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Abstract

Anticoagulant rodenticides are used worldwide to control commensal rodents for hygienic and public health reasons. As
anticoagulants act on all vertebrates, risk is high for unintentional poisoning of terrestrial and aquatic wildlife. Causative
associations have been demonstrated for the unintended poisoning of terrestrial nontarget organisms. However, behavior and
fate of anticoagulant rodenticides in the aquatic environment have received minimal attention in the past despite consider-
able acute toxicity of several anticoagulants to aquatic species such as fish. In light of recent regulatory developments in the
European Union concerning rodenticides, we critically review available information on the environmental occurrence, fate,
and impact of anticoagulant rodenticides in the aquatic environment and identify potential risks and routes of exposure as
well as further research needs. Recent findings of anticoagulant rodenticides in raw and treated wastewater, sewage sludge,
estuarine sediments, suspended particulate matter, and liver tissue of freshwater fish in the low ng/L and pg/kg range,
respectively, demonstrate that the aquatic environment experiences a greater risk of anticoagulant rodenticide exposure than
previously thought. While the anticoagulant’s mechanism of action from the molecular through cellular levels is well under-
stood, substantial data gaps exist regarding the understanding of exposure pathways and potential adverse effects of chronic
exposure with multiple active ingredients. Anticoagulants accumulating in aquatic wildlife are likely to be transferred in the
food chain, causing potentially serious consequences for the health of wildlife and humans alike.
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hygienic and public health reasons, in agricultural animal
husbandry, in the food industry, and to a lesser extent for
storage and material protection. Rodents pose a hazard to
human health because they carry and transmit a vast array
of diseases to humans and their domesticated animals (Bat-
tersby 2015). A particular problem in industrialized coun-
tries is the high number of brown rats in sewer systems of
cities, where they find shelter and food. Sewer systems may
also serve as hidden pathways for rats to move freely and
undiscovered between their nests and potential food sources.
Although rats in sewers are not a problem by themselves as
they do not damage properly installed and intact pipes, they
roam between subsurface and surface, and their population
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must be controlled to prevent health risks or costly damage
(Lund 2015).

There are many different biocidal products registered
as rodenticides worldwide. They can be grouped together
depending on their mode of application, e.g., poisoned bait,
poisonous gas, contact foam, as well as speed of action, i.e.,
acute, subacute, and chronic (Buckle and Eason 2015). Anti-
coagulant rodenticides are the most effective and commonly
used active ingredients of these biocidal products and fall
into the category of slow-acting compounds. Anticoagulant
rodenticides inhibit the vitamin K epoxide reductase enzyme
involved in the blood coagulation process of warm-blooded
vertebrates (mammals, birds) and thereby disrupt the recy-
cling of vitamin K, (phylloquinone). All anticoagulant
rodenticides are either derivatives of 4-hydroxycoumarin or
indane-1,3-dione and are structurally similar, but variations
exist in their toxicity to target rodents. The exact mechanism
of inhibition of clotting caused by hydroxycoumarin-related
anticoagulation is described elsewhere (Buckle and Eason
2015; Rattner and Mastrota 2018). An effective dose of anti-
coagulant rodenticide must be ingested to have a sufficiently
prolonged effect in blocking the vitamin K cycle and caus-
ing failure of the blood clotting mechanism. Poisoned ani-
mals die via internal hemorrhage. Active ingredients such
as warfarin, coumatetralyl, and chlorophacinone that were
commercialized between 1950 and 1970 are categorized as
first-generation anticoagulant rodenticides. The more potent
hydroxycoumarin derivatives difenacoum, brodifacoum, bro-
madiolone, and flocoumafen as well as the thiocoumarin
derivative difethialone were developed and marketed in the
mid-seventies and mid-eighties, respectively, to overcome
warfarin resistance in rodents and are known as second-
generation anticoagulant rodenticides. In recent years,
ready-to-use loose, paste, and solid bait formulations are
predominantly used during chemical rodent control. Bait for-
mulations containing first-generation anticoagulant rodenti-
cides generally require multiple feeding of target organisms
until a lethal effect is achieved whereas second-generation
anticoagulant rodenticides are more toxic and single feed-
ing is often sufficient for a lethal dose. The delayed action
of anticoagulant rodenticides prevents the development of
conditioned taste aversion or bait shyness by rodents (Buckle
and Eason 2015).

As anticoagulant rodenticides act on all vertebrates, risk
is high for unintentional poisoning of wildlife and domesti-
cated animals. Wildlife exposure generally occurs via three
pathways: through direct ingestion of rodenticide bait by
nontarget species (primary exposure), by take-up of primar-
ily or secondarily exposed individuals through predators
or scavengers (secondary and tertiary exposure), or from
consumption of terrestrial or aquatic organisms that have
been exposed to anticoagulant rodenticides via emissions
to the environment (secondary poisoning via environmental
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emissions). Invertebrates may also be at risk from primary
poisoning as a result of bait applications (Liu et al. 2015).
Pathways and important aspects of wildlife exposure to
anticoagulant rodenticides in the aquatic environment are
illustrated in Fig. 1. Second-generation anticoagulant roden-
ticides were classified as potentially persistent, bioaccumu-
lative, and toxic substances and their release into the envi-
ronment should be minimized. Despite the consideration of
‘candidates for substitution’ under European Union legisla-
tion, economic relevance of anticoagulant rodenticides in the
rodenticide market is still high as no chemical alternatives
that are sufficiently effective but less critical are currently
approved. However, recent developments gear toward their
substitution with less critical active substances. In addi-
tion, the implementation of a third generation to minimize
ecotoxicological risks associated with the use of second-
generation anticoagulant rodenticides without losing their
efficacy was suggested (Damin-Pernik et al. 2016, 2017).
Currently, alpha-bromadiolone is under evaluation as a new
active substance within product type 14 (rodenticides) by
the European Chemicals Agency. One important aspect in
this development is that the economic viability of antico-
agulant rodenticide use for rodent control depends not only
on the cost of bait but also on the mode of application and
required risk mitigation practices (Jacob and Buckle 2018).
In principle, a wide range of risk mitigation measures must
be deployed when anticoagulant rodenticides are used.
Environmental exposure to anticoagulant rodenticides
may result during manufacture of the active substance,
formulation of the biocidal product, application of baits
(intended and improper use, respectively), and (inadequate)
disposal of baits. Two recently published edited books
attempt to gather available information on the environmen-
tal risks associated with rodent control using anticoagulant
rodenticides and provide comprehensive information on
their chemistry and toxicology as well as their environ-
mental impact on terrestrial nontarget wildlife (Buckle and
Smith 2015; van den Brink et al. 2018). However, surpris-
ingly little is known about the environmental fate of active
ingredients after their release from baits, rodent carcasses
and feces during outdoor rodent control in urban and subur-
ban settings, e.g., in and around sewer systems, open space
near shorelines, or around buildings and constructions. With
the exception of sewers and burrows, deployment of antico-
agulant rodenticide containing bait during outdoor rodent
control usually happens by using tamper-resistant bait sta-
tions to minimize exposure to nontarget organisms and
the environment. Nevertheless, a diffuse release of active
ingredients and respective transformation and metabolic
residues from rodents and other nontarget wildlife via urine
and feces may be anticipated around controlled areas. Some
second-generation anticoagulant rodenticides are mainly
excreted as unchanged compounds, whereas the metabolic
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transformation of warfarin and chlorophacinone in rats is
governed by hydroxylation (Larsen 2003). Baits approved
for use in sewers usually consist of wax or fat. As the active
ingredients are not chemically bound to the bait material
in these product formulations, they will be released upon
disintegration of bait blocks during prolonged exposure
to moist or wet conditions, e.g., fluctuating water levels in
baited manholes, steam. Little information is available about
their physical stability and release rates of active ingredi-
ent when exposed to moist or wet environments (Nakagawa
et al. 2015). Resistance and minimal leaching of weather-
proof baits containing brodifacoum even after 500 mm of
rainfall was reported by Booth et al. (2010). However, sev-
eral studies reported the occurrence of anticoagulant roden-
ticides in sewage sludge (Gomez-Canela and Lacorte 2016),
raw and treated wastewater (Gomez-Canela et al. 2014a, b),
suspended particulate matter (Kotthoff et al. 2018), estua-
rine sediments (Cavanagh and Ward 2014), and liver tissue
of freshwater fish from impacted streams (Cavanagh and
Ward 2014; Kotthoff et al. 2018). These findings suggest
that anticoagulant rodenticides might enter the aquatic
environment via wastewater treatment plants and direct
stormwater discharge into surface water bodies after baiting
in and around sewer systems and drainages. Cleaning pro-
cesses after indoor rodent control operation may also result
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in (minor) environmental exposure via the sewage system
(Larsen 2003). However, in New Zealand there is increas-
ing evidence that anticoagulant rodenticide application for
both household rodent control and field pest management
contributes to the contamination of aquatic wildlife, presum-
ably through carcasses of poisoned animals entering water
bodies, rather than direct contamination by bait (Cavanagh
and Ward 2014). Besides biocidal use, pharmaceutical use
of vitamin K antagonists should also be taken into account
when assessing potential environmental exposure pathways
and sources of anticoagulant rodenticides. Oral antico-
agulants of the 4-hydroxycoumarin class such as warfarin
(trade name Coumadin®), phenprocoumon (Marcumar®,
Falithrom®), and acenocoumarol (Sintrom®) are commonly
used to treat thromboembolic diseases (Lin et al. 2013).

To overcome the aforementioned knowledge gaps, we
critically reviewed available information on the environ-
mental fate and impact of anticoagulant rodenticides in
the aquatic environment and direct and indirect routes of
exposure. Moreover, we identified potential risks as well as
further research needs. Anticoagulants entering the aquatic
environment and accumulating in aquatic wildlife are likely
to be transferred in the food chain, causing potentially seri-
ous consequences for the health of wildlife and humans
alike. In light of recent regulatory developments in the
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European Union concerning rodenticides, risk mitigation
measures and instructions for use of anticoagulant rodenti-
cides are discussed with a focus on Germany. An overview
of active substances and products registered worldwide for
biocidal use and plant protection is provided elsewhere
(Jacob and Buckle 2018).

Regulatory aspects of rodent control
in the European Union and Germany

In the European Union, rodenticides need to be author-
ized prior to being made available on the market. European
Union authorization of rodenticides distinguishes between
their application as biocides for the protection of human
health and manmade materials and plant protection prod-
ucts, respectively. Prior to European Union-wide approval
of active substances, they are subject to similar but separate
risk assessment processes in either sector within a review
procedure involving all European Union Member States.
After an active substance is approved, national product
authorizations can be granted in compliance with suitable
risk mitigation measures. These measures are frequently
published in the best practice guidelines at national and
international level (UBA 2014; CRRU 2015; EBPF 2015).
Because risk mitigation measures are set by each individual
member state, a single commercial product may have more
than one set of measures attached to its marketing authori-
zations across Europe (Elliott et al. 2016). Harmonization
of anticoagulant rodenticide registration and marketing by
combining expertise of registration authorities and stream-
lining procedures would be worthwhile (Jacob and Buckle
2018). Recently, at least the majority of anticoagulant roden-
ticide instructions for use and risk mitigation measures were
harmonized within the European Union in the context of
their re-approval as biocidal active substances in 2016.
The vast majority of rodenticides are applied as
biocides. The new European Union Biocidal Products Regu-
lation No. 528/2012 (European Union 2012) regulates the
sale, supply, and use of biocidal products throughout the
European Union. As of 2018, second-generation antico-
agulant rodenticides continue to be authorized under the
Biocidal Products Regulation for use as biocides to protect
public health due to the lack of safe alternatives (ECHA
2017b). Yet, their re-authorization is subject to a set of strict
risk mitigation measures and restrictions regarding their
marketing. For example, anticoagulant rodenticide concen-
trates are solely available to industrial manufacturers, but
ready-to-use product formulations can be registered for use
by professionals and consumers. In general, anticoagulant
rodenticide bait formulations consist of a single active ingre-
dient. Eight active substances belonging to the class of anti-
coagulants are currently approved in the European Union for
biocidal use, thereof three first-generation with maximum
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permissible concentrations of 0.079% (warfarin), 0.0375%
(coumatetralyl), and 0.005% (chlorophacinone), and five
second-generation anticoagulant rodenticides with maxi-
mum permissible concentrations of 0.0075% (difenacoum),
0.005% (bromadiolone, brodifacoum, flocoumafen), and
0.0025% (difethialone), respectively. The first-generation
anticoagulant rodenticide warfarin is concurrently author-
ized for pharmaceutical use.

