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Abstract

Anticoagulant rodenticides are biocides that interfere with normal blood clotting, inhibit the vitamin K cycle
in the liver, and cause death by hemorrhages. Even though the main target of these compounds is rodents, they
may affect non-target species such as nocturnal birds of prey that feed on those rodents. To study secondary
exposure to ARs, select species that specialize in rodent prey, such as nocturnal birds of prey. Besides their
specialized diet in rodents, nocturnal birds of prey are one of the most widely distributed birds in Europe and
live in rural and non-rural habitats, making them excellent sentinel species for several studies’ ecotoxicology
studies. There are numerous studies regarding secondary AR exposure in raptor species all around the world,
but evidence for population-level effects is still absent. The objective of this review is to show how ARs have
influenced wild nocturnal birds of prey in Europe in the last decades, most affected species, and in summary,
explain how they act and the main clinical signals/ lesions that can be observed in poisoned birds. Overall, a to-
tal of 19 works were included in this review, between the years 1983 to 2021 that satisfied all literature criteria.
These 19 papers corresponded to 44 observations of different species, regarding eight types of anticoagulant
rodenticide. In the future, more caution is needed in the use of anticoagulants for rodent control where avian
predators may be exposed to poisoned prey. Some combinations can be highly lethal to the predator, putting it
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Introduction

Rodenticides are the most available pest control worldwide
for rodents. They are used commercially to protect crops and
stored food from these pests (Langford et al,, 2013). The first an-
ticoagulant rodenticides (ARs) appeared in the 1940s (van den
Brink et al., 2018). ARs are chemical products that interfere with
normal blood clotting, inhibit the vitamin K cycle in the liver, and
cause death by haemorrhages (Lambert et al., 2007; Ruiz-Suarez
etal, 2015). They can be divided into first and second-generation
substances (Lopez-Perea and Mateo, 2018).

Even though the main target of these biocides is rodents, they
may affect non-target species, either by direct consumption of
contaminated cereal-based baits or indirectly by consumption of
contaminated prey (secondary poisoning) (Lambert et al., 2007).
Monitoring programs of toxicovigilance have revealed the neg-
ative environmental consequences of ARs in non-target species
such as birds and mammals. The half-life of ARs in the liver can
differ between 0.3 to 66.8 days for first-generation rodenticides
and 28.1 to 350 days for second-generation rodenticides (Lam-
bert, 1997; Lambert et al., 2007). To study secondary exposure to
ARs it is necessary to select species that focus on rodent prey,
such as nocturnal birds of prey. Besides their specialized diet in
rodents, nocturnal birds of prey are one of the most widely dis-
tributed birds in Europe and live in rural and non-rural habitats,

at risk species that are already treated, therefore new eco-friendly alternatives should be found.

Rodenticides, Birds’ prey, Nocturnal, Poisoning, Mouse, Mortality.

making them excellent sentinel species for several ecotoxicology
studies (Gray et al., 1994; Walker et al., 2008).

There are numerous studies regarding secondary AR expo-
sure in raptor species all around the world, but evidence for pop-
ulation-level effects is still absent (Gomez et al., 2021). The ob-
jective of this review was to show how ARs have influenced wild
nocturnal birds of prey in Europe in the last decades, the most
affected species, and in summary, explain how they act and the
main clinical signals/ lesions that can be observed in poisoned
birds.

Types of anticoagulants rodenticides and mecha-
nisms of action

Anticoagulant rodenticides are extensively used as biocides
in agricultural and urban sites to control populations of rodents
(rats, mice, voles) (Geduhn et al, 2015; Lopez-Perea and Ma-
teo, 2018). They are divided into two ‘generations’ based simply
on when they were introduced in the market and their toxicity.
First-generation AR was first introduced in the 1940s and was
constituted by Warfarin, Coumatetralyl and Chlorophacinone
(Ruiz-Suéarez et al,, 2015). The second generation of AR was in-
troduced later in the 1970s, due to the increasing resistance to
the older generation of AR (Walker et al, 2008), and includes
compounds such as Difenacoum, Bromadiolone, Brodifacoum,
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Flocoumafen, and Difethialone. The second generation is 100
to 1000 times more toxic than the first generation (Ruiz-Suarez
et al, 2015). Also, they are more persistent and bioaccumulative
(Koivisto et al,, 2018). The enhanced toxicity AR is based on their
higher binding affinity to the target enzyme VKOR in the liver
of the animal, which leads to an extended retention time in the
animal body (Hohenberger et al., 2022).

