (Cyprinus carpio)
Sanders (Sander lucioperca)
Sheatfishes (Silurus glanis)

12 0.38–4.57 0.006–0.83 Luigi et al. (2015)

15.1–183 0.24–33.3

France 2011–12 Loire estuary European Eel (Anguilla anguilla) 45 0.1–18.1 – Couderc et al.
(2015)

(continued on next page)
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Table 1 (continued)

Country Year River or Location Specie n PBDEs HBCDs Refs.

Czech Republica 2010 Labe and Vltava Rivers Asp (Aspius aspius)
Common bream (Abramis brama)
Common carp (Cyprinus carpio)
Crucian carp (Carassius carassius)
European chub (Squalius cephalus)
Nase carp (Chondrostoma nasus)
Roach (Rutilus rutilus)

59 – 0.02–6.06 Svihlikova et al.
(2015)

– 0.63–242

Latvia 2013–14 Aluksnes, Kiesezers,
Liepajas, Sivers and Usmas
Lakes

European Eel (Anguilla anguilla) 58 0.28–26.7 – Zacs et al. (2016)

UK 2007–12 Thames River Roach (Rutilus rutilus) 42 2.30–24.5 – Lu et al. (2017)

Italy, Greece, Slovenia,
Croatia, Bosnia and
Herzegovina and Serbiaa

2014–15 Adige, Evrotas and Sava
Rivers

Bullhead (Cottus gobio)
Chub (Squalius cephalus)
Common barbel (Barbus barbus)
Grayling (Thymallus thymallus)
Marble trout (Salmo marmoratus)
Menida (Squalius keadicus)
Rainbow trout (Oncorhynchus mykiss)
Riverine brown trout (Salmo trutta
fario)

27 0.03–3.26 – Giulivo et al. (2017)

1.18–130 –

NORTH AMERICA

USA 2004–09 Erie, Huron, Michigan,
Ontario and Superior Lakes

Lake trout (Salvelinus namaycush)
Walleye (Sander vitreus)

290 6.7–114 – Crimmins et al. (2012)

Canadaa 2008–12 St. Lawrence River Muskellunge (Esox masquinongy)
Northern pike (Esox lucius)
Yellow perch (Perca flavescens)

50 0.47–120 – Houde et al. (2014)

18.8–4806 –

USA 2009–10 Columbia River Largescale suckers (Catostomus
macrocheilus)

74 <LOD − 320 – Nilsen et al. (2014)

USAa 2013–14 Illinois Common carp (Cyprinus carpio)
Largemouth bass (Micropterus
salmoides)

nr 0.075–41.4 – Widelka et al. (2014)

3–1654 –

Canada 2006–13 Great Lakes (Detroit, Erie,
Huron, Ontario, St. Clair,
Superior)

Bluegill (Lepomis macrochirus)
Brown bullhead (Ameiurus nebulosus)
Brown trout (Salmo trutta)
Burbot (Lota lota)
Channel catfish (Ictalurus punctatus)
Chinook salmon (Oncorhynchus
tshawytscha)
Cisco (Coregonus artedi)
Coho salmon (Oncorhynchus kisutch)
Common carp (Cyprinus carpio)
Lake trout (Salvelinus namaycush)
Lake whitefish (Coregonus clupeaformis)
Largemouth bass (Micropterus
salmoides)
Longnose sucker (Catostomus
catostomus)
Pumpkinseed (Lepomis gibbosus)
Rainbow trout (Oncorhynchus mykiss)
Walleye (Sander vitreus)
White bass (Morone chrysops)
White sucker (Catostomus commersonii)

470 1–390 – Gandhi et al. (2017)

USA 2008–09 Ecoregions of Eastern
Highlands, Plains and
Lowlands, and
the West and Mountains

15 species including members of the
sunfish, trout/salmon, pike, temperate
bass, perch, and catfish families

497 0.14–311 – Batt et al. (2017)

North Americaa 2010 Great Lakes (Erie, Huron,
Michigan, Ontario,
Superior)

Lake trout (Salvelinus namaycush)
Walleye (Sander vitreus)

15 0.54–2.48 < LOD – 0.61 Guo et al. (2017)

21.7–99 < LOD – 24.4

(continued on next page)

E. Eljarrat, D. Barceló Environmental Research 160 (2018) 203–211

206



Table 1 (continued)

Country Year River or Location Specie n PBDEs HBCDs Refs.