In several European Union Member States, bromadiolone
(Italy, France, Netherlands, and Romania) and difenacoum
(Italy, Portugal) are also approved as active ingredients in
plant protection products according to the European Union
Pesticides Database (assessed on January 22, 2018). Both
compounds are listed as candidates for substitution. Nev-
ertheless, a recent trend across the European Union is to
abstain from anticoagulant rodenticides for plant protection
and to restrict the use of biocidal second-generation antico-
agulant rodenticides to professional users because of human
and environmental risks. Hence, companies increasingly
tend to register biocidal anticoagulant rodenticide formula-
tions instead of registration in the plant protection sector. In
Germany, authorization of plant protection products con-
taining anticoagulants phased out and their domestic sales
and exports stopped at the end of 2013 (BVL 2012). Dur-
ing emergency situations in plant protection that cannot be
contained by other means, chlorophacinone is still permis-
sible for limited and controlled use, e.g., against local vole
outbreaks in 2015 (BVL 2015), with a maximum duration
of 120 days according to article 53 of the Plant Protection
Products Regulation No. 1107/2009 (European Union 2009).
Few anticoagulant rodenticide bait formulations are regis-
tered in European Union Member States that contain two
active ingredients, e.g., difenacoum and bromadiolone or
difenacoum and brodifacoum, to increase potency and cir-
cumvent resistance. The majority of biocidal anticoagulant
rodenticide products currently authorized in Germany con-
tain difenacoum (51), bromadiolone (41), and brodifacoum
(37) followed by warfarin (7), coumatetralyl (5), difethialone
(4), chlorophacinone (4), and flocoumafen (3) according to
the European Chemicals Agency Biocidal Products Data-
base (assessed on April 11, 2018).

Based on the implementation of national risk mitigation
measures, second-generation anticoagulant rodenticides, as
of September 2013, may no longer be used in Germany by
persons other than trained pest control operators and profes-
sional users providing an appropriate proof of qualification
in the context of the new European Union Biocidal Products
Regulation. Yet, a loophole exists. Despite the restricted use
of second-generation anticoagulant rodenticide bait formu-
lations in Germany, consumer sales are still permissible as
national legal provisions on the sale of biocides are missing.
First-generation anticoagulant rodenticides may still be used
by consumers against mice and rats in indoor scenarios and
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immediately around buildings. Few solid bait block formula-
tions containing chlorophacinone and warfarin, respectively,
are currently authorized for application in sewer systems by
professional users. None of the coumatetralyl products is
permitted for use in sewer systems. However, with the with-
drawal of contact powder formulations from the European
market due to safety concerns, an alternative water-based
foam formulation containing 0.4% coumatetralyl was author-
ized for professional users to apply in indoor areas such as
access holes, cavity walls, and pipe works.

Due to scientifically proven teratogenic effects of warfarin
and an assumed analogy because of similarities in structure
and mode of action (Pieper et al. 2014), all anticoagulant
rodenticide containing products were recently classified as
toxic for reproduction in categories 1A or 1B (European
Commission 2016) by the European Chemicals Agency.
The classification applies to all products with a concentra-
tion of 0.003% (30 ppm) or more of the active substance
and will further restrict the range of products authorized
for consumer use. Products classified and labeled as toxic
for reproduction are only approved for professional users
with appropriate certification (European Union 2012). This
9th adaptation of Regulation No. 1272/2008 ‘Classification,
labeling, and packaging of chemical substances’ (European
Commission 2016) to technical and scientific progress is
expected to have consequences for the European rodenticide
market. On March 1, 2018, the derogation period ended for
the sale of rodenticides for which the labeling does not com-
ply. To circumvent limitations of use in the biocidal sector,
a general shift from 0.005% (50 ppm) to less than 0.003%
concentration of active ingredient in second-generation anti-
coagulant rodenticide products is expected as soon as the
amendment is taking effect. Besides difethialone, concen-
trations of brodifacoum and flocoumafen can be reduced to
below 0.003% without reducing their effectiveness whereas
efficacy of difenacoum, bromadiolone, and first-gener-
ation products with less than 0.003% active ingredient is
disputed due to observed regional resistance (Buckle and
Eason 2015). Along with the active ingredients, anticoagu-
lant rodenticide bait pack sizes are also changing. All baits
approved for consumer use in the European Union will have
a maximum pack size (European Commission 2017¢). With
this, a greater distinction between professional and consumer
products is intended. It is also intended to prevent consumers
from buying and storing large quantities of bait which could
cause environmental hazards.

European biocidal anticoagulant rodenticide market

Due to the European Chemicals Agency implemented poli-
cies restricting rodent pest management by chemical roden-
ticides almost entirely to anticoagulants, they account for the
largest market share on the European biocidal rodenticide

market in recent years. On the contrary, a wider range of
non-anticoagulants is available under the United States Envi-
ronmental Protection Agency on the US rodenticide market
(Jacob and Buckle 2018). Nevertheless, about 95% of the
chemical control of rodents in the USA is carried out using
anticoagulants (Liphatech 2013). Estimates on anticoagulant
rodenticide sales are in the hundreds of millions of dollars
annually in the USA and European countries (Rattner et al.
2014). Market research data valued the European rodenti-
cide market at 226 million euros in 2016 and insinuated that
the strict regulation on the use of rodenticides within the
European Union led to stationary market growth in the past
few years. As of late 2017, market analysts projected a com-
pound annual growth rate of 5.77% over the next 5 years,
which will likely be driven by the non-anticoagulant roden-
ticides segment (Market Data Forecast 2017).

In contrast to active ingredients used in plant protection
products within the European Union, disclosure of biocide
sales and use data is not required by European law. Unfor-
tunately, national and global rodenticide market data are
mostly considered confidential business information and
up-to-date, open access national or European Union-wide
biocidal anticoagulant rodenticide sales data under the new
Biocidal Products Regulation are scarce (Elliott et al. 2016;
Jacob and Buckle 2018). Compared with other pest control
and plant protection products, the market for anticoagulant
rodenticides is comparatively small and actual quantities of
active ingredients applied as biocides appear minor com-
pared to major pesticides and pharmaceuticals (Endepols
2002). Anticoagulant rodenticides accounted for approxi-
mately 3% of registered biocidal products in Germany in
2014 (Schmolz et al. 2014). Based on consumer research
market data from 2012 (Parker 2013), the annual national
use of anticoagulant rodenticides by pest control profession-
als in Germany was estimated to exceed 1000 metric tons
of bait material, i.e., expenses of 10 million euros on anti-
coagulant rodenticide containing products by professional
users. This represented roughly 50 kg of active ingredients
(Schmolz et al. 2014). While existing data suggest that pest
control professionals are among the main users of biocidal
anticoagulant rodenticides in Germany, other important user
groups are agribusinesses, local authorities, and household
consumers (Barten 2014). In comparison, the total amount
of anticoagulant rodenticides sold in Finland in 2014 was
in the range of 250 metric tons based on annual sales vol-
umes collected by the Finnish Safety and Chemicals Agency.
Notably, only 5% thereof were supposedly used by pest con-
trol professionals in 2014 according to a survey that covered
approximately 75% of pest control technicians operating in
Finland (Koivisto et al. 2016).

Given the non-disclosure of detailed market sales data,
extensive sectoral surveys shed further light on rodenti-
cide usage patterns within the European Union (Murphy
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and Oldbury 2002; Dawson and Garthwaite 2004; Kriiger
and Solas 2010; Hughes et al. 2013; Wardlaw et al. 2016,
2017). Kriiger and Solas (2010) conducted a survey among
508 municipalities in Germany in 2010 to gain insight into
rat control in and around municipal sewer systems. The
participating municipalities represented a population of
approximately 15.3 million residents. Person equivalents of
the surveyed municipalities ranged between less than 5000
and more than 100,000. Of the municipalities surveyed, 309
provided utilizable information regarding the use of antico-
agulant rodenticide containing baits in their sewer systems.
The annual domestic use of anticoagulant rodenticides in
sewer baiting scenarios was projected as 870.5 metric tons of
bait material and 50.3 kg of active ingredients, respectively.
About 88% of surveyed municipalities employed pest control
in and around their sewer systems, either through contracted
pest control professionals or qualified staff. If prorated irre-
spective of person equivalents and sewage load, each of
the approximately 300 municipalities surveyed applied on
average 18.4 and 8.4 g/year active ingredient of second-
generation and first-generation anticoagulant rodenticides,
respectively. Bromadiolone had the highest proportion of
50%, followed by 30% difenacoum and 18% brodifacoum
(Kriiger and Solas 2010). On the contrary, very little use of
anticoagulant rodenticides in sewer baiting scenarios was
encountered in a recent Scottish survey representing 81%
(4.37 million) of the Scottish population. Only 20% of the
respondent local authorities reported sewer baiting activities
with a total combined use of 34 kg bait material, i.e., less
than 0.2 g active ingredient. Bromadiolone, difenacoum, and
brodifacoum were the three most commonly used anticoagu-
lants that were reported in sectoral surveys from the UK and
Finland (Dawson and Garthwaite 2004; Koivisto et al. 2016;
Wardlaw et al. 2016, 2017). Among the second-generation
anticoagulant rodenticides, difenacoum, bromadiolone, and

Flocoumafen
0%

Difethialone

3% warfarin

Brodifacoum 6%

9%

Chloro-
phacinone
23%

Difenacoum

34% Coumatetralyl

Bromadiolone 2%
23%

France (2010)

brodifacoum are estimated to have the highest market shares
in Germany and France (Fig. 2). Yet, establishing a relation-
ship between anticoagulant rodenticide market shares and
their environmental occurrence is not straight forward given
the lack of comprehensive data. For instance, the proportion
of individuals burdened with different active substances is
not expected to mirror national usage patterns exactly due
to differences in persistence, bioaccumulation, and elimina-
tion profiles (Hughes et al. 2013). In addition, carryover of
active ingredient in the manufacture line was observed when
bait formulations with different active ingredients were pro-
cessed in the same facility. Tosh et al. (2012) detected brodi-
facoum as a contaminant in four different ready-to-use loose
bait formulations of the same brand that were not supposed
to contain brodifacoum as active ingredient, constituting
on average 9.8% (7.7-13.2%) of the total active ingredient
detected in the bait. Levels of brodifacoum contamination
ranged from 63 to 197 mg/g bait. Thus, brodifacoum resi-
dues were also detected in target organisms that consumed
the contaminated baits (Tosh et al. 2012).

As mentioned before, pharmaceutical use of vitamin K
antagonists should also be taken into account. The global
warfarin market was valued at 300 million dollars in 2008
(Lin et al. 2013). Commissioned market research data by
Oktay (2015) suggest that warfarin prescriptions declined
from 87.5 to 72% through 2008-2014. Pharmaceutical use
of warfarin as a blood-thinning agent is still widespread in
the USA and the UK, whereas phenprocoumon (Germany,
Austria, Belgium, Denmark, The Netherlands, and Switzer-
land) and acenocoumarol (Italy and Spain) are mainly used
across continental Europe. For example, warfarin prescrip-
tions in the UK averaged 800 kg annually between 2004
and 2008 (Kasprzyk-Hordern 2010). Pharmaceutical use of
phenprocoumon and warfarin in Germany in 2016 can be
roughly extrapolated to a total of 1226 kg and 31 kg of active

Difethialone

Flocoumafen 4% ) Chl9ro.
1% Warfarin phacinone
L 9% 2%

Coumatetralyl

2%
Brodifacoum .
30% Bromadiolone
20%
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Fig.2 Estimated market shares of anticoagulant rodenticide active ingredients in France and Germany based on registered commercial biocidal
products in France and Germany in 2010 and 2017 adapted from Berny et al. (2010) and Kotthoff et al. (2018), respectively
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ingredient, respectively, based on healthcare membership
numbers and prescription statistics (UBA 2011; Schwabe
et al. 2017).