Their commercial formula is mainly wax baits, coated wheat
baits, and gels that may be installed in bait boxes, in burrows
or buried underground within rodent galleries (Broughton et al,
2022). The application of these biocides can be made throughout
the year or in specific periods when pests are most abundant
(Lambert et al., 2027).

Most rodenticides are anti-coagulants, which are chemical
products that interfere with normal blood clotting (Ruiz-Suérez
et al, 2015). They are easily absorbed through ingestion in the
gastrointestinal tract and lead to the inhibition of vitamin K epox-
ide reductase. This enzymatic inhibition blocks vitamin K regen-
eration, and consequently, the vitamin K-dependent coagulation
factors I, VII, IX and X are incorrectly synthesized and do not
bear the post-translational carboxylation required for activation
(Nakayama et al., 2019). This impairs normal blood coagulation
and predisposes the animal to death by inducing diffuse hae-
morrhages (van den Brink et al, 2018; Lopez and Murcia, 2008;
Ruiz-Suarez et al., 2015).

AR is regulated under the EU Biocides Directive and Plant
Protection Products (PPPs). The Biocidal Products Regulation
(BPR, Regulation (EU) 528/2012) is responsible for placing on the
market and regulating the use of biocidal products in Europe (Eu-
ropean Chemical Agency (ECHA, 2023). In Europe, Eight ARs are
currently registered for use (L6pez-Perea and Mateo, 2018). One
of the consequences of the use of AR is that non-target small
mammal species can also take poisoned baits. Predators can be
secondarily poisoned by ARs mainly as a result of preying on
rodents and/or scavenging (Elliott et al., 2014; Lopez-Perea and
Mateo, 2018). This risk t is accredited in the assessment reports
which recommend their inclusion in Annex | of the Biocides Di-
rective (98/8/EC) and subsequent use in European Union mem-
ber states (Hughes et al,, 2013; Eisemann et al,, 2018). Some ARs
pose an enormous risk to non-target species, but due to the lack
of alternatives, they can be used with some restrictions (limit to
professional use only, targeted baiting, protective bait boxes, and
removal of dead rodents) (Hughes et al., 2013).

Some rodent populations also have developed resistance to
Difenacoum and Bromadiolone (second generation). The first
(ECHA, 2023) cases have been detected in the UK and Norway
(Buckle, 2013). This increasing resistance is an enormous prob-

lem. It is accelerated by the overuse of AR and by the misuse
of compounds that are stronger than needed. The animals sur-
vive and reproduce, producing young offspring with resistance
(Valverde et al., 2021).

Nocturnal bird of prey as bioindicators of environ-
mental health

In the study of secondary exposure to ARs was necessary
to select species specialization on rodent prey (Lambert et al.,
2007; Ruiz-Suérez et al., 2015). Other important traits are limited
territory distribution, restricted habitat utilization, partial migra-
tion, and lack of preference for mammalian prey (specialization
in small mammals, mainly rodents). Applying these criteria, some
of the most suitable species in Europe to use in these studies
were the Tawny Owl, Barn Owl, Eurasian Eagle Owl, Little Owl, and
Long-Eared Owl (Fig. 1) (Langford et al, 2013).

Fig. 1. From left to right Eurasian eagle owl (Bubo bubo), Barn Owl (Tyto alba)
and Tawny Owl (Strix aluco) (Illustration Andreia Garcés).

There are a few characteristics that make nocturnal birds of
prey excellent sentinels of environmental health, and ecotoxico-
logical research. These include foraging through both terrestrial
and aquatic food webs (small mammals, reptiles and amphib-
ians), being very adaptable to urban and non-urban environ-
ments, occupying high positions in the trophic chain (apex pred-
ators), easy to obtain non-destructive samples such as feathers,
carcasses from accidents, deserted eggs, or blood for analysis
(Badry et al., 2020; 2022).