ASIA

Chinaa 2009 Taihu Lake 24 fish species including herbivorous
(3), omnivorous (10) and carnivorous
(11)

200 0.03–1.33 – Yu et al. (2012)

1.08–53.2 –

Chinaa 2010 e-waste-recycling
site (south China)

Chinese hooksnout carp (Opsariichthys
bidens)
Mosquito fish (Gambusia affinis)
Paradise fish (Macropodus opercularis)

29 10.2–43.2 – Mo et al. (2012)

406–1726 –

Chinaa 2010 Dongjiang River Crucian carp (Carassius carassius)
Mud carp (Cirrhina molitorella)
Nile tilapia (Tilapia nilotica)
Plecostomus (Hypostomus plecostomus)

34 0.18–2.8 < LOD – 4.16 He et al. (2012 and
2013)

7–112 < LOD – 166

Chinaa 2010 Liaohe River (Northeast
China)

Grass carp (Ctenopharyngodon idellus)
Pond loach (Misgurnus
anguillicaudatus)
Wild carp (Hemiculter leucisculus)

18 0.05–0.20 – Ren et al. (2013)

1.88–7.94 –

Chinaa 2007–11 High mountain lakes and
rivers of the Tibetan
Plateau

Oxygymnocypris stewartii
Schizopygopsis younghusbandi
Schizothorax macropogon
Schizothorax o′connori
Schizothorax waltoni
Gymoncypris waddellii
Gymoncypris przewalskii
Racomatibetanus

79 – < LOD – 0.07 Zhu et al., 2013

– < LOD – 2.74

Chinaa 2009–12 Tai Lake and Yangtze River
(Eastern China)

Common carp (Cyprinus carpio)
Shrimp (Elminius modestus)
Yellow catfish (Pelteobagrus fulvidraco)

71 0.006–0.49 < LOD – 1.58 Su et al. (2014)

0.23–19.5 < LOD – 63.3

Koreaa 2010 Nakdong, Nam and Seomjin
Rivers

Crucian carp (Carassius auratus) 26 – 0.009–0.38 Jeong et al. (2014)

– 0.34–15.2

China 2010 Longtang town, Qingyuan
County

Mud carp (Cirrhinus molitorella)
Northern snakehead (Channa argus)

10 – 0.07–240 Tang et al. (2015)

Korea 2011–12 Nakdong River Amur three-lips (Opsariichthys
uncirostris amurensis)
Barbel steed (Hemibarbus labeo)
Bluegill (Lepomis macrochirus)
Giant Chinese bitterling
(Acanthorhodeus macropterus)
Largemouth bass (Micropterus
salmoides)
Predatory carp (Erythroculter
erythropterus)
Yellowhead catfish (Tachysurus
fulvidraco)

90 0.15–9.4 – Kim et al. (2015)

Chinaa 2014 Pearl River Delta Mud carp (Cirrhinus molitorella)
Plecostomus (Hypostomus plecostomus)
Tilapia (Tilapia nilotica)

120 0.03–3.45 – Sun et al. (2016)

1.38–138 –

Chinaa 2013 Tai Lake and
Dianshan Lake

Common carp (Cyprinus carpio)
Crucian carp (Carassius auratus)
Pond snail (Bellamya aeruginosa)
Silver carp (Hypophthalmichthys
molitrix)

25 0.02–0.22 – Du et al. (2017)

0.92–8.6 –

AFRICA

Tanzaniaa 2011 Babati, Nyasa, Tanganyika
and Victoria Lakes

Tilapia: Oreochromis sp.
Oreochromis niloticus
Oreochromis tanganicae

201 < LOD – 0.02 < LOD – 0.03 Polder et al. (2014)

< LOD – 0.90 < LOD – 1.24

South Africaa 2013 Vaal River Carp 12 0.02–0.17 0.05 −0.07 Chokwe et al. (2015)

0.93–6.60 2.12–2.80

(continued on next page)
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works in Africa (South Africa and Tanzania). The ranges of years
evaluated are similar to those of PBDE papers, between 2007 and 2013.
As regards the fish samples, a great variety of species are also studied,
among which the most common are carps and breams.

