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Introduction

The list of persistent, bio-accumulative and
toxic chemicals (PBT) present in the envi-
ronment has been continually growing
since the detrimental long-term side effects
caused by the use of synthetic pesticides
such as DDT and other organochlorines
were discovered in the sixties [1]. In 1995,
the United Nations Environment Pro-
gramme (UNEP) identified twelve particu-
larly toxic compounds (persistent organic
pollutants, POP). The Stockholm Conven-
tion, signed in 2001, targets POP for re-
duction and eventual elimination and sets
up a system for tackling additional chemi-
cals identified as unacceptably hazardous.
The twelve POP include pesticides (aldrin,
dieldrin, DDT, endrin, chlordan, hexa-
chlorobenzene, mirex, toxaphene, and
heptachlor), technical chemicals (poly-
chlorinated biphenyls, PCB), as well as
polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD and PCDF). The
substances enter the environment from var-
ious sources, i.e. via direct application (e.g.
pesticides), release from applications
(PCB), and from side-reactions in thermal
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processes (dioxins). POP are prone to long
range atmospheric transport and subse-
quent deposition.

EMPA contributes to the reduction of
the pollution of the atmospheric boundary
layer as well as of the emission of green-
house gases through the investigation of
fluxes of pollutants between the techno-
sphere and the atmosphere within its frame-
work program TECAT (TEChnosphere-
ATmosphere). EMPA’s Laboratory of Or-
ganic Chemistry has extensive experience
in the investigation of various aspects of
PBT including the substances and topics
given in Table 1. 

With the refinement of trace analytical
methods, the focus of interest has shifted
more and more from source-oriented to-
wards target-oriented investigations. The

current activities in environmental research
are centered on the environmental behavior
of PBT. In this article, two examples on the
environmental behavior of ‘old’ and ‘new’
contaminants will be presented: Since the
Seveso accident in 1976, dioxins are per-
ceived as archetypes of environmental con-
taminants. Due to various reduction meas-
ures, environmental levels as well as the
dioxin exposure of the population have
been steadily decreasing during the last
20 years. On the other hand, the brominat-
ed flame retardants (e.g. polybrominated
diphenyl ethers, hexabromocyclododecane,
tetrabromobisphenol A) represent a class of
emerging contaminants with world-wide
increasing production rates. Some bromi-
nated flame retardants exhibit sharply in-
creasing environmental levels, due to their

Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD and PCDF): 
detection in emissions from incineration plants [2–4], formation in automotive 
combustion [5], monitoring in food and in feedingstuffs [6]

Polychlorinated biphenyls (PCB) from sealing materials in indoor air [7] 

Emission of polycyclic aromatic hydrocarbons (PAH) from materials for road 
surfaces and from railroad ties [8][9]

Toxic emissions from road traffic (volatile organic compounds [10–15],
polycyclic aromatic and nitroaromatic hydrocarbons, and dioxins [16][17])

Secondary emissions from exhaust gas after-treatment [5][11][14][16]

Fate of brominated flame retardants (BFR) in the environment (NRP50: 
Endocrine Disruptors: Relevance to Humans, Animals and Ecosystems) [18][19]

Nitrated phenolic compounds in the atmosphere [20]

Table 1. Various aspects of PBTs including some other substances and topics



marized in Table 2. Sampling locations of
milk from nearby point sources and from
rural and alpine locations are given in Fig.
1. The concentrations of dioxins are ex-
pressed as total toxicity equivalents (I-TEQ
and WHO-TEQ, respectively), reflecting
the total of levels of the relevant dioxins
weighted by their respective toxicities. In
2001, the average dioxin level in Swiss con-
sumer milk (six samples of pooled milk
from the main industrial milk processing
plants in Switzerland) was only slightly
above the average concentration deter-
mined in 13 milk samples from rural/alpine
regions (see Fig. 1). The average level of
eleven samples collected in the proximity
of potential and former point sources was
slightly but significantly elevated com-
pared to milk from remote areas: These lev-
els are well in line with the most recent na-
tional average dioxin levels in countries of

the European Union, being in a range of
0.32–2.1 ng I-TEQ/kg milk fat [29]. Based
on the average level in milk from industrial
processors, the average intake of dairy
Swiss products exploits approximately
40% of the lower end of the range of the tol-
erable daily intake of dioxins and dioxin-
like polychlorinated biphenyls defined by
WHO (1–4 pg WHO-TEQ/kg body weight)
[30].