The Tawny Owl and barn owl are the species that have been
used in both short and long-term monitoring of AR exposure
in Europe (Lopez-Perea and Mateo, 2018). Both species are very
abundant in all European territories and are often victims of traf-
fic collisions, therefore their carcasses are easily available for col-
lection and analysis (Walker et al., 2008). However, Barn owls can
be more restricted than the tawny owl in habitat use, tend to be
found predominantly in agricultural landscapes, and are absent
from parts of Europe, which can be a limitation. The Eurasian ea-

Table 1. List of traits from the different species of owl. Adapted from Badry et al. (2020)

Specie Distribution Diet Habitat Migration Conservation
status
Tawny owl (Strix aluco) Eastern, Northern (except Ireland, Iceland), ~ Small mammals’ insects, Urban habitats, farmland with Resident  Least concern
Y Southern and Western Europe birds patched forest
Eastern, Northern (except Fennoscandia and . . .
Barn owl (Tyto alba) Estonia), Southern, and Western Europe Mainly rodents Urban habitats, farmland Resident  Least Concern
Eurasian eagle owl Eastern, Northern (except UK, Ireland, and Mammals and avian pre Forest patches, agricultural Resident  Least concern
(Bubo bubo) Iceland), southern and Western Europe prey habitats, open habitats
. Eastern, northern (except Fennoscandia, .
Little owl (dthene Ireland, and Estonia), southern, and western Small mammals and inver- Open farmland habitats Resident  Least concern
noctua) . . tebrates
(except alpine regions) Europe
Partial

Eastern, Northern, Southern, and Western
Europe

Long-eared owl (4sio
otus)

Small mammals and birds

Forest patches and agrofor-

migration in Least concern
estry

Fennoscandia
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gle owl, long-eared owl and little owl are not very used in these
studies, because although they can be exposed to ARs they are
absent from diverse areas (Badry et al., 2020). Some studies have

already shown that some owl populations have been declining
in regions where AR have been used in large quantities (Chris-
tensen et al,, 2012; Newton et al., 1990).

Table 2.1. Anticoagulant rodenticides in nocturnal birds of prey by country, specie, year, sample type, compounds, concentration, and percentage of incidence. (BRD
brodifacoum, BRM bromadiolone, COU coumatetralyl, DIF difenacoum, FLO flocoumafen, WAR warfarin, CHO chlorophacinone, DIP diphacinone)