HBCD concentration levels in European fish ranged between 0.02
and 751 ng/g ww, being somewhat higher than those found for PBDEs.
However, although HBCD levels are higher, since the European EQS
established for HBCD is rather orders of magnitude higher than that of
PBDEs, only a part of the European fish samples exceeded the HBCD
EQS. Moreover, and unlike for PBDEs, HBCD levels in North America
(<LOD – 24.4 ng/g lw) and Asia (<LOD – 240) are lower than those
found in Europe. Lower levels were also reported in Africa, with HBCD
concentrations up to 2.80 ng/g ww.

4. Discussion

Despite the ban of PBDEs in Europe since 2004, these pollutants are
still present in virtually all European river fish. With the exception of
few samples in which PBDEs have not been detected, all the rest of fish
samples clearly exceeded the European EQS. The same situation was
observed in other parts of the world, such as North America, Asia and
Africa. Even PBDE levels found in a study carried out with Antarctic
fish, exceeded the European EQS.

Once observed that the usual PBDE levels in fish exceeded the EQS
value, it is important to know the extent to which this excess occurs. We
found reported PBDE data in European fish exceeding a hundred times
the EQS (0.85 ng/g ww) in 5 out of 16 studies, exceeding a thousand
times the EQS (8.5 ng/g ww) in 7 out of 16 studies, and exceeding ten
thousand times the EQS (85 ng/g ww) in 5 out of 16 studies. Similar
percentages were observed for Asia, but the situation is more critical in
the case of North America where in 6 out of 7 studies, PBDE levels
exceeded ten thousand times the EQS value.

As regards HBCD, the situation is not so critical. Only some studies
reported HBCD levels exceeding the European EQS: in two European

works (Rüdel et al., 2012; Malarvannan et al., 2015) and in one Chinese
study (Tang et al., 2015) range of concentration reaches values up to
751 ng/g ww, exceeding the limit about 5 times.

In order to better assess the degree of non-compliance, it is neces-
sary to have individual data of each fish sample analysed. However, this
information is not always available in published papers, in which we
basically find the concentration ranges. From the total of studies pre-
sented in Table 1, we have been able to compile the information of
levels of PBDEs in each fish studied for 8 published papers, 5 studies
carried out in Europe (Sühring et al., 2013; Santín et al., 2013;
Malarvannan et al., 2015; Luigi et al., 2015; and Giulivo et al., 2017)
and in three more in North America (Nilsen et al., 2014; Batt et al.,
2017; and Guo et al., 2017). Likewise, we did not take into account the
total value of PBDEs, but only the sum of PBDE congeners 28, 47, 99,
100, 153 and 154, as established by the European Directive. For these 8
studies, we have calculated the percentage of samples that presented
values higher than EQS (0.0085 ng/g ww), than ten times the EQS
(0.085 ng/g ww), than a hundred times the EQS (0.85 ng/g ww), than a
thousand times the EQS (8.5 ng/g ww) and up to ten thousand times the
EQS (85 ng/g ww) (Fig. 1).

In Europe, and taking into account the best scenario, between 73%
and 100% of analysed fish exceeded the EU EQS biota value. But, the
sum of six PBDEs were several orders of magnitude higher than the
biota EQS: between 50% and 100% of fish levels were above 10 times
the EQS value, between 4% and 96% above 100 times the EQS value,
between 0% and 62% above 1000 times the EQS value, and between
0% and 4% above 10,000 times the EQS. Considering the worst sce-
nario, these percentages increase up to 25% of fish samples exceeding
the EQS up to 10,000 times. Similar situation was observed in North
America, with up to 30% of fish samples exceeding the EQS up to
10,000 times.