Dioxin Levels in the Past
Comparison of actual dioxin levels in

cows’ milk with data gathered in 1984 and
1990/1991 generally demonstrates distinct
decreases, both in samples from the neigh-
borhood of former, remediated point
sources and in remote locations where
dioxin input is due to long-range atmo-
spheric transport of these contaminants. As
some of these plants are still in operation,
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high bioaccumulation potential and persist-
ence. At present, much remains uncertain
regarding their biological implications in
humans and wildlife.

Temporal Trend of Atmospheric
Dioxin Input in Switzerland
(adapted from [21])

The ubiquitous contamination of the en-
vironment by dioxins (polychlorinated
dibenzo-p-dioxins and dibenzofurans,
PCDD and PCDF) is primarily caused by
atmospheric transport and subsequent dep-
osition of emissions from various sources
(waste incineration and other industrial
thermal processes, production of chemi-
cals, traffic). Due to their physical proper-
ties, the bulk of the dioxins is adsorbed to
dust and soot particles. These particles are
deposited by atmospheric deposition on
soil and leafy vegetation such as grass.
Grazing cows ingest contaminated grass, or
hay and silage. Thereafter the dioxins,
which are lipophilic and persistent, are
transferred into the fat compartment includ-
ing the milk fat of the lactating cow. There-
fore, milk constitutes an efficient and rapid
elimination pathway of these contaminants.
If milk production is exclusively based on
grazing, the resulting dioxin levels in cows’
milk reflect the atmospheric deposition on
the pasture and can be used as indicators for
the actual average local dioxin exposure
[22–26]. Due to the duration of the vegeta-
tion period of grass and due to the elimina-
tion half-life in the cow of approximately
40 days, cows’ milk can be regarded as a
biomonitor reflecting atmospheric long-
term input of dioxins. Already in 1984 and
1990/1991, investigations on cows’ milk in
Switzerland from various locations were
conducted to identify strong dioxin emit-
tents (e.g. waste incineration and metal re-
cycling plants) and to gain data on the hu-
man exposure of the Swiss population by
dioxins from dairy products [8][9]. A fol-
low-up investigation was initiated in 2001,
aimed at establishing temporal trends of the
atmospheric dioxin input in Switzerland. A
further objective of the present investiga-
tion was the determination of dioxin levels
in milk from non-contaminated remote ar-
eas. For this purpose, remote sample loca-
tions with distinct alpine characteristics
were chosen. As in the 1984 and 1990/1991
campaigns, pooled milk samples from large
industrial milk processing plants were ana-
lyzed in order to determine the average
dioxin levels in consumer milk from differ-
ent regions in Switzerland. 

The results of the three studies carried
out in 1984, 1990/1991, and 2001 are sum-

1984 1990/1991 2001

Pooled milk from industrial
milk processing plants
Range 1.9 1.0–1.8 0.32–0.85
Average 1.9 1.3±0.23 0.51±0.19

Milk from locations with
nearby point sources
Range 4.6–12 2.0–4.4 0.28–1.1
Average 8.5±3.0 3.0±0.87 0.63±0.26

Milk from rural and alpine
locations
Range 1.8 0.7–2.2 0.28–0.50
Average 1.8 1.1±0.74 0.36±0.097  

Table 2. Average dioxin levels in cows’ milk (ng I-TEQ/kg, milk fat basis) from different sites in
Switzerland 1984 [27], 1990/1991 [28], and 2001 [21]. 

