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A total of 81 roach (Rutilus rutilus) collected from 13 southern English river sites between 2007 and 2012,
were analysed for organochlorine pesticides, PCBs, PBDEs and some metals. Unexpectedly high con-
centrations of the banned insecticide DDT and its degradation products DDE and DDD (> DDTs) were
found in the 10 fish from the river Lee (or Lea) which averaged 88 + 70 (standard deviation) pg/kg ww,
almost 20 times higher than the average for the remaining sites (4.8 + 3.1 pg/kg). All fish from that site
exceeded the Canadian Tissue Residue Guideline (environmental quality standard) of 14 pg/kg > DDTs.
Concentrations of the insecticides chlordane and lindane as well as copper, which is often used as a
fungicide, were also elevated in fish from the Lee, though not as much as those of DDTs. A likely
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Keywords: explanation for these observations was found in a nearby former pesticide factory, which had stopped
DDT production about three decades earlier.
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FFBShW&‘ter now generally low, there were several other hotspots with >"DDTs levels that may still be of concern.
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odiphenyldichloroethanes, also known as TDE, tetrachlorodiphenylethane (degradation product of DDT); d.s., downstream; EQS, environmental quality standard; HCB,
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1. Introduction

Much of the concern about chemical hazards in the aquatic
environment in recent years has focused on pharmaceuticals and
personal care products (PPCPs) such as endocrine active com-
pounds and more recently nanoparticles, but as their name implies,
persistent organic pollutants (POPs) have the potential to cause
harm many decades after their production and use was stopped.
We continue to have concerns over PCBs and more recently PBDEs,
but some of the older POPs produced just after World War II, such
as the insecticide DDT, now receive considerably less attention.

1.1. Project background

There are few recent data on levels or trends of legacy chemicals
in UK freshwater fish and whether they pose a threat to fish pop-
ulations and/or their predators. To address this knowledge gap, we
have an ongoing project, the National Fish Tissue Archive (see
Jiirgens et al., 2013 and http://www.ceh.ac.uk/our-science/projects/
national-fish-tissue-archive), which was started in 2007 and in
which fish samples (mainly roach, Rutilus rutilus) are regularly
collected from a number of river sites in England and stored frozen
for future analyses. While the archive was set up primarily for the
purpose of monitoring chemical pollution, other applications -for
example genetics of the fish and/or their associated
microorganisms-are also possible. Comparing stored samples with
more recent ones will allow the detection of temporal trends, while
a spread of sampling sites goes some way of covering spatial dif-
ferences. Sub-samples of a proportion of the fish collected have
already been analysed for a number of persistent chemicals,
including organochlorine pesticides, PCBs, PBDEs, and a suite of
metals. The following discussion focuses on DDT, because surpris-
ingly high levels of >"DDT (DDT and its main degradation products
DDE and DDD) were found in fish from one site (see results section),
but some of the other results are also briefly mentioned to help put
the data into context. The > DDT concentrations were also
compared to DDT data from other recent European fish studies
(Tables 2 and 3) and effect concentrations from eco-toxicology
studies (Table 1).

1.2. History and sources of DDT

DDT was first synthesized in 1873 and it was developed as an
insecticide in 1939 (Mellanby, 1992). Its high efficiency, speed of
action, relatively low toxicity to humans, low cost and persistence
in the environment appeared to make it perfect both for combat-
ting insect-borne diseases and protecting crops and it earned its
inventor Paul Miiller the Nobel Prize for medicine and physiology in
1948 (Mellanby, 1992). Due to limited availability, it was mainly
used for disease control during the 2nd World War, but its use in
agriculture increased dramatically in the 1950s and 60s. Enthu-
siasm for DDT waned in the 1960s when it was linked to a large
decline in raptor populations across several continents and other
negative effects on non-target species (Mellanby, 1992). In the UK
its use was restricted from the early 1970s (Hansard Report, 1969)
and agricultural uses were banned throughout the European Union
in 1981 (EEC, 1978). In 2001 DDT was included in ANNEX B in the
Stockholm convention of POPs to be eliminated or restricted
worldwide. This allows only limited production and use for disease
vector control, mainly to combat the spread of malaria (UNEP,
2001).

Another source for DDT and related compounds is the more
recently used pesticide dicofol, which was produced from DDT by
replacing one of the protons with an OH-group (see Figs. S1 and S2
in supplementary information). This small modification decreases

stability, reducing half-life in soil to approximately 1 month
compared to about 10 years for DDT (Aronson et al., 2006) or >20
years for its degradation product DDE (Mackay et al., 2006). If the
conversion from DDT to dicofol is incomplete, some DDT may
remain in the product. Impurities in dicofol have been identified as
a recent source of DDT and related compounds mainly in Asia
(Ricking and Schwarzbauer, 2012). In the European Union, the use
of dicofol containing >0.1% residues of DDT and related compounds
or <78% pp'dicofol has been banned since 1991 (European Union,
1990) and all dicofol use was banned in 2010 (European Union,
2008). Therefore, environmental DDT contamination from dicofol
use — at least after 1991 — should be negligible in Europe. Due to
the use of DDT as an intermediate, local DDT contamination related
to dicofol production has however been significant in some cases
(de la Cal et al., 2008). The Stockholm convention (UNEP, 2001)
originally made provisions for the use of DDT in dicofol production,
but by 2009 none of the 180 signatories (179 states + the European
Union) had applied to produce or use DDT for this purpose and that
option was automatically withdrawn.

1.3. Congeners of DDT and its degradation products

Technical DDT (the mixture typically used) consists of about 85%
pp’DDT, the active insecticidal ingredient, and about 15% op’DDT
with trace amounts of DDEs and DDDs (ATSDR, 2002) (see Fig. S1
for molecular structures and degradation pathways). Under aero-
bic conditions, DDT mainly degrades to DDE and under anaerobic
conditions to DDD, which are both more stable than the parent
compound (Ricking and Schwarzbauer, 2012). During these trans-
formations the pp’ or op’ configuration is maintained, but differ-
ences in water-solubility, vapour pressure and stability between the
pp’ and op’ congeners (see Table S2) tend to lead to shifts towards
higher pp’/op’ ratios from DDT to DDD and DDE (Ricking and
Schwarzbauer, 2012). The compound typically found in the high-
est concentrations in the (aerobic) environment is therefore
pp’DDE. Environmental concentrations are often reported as the
sum of the six pp’ and op’ congeners of DDT, DDE and DDD, which
are collectively known as DDTs (5> DDTs).

1.4. DDT in the aquatic environment

DDT has rarely been detected in water, especially after the re-
strictions and bans on use took effect. In England and Wales the
Environment Agency has been monitoring aquatic pollutants since
the 1970s, but DDTs (sum of pp’DDT, pp’'DDE, pp’'DDD) were only
detected in 2% of over 60,000 river water samples according to a
publicly available dataset for 1974—2013 (Environment Agency,
2014). While water concentrations of POPs reduce fairly quickly
after they are restricted or banned, concentrations in sediments can
persist for decades and contamination stored in deep sediments
can re-emerge in the food chain, especially when these sediments
are disturbed. This was observed in Germany, where DDT concen-
trations in eels increased sharply following dredging activities a
decade after a nearby factory had stopped processing DDT
(Heinisch et al., 2007) and recent increases of DDT in zooplankton
and fish related to a long closed DDT factory were also observed in
Italy (Bettinetti et al., 2012). In fish tissue, the >~ DDTs concentra-
tions are usually even higher than in sediments — a review found
fish-sediment accumulation factors for the main congener pp’DDE
to be typically between 30 and 75 on a dry weight basis (van der
Oost et al., 2003) and a more recent study (Niewiadowska et al.,
2014) measured factors of 2—59 in roach and 5 to 125 in bream.
Therefore, fish are very suitable for monitoring DDTs and other
persistent pollutants in the aquatic environment.
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Tissue-burden based risks of DDT and its degradation products to fish and their predators (more details are given in Table S3).

Species Effect

Fish tissue conc. (whole body > DDTs) Reference
[ug/ke]

Observed LOECs for fish exposed in early life
Japanese medakaa intersex and altered gene expression

Atlantic croaker behaviour

Japanese medaka® intersex, increased plasma estradiol, altered gene
expression

9 Studies, 7 species survival

coho salmon behaviour

Summer flounder, rainbow increased vitellogenin and physiological changes
trout
Observed LOECs for fish exposed as adults
6 Species survival
Goldfish behaviour
Brook trout reproduction
Brook trout growth

Tilapia osmoregulation
Published estimated safe tissue concentrations for fish themselves
Adult fish provisional due to insufficient sub-lethal data
Fish early life stages provisional due to insufficient sub-lethal data
Published estimated safe tissue concentrations for consumers of fish

Birds based on egg shell thinning in ducks

Kingfisher based on egg shell thinning in pelicans (US EPA,
1995)

Humans risk based threshold for cancer (from 4 fish meals/
month)

Osprey dietary effects concentration

Mammals based on effects on rats and food intake rate for
mink

Bald eagle dietary effects concentration

Pelicans reduced fledgling rate when fish conc. were still
0.15 pg/g

Bald eagle no effects hazard concentration

Mink based on effects on rats and food intake rate for
mink

Otter based on effects on rats and food intake rate for
otter

Humans food standard for meat (none exists for fish)

58 (>-op’DDTs)
70 in eggs
271 (pp’'DDE)

Sun et al. (2016)
Faulk et al. (1999)
Sun et al. (2016)

890 -2400 Beckvar et al. (2005)

1100 Beckvar et al. (2005)

<60,000° Mills et al. (2001)

<135,000" Donohoe and Curtis (1996)

290 -1130 Beckvar et al. (2005)

1650 Beckvar et al. (2005)

7600 Beckvar et al. (2005)

11,200 Beckvar et al. (2005)

ca. 20,000 Mills et al. (2001)

600 Beckvar et al. (2005)

700 Beckvar et al. (2005)

14 Canadian Council of Ministers of the
Environment (1999)

20 Lazorchak et al. (2003)

69 Stahl et al. (2009)

90—190 (pp'DDE)

94

130 (pp'DDE)
<150 (LOEC)

270
360

490

1000

Hinck et al. (2009a)

Canadian Council of Ministers of the
Environment (1999)

Hinck et al. (2009a)

US EPA (1995)

Hinck et al. (2009b)
Lazorchak et al. (2003)

Lazorchak et al. (2003)

European Union (2005)

2 Transgenic medaka in which oocytes in male testes are easier to detect, but sensitivity should be equal to the wild-type. Data is for males.

b Total dose injected.

