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What Do We Need to Know to Assess Individual and Population-level
Effects on Wildlife from Anticoagulant Rodenticides?

Niamh Quinn

University of California, Agriculture and Natural Resources, South Coast Research & Extension Center, Irvine,
California

Catherine E. Swift

Liphatech Inc., Milwaukee, Wisconsin

ABSTRACT: Anticoagulant rodenticides have been detected in many species of wildlife worldwide; yet the origins, exposure
pathways, and effects of this exposure are not well understood. Furthermore, to accurately characterize the risks from rodenticide use,
information is needed on what proportion of populations are being exposed, what proportion of the exposed individuals are affected,
and in what ways. The relationship between anticoagulant rodenticide concentrations found in wildlife and the rate of mortality or
illness is the subject of much current research. Residue levels observed in liver and whole body analyses vary, and overlap extensively
among apparently healthy asymptomatic individuals and sublethal and lethal cases. Results from laboratory studies also show there
can be wide variability in lethal and sublethal effects among and within taxonomic groups. Correlating the sublethal and reproductive
effects observed in laboratory studies with realistic exposure scenarios and effects in the wild is needed to improve risk assessments.
For species with limited numbers/declining populations, a critical question is whether the rodenticide exposure documented in
individual animals inhibit population growth or contribute to population declines by lowering survival and reproductive success. This
information is essential to the regulatory agencies that must weigh the risks and benefits of rodenticide uses and identify restrictions
that are effective in reducing risks to wildlife. A primary objective of this symposium was to facilitate communication between
regulators and researchers. Current research on many of these topics was presented, and was followed by discussions on how to
improve our understanding of what factors lead to wildlife exposure and improve our ability to assess the effects of exposure on
individuals and populations. A collaborative approach will be developed to design studies that provide regulatory and wildlife

management agencies with additional science on which to base their decisions.
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INTRODUCTION

Anticoagulant rodenticides are widely used, toxic to a
broad range of taxa, and are persistent in many organisms.
A symposium on nontarget mortality and the
environmental fate of rodenticides was held at the 24™
Vertebrate Pest Conference in 2010 (Eisemann et al.
2010). Presenters assessed the risks from conservation and
agricultural rodenticide uses, examined specific incidents
of nontarget mortality, and discussed measures and
policies that could reduce the risk of nontarget exposure.
Since then, despite mitigation measures implemented by
the EPA and the State of California to reduce exposure,
much of the current research on the environmental effects
of rodenticides has continued to document its occurrence
in wildlife. The lack of effectiveness of mitigation
measures shows the need for more information on how
exposure occurs. Furthermore, existing methods for
conducting risk assessments for the anticoagulant
rodenticides have been inadequate at predicting the
occurrence of physiological effects in individuals in wild
populations. Speakers for the 28" Vertebrate Pest
Conference’s Symposium “Anticoagulant Residues in
Wildlife” were selected to provide an update and overview
of this topic. Papers were grouped into three lines of
inquiry:

1. Presence/prevalence of anticoagulant rodenticides

n wildlife;
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2. Pathways of anticoagulant rodenticide exposure in
wildlife;
3. The impacts of rodenticide exposure on wildlife.

The presentation of multiple papers within these
subject areas provided a broader context within which to
evaluate the information from each study. The ranges of
approaches and methods used how data differed or were in
agreement, and the conclusions drawn, improved
understanding of the issues while also reinforcing the need
to accelerate progress in identifying and addressing
knowledge gaps. This paper briefly summarizes the
Symposium’s presentations and some relevant literature.
The papers themselves should be read, and van den Brink
et al. (2018) is the definitive compendium for essential
background knowledge for the Symposium.