Fig. 1. Sites of origin of cows’ milk samples taken in 2001.
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the observed decrease can be attributed to
the efficiency of reduction measures taken
in the meantime. According to the Swiss
Agency for the Environment, Forests and
Landscape, the total annual emissions of
dioxin from all Swiss waste incineration
plants decreased from 440 g I-TEQ in 1985
to 72 g I-TEQ in 2000, and for 2005 a total
annual emission of 66 g I-TEQ is predicted
[31]. Similarly, a decrease of ca. 80% is es-
timated for the total annual European diox-
in emissions between 1985 and 2005 [32].
Fig. 2 shows the average dioxin levels in
milk samples from industrial milk process-
ing plants for the three sampling periods,
indicating a steady decrease since 1984.
Similar downward trends have been ob-
served in other European countries
[33–35]. Still, the profile in Fig. 2 gives rise
to the question of the culmination of dioxin
levels in cows’ milk. Unfortunately, no da-
ta on dioxin content is available for Swiss
milk before 1984. However, some informa-
tion on historical atmospheric deposition
can be gained from investigations on aquat-
ic sediment cores which suggest a dramatic
increase of dioxin deposition after ca. 1950
in Europe and North America [35]. These
observations are in line with estimates of
the total annual dioxin emissions in
Switzerland between 1950 and 2010 (Fig.
2, solid line), localizing the maximum
emissions around 1980 [31]. 

Polybrominated Diphenyl Ethers 
in Whitefish From Swiss Lakes and
Farmed Rainbow Trout 
(adapted from [36])

Polybrominated diphenyl ethers
(PBDE) are a class of flame retardants for
which ubiquitous occurrence and increas-
ing levels in the environment have been ob-
served [37]. PBDE are released into the en-
vironment mainly from plastic materials
and textiles where they are used as flame re-
tardants. In plastics treated with flame re-
tardants, they account for 5–30% of the to-
tal weight [38]. Brominated flame retar-
dants are very successful on the global
market; they have become the second
largest additives used by the plastics indus-
try [39]. The world-wide demand for
brominated flame retardants in 1999 was
about 204’000 metric tons, including about
67’000 metric tons of PBDE [40]. Most
commercial PBDE products are mixtures
of various brominated diphenyl ethers
(congeners). Pentabromodiphenyl ether
(PeDBE) is a mixture of tetra- to hexabro-
modiphenyl ethers. Octabromodiphenyl
ether (OcBDE) contains hexa- to nona-
bromodiphenyl ethers (mainly heptabro-

modiphenyl ether), and decabromodi-
phenyl ether (DeBDE) consists to 97–98%
of the congener BDE-209 (decabromodi-
phenyl ether). Table 3 shows the most abun-
dant PBDE congeners present in commer-
cial products. 

Although PBDE exhibit typical charac-
teristics of POP (persistent organic pollu-
tants), they have not yet been added to the
POP list of the United Nations Environment
Programme (UNEP). Similar to dioxins and
PCB, brominated flame retardants have
been shown to accumulate in the food
chain, and they can be found in samples
from all over the world [41]. Brominated
flame retardants were even detected in
whales living in deeper Atlantic waters
[42]. A recent study from North America re-
ports PBDE levels up to 200 ng/g based on
lipid weight (lw) in human milk [43]. Ac-

cording to Norén and Meironyté [44], lev-
els of PBDE in human milk have doubled
every five years between 1972 and 1999,
while levels of other organochlorine com-
pounds have decreased to various extents.
Recently, endocrine disruption properties
have been discovered for flame retardants
such as PBDE [45] and tetrabromobisphe-
nol A (TBBPA) [46]. Endocrine disrupting
effects triggered by these and other chemi-
cals are discussed to be responsible for var-
ious disorders and the diminution of fish
populations.

PBDE were determined in pooled
whitefish (Coregonus sp.) samples origi-
nating from eight Swiss lakes. Whitefish is
an abundant zooplanktophagous species
and a popular food fish [47]. Typical prey of
whitefish are Daphnia and Bythotrephes
[47], setting Coregonus sp. on a medium
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Fig. 2. Temporal trend of average dioxin levels in pooled cows’ milk from Swiss industrial milk
processing plants (error bars indicate levels including 100% and 0% of the detection limit (1984
data), or standard deviations (1990/1991 and 2001 data)). For comparison: the solid line shows
the estimated total annual dioxin emissions in Switzerland [31].