1.5. Toxic effects and safe levels of DDT in fish

DDT has a number of toxicological effects on fish themselves as
well as on their predators. In the 1960s, studies found that accu-
mulation of DDT up the food chain had resulted in egg-shell thin-
ning in birds to a point where the eggs frequently broke (Ratcliffe,
1967). In fish DDTs have been linked to various effects on fertility
and development (Baatrup and Junge, 2001; Bayley et al., 2002;
Okoumassoun et al., 2002; Uchida et al., 2010) due to their struc-
tural similarity to steroid hormones, and osmoregulation (Janicki
and Kinter, 1971; Kinter et al., 1972; Riou et al., 2012) or thyroid
function (Brar et al., 2010) may also be affected.

Beckvar et al. (2005) reviewed available toxicological data
(reproduced in Table 1 and Table S3 along with some more recent
data) and estimated that a maximal body burden of 600—700 pg/kg
wet weight (ww) would likely be a protective > DDTs concentration
for the fish themselves, but declared this value provisional due to the
scarcity of data, especially on non-lethal endpoints. A number of
other studies estimated safe levels for human and wildlife con-
sumers of fish (Table 1). Of those only the Canadian Tissue Residue
Guideline (i.e. environmental quality standard, biota EQS) of 14 pg/
kg >"DDTs, which is based on the risk to fish-eating birds (Canadian
Council of Ministers of the Environment, 1999) has a legal status
with regards to the environment. The European Union does not have
a biota EQS for DDTs, but there is one for surface water, which is
25 ng/l for 5>"DDTs and 10 ng/1 for pp’DDT (European Union, 2013).

2. Materials and methods

The current study examined the presence of DDT and some
other pollutants in roach (Rutilus rutilus) from a number of sites in
the Thames and Anglian regions of England. Roach were chosen
because they are relatively common throughout the UK and not
much sought after by anglers. Although they can migrate several
km if suitable spawning areas are not available nearby, the range is
much smaller than that of truly migratory species (Baade and
Fredrich, 1998). In the rivers sampled, their movement is further
restricted by obstacles, such as locks and weirs and the separation
of populations within the Thames Catchment was confirmed by
analysis of population-genetic structure using DNA microsatellites
(Fig. S4 and Hamilton et al., 2014).

2.1. Fish collection

Roach were caught by Environment Agency staff in connection
with regular fish population surveys using electrofishing tech-
niques. They were killed with an overdose of the anaesthetic 2-
phenoxyethanol (ca. 4 ml in a 10 1 bucket) packed in plastic bags
(polyethylene/polyacryl or fluoro-ethylene-propylene) and then
frozen on site using a liquid nitrogen-cooled dry shipper. On return
to the laboratory the frozen fish were transferred to a —80 °C
freezer. For the current study a total of 81 roach (9—21 cm, esti-
mated about 2—8 years old) were collected between 2007 and 2012
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Table 2

Concentrations of DDT and its metabolites in fish from confirmed or suspected industrially contaminated sites”. Data for some commonly monitored freshwater or brackish
water fish species caught in the last 20 years (1995—2014). Eels, which often have higher POP concentrations than other species because of their high fat content and as-
sociation with sediments, have already been reviewed for pp’DDE in Jiirgens et al. (2015). Agricultural use of DDT ceased in the 1970s or 1980s in all the countries mentioned in
this table.

Country n >°n Sites Year(s) Sample” DDTs Site Overall Overall Ref. Comments
sites samples averages average range
[ng/kgl  [ng/kgl [ng/kgl

Barbel (cyprinid, bottom feeder)

Italy 1 4 Po River d.s.of 1995 m =2 174%¢ n.a. n.a. Vigano et al. (2000) Lambro is very influenced by chemical industry
river Lambro DDTs"

Spain 2 2 Cincariver just 1999 m =6 ca. 8000, n.a. 1188 de la Cal et al.
d.s. of operating DDTs' ca. 2000 —10,431 (2008)

dicofol factory
and 30 km d.s.

Spain 2 11 Cincariver just 2002 m =6 997,562 n.a. 211- de la Cal et al. decreased since 1999 (see above)
d.s. of operating DDTs' 2098  (2008)
dicofol factory
and 30 km ds.
Spain 1 1 Cinca river just 2003 m =6 616° n.a. n.a. Lacorte et al. (2006) slight further decrease since 2002
pooled d.s. of operating DDTs'
dicofol factory.
Spain 1 5 lower Jarama 2006 m =3 20 n.a. 8.2—51 Nicola et al. (2014) High industrial and urban impact. DDT/DDE >1
river, Iberia —09 DDTs® — recent contamination.
Bream (cyprinid, omnivorous, bottom feeder)
Czech 5 26 Elbe river 2008/ m =6 14—405 156 6.4—791 Hradkova et al. Elbe river has numerous industries
republic 09 DDTs' (2012)
Czech 3 3 2 reservoirs, 1 2006 m =6 97—-263 178 n.a. Cerveny et al. Elbe river has numerous industries
republic pooled river Elbe site -10 DDTs' (2014)
Germany 2 10 Elbe tributaries 2009 m =2 151,173 162 61—249 Umweltbundesamt 1995—2015 Saale possible upwards trend,
Saale and Mulde —13" DDTs® (2016) Mulde no trend
Germany 5 25 Elbe river 2009 m =2 72—125 95 53—178 Umweltbundesamt 1993—2013, slight downwards trends, but not
—13" DDTs® (2016) clear. Elbe river has numerous industries
Poland 1 15 river Vistula 2011/ m =4 654 n.a. 179- Niewiadowska et al.
(Wista) near 12 DDTs' 1921 (2014)
Cracow
Roach (cyprinid, omnivorous)
Southern 1 10 Lee at 2011 w =6 88 n.a. 35—-270 current study just d.s. former DDT factory, which closed in
England Wheathampstead DDTs' 1982
Czech 2 6 Elbe at Usti nad 2008 m =6 10, 24 17 6.7—26 Hradkova et al. included in polluted list, because values for
republic Labem and Decin DDTs' (2012) bream were high at these sites
Italy 1 4 times Lake Maggiore 2009 m =3 ca. 35 n.a. n.a. Bettinetti et al. DDT factory closed 1996, but new release of DDT
DDTs® (2012) in 2009 was likely, showing first in zooplankton
and then in fish
Italy 1 4 times Lake Maggiore 2010 m =3 ca. 85 n.a. n.a. Bettinetti et al.
DDTs® (2012)
Poland 1 17 river Vistula 2011/ m P 121 n.a. 28—414 Niewiadowska et al.
(Wista) near 12 DDTs' (2014)
Cracow
Shad (clupeid (belonging to the herring family), pelagic, omnivorous)
Italy 1 5 times Lake Maggiore 2002 m 32 ca.90- 125 n.a. Bettinetti et al. Influenced by DDT factory which closed in 1996
—04 DDTs* 190’ (2006)
Italy 1 3 times Lake Maggiore 2008 m =3 28-56¢ 43¢ n.a. Bettinetti et al. Influenced by DDT factory which closed in 1996
DDTs® (2010)
Italy 1 4 times Lake Maggiore 2009 m =3 n.a. ca. 55 na. Bettinetti et al. Influenced by DDT factory which closed in 1996
DDTs¢ (2012)
Italy 1 4 times Lake Maggiore 2010 m =3 n.a. ca. 80 na. Bettinetti et al. Influenced by DDT factory which closed in 1996,
DDTs® (2012) new release likely in 2009, which showed first
in zooplankton and then in fish
Italy 1 5-6 per Lake Como, Como 2005 m =3 54-1207 84¢ n.a. Bettinetti et al. In Zebramussels lw DDT conc. increased >100-
year branch —-09 DDTs® (2008;2016) fold between 2003 and 2005 in lake Como and
lake Iseo, but not lake Maggiore. In Lake Como
fish, the highest values were also in 2005.
Melting glaciers were suggested as secondary
DDT source.
Italy 1  5-6per Lake Como, Lecco 2007 m =3 79,98 98¢ na. Bettinetti et al.
year branch —08 DDTs® (2016)
1 5o0r6 Lake Iseo 2007 m =3 714 n.a. n.a. Bettinetti et al.
DDTs® (2008)
Perch (piscivorous)
Italy 1 5 times Lake Maggiore 2002 m =3 ca.14- 93 n.a. Bettinetti et al. Influenced by DDT factory which closed in 1996

—04 DDTs¢ 250/ (2006)

n.a. — not available.