Presence/Prevalence of Anticoagulant Rodenticides in
Wildlife

Awareness of hazards to nontarget wildlife from
anticoagulant rodenticides emerged in the 1970s and
1980s (Kaukeinen 1982, Godfrey 1985, Colvin et al.
1988). Subsequent studies largely focused on document-
ing exposure (Eason and Spurr 1995, Berny 2007, Albert
et al. 2010). Anticoagulant rodenticides have been found
in a broad range of taxa in a number of countries, although
there appears to be a geographic bias, with most studies



being conducted in North America, Europe, and New
Zealand. Nonetheless, wherever people have tested
animals for rodenticide residues, they have found them
(Winters et al. 2010, Sanchez-Barbudo et al. 2012,
Langford et al. 2013). There have been detections of
anticoagulant rodenticides in marine species (Pain et al.
2000, Primus et al. 2005, Pitt et al. 2015), invertebrates
(Spurr and Drew 1999, Bowie and Ross 2006, Elliott et al.
2014) and in reptiles (Pitt et al. 2015, Rueda et al. 2016).
Anticoagulant residues have been detected in a number of
bird species, including raptors (Newton et al. 1990, Stone
et al. 2003, Murray 2011), passerines (Pryde et al. 2013,
Elliott et al. 2014), waterfowl (McMillin and Finlayson
2010), and game birds (Ruder et al. 2011). They have also
been detected in a wide range of mammals. These
detections are not just limited to predators (Shore et al.
1999, Riley et al. 2007); they have also been detected in
insectivorous (Dowding et al. 2010) and herbivorous
mammals (Eason et al. 2001).

The first group of papers in the Symposium presented
information on the presence and prevalence of exposure
by taxa, including raptors (Murray 2018) and other bird
species (Vyas 2018); game animals (McMillin et al. 2018)
and mountain lions (Puma concolor) (Rudd et al. 2018) in
California; and domestic animals and wildlife in France.
Animals sampled included live, injured raptors brought in
to a wildlife clinic (Murray 2018); opportunistically-found
carcasses and nuisance animals taken under depredation
permits submitted to the California Department of Fish
and Wildlife (CDFW) (McMillin et al. 2018, Rudd et al.
2018); carcasses and poison hotline call information
submitted to a national database in France; and a
compilation of data from published incident reports (Vyas
2018). The prevalence of rodenticide exposure ranged
from none in deer (Odocoileus hemionus) in California, to
very high percentages of the individuals tested for
mountain lions in California and raptors in Massachusetts.
Presenters noted the limitations in their methods and how
this impacted their conclusions, particularly when
assessing the effectiveness of regulations in California and
the European Union.

One of the main limitations with interpreting exposure
results is that they must be placed in the context of
populations. By not reporting the number of animals tested
as a proportion of the total population, studies of detections
in individual animals do not provide a population-level
assessment of exposure. Anticoagulant rodenticide
residues are often detected through studies on threatened
or endangered species, charismatic megafauna, or on
spotlight species, especially raptors. These studies are not
random samples of populations; the methods by which
individuals are selected for rodenticide testing introduce
inaccuracies due to multiple and contradictory factors.
Testing only dead and symptomatic individuals, but not
those that appear to be healthy, does not measure the actual
proportion of the population that is exposed. This type of
nonrandom sampling design based on the greater
likelihood of detection of symptomatic individuals also
does not accurately assess the proportion of exposed
animals that are affected by the exposure, because animals
unaffected by exposure are not included at all. If sublethal
effects are present, they may be difficult to detect and

therefore these animals are not selected for testing and are
also not included in the results. Animals that have
succumbed to rodenticide intoxication are also
underrepresented because they may not be discovered.
Carcass detection studies have found that even when
searches are performed on carcasses known to exist (e.g.,
placed by a researcher for study), a percentage will never
be found due to scavenging, location in remote and
maccessible areas, or size or coloration that renders the
carcass inconspicuous (Vyas 1999, Elliott et al. 2008).
Public reporting of wildlife mortalities in general is limited
both by detection of carcasses as well as uncertainty as to
whether the incident should be reported and to whom it
should be reported, procrastination, and indifference
(Vyas 1999).

