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A B S T R A C T

Seafood is a major source of human exposure to polybrominated diphenyl ethers (PBDEs). The intake of these
globally distributed and bioaccumulative contaminants depends on both consumption patterns (which seafoods
are consumed) and on their origins. Here, we investigate exposure to PBDEs through seafood consumption as a
function of species, origins and consumption levels. We estimate the contribution of seafood consumption to
PBDE exposures in the Swiss population using two approaches. The first approach estimates exposures by es-
timating the composition of the Swiss seafood diet using trade data and national statistics on total seafood
consumption. This naïve approach could be used for any country for which no individually reported con-
sumption data are available for a population. The second approach uses dietary survey data provided by the
Swiss Federal Statistical Office as part of the menuCH study for exposure estimates. To support region- and
species-specific estimates of exposures for both approaches, we built a database of PBDE concentrations in
seafood by analysis of published PBDE levels in fish from food markets or freshwater resources from various
countries. We find estimated PBDE exposures ranging from 0.15 to 0.65 ng/kg bw/day for the trade data-based
diet. These were close to the median exposures of 0.68 ng/kg bw/day for the Swiss population based on the
menuCH survey, indicating that the composition and consumption rate derived from trade data are appropriate
for calculating exposures in the average adult population. However, it could not account for PBDE exposures of
more vulnerable (high seafood consuming) populations captured only by the survey data. All estimates were
lower than the PBDE Chronic Oral Reference Doses (RfD’s) suggested by the EPA, but could increase sub-
stantially to a value of 7 ng/kg bw/day if fish are sourced from the most contaminated origins, as in the case of
Vietnamese shrimp/prawn, Norwegian salmon, and Swiss whitefish. Exposures as high as 8.50 ng/kg bw/day are
estimated for the survey-based diet, which better captures the variability in consumption by individuals, in-
cluding extreme high and low values. In general, the most frequently consumed species reported by Swiss
consumers are consistent with those predicted using trade data.

1. Introduction

Polybrominated biphenyl ethers (PBDEs) are lipid-soluble com-
pounds (Schecter et al., 2010) used as flame retardants in synthetic
fibers like rayon, nylon, polyester (Shin and Baek, 2012) and molded
plastics (Kim et al., 2006). There are 209 different PBDE congeners
(Darnerud et al., 2001) based on the number (2–10) and configuration
of bromines attached to diphenyl rings (EPA-a, 2014). Three technical
mixtures of PBDE homologues have been commercialized since the
early 1970 s: (CDC, 2016) pentaBDE, octaBDE and decaBDE (EPA-a,
2014), of which decaBDE is the most abundant in the environment (de

Wit, 2002). PBDEs are released into the environment during manu-
facture, use and disposal of products, eventually making their way into
ecosystems where they enter food chains, accumulating in fat-rich tis-
sues. The commercial production of pentaBDE and octaBDE ceased in
2004 due to emerging recognition of their bioaccumulative, toxic and
persistent nature (Betts, 2008), and in 2008 deca-BDE was also banned
by the European Court of Justice (Betts, 2008; The Official Journal of
European Union, 2008). Despite the bans on PBDEs in the United States
(U.S.) and European Union (E.U.) (EPA-a, 2014) and their inclusion
under the Stockholm convention as Persistent Organic Pollutants
(POPs) in 2009 (Idowu et al., 2013), PBDEs continue to be a matter of
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concern to human health (Costa et al., 2014; de Wit, 2002; EFSA, 2011)
since they are persistent in the environment and are incorporated into
materials that may still be in use or releasing PBDEs after disposal.
Animal studies have confirmed toxic effects including neurobehavioral
changes (e.g. lower IQ), reproductive system damage, and thyroid and
liver malfunctions due to PBDE exposure (Akortia et al., 2016;
Darnerud et al., 2001; Herbstman et al., 2010).

PBDEs enter human bodies through dust ingestion and inhalation of
contaminated air as well as food consumption (Anh et al., 2017; Streets
et al., 2006), with the latter being a major source of exposure (Besis and
Samara, 2012; Trudel et al., 2011a). Studies have confirmed that fish,
meat and dairy products contribute significantly to daily PBDE intake
(Trudel et al., 2011b). For investigating fish intake as an exposure
pathway, species-specific intake data are crucial. Some national agen-
cies have been successful in conducting dietary surveys to furnish
species-specific databases. For instance, the National Health and Nu-
trition Examination Survey (NHANES) (CDC, 2014) conducted by the
Centers for Disease Control and Prevention (CDC) reported 24-h and
30-day species-specific fish consumption frequency for several regions
in the United States. Similar surveys have also been conducted in many
European countries. For instance the National Diet and Nutrition
Survey (NDNS) (NDNS, 2008) in the UK and the Belgium National Food
Consumption Survey 2014–2015 (Scientific Institute of Public Health.
WIV-ISP, 2015) in Belgium. However, not all countries conduct these
surveys, so alternate data sources are needed for generating seafood
diets. Additionally, researchers have derived fish consumption patterns
for Portugal and Greece among others countries, using information on
trade data and fish landings (Willemsen, 2003). However, in our un-
derstanding no study has attempted to validate trade-estimated seafood
diets by comparing them with survey based dietary data. Here, we
evaluate whether widely available trade data can generate reliable
dietary estimates using pre-existing survey data for comparison.

Apart from being a tool for providing insight into typical diets for
modern populations, international food trade data can also add an
important dimension to the chemical exposure landscape: the transfer
of contaminants across borders (Ercsey-Ravasz et al., 2012; Ng and von
Goetz, 2017). This is particularly appropriate for a globally distributed
class of chemicals like PBDEs (Perkins et al., 2014). When in commerce,
the majority of PBDEs were synthesized in the E.U., U.S., China, Israel
and Japan (Akortia et al., 2016). However, practices like waste man-
agement (recycling, disposal or landfilling), emissions from construc-
tion materials, and food trade can effectively disseminate these con-
taminants and may be responsible for the ubiquitous occurrence of
PBDEs in the environment (Anh et al., 2017; D’Odorico et al., 2014;
Duan et al., 2016). PBDEs contained in electronic waste have been
identified as one of the most critical ongoing emissions pathways
(Wang et al., 2009). Many developed nations like the U.S. and members
of the E.U. export their e-wastes (containing PBDEs) for processing and
disposal to developing countries, including India and China (Lee et al.,
2018; Perkins et al., 2014). PBDEs emitted from e-waste make their way
into the local environment and ultimately into the food chain (Zhao
et al., 2009). Many e-waste dumping destinations are also major hubs
for global aquaculture production, and actively export seafood to other
parts of the world (Ahmed et al., 2018). In 2016, Asia contributed 89%
to global aquaculture production, China being the highest producer
(61.5% of total aquaculture production), followed by India, Indonesia,
and Vietnam (Ahmed et al., 2018; FAO. The State of the World Fisheries
and Aquaculture 2018-meeting the sustainable development goals,
2018). Although the concept of e-waste dumping is not new, the im-
pacts of contaminants being transferred across borders are still poorly
quantified (D’Odorico et al., 2014; Ercsey-Ravasz et al., 2012) and food
as a means of transport has not been explored (Ng and von Goetz,
2017). In this study, we estimate PBDE exposures via dietary intake of
internationally traded seafood and compare methods to generate re-
presentative diets, using both trade- based data and a pre-existing
survey. We calculate PBDE exposures using both trade data from the UN

Comtrade Database (UN Comtrade, 2016) and survey data from the
menuCH National Nutrition Survey 2014/2015 (SFFSVO, 2018), eval-
uating the influence of seafood origin on PBDE exposure.

2. Methods

2.1. Study area

We selected Switzerland as our case study based on the role of food
trade in its economy and the availability of dietary survey data. Fish
consumption has increased substantially in Switzerland over the past
decades: approximately 8.8 kg of fish were consumed annually per
person in 2014, in comparison to only 6.4 kg in 1984 (FOEN, 2016).
Since fish bioaccumulate PBDEs from their surroundings (Barber, 2008;
Ng et al., 2018), this 37.5% increase in fish consumption could con-
tribute to increased PBDE exposure. Moreover, Switzerland is among
the countries with the highest share of foreign trade in gross domestic
product (GDP) (FSO, 2016), implying that integration of seafood trade
in our study would be relevant for this population.

Our study investigated PBDE intakes from seafood consumed by the
Swiss population using two different approaches: trade data and survey
data. Using trade data, we report here import volumes for individual
seafood species (referred hereafter as “species-specific”) and by the
country of origin (referred hereafter as “origin-specific”). Using the
survey data, we calculated daily seafood intakes for individual seafood
species, but as origins of the seafood consumed are not reported by
respondents in the menuCH survey, these are referred to hereafter as
“species-specific but not origin-specific”.

2.2. Construction of seafood consumption characteristics

2.2.1. Swiss diet constructed from trade data and domestic catch
Seafood imports to Switzerland from the rest of the world, extracted

from the UN Comtrade Database (UN Comtrade, 2016), together with
domestic fish catch, reported by the Swiss Federal Office of Fisheries
Statistics (FOEN, 2016), were used to build a diet profile. All calcula-
tions are based on trade data from 2016. We assume the trade statistics
to translate to consumption by adults, in order to compare with the
menuCH survey of the adult Swiss population. However, national trade
statistics account for the entire population; therefore, there is some
uncertainty associated with assigning trade data to the diet of a parti-
cular population sector. Note that the term “seafood” is used here for all
consumable aquatic species (marine or freshwater) in general.