Percentage of

Country/regions Specie Year Sample Compound Concentration incidence (%) Ref.
. FLO, difethialone, DIF, Langford et al.
Norway Eagle owl (Bubo bubo) 2009-2011 Liver BRM, BRD 11 and 255 ng/g w.w. 50 2013)
_ 1990-1993, 2003- . Walker et al.
Tawny owls (Strix aluco) 2005 Liver DIF, BRM, FLO, BRD >0.1 pg/g wet w.t. 19.2 (2008)
. 0.031 pg/g w.w. to Walker et al.
Barn owls (Tito alba) 2007-2008 Liver DIF, BRM 0.727 e w.w 81 2010)
United
X SHAWYER, 1989;
Kingdom Barn owls (Tyto alba) 1987, 1983, 19889  NA BRD 0.005 ppm NA Stone et al. (1999)
Barn owls (Zyto alba) 2006-2012 Liver BRM, DIF, BRD >100 ng/g w. w. 71 Shore et al. (2019)
. 0.005-0.0106 ng/g w.w., Newton et al.
Barn owls (Tyto alba) 1983-1989 liver DIF, BRD 0.019-0.515 /g w.w., 10 (1990)
Tawny owls (Strix aluco) ~ 1987-2005 Liver  DIF, BRM, FLO, BRD NA 18.5 Wagggg al.
. BRD, BRM, COU, DIF, Hughes et al.
Scotland Barn owls (Tyto alba) 2000-2010 Liver FLO. WAR, CHO. DIP 0.048mg/kg 349 2013)
o . BRD, BRM, COU, DIF, Hughes et al.
Tawny owls (Strix aluco) 2000-2010 Liver FLO, WAR, CHO. DIP 0.029mg/kg 382 2013)
Tawny owls (Strix aluco) ~ 2005-2010 Liver BRD, BRM 0.028 and 0.008 pgfg 38.7 Sénchez-Barbudo
W.W. etal. (2012)
Eagle owl (Bubo bubo) 2005-2010 Liver BRD, BRM, FLO 116, 0-004 and 0.011 387 Sénchez-Barbudo
ng/g w.w., etal. (2012)
. . Sanchez-Barbudo
Little Owl (Athena noctua) 2005-2010 Liver DIF 0.056 pg/g w.w., 38.7 et al. (2012)
Eagle owl (Bubo bubo) 2007-2016 Liver BRM, DIF, FLO 279 nglg w.w. 63 L"pez(’zpoelrg? etal.
Little Owl (Athena noctua) ~ 2007-2016 Liver BRM, DIF, FLO 56 ng/g w.w. 100 L"pez('nglrg‘)’ etal.
Barn owls (Tito alba) 2007-2016 Liver BRM, DIF, FLO 53 ng/g w.w. 60 L"pez('zPOelrgi‘ etal.
Spain S ’
Scopus owl (Otus scops) ~ 2011-2013 Liver  BRM, DIF, FLO, BRD >200 ng/g 14.3 iz (2“3{‘; etar.
Barn owl (Tyto alba) 2011-2013 Liver ~ BRM, DIF, FLO, BRD >200 ng/g 54.5 R“‘Z'(S;gf‘; etal.
Tawny owl (Strix aluco)  2011-2013 Liver  BRM, DIF, FLO, BRD >200 ng/g 77.8 R”‘Z'(Szugg etal.
Eagle owl (Bubo bubo) 2011-2013 Liver ~ BRM, DIF, FLO, BRD >200 ng/g 100 R“‘Z'?zugfz? etal.
Long-eared owl (dsio 20112013 Liver  BRM, DIF, FLO, BRD >200 ng/g 58.3 Ruiz-Sudrez ef al.
otus) (2015)
Little owl (Athene noctua) ~ 2011-2013 Liver ~ BRM, DIF, FLO, BRD >200 ng/g 714 R“‘Z'?;gg etal.
Short eared owl (4sio 2009-2012 Liver  BRM, BRD, DIF, CHO 77.2,15.8,2.9,0.5 pg/g 73.9 Ruiz-Suarez et al.
Canary Islands, Slammeus) W.W., (2015)
Spain i7-Su
P Barn owls (Tito alba) 2009-2012 Liver  BRM, BRD, DIF, CHo 08 12:3,126,12 Ruiz-Sudrez et al.
ng/g w.w. (2015)
. Ruiz-Suarez et al.
Scops owl (Otus scops 2011-2013 Liver BRM, DIF, BRD >200 ng/, 57.7
Majorca Island, P ( Ps) ge (2015)
Spain i7-Su4
P Barn owls (Tito alba) 2011-2013 Liver BRM, DIF, BRD >200 ng/g 84.2 Ruiz ?zugf‘; etal.
Tawny owls (Strix aluco) 2013-2019 Liver BRM, DIF, BRD 12,0.2,26.3 ng/g w. w. NA Peetris, 2019)
Eagle owl (Bubo bubo) 2013-2019 Liver BRM, DIF, BRD 7.6,0.7,4.2 ng/g w. w. NA Peetris, 2019)
Estonian N | .
Short cared owl (dsio 2013-2019 Liver BRM, BRD 14.2, 13.5 ng/g w. w. NA Peetris, 2019)
flammeus)
Ural owl (Strix uralensis) 2013-2019 Liver BRM, DIF, BRD 39.5,0.3, 6.4 ng/g w. w. NA Peetris, 2019)
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Table 2.2. Anticoagulant rodenticides in nocturnal birds of prey by country, specie, year, sample type, compounds, concentration, and percentage of incidence. (BRD
brodifacoum, BRM bromadiolone, COU coumatetralyl, DIF difenacoum, FLO flocoumafen, WAR warfarin, CHO chlorophacinone, DIP diphacinone)