Exposure Pathways

Detailed information about rodenticide exposure
pathways is essential for designing effective mitigation
measures. Modifications to how rodenticides are applied
are unlikely to be successful at reducing nontarget expo-
sure if it is not understood how rodenticides travel from
the point of application to nontarget species. Studies
examining the initial stages of rodenticide transfer from
known agricultural or commensal application sources
have documented the widespread transfer of rodenticides
into both target and nontarget species in the surrounding
areas (Silberhorn et al. 2003, Tosh et al. 2012, Vyas et al.
2013, Elliott et al. 2014, Geduhn et al. 2014). The bait in
these studies was applied according to legal methods
(except as noted in Tosh et al. 2012), in many cases by the
researchers themselves, yet the rodenticides were still
detected in a wide range of nontarget taxa, from inverte-
brates to small mammals to passerines and raptors. This
clearly demonstrates that the processes by which the
rodenticide travels beyond the point of application are
outside of the control of the applicator. It is therefore not
surprising that mitigation measures based on the assump-
tion that professional applicators will apply rodenticides
more safely (e.g., US EPA 2008, CDPR 2013) have not
resulted in a measurable decline in wildlife exposures.

Wildlife are exposed to anticoagulant rodenticides
through a number of pathways, which vary considerably
in their complexity. Constructing an exposure pathway
requires accurate information about the source of the
rodenticide, each species’ diet and foraging behavior, and
the true prevalence of exposure within the populations.
Rodenticides are applied in agricultural and field sites
(e.g., fallow cropland, around crop borders, in and around
orchards and tree nurseries, rangeland, dikes, parks, and
landscaping); and in commensal sites (in and around
buildings) in urban, suburban, and rural areas. In many
countries, specific active ingredients can only be legally
applied for specific sites, uses, and against particular
species. First generation anticoagulant rodenticides
(FGARs) are mostly used to control field rodents in
agriculture and sites away from human habitation,
whereas the SGARs are limited to application in and
around structures to control commensal rats and mice,
with the exception of bromadiolone, which has field uses
outside of the U.S. The FGARs are also used to control
commensal rodents in and around structures.
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From the point of application, exposure to the
rodenticide can be primary, secondary, tertiary, or at
further levels. Primary exposure is defined as the direct
consumption of the rodenticide; secondary exposure
results from the ingestion of prey that has fed on the
rodenticide; tertiary exposure occurs when an organism
consumes prey that has predated on an organism that has
been exposed, and so on. An individual animal can be
exposed at more than one level and from different
rodenticide sources over a period of time. Residues of
multiple anticoagulant rodenticides, including both
FGARs and SGARs, are often detected in individuals.

For some nontarget wildlife species, there does not
appear to be a connection with the target species and/or the
site or method of bait application. Some primarily exposed
species are not known to enter bait stations, or otherwise
have had no access to bait. Some species that are
secondarily exposed through predation on rodents, or
exposed at the tertiary level or further, such as mesopreda-
tors like coyotes (Canis latrans) or apex predators like
mountain lions, do not prey on the target species, leaving
their route of exposure unknown. The original source(s) of
the rodenticide are often unknown; the nearest known
source may be distant, outside of the species’ habitat,
and/or the individual’s home range (Berny 2007). The
delayed toxicity of anticoagulant rodenticides and their
persistence within tissues can result in contaminated
rodents being found within and adjacent to the treated area
weeks or months after bait application (Sage et al. 2008,
Tosh et al. 2012, Geduhn et al. 2014). After brodifacoum
applications for island eradications of introduced rodent
species, the long half-life of brodifacoum in tissues has
resulted in it cycling through food webs in the ecosystems
for months or years (Ebbert and Burek-Huntington 2010,
Pitt et al. 2015, Rueda et al. 2016, Siers et al. 2016).

One Symposium paper explored aspects of exposure
pathways for raptors: Hindmarch (2018) proposed typical
traits of affected species based on a study of raptors in a
range of habitats in British Columbia. Hindmarch (2018)
also found that exposure pathways vary considerably
among species and habitat type. Both presenters suggested
that invertebrates and avian species could be significant
sources of rodenticide exposure that should be included in
the investigation of exposure pathways. No papers on
mammalian exposure pathways were submitted for the
Symposium.