Imports reported by Switzerland (mass imported; kg/year) were
extracted for seafood including fish, mussels, and shrimp (these tend to
dominate the Swiss diet) covering fresh, frozen, fresh fillet, and frozen
fillet categories (see SI, section S2). Mass exported in kg/year for the
same commodity codes as reported by Switzerland’s trade partners was
also obtained to assess discrepancies between partner-reported exports
and Swiss-reported imports (Feenstra et al., 2005) (SI Figure S2).

From the list of total imported commodities, we report here the top
20 seafood types used for calculating “species-specific and origin-spe-
cific” PBDE exposures (Table 1; for a complete list of total seafood
commodities imported see SI Table S3). We also included the complete
list of imported species and not only the top 20 to calculate “species-
specific but not origin-specific” PBDE exposures (see details in Section
2.5). Note that in Table 1 and SI Table S3 multiple entries may occur for
related species, as reported in the UN Comtrade Database. For example,
separate entries exist for Salmon, Trout and Salmonidae, with the Sal-
monidae entry explicitly stating: “Salmonidae excluding 030211 and
030212”, where 030211 and 030212 are entries for common species of
Trout and Pacific/Atlantic/Danube Salmon, respectively. Since we have
extracted all our trade data from Comtrade, we retained the same no-
menclature.

Among the entire range of countries supplying seafood to
Switzerland, we focused on the top three exporters for each seafood
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species/group. Together, these generally amounted to the highest trade
quantity for a given seafood by a large margin; for instance, salmon
imported from Norway, Denmark and the United Kingdom (UK) alone
contributed 52% to the total Swiss imports of salmon from 31 nations.
In the event of discrepancies between imported quantities reported by
Switzerland and quantities reported by the partner nations as exported
to Switzerland, imported quantities were used in diet generation and
exposure calculations, since previous studies have found them to be
more reliable (Barigozzi et al., 2011; Feenstra et al., 2005). Data on
exports and re-exports of seafood from Switzerland were also extracted
for comparison. However, these were found to be minimal in compar-
ison to imports (SI Table S3) and therefore were excluded from all
calculations.

Although perch fell below the top 20 seafood imports (traded
quantity 14842 kg/year) it was added to the list of selected species,
because it is both imported and locally caught (FOEN, 2016), a com-
bination not found for any other selected fish. This allowed us to probe
whether local or imported perch contributes more to PBDE exposure.
Our analysis was therefore inclusive of 23 seafood species in total; 20
imported and 3 local, with both local and imported perch included.

Whitefish, roach and perch dominate the domestic Swiss fish catch
(FOEN, 2016), and hence have been included in our analysis for the
domestic component of exposure calculations. Data on catch quantity
(kg/year) were extracted by the Swiss Federal Office of Fisheries Sta-
tistics (FOEN, 2016). As reported, Switzerland caught 1,365,729 kg fish
in 2016, contributing only approximately 2% of the country’s fish in-
take (see Supporting Information, SI, section S1). Whitefish
(845,917 kg), perch (230,246 kg) and roach (119,176 kg) were the
most widely caught fish species, contributing 62%, 17% and 9%, re-
spectively, to the total domestic catch.

To translate the imported and local seafood proportions to amounts
of each species consumed we used the average annual fish consumption
reported by the Swiss Federal Statistical Bureau: Production and
Consumption of fish (FOEN, 2016; Mühlemann and Renggli, 2012).
This is equivalent to approximately 23 g/day, assuming that con-
sumption is equally distributed over all days and over the entire Swiss
population.

2.2.2. Swiss dietary survey (menuCH)
We received access to the detailed menuCH dietary survey data

published by the Swiss Federal Food Safety and Veterinary Office

(SFFSVO, Swiss Federal Food Safety and Veterinary Office: National
Survey menuCH 2014/2015, 2018). These data represent a single day
of consumption (24-hour dietary recall) by 2000 adult participants. On
average this amounted to a total fish consumption of approximately
40 g/day for all surveyed participants (consumers and non-consumers)
and included the following species: salmon, cod, tuna, shrimp, trout,
perch, whitefish, sardines, seabream, pangasius, plaice, herring,
flounder, hake, mackerel, sole, crab, mussels, anchovies, cuttlefish,
squid, crayfish, oysters, Atlantic halibut, scallops, eel, clams, lobster
and whiting. We did not include any processed fish in our calculations
due to the unavailability of PBDE concentrations for them.

2.2.3. Additional Origin-Based scenarios
As mentioned above, the transport of e-wastes for disposal and

processing plays a key role in dispersing PBDEs into new environments
(Wang et al., 2009). At the same time, e-waste receiving nations like
China, Vietnam, and Indonesia are also among the major exporters of
seafood to Switzerland, based on UN Comtrade trade statistics. To in-
spect the different dimensions of the e-waste – food trade – PBDE ex-
posure nexus we constructed 3 different extreme scenarios: (i) con-
sumption only of seafood imported from Norway, a country with
significant contribution to seafood exports to Switzerland that is also an
e-waste source country, where PBDEs may be released during product
use; (ii) consumption of only seafood imported from Vietnam, which
has significant seafood exports to Switzerland and is an e-waste re-
ceiving country, where PBDEs may be released during e-waste disposal
and processing (Ahmed et al., 2018; FAO. The State of the World
Fisheries and Aquaculture 2018-meeting the sustainable development
goals, 2018) (iii) consumption of only locally produced fish from
Switzerland, itself an e-waste source country. For these scenarios, 40 g
of daily fish consumption by a Swiss adult weighing 72 kg was assumed,
based on the average of the survey responses. PBDE concentrations in
seafood from Norway did not include Norwegian whitefish since it is
not imported at all, as informed by the UN Comtrade Database. For
local exposures, we considered only whitefish since measured PBDE
concentrations were available for Swiss whitefish, but not for perch or
roach.

2.3. Global PBDE levels in seafood

We compiled global PBDE levels from the literature to translate
consumption levels to exposures. PBDE concentrations in marine and
freshwater species selected for exposure calculations in the current
study were collected using two databases, Ei Compendex and Scopus,
and two search engines, PubMed and Google Scholar. We used the
search terms “PBDE OR polybrominated diphenyl ether AND fish OR
market basket study OR seafood intake” Publications from 2000
through 2018 were included. Among the screened papers, only sam-
pling locations from Asia, Africa, North America, and Europe (specifi-
cally: Bangladesh, Belgium, Chile, China, Denmark, France, Germany,
Greece, Iceland, Indonesia, Italy, Japan, Norway, Netherlands, Poland,
Portugal, South Africa, Spain, Thailand, Turkey, UK, USA, and
Vietnam) were included for further analysis, as these regions are among
the dominant exporters of consumable aquatic species to Switzerland
based on the UN Comtrade Database. We included only those studies
where sampling was done from either food markets or fish farms. We
excluded studies where sampling was done from known contaminated
sites or potential point sources (e.g. rivers/lakes near industrial areas or
municipal dump sites), because these could represent a biased sample.
However, due to the unavailability of any market based study reporting
PBDE concentrations in the fish locally caught in Switzerland (white-
fish, roach and perch), we decided to include one study reporting PBDE
concentrations in whitefish caught from Swiss lakes (Zennegg et al.,
2003). Refer to SI, Figure S1 for a Prisma-type flow diagram for this
study.

Table 2 shows the origin-specific PBDE levels (pg/g wet weight) in

Table 1
Traded quantities of species selected for trade-data based diet generation (UN
Comtrade, 2016).

*Seafood
species/group

Imports
(kg/year)

Exports + re-exports
(kg/year)

Net quantity
(kg/year)

Salmon 9,519,516 52,577 9,466,939
Shrimp 4,609,169 29,276 4,579,893
Catfish 2,802,212 4396 2,797,816
Flatfish 1,595,391 1200 1,594,191
Mussels 1,443,911 No Exports/Re-Exports 1,443,911
Gadiformes 1,400,404 No Exports/Re-Exports 1,400,404
Cod 1,343,495 2586 1,340,909
Seabream 1,199,876 160 1,199,716
Trout 1,046,693 282,359 764,334
Seabass 834,985 No Exports/Re-Exports 834,985
Tilapia 543,341 3695 539,646
Hake 387,259 No Exports/Re-Exports 387,259
Alaska Pollock 301,844 1269 300,575
Tuna 300,673 4547 296,126
Sardines 289,433 5 289,428
Sole 287,062 No Exports/Re-Exports 287,062
Mackerel 260,307 1008 259,299
Coalfish 247,671 630 247,041
Turbot 148,239 No Exports/Re-Exports 148,239
Swordfish 109,512 No Exports/Re-Exports 109,512

* top 20 in descending order of quantity traded.
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seafood used in our analysis. Origin-based, species-specific exposure
estimates were calculated using origin-specific PBDE concentrations
(Table 2, column 4). In cases where a seafood species was associated
with more than one concentration from the same origin (e.g. salmon
from USA and Norway, shrimp from USA and China, catfish from USA
and Vietnam, mussels from Spain, trout from USA, tilapia from USA and
China, tuna from Japan, mackerel from Japan and carp from China), we
used the geometric mean of PBDEs across a single origin in the final
exposure calculations for that origin. For exposures where we did not
consider origins, we used the geometric mean of PBDEs over all the
available origins. For example, species average PBDE levels for salmon
were calculated as the geometric mean of values reported in Norway,
Belgium, USA, Japan, Spain and Chile (985 pg/g wet weight), which
was then used for calculating PBDE exposures from salmon intake ir-
respective of origin (termed “species-specific but not origin-specific”
exposure estimates).