The European directive established that, with the aim of achieving
good surface water chemical status, the EQS for substances such as PBDEs
should be met by the end of 2027. Restrictions in the use of PBDEs are

Fig. 1. Percentage of fish samples exceeding the European EQS value for PBDEs. Data obtained from: 1 (Sühring et al., 2013); 2 (Santín et al., 2013); 3 (Malarvannan et al., 2015); 4 (Luigi
et al., 2015); 5 (Giulivo et al., 2017); 6 (Nilsen et al., 2014); 7 (Batt et al., 2017); and 8 (Guo et al., 2017). BS = Best Scenario; WS = Worst Scenario.

Table 1 (continued)

Country Year River or Location Specie n PBDEs HBCDs Refs.

REMOTE AREAS

Antarcticaa 2008–11 King George Island Nototheniidae family: Trematomus
newnesi
Notothenia coriiceps
Notothenia rossii

31 0.006–0.57 – Lana et al. (2014)

0.24–22.8 –

nr Not reported.
LOD Limit of detection.

a Studies in which the transformation from lw to ww was not possible. Two scenarios were established: the top row corresponds to the best scenario (fish lipid content of 0.5% ww), and
the bottom row corresponds to the worst scenario (fish lipid content of 20% ww).
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beginning to yield declines in concentration in environmental samples
(Law et al., 2014; Barón et al., 2015b). But in the case of POPs, their
ban does not solve the environmental problem in the short or medium
term. For instance, a study in the Lake Ontario (Canada) showed that
since 1997, penta-BDE levels have declined at an annual rate of 4.5%
(ECC Canada). If we take into account an annual decrease of 5%, after
10 years, samples actually with levels higher than 100 times the EQS
(up to 96%), will present concentrations about 0.40 ng/g ww, being
still 50 times above the value established by the European directive.
Thus, it will take several decades to reach levels of pollution re-
commended by the legislation.

It should be noted that EQS value developed for biota monitoring
under the WFD is criticized by some authors (Jürgens et al., 2013). It is
worth noting that the EQS value for PBDEs was calculated to protect
human consumers based on observed effects of only one congener
(BDE-99) on rats and including very large safety factors (European
Commission, 2011). Indeed, in developing the proposed PBDE EQSs the
authors of the dossier on PBDEs thought that 44.4 ng/g ww for the sum
of 6 BDEs is sufficient to protect wildlife predators. Hence the current
EQS for PBDEs seems to be controversial and it should be revised as
soon as new toxicological data will be available. In any case, the al-
ternative EQS value of 44.4 ng/g ww would improve the situation, but
we would still be with a large number of studies with levels above this
new EQS value, both in Europe and in the rest of the world (see
Table 1). Remember that considering the worst scenario, up to 25% and
30% of fish samples exceeded the EQS up to 10,000 times (85 ng/g ww)
in Europe and North America, respectively. This means that, at least
these same percentages of samples would be those exceeding the al-
ternative EQS value set at 44.4 ng/g ww.

It is therefore evident that further actions are needed in order to
achieve the good surface water chemical status (with regard to PBDEs)
by the end of 2027. Precisely this is already proposed by the European
directive: “taking measures additional to those already taken, including at
international level, to reduce or eliminate discharges, emissions and losses of
those substances so as to achieve the objectives”. In this sense, and taking
into account that there is already a ban on the production and use of
PBDEs at international scale through the Stockholm Convention, it is
necessary to carry out new strategies. It is essential and necessary to
identify and evaluate the current sources of PBDE pollution. Although
there should be no primary sources due to its ban, we may be facing
secondary sources of pollution. This is the case of large existing stores of
banned PBDEs in consumer products. PBDE congeners will continue to
be released into the environment during the use, disposal and recycling
of existing fire retardant containing goods.