Percentage of

Country/regions Specie Year Sample Compound Concentration incidence (%) Ref.
Barn owl (Tyto . BRD, BRM, COU, Christensen ef al.
alba) 2000-2009 Liver DIF, FLO 71 ng/g w.w. 94 2012)
Eagle owl (Bubo . BRD, BRM, COU, Christensen et al.
bubo) 2000-2009 Liver DIF, FLO 241 ng/g w.w. 100 (2012)
Little owl (Athena . BRD, BRM, COU, Christensen et al.,
noctua) 2000-2009 Liver DIF, FLO 39.0 ng/g w.w. 100 (2012)
Denmark L d owl BRD, BRM, COU Chri /
ong-eared ow : . , , , ristensen et al.,
(sio otus) 2000-2009 Liver DIF, FLO 13.5 ng/g w.w. 95 (2012)
Short-eared owl . BRD, BRM, COU, Christensen et al.
(Asio flammeus) 2000-2009 Liver DIF, FLO 18.0 ng/g w.w. 100 (2012)
Tawny owls (Strix . BRD, BRM, COU, Christensen et al.
aluco) 2000-2009 Liver DIF, FLO, 39.0 ng/g w.w. 93 (2012)
Barn owls (Tyto . 10.08 ug/g and < Lambert et al.
alba) 2003 Liver BRM, DIF 0.25 ugle NA 2007)
France T Is (S 10.08 ug/g and Lamb /
awny owls (Strix . .08 ug/g and < ambert et al.
aliuco) 2003 Liver BRM, DIF 0.25 ugle NA (2007)
Portugal Barn ‘;‘;Vbl: (Tyro 2015-2016 Liver BRM, DIF NA 71,5 Marques (2017)
Barn owls (7yto . Eadsforth et al.
Ireland alba) 1988-1989 Pellets BRD, DIF, FLO  0.01-0-02 mg kg 97 (1991
Eagle owl (Bubo . COU, DIF, BRD, Koivisto et al.
bubo) 2004-2014 Liver BRM. FLO >1 pg/kg 82 (2018)
Finland T Is (S COU, DIF, BRD Koivi l
awny owls (Strix } . s R N oivisto et al.
aluco) 2004-2014 Liver BRM. FLO >1 pg/kg 82 (2018)
Barn owls (Tito . BRD, BRM, DIF, . .
Germany alba 2011-2013 Pellet, liver FLO, COU, WAR. NA 1 pellet, 55 liver  Elliott et al. (2014)
Secondary anticoagulant rodenticide intoxica- )
tions in birds Tt - | Target tick
1 Rodent 6
Rodents can survive for several days (generally 2-4 days) after l l 3
consuming a lethal dose of ARs and often will continue feeding 6
on the bait for several days (Thomas et al, 2011). During this Breskiar vertebrate Soil

period the rodents remain active and can be captured by preda
tors. They can have erratic behaviors, such as spending more time
in open areas in a lethargic state or reduced censorial capacity,
which predisposes them to predation (Thomas et al., 2011; Ruiz-
Suérez et al., 2015;). During the period when rodents feed baits
they consume up to 8-10 times the LD50 of the products used
(Ruiz-Suérez et al.,, 2015), therefore they can have a concentration
in their body that exceeds the LD50 or even LD100 dose (Thom-
as et al, 2011; Langford et al., 2013). A rodent can also ingest
a sub-lethal dose and may carry the toxic in its liver for several
months (Ruiz-Suarez et al., 2015).

Nocturnal raptors can feed on rodents poisoned with ARs but
also feed on granivorous birds that sometimes have accidentally
ingested cereal baits When raptors consume this poisoned prey
ARs residues accumulate in the tissues and in many cases, this ex-
posure can lead the birds to secondary poisoning that can make
them weaken or even lead to death (Ruiz-Suarez et al, 2015).
Figures 2 and 3 represent a conceptual model of ecotoxicology
in rodents (Dodds-Smith et al., 1992). Secondary poisoning can
occur via target and non-target small mammals. The main target
species of AR applications in Europe are Rattus norvegicus and
Mus musculus (Geduhn et al., 2015). Studies in Barn Owls show
that it takes 6 to 17 days to die after consuming 3 mice contain-
ing the poison Brodifacoum (van den Brink et al., 2018a). In birds,
ARs can bind and inhibit vitamin K epoxide reductase and can
persist for at least six months in organs and tissues containing
this enzyme such as the liver (Thomas et al.,, 2011).
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Fig. 2. Conceptual model of ecotoxicology in rodents. 1 — Primary ingestion of
bait by tar-get rodents; 2 — Mortality due to the primary and secondary poisoning
of target and non-target individuals; 3 — Carcasses ingestion by vertebrate scav-
engers; 4 — Predation of target and non-target vertebrates; 5 — Primary ingestion
of bait by non-target rodents; 6 — Xenobiotic transference from the carcasses to
the soil.