The few papers submitted on this topic reflect the
difficulty in studying exposure pathways. The methods
employed are indirect and generally involve working
backwards from the exposed species to many potential
application sources within a broad area. Scat analyses for
anticoagulant rodenticides are an example of an indirect
method that provides only limited information due to the
low likelihood of detection of the scats themselves and the
likelihood of misidentification of the depositing species
(Morin et al. 2016). Camera and direct visual observations
of nontarget species’ interactions with bait or the target
species (Vyas 2017, Quinn unpubl. data 2018) provide
clear information at the source of the rodenticide
application that can be used to modify application
methods. Biochemical analytical methods, such as the use
of stable isotopes in custom-marked rodenticide baits,

could be utilized to trace the rodenticide from a point
source through food webs.

A critically important limitation of the current state of
knowledge for exposure pathways is that they are
qualitative, and therefore unable to predict the likelihood
of exposure for individuals, the proportion of a population
that is exposed, and the effect on survivorship or other
demographics as a result of the exposure. New approaches
to detect and quantify the proportion of applied rodenticide
that travels through specific routes to each nontarget
species are urgently needed, along with more emphasis on
developing probabilistic models of exposure and its
effects.

Effects of Anticoagulant Rodenticide Exposure

Rodenticide exposure to wildlife is a multi-faceted
issue that encompasses more than whether an individual
has been exposed. Data on the magnitude of the exposure
and what effect(s) the exposure has are necessary to
evaluate the consequences of the exposure (e.g., Berny
2007). Research in this area has focused on three lines of
inquiry: laboratory studies of toxicity in surrogates
species; correlating the levels of anticoagulant residues in
tissues with specific toxicological endpoints; and identify-
ing effects other than direct mortality. The four final
papers of the Symposium (Horak et al. 2018, Rattner et al.
2018, Serieys 2018) covered these topics.

The toxicity of the anticoagulant compounds has been
assessed in laboratory studies for a small number of
species. These values are of limited utility for determining
the effects of exposure on wildlife because susceptibility
to the anticoagulants varies substantially between
individuals and species (Erickson and Urban 2004). Such
studies have also been criticized for being conducted under
conditions that result in unrealistic toxicity estimates
(Vyas and Rattner 2012). The U.S. Fish and Wildlife
Service has called for a more comprehensive approach to
assessing the effects of pesticides on endangered species
than has been used based on the single toxicological
endpoint of mortality (Golden et al. 2011).

Concurrent with awareness that exposure to nontarget
wildlife was occurring, early research on the effects of
exposure focused on observing symptoms of toxicosis in
laboratory studies to determine the effects of exposure,
including mortality. Raptors and mammals were fed
rodents or other animal tissues containing rodenticides
under controlled conditions, but the dose was not
measured (e.g., Evans and Ward 1967, Savarie et al. 1979,
Mendenhall and Pank 1980). Symptoms documented in
these studies, and in the veterinary and medical literature,
include lethargy, anorexia, ataxia, anemia, lameness or
immobility due to bleeding in the joints, and difficulty
breathing (DuVall et al. 1989, Merola 2002, Spahr et al.
2007, Murray and Tseng 2008, Valchev et al. 2008). Work
by Rattner et al. on captive kestrels (Falco sparverius)
(Rattner et al. 2011) and Eastern screech-owls (Megascops
asio) (Rattner et al. 2012, Rattner et al. 2014a) examined
the pharmacokinetics of first generation anticoagulant
exposure and developed toxicity reference values for a
range of sublethal effects, including coagulopathy and
hemorrhaging. Their most recent research, presented at the
Symposium, investigated the sublethal effects of
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sequential exposures to a FGAR (chlorophacinone) and a
SGAR (brodifacoum).