2 Where possible sites were assigned “contaminated” or “background” status based on the information in the paper, but sometimes the choice was based on the reported
concentrations.

> w: whole body, m: muscle, the footnotes describe any data transformations performed where concentrations were not presented on a wet weight basis.
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¢ pp'DDE + pp’DDD. In the current study this provided on average 85% of > DDTs at the contaminated site and 92% at the other sites.
4 Converted from lipid weight (Iw) to ww using (average) lipid contents given in the reference.
€ Converted from dw to ww, assuming 26% dry matter, which is the value for a EU ”standard” fish (European Union, 2014) and also approximately the average for the roach

in this study.
f op’DDT, pp’DDT, op’DDE, pp’DDE, op’DDD, pp'DDD (>-DDTs).

& All 3 pp'congeners. In the current study this provided on average 90% of Y DDTs at the contaminated site and 93% at the other sites.

" One composite sample per year and site. The last five available years were selected.

f All 3 pp'congeners + op’DDT. In the current study this provided on average 98% of >"DDTs at the contaminated site and 94% at the other sites.
J Converted from Iw to ww using the EU “standard” fish lipid content of 5% (European Union, 2014) to estimate a fresh weight based concentration.
X pp'DDE + pp'DDT. In the current study this provided on average 82% of >"DDTs at the contaminated site and 75% at the other sites.

from several sites along the Rivers Glen, Nene and Thames as well
as three Thames tributaries, the Kennet, Lee (also commonly
spelled “Lea”) and Stort (Fig. 1). The sites were chosen from Envi-
ronment Agency fish population monitoring sites. They varied in
impact from treated sewage between 1% of the flow on average in
the Glen and 43% in the Stort (Table S1) but were otherwise thought
to represent fairly typical levels of chemical inputs for their area,
rather than deliberately choosing known pollution hotspots. De-
scriptions of the rivers Lee and its tributary Stort are found in Snook
and Whitehead (2004) and of the other sampled rivers in Jiirgens
et al. (2013) and detailed catchment information is in Table S1.
The catchments above most sampling sites were dominated by
agricultural land except for the site on the river Lee where the town
of Luton with its suburbs occupies a large proportion of the area
(12% urban and 35% suburban or rural developments).

2.2. Chemical analysis

For all samples from 2008 onwards the whole frozen fish were
ground into a powder without defrosting them using a cryogrinder
(SPEX SamplePrep 6850). The resulting frozen fish powder was
divided into pre-cooled 20 ml glass scintillation vials and stored
at —80 °C until use. For the nine roach collected in 2007 the process
was slightly different, in that the liver and gall bladder as well as a
blood sample were removed before freezing and the remaining
carcass was divided dorsally with one half (or part of it for very
large individuals) being used for POPs analysis. The other half was
cryo-ground and used for metals analysis. For POPs analysis ca. 5 g
of the cryo-ground homogenate was dried by mixing with 30 g
sodium-sulphate (or in the case of the 2007 fish, the sample was
ground with sodium-sulphate in a pestle and mortar). After addi-
tion of recovery standards (*C PCB mix: 28, 52, 101, 138, 153, 180
and PBDE mix 51, 128, 190), DDTs and other persistent organic
pollutants were extracted overnight with dichloromethane (DCM)
in a Soxhlet apparatus. Lipid content was determined gravimetri-
cally from a subsample of the Soxhlet extract and the rest of the
DCM was evaporated in a vacuum rotary evaporator and replaced
with 10 ml hexane, which was reduced to about 1 ml. This was
added to a glass column with 11 g acidified silica (200 ml silica
baked at 450 °C and acidified with 25 ml concentrated sulfuric acid)
and eluted with hexane as a first clean up step, which removes the
fats. Then the sample was passed through a gel permeation chro-
matography column with 50:50 hexane:DCM and only the fraction
from 17 to 51 ml collected as second clean up step to remove
molecules outside the size range of interest. The solvent was then
again replaced with hexane and the sample added to 25 pl internal
standards (PCB 30, 3C-PCB141, 3C-PCB208, BDE69, BDE181) in
dodecane, before evaporating the hexane, so that the whole sample
was contained in the 25 pl dodecane. The extracts were analysed by
gas chromatography — mass spectrometry, single ion monitoring
using a 50 m Varian CP-SIL8 CB Pesticide column (Varian-Chrom-
pack, Middelburg, The Netherlands) with electron
impact + ionisation. Standards and blanks were run along with the
samples. The instrument blank contained only solvent and proce-
dural blanks went through the whole extraction and clean-up

procedure without the addition of fish homogenate (i.e. extract-
ing only sodium sulphate). The instrument limit of detection (LOD),
defined as the lowest observable standard was between 1 and
6.25 pg/ul for the analysed chemicals, which is equivalent to
5—31 ng/kg for a 5 g sample. To measure metal concentrations
1-2.5 g wet weight was weighed into a PTFE vial, digested in a
microwave digester (MARSXpress, CEM) with 10 mL ultrapure ni-
tric acid (Baker, Ultrex II), then made up with ultrapure water
(>18 MQ/cm) to 25 mL before analyzing using a Perkin Elmer Elan
DRC II inductively coupled plasma mass spectrometer (ICPMS) in-
strument. Certified reference materials (DORM-3 and additionally
DOLT-4 for later batches, both from National Research Council,
Canada) were analysed alongside each batch and for copper
measured at 83—116% of the published values. The LOQ was about
4 ng/kg ww for a 2 g sample. The current paper is focused mainly on
pesticides, not metals, so the only metal included in the results and
discussion is copper, because it is frequently used as a fungicide.
Mercury is discussed in Jiirgens et al. (2013) and all results can be
found in Jiirgens (2015).

2.3. Genetic analysis

To investigate the origin of roach used for analytical chemistry
from the Lee, Kennet, Stort, and the Thames at Castle Eaton, all fish
from these sites were genotyped using 14 DNA microsatellites as
described by Hamilton et al. (2014). Fifty roach were also geno-
typed from Calverton Fish farm, which is the source of fish used for
restocking by the England and Wales Environment Agency.
Together with University of Exeter's existing dataset (Hamilton
et al., 2014), genotypes from 1858 roach from 33 different river
stretches in England were available. The whole dataset was ana-
lysed using the Bayesian clustering program STRUCTURE v2.3.3
which assigns individuals to probable genetically differentiated
clusters (K) using a Bayesian approach (Pritchard et al., 2000). In
STRUCTURE, analyses were conducted using the standard model
and a “locprior” model and used 125,000 repetitions (burn-
in = 25,000 iterations). The number of clusters K was set to 16
which was previously shown to differentiate roach from many of
the river stretches (Hamilton et al., 2014).

3. Results and discussion

3.1. High levels of DDT and some other chemicals in fish from the
Lee at Wheathampstead

All the chemicals in this study (>_DDTs, chlordane (a+7),
lindane (y-HCH), HCB, copper, >.7 PCBs, > 6 PBDEs) were detect-
able in all fish with statistically significant differences (ANOVA,
o = 0.05) between at least some of the sampling sites (see
Tables S4—S10 for details of the statistical calculations). Of partic-
ular note were the Y DDTs concentrations in fish from the
Wheathampstead site, which were very significantly higher
(p < 0.001, Table S4) than at any of the other sites (Figs. 2a and 3).
The average Y DDTs concentration in roach from that site was
88 + 70 ng/kg ww, compared to the overall average of 4.8 + 3.1 ug/
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Table 3

Concentrations of DDT and its metabolites in fish from “background” sites®. Data for some commonly monitored freshwater or brackish water fish species caught in the last 20
years (1995—2014). Eels, which often have higher POP concentrations than other species because of their high fat content and association with sediments, have already been
reviewed for pp’DDE in Jiirgens et al. (2015). Agricultural use of DDT ceased in the 1970s or 1980s in all the countries mentioned in this table.