Predicted environmental emissions

Aside from primary and secondary poisoning of terrestrial
nontarget organisms after bait application (Liu et al. 2015;
Alomar et al. 2018), very little is known about direct and
indirect routes of exposure as well as anticoagulant’s dis-
tribution and fate in the aquatic environment (Fisher et al.
2012; Masuda et al. 2015). Professional pest control compa-
nies, which are among the main users of second-generation
anticoagulant rodenticides in urban settings, apply roden-
ticides commonly ‘in and around buildings’ (warehouses,
agribusinesses), municipal sewer systems, and public open
space (Schmolz et al. 2014). Several studies hypothesized
that the application of anticoagulant rodenticide contain-
ing baits in municipal sewer systems is a major emission
source of anticoagulants in urban areas (Gémez-Canela et al.
2014a; Kotthoff et al. 2018). From the sewers, exposure of
the aquatic environment most likely occurs via wastewa-
ter treatment plant effluents if anticoagulants are not effi-
ciently removed during conventional wastewater treatment.
Moreover, stormwater overflow structures in combined
sewer systems that discharge highly diluted but untreated
sewage directly into receiving surface waters when pre-
cipitation causes a surcharge within the system might pose
another route. As a result, poisoned rodent carcasses might
be flushed from their hiding places in the sewers directly
into receiving streams, bypassing mechanical removal at the
wastewater treatment plant.

In Germany, all professional users (as well as consum-
ers) are obligated to follow national best practice guidelines
for the application of rodenticides which have been imple-
mented within the national biocidal product authorization.
Ideally, non-chemical methods and products containing the
least potent active ingredient should be used first to control
pests. Apart from exceptional cases where difenacoum or
bromadiolone containing bait may be constantly applied,
permanent deployment of anticoagulant rodenticide contain-
ing baits to prevent rodent infestation or to monitor rodent
activities is usually not permitted (European Commission
2017a, b). This and the considerable costs associated with
rodent control motivated sewer baiting regimes to switch
to pulsed baiting instead of surplus baiting. Colvin et al.
(1998) demonstrated that sewer baiting requires a systematic
approach with close review and adjustments of the baiting
strategy based on the quantities and geographic patterns of
bait consumption to successfully manage a rat population.
Moreover, ineffective use of rodenticides can be misdiag-
nosed as resistance. According to Gras et al. (2012), surface
infestation is not necessarily a reliable indicator of sewer

infestation. To comply with national best practice guidelines,
inspection of deployed baits after 2 weeks is mandatory dur-
ing sewer baiting campaigns. Likewise, the collection and
appropriate disposal of remaining bait and rodent carcasses
is mandated to minimize the risks of environmental exposure
(UBA 2014). Yet, nationwide compliance with these guide-
lines is difficult to assess and control. It has been assumed
that the typical use of anticoagulants commonly violates the
use instructions for rodenticides (Koivisto et al. 2016). Thus,
the exact whereabouts of marketed quantities of active ingre-
dients remain unclear.

In the context of the European Union project EUBEES 2
titled ‘Gathering, review and development of environmental
emission scenarios for biocides’ (Larsen 2003), a method
was established to estimate the initial release of anticoagu-
lants from biocidal products to the primary receiving envi-
ronmental compartments air, soil, and water, including sepa-
rate calculations for emissions under normal and realistic
worstcase conditions (available at http://echa.europa.eu/en/
guidance-documents/guidance-on-biocides-legislation/emiss
ion-scenario-documents). This guideline is currently under
revision. Further guidance on rodenticide emission pathways
and the estimation of predicted environmental concentra-
tions in receiving environmental compartments is provided
by the European Chemicals Agency (ECHA 2017a). In gen-
eral, degradation and distribution processes are taken into
consideration for the calculation of predicted environmental
concentrations for the aquatic compartment.

Worstcase aquatic and terrestrial predicted environmen-
tal concentrations of anticoagulant rodenticides based on
default values in the emission-scenario document are sum-
marized in Table 1. Very limited information is available
regarding predicted environmental concentrations in fish
(oral, predator). The suggested predicted environmental
concentration of difethialone in whole fish based on wet
weight is 6 ug/kg (eCA2016h) and 0.245 pg/kg for difena-
coum (eCA 2016g). For difenacoum, it was assumed that
secondary poisoning via the aquatic food chain would not be
significant due to low water solubility and high adsorption
tendency (eCA 2016g).

Due to stricter regulations within the European Union, the
use of sewage sludge as fertilizer in agriculture has declined
over the past decade. Sewage sludge is increasingly sub-
ject to energy recovery, e.g., anaerobic digestion followed
by incineration, or thermal waste treatment. Organic com-
pounds adsorbed to the sludge will decompose during incin-
eration, representing a possible sink. This will likely affect
the potential exposure of agricultural soils with anticoagu-
lant rodenticides via this route (Table 1). Over the last cou-
ple of years, incineration of sludge substantially increased
in Germany and a ban on using sewage sludge as fertilizers
in agriculture beyond January 1, 2025 (at least for municipal
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Table 1 Worstcase predicted environmental concentrations of
selected rodenticides after exposure of environmental compartments
via wastewater treatment plant (WWTP) discharge and sludge appli-

cation, respectively, based on default values in the sewer emission
scenario according to European Union Competent Authority Assess-
ment Reports

WWTP influent  Surface water ~ Groundwater (pore Sediment (ug/kg) Agricultural soil ~ References
(ng/L) (ng/L) water) (ng/L) (ng/kg)
Warfarin 63.9 6.39 - 0.0225 0.0159 eCA (2016f)
Chlorophacinone 96 9.6 0.6 - - eCA (20164d)
Bromadiolone 62 6.2 - - 0.72 eCA (2016e)
Brodifacoum 64 1.4 0.9 1.5 1.9 eCA (2016¢)
Difethialone 7.2 0.72 - - 0.06 eCA (2016h)

wastewater treatment plants with more than 50,000 person
equivalents) is planned.

Physicochemical properties
and environmental fate and impact
of anticoagulant rodenticides

Chemical structures and selected physicochemical proper-
ties of first- and second-generation anticoagulant rodenti-
cides discussed in this review are summarized in Fig. 3 and
Table 2. All of these compounds are either derivatives of
indane-1,3-dione or 4-hydroxycoumarin. Despite the simi-
larity of their structures, differences in the physicochemical
properties of these compounds exist (Table 2).

Stereochemistry

Chlorophacinone, like coumatetralyl and warfarin, contains
one optically active carbon and therefore exists as two enan-
tiomers. Furthermore, chlorophacinone has a f-tricarbonyl
system resulting in keto-enol tautomerism (Medvedovici
et al. 1997). While the ratio of the enantiomers in chloro-
phacinone formulations is classified as proprietary informa-
tion (eCA 2016d), commercially available coumatetralyl and
warfarin are generally a racemic mixture of R and S enan-
tiomers containing equal parts of each isomer (eCA 2016b,
f). Studies of the metabolic fate of the R and the S isomers
of warfarin revealed that the two isomers were metabolized
by different routes. Furthermore, S warfarin was shown to be
five times more potent than R warfarin (Lewis et al. 1974).

Second-generation anticoagulant rodenticides such as
bromadiolone, difenacoum, brodifacoum, difethialone, and
flocoumafen have two asymmetric carbons in their chemical
structure allowing them to exist in two diastereomeric forms
(cis- and trans-isomers) and thus four enantiomeric species.
Commercially available second-generation anticoagulant
rodenticides are generally a mixture of their cis- and trans-
isomers. Trans-isomers are the major diastereomeric form
(70-90%) in commercialized bromadiolone (eCA 2016e),
whereas flocoumafen, difenacoum, and brodifacoum are a
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mixture of approximately 50-80% cis-isomers and 20-50%
trans-isomers (eCA 2016a, c, g). Commercial difethialone
consists of more than 70% cis-isomers (eCA 2016h). Spe-
cifics regarding diastereomer ratios in commercial products
as well as reasons thereof are mostly treated as proprietary
information by manufacturers. As observed for the R and
S isomers of warfarin, diastereomers of second-generation
anticoagulant rodenticides have slightly different chemical
and physical properties and likely have different biological
activities (Hauck et al. 2016; Fourel et al. 2017a, b).

Fate and behavior in the environment

Water solubility of anticoagulant rodenticides at 20 °C
and neutral pH is generally low, ranging between 267 and
460 mg/L for first-generation and 0.1-18.4 mg/L for second-
generation anticoagulant rodenticides, respectively. Most
anticoagulants were shown to be hydrolytically stable in
water under environmentally relevant conditions, i.e., half-
lives exceeding 1 year, and were not expected to partition to
the atmosphere due to their low vapor pressure. However,
very short photolytic half-lives, i.e., less than 1 day, of most
second-generation anticoagulant rodenticides in water under
sunlight exposure had been predicted or observed in previous
assessments (Table 2). Estimated partition coefficients indi-
cate substantial lipophilicity and bioaccumulation potential
of second-generation anticoagulant rodenticides at neutral
pH (Table 2). Of the targeted active ingredients, difenacoum,
chlorophacinone, difethialone, and flocoumafen exhibit the
highest organic carbon adsorption coefficients, warfarin the
lowest (Table 2). Notably, second-generation anticoagulant
rodenticides possess at least one polar group that can poten-
tially ionize at neutral pH. However, the lipophilic character
of brodifacoum, difethialone, and flocoumafen might prevent
their ionization in natural aqueous environments. Previous
studies demonstrated the effect of both pH and ionic strength
on the mechanism of association of anticoagulant rodenti-
cides with humic acid, a natural organic component of soils
and sediments, by use of a C,4 stationary phase (Andre et al.
2004, 2005). A strong tendency of the undissociated portion
of the molecule to adsorb to organic matter combined with
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Warfarin Chlorophacinone
Cl
Coumatetralyl
Difenacoum
Bromadiolone E F
F

Brodifacoum

Flocoumafen

Fig.3 Chemical structures of first- and second-generation anticoagulant rodenticides authorized in the European Union. The chiral centers of

each compound are marked with an asterisk (¥)

low water solubility and a high degree of photo-instability
means that second-generation anticoagulant rodenticides are
unlikely to remain in the water column of surface waters.
Thus, their residues are more likely to persist and accumu-
late in aquatic compartments such as suspended particulate
matter, (organic-rich) sediments, and biological tissue of
aquatic organisms.