Congeners Polybrominated diphenyl ethers (PBDE)

BDE-28 2,4,4’-Tribromodiphenyl ether
BDE-47 2,2’,4,4’-Tetrabromodiphenyl ether
BDE-99 2,2’,4,4’,5-Pentabromodiphenyl ether
BDE-153 2,2’,4,4’,5,5’-Hexabromodiphenyl ether
BDE-154 2,2’,4,4’,5,6’-Hexabromodiphenyl ether
BDE-183 2,2’,3,4,4’,5’,6-Heptabromodiphenyl ether
BDE-209 Decabromodiphenyl ether    

Table 3. Polybrominated diphenyl ethers (PBDE). Typical congeners include BDE-28, BDE-47,
BDE-99, BDE-100, BDE-153, BDE-154, BDE-183, and BDE-209.
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trophic level [48]. Based on these data, cor-
relations between PBDE levels in fish and
the properties of the respective lakes were
explored. In order to assess human expo-
sure through farmed fish as well, rainbow
trout (Oncorhynchus mykiss) from four
Swiss fish farms were analyzed, and daily
PBDE intake through human consumption
of farmed fish was also estimated.

PBDE in Whitefish 
From Swiss Lakes

Whitefish (Coregonus sp.) from eight
different Swiss lakes (Lake Geneva, Lake
Greifen, Lake Biel, Lake Lucerne, Lake
Zürich, Lake Neuchâtel, Lake Constance,
and Lake Thun), collected by the fishery
and hunt authorities were selected for
analysis. PBDE were detected in all white-
fish samples. Lipid contents of the pooled
samples ranged from 1.9 to 6.8%. PBDE
levels in lipids expressed as the sum of
BDE-28, BDE-47, BDE-99, BDE-100,
BDE-153, BDE-154, and BDE-183 were
between 36–165 ng/g lw, corresponding to
a wet weight (ww) concentration of 1.6–7.4
ng/g ww. The highest PBDE concentrations
in our study were found in whitefish from
Lake Greifen (165 ng/g lw), and the lowest
concentrations were detected in whitefish
from Lake Thun (36 ng/g lw). Near known
and suspected point sources, PBDE levels
up to 27’000 ng/g lw [49] were measured.
The congener pattern is similar for all
whitefish samples, a typical pattern is
shown in Fig. 3a. The pattern is dominated
by BDE-47, followed by BDE-99 and
BDE-100. Congeners BDE-153 and BDE-
154 are found in similar concentrations, just
below the levels of BDE-100. BDE-183
could be detected in trace amounts, only.
This pattern is related to the congener pat-
tern of a typical commercial PeBDE prod-
uct, such as Bromkal 70-5DE (Fig. 3b).
However, the ratio of BDE-47 to BDE-99
detected in the whitefish samples is about 2,
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while Bromkal 70-5DE shows a ratio of
about one for these two congeners. 

PBDE in Farmed Rainbow Trout
Farmed rainbow trout (Oncorhynchus

mykiss) from four different Swiss fish farms
were selected for analysis. PBDE were de-
tected in all rainbow trout samples. PBDE
levels in lipids expressed as the sum of
BDE-28, BDE-47, BDE-99, BDE-100,
BDE-153, BDE-154, and BDE-183 be-
tween 12–24 ng/g lw (0.74–1.3 ng/g ww)
were found. Lipid contents of the pooled
samples ranged from 4.1 to 7.3%. Com-
pared to the levels measured in wild white-
fish (36–165 ng/g lw, 1.6–7.4 ng/g ww),
concentrations of PBDE in farmed rainbow
trout were significantly lower. The PBDE
congener pattern is similar for all samples,
a typical pattern is shown in Fig. 3c. The
pattern is dominated by BDE-47, followed
by BDE-99 and BDE-100. Congeners
BDE-153 and BDE-154 are found in simi-
lar concentrations, clearly below the level
of BDE-100. BDE-183 could be detected in
trace amounts only. Compared to the PBDE
congener pattern for wild whitefish, the ra-
tio BDE-47 to BDE-99 is significantly
higher. The low relative concentration of
BDE-99 found for the farmed rainbow trout
samples compared to the wild whitefish
samples might be due to factors such as
feed (commercial fish feed versus natural
feed), species differences in PBDE uptake
(rainbow trout versus whitefish) and differ-
ences in metabolism and trophic level.