The total PBDE concentrations for most studies (92%) were pre-
dominantly congeners 28, 47, 99, 100, 153, and 154. Since the con-
gener profiles were in general similar across the selected studies, we
used the sum of all PBDE congeners, referred to hereafter as total
PBDEs. However, high BDE-209 concentrations were detected in a few
studies (Ashizuka et al., 2008; Gómara et al., 2006; Schecter et al.,
2010; Shanmuganathan et al., 2011). This could potentially bias results
for total PBDE exposure, since BDE-209 is considered less bioaccumu-
lative and toxic than lower-brominated congeners. The only study for
which this may be a concern is in Vietnamese shrimp, where BDE-209
was 46% of the total reported concentration (Shanmuganathan et al.,
2011), and this was also a seafood-origin pair with one of the highest
total PBDE concentrations. For the other studies in which BDE-209 was
a dominant congener, catfish and tilapia from the USA and salmon from
Spain, the total PBDE levels in these particular seafood-origin pairs
were relatively low, as shown in Table 2. In all cases, for non-origin-
specific scenarios the use of geometric mean values to represent species
averages minimized any undue influence from high BDE 209 con-
tributions. For origin-specific calculations, the presence of high
amounts of BDE 209 would only substantially affect exposures attrib-
uted to Vietnamese shrimp. Other congeners were frequently below the
limit of detection.

The primary objective of the literature review was to find the PBDE
levels measured in origins and species of interest. However, PBDE data
were missing for some combinations of species and origins. In order to
estimate PBDE concentrations for all fish and all origins considered in
our analysis we made a number of assumptions. In the absence of data
for a particular combination of origin country and seafood type we used
either lipid-normalized PBDE concentrations (ng/g wet weight/lipid
percent) for the same fish but another region in close proximity (FAO,
2016, 2015) or PBDE values reported for the same origin country but
for another fish having similar taxonomy to the fish of concern. Refer to
Table 3 column 3 for the PBDE data substitutes (if used) within seafood
species or origins and Table 3 column 4 for the lipid-normalized con-
centrations which were used for extrapolations across species. For ex-
posure calculations we used wet weight concentrations (Table 3;
column 5), since these are more representative of fish as consumed.
Refer to SI, section S3 (Table S4 and Table S5) for details on species-
and origin-specific assumptions and extrapolations.

2.4. Exposure calculations

PBDE exposures for the trade-data based approach were calculated
using Eq. (1) for both imported (20 species from top 3 exporters) and
locally produced (3 species) seafood, as well as overall imported sea-
food (34 species; average PBDE concentrations over all origins). Total
exposure (∑E), whatever the species or origin scenario, is reported in ng
PBDEs/kg body weight (bw)/day. Calculations assumed an average
Swiss adult weighs 72 kg (menuCH survey average weight of surveyed
individuals). Because this is the trade-data based approach that could

be used in the absence of specific reported consumption data (i.e.
without a dietary survey available), we used the national-statistics-
based estimate of 23 g of fish consumed daily per person in Switzerland
C dailyconsumption( ; )d (FOEN, 2016; Mühlemann and Renggli, 2012).

=
× × × ×

=

( )
E

p C PBDE

BW

100

i

n Q
Q d

1

i
t
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Q

Q
Q

i
t

i
t

proportion of diet (%) and × × × =( ) p C100 daily seafoodQ
Q d

i
t
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day

Here, PBDE refers to the total (sum of individual PBDE con-
geners) average PBDE concentration in a particular seafood species.
Although different PBDE congeners may be included in these sums,
based on what was measured in specific studies cited in Table 2, we will
refer hereafter only to total PBDEs. Qi is the quantity imported or locally
produced (in units of kg/year) for a species i ranging from 1 to n, and
the total quantity imported is Qt which is 47,969,288 kg for 2016 (SI,
table S1). The quantity Q

Q
i
t
for a single seafood species represents its

percent of total imports. When multiplied by the parameter p, this
yields the proportion occupied by each seafood species with respect to
total seafood consumption. Here, the parameter p takes the value of
0.98 or 0.02 to represent the percent of the Swiss seafood diet that is
composed of imports or local products, respectively.

For the dietary survey-based approach, we calculated the PBDE
exposure as the product of reported daily consumption by species and
the average ∑PBDE concentration in that species (Table 2, column 5)
calculated as the geometric mean of PBDE concentrations across all
origins (because the survey did not include any information on seafood
origin). Calculations were done using an average Swiss body weight of
72 kg as reported in menuCH. We also calculated PBDE exposures for
each person (survey correspondent) for the fish species being consumed
(here we used the individual body weights and amounts of seafood
consumed), from which we constructed the distribution of PBDE ex-
posures across individual fish consumers in Switzerland.

Note that all exposure estimates are for Swiss adults. The exposures
were compared to available Chronic Oral Reference Doses (RfD) for
PBDEs, representing the maximum acceptable oral dose in units of mg
dose per kg body weight per day. We used a range of RfDs for PBDEs
(100 ng/kg bw/day to 7000 ng/kg bw/day) representing the allowable
doses for the most abundant PBDE congeners (penta, hexa, octa and
deca-BDE) as suggested by the EPA (EFSA, 2011; EPA-a, 2014; EPA-b,
2018).

2.5. Uncertainty assessment

Since our analysis is based on a number of assumptions, we con-
sidered the uncertainty that could be introduced by each component of
our exposure estimation.

2.5.1. Diet generation
The trade-estimated seafood diet we generated is simplified by in-

cluding only the top 3 exporters (origins) for each speies and only the
top 20 seafood imports (species). Using the sum of all imports and total
fish import data, we account for fish species or quantities neglected by
our analysis and investigate whether this introduces significant un-
certainty to the outputs.

2.5.2. Daily fish intake
We assume the reported average daily consumption of 23 g of fish

per person as a part in the Swiss diet (FOEN, 2016; Mühlemann and
Renggli, 2012) all consists of fresh or frozen whole or fillet forms of
imported and domestic fish. We further consider only the top 3 largest
exporters of each seaffod type to Switzerland and 23 types of seafood
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Table 3
Species–origin combinations and ΣPBDE data used as input for analysis.

Seafood Top exporters Origin - species source for PBDE data useda Lipid normalized ΣPBDEb ΣPBDEc Lipid %

Salmon Norway Norway – Salmon 5.31 1.78 33.59 (Hites et al., 2004)
Denmark Belgium – Salmon 12.12 1.58 13 (Voorspoels et al., 2007)
UK Belgium – Salmon 12.12 1.58 13 (Voorspoels et al., 2007)

Shrimp/prawn Vietnam Vietnam – Shrimp 1930.77 25.10 1.3 (Voorspoels et al., 2007)
Bangladesh China – Shrimp 13 0.11 1.3 (Su et al., 2012)
Belgium Belgium – Shrimp 4.69 0.06 1.3 (Voorspoels et al., 2007)

Catfish Vietnam Vietnam – Catfish 5.78 0.22 3.8 (Minh et al., 2006)
Netherlands Netherlands – Herring 28.29 4.81 17 (Bakker et al., 2008)
Italy Spain – Sardines 10.00 0.71 7.1 (Voorspoels et al., 2007)

Flatfish Netherlands Netherlands – Sole 44.00 0.44 1 (Bakker et al., 2008)
Poland Netherlands – Sole 44.00 0.44
Germany Netherlands – Sole 44.00 0.44

Mussels Netherlands Netherlands – Mussels 61.00 1.12 2 (Bakker et al., 2008)
France Spain – Mussels 6.25 0.17 2.8 (Bocio et al., 2003)
Italy Spain – Mussels 6.25 0.17 2.8 (Bocio et al., 2003)

Gadiformes Iceland Norway – Salmon 5.31 1.78 33.59 (Hites et al., 2004)
France Spain – Swordfish 13.81 0.98 7.08 (USDA, 2018)
Denmark Belgium – Salmon 12.12 1.58 13 (Voorspoels et al., 2007)

Cod China China – Tilapia 0.69 0.051 7.3 (Luo et al., 2007)
Portugal Spain – Swordfish 13.84 0.98 7.08 (USDA, 2018)
Denmark European market – Cod 107 0.385 0.36 (Aznar-Alemany et al., 2017)

Seabream Greece Greece – Seabream 179.00 4.78 2.67 (Aznar-Alemany et al., 2017)
France Greece – Seabream 179.00 4.78
Italy Greece – Seabream 179.00 4.78