Exposure to anticoagulant rodenticides is confirmed by
chemical analysis of the liver, other body tissues, blood, or
the whole carcass, for the specific anticoagulant
compound (Vandenbroucke et al. 2008, Rattner et al.
2014b). Given the low concentrations of the rodenticides
in the baits (25 - 50 parts per million (ppm)), residue con-
centrations detected in exposed individuals are at similarly
low levels, or even in the parts per billion level (ppb or
pg/kg) (Erickson and Urban 2004, Dowding et al. 2010).
Rodenticide levels in blood and tissues are determined by
a multitude of factors, including the concentration in the
bait (Kaukeinen 1982, Merson et al. 1984), the amount of
bait consumed, the length of time the individual was
exposed (single feeding or chronic (dietary)), the time
elapsed since the last exposure (Merson et al. 1984), the
half-life of the compound in the specific biological matrix,
and the rate at which an individual metabolizes and
excretes the compound (Erickson and Urban 2004).
Residue values cannot be used to determine the magnitude
of the dose an individual has been exposed to since they
vary widely even between individuals exposed to the same
dose (Fisher 2006, Rattner et al. 2014a). Due to these
factors, residue values from individuals exposed to the
same rodenticide application will vary (Merson et al. 1984,
Primus et al. 2001, Ebbert and Burek-Huntington 2010,
Vyas et al. 2012).

Furthermore, the detection and quantitation of the
anticoagulant rodenticides in biological matrices, such as
blood and liver, may not be comparable between studies.
There is considerable variation in the techniques used to
recover rodenticides from sample matrices, as well as in
the chemical analysis methods used to detect them
(Goldade et al. 1998, Mareck and Koskinen 2007,
Vandenbroucke et al. 2008, Thomas et al. 2011). One
study found that the chemical analysis method could
significantly underestimate the prevalence of SGARs in
wildlife (Dowding et al. 2010). To ensure that effects are
conclusively attributable to rodenticide exposure, other
toxic compounds (e.g., lead, mercury, selenium, organo-
phosphates and other pesticides) and diseases (e.g., West
Nile virus, avian influenza) should be tested for (Berny
and Gaillet 2008, Kelly et al. 2014, Gabriel et al. 2015,
Siers et al. 2016). The importance of conducting a thor-
ough investigation to rule out other causes of mortality was
stressed during the 2010 Symposium (Ebbert and Burek-
Huntington 2010).

Studies attempting to correlate levels of anticoagulant
exposure with effects have reported wide variability in
lethal and sublethal effects among and within taxonomic
groups, and no consistent trend has been identified
(Erickson and Urban 2004, Rattner et al. 2014c, Murray
2017). For example, no correlations between residue level
and mortality or symptoms of toxicosis were found in
several studies on wild raptors environmentally-exposed
to rodenticides (Albert et al. 2010, Murray 2011), whereas
laboratory studies with controlled doses of diphacinone
and chlorophacinone in kestrels did find correlations
between mortality or symptoms of toxicosis and liver
residue levels (Rattner et al. 2011, Rattner et al. 2015). A
probabilistic model using published data of liver SGAR

concentrations from 270 individuals of four raptor species
(barn owl Tyto alba, barred owl Strix varia, great horned
owl Bubo virginianus, and red-tailed hawk Buteo
Jjamaicensis) estimated probabilities of toxicosis as a
function of summed quantities of each anticoagulant liver
residue value, for a total exposure per individual (Thomas
et al. 2011). They found significant differences between
species in the residue values at which symptoms occurred.
When pooling the data from all four species (69 positive
out of the 270 birds), one in twenty birds were predicted to
show signs of toxicosis when liver concentrations were
0.02 mg/kg, and one in five were predicted to show signs
of toxicosis when liver concentrations reached 0.08
mg/kg. Thomas et al. (2011) note that their results are
applicable to the three owl species only. While the
probabilities estimated for specific residue values would
be helpful in analyzing large data sets for these three owl
species, they cannot be used to determine whether an
individual owl with a given residue level succumbed to
SGAR exposure, nor can they be used to conclude that
individuals of other species were fatally exposed.