Auvailable information on the route and rate of degradation
in aerobic natural sediment water systems is summarized in
European Union Competent Authority Assessment Reports
(eCA 20164, b, c, d, e, f, g, h). For brodifacoum, immedi-
ate adsorption to the sediment was noted followed by slow
transformation with low levels of degradation products, i.e.,

less than 10% of the applied active substance. Brodifacoum
was not expected to accumulate in sediments (eCA 2016c).
Bromadiolone was shown to be fairly quickly degraded in
soil under aerobic conditions with an estimated dissipation
half-time of several days. However, its main metabolite bro-
madiolone ketone, which likely has a similar level of tox-
icity as bromadiolone, persisted in the soil in substantial
quantities (eCA 2016e). Warfarin degraded fairly quickly
in soils under aerobic and ambient temperature conditions
after a short lag period (Lao and Gan 2012). Information on
flocoumafen degradation rates in sediment water systems is
lacking. Based on its low biodegradation potential in soil,
i.e., half-life of 213 days at 20 °C, and high hydrolytical
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Table2 Selected physicochemical properties such as molecular
weight (MW), water solubility, n-octanol—water partition coeffi-
cient (Log Pgy), acid dissociation constant (pK,), soil organic carbon
adsorption coefficient (Log K¢), and photolytic half-life in water of

first- and second-generation anticoagulant rodenticides adapted from
European Union Competent Authority Assessment Reports (eCA
2016a, b, ¢, d, e, f, g, h)

Compound Molecular formula MW Water solubility* Log Pqy pK, Log Ko Photolytic half-
(Da) (mg/L) (PpH 7) life in water (h)

First generation

Coumatetralyl CoH,c0; 292.3 460 1.5 3.9 2224 8

Warfarin CioH,0, 308.3 267 0.7 5.19 2.42 > 54 days

Chlorophacinone C,5H,5ClO; 374.8 344 2.42 3.4 5.0 24-48

Second generation

Difenacoum C;H,,0; 444.5 1.7 4.78 4.84 5.23 <8

Brodifacoum C;,H,;BrO; 5234 0.06-0.2 4.9-8.5 4.5? 4.0-4.7 <24

Bromadiolone C;0H,;BrO, 5274 18.4 3.84.1 4.5° 3.2-42 0.2

Difethialone C;,H,;BrO,S 539.5 0.4 6.29 b 3.2-8.0 0.4-1

Flocoumafen C;3;H,5F50, 542.5 0.1 6.12 4.5° 5.0 38

“At 20 °C and pH 7

*Predicted. Not feasible to experimentally determine the dissociation constant due to low water solubility

®Not considered ionizable due to low water solubility

stability, flocoumafen is considered to be very persistent in
water and sediment (eCA 2016a).

Toxicity and bioaccumulation in aquatic organisms

Recent reviews provide a comprehensive overview on toxic-
ity and pharmacokinetics such as absorption, distribution,
metabolism/biotransformation, and excretion of anticoagu-
lant rodenticides in target and terrestrial nontarget organisms
(McLeod and Saunders 2013; Horak et al. 2018; Rattner and
Mastrota 2018). Anticoagulants bind strongly to vitamin K
epoxide reductase. As the liver contains high levels of this
protein, it is the main organ of accumulation and storage of
anticoagulants. In general, they are eliminated in a bipha-
sic process, with the rapid initial elimination of circulating
compounds, followed by slower elimination from binding
sites (Huckle et al. 1988). Although anticoagulants have
been in use for decades, relatively little is known about their
pharmaco- and toxicokinetics in aquatic organisms as well
as effects of chronic exposure with multiple active ingredi-
ents. Studies about anticoagulant rodenticide exposure in
terrestrial nontarget wildlife frequently report the presence
of multiple second-generation anticoagulant rodenticides
in a single individual, and occasionally a combination of
first and second generation. The toxicity of multiple anti-
coagulant rodenticides in a single organism is expected to
be on principal additive. Studies showed that the efficacy to
inhibit the vitamin K epoxide reductase activity was similar
between most second-generation anticoagulant rodenticide
diastereomers in rodents, but different half-lives and persis-
tence behaviors in biological tissues were observed between
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cis- and trans-isomers (Damin-Pernik et al. 2016, 2017,
Fourel et al. 2017a). According to Fourel et al. (2017b), bro-
madiolone cis-stereoisomer, the minor component in com-
mercial bromadiolone, did not contribute to the toxicity of
the active ingredient in red kite due to metabolic differences
in rodents and raptors. Lately, hepatic anticoagulant roden-
ticide residues above 100-200 pg/kg wet weight have been
associated with mortalities in terrestrial nontarget organisms
(Fourel et al. 2017b). A study about effects of chronic low-
level brodifacoum exposure on the feline immune response,
however, indicated species-specific anticoagulant insensitiv-
ity. Specific pathogen-free domestic cats did not exhibit any
clinical signs of brodifacoum intoxication despite elevated
hepatic levels of brodifacoum in the range of 1.67-1.94 mg/
kg wet weight (Kopanke et al. 2018). In toxicokinetic studies
with rats, brodifacoum showed a high potential for bioac-
cumulation. In all studies undertaken and at all dose levels
tested, the liver retained the largest percentage of the dose,
even very long time after dosing. Fisher et al. (2003) showed
biphasic elimination of brodifacoum from rat liver, consist-
ing of a more rapid initial phase up to 8 days after dosing,
and a slower terminal phase. The liver-elimination half-life
in rat was 113.5 days for brodifacoum and 26.2 days for war-
farin. Moreover, toxicokinetic data suggest that brodifacoum
may be more persistent, with a longer liver retention phase
than bromadiolone and difenacoum (Hughes et al. 2013).
Presumably, high-single-dose-potency second-generation
anticoagulant rodenticides persist in the liver for more than
1 year (Fisher et al. 2003).

Today, the embryotoxic potential of warfarin is well
accepted (Weigt et al. 2012; Buckle and Eason 2015). On
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the contrary, other anticoagulants with similar structures
and mode of action have disputed embryotoxic potential
(Buckle and Eason 2015). Nevertheless, embryotoxicity
induced by bromadiolone exposure at a dose of 350 pg/L
was demonstrated in the amphibian model organism Afri-
can clawed frog (Xenopus laevis) adhering frog embryo
teratogenesis assay—Xenopus standards (Ondracek
et al. 2015). Teratogenicity and embryonic lethality in
zebrafish (Danio rerio) under acute warfarin exposure at
elevated concentrations of greater than or equal to 400 uM
(123 mg/L) were reported by Weigt et al. (2012). Fernan-
dez et al. (2014) showed that zebrafish larvae with chronic
exposure to a 25-fold lower warfarin concentration expe-
rienced significant lethal and sublethal effects, such as
hemorrhages, vascular calcification, and skeletal deformi-
ties. Interestingly, warfarin demonstrated no significant,
measurable metabolism in native rainbow trout liver S9
fractions at a substrate concentration of 1 uM (308 ug/L)
(Connors et al. 2013). Yet, a rapid decrease in warfarin
levels to below the detection limit was observed in rain-
bow trout (Oncorhynchus mykiss) in less than 11 days after
termination of warfarin exposure in a bioconcentration test
(eCA 2016f). Connors et al. (2013) pointed to the possibil-
ity for tissue-specific expression of cytochrome isozymes
involved in warfarin metabolism in fish, e.g., in the gills.
No effect on the tested endpoint lethality was observed
for rainbow trout when exposed to coumatetralyl at the
5 ug/L level over the duration of 21 days. Furthermore,
quick depuration in fish with a dissipation half-live of
approximately 14.5 h and low bioaccumulation potential
was reported (eCA 2016b). It is presumed that the low-
single-dose-potency anticoagulant warfarin persists in the
liver for up to 1 month, whereas the moderate-single-dose-
potency anticoagulant rodenticide coumatetralyl persists
in liver for approximately 6 months (Fisher et al. 2003).
Due to considerable acute toxicity to aquatic species
(Table 3) and high mortalities during bioconcentration tests,
experimentally derived bioconcentration factors in fish are
not available for all anticoagulants. Flocoumafen is consid-
ered very bioaccumulative because of its high bioconcentra-
tion factor of 24,300 (Table 4). The calculated brodifacoum
bioconcentration factor of 35,648 in fish is also very high.
The estimated depuration time of brodifacoum in whole fish
according to the Organization for Economic Co-operation
and Development guideline 305 using a Log Py of 6.12 is
approximately 8 days (50% dissipation) and 34 days (95%
dissipation), respectively (eCA 2016c¢). For bromadiolone
and difenacoum, experimentally derived bioconcentration
factors in fish were below the threshold of 2000 which
defines bioaccumulative and very bioaccumulative (greater
than 5000) substances according to European Union regula-
tion No. 253/2011 (European Commission 2011). Broma-
diolone exhibited a depuration time of more than 14 days to

achieve 50% dissipation. Notably, the experimental biocon-
centration factor of difenacoum in fish is lower than esti-
mations based on the n-octanol—water partition coefficient
(Table 4).

Unfortunately, no detailed information is available regard-
ing second-generation anticoagulant rodenticide uptake and
metabolism in fish. In an aquarium feeding trial by Emp-
son and Miskelly (1999), 60 individuals of the marine fish
species blue cod (Parapercis colias), spotty (Notolabrus
celidotus), and variable triplefin (Forsterygion varium) were
exposed to brodifacoum containing bait pellets for 1 h before
being transferred to clean holding tanks for 3—4 weeks. After
the experiment was terminated, 5% of fish showed hepatic
brodifacoum residues according to the authors but no con-
centrations or reporting limits were provided (Empson and
Miskelly 1999). Whole-body brodifacoum residues above
200-300 pg/kg wet weight were associated with mortalities
in nontarget coastal marine fish (Pitt et al. 2015).

Analytical methods for anticoagulant
rodenticides in environmental samples

Extraction and cleanup

Suitable extraction methods for individual anticoagulant
rodenticide residues or mixtures thereof from environ-
mental samples include a wide range of techniques, e.g.,
liquid-liquid extraction, solid—liquid extraction, and solid-
phase extraction, depending on analyte-specific properties
(Table 2) and sample type, e.g., biological tissue, sew-
age, soil/sediment, and water. Optimization of important
parameters like composition, type, and pH of extraction sol-
vents, solid/liquid rate volume of extraction solvents, and
number of extraction cycles is crucial for each anticoagu-
lant rodenticide residue to facilitate efficient and exhaustive
extraction, especially when covering a wide range of differ-
ent compounds. Traditional high-volume solvent extraction
methods, e.g., pressurized liquid extraction, microwave-
assisted extraction, and Soxhlet extraction, are frequently
substituted by miniaturized extraction methods aiming at
minimizing costs of sample preparation while reducing con-
sumables and waste. In particular, the emergence of rapid
multi-class, multi-residue analysis methods propelled the
development of efficient, rapid, and simple sample prepa-
ration techniques. However, regardless of extraction tech-
nique, environmental samples (especially biological tissues
and sewage) often yield complex extract matrices requiring
extensive cleanup to remove co-extracted residues, e.g., lipids
and proteins that interfere with quantitative analysis (Goldade
et al. 1998; Huerta et al. 2012; Morrison et al. 2016).

Imran et al. (2015) reviewed published extraction and
cleanup methods for anticoagulant rodenticides from
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Table 3 Toxicity data for most sensitive aquatic species of the groups
fish, invertebrates, algae, and microorganisms, respectively. Toxicity
endpoints within a defined period of exposure include lethality (L),

immobilization (I), growth inhibition (Gi), and respiration inhibition
(Ri), respectively