Trout Italy Italy – Trout 13.32 0.41 3.1(Voorspoels et al., 2007)
France Italy – Trout 13.32 0.41
Germany Belgium – Trout 8.71 0.27

Seabass France Spain – Hake 31.42 0.22 0.7 (Murray and Burt, 2001)
Italy Spain – Hake 31.42 0.22
Greece Spain – Hake 31.42 0.22

Tilapia Vietnam Indonesia – Tilapia 0.31 0.02 7.3 (Luo et al., 2007)
China China – Tilapia 0.69 0.051 7.3 (Luo et al., 2007)
Indonesia Indonesia – Tilapia 0.31 0.02 7.3 (Luo et al., 2007)

Hake South Africa Spain – Hake 31.59 0.22 0.7 (Murray and Burt, 2001)
Portugal Spain – Hake 31.59 0.22
Germany European Market – Cod 107 0.385 0.36 (Aznar-Alemany et al., 2017)

Alaska Pollock China China – Tilapia 0.69 0.051 7.3 (Luo et al., 2007)
Germany European Market – Cod 107 0.385 0.36 (Aznar-Alemany et al., 2017)
Denmark European Market – Cod 107 0.385

Tuna Vietnam Japan – Tuna 1.89 0.02 1.1 (Ohta et al., 2002)
Netherlands Netherlands – Tuna 1.00 0.01 1 (Bakker et al., 2008)
UK Netherlands – Tuna 1.00 0.01 1 (Bakker et al., 2008)

Sardines Portugal Spain – Sardines 10 0.71 7.1 (Voorspoels et al., 2007)
France Spain – Sardines 10 0.71
Spain Spain – Sardines 10 0.71

Sole Netherlands Netherlands – Sole 44 0.44 1 (Bakker et al., 2008)
France Spain – Sole 24 0.24
UK Netherlands – Sole 44 0.44

Mackerel Spain Spain – Mackerel 7.49 1.12 15 (van Leeuwen and de Boer, 2008)
Portugal Spain – Mackerel 7.49 1.12
Netherlands Netherlands – Mackerel 10.45 1.15 11 (Bakker et al., 2008)

Coalfish Germany Netherlands – Coalfish 41 0.41 1 (Bakker et al., 2008)
China China – Tilapia 0.69 0.51 7.3 (Luo et al., 2007)
Poland Netherlands – Coalfish 41 0.41 1 (Bakker et al., 2008)

Turbots Netherlands Netherlands – Sole 44 0.44 1 (Bakker et al., 2008)
Spain Spain – Sole 24 0.24
France Spain – Sole 24 0.24

Swordfish Sri Lanka Data unavailable
Italy Spain – Swordfish 13.81 0.98 7.08 (USDA, 2018)
France Spain – Swordfish 13.81 0.98

Perch Netherlands Netherlands – Herring 28.29 4.81 17 (Bakker et al., 2008)
Germany Netherlands – Herring 28.29 4.81
Indonesia Data Unavailable
Domestic Netherlands – Herring 28.29 4.81 17 (Bakker et al., 2008)

Whitefish Domestic Switzerland – Whitefish 103.45 4.50 4.35 (Zennegg et al., 2003)
Roach Domestic Netherlands – Herring 28.29 4.81 17 (Bakker et al., 2008)

a Refer to SI section S3; Tables S4-5 provide details of assumptions for species and PBDE combinations used; bin units of ng/g lipid weight; cin units of ng/g wet
weight.
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(local and imported) by weight. To assess if this point of uncertainty
could be relevant, we calculated the daily consumption based only upon
the quantity of imported and locally produced fish.

= +C
Q

Pd
Im Lp( )

(2)

The analysis based on fish consumption (C )d was given by the ratio
of the total fish quantity [imported (im) and locally produced (lp),

+Q kg year; /Im Lp( ) ] and the population of Switzerland in the same year
(P;million people). This was compared with the reported fish con-
sumption (C )d and any deviations were studied. Fish forms not included
in our analysis (e.g. processed fish, fish products etc.) were considered
responsible for any observed asymmetry in daily fish consumption.

2.5.3. PBDE concentration in fish
As mentioned earlier, we use assumptions to fill PBDE data gaps,

which included estimating PBDE concentrations in target fish from data
for other fish from similar origins. When comparing across species, we
used lipid-normalized total PBDE concentrations (ng/g lipid weight),
which we could convert back and forth from fresh weight for exposure
calculations using Eq. (4).

=PBDE
ng PBDE

g fish,
g lipid

g fish,

wet weight

wet weight (4)

3. Results and discussion

3.1. Trade-based seafood diet

The Swiss seafood diet constructed using data from the UN
Comtrade database and national statistics on domestic catch is shown in
Fig. 1. Combined with population-level consumption statistics this
suggests that, on average, the Swiss population consumes around 10 g/
day of salmon, shrimp and cod alone, out of the total 23 g/day. Closer
analysis of the top exporters to Switzerland indicates Vietnamese
shrimp was the most consumed seafood type from a single exporting
country, followed by Vietnamese catfish and Norwegian salmon. Native
whitefish was also among the top 10 most consumed fish.

3.1.1. Sensitivity and uncertainty related to diet generation
Our trade-based analysis considers only the top 20 fish and their top

3 origins. These in total made up 20,919,367 kg in 2016, contributing
44% to the total imports. This implies that the remaining 56% of im-
ports (species imported in smaller quantities and exporters beyond the
top 3), collectively contribute a significant proportion to the Swiss
seafood diet, adding uncertainty to our analysis. However, our ap-
proach could identify the most important traded commodities and, even
for this restricted set, identification of species- and origin-appropriate
PBDE data was a major challenge.

3.1.2. Sensitivity and uncertainty related to daily fish intake
Based only on the total imports for selected fish commodities (SI

Section S2) and locally caught fish (FOEN, 2016), daily fish

Fig. 1. Species- and origin-specific seafood consumption in Switzerland based on international trade and domestic catch data.
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consumption calculated using Eq. (2) amounted to 16.5 g per person
daily. This is less than the value of 23 g (from total annual seafood
consumption for the entire population) used as an input for the trade-
based exposure calculations. The missing 7 g represents the species
and/or origins not included in our analysis.

3.2. Seafood diet based on direct diet survey

Most of the commonly consumed seafood species identified using
the trade data were also found via the menuCH survey. Fig. 2 shows
proportions of seafood commodities most consumed in Switzerland
according to the survey compared with those estimated using trade
data. Refer to SI section S4 for a complete list of seafood species with
their daily consumption and proportion of diet for both the survey-
based (Table S6) and trade-based (Table S7) diets.

Although the annual average statistics-based seafood consumption
(23 g) and 24-h recall survey-based seafood consumption (40 g) differ
in total amount, a comparison of the seafood diet structure shows
strong similarities in the proportions occupied by various seafood spe-
cies. As anticipated according to the trade-data-based diet, salmon was
the most consumed fish in the country. Our results show that in the
absence of available dietary data for a population, widely available
food import data and national production statistics can serve as effec-
tive tools for constructing an estimated diet.

3.3. Input data for exposure analysis

Table 3 shows the list of selected fish (imported and domestic) and
the mean ΣPBDE (ng/g wet weight) reported in them by origin. Table 3
also provides the lipid-normalized ΣPBDE concentrations used for
species substitutions. No species- and region-specific data were

available for swordfish from Sri Lanka and perch from Vietnam, so they
were not included in final exposure calculations.

3.4. PBDE exposure calculations

3.4.1. Trade-based approach
Calculated PBDE exposures from the trade-based diet are shown in

Table 4. The table shows the top 10 exposure values for imported or
domestic fish and their origins (for a complete list see SI Table S9),
indicating that shrimp imported from Vietnam contributes the most to
PBDE exposure in the Swiss population (75% of the total exposures),
congruent with the fact that it is exported in largest quantities. This is
contrary to exposures as low as 0.004 ng/kg bw/day from Vietnamese
catfish which, even after being the second-highest exported quantity,
contributes less than many other seafood commodities (SI Table S10)
due to low reported PBDE concentrations (Table 2). European exporters
were also found to have major contributions to PBDE exposures, as they
are among the largest exporters of seafood to Switzerland. It is notable
that domestic whitefish is also among the highest contributors to ex-
posures contributing 3 percent to the total exposure estimates. Tilapia
from Indonesia, sole from UK, and tuna from Vietnam and the UK were
found to have the lowest species- and origin-specific PBDE contribu-
tions (Table S9).

3.4.2. Survey-based approach
The PBDE exposures estimated across the surveyed fish consumers

in Switzerland ranged between 0.011and 43.42 ng/kg bw/day (Fig. 3).
The median exposure (50th percentile) is 0.68 ng/kg bw/day. In
comparison, the calculated origin-specific trade-data based exposure is
0.65 ng/kg bw/day, surprisingly close to this value. This suggests the
trade data are in fact a good proxy for the average exposure. We also
find that the 95th percentile of the surveyed Swiss population is ex-
posed to PBDE levels as high as 8.5 ng/kg bw/day. The analysis of
survey data thus allows us to capture exposures of the more at-risk
sectors of the population.