Because residue concentrations have not been consist-
ently linked to thresholds for which adverse effects are
expected to occur across different species, diagnoses using
these data must be accompanied by full necropsy results
(Berny 2007, Ebbert and Burek-Huntington 2010, Murray
2011). The lethal effects of exposure to anticoagulant
rodenticides can often be confirmed by symptoms in
necropsy. They generally include evidence of extensive
hemorrhage (subcutaneous, intramuscular, pulmonary,
visceral, or intracoelomic hemorrhage, pallor of internal
organs) without concurrent evidence of corresponding
severe trauma (such as fractures, wounds, or ocular injury)
(Murray 2011). In individuals with no obvious symptoms,
histological examination can detect microhemorrhages
(Rattner et al. 2011).

Sublethal effects of anticoagulant exposure other than
coagulopathy and hemorrhaging are more difficult to
document in wildlife. Sublethal effects observed in labor-
atory and clinical settings include anorexia, impaired
mobility, and difficulty thermoregulating (Savarie et al.
1979, Swift 1998, Murray 2011, Vyas et al. 2014, Rattner
and Mastrota 2018). Similar measures for confirmation of
anticoagulant rodenticide exposure as the cause of mortal-
ity should be undertaken to confirm anticoagulant
rodenticide exposure as the cause of a sublethal effect in
sick individuals. The presence of an anticoagulant rodent-
icide in the blood or tissues is not conclusive, and other
causes, such as pathogens, other pesticides and anthropo-
genic contaminants should be tested for.

Few studies have examined physiological effects not
directly related to impaired blood clotting. Data from a
wild population of bobcats (Lynx rufiss) was used to
identify the mechanisms by which anticoagulants could
interfere with various aspects of immune-system function
(Serieys et al. 2018) and gene expression (Fraser et al.
2018). However, researchers were unable to produce
immunosuppressant effects in domestic cats (Felis catus)
in a laboratory study with brodifacoum (Kopanke et al.
2018). The inconsistent findings and conclusions from this
group of studies highlight the need for significantly more
research in this area.
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Documentation of the reproductive effects of exposure
to anticoagulant rodenticides is rare (Munday and
Thompson 2003, Rady et al. 2013). A study of barn owls
(T’ alba javanica) foraging in Malaysian oil palm plots
treated with bromadiolone or chlorophacinone observed
no effects (Salim et al. 2014). No significant difference in
eggshell thickness was found between birds that foraged
in the treated plots and those from untreated plots, despite
detectable levels of the compounds in the eggs. Similarly,
reproductive effects from sublethal exposure to antico-
agulant rodenticides are difficult to determine in labora-
tory studies. Mineau et al. (2005) provides an extensive
critique of why the standard laboratory reproductive
toxicity tests with captive mallard and bobwhite are not
likely to accurately assess the effects of pesticide exposure
on wild birds.

Differences in the pharmacokinetic properties of
stereoisomers of the SGARs could provide insights into
the mechanisms by which ARs cause toxicity. In
laboratory studies with rats, the diastereoisomers of each
compound have different affinities for binding in the liver,
resulting in differences in their liver half-lives. However,
the toxicity of the stereoisomers to nontarget species,
especially birds, has not yet been evaluated. These
preliminary findings have significant implications. If the
toxicity is lower for nontarget species, and if the
stereoisomers with the lower liver persistence can be
produced in greater proportions, the ecotoxicity of the
SGARs potentially could be reduced.

CONCLUSIONS
What Are Priorities for Rodenticide Residue
Research?

The Symposium illustrates the benefits from the
approach of examining a number of studies together and
synthesizing the conclusions. By evaluating the three main
components of the issue of rodenticide residues in wildlife
grouped together, common themes were apparent and a
clear path forward of needed research emerged.

These questions recurred through many of the
presentations and/or were noted as important during the
subsequent discussion:

1. What proportion of a population is being sampled?

2. What proportions of exposed individuals are

compromised?

3. How are primarily exposed nontarget species

accessing rodenticide baits?

4. How are predators/scavengers being exposed

when their diets don’t include the target species?

5. How do we identify source locations (point of

application)?

6. How do we apply toxicity results from small
groups of surrogates in lab studies to wild
populations of different species?

7. How should tissue residue values be interpreted?

8. What are the causal mechanisms linking exposure

to sublethal effects?

9. What can be done to lower the ecotoxicity of the

rodenticides?