Compound Aquatic species Time-scale (h) End point Toxicity Refs.
Brodifacoum Oncorhynchus mykiss 96 L LCsy: 0.04 mg/L; 0.042 mg/L eCA (2016¢c)
Daphnia magna 48 I ECjs): 0.25 mg/L
Selenastrum capricornutum 72 Gi E,Csy: 0.04 mg/L
Activated sludge 3 Ri EC,(:>0.058 mg/L
Bromadiolone Oncorhynchus mykiss 96 L LCsy: >8.0 mg/L; 2.86 mg/L eCA (2016e)
Daphnia magna 48 L ECs: 5.79 mg/L; LCs: 2.0 mg/L
Pseudokirchneriella subcapitata 72 Gi E,Csy: 1.14 mg/L
Activated sludge 3 Ri ECs: 31.6 mg/L; 132.8 mg/L
Difenacoum Oncorhynchus mykiss 96 L LCsy: 0.065 mg/L; 0.33 mg/L eCA (2016g)
Daphnia magna 48 L LCsyy: 0.52 mg/L; 0.91 mg/L
Selenastrum capricornutum 72 Gi E,Csy: 0.8 mg/L; 0.51 mg/L
Pseudomonas putida 6 Ri ECsy: >2.3 mg/L; >999.7 mg/L
Flocoumafen Oncorhynchus mykiss 96 L LCsy,: 0.07 mg/L eCA (2016a)
Daphnia magna 48 I ECsy: 0.18 mg/L
Pseudokirchneriella subcapitata 72 Gi ECsy: >18.2 mg/LL
Activated sludge 3 Ri ECsy: >4.0 mg/L
Difethialone Oncorhynchus mykiss 96 L LCs: 0.051 mg/L eCA (2016h)
Daphnia magna 48 I ECjs,: 0.0044 mg/L
Selenastrum capricornutum 72 Gi ECsy: >0.18 mg/L
Activated sludge 3 Ri ECsy: > 100 mg/L
Warfarin Salmo gairdniri 96 L LCsy: 65 mg/L eCA (2016f)
Daphnia magna 48 I ECsy: > 105 mg/L
Scenedesmus subspicatus 72 Gi E,Csy: >83.2 mg/L
Activated sludge 29 Ri ECyy: >400 mg/L
Coumatetralyl Salmo gairdniri 96 L LCsy: 53 mg/L eCA (2016b)
Daphnia magna 48 1 ECyy: > 14 mg/L
Scenedesmus subspicatus 72 Gi E,Csy:> 18 mg/L
Activated sludge 24 Ri ECsy,: 4210 mg/L
Chloro- Oncorhynchus mykiss 96 L LCy: 0.45 mg/L eCA (2016d)
phacinone Daphnia magna 48 I ECsyj: 0.64 mg/L
Desmodesmus subspicatus 72 Gi E.Csp: 2.2 mg/L
Activated sludge 3 Ri ECs: > 1000 mg/L

L lethality, ] immobilization, Gi growth inhibition, Ri respiration inhibition, LCs lethal concentration for 50% of test subjects, ECs, effective
concentration for 50% of test subjects, E,Cs, concentration resulting in 50% growth rate reduction, EC,, effective concentration for 20% of test

subjects, EC , effective concentration for 10% of test subjects

biological tissues and discussed extraction performances
as well as limitations. Several recent studies utilized ultra-
sound-assisted extraction to extract various pharmaceuti-
cal and/or biocidal anticoagulants from aquatic organisms
(Magiera et al. 2015; de Solla et al. 2016; Kotthoff et al.
2018), sludge (Gomez-Canela and Lacorte 2016), suspended
particulate matter (Kotthoff et al. 2018), and soil (Hernén-
dez et al. 2013). Reversed phase solid-phase extraction on
various stationary phases was carried out for enrichment
and cleanup of anticoagulants in aqueous samples such
as raw wastewater, treated wastewater, surface water, and
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groundwater (Fisher et al. 2012; Gémez-Canela et al. 2014b;
Watkins et al. 2014; Wode et al. 2015). Several anticoagu-
lants were also sufficiently extracted from spiked water sam-
ples employing liquid-liquid extraction with ethyl acetate
(Hernandez et al. 2013; Gémez-Canela et al. 2014b). When
Gomez-Canela et al. (2014b) investigated anticoagulant
rodenticides in wastewater, better performance regarding
the number of detected residues, recoveries, and reproduc-
ibility was achieved using solid-phase extraction on hydro-
philic-lipophilic balanced or weak anion polymeric sorb-
ent, respectively, compared to miniaturized liquid—liquid
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Table 4 Estimated and measured bioconcentration factors (BCF) of
first- and second-generation anticoagulant rodenticides in fish

Compound  Estimated Estimated Estimated Measured
BCFgy, BCF, BCFY, BCF;,
L/kg) (L/kg) L/kg) L/kg)
First generation
Warfarin 1.0 23.9 - <21.6
Chlorophaci- 19.8 492 22.75 -
none
Coumate- 2.0 358 - 11.4
tralyl
Second generation
Bromadi- 108 - 339; 575 460
olone
Brodifacoum 1296 — 35,648 -
Difenacoum 451 9010 35,645 1100
Difethialone 2949 14,000 39,974 -
Flocoumafen 1003 - 36,134 24,300

“Estimated at pH 7.4 using ACD/Labs software v8.14

*Estimated using BCFWIN v2.17 US Environmental Protection
Agency

®Adapted from EU Competent Authority Assessment Reports (eCA
2016a, c,d, e, g, h)

“Adapted from EU Competent Authority Assessment Reports (eCA
2016a, b, e, f, g)

extraction. Chen et al. (2014) proposed an ionic liquid-based
ultrasonic-assisted dispersive liquid-liquid microextraction
method for highly effective extraction of trace bromadiolone
and brodifacoum in environmental water samples.
Approaches such as QUEChERS (quick, easy, cheap,
effective, rugged, and safe) appear to be suitable for the
extraction of anticoagulant rodenticides from biological
tissues such as aquatic organisms (Vudathala et al. 2010;
Morrison et al. 2016). This approach generally relies on
dispersive solid-phase extraction as a cleanup step after
extraction to remove interferences from sample extracts.
Several studies demonstrated that concurrently applying
C,g and primary—secondary amine removes the majority of
co-extracted materials by weight from moderately fatty fish
tissue (Morrison et al. 2016). Besides mixed phase disper-
sive solid-phase extraction (Vudathala et al. 2010; Gémez-
Canela and Lacorte 2016), gel-permeation chromatography
(Hunter 1983b), normal phase solid-phase extraction using
alumina or florisil cartridges (Jones 1996; Gémez-Canela
and Lacorte 2016), and reversed phase solid-phase extrac-
tion using aminopropyl or hydrophilic-lipophilic balance
cartridges (Goldade et al. 1998; Fisher et al. 2012; de Solla
et al. 2016) were among the cleanup methods applied as an
additional purification step to generate sample extracts suit-
able for quantitative analysis of anticoagulant rodenticides.

Qualitative and quantitative analysis

While coumatetralyl (hydroxycoumarin derivative) and chlo-
rophacinone (indane-1,3-dione derivative) are well detect-
able by gas chromatography—mass spectrometry, gas chro-
matography-based methods have not proved reliable for the
analysis of other anticoagulants because of either thermal
degradation of the parent compound during chromatography,
i.e., by heat of injection chamber, or insufficient derivatiza-
tion (Hunter 1983a; Sato 2005). Hydroxycoumarin-based
anticoagulant rodenticides are nonvolatile, highly adsorp-
tive, and possess at least one functional hydroxyl group;
thus, derivatization (with the exception of coumatetralyl) is
required for their gas chromatography-based analysis (Sato
2005). Recently, an in-injector pyrolysis gas chromatograph
coupled with an ion trap tandem mass spectrometer was
shown to be successful for the rapid analysis of bromadi-
olone in blood plasma and liver without need for derivatiza-
tion (Doubkova et al. 2017).

In general, analysis by liquid chromatography coupled
with appropriate detectors, e.g., mass spectrometer or fluo-
rescence detector, is the method of choice for detection of
anticoagulant rodenticides in environmental samples fol-
lowing extraction and cleanup. Given the importance of
primary and secondary poisoning, most methods are tai-
lored toward the detection of specific active ingredients
in various biological tissues of rodents, humans, domestic
animals, and nontarget wildlife. A comprehensive sum-
mary of analytical methods for qualitative and quantitative
determination of anticoagulant rodenticides in biological
samples is also included in the work by Imran et al. (2015).
As some of the compounds, e.g., brodifacoum and flocou-
mafen, are prone to carryover due to their nonpolar and
hydrophobic nature (Marek and Koskinen 2007), extensive
quality control is required irrespective of the chosen method
to avoid false positives. Among the established methods
for anticoagulant rodenticides in biological samples are
ion-chromatography coupled with fluorescence detection
(Jin et al. 2007) and tandem mass spectrometry (Jin et al.
2008), two-dimensional liquid chromatography coupled
with tandem mass spectrometry (Marsalek et al. 2015),
liquid chromatography coupled with tandem mass spec-
trometry (Marek and Koskinen 2007; Chen et al. 2009; Jin
et al. 2009; Bidny et al. 2015), or high resolution mass spec-
trometry (Schaff and Montgomery 2013; Smith et al. 2017;
Kotthoff et al. 2018). While anticoagulant rodenticides are
suitable for electrospray ionization in both positive and
negative mode, most published tandem and high resolution
mass spectrometry methods rely on negative electrospray
ionization due to enhanced sensitivity. A few researchers
have employed atmospheric pressure chemical ionization
on a limited number of anticoagulants (Guan et al. 1999;
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Mandel et al. 2000). In addition, few methods employed
direct injection of biological tissue extracts for the analysis
of anticoagulants after solvent extraction without further
cleanup (Bayen et al. 2015; Kotthoff et al. 2018). With
regard to aqueous samples, sensitivity of nontarget screen-
ing methods employing minimal sample pretreatment, e.g.,
direct injection of aqueous samples or dilute-and-shoot
approaches, might be insufficient for the detection of these
compounds at very low ng/L concentrations.

Notably, none of these methods aimed at chromato-
graphic separation of individual diastereoisomers. Core shell
analytical columns or mobile phases containing acetonitrile
were reported to separate anticoagulants into their different
stereoisomers (Jones 1996; Fourel et al. 2017a), but chroma-
tographic separation of all second-generation anticoagulant
rodenticide stereoisomers within a single elution gradient is
challenging (Damin-Pernik et al. 2016; Fourel et al. 2017a).
After baseline separation of stereoisomers is achieved, peak
acquisition of corresponding cis- and trans-isomers is usu-
ally carried out using identical multiple reaction monitoring
settings in tandem mass spectrometry (Smith et al. 2017).
A stereoselective method by Kammerer et al. (2005) deter-
mined phenprocoumon and its stereospecific metabolites
based on liquid chromatography tandem mass spectrometry
in positive electrospray ionization mode in human plasma
and liver microsomes. In general, data on stereoisomer resi-
dues and their metabolites in rodents or nontarget wildlife
after environmental exposure are limited (Damin-Pernik
et al. 2016, 2017; Fourel et al. 2017a, b).

An overview of ions used for quantification and confir-
mation of anticoagulant rodenticides in various acquisition
methods, i.e., selected ion monitoring, multiple reaction
monitoring, and selected reaction monitoring, is provided
elsewhere (Imran et al. 2015). Matrix- and compound-spe-
cific method detection limits (MDL) and method quantifica-
tion limits (MQL) are discussed in the context of reported
presence or absence of anticoagulants in the aquatic environ-
ment in subsequent sections.

Analytical challenges

The majority of studies that investigated the occurrence
and fate of anticoagulant residues in the aquatic environ-
ment refrained from using adequate isotope labeled sur-
rogates for individual compounds during analysis by lig-
uid chromatography tandem mass spectrometry or high
resolution mass spectrometry to account for incomplete
extraction of bound residues, ion suppression, and matrix
effects (Gémez-Canela et al. 2014a, b; Gomez-Canela and
Lacorte 2016; Kotthoff et al. 2018). These days, isotopi-
cally labeled analogues of high purity can be purchased
for the majority of anticoagulants. Although costly, the use
of appropriate isotope labeled internal standards during
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analysis is highly recommended for the quantification of
residues at trace levels in complex environmental samples
to guarantee the required specificity and selectivity. Co-
eluted matrix components can interfere and compete with
ions of target analytes during ionization in samples with
high protein and lipid content (Huerta et al. 2012). Internal
standards can only correct for the variation in ionization
efficiency if their behavior is similar to that of the target
analytes. In case of warfarin, more pronounced matrix
effects were observed in fish liver extracts compared to
extracts derived from fillet tissue during liquid chroma-
tography tandem mass spectrometry analysis (Ramirez
et al. 2009). Moreover, findings by Ramirez et al. (2009)
demonstrated that extracts derived from fish sampled at
different locations exert variable influence on the ana-
lytical response of warfarin, even though extracts were
derived from a single biological tissue. This is a major
drawback for corrective measures such as matrix-matched
external calibration or standard addition as the generation
of a calibration curve for each sample is impractical and
often omitted when analyzing large sample sets (Huerta
etal. 2012).