Species-specific but not origin-specific PBDE exposures were esti-
mated to be 0.15 ng/kg bw/day using trade data. One reason for this
low number is the fact that when we average PBDE concentrations
across all origins, the overall PBDE concentration is reduced. To illus-
trate, Fig. 4 shows the PBDE concentrations reported globally in
salmon, shrimp and mussels, as well as their geometric means. Fig. 4
also highlights the PBDEs that were used in our analysis. For instance,
origin-based exposure estimates for salmon only account for Norway
and Belgium, with individual values of 1783 pg/kg bw/day and
1580 ng/kg bw/day respectively. On the other hand, total trade-based
estimates for salmon account for the average PBDE level of 985 ng/kg
bw/day across Norway, Belgium, Chile, USA, Japan and Spain. We
could therefore conclude that quantifying exposures according to

Fig. 2. Proportion of most consumed seafood species based on the dietary
survey (blue bars) compared to proportions based on trade data and local
production (pink bars). *Cod also includes Alaska pollock and Gadiformes.
**UN Comtrade Database reports pangasius within the catfish category. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 4
Origin – Specific PBDE Exposures based on Trade Data.

Fish Type Top Exporters Percent of Diet PBDE Exposure (ng/kg bw/
day)

Shrimp/prawn Vietnam 6.12 0.4914
Salmon Norway 5.37 0.0306
Seabream Greece 1.41 0.0216
Whitefish Domestic 1.24 0.0178
Salmon Denmark 2.35 0.0119
Salmon UK 2.30 0.0116
Seabream France 0.40 0.0063
Gadiformes Iceland 1.09 0.0062
Seabream Italy 0.35 0.0054
Mussels Netherlands 1.45 0.0052

Fig. 3. PBDE exposure range across fish consumers in Switzerland.
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origins gives us a more realistic understanding of a particular com-
munity’s risk from PBDE exposure.

3.4.3. Comparison of Trade-based and Survey-based approaches
Finally, we compare PBDE exposures by seafood species (irrespec-

tive of origin) based on geometric means of the global PBDE con-
centrations using both trade-based and survey-based diets. Table 5
shows the calculated PBDE intakes (top 10 exposures only based on
trade-based diet and the corresponding exposures for the survey-based
diet; refer to SI Tables S8 – S9 for a complete list).

Salmon, perch, shrimp, trout and whitefish appear to be the most
contaminated species for both the trade-based and survey-based diets.

The high exposure in the survey-based diet is driven by higher amounts
of seafood eaten by some consumers that pushes up the average ex-
posure from each species. This highlights a potential pitfall of using
general annual statistics, since diets vary within populations and hence
the risk of PBDE exposure may increase for groups that eat more trout,
shrimp, perch or salmon (all having higher PBDE exposures) or have
above average daily fish consumption. This was also illustrated by the
distribution of PBDE exposures in survey respondents (Fig. 4). How-
ever, all the exposures were found to be lower than the RfD range of
100 ng/kg bw/day to 7000 ng/kg bw/day.

3.5. Origin-Specific scenarios

Table 6 shows PBDE exposures estimated for our three origin-spe-
cific scenarios. When considering the exporting e-waste source and sink
countries selected for this analysis, seafood imports from Vietnam
contribute most to PBDE exposure of the Swiss population. Although
lower than the allowable reference dose range, these exposures surpass
even the total PBDE exposure calculated using the top 3 exporters
(0.65 ng/kg bw/day). The scenarios revealed that if Swiss adults con-
sume only seafood imported from an e-waste sink country, as in the
case of Vietnam, exposure can be as high as 7 ng/kg bw/day, which is
very close to the PBDE exposure for high-risk consumers informed by
the survey data (95th percentile, 8.5 ng/kg bw/day) Hence, origin-
specific scenarios help provide us with a worst-case perspective on
PBDE exposures.

The impact of Norwegian seafood alone was also found to be very
close to the median PBDE exposures of 0.68 ng/kg bw/day as reported

Fig. 4. Difference between PBDE data used for species-specific origin-specific vs non-origin-specific exposures.

Table 5
Species-specific trade-based diet versus survey-based diet PBDE exposures.

Seafood Species Trade-based PBDE Exposure
(ng/kg bw/day)

Survey-based PBDE Exposure
(ng/kg bw/day)

Salmon 0.0612 0.0986
Whitefish 0.0181 0.0624
Perch 0.0109 0.221
Shrimp 0.0093 0.0116
Seabream 0.0089 0.0127
Flatfish 0.0076 0.0036*
Trout 0.0067 0.0311
Catfish 0.0066 0.0036
Mussels 0.0045 0.0018
Roach 0.0033 Not reported as consumed

* Value for flounder.

Table 6
Scenario-specific PBDE exposures for Swiss adults.

Parameters Consumption of fish originating from e-
waste source/ origin

Consumption of fish originating from e-waste
dumping site/sink

Consumption of only local fish

Region Norway Vietnam Switzerland
Species Included Salmon and cod Shrimp and catfish Whitefish
PBDE concentration in selected seafood Salmon (1.783); cod (0.028) ng/g wet

weight
Shrimp (25.100); catfish (0.779) ng/g wet
weight

4.50 ng/g wet weight

PBDE Exposure from consuming the scenario
specific species

0.50 ng/kg bw/day 7.18 ng/kg bw/day 2.5 ng/kg bw/day

Note: All exposure calculations are for an adult weighing 72 kg and consuming 40 g of selected seafood daily in equal proportions. The three scenarios thus assume a
daily intake of 20 g each of salmon and cod, 20 g each of shrimp and catfish, or 40 g of whitefish, respectively.
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by the survey data. Norway recycles almost 80% of its e-waste in-state
(Streicher-Porte, 2006), which reduces environmental impacts of e-
waste exports, but also maintains the PBDEs in these products in cir-
culation. Hence, the risk of exposures within Norway continues.

The consumption of only domestic whitefish (40 g per day) would
lead to a lower PBDE exposure than consumption of seafood from
Vietnam (20 g each of shrimp and catfish). This is consistent with the
fact that Switzerland, like many other European nations, recycles only
around 25% of its e-waste; the remainder is either untraced or sent out
of state for disposal or processing (Streicher-Porte, 2006). Our analyses
illustrate how choices around international seafood trade could result
in increases or reductions in PBDE exposure, depending on the origins
considered.

4. Conclusions

PBDE exposures as high as 8.5 ng/kg bw/day (for the 95th per-
centile of the population) were found for the survey-based diet, where
consumption amounts reflect more realistic averages for adult seafood
consumers than the per capita consumption reported by national sta-
tistics. PBDE exposures from the trade-data based diet (origin-specific
measures) were found to be very close to the median exposures of
0.68 ng/kg bw/day for the Swiss population, indicating that the per
capita food balance derived from trade data is a good proxy for the
average exposure, even though it could not account for the population
variability captured by the survey data. However, in the absence of
dietary survey data, the key species predicted using trade data were
found to be consistent with those reported by Swiss consumers. Our
analysis showed that tuna, sole and tilapia imported from the UK and
Indonesia, were least contaminated with PBDEs. Vietnamese shrimp/
prawn, Norwegian salmon and Swiss whitefish were found to be the
most contaminated species–origin combinations. From the perspective
of import-related exposures, our analysis identified Vietnam, Italy,
Norway, and Greece as potential hot spots in the international seafood
trade network, playing pivotal roles in bringing diet-borne PBDEs to
Switzerland. Thus, if of sufficient quality, readily available trade data
can provide important insights when specific data are lacking, and at
the same time provides important information on the origin of foods.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

CRediT authorship contribution statement

Megha Bedi: Methodology, Formal analysis, Investigation, Writing
- original draft, Visualization. Natalie Von Goetz: Conceptualization,
Methodology, Writing - review & editing. Carla Ng: Conceptualization,
Methodology, Writing - review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We would like to thank the Federal Food Safety and Veterinary
Office for granting us access to the “menuCH National Nutrition
Survey” and Justin Boucher (ETH, Zurich) for inspiring this work with
his MS Thesis.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2020.105652.

References

Ahmed, N., Thompson, S., Glaser, M., 2018. Global aquaculture productivity, environ-
mental sustainability, and climate change adaptability. Environ. Manage. https://doi.
org/10.1007/s00267-018-1117-3.

Akortia, E., Okonkwo, J.O., Lupankwa, M., Osae, S.D., Daso, A.P., Olukunle, O.I.,
Chaudhary, A., 2016. A review of sources, levels, and toxicity of polybrominated
diphenyl ethers (PBDEs) and their transformation and transport in various environ-
mental compartments. Environ. Rev. 24, 253–273. https://doi.org/10.1139/er-2015-
0081.

Anh, H.Q., Nam, V.D., Tri, T.M., Ha, N.M., Ngoc, N.T., Mai, P.T.N., Anh, D.H., Minh, N.H.,
Tuan, N.A., Minh, T.B., 2017. Polybrominated diphenyl ethers in plastic products,
indoor dust, sediment and fish from informal e-waste recycling sites in Vietnam: a
comprehensive assessment of contamination, accumulation pattern, emissions, and
human exposure. Environ. Geochem. Health 39, 935–954. https://doi.org/10.1007/
s10653-016-9865-6.