As with any stressor on a wildlife species, once
identified the next step is to determine the magnitude of 'its
effect. Data quantifying the rate at which rodenticide

exposure is occurring within populations, and the
proportion of exposed individuals affected, either directly
or indirectly, are needed. Testing dead and moribund
individuals is an inherently biased sampling design since
it only examines a subset of a population while excluding
the living portion. Studies should be designed to ensure
that: all individuals (live, moribund, and dead) within a
population have an equal probability of being selected for
rodenticide and other contaminant testing; their health and
other potential causes of symptoms are assessed; and
sample sizes are robust enough to support statistical
analyses. Since this is more challenging for rare and/or
difficult to detect species, concurrent sampling of more
common surrogate species occupying the same geo-
graphic area could be cautiously used to supplement data
for the rarer species. A direct measure of the effect of the
rodenticide exposure on survivorship and/or reproduction
for each individual sampled must be included and
compared against unexposed individuals within the
population. The results can then be used to calculate the
extent of the exposure and draw conclusions regarding the
impact it is having on the population.

Among the conclusions from the Symposium were that
for particularly important, sensitive and/or rare species,
because of the high degree of variation in exposure and
effects between individuals, species, and even between
populations, as few extrapolations from other species
should be used as possible. Finally, just as the concern over
the development of resistance to the first generation
anticoagulants spurred the development of new
compounds to restore efficacy, the concern over the effects
on wildlife should result in more efforts to develop
rodenticides with lower ecotoxicity.

Other priorities that emerged were research to evaluate
current application practices using quantitative measures
of efficacy, and to use that information to develop best
practices for the use of rodenticides within an Integrated
Pest Management framework.

ACKNOWLEDGEMENTS
The authors would like to acknowledge and thank Patrice Ashfield,
U.S. Fish and Wildlife Service, for facilitating this symposium.

LITERATURE CITED

Albert, C. A., L. K. Wilson, P. Mineau, S. Trudeau, and J. E.
Elliott. 2010. Anticoagulant rodenticides in three owl species
from western Canada, 1988-2003. Archives of
Environmental Contamination and Toxicology 58:451-459.

Berny, P. 2007. Pesticides and the intoxication of wild animals.
Journal of Veterinary Pharmacology and Therapeutics 30:
93-100.

Berny, P., and J-R. Gaillet. 2008. Acute poisoning of red kites
(Milvus milvus) in France: data from the SAGIR network.
Journal of Wildlife Diseases 44:417-426.

Bowie, M. H., and J. G. Ross. 2006. Identification of weta
foraging on brodifacoum bait and the risk of secondary poi-
soning for birds on Quail Island, Canterbury, New Zealand.
New Zealand Journal of Ecology 30(2):219-228.

CDPR. 2013. Initial statement of reasons and public report:
designating second generation anticoagulant rodenticides as
restricted materials. California Department of Pesticide Reg-
ulation, Sacramento, CA.

239



Colvin, B., P. Hegdal, and W. Jackson. 1988. Review of non-
target hazards associated with rodenticide use in the USA.
EPPO Bulletin 18:301-308.

Dowding, C. V., R. F. Shore, A. Worgan, P. J. Baker, and S.
Harris. 2010. Accumulation of anticoagulant rodenticides in
a non-target insectivore, the European hedgehog (Erinaceus
europaeus). Environmental Pollution 158:161-166.

DuVall, M. D., M. J. Murphy, A. C. Ray, and J. C. Reagor. 1989.
Case studies on second-generation anticoagulant rodenticide
toxicities in nontarget species. Journal of Veterinary
Diagnostic Investigation 1:66-68.

Eason, C., and E. Spurr. 1995. Review of the toxicity and impacts
of brodifacoum on non-target wildlife in New Zealand. New
Zealand Journal of Zoology 22:371-379.

Eason, C., G. Wright, L. Milne, and G. Morriss. 2001. Labora-
tory and field studies of brodifacoum residues in relation to
risk of exposure to wildlife and people. Science for Conser-
vation B 177:11-23.