Hence, reported concentrations of anticoagulant rodenti-
cides in complex matrices should be examined carefully if
their quantification was conducted by matrix-matched exter-
nal standard calibration (Gémez-Canela and Lacorte 2016;
Kotthoff et al. 2018) or by use of inappropriate internal
standards, e.g., coumachlor as an internal standard for sec-
ond-generation anticoagulant rodenticides (Gémez-Canela
et al. 2014a, b). While physicochemical properties of couma-
chlor and the molecule’s behavior in environmental matri-
ces are similar to those of warfarin, they differ substantially
from compounds such as bromadiolone, difenacoum, brodi-
facoum, difethialone, and flocoumafen (Table 2). In addition,
the presence of coumachlor in environmental samples was
demonstrated (Gomez-Canela and Lacorte 2016), precluding
its qualification as an internal standard in regional monitor-
ing studies. The range of target analytes as well as local
conditions and emission sources plays an important role in
choosing appropriate internal standards if labeled analogues
are not available. Difenacoum for example has been com-
monly used as an internal standard for the quantification
of brodifacoum in environmental samples collected from
islands and fenced sanctuaries after aerial brodifacoum bait
application (Masuda et al. 2015).

Chirality bears another challenge during residue analysis
in complex matrices. Historically, chirality as a structural
characteristic of pharmaceuticals marketed as racemates, e.g.,
vitamin K antagonists such as phenprocoumon, warfarin, and
acenocoumarol, received very little attention in the field of
environmental analysis (Pérez and Barcel6 2008). Despite the
fact that chromatographic separation of individual stereoiso-
mers is of great value in pharmaco- and toxicokinetic studies
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and offers new approaches for investigating their occurrence
and fate in the environment, it adds another dimension of
complexity to the screening of trace-level anticoagulant
mixtures in environmental matrices. A major challenge for
the quantitative assessment of individual stereoisomers in
environmental samples is the lack of appropriate analytical
standards and the non-disclosure of diastereoisomer ratios in
biocidal products released to the environment.

Residues of anticoagulant rodenticides
in terrestrial and avian nontarget species

Worldwide monitoring of anticoagulant residues focuses
mainly on predators, e.g., UK (Walker et al. 2010), France
(Lambert et al. 2007), Spain (Lépez-Perea et al. 2015), USA
(Murray 2011), New Zealand (Eason et al. 2002). Antico-
agulant rodenticide residues are found in many birds of prey
and owl species (Newton et al. 1990; Walker et al. 2008;
Murray 2011; Christensen et al. 2012; Hughes et al. 2013).
Here, mainly birds that prey on small mammals like com-
mon buzzards (Buteo buteo) (Berny et al. 1997; Laasko
et al. 2010), red kites (Milvus milvus) (Laasko et al. 2010;
Hughes et al. 2013; Coeurdassier et al. 2014), and barn owls
(Tyto alba) (Hosea 2000; Lambert et al. 2007) are exposed
to anticoagulant rodenticides. Furthermore, anticoagulant
rodenticide residues regularly occur in mammalian preda-
tors like foxes (Berny et al. 1997; Beklova et al. 2007; Sage
et al. 2010; Tosh et al. 2011; Sanchez-Barbudo et al. 2012),
stoats, weasels, and polecats (McDonald et al. 1998; Shore
et al. 2003). Beside ample data on the presence or absence of
residues, some studies confirm (Jacquot et al. 2013) or sus-
pect (Newton et al. 1997) population decreases in nontarget
species due to anticoagulant rodenticide poisoning. Residues
of mainly second-generation anticoagulant rodenticides were
present in 60% of foxes (Geduhn et al. 2015) and 55% of
barn owls (Geduhn et al. 2016) in Germany in 2011-2014,
and density of farmland (livestock density) and urban areas
was positively correlated to rodenticide exposure of foxes.
Anticoagulant rodenticide exposure of predators results
from feeding on small mammals that are target or nontarget
species of rodenticide applications. Few studies confirmed
anticoagulant rodenticide residue occurrence in nontar-
get small mammals from European countries (Townsend
et al. 1995; Brakes and Smith 2005; Tosh et al. 2012). In
Germany, recent research demonstrated regular exposure
to anticoagulant rodenticides in nontarget small mammals
in a large-scale experimental study (Geduhn et al. 2014).
23% of individuals that were trapped in the surrounding
of livestock farms where an anticoagulant rodenticide was
applied showed anticoagulant residues in liver samples.
Residues were found in all trapped small mammal species,
including shrews and wood mice that are protected species

in Germany. Exposure rates and residue concentrations
were especially high close to the bait stations (15 m radius)
and decreased with increasing distance to the baited area.
Recently, the relevance of nontarget small mammals in the
context of wildlife exposure to anticoagulants was demon-
strated in mammals and owls (Geduhn et al. 2014, 2016).
In Germany, barn owls regularly prey on nontarget small
mammals and rarely on target mice or rats (Geduhn et al.
2016). Therefore, exposure of barn owls via nontarget small
mammals is very likely. Furthermore, residues of anticoagu-
lant rodenticides were detected in small mammals that were
hunted by owls (Geduhn et al. 2016). The unacceptable risks
of primary and secondary poisoning that has been identified
within the authorization procedure of anticoagulant roden-
ticide under the Biocidal Product Regulation No. 528/2012
could be confirmed in different steps of the terrestrial food
chain, with nontarget small mammals as a key factor in this
process (Geduhn et al. 2014, 2015, 2016). Therefore, further
efficient risk mitigation strategies are necessary that focus on
these species to reduce overall wildlife exposure.

Occurrence and fate of anticoagulant
rodenticides in the aquatic environment

Wastewater treatment plants

Despite the use of warfarin-containing baits by professional
and private users in urban catchments, the presence of war-
farin in raw and treated wastewater has mainly been linked
to the consumption of blood-thinning medication by resi-
dents. While studies with radiolabeled warfarin in rabbits
demonstrated that about 90% of the orally administered dose
is recovered in urine (Wong and Solomonraj 1980), only
about 2% of the typical 1-15 mg daily prescription dose is
excreted as unchanged warfarin (Godfrey et al. 2007; Crouse
et al. 2012). Urinary excretion of warfarin predominantly
occurs in the form of metabolites as warfarin enantiomers
are extensively metabolized by liver in mammals. While R
warfarin is oxidized to 7-hydroxywarfarin and reduced to
R,S warfarin alcohol, S warfarin (a more active enantiomer
with 3-5 times higher anticoagulant potency) on the other
hand is oxidized to 7-hydroxywarfarin and reduced to S,S
warfarin alcohol. Both enantiomers can also be metabolized
to 6-hydroxywarfarin (Kasprzyk-Hordern 2010).

The occurrence of more recalcitrant pharmaceuticals in
wastewater treatment plants is often correlated with their
prescription rates. The predicted national average concentra-
tion of warfarin in raw municipal wastewater, based on US
marketing and pharmacological data from 2004, was esti-
mated at 28 ng/L (Kostich and Lazorchak 2008). Very low
warfarin concentrations, i.e., on average 2 ng/L, were meas-
ured in raw municipal wastewater influent at a wastewater
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treatment plant facility in Texas, USA (Du et al. 2014).
According to the authors, elevated concentrations of war-
farin were occasionally observed in treated effluent, which
might be explained by cleavage of glucuronide conjugates
during biotransformation. Warfarin and its monohydroxy-
lated derivatives are potential substrates for glucuronidation
during phase II metabolism in humans. As glucoronide con-
jugates are more water-soluble than the parent compounds,
they are easily excreted via bile and urine (Zielinska et al.
2008). Due to a rather high reporting limit of 11 ng/L, warfa-
rin was not detected in wastewater effluent samples collected
from 50 large wastewater treatment plants across the USA
in 2011 (Kostich et al. 2014). It was sporadically detected in
treated wastewater effluent used for irrigation from a facility
in Colorado at levels up to 90 ng/L (Kinney et al. 2006).

In Finland, Ajo et al. (2018) reported warfarin concen-
trations of 82 ng/L and 7 ng/L in raw hospital wastewater
and biologically treated domestic wastewater effluent from
a healthcare center, respectively. Another study from Fin-
land indicated better removal of warfarin (initial influent
concentration of 50 ng/L) during membrane bioreactor
treatment (more than 60% removal) compared to conven-
tional activated sludge process (approximately 30% removal)
(Gurung et al. 2016). The results of a study by Gibs et al.
(2007) indicate that warfarin reacts completely with residual
chlorine within 24 h during water treatment. Ejhed et al.
(2018) investigated the treatment performance of three dif-
ferent onsite-wastewater treatment facilities that received
raw wastewater collected from a small town in Germany
(2500 person equivalents). Warfarin was only detected in
one raw wastewater sample at 15 ng/L. It was not detected
in any of the effluent samples (Ejhed et al. 2018). On the
contrary, warfarin persisted in an organic-rich anoxic septic
tank environment and was frequently detected in effluents
from a community septic tank serving 350 users (Godfrey
et al. 2007). Gémez-Canela et al. (2014b) detected warfa-
rin in 9 out of 9 raw wastewater samples from wastewater
treatment plants with mostly urban catchments in Catalo-
nia, Spain. Warfarin concentrations in the aqueous phase
of the 24-h composite samples ranged from 8 to 156 ng/L.
It was also the main anticoagulant detected in more than 80
aqueous wastewater samples retrieved from nine wastewater
treatment plants in Catalonia, Spain as 24-h composite sam-
ples in 2012 by the same research group. All samples were
centrifuged prior to analysis, i.e., solid-phase extraction on
hydrophilic-lipophilic balanced cartridges followed by lig-
uid chromatography tandem mass spectrometry, to remove
particulate matter. Warfarin concentrations ranged from 9 to
334 ng/L in raw wastewater and 1.6—45 ng/L in biologically
treated wastewater effluents, respectively. Highest warfa-
rin concentrations were detected in facilities serving large
urban catchment areas. The majority of the studied waste-
water treatment plants removed warfarin to below its method
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detection limit (MDL) of 1.6 ng/L in treated effluents. Three
other facilities achieved removal rates between 82% and 98%
(G6émez-Canela et al. 2014a). Santos et al. (2013) detected
warfarin in hospital and municipal effluents in Portugal in
the low ng/L range, supporting the hypothesis that the pres-
ence of warfarin in wastewater is mainly caused by its use
as pharmaceutical.

Gomez-Canela et al. (2014a) also reported sporadic occur-
rence of coumatetralyl, difenacoum, bromadiolone, flocou-
mafen, and brodifacoum in wastewater samples, but failed
in establishing meaningful input and elimination routes.
Although most of the investigated wastewater treatment plants
indicated high anticoagulant rodenticide removal efficien-
cies from the aqueous compartment, traces of anticoagulants
remained in the treated effluent and were likely discharged
into receiving surface waters (Gémez-Canela et al. 2014a). In
another study by the same research group, Gémez-Canela and
Lacorte (2016) detected anticoagulant rodenticides in sludge
intended to be used as agricultural fertilizer at 15 out of 27
investigated wastewater treatment plants across North-East
Spain. Of all analyzed anticoagulant rodenticides, warfarin
was detected most frequently in the low pg/kg range based
on dry weight. Bromadiolone was detected in sludge sam-
ples from six treatment facilities at concentrations between 5
and 8 pg/kg. Brodifacoum occurred in two sludge samples at
15 pg/kg and 17 pg/kg levels, respectively. Difenacoum and
flocoumafen were not detected in any of the sludge samples.
It was concluded that anticoagulant rodenticides enter waste-
water treatment plants as a result of their use as pest control
in urban infrastructures, domestic applications, as pharma-
ceuticals, or in agriculture (Gémez-Canela et al. 2014a, b;
Gomez-Canela and Lacorte 2016).

In 2008, Sweden performed a national screening program
to determine concentrations of chlorophacinone, coumate-
tralyl, difenacoum, brodifacoum, bromadiolone, and flocou-
mafen in the Swedish environment. None of the analyzed
anticoagulant rodenticides was detected above their respec-
tive MDL of 5 ng/L and 1 pg/kg in several raw and treated
wastewater as well as sludge samples (Norstrom et al. 2009).