This is a similar situation to PCB contamination. While manufacture
of PCBs has reportedly ceased, the potential or actual release of PCBs
into the environment has not, since significant quantities of existing
PCBs continue in use or in storage. Electrical transformers and capa-
citors are one such major source of PCBs. Within the policy framework
set out in the Stockholm Convention, an exception is made to allow
continued use of such equipment until 2025. Recommendations have
been published aimed to provide practical safe management, re-
classification and elimination of contaminated equipment (UNEP,
2002). Moreover, the final steps of the decontamination process may
involve the generation of hazardous residues that must be treated in
accordance with the regulations on trans-boundary movements of ha-
zardous waste.

In the same way, whereas disposal operations that would allow for
the potential recovery, recycling or reuse of the POPs content of the
waste have been strictly prohibited, an exemption allowing for re-
cycling of articles that contain PBDEs and the use and final disposal of
articles manufactured from recycled materials that contain PBDEs has
been established until 2030. Recycling of articles containing PBDEs
inevitably increases releases of these pollutants which can result in
environmental and health risks. A considerable fraction of PBDEs con-
taining waste is recycled, with little information about the fate during

recycling. It is important to consider here the problem related to dis-
carded electronic products, also called e-waste. The amounts of e-waste
have increased exponentially during the last years, and the quantity
produced globally is expected to increase up to 50 million metric tons in
2018 (Baldé et al., 2014). In many countries, handling and disposal of e-
waste is unregulated. In 2014, only about 15% of global e-waste was
recycled with the highest standards (Baldé et al., 2014). Moreover, the
recycling process of plastic from e-waste containing PBDEs is largely
uncontrolled and is found in many recycled products, such as children
toys, household goods, video tape casings and electronics. Thus, it is
necessary to develop recommendations for waste management to en-
sure the minimum environmental impact, and to identify the best
available techniques and best environmental practices for the recycling
of articles containing PBDEs.

In addition to recycling, there are other PBDE waste treatment
methods such as landfill and especially incineration. Recently, Redfern
et al. (2017) found that combustion sources and illegal open burning of
e-waste globally emit 6.75 PBDE tonnes per year, being important PBDE
emitters. The effectiveness of reducing PBDE emissions will be delayed
if mitigation of PBDE emissions from combustion sources is ignored.
That because control of PBDE emissions from combustion sources
should be implemented.

Finally, due to the ongoing restrictions on PBDEs, there has been a
shift in the use of alternative FRs. Attention must also be paid to the
occurrence and time trends of these new pollutants in river sediments
and fish samples. There are already some studies with levels of some
emerging FRs in European river fish. For instance, Santín et al. (2013)
reported concentration levels of decabromodiphenylethane (DBDPE),
the substitute of Deca-BDE, up to 26 ng/g ww, and of Dechlorane 602, a
chlorinated FR, up to 35 ng/g ww. On the other hand, Giulivo et al.
(2017) analysed different organophosphate FRs, and detected values up
to 130 ng/g ww. It is clear that more studies on the occurrence and
behaviour of these emerging pollutants, and especially with regard to
their toxicity, are strongly recommended. Moreover, it is to be expected
that these levels will increase in future years. Therefore, within a few
years we may stay in a similar situation to the current one with PBDEs,
in which, in spite of its ban at international scale, the pollution levels
are and will be for decades an environmental problem.

In this sense, and taking into account the need to protect materials
against potential fires to avoid property damage and loss of life, it
would be advisable for the industry to develop flame retardants that do
not cause an environmental impact. Moreover, a committee of experts
of the Stockholm Convention proposes alternatives such as changes in
product design, industrial processes and other practices that do not
require the use of any flame retardant. For example, electronic products
can be redesigned to separate the high voltage parts from the outer
covers, or protected with metal instead of plastic. Fire resistance con-
struction techniques can eliminate the need to use flame retardant
chemicals in the insulation material, replacing it with alternative ma-
terials such as fibers. In this way, it would be possible to reduce the
consumption of flame retardants thus reducing their environmental
impact.
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