Non Target specie

Primary Poisoning

Secondary Poisoning

Fig.3. Conceptual model of ecotoxicology in rodents and nocturnal birds of prey
(Illustration Andreia Garcés)..
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Anticoagulant rodenticide consequences in birds

In birds, it is possible to observe clinical signals and macro/
microscopic lesions associated with secondary poisoning by ARs.
The severity of these signs is dose-dependent, and they can only
appear a few days or weeks following AR exposure (van den Brink
et al, 2018).

Macroscopic lesions

Some of the lesions observed in poisoned birds are bruising,
haemorrhage (e.g., skin, alimentary tract, peritoneal cavity, kid-
ney, liver), blood loss from the oral cavity, nares, cloaca, and tal-
ons, and blood in scat (Fig. 4) (van den Brink et al., 2018). Bleeding
can also occur in the body cavity, under the skin, or in muscles.

Haemorrhages often extend over a considerable area of
the bird's body, for example along the entirety of the pectoral
muscles, or across the abdominal wall. Importantly, these hae-
morrhages occur without simultaneous signs of trauma such as
fractured bones or lacerations (Fig. 4) (van den Brink et al., 2018).

_ - O b
Fig. 4. Haemorrhages in the gastrointestinal tract (upper image) and oral cavity

of birds and haemorrhages in the pectoral muscle of birds (down image) (Author
Andreia Garcés).

- —

It isimportant to distinguish traumatic bruising from haemor-
rhage from AR toxicosis. In case of trauma the localized bruising
is associated with injury, but generally will not be accompanied
by severe pallor of internal organs. When occurs AR toxicosis is
possible to observe extensive bruising over multiple regions of
the body, no associated fractures, a large amount of blood loss
associated with small wounds, a large amount of blood in the
body cavity, and pallor of internal organs (van den Brink et al,
2018).

Severe haemorrhage and hypovolemic shock lead to de-
pressed mentation (lethargy, quiet behaviour, closing of the
eyes, unresponsiveness), weakness, and pallor of the mucous
membranes (Fig. 5). These are the most clinical signs observed in
AR-intoxicated birds, and are caused by decreased oxygen deliv-
ery to tissue, decreased blood pressure secondary to blood loss,
and peripheral vasoconstriction. Therefore, is very common for
animals to exhibit decreased hematocrit (Hct - packed cell vol-
ume) clinically classified as anaemia due to blood loss (Brough-
ton et al., 2022). The Hct is often less than 20% (normal values
are between 35-45%), and there have been cases where was ob-
served as low as 6% (Colvin and Hegdal, 1988; Gray et al., 1994;

van den Brink et al., 2018).

£ \‘\,‘ ..,.f‘
}* k)

Fig. 5. The pallor of the muscles and mucous membranes (Author Andreia
Garcés).

Death due to AR intoxication may result from exsanguina-
tion or hypoxia and multi-organ failure. The presence of blood in
large quantities in or around critical organs (e.g., the brain, heart,
and lungs) can also lead to the appearance of clinical signs and
death (Geduhn et al., 2015; van den Brink et al., 2018).

Microscopic lesions

Histological observations alone cannot provide a final diag-
nosis of AR intoxication (van den Brink et al,, 2018). It is possible
to observe haemorrhage in multiple tissues (heart, lung, kidney,
liver and skeletal muscle), and hypoxic damage to organs. In
some cases, tissue necrosis has been reported (van den Brink et
al., 2018; Gomez et al., 2021) (Fig. 6).

Fig. 6. Haemorrhages in the liver and lung of birds (left to right) (Author Andreia
Garcés).

Sublethal effects

Exposure to ARs by nocturnal birds of prey in most cases
is not sufficient to kill the animals immediately but can cause
sub-lethal effects that may impair the fitness of individuals. An-
orexia, lethargy, reduced agility, susceptibility to disease, reduced
resilience or tolerance to extreme weather, and wing dropping
are common to observe. The animals also can present an increase
in the coagulation time measured (i.e., thrombin time, prothrom-
bin time, activated partial thromboplastin time) (van den Brink et
al., 2018; Lépez-Perea and Mateo, 2018).