Ashizuka, Y., Nakagawa, R., Hori, T., Yasutake, D., Tobiishi, K., Sasaki, K., 2008.
Determination of brominated flame retardants and brominated dioxins in fish col-
lected from three regions of Japan. Mol. Nutr. Food Res. 52, 273–283. https://doi.
org/10.1002/mnfr.200700110.

Aznar-Alemany, Ò., Trabalón, L., Jacobs, S., Barbosa, V.L., Tejedor, M.F., Granby, K.,
Kwadijk, C., Cunha, S.C., Ferrari, F., Vandermeersch, G., Sioen, I., Verbeke, W.,
Vilavert, L., Domingo, J.L., Eljarrat, E., Barceló, D., 2017. Occurrence of halogenated
flame retardants in commercial seafood species available in European markets. Food
Chem. Toxicol. 104, 35–47. https://doi.org/10.1016/j.fct.2016.12.034.

Bakker, M.I., de Winter-Sorkina, R., de Mul, A., Boon, P.E., van Donkersgoed, G., van
Klaveren, J.D., Baumann, B.A., Hijman, W.C., van Leeuwen, S.P.J., de Boer, J.,
Zeilmaker, M.J., 2008. Dietary intake and risk evaluation of polybrominated di-
phenyl ethers in The Netherlands. Mol. Nutr. Food Res. 52, 204–216. https://doi.org/
10.1002/mnfr.200700112.

Barber, M.C., 2008. Dietary uptake models used for modeling the bioaccumulation of
organic contaminants in fish. Environ. Toxicol. Chem. 27, 755. https://doi.org/10.
1897/07-462.1.

Barigozzi, M., Fagiolo, G., Mangioni, G., 2011. Identifying the community structure of the
international-trade multi network. Phys. A 390, 2051–2066. https://doi.org/10.
1016/j.physa.2011.02.004.

Besis, A., Samara, C., 2012. Polybrominated diphenyl ethers (PBDEs) in the indoor and
outdoor environments – a review on occurrence and human exposure. Environ.
Pollut. 169, 217–229. https://doi.org/10.1016/j.envpol.2012.04.009.

Betts, K.S., 2008. Unwelcome Guest: PBDEs in Indoor Dust. Environ Health Perspect. 116,
A202–A208. https://doi.org/10.1289/ehp.116-a202.

Bocio, A., Llobet, J.M., Domingo, J.L., Corbella, J., Teixidó, A., Casas, C., 2003.
Polybrominated Diphenyl Ethers (PBDEs) in foodstuffs: human exposure through the
diet. J. Agric. Food. Chem. 51, 3191–3195. https://doi.org/10.1021/jf0340916.

Brown, F.R., Winkler, J., Visita, P., Dhaliwal, J., Petreas, M., 2006. Levels of PBDEs,
PCDDs, PCDFs, and coplanar PCBs in edible fish from California coastal waters.
Chemosphere 64, 276–286. https://doi.org/10.1016/j.chemosphere.2005.12.012.

Cade, S.E., Kuo, L.-J., Schultz, I.R., 2018. Polybrominated diphenyl ethers and their hy-
droxylated and methoxylated derivatives in seafood obtained from Puget Sound, WA.
Sci. Total Environ. 6.

CDC, 2016. CDC - NBP - Biomonitoring Summaries - PBDEs [WWW Document]. Centers
for Disease Control and Prevention: CDC - NBP - Biomonitoring Summaries - PBDEs.
URL https://www.cdc.gov/biomonitoring/PBDEs_BiomonitoringSummary.html.

CDC, 2014. Centers for Disease Control and Prevention (CDC). National Center for Health
Statistics (NCHS). National Health and Nutrition Examination Survey Data.
Hyattsville, MD: U.S. Department of Health and Human Services, Centers for Disease
Control and Prevention. 110.

Costa, L.G., de Laat, R., Tagliaferri, S., Pellacani, C., 2014. A mechanistic view of poly-
brominated diphenyl ether (PBDE) developmental neurotoxicity. Toxicol. Lett. 230,
282–294. https://doi.org/10.1016/j.toxlet.2013.11.011.

Covaci, A., Bervoets, L., Hoff, P., Voorspoels, S., Voets, J., Van Campenhout, K., Blust, R.,
Schepens, P., 2005. Polybrominated diphenyl ethers (PBDEs) in freshwater mussels
and fish from Flanders. Belgium. J. Environ. Monitor. 7, 132. https://doi.org/10.
1039/b413574a.

Darnerud, P.O., Eriksen, G.S., Jóhannesson, T., Larsen, P.B., Viluksela, M., 2001.
Polybrominated diphenyl ethers: occurrence, dietary exposure, and toxicology.
Environ. Health Perspect. 109, 20.

de Wit, Cynthia A, 2002. An overview of brominated flame retardants in the environment.
Chemosphere 46 (5), 583–624. https://doi.org/10.1016/S0045-6535(01)00225-9.

D’Odorico, P., Carr, J.A., Laio, F., Ridolfi, L., Vandoni, S., et al., 2014. Feeding humanity
through global food trade: D’ODORICO. Earth’s Future 2, 458–469. https://doi.org/
10.1002/2014EF000250.

Domingo, J.L., Martí-Cid, R., Castell, V., Llobet, J.M., 2008. Human exposure to PBDEs
through the diet in Catalonia, Spain: Temporal trend. Toxicology 248, 25–32. https://
doi.org/10.1016/j.tox.2008.03.006.

Duan, Huabo, Yu, Danfeng, Zuo, Jian, Yang, Bo, Zhang, Yukui, Niu, Yongning, 2016.
Characterization of brominated flame retardants in construction and demolition
waste components: HBCD and PBDEs. Sci. Total Environ. 572, 77–85. https://doi.
org/10.1016/j.scitotenv.2016.07.165.

M. Bedi, et al. Environment International 138 (2020) 105652

11

https://doi.org/10.1016/j.envint.2020.105652
https://doi.org/10.1016/j.envint.2020.105652
https://doi.org/10.1007/s00267-018-1117-3
https://doi.org/10.1007/s00267-018-1117-3
https://doi.org/10.1139/er-2015-0081
https://doi.org/10.1139/er-2015-0081
https://doi.org/10.1007/s10653-016-9865-6
https://doi.org/10.1007/s10653-016-9865-6
https://doi.org/10.1002/mnfr.200700110
https://doi.org/10.1002/mnfr.200700110
https://doi.org/10.1016/j.fct.2016.12.034
https://doi.org/10.1002/mnfr.200700112
https://doi.org/10.1002/mnfr.200700112
https://doi.org/10.1897/07-462.1
https://doi.org/10.1897/07-462.1
https://doi.org/10.1016/j.physa.2011.02.004
https://doi.org/10.1016/j.physa.2011.02.004
https://doi.org/10.1016/j.envpol.2012.04.009
https://doi.org/10.1289/ehp.116-a202
https://doi.org/10.1021/jf0340916
https://doi.org/10.1016/j.chemosphere.2005.12.012
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0065
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0065
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0065
https://www.cdc.gov/biomonitoring/PBDEs_BiomonitoringSummary.html
https://doi.org/10.1016/j.toxlet.2013.11.011
https://doi.org/10.1039/b413574a
https://doi.org/10.1039/b413574a
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0090
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0090
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0090
https://doi.org/10.1016/S0045-6535(01)00225-9
https://doi.org/10.1002/2014EF000250
https://doi.org/10.1002/2014EF000250
https://doi.org/10.1016/j.tox.2008.03.006
https://doi.org/10.1016/j.tox.2008.03.006
https://doi.org/10.1016/j.scitotenv.2016.07.165
https://doi.org/10.1016/j.scitotenv.2016.07.165


EFSA, 2011. Scientific Opinion on Polybrominated Diphenyl Ethers (PBDEs) in Food-
European Food Safety Authority (EFSA) Panel on Contaminants in the Food Chain.
EFSA J. 9, 2156.

EPA-a, 2014. Technical Fact Sheet – Polybrominated Diphenyl Ethers (PBDEs) and
Polybrominated Biphenyls (PBBs).

EPA-b, 2018. Regional Screening Level (RSL) Summary Table.
Ercsey-Ravasz, M., Toroczkai, Z., Lakner, Z., Baranyi, J., 2012. Complexity of the

International Agro-Food Trade Network and Its Impact on Food Safety. PLoS One 7,
e37810. https://doi.org/10.1371/journal.pone.0037810.

FAO, 2016. Fisheries and Aquaculture Department [WWW Document]. Food and
Agriculture Organization of the United States. URL http://www.fao.org/fishery/
area/search/en (accessed 9.23.18).

FAO, 2015. Major Fishing Areas for Statistical Purposes [WWW Document]. URL www.
fao.org/fishery/area/search.

FAO. The State of the World Fisheries and Aquaculture 2018-meeting the sustainable
development goals (No. CC BY-NC-SA 3.0 IGO), 2018, Rome.