Surface water, stormwater runoff, and groundwater

A surface water monitoring campaign in Lower Saxony,
Germany in 2014 included the analytes warfarin, bromadi-
olone, and difenacoum. None of the three were detected in
aqueous samples from surface waters above their method
quantification limit (MQL) of 5 ng/L (Steffen 2014). Chen
et al. (2014) analyzed bromadiolone and brodifacoum in
environmental water samples from streams and groundwa-
ter wells in China. With one exception, both target analytes
were below their respective MQL in all analyzed samples
(0.22 um membrane filtered). Brodifacoum was detected
in one surface water sample at 0.56 pg/L and was traced
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back to illegal untreated wastewater discharges from a pro-
duction facility into the stream (Chen et al. 2014). Brodi-
facoum was also detected in one organic-rich freshwater
sample at 0.48 ug/L several days after aerially broadcasted
application of bait pellets (approximately 39 metric tons
of bait with 0.975 kg active ingredient distributed across
2.5 km?) during island eradication (Pitt et al. 2015).
Chlorophacinone and bromadiolone were not detectable
in groundwater samples from open space in Spain after
bait application to eradicate country vole (Hernindez
et al. 2013). Screening of water samples collected from a
freshwater lake in New Zealand (approximately 0.3 km?
surface area, 10-40 m depth) after accidental discharge
of 700 kg of brodifacoum containing bait pellets (14 g of
active ingredient) revealed no detects of residual brodi-
facoum in the month after the spill (Fisher et al. 2012).
None of the analyzed six anticoagulant rodenticides were
detected in Swedish surface water and stormwater runoff
samples above the MDL of 5 ng/L (Norstrom et al. 2009).

During several nationwide US groundwater and surface
water monitoring campaigns, warfarin was not detected
above its reporting limit of 1 ng/L in any of the analyzed
samples (Kolpin et al. 2002, 2004; Barnes et al. 2008;
Focazio et al. 2008). However, Watkins et al. (2014)
detected warfarin in surface water samples collected from
suburban streams in Houston, Texas at locations down-
stream of wastewater treatment plant discharges. Reported
concentrations ranged between 1 and 13 ng/L. Warfarin
was not detected above its MDL of 0.8 ng/L in samples
collected from locations upstream of discharges. Owing
to a very high MDL of 50 ng/L, warfarin was also not
detected in more than 1200 groundwater samples from
California (Fram and Belitz 2011). Furthermore, war-
farin showed significant attenuation during soil aquifer
treatment of septic tank effluents. The passage of efflu-
ent through 2 m of a partially saturated, sand-dominated
vadose zone reduced warfarin concentrations to below
MDL in groundwater samples collected from an adjacent
well. Attenuation processes were most likely a combina-
tion of sorption to the porous media and microbial degra-
dation (Godfrey et al. 2007).

Interestingly, only one study by Wode et al. (2015)
investigated the occurrence of phenprocoumon, an antico-
agulant that is predominantly administered across Europe,
in surface water and groundwater samples affected by
treated wastewater effluents using a liquid chromatogra-
phy high resolution mass spectrometry target screening
approach. Phenprocoumon was qualitatively detected in
7 out of 14 groundwater and 7 out of 11 surface water
samples of a former wastewater infiltration site in Ber-
lin, Germany. As discussed earlier, estimated prescribed
doses of phenprocoumon in Germany in 2016 exceeded
those of warfarin by a factor of 40. Other than warfarin,

phenprocoumon is excreted almost entirely as a glucuron-
ide conjugate, with less than 10% of the dose as unchanged
drug (Kasprzyk-Hordern 2010).

Soils and sediments

Kinney et al. (2006) assessed the presence and distribution
of warfarin in soil irrigated with reclaimed water derived
from urban wastewater. Warfarin did not accumulate in the
studied soils over time and was present in the soils as low
percentage of the mass applied. Observed concentration
differences within the soil profiles may indicate the poten-
tial for warfarin to be transported from the soil surface to
groundwater (Kinney et al. 2006). Residual flocoumafen was
confirmed in two out of 21 New Zealand estuarine sediment
samples. None of the monitored anticoagulant rodenticides
were detected at riverine sites (Cavanagh and Ward 2014).
After the accidental spill of brodifacoum containing bait
into a freshwater lake in New Zealand, surface layer sedi-
ment samples revealed no detects of residual brodifacoum
(Fisher et al. 2012). Nevertheless, 32% of soil samples from
areas affected by broadcasted application of pellet bait con-
tained brodifacoum residues at levels up to 56 pg/kg (MDL
3 pg/kg) (Pitt et al. 2015). Soil and sediment samples (upper
2-3 cm layer) from urban and remote areas in Sweden con-
tained no traces of anticoagulant rodenticide residues (Nor-
strom et al. 2009).

Suspended particulate matter

Suspended particulate matter samples from the German
Specimen Bank were analyzed by Kotthoff et al. (2018)
using liquid chromatography high resolution mass spec-
trometry to assess residue levels and distribution patterns
of anticoagulant rodenticides in German surface waters.
Samples, i.e., pooled samples of 12 monthly subsamples,
were collected in 2015 from 16 different streams according
to standardized procedures and corresponded with sampling
sites of investigated limnic fish. Bromadiolone was the only
anticoagulant rodenticide detected above its MQL of 1 pg/
kg in nine suspended particulate matter samples and devi-
ated from fish liver results discussed in the following. Mean
concentration of bromadiolone was 4.9 pg/kg with a maxi-
mum of 9.2 pg/kg. The rather unexpected absence of other
anticoagulant rodenticides in suspended particulate matter
samples remained unresolved (Kotthoff et al. 2018).

Aquatic organisms
Liver samples of bream (Abramis brama) analyzed in the
same study were also obtained from the German Speci-

men Bank (Kotthoff et al. 2018). Samples were collected
in 2011 and 2015 and represented 16 river sampling sites
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and two lakes across Germany. In addition, decennial time
series were analyzed for two sampling locations, i.e., rivers
Saar and Elbe. According to their findings, five out of eight
authorized anticoagulant rodenticides, namely difenacoum,
brodifacoum, bromadiolone, difethialone, and flocoumafen,
were detected in fish liver samples above their respective
MQL of 0.2-2.0 pug/kg wet weight. In several fish liver sam-
ples, more than one residue was detected. This is in accord-
ance with studies investigating anticoagulant rodenticide
exposure in terrestrial nontarget wildlife. Different substance
and concentration patterns were found between 2011 and
2015. Notably, brodifacoum was detected in 88% of the 2015
samples with an average concentration of 3.4 pg/kg (max.
12.5 pg/kg), followed by difenacoum (44%, max. 0.7 pg/
kg) and bromadiolone (17%, max. 7.1 pg/kg). Metabolism
and depuration of bromadiolone in fish might have caused
the varying detection frequencies of bromadiolone residues
in corresponding samples of fish liver (19%) and suspended
particulate matter (56%) (Kotthoff et al. 2018). In a New
Zealand study from 2013, a total of 49 individual freshwater
fish livers, among others from brown trout (Salmo trutta)
and New Zealand longfin eel (Anguilla dieffenbachii), were
screened for residues of warfarin (MDL 100 pg/kg), couma-
tetralyl (MDL 10 ug/kg), brodifacoum, bromadiolone, and
flocoumafen (all MDL 5 pg/kg). About 27% of analyzed
liver samples contained bromadiolone (9-34 ug/kg wet
weight) or coumatetralyl (11-24 pg/kg wet weight), respec-
tively. Residues were not detected above their respective
MDL in corresponding muscle tissue samples (Cavanagh
and Ward 2014).

Warfarin was sporadically detected in tissues of wild
freshwater mussels (Lasmigona costata) collected in 2012
from the Grand River, Ontario in Canada, but not in a
series of corresponding surface water samples (2009-2011,
n=237). The reported maximum tissue concentration of war-
farin was 1.15 pg/kg wet weight. Warfarin was not detected
above its MDL in tissues of caged freshwater mussels after
a 4-week deployment period in Grand River in 2010 (de
Solla et al. 2016). Warfarin was also not detected in any of
the fish fillet (MDL 0.9 pg/kg, n=30) or liver (MDL 2.7 pg/
kg, n=30) composite samples from five effluent-dominated
river sampling sites receiving discharge from wastewater
treatment plants of major cities across the USA (Ramirez
et al. 2009). The 2008 Swedish national screening program
included fish muscle samples (pooled samples of hering and
perch, respectively) from remote and urban surface waters
to investigate the occurrence of chlorophacinone, couma-
tetralyl, difenacoum, brodifacoum, bromadiolone, and flo-
coumafen in the Swedish environment. Their concentrations
were below the MDL of 1 pg/kg in all fish muscle samples
(Norstrom et al. 2009).

Other findings in aquatic organisms include (sparse)
residual concentrations of brodifacoum in coastal marine
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species such as sedentary mollusks and fish following island
rodent eradication (Siers et al. 2016) or accidental discharge
(Primus et al. 2005). Residual brodifacoum concentra-
tions were found in liver samples, but not muscle tissue,
of two blue cod (Parapercis colias) individuals at 26 pg/
kg and 92 pg/kg, respectively (8% detection frequency).
Brodifacoum residues were also detected in whole-body
samples of four mussels (Mytilus edulis) in the range of
1-22 pg/kg and four limpets (Cellana ornata) in the range
of 1-16 pg/kg (17% detection frequency) (Masuda et al.
2015). Following a hand- and aerially broadcast applica-
tion of 18,000 kg of brodifacoum pellets on Wake Island
Atoll in 2012, 3 out of 69 marine whole-body fish samples
collected in 2012 and 5 out of 48 collected in 2015 were
suspected of brodifacoum contamination (MDL 3.5 pg/kg).
However, none of these whole-body samples (mostly from
blacktail snappers, Lutjanus fulvus) yielded reliably quan-
tifiable concentrations of brodifacoum above the MQL of
11.7 pg/kg (Siers et al. 2016). Pitt et al. (2015) conducted
a comprehensive post-baiting monitoring for environmen-
tal brodifacoum residues after the extensive rat eradication
on Palmyra Atoll. Whole-body samples of black-spot ser-
geants (Abudefduf sordidus) that were collected prior to bait-
ing contained no brodifacoum residues above the MDL of
13 pg/kg, whereas average brodifacoum concentrations were
in the range of 143 +27 ug/kg (90% detection frequency)
shortly after aerially broadcasted bait application (approxi-
mately 0.39 mg active ingredient per m? land surface). The
mortality of 47 mullets (Moolgarda engeli, Liza vaigien-
sis) washed ashore was linked to brodifacoum bait appli-
cation. Whole-body samples showed average residues of
337 £ 67 pg/kg wet weight. As mullets are common prey of
many aquatic and terrestrial predatory species, the authors
emphasized the likeliness of trophic transfer of brodifacoum
(Pitt et al. 2015). According to a literature review by Masuda
et al. (2015), detection frequencies of brodifacoum residue in
coastal marine species after aerial bait application were only
approximately 6% for marine invertebrates and 3% for fish.
No residual brodifacoum was detected in fish liver samples
(Anguilla diefenbachii) after accidental discharge of 14 g
of active ingredient into a remote freshwater lake in New
Zealand (Fisher et al. 2012). Green mussel (Perna viridis)
samples collected in Singapore coastal waters showed no
traces of warfarin above its MDL of 0.6 ug/kg wet weight
(Bayen et al. 2015).