Sub-lethal adverse effects of AR poisoning may occur not
only at the individual level but may also disturb population dy-
namics. For example, reproduction can be affected. Studies have
shown evidence of adverse effects of compounds such as ARs on
the breeding success of secondary poisoning animals (van den
Brink et al.,, 2018; Gabriel et al, 2018; Newton et al., 1990). Also,
there is the risk of maternal transfer of ARs to the progeny (van
den Brink et al.,, 2018). Some effects also may manifest on a mo-
lecular and cellular level, as vitamin K is needed for genetic pro-
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cesses including RNA transcription and xenobiotic metabolism
(Gomez et al., 2021).

Research studies on anticoagulant rodenticides
in nocturnal birds of prey

The initial search identified 1100 articles from the databases
- MEDLINE, Web of Science, ResearchGate, and Google Scholar.
In the first showing of all abstracts, 800 articles were excluded,
remaining 300. Of these 75 were repeated and were excluded.
To the remaining 225 articles, a primary exclusion filter was ap-
plied: 101 were excluded due to geography (out of Europe), and
three due to language. With secondary exclusion filters screening
to full-review the articles: 98 were excluded since were not per-
formed in wild animals and 4 were no open-access full articles (it
was not possible to consult methods and results). Therefore, 19
articles were identified for a full review of the Systematic Review
(Fig. 7) (Page et al,, 2021) and are summarized in Table 2.

"rodenticides”, "birds of prey", “nocturnal birds of prey”, “poisoning”, “owls”,
“anticoagulantrodenticides”, “AR”, “One Health”, “Europe”, and “bioindicator”

Search

Plataforms search Pubmed MEDLINE  Web of Science ResearchGate Google Scholar
(n=1100) @211)  (n=50) (n=205) (n=156) (n=178)
Pair comparison 300 article included
(exclusion of repetitions) (n=75 repetition)
O /5 Based geography Language
2
1° exclusion filter (ne101) n=3)
[ ; J
[ |
2 exclusion filter Not performed wild animals No openacess
(n=98) (n=4)

[ J
\
19 articles included
in Review

Eligible studies

Fig. 7. Flow diagram of data collection for the review.

Species and spatial distribution

The main species where the studies were performed were:
31% (n=14) Barn owls (Tyto alba), 18% (n=8) Eagle owl (Bubo
bubo), 18% (n=8) Tawny owls (Strix aluco), 7% (n=3) Little Owl
(Athena noctua), 7% (n=3) Short-eared owl (Asio flammeus), 5%
(n=2) Scopus owl (Otus scops), 5% (n=2) Long-eared owl (Asio
otus), and 2% (n=1) Ural owl (Strix uralensis).

The countries where the studies were performed: 36% (n=16)
Spain, 18% (n=8) United Kingdom, 14% (n=6) Denmark, 9% (n=4)
Estonian, 5% (n=2) France, 5% (n=2) Finland, 2% (n=1) Portugal,
2% (n=1), Ireland, 2% (n=1) Norway, 2% (n=1) Germany (Fig. 8).

Compounds, type samples and concentrations

Almost every study was performed in the liver of dead ani-
mals, except that were performed in pellets of owls. The majority
of samples where the compounds were analysed were liver. The
most common compounds observed were brodifacoum, bro-
madiolone, coumatetralyl, difenacoum, and flocoumafen, a sec-
ond-generation anticoagulant rodenticide (Table 2).

Effect of anticoagulant rodenticides on nocturnal birds of prey

In overall research about the issue, this appears to be the
first systemic review on AR in wild nocturnal birds in Europe. The
available bibliography appears scarce source and disperse on this
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subject, although there is a great interest in AR in non-target
animals (Eadsforth et al,, 1991; Dodds-Smith et al., 1992; Hadler
and Buckle, 1992; Horak et al., 2018; Hughes et al., 2013; Koivisto
et al., 2018). In the late 1970s, the first deaths associated with sec-
ondary poisoning by AR were reported in owls and other animals
(Hohenberger et al., 2022).

The majority of the studies were performed on Barn owls
(31%) (Gray et al., 1994; Fajardo, 2001; Shore et al, 2019). This
species can be considered one of the best bio-indicators regard-
ing toxicological studies on AR due to their preference for ro-
dents, large distribution and limited migration habits (Newton et
al., 1994; Salim et al., 2014).