Country n >n Sites Year(s) Sample” DDTs  Site Overall Overall Ref. Comments
sites samples averages average range [ug/
[ug/kgl  [ng/kg] kg]
Barbel (cyprinid, bottom feeder)
UK 1 1 River Don 2008 m pp’'DDE® 10 n.a. n.a. Rose et al. (2015)
Greece 2 2 River Nestos 2004 m =3 0.25,047 n.a. n.a. Christoforidis et al.
DDTs¢ (2008)
Italy 1 4 Po River 1995 m =2 50%¢ n.a. n.a Vigano et al. (2000)
DDTs®
Macedonia 3 11(?) Lakes Ohrid, Prespa, ca. m =3 8.8,13,16 na. ca.9-17  (Veljanoska-Sarafiloska
Dorjan 2005? DDTs et al, 2011, 2012; 2013)
Spain 5 5 Ebro river basin 2003 w =6 <LOD-19% 8.7% n.a Lacorte et al. (2006)
pooled DDTs"
Spain 2 12 Cinca river u.s. of dicofol 2002 m =6 51, 11 24 8—64 de la Cal et al. (2008)
factory DDTs"
Spain 1 1 Cinca river immediately 1999 m =6 n.a. n.a 29-104  quoted in de la Cal et al.
upstream of dicofol factory DDTs" (2008)
Spain 2 10 upper + middle Jarama 2006 m =3 092,27 1.8 0.24—3.66 Nicola et al. (2014) DDT/DDE <0.5-> old
river —09 DDTs! contamination
Bream (cyprinid, omnivorous, bottom feeder)
UK 3 3 River Don, 2 ponds 2008 m pp'DDEC <5, <5, 10 n.a. n.a. Rose et al. (2015)
Czech 1 2 River Oder (Odra) at 2008/ m =6 24 24 23-25 Hradkova et al. (2012)
republic Ostrava 09 DDTs"
Czech 24 24 various rivers and 2006 m =6 1-65 17 n.a Cerveny et al. (2014)
republic pooled reservoirs -10 DDTs"
Germany 2 10 River Saar 2009 m 32 18,24 21 14-30 Umweltbundesamt one site clear decrease
—13! DDTs® (2016) 1994-2013, 63->19
Germany 1 3 Lake Belau (clean control 2009 m =2 2.2 n.a 14-3.8 Umweltbundesamt no clear trend 1997
site) -13! DDTs® (2016) —2013
Germany 4 18 River Rhine 2009 m 32 11-39 28 8-55 Umweltbundesamt no clear trend 1997
-13! DDTs® (2016) —2013
Germany 3 15 River Danube 2009 m =2 10-13 12 4.4-20 Umweltbundesamt no clear trend 2004
-13! DDTs¢ (2016) —2013
Italy 1 2 River Po 2014? liver =6 27"% n.a 15,39 Vigano et al. (2015) 3 further species were
DDTs" mostly lower
Moldova 1 3 River Dniester near 2001 m =6 19 n.a n.a Sapozhnikova et al.
Dubassari DDTs" (2005)
Poland 8 74 various sites 2011/ m =4 11-65 37 3.8—295 Niewiadowska et al.
12 DDTs' (2014)
Poland 1 5(?) Szczecin lagoon 1995 m =3 65 n.a n.a Ciereszko and Witczak
DDTs¢ (2002)
Romania 2 4 Enisala and Caraorman, 2001 m S5 59,320 19 na Covaci et al. (2006)
Danube Delta DDTs*
Roach (omnivorous)
Southern 12 71 Thames catchment, Glen, 2007 w =6 1.8—-12 4.8 0.6—14.3 current study
England Nene -12 DDTs"
UK 2 2 2 ponds 2008 m pp’DDEC <5, 2 Rose et al. (2015)
Bulgaria 2 2 Lake Burgas, Lake Mandra 2014 m =3 231,259 245 — Georgieva et al. (2015)
pooled DDTs¢
Moldova 2 6 river Dniester near 2001 m =6 8,19 14 na Sapozhnikova et al.
Dubassari Moldova DDTs" (2005)
Poland 1 5(?) Szczecin lagoon 1995 m =3 23.7 n.a n.a Ciereszko and Witczak
DDTs¢ (2002)
Poland 5 25 Oder delta 2003 m =3 n.a. 9.1 n.a Tomza-Marciniak and
DDTs¢ Witczak (2009)
Poland 9 52 various sites 2011/ m >4 4,5-44 15 3.0-61 Niewiadowska et al.
12 DDTs’ (2014)
Romania 1 2 Enisala, Danube Delta 2001 m =5 11.4° n.a n.a Covaci et al. (2006)
DDTs"
Spain 1 1 river Zadorra (Ebro river 2003 w =6 178 n.a n.a Lacorte et al. (2006)
pooled basin) DDTs"
Shad (clupeid (belonging to the herring family), pelagic, omnivorous)
France 2,2 69 Vilaine estuary 2004 m =3 2.0-4.7% 8.7° n.a Bocquene and Abarnou
times —05 DDTs¢ (2013)
Perch (piscivorous)
UK 5 5 3 ponds, river Don, 2008 m pp’DDEC <5 <5 n.a Rose et al. (2015)
Thames
Bulgaria 1 1 Lake Mandra 2014 m =3 1.81 n.a n.a Georgieva et al. (2015)
pooled DDTs¢
Latvia 9 9 6 lakes, 2 rivers 1995 m ppDDEC 0.6-5.9" 2.0 na (Valters et al., 1998)
pooled
Latvia 4 43 4 lakes 1996 m =2 05-59" 2.3f na (Valters et al., 1999a)
-97 DDTs®
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Table 3 (continued )

Country n >n Sites Year(s) Sample® DDTs  Site Overall Overall Ref. Comments
sites samples averages average range [pug/
[ng/kg]l  [ng/kel kg]
Latvia 6 60 rivers Daugava and Lielupe 1997 m =3 1.0-2.8" 1.8f n.a. (Valters et al., 1999b)
DDTs¢
Moldova 2 5 river Dniester near 2001 m =6 6,10 8 n.a. Sapozhnikova et al.
Dubassari DDTs" (2005)
Romania 1 2 Caraorman, Danube Delta 2001 m 5 n.a. n.a. Covaci et al. (2006)
DDTs"

n.a. — not available.

2 Where possible sites were assigned “contaminated” or “background” status based on the information in the paper, but sometimes the choice was based on the reported

concentrations.
b

¢ In the current study pp’'DDE provided on average 75% of > DDTs.

w: whole body, m: muscle, the footnotes describe any data transformations performed where concentrations were not presented on a wet weight basis.

4 All 3 pp'congeners. In the current study this provided on average 90% of 5" DDTs at the contaminated site and 93% at the other sites.

¢ pp'DDE + pp’DDD. In the current study this provided on average 85% of >_DDTs at the contaminated site and 92% at the other sites.

f Converted from lipid weight (Iw) to ww using (average) lipid contents given in the reference.

& Converted from dw to ww, assuming 26% dry matter, which is the value for a EU ”standard” fish (European Union, 2014) and also approximately the average for the roach

in this study.
" op'DDT, pp’DDT, op’DDE, pp’DDE, op’DDD, pp’DDD (3>-DDTs).

! One composite sample per year and site. The last five available years were selected.

i All 3 pp’ congeners + op’DDT. In the current study this provided on average 98% of S"DDTs at the contaminated site and 94% at the other sites.
K S"DDTs except op’DDT. In the current study this provided on average 92% of S_DDTs at the contaminated site and 99% at the other sites.

Glen (GL)
Nene (NE)

Lee (LE)
Stort (ST)

Thames (TH)

Kennet (KE)

Fig. 1. Map of the UK, showing fish sampling sites (outline ©Daniel Dalet/d-maps.
com).

kg ww for all other sites. The roach from Wheathampstead also had
unusually high lipid contents (8.8%—13.6%, average 11.6%,
compared to 1.4%—7.9%, average 4.7% in the remaining roach), but
that alone is insufficient to explain the almost 20 fold difference in
DDT concentrations compared to the remaining fish.

The >~ DDTs concentrations at the other sites were more similar,
but the two most upstream sites in the Thames catchment (New-
bury on the Kennet and Castle Eaton on the Thames) had the lowest
concentrations (1.8 + 0.5 and 2.4 + 0.9 ug/kg ww), each significantly
(2 < 0.05) lower than seven of the 12 other sites. The highest
concentrations, apart from Wheathampstead, were found in the
four roach measured from the river Glen (12.4 + 1.9 pg/kg), and the
difference was significant compared to six of the 12 other sites
(Table S4 and Fig. 3).

Some, but not all, of the other chemical concentrations
measured were also elevated in Wheathampstead fish, though not
as much as for > DDTs (Fig. 3): For the insecticide chlordane,
Wheathampstead came second to the Sunbury to Molesey reach on
the river Thames, both being significantly higher than nine of 11
other sites analysed. The insecticide lindane (y-HCH) was analysed
with the same method as for DDT, which for y-HCH is only semi-
quantitative. Extracts of fish from other sites had previously been
analysed with a separate GCMS method for HCH (Jiirgens, 2015;
Jirgens et al., 2015) but the results are not easily comparable, so
semi-quantitative data from only five sites are shown here. The y-
HCH concentrations in Wheathampstead were highest and signif-
icantly different from all four others (Table S6). By contrast, neither

the fungicide HCB nor PCBs concentrations were elevated in
Wheathampstead roach, being significantly different to only 1/11 or
3/12 other sites respectively (Tables S7 and S9). Although the
Wheathampstead values for PBDE flame retardants were among
the highest measured, the difference was only significant compared
to half of the other 12 sites (Table S10), but copper concentrations
were also significantly higher at Wheathampstead than at most
(10/12) of the other sites (Table S8). In summary: compared to
others in the study, the fish from Wheathampstead had strongly
elevated > DDT levels and slightly elevated levels of the in-
secticides chlordane and lindane and also of copper, which may
have been used as a fungicide, while the site did not particularly
stand out for the fungicide HCB, PCBs, or PBDEs.