Avian and mammalian predators in the aquatic food
web

Liver samples of different top-predator species with a pre-
dominantly fish-eating diet across the Loire river basin
in France were screened for residues of warfarin, chlo-
rophacinone, coumatetralyl, difenacoum, brodifacoum,
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bromadiolone, difethialone, and flocoumafen by Lemarchand
et al. (2014). Carcasses of road-traffic killed Eurasian otter
were mainly collected between 2004 and 2008 (Lemarchand
et al. 2010). While samples of great cormorants (Phalacro-
corax carbo carbo/sinensis) and osprey (Pandion haliaetus)
revealed no traces of anticoagulants above their respective
MDL of 20 pg/kg, bromadiolone was detected in 10% of
the analyzed 20 Eurasian otter (Lutra lutra) liver samples
at concentrations of 0.4 and 0.85 mg/kg wet weight, respec-
tively. No clinical signs of intoxication, e.g., severe anemia
or bleeding, were observed. As both individuals originated
from the same riparian area that was heavily baited against
proliferation of land voles (Arvicola scherman) back then,
the authors deemed secondary poisoning due to predation on
nontarget rodents likely (Lemarchand et al. 2010; Lemarch-
and et al. 2014). An earlier study by Fournier-Chambrillon
et al. (2004) confirmed exposure of European otters to sec-
ondary poisoning by bromadiolone (18%) and chloropha-
cinone (9%) in France due to major field treatments with
anticoagulants in the past. Hepatic traces of coumatetralyl
(5.8-9.4 pg/kg), bromadiolone (6.2-11 pg/kg), and difena-
coum (lower than 0.3-2.5 pg/kg) were also found in two
roadkill European otters from Finland (Koivisto et al. 2016).
No anticoagulant rodenticides were detected above their
respective MQL of 0.2-2.0 pg/kg in liver samples of five
European otter individuals from the river Elbe catchment in
Eastern Germany (Kotthoff et al. 2018).

Following aerial rodent eradication in 2009, three out of
nine little blue penguins (Eudyptula minor) found dead on
island beaches showed hepatic brodifacoum residues (Fisher
2013). As a consequence, a more comprehensive screen-
ing of liver samples from 38 penguin carcasses regarding
brodifacoum, bromadiolone, flocoumafen, coumatetralyl,
and warfarin residues was conducted in 2010. While target
analytes were absent in 50% of the penguin liver samples,
34.2% revealed the presence of one anticoagulant, 7.9% a
combination of two, 5.3% of three and 2.6% of four differ-
ent anticoagulants. Brodifacoum was detected in six of the
little blue penguins in the range of 1-3 pg/kg (Fisher 2013).

Rating the risks of anticoagulant
rodenticides in the aquatic environment

Challenges of anticoagulant rodenticide residue
screening in aquatic environmental compartments

Monitoring of anticoagulant rodenticide residues in the
aquatic environment involves a number of challenges, par-
ticularly with regard to establishing causative associations
and robust source, pathway, and receptor relationships.
Given the toxicological relevance of anticoagulants at trace

concentrations and the variety of active ingredients applied
worldwide, very sensitive and specific multi-methods are
required that cover a wide range of different compounds
and environmental matrices. As illustrated in this review,
available analytical methods often suffer from elevated lim-
its of detection caused by the complexity of environmental
matrices such as sewage or biological tissues and insufficient
sample pretreatment.

Another critical consideration in the context of poisoning
via environmental emissions is the influence of municipal
effluent discharges on in-stream hydrology when selecting
sampling locations and periods for monitoring of wastewa-
ter-derived contaminant exposure (Ramirez et al. 2009).
Important aspects regarding the monitoring of anticoagulant
rodenticides in aquatic compartments are the frequency and
amplitude of contaminant loadings. Effluent-dominated sys-
tems generally represent worstcase exposure scenarios, but it
is assumed that anticoagulant rodenticide input rates are of
transient character and will vary widely depending on usage
patterns in urban catchments, runoff regimes, and wastewa-
ter treatment plant performance. Worstcase predicted envi-
ronmental concentrations discussed earlier (Table 1) indi-
cate that expected anticoagulant rodenticide concentrations
in receiving surface waters may be out of reach for current
analytical methods, even with extensive sample enrichment
and cleanup. Yet, in cases where environmental dissipation
rates are exceeded by prolonged input rates from effluent
loadings, even at very low concentrations, effective exposure
duration of organisms residing in these aquatic systems is
increased, presenting particular potential for accumulation
of contaminants. Thus, analysis of stationary environmental
matrices such as sediments, sessile or less migratory organ-
isms that reflect an average exposure over time can be one
way to capture transient events and monitor the burden of the
aquatic environment (Kotthoff et al. 2018). Bioaccumula-
tion processes can widely differ among aquatic species due
to complex interactions between various routes of uptake
(aqueous uptake of water-borne chemicals, dietary uptake
by ingestion of contaminated food or particles), excretion,
passive release, and metabolization (Streit 1998). Therefore,
determination of concomitant parameters such as trophic
level, age, and lipid content is crucial to rank the exposure
of aquatic organisms and link anticoagulant rodenticide
residues to identified emission sources. Yet, such important
parameters were often omitted in environmental monitoring
studies of anticoagulants in aquatic wildlife. The occurrence
and fate of anticoagulant rodenticides in fish species is likely
correlated with their feeding habit and lipid metabolism, i.e.,
less fat after winter months. In summer and fall, lipid content
in fish is usually highest and river water levels lowest, e.g.,
less dilution of wastewater-derived contaminants.
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Emergence of anticoagulants in the aquatic
environment

With the exception of warfarin, behavior and fate of anti-
coagulant rodenticides in the aquatic environment have
received minimal attention by environmental research
groups in the past. Therefore, potential risks cannot be
adequately rated at this point. Several studies consid-
ered the risk of secondary poisoning via environmental
emissions as marginal. The Swedish monitoring study
concluded that anticoagulant rodenticides are not widely
distributed in the Swedish environment, thus not posing
a threat for nontarget organisms that are not affected by
direct primary or secondary poisoning (Norstrom et al.
2009). Nonetheless, this review clearly shows that anti-
coagulant rodenticides can enter aquatic environmental
compartments. Without question, more comprehensive
monitoring data of relevant environmental matrices are
needed for a thorough assessment of their emergence.
Given their physicochemical properties (Table 2), envi-
ronmental matrices such as sediments and suspended par-
ticulate matter might pose important exposure routes for
particle-bound second-generation anticoagulant rodenti-
cides, leading to bioaccumulation and toxicity in aquatic
organisms. According to Fisher (2013), environmental
spread of anticoagulant rodenticide residues in New Zea-
land is thought to be predominantly trophic rather than
through exposure of nontarget organisms to anticoagulant
rodenticide residues in water or soil/sediments. Carcasses
of poisoned animals or terrestrial invertebrates that feed
on bait, e.g., cockroaches, are presumed to transfer anti-
coagulant rodenticide residues in the aquatic environment
and put predators and scavengers at risk of secondary
exposure.

Warfarin is commonly monitored in environmental stud-
ies because of its substantial volume of prescriptions and
sales, alongside its potential negative effects on wildlife.
In developed countries, the occurrence of warfarin in the
aquatic environment is mainly caused by its use as a pre-
scription drug and incomplete removal (or reversible trans-
formation) during conventional wastewater treatment. Low
detection frequencies of warfarin in the aquatic environment
are likely a combination of low consumption compared to
other high-volume non-prescription drugs, high metabolic
rates in the body of humans (pharmaceutical) and rodents
(biocidal use), low bioaccumulation potential, and high
detection limits. In surface water and groundwater, warfarin
reporting limits differed by factor 50 among studies, rang-
ing between 0.001 pg/L (Kolpin et al. 2002, 2004; Barnes
et al. 2008; Focazio et al. 2008) and 0.05 pg/L (Fram and
Belitz 2011; Crouse et al. 2012). The worstcase predicted
environmental concentrations for surface water resulting
from sewer baiting scenarios are in the range of 0.006 ug/L
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(Table 1). According to reviewed monitoring data, environ-
mental levels of warfarin may not represent a high risk for
aquatic species, in particular fish and mollusks. Moreover,
warfarin was not ranked as an emerging contaminant in
coastal and marine environments (Maruya et al. 2015). Yet,
chronic exposure at low concentrations or chronic exposure
with multiple active ingredients and therefore higher envi-
ronmental concentrations could trigger sublethal effects
(Fernandez et al. 2014).

Future research needs and risk mitigation measures

The proposed adverse outcome pathway for anticoagulant
rodenticides in terrestrial nontarget wildlife by Rattner
et al. (2014) reveals that the anticoagulant’s mechanism of
action from the molecular through cellular levels is well
understood, whereas linkages and forecasting of responses
at the individual through population levels remain vague
or incomplete. Among others, substantial data gaps exist
regarding the understanding of exposure pathways and
potential adverse effects of multiple low-level anticoagulant
rodenticide exposures. For instance, the almost ubiquitous
occurrence of second-generation anticoagulant rodenti-
cides in bream liver samples from receiving surface waters
throughout Germany demonstrated by Kotthoff et al. (2018)
contrasts the reported (minor) quantities of active ingredi-
ents applied as biocides in German sewer systems (Kriiger
and Solas 2010). Notably, rodent control in sewer systems
is one of the main applications of biocidal anticoagulant
rodenticides in densely populated urban and peri-urban areas
in Germany. At present, studies about the fate of antico-
agulant rodenticide residues during wastewater treatment,
e.g., conventional or advanced treatment, respectively, after
confirmed bait application in sewer systems of urban catch-
ments are lacking.

The role of invertebrates as consumers and vectors of
anticoagulant poison should be another research priority
in the context of anticoagulant rodenticide spread in the
aquatic environment. American cockroaches (Periplaneta
americana), which can be widely distributed among sewer
manholes, demonstrated an ability to consume an entire anti-
coagulant rodenticide bait placement (Colvin et al. 1998).
Although anticoagulants are unlikely to affect invertebrates
in the same way as vertebrates because of fundamental dif-
ferences in the blood clotting system, vertebrates that prey
on invertebrates can be affected by secondary poisoning.
Terrestrial invertebrates can be an important component
of stream fish diets, especially during the summer months,
when aquatic invertebrates are limited (Garman 1991).
Cockroaches can be available as fish prey when swept
into the water column. Pitt et al. (2015) demonstrated in
their study that brodifacoum residue levels in cockroaches
were consistently the highest among the biological samples
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collected. In New Zealand, residues of brodifacoum were
also detected in the tissues of cave weta (Rhaphidophoridae
sp.) that were found on baits (Ogilvie et al. 1997).

Moreover, the understanding of mechanistic relation-
ships between bioaccumulation and toxicity of anticoagu-
lant rodenticides demands further improvement, e.g., by
incorporation in toxicokinetic and toxicodynamic mod-
eling. While detection of hepatic anticoagulant rodenticide
residues in aquatic organisms should not be dismissed, sole
consideration of these findings and the implied potential
biomagnification along the aquatic food chain is insuffi-
cient with regard to a profound anticoagulant rodenticide
risk assessment. Instead, bioaccumulation of anticoagulant
rodenticides should be linked to adverse effects and relative
potencies on each trophic level so that risks can be evaluated
for specific target species along the food web, e.g., inverte-
brates, fish, or top predators. In the terrestrial food chain,
risk via poisoned rodents is considered significantly higher
compared to risk via earthworms or other invertebrates (eCA
2016g). To mitigate the risk of secondary exposure, how-
ever, first-generation anticoagulant rodenticides and less
potent second-generation anticoagulant rodenticides should
always be considered as the first choice for pest control with
anticoagulants.

Conclusion

Recent findings of anticoagulant rodenticides in the aquatic
food web as discussed in this review demonstrate that the
aquatic environment experiences a greater risk of antico-
agulant exposure than previously thought. Besides the dis-
cussed analytical challenges, knowledge gaps and the lack
of detailed market data clearly hamper the establishment
of resilient exposure pathways with regard to the aquatic
environment. Beyond doubt, more comprehensive monitor-
ing data are required for all anticoagulants in the aquatic
environment to establish robust relationships and causative
associations as previously demonstrated for the unintended
poisoning of terrestrial nontarget organisms. Once those
are established, more effective and practical risk mitigation
measures, e.g., alternatives to anticoagulant rodenticides for
rodent control in sewer systems, can be proposed, imple-
mented, and their sustained success reassessed.
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