The main compounds observed were brodifacoum, broma-
diolone, coumatetralyl, DIF difenacoum, flocoumafen, warfa-
rin, chlorophacinone, and diphacinone, from these, only warfa-
rin and chlorophacinone are belong to the first-generation AR
(Watt et al., 2005). This phenomenon was expected since the
most used in the latest years have been secondary generation
AR (Martinez-Padilla et al,, 2017) which is more potent because
rodents had acquired resistance to the first generation (Huang et
al, 2022). The problem with second-generation AR is that they
are more lethal to rodents but also have a higher risk of second-
ary poisoning for non-target species such as nocturnal birds or
scavengers (Gabriel et al., 2018; Oliva-Vidal et al., 2022). The more
potent AR can remain in the rodent’s bodies for longer periods
and accumulate, and therefore predators that consume these
poisoned rodents will ingest higher amounts of AR and have a
higher risk of developing poisoning symptoms (Watt et al., 2005;
Hohenberger et al., 2022).

In these animals would be important the establishment of
AR hepatic residue levels is associated with toxicity and lethality.
Newton et al. (1999) suggested that the toxicity limits would be
between 100-200 ng/g (w.w.) in the liver (Newton et al., 1990).
Unfortunately, the sensitivity varies among species and individu-
als (Lopez and Mur-cia, 2008). According to some studies, some
species like the Great Horned Owl (Bubo virginianus) have a 5%
probability of exhibiting clinical signs of toxicosis with AR liver
residues of 20 ng/g (w.w.). In Eastern Screech Owls (Megascops
asio) signs of coagulopathy were associated with liver diphaci-
none levels exceeding 100 ng/g (w.w.) (Lopez and Mdrcia, 2008).
Some studies also suggest that older birds may be more at risk
due to bioaccumulation (Elliott et al., 2014).

In addition to secondary poisoning, AR can have other effects
on the population that are difficult to measure. The use of AR can
increase the risk of pathogen infection among wildlife. Rodents
that ingest ARs are weaker and have immune suppression, and
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therefore are more susceptible to being infected with zoonotic
pathogens such as Leptospira spp., Salmonella spp., and Hanta-
virus, among others. The rodents can pass these diseases to their
predators/scavengers, but also transmit them to humans, leading
to public health issues (Murray and Sanchez, 2021). Animals that
have been poisoned, even in sublethal doses, also can be more
susceptible to parasites infections and other diseases (Lemus et
al., 2011)

For an AR to be authorized the product should be effective
and have no effects on human health, animal health, and the en-
vironment (ECHA, 2023). According to Articles 5 and 19 of the
BPR (Biocidal Products Regulation 528/2012) the baits containing
ARs should have a lethal effect on the target organisms, not lead
to the development of resistance, not be toxic, bioaccumulating,
persistent, carcinogenic, mutagenic, or an endocrine disruptor,
and always, if possible, to be formulated in the form of bait (Ho-
henberger et al., 2022; Watt et al, 2005). An eco-friendlier and
more species-specific chemical alternative should be developed
in the future, particularly when used in areas where threatened
species inhabit (Lohr, 2018). In the future, these substances
should be improved. Some of the improvements are for example:
being designed specifically for the target organisms to avoid pri-
mary and secondary poisoning of non-target species, not leading
to bait inhibition, knowing the action mode of the compound,
killing humanely, economically efficiently, and having an antidote
in case of accidental poisoning (Hohenberger et al., 2022)

Conclusion

Anticoagulant rodenticides have negative impacts on noctur-
nal birds of prey all around Europe. Although many studies have
been performed there is information that is still missing regard-
ing the impact of AR on the birds’ populations. Population-level
effects were to occur, and the impact on the ecosystem functions
and services provided by raptors. The increased use and overuse
of AR is a great problem in some regions particularly because
rodents can become immune to their effect and bioaccumulate
these compounds in their tissues, leading to the death or low
performance of their predators. To the authors’ knowledge, this
is the first review on AR intoxication in free-living nocturnal birds
of prey performed. Further research is needed to understand
the connection between AR exposure and changes in popula-
tion growth, survival rate, and reproductive success. Also, more
studies are necessary for other parts of Europe to comprehend
what measures can be implemented to help these populations
and find new alternatives to AR.
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