Feenstra, R., Lipsey, R., Deng, H., Ma, A., Mo, H., 2005. World Trade Flows: 1962-2000
(No. w11040). National Bureau of Economic Research, Cambridge, MA. https://doi.
org/10.3386/w11040.

FOEN, 2016. Federal Statistical Bureau-Switzerland: Fishing and Fish Farming [WWW
Document]. Federal Statistical Bureau-Switzerland: Fishing and Fish Farming. URL
https://www.bfs.admin.ch/bfs/fr/home/statistiques/agriculture-sylviculture/
chasse-peche-pisciculture/peche.html (accessed 8.24.18).

FSO, 2016. Swiss Federal Statistical Office (SFSO) [WWW Document]. Swiss Federal
Statistical Office (SFSO). URL https://www.bfs.admin.ch/bfs/en/home.html (ac-
cessed 8.8.18).

Gómara, B., Herrero, L., González, M.J., 2006. Survey of Polybrominated Diphenyl Ether
Levels in Spanish Commercial Foodstuffs. Environ. Sci. Technol. 40, 7541–7547.
https://doi.org/10.1021/es061130w.

Guo, J., Wu, F., Shen, R., Zeng, E.Y., 2010. Dietary intake and potential health risk of
DDTs and PBDEs via seafood consumption in South China. Ecotoxicol. Environ. Saf.
73, 1812–1819. https://doi.org/10.1016/j.ecoenv.2010.08.009.

Herbstman, J.B., Sjödin, A., Kurzon, M., Lederman, S.A., Jones, R.S., Rauh, V., Needham,
L.L., Tang, D., Niedzwiecki, M., Wang, R.Y., Perera, F., 2010. Prenatal Exposure to
PBDEs and Neurodevelopment. Environ. Health Perspect. 118, 712–719. https://doi.
org/10.1289/ehp.0901340.

Hien, P.T., Tue, N.M., Suzuki, G., Takahashi, S., Tanabe, S., 2012. Polychlorinated
Biphenyls and polybrominated diphenyl ethers in fishes collected from Tam Giang-
Cau Hai Lagoon. Vietnam 6, 221–227.

Hites, R.A., Foran, J.A., Schwager, S.J., Knuth, B.A., Hamilton, M.C., Carpenter, D.O.,
2004. Global Assessment of Polybrominated Diphenyl Ethers in Farmed and Wild
Salmon. Environ. Sci. Technol. 38, 4945–4949. https://doi.org/10.1021/es049548m.

Idowu, S.O., Capaldi, N., Zu, L., Gupta, A.D. (Eds.), 2013. Stockholm Convention on
Persistent Organic Pollutants (POPs). In: Encyclopedia of Corporate Social
Responsibility. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 2336–2336.
https://doi.org/10.1007/978-3-642-28036-8_101506.

Johansen, A., Olson, N., 2001. Analysis and Occurrence of Polybrominated Diphenyl
Ethers in Washington State Freshwater Fish. Arch. Environ. Contam. Toxicol. 41,
339–344. https://doi.org/10.1007/s002440010257.

Kim, Y.-J., Osako, M., Sakai, S., 2006. Leaching characteristics of polybrominated di-
phenyl ethers (PBDEs) from flame-retardant plastics. Chemosphere 65, 506–513.
https://doi.org/10.1016/j.chemosphere.2006.01.019.

Lee, D., Offenhuber, D., Duarte, F., Biderman, A., Ratti, C., 2018. Monitour: Tracking
global routes of electronic waste. Waste Manage. 72, 362–370. https://doi.org/10.
1016/j.wasman.2017.11.014.

Luo, Q., Cai, Z.W., Wong, M.H., 2007. Polybrominated diphenyl ethers in fish and sedi-
ment from river polluted by electronic waste. Sci. Total Environ. 383, 115–127.
https://doi.org/10.1016/j.scitotenv.2007.05.009.

Meng, X.-Z., Zeng, E.Y., Yu, L.-P., Guo, Y., Mai, B.-X., 2007. Assessment of Human
Exposure to Polybrominated Diphenyl Ethers in China via Fish Consumption and
Inhalation. Environ. Sci. Technol. 41, 4882–4887. https://doi.org/10.1021/
es0701560.

Minh, N.H., Minh, T.B., Kajiwara, N., Kunisue, T., Iwata, H., Viet, P.H., Tu, N.P.C., Tuyen,
B.C., Tanabe, S., 2006. Contamination by polybrominated diphenyl ethers and per-
sistent organochlorines in Catfish and feed from Mekong River delta, Vietnam.
Environ. Toxicol. Chem. 25, 2700. https://doi.org/10.1897/05-600R.1.

Montory, M., Barra, R., 2006. Preliminary data on polybrominated diphenyl ethers
(PBDEs) in farmed fish tissues (Salmo salar) and fish feed in Southern Chile.
Chemosphere 63, 1252–1260. https://doi.org/10.1016/j.chemosphere.2005.10.030.

Mühlemann, P., Renggli, 2012. Sixth Swiss NutritionPolicy (2013-2016).
Murray, J., Burt, J.R., 2001. TORRY ADVISORY NOTE No. 38 The composition of fish.
NDNS, 2008. National Diet and Nutrition Survey [WWW Document]. URL https://www.

gov.uk/government/collections/national-diet-and-nutrition-survey (accessed 1.
19.20).

Ng, C.A., Ritscher, A., Hungerbuehler, K., von Goetz, N., 2018. Polybrominated Diphenyl
Ether (PBDE) Accumulation in Farmed Salmon Evaluated Using a Dynamic Sea-Cage
Production Model. Environ. Sci. Technol. 52, 6965–6973. https://doi.org/10.1021/
acs.est.8b00146.

Ng, C.A., von Goetz, N., 2017. The Global Food System as a Transport Pathway for
Hazardous Chemicals: The Missing Link between Emissions and Exposure. Environ.
Health Perspect. 125, 1–7. https://doi.org/10.1289/EHP168.

Ohta, S., Ishizuka, D., Nishimura, H., Nakao, T., Aozasa, O., Shimidzu, Y., Ochiai, F., Kida,

T., Nishi, M., Miyata, H., 2002. Comparison of polybrominated diphenyl ethers in
fish, vegetables, and meats and levels in human milk of nursing women in Japan.
Chemosphere 46, 689–696. https://doi.org/10.1016/S0045-6535(01)00233-8.

Olson, A.J.N., 2001. Analysis and Occurrence of Polybrominated Diphenyl Ethers in
Washington State Freshwater Fish. Arch. Environ. Contam. Toxicol. 41, 339–344.
https://doi.org/10.1007/s002440010257.

Perkins, D.N., Drisse, M.-N.B., Nxele, T., Sly, P.D., 2014. E-Waste: A Global Hazard.
Annals of Global Health 80, 286–295. https://doi.org/10.1016/j.aogh.2014.10.001.

Schecter, A., Haffner, D., Colacino, J., Patel, K., Päpke, O., Opel, M., Birnbaum, L., 2010.
Polybrominated Diphenyl Ethers (PBDEs) and Hexabromocyclodecane (HBCD) in
Composite U.S. Food Samples. Environ. Health Perspect. 118, 357–362. https://doi.
org/10.1289/ehp.0901345.

Schecter, A., Päpke, O., Tung, K.-C., Staskal, D., Birnbaum, L., 2004. Polybrominated
Diphenyl Ethers Contamination of United States Food. Environ. Sci. Technol. 38,
5306–5311. https://doi.org/10.1021/es0490830.

Scientific Institute of Public Health. WIV-ISP, 2015. Belgian National Food Consumption
Survey - Database 2015-2015 [WWW Document]. URL https://fcs.wiv-isp.be/
SitePages/Database.aspx (accessed 1.19.20).

SFFSVO, Swiss Federal Food Safety and Veterinary Office: National Survey menuCH
2014/2015, 2018.

Shanmuganathan, D., Megharaj, M., Chen, Z., Naidu, R., 2011. Polybrominated diphenyl
ethers (PBDEs) in marine foodstuffs in Australia: Residue levels and contamination
status of PBDEs. Mar. Pollut. Bull. 63, 154–159. https://doi.org/10.1016/j.
marpolbul.2011.06.002.

Shin, J.H., Baek, Y.J., 2012. Analysis of polybrominated diphenyl ethers in textiles treated
by brominated flame retardants. Text. Res. J. 82, 1307–1316. https://doi.org/10.
1177/0040517512439943.

Streets, S.S., Henderson, S.A., Stoner, A.D., Carlson, D.L., Simcik, M.F., Swackhamer, D.L.,
2006. Partitioning and Bioaccumulation of PBDEs and PCBs in Lake Michigan †.
Environ. Sci. Technol. 40, 7263–7269. https://doi.org/10.1021/es061337p.

Streicher-Porte, M., 2006. SWICO/S.EN.S, the Swiss WEEE recycling systems and best
practices from other European systems. In: Proceedings of the 2006 IEEE
International Symposium on Electronics and the Environment, 2006. Presented at the
Proceedings of the 2006 IEEE International Symposium on Electronics and the
Environment, 2006., IEEE, Scottsdale, AZ, USA, pp. 281–287. https://doi.org/10.
1109/ISEE.2006.1650077.