Atmospheric Deposition of PBDE
All lakes investigated in our study are

situated in populated areas, and none of
them can be considered as a background
site. Since total PBDE levels are low com-
pared to sites near known point sources of
PBDE, we assume that no major point
source is present and that the PBDE content
in our fish samples is mainly caused by dif-

fuse contamination, such as atmospheric
deposition. Without attempting a detailed
analysis based on sediment, water column,
and biota concentrations, correlation of
PBDE levels in whitefish with lake param-
eters such as volume, surface, and number
of inhabitants were investigated. If atmos-
pheric deposition (assumed to be constant
throughout Switzerland) is a major input
pathway for PBDE, and under the assump-
tion that elimination rates are similar for all
lakes, high PBDE levels in fish from shal-
low lakes (i.e. high surface/volume ratio)
would be expected. Fig. 4 shows that white-
fish PBDE levels [ng/g lw] and surface/vol-
ume ratio [km–1] of the respective lakes do
indeed correlate (r2 = 0.70), suggesting at-
mospheric deposition as an input pathway
for PBDE. Compared to its surface/volume
ratio, whitefish from Lake Lucerne showed
considerably higher PBDE levels in white-
fish than all other lakes which allows some
speculation about the presence of local
PBDE sources in this case. Additionally,
the BDE-47 to BDE-99 ratio is also lower
for the samples from Lake Lucerne com-
pared to all other lakes (data not shown). A
final conclusion on the presence of a local
source, however, will need further investi-
gation, since this data is based on a single
composite sample (ten individuals). If Lake
Lucerne is omitted from the data set, the
correlation coefficient (whitefish PBDE
levels versus surface/volume ratio) is close
to one (r2 = 0.96). The correlation between
the PBDE concentration and the ratio of hu-
man population (inhabitants in the catch-
ment area) and lake volume, however, was
less pronounced (r2 = 0.59), as were other
correlations between PBDE concentrations
and lake properties. Based on these data,
wastewater effluents might represent only a
minor source of PBDE input to the lakes in-
vestigated.

Human Exposure of PBDE 
Through Fish Consumption

In some parts of Switzerland (Lake
Geneva region), up to 70% of the popula-
tion eats fish 1–2 days a week [50]. Based
on an average daily consumption of 20 g
fish [51] from Lake Biel with a PBDE con-
tent of 7.4 ng/g ww (highest wet weight
PBDE concentration detected in this study),
a maximum daily intake of 0.15 µg PBDE
was estimated (0.026 µg/day for Swiss
farmed trout). This number corresponds to
the lower end of the estimate for the total
PBDE intake of the Nordic consumer of
0.2–0.7 µg/day reported by Darnerud and
coworkers [38]. Based on the current
knowledge on PBDE, they consider the
lowest observed adverse effect level
(LOAEL) of the PBDE group to be 1
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Fig. 3. Congener patterns (BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, and BDE-
183) of whitefish (Lake Greifen) compared to Bromkal 70-5DE (flame retardant, commercial
product) and rainbow trout (Swiss farmed fish).
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µg/kg/day (preliminary value due to data
gaps including carcinogenicity, reproduc-
tion and developmental toxicity as well as
additional routes of exposure). In the light
of continued use of PBDE in large quanti-
ties, monitoring levels of these compounds
will continue to be an important issue.
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