3.2. A likely source of the contamination

An investigation into potential sources of DDT and other pesti-
cides in Wheathampstead roach revealed evidence of DDT pro-
duction at Murphy Chemical Company in an advertisement
(reproduced in Fig. S3) published in a 1940s book on pesticides
(Massee, 1946), where they stated “[...] we are equally in the
forefront with insecticides containing D.D.T. [...]” and the com-
pany's address was given as “Wheathampstead, Herts”. The Mur-
phy Chemical Company was founded when Murphy and Son
Brewery Supplies acquired the Wheathampstead site in 1928 and
branched out into agricultural chemicals. The agro-chemicals arm
“Murphy Chemical Company Ltd” in Wheathampstead was sold to
Glaxo in 1956 (http://www.murphyandson.co.uk/heritage) and
then changed hands a few more times (Dalgety, Dow, Fisons). Both
production and development of pesticides took place in Wheat-
hampstead between about 1931 and 1982 and test beds were
located close to the river Lee. In 1967 a major fish kill was caused by
a spill of the pesticide Mecarbam (not measured in this study) at
Wheathampstead (Environment Agency, 2010). Since the factory
closed, an attempt has been made to clean up the considerable
pesticide contamination of the ground by removing contaminated
soil and cleaning ground water by treating it on site in reed beds
which were completed in 1998 (http://www.oceans-esu.com/case-
studies/) and appeared to be still operational when the lead author
revisited the area in summer 2016. Comparisons of historic and
recent aerial photos revealed the approximate extent of the area
formerly occupied by the company, which has been redeveloped
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Fig. 2. Concentration (a) and relative contribution of congeners (b) of DDT and its degradation and by-products DDE and DDD in roach. Individuals at each site are ordered by year
and length (cm). Sites on each river are ordered by distance from the source (river-km). Br.-Bov: Bray-Boveney 203—209 km. The Canadian Tissue Residue Guideline for the
protection of wildlife consumers (Canadian Council of Ministers of the Environment, 1999) is also shown (there is currently no equivalent EU guideline).

with domestic and commercial properties (Fig. 4). The site appears
to have stretched from the riverbank to the northern edge of town,
bordering the river for several hundred meters immediately up-
stream of the fish-sampling site. Without knowing about the his-
tory of the site, we had collected fish right next to the former
factory with its associated test fields. This is likely to explain not
only the very elevated DDT concentrations, but also the relatively
high concentrations of the pesticides chlordane and lindane, and of
copper. Copper is mentioned in the advertisement (Fig. S3) under
the name “Bordeaux Powder”, a mixture of copper (II) sulphate
(CuS04) and slaked lime (Ca(OH);), which is commonly used as a
fungicide, so its elevated levels are likely to be also related to the
former pesticide factory. By contrast, HCB, which was banned from
agricultural use in the European Union in the early 1980s along
with chlordane and DDT (EEC, 1978), does not appear to have been
released in Wheathampstead to a significant degree and the rela-
tively high PBDE contamination there is likely to be a result of the
original reason the site was chosen, namely its relatively high
sewage effluent content of the river flow (Schreder and La Guardia,
2014; Jirgens, 2015).

Previous analysis of the roach population genetic structure
revealed the population at Wheathampstead to be genetically
distinct from populations sampled about 5 km upstream and 5 km
downstream, and migration into and out of the Wheathampstead
population to be minimal (Hamilton et al., 2014). Bayesian clus-
tering analysis of the DNA microsatellite genotype dataset in the
programme STRUCTURE (Pritchard et al., 2000) showed that the
Wheathampstead roach used for chemical analysis in this study
had high genetic similarity to roach sampled previously from the
same river stretch, but were distinct from those from the Lee
tributary Stort (Fig. S4). Importantly, they were also distinct from
roach from Calverton Fish Farm, so are not recently restocked fish.
This suggests that these fish had been confined to this river stretch
for their entire lives, helping to explain the high concentrations of

pesticides in this population. Roach from the Stort and the
Kennet also showed high genetic similarity to fish previously
sampled from the same river stretches (Fig. S4).

3.3. Congener distribution

At all sites, the > DDTs concentration was dominated by pp’'DDE,
the main aerobic degradation product of pp’DDT. However, at
Wheathampstead roach had an unusual congener distribution with
relatively high levels of op’DDT, and lower proportions of both
op’'DDD and pp’DDD, than other fish in the study (Fig. 2b). In gen-
eral, a higher DDT/DDE ratio reflects more recent contamination,
while a high op’/pp’ ratio may indicate that DDT contamination
originated from impurities in dicofol (Ricking and Schwarzbauer,
2012). The higher proportion of untransformed DDT may there-
fore point to a relatively recent contamination, despite the fact that
production ceased at the factory in 1982. The lower proportion of
both DDD congeners in Wheathampstead compared to other sites
would indicate that the transformation processes occurring there
were mainly aerobic, hence favouring DDE, while at other sites
anaerobic processes in sediments may have had more influence.
There is, however, also a possibility that differing congener distri-
butions between Wheathampstead and other sites resulted from
the use of different formulations. Murphy's factory had a devel-
opment department for improving pesticides, so it is possible that
some formulations or varieties of formulations that were not or not
yet on the market were tested on the fields close to the river Lee. In
the case of DDT, this seems, however, unlikely because its consti-
tution varied little between manufacturers.

There were no obvious differences between op’ and pp’ ratios
between the different sites for any of the DDT family, and the
overall distribution showed a strong dominance of pp’ congeners
which points to contamination from DDT itself rather than from
impurities in dicofol (Ricking and Schwarzbauer, 2012). A shift
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Fig. 4. Schematic map of Wheathampstead, with the fish sampling site, obstacles to
fish movement, and the approximate extent of the area formerly occupied by the
Murphy Chemical Company.

towards higher pp’/op’ ratios for the transformation products was
however visible (Fig. 2b). Since the pp’ or op’ configuration remains
during transformation of DDT to DDE or DDD, one would expect the
ratio to be about 85% pp’ and 15% op’ as in the parent compound
(ATSDR, 2002). However, for the pp’ congeners pp’DDE was the
largest contributor with pp’DDD playing a minor role and the un-
transformed pp’DDT being almost absent, whereas for the op’
congeners, DDD was generally more prominent than DDE and
op’DDT occurred at similar concentrations to pp’DDT despite the
very different starting ratio. This confirms that the fate of op’ and
pp’ DDT congeners in the environment differs, reflecting their
different physico-chemical properties (Ricking and Schwarzbauer,
2012) (Table S2).

3.4. DDT contamination in other recent European freshwater fish
studies

The results from the current study were compared to > DDTs
contamination of commonly monitored fish species collected at
freshwater sites or lagoons in Europe between 1995 and 2014, i.e.
well after agricultural use of DDT was banned in the EU in 1981
(Table 2 lists values from known or suspected polluted sites, while
“background” values are found in Table 3). Concentrations in our
roach from sites other than Wheathampstead were fairly typical for
recent European data from “background” sites (Table 3), probably
reflecting the legacy of historic agricultural use of DDT and possibly
dicofol. However, in a number of places high concentrations of
DDTs in fish were observed long after its use and production ceased
(Table 2). Some areas of high contamination were linked to (former)
factories producing DDT (Bettinetti et al., 2006, 2010, 2012;
Hradkova et al., 2012) or dicofol (Lacorte et al., 2006; de la Cal
et al, 2008). In other cases DDT hotspots were reported without
identifying a source (Niewiadowska et al., 2014) or as in the case of
the river Elbe, the legacy of several large industrial areas (pre-
sumably including pesticide manufacturing) were considered
responsible for elevated DDT levels in fish along large parts of its
length through two countries (Hradkova et al, 2012;
Umweltbundesamt, 2016).

In a few locations, > DDT contamination of fish was monitored
over several years. It might be expected that the concentrations in
fish would decline following the end of production and use of DDT.
However, this was not always observed. For example, in Germany
DDE + DDD were monitored in bream for 10—21 years at 17 sites
(Umweltbundesamt, 2016). Of these only one site on the river Saar

clearly followed the expected exponential decline with R* > 0.5
(R? = 0.86, p < 0.001), the concentrations at five more locations
showed a less clear but significant (o < 0.05) downward trend and
at four sites a significant increase was observed. In the USA, con-
centrations in largemouth bass caught near a former DDT factory
that had closed in 1963, remained at very high levels (average about
9 mg/kg > DDTs) for three decades (Hinck et al., 2009a) and at
some locations in Germany (Heinisch et al., 2005) and Italy
(Bettinetti et al, 2012) > DDTs concentrations in fish and
zooplankton increased many years after a nearby factory had
stopped processing it. This suggests a continuing (secondary)
source of DDTs such as contaminated soils or sediments.

3.5. Implications

The review of recent European data (Tables 2 and 3) showed that
while the DDT levels in fish influenced only by diffuse pollution
from its agricultural use are now low, some fish from industrially
impacted sites had body burdens associated with negative effects
on the fish themselves or their predators (Table 1). This shows that
even decades after its ban this chemical still has the potential to
cause harm. All ten roach from Wheathampstead, but only one of
the 71 others in the current study exceeded the Canadian EQS for
the protection of fish-eating birds of 14 ug/kg. The concentrations
in some of them were higher than reported effect concentrations in
early life stages of fish and approaching reported effect concen-
trations for adults (see Table 1), while whole-life exposure or
multigenerational effects are largely unknown. However, there was
no evidence of actual harm to the roach in the current study as the
population of the contaminated site appeared to be in good con-
dition with larger and fatter individuals than were caught at other
sites. Furthermore there is genetic evidence for a population, which
is self-sustaining rather than consisting of recent immigrants and
which has recovered from a population bottleneck — perhaps due
to the 1967 fish kill (Hamilton et al., 2014). However health effects
on individuals do not necessarily result in population level effects
(Hamilton et al., 2015) and we cannot rule out adaptation that
enables fish to tolerate the harmful effects of exposure. Whether
fish-eating birds near this and other contaminated sites are
adversely affected is not known, but is at least a possibility judging
from the effect levels reported in Table 1.