Su, G., Liu, X., Gao, Z., Xian, Q., Feng, J., Zhang, X., Giesy, J.P., Wei, S., Liu, H., Yu, H.,
2012. Dietary intake of polybrominated diphenyl ethers (PBDEs) and polychlorinated
biphenyls (PCBs) from fish and meat by residents of Nanjing, China. Environ. Int. 42,
138–143. https://doi.org/10.1016/j.envint.2011.05.015.

The Official Journal of European Union, 2008. Communication from the Commission on
the results of the risk evaluation of chlorodifluoromethane, bis(pentabromophenyl)
ether and methenamine and on the risk reduction strategy for the substance me-
thenamine.

Trudel, D., Scheringer, M., von Goetz, N., Hungerbühler, K., 2011a. Total Consumer
Exposure to Polybrominated Diphenyl Ethers in North America and Europe. Environ.
Sci. Technol. 45, 2391–2397. https://doi.org/10.1021/es1035046.

Trudel, D., Tlustos, C., Von Goetz, N., Scheringer, M., Hungerbühler, K., 2011b. PBDE
exposure from food in Ireland: optimising data exploitation in probabilistic exposure
modelling. J. Eposure Sci. Environ. Epidemiol. 21, 565–575. https://doi.org/10.
1038/jes.2010.41.

UN Comtrade, 2016. UN Comtrade International Trade Statistics Database [WWW
Document]. URL https://comtrade.un.org/ (accessed 8.8.18).

USDA, 2018. United States Department of Agriculture: Agricultural Research Service
[WWW Document]. URL https://ndb.nal.usda.gov/ndb/foods/show/45346575?
fgcd=&manu=&format=Abridged&count=&max=25&offset=&sort=fg&order=
asc&qlookup=swordfish&ds=&qt=&qp=&qa=&qn=&q=&ing= (accessed 9.
7.18).

van Leeuwen, S., van Velzen, M., Swart, K., Spanjer, M., Scholten, J., van Rhijn, H., de
Boer, J., 2008. Contaminants in Popular Farmed Fish Consumed in The Netherlands
and their Levels in Fish Feed. Institute for Environmental Studies, Vrije Universiteit.

van Leeuwen, S.P.J., de Boer, J., 2008. Brominated flame retardants in fish and shellfish –
levels and contribution of fish consumption to dietary exposure of Dutch citizens to
HBCD. Mol. Nutr. Food Res. 52, 194–203. https://doi.org/10.1002/mnfr.200700207.

Voorspoels, S., Covaci, A., Neels, H., Schepens, P., 2007. Dietary PBDE intake: A market-
basket study in Belgium. Environ. Int. 33, 93–97. https://doi.org/10.1016/j.envint.
2006.08.003.

Wang, H.-M., Yu, Y.-J., Han, M., Yang, S.-W., li, Q., Yang, Y., 2009. Estimated PBDE and
PBB Congeners in Soil from an Electronics Waste Disposal Site. Bull. Environ.
Contaminat. Toxicol. 83, 789–793. https://doi.org/10.1007/s00128-009-9858-6.

Willemsen, F., 2003. Report on the seafood consumption data found in the European
countries of the OT-SAFE project (No. W-03/42), WP3. Risk assessment of TBT in
seafood in Europe. Institute for Environmental Studies, Vrije Universiteit, The
Netherlands.

Zennegg, M., Kohler, M., Gerecke, A.C., Schmid, P., 2003. Polybrominated diphenyl
ethers in whitefish from Swiss lakes and farmed rainbow trout. Chemosphere 51,
545–553. https://doi.org/10.1016/S0045-6535(03)00047-X.

Zhao, G., Zhou, H., Wang, D., Zha, J., Xu, Y., Rao, K., Ma, M., Huang, S., Wang, Z., 2009.
PBBs, PBDEs, and PCBs in foods collected from e-waste disassembly sites and daily
intake by local residents. Sci. Total Environ. 407, 2565–2575. https://doi.org/10.
1016/j.scitotenv.2008.11.062.

M. Bedi, et al. Environment International 138 (2020) 105652

12

http://refhub.elsevier.com/S0160-4120(19)34256-4/h0110
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0110
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0110
https://doi.org/10.1371/journal.pone.0037810
http://www.fao.org/fishery/area/search/en
http://www.fao.org/fishery/area/search/en
http://www.fao.org/fishery/area/search
http://www.fao.org/fishery/area/search
https://doi.org/10.3386/w11040
https://doi.org/10.3386/w11040
https://www.bfs.admin.ch/bfs/fr/home/statistiques/agriculture-sylviculture/chasse-peche-pisciculture/peche.html
https://www.bfs.admin.ch/bfs/fr/home/statistiques/agriculture-sylviculture/chasse-peche-pisciculture/peche.html
https://www.bfs.admin.ch/bfs/en/home.html
https://doi.org/10.1021/es061130w
https://doi.org/10.1016/j.ecoenv.2010.08.009
https://doi.org/10.1289/ehp.0901340
https://doi.org/10.1289/ehp.0901340
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0175
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0175
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0175
https://doi.org/10.1021/es049548m
https://doi.org/10.1007/978-3-642-28036-8_101506
https://doi.org/10.1007/s002440010257
https://doi.org/10.1016/j.chemosphere.2006.01.019
https://doi.org/10.1016/j.wasman.2017.11.014
https://doi.org/10.1016/j.wasman.2017.11.014
https://doi.org/10.1016/j.scitotenv.2007.05.009
https://doi.org/10.1021/es0701560
https://doi.org/10.1021/es0701560
https://doi.org/10.1897/05-600R.1
https://doi.org/10.1016/j.chemosphere.2005.10.030
https://www.gov.uk/government/collections/national-diet-and-nutrition-survey
https://www.gov.uk/government/collections/national-diet-and-nutrition-survey
https://doi.org/10.1021/acs.est.8b00146
https://doi.org/10.1021/acs.est.8b00146
https://doi.org/10.1289/EHP168
https://doi.org/10.1016/S0045-6535(01)00233-8
https://doi.org/10.1007/s002440010257
https://doi.org/10.1016/j.aogh.2014.10.001
https://doi.org/10.1289/ehp.0901345
https://doi.org/10.1289/ehp.0901345
https://doi.org/10.1021/es0490830
https://fcs.wiv-isp.be/SitePages/Database.aspx
https://fcs.wiv-isp.be/SitePages/Database.aspx
https://doi.org/10.1016/j.marpolbul.2011.06.002
https://doi.org/10.1016/j.marpolbul.2011.06.002
https://doi.org/10.1177/0040517512439943
https://doi.org/10.1177/0040517512439943
https://doi.org/10.1021/es061337p
https://doi.org/10.1109/ISEE.2006.1650077
https://doi.org/10.1109/ISEE.2006.1650077
https://doi.org/10.1016/j.envint.2011.05.015
https://doi.org/10.1021/es1035046
https://doi.org/10.1038/jes.2010.41
https://doi.org/10.1038/jes.2010.41
https://comtrade.un.org/
https://ndb.nal.usda.gov/ndb/foods/show/45346575%3ffgcd%3d%26manu%3d%26format%3dAbridged%26count%3d%26max%3d25%26offset%3d%26sort%3dfg%26order%3dasc%26qlookup%3dswordfish%26ds%3d%26qt%3d%26qp%3d%26qa%3d%26qn%3d%26q%3d%26ing%3d+accessed7.18)
https://ndb.nal.usda.gov/ndb/foods/show/45346575%3ffgcd%3d%26manu%3d%26format%3dAbridged%26count%3d%26max%3d25%26offset%3d%26sort%3dfg%26order%3dasc%26qlookup%3dswordfish%26ds%3d%26qt%3d%26qp%3d%26qa%3d%26qn%3d%26q%3d%26ing%3d+accessed7.18)
https://ndb.nal.usda.gov/ndb/foods/show/45346575%3ffgcd%3d%26manu%3d%26format%3dAbridged%26count%3d%26max%3d25%26offset%3d%26sort%3dfg%26order%3dasc%26qlookup%3dswordfish%26ds%3d%26qt%3d%26qp%3d%26qa%3d%26qn%3d%26q%3d%26ing%3d+accessed7.18)
https://ndb.nal.usda.gov/ndb/foods/show/45346575%3ffgcd%3d%26manu%3d%26format%3dAbridged%26count%3d%26max%3d25%26offset%3d%26sort%3dfg%26order%3dasc%26qlookup%3dswordfish%26ds%3d%26qt%3d%26qp%3d%26qa%3d%26qn%3d%26q%3d%26ing%3d+accessed7.18)
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0335
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0335
http://refhub.elsevier.com/S0160-4120(19)34256-4/h0335
https://doi.org/10.1002/mnfr.200700207
https://doi.org/10.1016/j.envint.2006.08.003
https://doi.org/10.1016/j.envint.2006.08.003
https://doi.org/10.1007/s00128-009-9858-6
https://doi.org/10.1016/S0045-6535(03)00047-X
https://doi.org/10.1016/j.scitotenv.2008.11.062
https://doi.org/10.1016/j.scitotenv.2008.11.062