The unexpected high >"DDTs concentrations found in some fish
in this study can serve as an example how monitoring chemicals in
fish tissue can be useful to spot previously unknown problems. A
spike in a temporal or spatial series would indicate that something
unusual happened, which warrants further investigation. In this
case, a former pesticide factory was identified as the likely cause of
the pollution in fish.

Acknowledgements

The authors wish to thank DEFRA (project number CB0447) and
CEH for funding this research, the Environment Agency for
providing the fish and Dave Hughes, Montse Auladell-Mestre,
Qiong Lu, Alan Lawlor and Hayley Guyatt for help with analyses.
P. Hamilton also received support from Natural Environmental
Research Council (NERC), grant numbers NE/G019355/1 and NE/
K004263/1.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.chemosphere.2016.07.078.


http://dx.doi.org/10.1016/j.chemosphere.2016.07.078
http://dx.doi.org/10.1016/j.chemosphere.2016.07.078

M.D. Jiirgens et al. / Chemosphere 162 (2016) 333—344 343

References

Aronson, D., et al., 2006. Estimating biodegradation half-lives for use in chemical
screening.  Chemosphere 63, 1953—1960.  http://dx.doi.org/10.1016/
j.chemosphere.2005.09.044.

ATSDR, 2002. Toxicological Profile for DDT, DDE, and DDD. Agency for Toxic Sub-
stances and Disease Registry, Division of Toxicology/Toxicology Information
Branch, 1600 Clifton Road NE, E-29, Atlanta, Georgia 30333, USA.

Baade, U., Fredrich, F, 1998. Movement and pattern of activity of the roach in the
River Spree, Germany. J. Fish. Biol. 52, 1165—1174. http://dx.doi.org/10.1111/
j-1095-8649.1998.tb00963.x.

Baatrup, E., Junge, M., 2001. Antiandrogenic pesticides disrupt sexual characteristics
in the adult male guppy (Poecilia reticulata). Environ. Health Perspect. 109,
1063—-1070. http://dx.doi.org/10.2307/3454962.

Bayley, M., et al., 2002. Exposure of juvenile guppies to three antiandrogens causes
demasculinization and a reduced sperm count in adult males. Aquat. Toxicol.
56, 227—239. http://dx.doi.org/10.1016/S0166-445x(01)00210-7.

Beckvar, N, et al.,, 2005. Approaches for linking whole-body fish tissue residues of
mercury or DDT to biological effects thresholds. Environ. Toxicol. Chem. 24,
2094—2105. http://dx.doi.org/10.1897/04-284r.1.

Bettinetti, R, et al., 2006. pp'DDT and pp'DDE accumulation in a food chain of Lake
Maggiore (Northern Italy): testing steady-state condition. Environ. Sci. Pollut.
Res. 13, 59—66. http://dx.doi.org/10.1065/espr2006.01.010.

Bettinetti, R., et al., 2010. The role of zooplankton in DDT biomagnification in a
pelagic food web of Lake Maggiore (Northern Italy). Environ. Sci. Pollut. Res. 17,
1508—1518. http://dx.doi.org/10.1007/s11356-010-0337-8.

Bettinetti, R., et al., 2016. Recent DDT and PCB contamination in the sediment and
biota of the Como Bay (Lake Como, Italy). Sci. Total Environ. 542, 404—410.
http://dx.doi.org/10.1016/j.scitotenv.2015.10.099.

Bettinetti, R., et al.,, 2008. Is meltwater from Alpine glaciers a secondary DDT source
for lakes? Chemosphere 73, 1027—1031. http://dx.doi.org/10.1016/
j.chemosphere.2008.08.017.

Bettinetti, R., et al., 2012. Seasonal fluctuations of DDTs and PCBs in zooplankton
and fish of Lake Maggiore (northern Italy). Chemosphere 88, 344—351. http://
dx.doi.org/10.1016/j.chemosphere.2012.03.009.

Bocquene, G., Abarnou, A., 2013. Organochlorinated pesticides, PCBs, dioxins, and
PBDEs in grey mullets (Liza ramada) and allis shads (Alosa alosa) from the
Vilaine estuary (France). Environ. Sci. Pollut. Res. Int. 20, 667—675. http://
dx.doi.org/10.1007/s11356-012-1206-4.

Brar, N.K,, et al., 2010. Evidence for thyroid endocrine disruption in wild fish in San
Francisco Bay, California, USA. Relationships to contaminant exposures. Aquat.
Toxicol. 96, 203—215. http://dx.doi.org/10.1016/j.aquatox.2009.10.023.

Canadian Council of Ministers of the Environment, 1999. Canadian tissue Residue
Guidelines for the Protection of Wildlife Consumers of Aquatic Biota. DDT.
Excerpt from: Canadian environmental quality guidelines, Winnipeg, Canada.
http://www.ccme.ca/publications/ceqg_rcqe.html.

Cerveny, D., et al,, 2014. Contamination of fish in important fishing grounds of the
Czech Republic. Ecotoxicol. Environ. Saf. 109, 101-109. http://dx.doi.org/
10.1016/j.ecoenv.2014.07.034.

Christoforidis, A., et al., 2008. Organochlorine and mercury contamination in fish
tissues from the River Nestos, Greece. Chemosphere 70, 694—702. http://
dx.doi.org/10.1016/j.chemosphere.2007.06.060.

Ciereszko, W., Witczak, A., 2002. Concentration of PCBs and selected pesticides in
bottom sediments, zebra mussel and in some more important fish species of
the Szczecin Lagoon. Acta Ichthyologica Piscatoria 32, 35—40.

Covaci, A, et al., 2006. Levels and distribution of organochlorine pesticides, poly-
chlorinated biphenyls and polybrominated diphenyl ethers in sediments and
biota from the Danube Delta, Romania. Environ. Pollut. 140, 136—149. http://
dx.doi.org/10.1016/j.envpol.2005.06.008.

de la Cal, A, et al.,, 2008. Spatial variation of DDT and its metabolites in fish and
sediment from Cinca River, a tributary of Ebro River (Spain). Chemosphere 70,
1182—-1189. http://dx.doi.org/10.1016/j.chemosphere.2007.08.036.

Donohoe, R.M,, Curtis, LR., 1996. Estrogenic activity of chlordecone, o,p’-DDT and
0,p’-DDE in juvenile rainbow trout: induction of vitellogenesis and interaction
with hepatic estrogen binding sites. Aquat. Toxicol. 36, 31—52. http://dx.doi.org/
10.1016/S0166-445X(96)00799-0.

EEC, 1978. Council Directive of 21 December 1978, Prohibiting the placing on the
market and use of plant protection products containing certain active sub-
stances. Off. J. Eur. Commun. L33 36—40.

Environment Agency, 2010. Upper Lee (Main River) Fisheries Report 2009. Envi-
ronment Agency, Thames North-East.

Environment Agency, 2014. Historic UK Water Quality Sampling Harmonised
Monitoring Scheme Detailed Data (1974-2013). https://ea.sharefile.com/?
cmd=d&id=s406a4d32bb04c679#//s406a4d32bb04c679.

European Union, 1990. Council Directive 90/533/EEC of 15 October 1990 amending
the annex to Directive 79/117/EEC. Off. J. Eur. Commun. L 296 63.

European Union, 2005. Commission Regulation (EC) No 396/2005, on maximum
residue levels of pesticides in or on food and feed of plant and animal origin and
amending Council Directive 91/414/EEC. Off. J. Eur. Commun. L 70 1-16 (last
amended 16.12.2013).

European Union, 2008/764/EC, 2008. Commission Decision of 30 September 2008
concerning the non-inclusion of dicofol in Annex I to Council Directive 91/414/
EEC and the withdrawal of authorisations for plant protection products con-
taining that substance (notified under document number C(2008) 5105) (Text

with EEA relevance). Off. J. Eur. Commun. L 262 40—41.

European Union, 2013. Directive 2013/39/EU of the European Parliament and of the
Council of 12 August 2013 amending Directives 2000/60/EC and 2008/105/EC as
regards priority substances in the field of water policy. Off. J. Eur. Commun. L
226 1-17.

European Union, 2014. Guidance Document No. 32 on Biota Monitoring (The
Implementation of EQSpjota) under the Water Framework Directive.

Faulk, CK, et al., 1999. Parental exposure to ortho,para-
dichlorodiphenyltrichloroethane impairs survival skills of Atlantic croaker
(Micropogonias undulatus) larvae. Environ. Toxicol. Chem. 18, 254—262. http://
dx.doi.org/10.1002/etc.5620180223.

Georgieva, S., et al., 2015. Persistent organochlorine compounds (PCBS, DDTS, HCB
& HBDE) in wild fish from the lake burgas and the lake mandra, Bulgaria. Ecol.
Saf. 9, 515—523.

Hamilton, P.B., et al., 2015. Population-level consequences for wild fish exposed to
sublethal concentrations of chemicals — a critical review. Fish Fish. http://
dx.doi.org/10.1111/faf.12125.

Hamilton, P.B., et al., 2014. Populations of a cyprinid fish are self-sustaining despite
widespread feminization of males. BMC Biol. 12, 1. http://dx.doi.org/10.1186/
1741-7007-12-1.

Hansard Report, 1969. Hansard Report 17.12.1969, pp. 1351—1355. http://hansard.
millbanksystems.com/commons/1969/dec/17/organochlorine-pesticides-
wilson-report.

Heinisch, E., et al., 2005. Persistent chlorinated hydrocarbons (PCHC), source-
oriented monitoring in aquatic media. 2. The insecticide DDT, constituents,
metabolites. Fresenius Environ. Bull. 14, 69—85.

Heinisch, E., et al., 2007. Persistent chlorinated hydrocarbons (PCHCs), source-
oriented monitoring in aquatic media. 6. Strikingly high contaminated sites.
Fresenius Environ. Bull. 16, 1248—1273.

Hinck, J.E., et al., 2009a. Persistence of organochlorine chemical residues in fish
from the Tombigbee River (Alabama, USA): continuing risk to wildlife from a
former DDT manufacturing facility. Environ. Pollut. 157, 582—591. http://
dx.doi.org/10.1016/j.envpol.2008.08.021.

Hinck, J.E., et al., 2009b. Environmental contaminants in freshwater fish and their
risk to piscivorous wildlife based on a national monitoring program. Environ.
Monit. Assess. 152, 469—494. http://dx.doi.org/10.1007/s10661-008-0331-5.

Hradkova, P, et al., 2012. Occurrence of halogenated contaminants in fish from
selected river localities and ponds in the Czech Republic. Archives Environ.
Contam. Toxicol. 62, 85—96. http://dx.doi.org/10.1007/s00244-011-9681-z.

Janicki, R.H., Kinter, W.B., 1971. DDT: disrupted osmoregulatory events in the in-
testine of the eel Anguilla rostrata adapted to seawater. Science 173, 1146.
http://dx.doi.org/10.1126/science.173.4002.1146.

Jirgens, M.D., 2015. Biomonitoring of wild fish to assess chemical pollution in
English rivers — an application of a Fish Tissue Archive. PHD Thesis. Lancaster
University, UK. http://dx.doi.org/10.13140/RG.2.1.1068.0165.

Jirgens, M.D,, et al., 2015. PCB and organochlorine pesticide burden in eels in the
lower Thames River (UK) Chemosphere, 118, pp. 103—111. http://dx.doi.org/
10.1016/j.chemosphere.2014.06.088.

Jurgens, M.D,, et al., 2013. The presence of EU priority substances mercury, hexa-
chlorobenzene, hexachlorobutadiene and PBDEs in wild fish from four English
rivers. Sci. Total Environ. 461-462, 441-452. http://dx.doi.org/10.1016/
j.scitotenv.2013.05.007.

Kinter, W.B,, et al., 1972. Studies on the mechanism of toxicity of DDT and poly-
chlorinated biphenyls: disruption of osmoregulation in marine fish. Environ.
Health Perspect. 1, 169—173. http://dx.doi.org/10.2307/3428171.

Lacorte, S., et al, 2006. Pilot survey of a broad range of priority pollutants in
sediment and fish from the Ebro river basin (NE Spain). Environ. Pollut. 140,
471—482. http://dx.doi.org/10.1016/j.envpol.2005.08.008.

Lazorchak, J.M., et al., 2003. Contamination of fish in streams of the Mid-Atlantic
Region: an approach to regional indicator selection and wildlife assessment.
Environ.  Toxicol. ~Chem. 22, 545-553. http://dx.doi.org/10.1002/
etc.5620220312.

Mackay, D., et al., 2006. Insecticides. In: Ma, K.-C., Mackay, D., Lee, S.C., Shiu, W.Y.
(Eds.), Handbook of Physical-chemical Properties and Environmental Fate for
Organic Chemicals, second ed. CRC Press, pp. 3711—4022. http://dx.doi.org/
10.1201/9781420044393.ch18.

Massee, A.M., 1946. The Pests of Fruit and Hops, second ed. Crosby Lockwood & Son
Ltd, London, UK (revised).

Mellanby, K., 1992. The DDT Story. British Crop Protection Council, Farnham, UK.

Mills, LJ., et al., 2001. Effects of estrogenic (o,p '-DDT; octylphenol) and anti-
androgenic (p,p -DDE) chemicals on indicators of endocrine status in juve-
nile male summer flounder (Paralichthys dentatus). Aquat. Toxicol. 52, 157—176.
http://dx.doi.org/10.1016/s0166-445x(00)00139-9.

Nicola, G.G., et al., 2014. Evaluation of PCBs and DDTs in endemic Iberian barbel
Barbus bocagei (Steindachner, 1864) populations. Sci. Total Environ. 479—480,
221-226. http://dx.doi.org/10.1016/j.scitotenv.2014.01.013.

Niewiadowska, A., et al., 2014. Contamination of omnivorous freshwater fish spe-
cies and sediments by chlorinated hydrocarbons in Poland. Bull. Veterinary Inst.
Pulawy 58, 405—411. http://dx.doi.org/10.2478/bvip-2014-0663.

Okoumassoun, LE., et al.,, 2002. Assessing the estrogenic potential of organochlo-
rine pesticides in primary cultures of male rainbow trout (Oncorhynchus
mykiss) hepatocytes using vitellogenin as a biomarker. Toxicology 178,
193-207. http://dx.doi.org/10.1016/s0300-483x(02)00228-7.

Pritchard, J.K., et al., 2000. Inference of population structure using multilocus ge-
notype data. Genetics 155, 945—959.


http://dx.doi.org/10.1016/j.chemosphere.2005.09.044
http://dx.doi.org/10.1016/j.chemosphere.2005.09.044
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref2
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref2
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref2
http://dx.doi.org/10.1111/j.1095-8649.1998.tb00963.x
http://dx.doi.org/10.1111/j.1095-8649.1998.tb00963.x
http://dx.doi.org/10.2307/3454962
http://dx.doi.org/10.1016/S0166-445x(01)00210-7
http://dx.doi.org/10.1897/04-284r.1
http://dx.doi.org/10.1065/espr2006.01.010
http://dx.doi.org/10.1007/s11356-010-0337-8
http://dx.doi.org/10.1016/j.scitotenv.2015.10.099
http://dx.doi.org/10.1016/j.chemosphere.2008.08.017
http://dx.doi.org/10.1016/j.chemosphere.2008.08.017
http://dx.doi.org/10.1016/j.chemosphere.2012.03.009
http://dx.doi.org/10.1016/j.chemosphere.2012.03.009
http://dx.doi.org/10.1007/s11356-012-1206-4
http://dx.doi.org/10.1007/s11356-012-1206-4
http://dx.doi.org/10.1016/j.aquatox.2009.10.023
http://www.ccme.ca/publications/ceqg_rcqe.html
http://dx.doi.org/10.1016/j.ecoenv.2014.07.034
http://dx.doi.org/10.1016/j.ecoenv.2014.07.034
http://dx.doi.org/10.1016/j.chemosphere.2007.06.060
http://dx.doi.org/10.1016/j.chemosphere.2007.06.060
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref17
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref17
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref17
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref17
http://dx.doi.org/10.1016/j.envpol.2005.06.008
http://dx.doi.org/10.1016/j.envpol.2005.06.008
http://dx.doi.org/10.1016/j.chemosphere.2007.08.036
http://dx.doi.org/10.1016/S0166-445X(96)00799-0
http://dx.doi.org/10.1016/S0166-445X(96)00799-0
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref21
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref21
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref21
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref21
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref22
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref22
https://ea.sharefile.com/?cmd=d&amp;id=s406a4d32bb04c679#//s406a4d32bb04c679
https://ea.sharefile.com/?cmd=d&amp;id=s406a4d32bb04c679#//s406a4d32bb04c679
https://ea.sharefile.com/?cmd=d&amp;id=s406a4d32bb04c679#//s406a4d32bb04c679
https://ea.sharefile.com/?cmd=d&amp;id=s406a4d32bb04c679#//s406a4d32bb04c679
https://ea.sharefile.com/?cmd=d&amp;id=s406a4d32bb04c679#//s406a4d32bb04c679
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref24
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref24
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref25
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref25
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref25
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref25
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref25
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref26
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref26
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref26
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref26
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref26
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref26
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref27
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref27
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref27
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref27
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref27
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref28
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref28
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref28
http://dx.doi.org/10.1002/etc.5620180223
http://dx.doi.org/10.1002/etc.5620180223
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref30
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref30
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref30
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref30
http://dx.doi.org/10.1111/faf.12125
http://dx.doi.org/10.1111/faf.12125
http://dx.doi.org/10.1186/1741-7007-12-1
http://dx.doi.org/10.1186/1741-7007-12-1
http://hansard.millbanksystems.com/commons/1969/dec/17/organochlorine-pesticides-wilson-report
http://hansard.millbanksystems.com/commons/1969/dec/17/organochlorine-pesticides-wilson-report
http://hansard.millbanksystems.com/commons/1969/dec/17/organochlorine-pesticides-wilson-report
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref34
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref34
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref34
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref34
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref35
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref35
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref35
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref35
http://dx.doi.org/10.1016/j.envpol.2008.08.021
http://dx.doi.org/10.1016/j.envpol.2008.08.021
http://dx.doi.org/10.1007/s10661-008-0331-5
http://dx.doi.org/10.1007/s00244-011-9681-z
http://dx.doi.org/10.1126/science.173.4002.1146
http://dx.doi.org/10.13140/RG.2.1.1068.0165
http://dx.doi.org/10.1016/j.chemosphere.2014.06.088
http://dx.doi.org/10.1016/j.chemosphere.2014.06.088
http://dx.doi.org/10.1016/j.scitotenv.2013.05.007
http://dx.doi.org/10.1016/j.scitotenv.2013.05.007
http://dx.doi.org/10.2307/3428171
http://dx.doi.org/10.1016/j.envpol.2005.08.008
http://dx.doi.org/10.1002/etc.5620220312
http://dx.doi.org/10.1002/etc.5620220312
http://dx.doi.org/10.1201/9781420044393.ch18
http://dx.doi.org/10.1201/9781420044393.ch18
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref47
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref47
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref47
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref48
http://dx.doi.org/10.1016/s0166-445x(00)00139-9
http://dx.doi.org/10.1016/j.scitotenv.2014.01.013
http://dx.doi.org/10.2478/bvip-2014-0663
http://dx.doi.org/10.1016/s0300-483x(02)00228-7
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref53
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref53
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref53

344 M.D. Jiirgens et al. / Chemosphere 162 (2016) 333—344

Ratcliffe, D.A., 1967. Decrease in eggshell weight in certain birds of prey. Nature 215,
208-210. http://dx.doi.org/10.1038/215208a0.

Ricking, M., Schwarzbauer, J., 2012. DDT isomers and metabolites in the environ-
ment: an overview. Environ. Chem. Lett. 10, 317—323. http://dx.doi.org/10.1007/
510311-012-0358-2.

Riou, V., et al.,, 2012. Impact of environmental DDT concentrations on gill adaptation
to increased salinity in the tilapia Sarotherodon melanotheron. Comp. Biochem.
Physiology Part C Toxicol. Pharmacol. 156, 7—16. http://dx.doi.org/10.1016/
j.cbpc.2012.03.002.

Rose, M., et al., 2015. Contamination of fish in UK fresh water systems: Risk
assessment for human consumption. Chemosphere 122, 183—189. http://
dx.doi.org/10.1016/j.chemosphere.2014.11.046.

Sapozhnikova, Y., et al., 2005. Evaluation of pesticides and metals in fish of the
Dniester River, Moldova. Chemosphere 60, 196—205. http://dx.doi.org/10.1016/
j.chemosphere.2004.12.061.

Schreder, E.D., La Guardia, M.J., 2014. Flame retardant transfers from U.S. house-
holds (dust and laundry wastewater) to the aquatic environment. Environ. Sci.
Technol. 48, 11575—11583. http://dx.doi.org/10.1021/es502227h.

Snook, D.L., Whitehead, P.G., 2004. Water quality and ecology of the River Lee: mass
balance and a review of temporal and spatial data. Hydrol. Earth Syst. Sci. 8,
636—650. http://dx.doi.org/10.5194/hess-8-636-2004.

Stahl, L.L., et al,, 2009. Contaminants in fish tissue from US lakes and reservoirs: a
national probabilistic study. Environ. Monit. Assess. 150, 3—19. http://
dx.doi.org/10.1007/s10661-008-0669-8.

Sun, J., et al., 2016. p,p’-DDE induces gonadal intersex in Japanese medaka (Oryzias
latipes) at environmentally relevant concentrations: Comparison with o,p’-DDT.
Environ. Sci. Technol. 50, 462—469. http://dx.doi.org/10.1021/acs.est.5b05042.

Tomza-Marciniak, A., Witczak, A., 2009. Bioaccumulation of DDT and its metabolites
in the Miedzyodrze ecosystem, Poland. Pol. J. Environ. Stud. 18, 467—474.

Uchida, M, et al., 2010. Estrogenic effects of o,p '-DDT exposure in Japanese medaka
(Oryzias latipes). J. Toxicol. Sci. 35, 605—608. http://dx.doi.org/10.2131/
jts.35.605.

Umweltbundesamt, 2016. Dataset of the German Environmental Specimen Bank.

https://www.umweltprobenbank.de/en.

UNEP, 2001. Stockholm Convention 2001, as amended 2009, 2011, 2013 and 2015.

US EPA, 1995. Great Lakes water Quality Initiative Criteria Documents for the Pro-
tection of Wildlife (Proposed): DDT, Mercury 2,3,7,8-TCDD and PCBs document
number: EPA/820/B-95/008.

Valters, K., et al., 1998. Analysis of organohalogen substances in Latvian freshwater
fish - concentrations of PCB and DDE in perch (Perca fluviatilis). Crit. Rev. Anal.
Chem. 28, 123—128. http://dx.doi.org/10.1080/10408349891194414.

Valters, K., et al., 1999a. Polychlorinated biphenyls and some pesticides in perch
(Perca fluviatilis) from inland waters of Latvia. Chemosphere 38, 2053—2064.
http://dx.doi.org/10.1016/S0045-6535(98)00417-2.

Valters, K., et al., 1999b. Contamination sources in Latvia: levels of organochlorines
in perch (Perca fluviatilis) from rivers Daugava and Lielupe. Ambio 28,
335-340.

van der Oost, R, et al, 2003. Fish bioaccumulation and biomarkers in environ-
mental risk assessment: a review. Environ. Toxicol. Pharmacol. 13, 57—149.
http://dx.doi.org/10.1016/S1382-6689(02)00126-6.

Veljanoska-Sarafiloska, E., et al., 2011. Distribution of DDT metabolites in the
sediment and muscle fish tissue from agriculturally impacted lake dojran
(Macedonia/Greece). Fresenius Environ. Bull. 20, 2027—2035.

Veljanoska-Sarafiloska, E.M., et al., 2013. Presence of DDT metabolites in water,
sediment and fish muscle tissue from Lake Prespa, Republic of Macedonia.
J. Environ. Sci. Health Part B-Pesticides Food Contam. Agric. Wastes 48,
548—558. http://dx.doi.org/10.1080/03601234.2013.774879.

Veljanoska-Sarafiloska, E.M., Stafilov, T., 2012. Comparison of the presence of DDT
metabolites in sediments and fish from lakes Ohrid, Prespa and Dojran. Acta
Zool. Bulg. 64, 215—-222.

Vigano, L., et al., 2000. Concentrations of PCBs, DDTs, and TCDD equivalents in
cyprinids of the middle Po River, Italy. Archives Environ. Contam. Toxicol. 38,
209-216. http://dx.doi.org/10.1007/s002449910028.

Vigang, L., et al., 2015. Emerging and priority contaminants with endocrine active
potentials in sediments and fish from the River Po (Italy). Environ. Sci. Pollut.
Res. Int. 22, 14050—14066. http://dx.doi.org/10.1007/s11356-015-4388-8.


http://dx.doi.org/10.1038/215208a0
http://dx.doi.org/10.1007/s10311-012-0358-2
http://dx.doi.org/10.1007/s10311-012-0358-2
http://dx.doi.org/10.1016/j.cbpc.2012.03.002
http://dx.doi.org/10.1016/j.cbpc.2012.03.002
http://dx.doi.org/10.1016/j.chemosphere.2014.11.046
http://dx.doi.org/10.1016/j.chemosphere.2014.11.046
http://dx.doi.org/10.1016/j.chemosphere.2004.12.061
http://dx.doi.org/10.1016/j.chemosphere.2004.12.061
http://dx.doi.org/10.1021/es502227h
http://dx.doi.org/10.5194/hess-8-636-2004
http://dx.doi.org/10.1007/s10661-008-0669-8
http://dx.doi.org/10.1007/s10661-008-0669-8
http://dx.doi.org/10.1021/acs.est.5b05042
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref63
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref63
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref63
http://dx.doi.org/10.2131/jts.35.605
http://dx.doi.org/10.2131/jts.35.605
https://www.umweltprobenbank.de/en
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref66
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref67
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref67
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref67
http://dx.doi.org/10.1080/10408349891194414
http://dx.doi.org/10.1016/S0045-6535(98)00417-2
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref70
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref70
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref70
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref70
http://dx.doi.org/10.1016/S1382-6689(02)00126-6
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref72
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref72
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref72
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref72
http://dx.doi.org/10.1080/03601234.2013.774879
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref74
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref74
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref74
http://refhub.elsevier.com/S0045-6535(16)30976-6/sref74
http://dx.doi.org/10.1007/s002449910028
http://dx.doi.org/10.1007/s11356-015-4388-8

	The long shadow of our chemical past – High DDT concentrations in fish near a former agrochemicals factory in England
	1. Introduction
	1.1. Project background
	1.2. History and sources of DDT
	1.3. Congeners of DDT and its degradation products
	1.4. DDT in the aquatic environment
	1.5. Toxic effects and safe levels of DDT in fish

	2. Materials and methods
	2.1. Fish collection
	2.2. Chemical analysis
	2.3. Genetic analysis

	3. Results and discussion
	3.1. High levels of DDT and some other chemicals in fish from the Lee at Wheathampstead
	3.2. A likely source of the contamination
	3.3. Congener distribution
	3.4. DDT contamination in other recent European freshwater fish studies
	3.5. Implications

	Acknowledgements
	Appendix A. Supplementary data
	References