Ebbert, S., and K. Burek-Huntington. 2010. Anticoagulant
residual concentration and poisoning in birds following a
large-scale aerial broadcast of 25-ppm brodifacoum bait for
rat eradication on Rat Island, Alaska. Proceedings of the
Vertebrate Pest Conference 24:153-160.

Eisemann, J. D., C. E. Swift, P. A. Dunlevy, W. C. Pitt, and G.
Witmer. 2010. Regulatory and policy issues around non-
target mortality and environmental fate of rodenticides.
Proceedings of the Vertebrate Pest Conference 24:208-212.

Elliott, J. E., A. L. Birmingham, L. K. Wilson, M. McAdie, S.
Trudeau, and P. Mineau. 2008. Fonofos poisons raptors and
waterfowl several months after granular application. Envi-
ronmental Toxicology and Chemistry 27:452-460.

Elliott, J. E., S. Hindmarch, C. A. Albert, J. Emery, P. Mineau,
and F. Maisonneuve. 2014. Exposure pathways of anticoag-
ulant rodenticides to nontarget wildlife. Environmental
Monitoring and Assessment 186:895-906.

Erickson, W. A., and D. J. Urban. 2004. Potential risks of nine
rodenticides to birds and nontarget mammals: a comparative
approach. U.S. Environmental Protection Agency, Office of
Prevention, Pesticides and Toxic Substances Washington,
D.C.

Evans, J., and A. Ward. 1967. Secondary poisoning associated
with anticoagulant-killed nutria. Journal of the American
Veterinary Medical Association 151:856-861.

Fisher, P. 2006. Persistence of residual diphacinone concentra-
tions in pig tissues following sublethal exposure. DOC
Research & Development Series 249, Department of Conser-
vation, Wellington, New Zealand.

Fraser, D., A. Mouton, L. E. Serieys, S. Cole, S. Carver, S.
Vandewoude, M. Lappin, S. P. Riley, and R. Wayne. 2018.
Genome-wide expression reveals multiple systemic effects
associated with detection of anticoagulant poisons in bobcats
(Lynx rufus). Molecular Ecology 27:1170-1187.

Gabriel, M. W., L. W. Woods, G. M. Wengert, N. Stephenson,
J. M. Higley, C. Thompson, S. M. Matthews, R. A. Sweitzer,
K. Purcell, and R. H. Barrett. 2015. Patterns of natural and
human-caused mortality factors of a rare forest carnivore, the
fisher (Pekania pennanti) in California. PLoS ONE
10(11):e0140640

Geduhn, A., A. Esther, D. Schenke, H. Mattes, and J. Jacob.
2014. Spatial and temporal exposure patterns in non-target
small mammals during brodifacoum rat control. Science of
the Total Environment 496:328-338.

Godfrey, M. E. R. 1985. Non-target and secondary poisoning
hazards of “second generation" anticoagulants. Acta Zoo-
logica Fennica 173:209-212.

Goldade, D. A., T. M. Primus, J. J. Johnston, and D. C. Zapien.
1998. Reversed-phase ion-pair high-performance liquid
chromatographic quantitation of difethialone residues in
whole-body rodents with solid-phase extraction cleanup.
Journal of Agricultural and Food Chemistry 46:504-508.

Golden, N. H., G. Noguchi, K. A. Paul, and D. Buford. 2011.
Consideration of nontraditional endpoints in the assessment
of ecological risk under the Endangered Species Act.
Abstract of papers of the American Chemical Society 242.

Hindmarch, S., and J. E. Elliott. 2018. Ecological factors driving
the uptake of anticoagulant rodenticides in predators.
Proceedings of the Vertebrate Pest Conference 28:250-251.

Horak, K. E., S. N. Bevins, J. Kopanke, E. Musselman, C. Miller,
K. Bennett, C. Olver, and S. VandeWoude. 2018. Effects of
environmentally realistic brodifacoum exposure on feline
immune response. (Abstract). Proceedings of the Vertebrate
Pest Conference 28:248.

Kaukeinen, D. 1982. A review of the secondary poisoning hazard
potential to wildlife from the use of anticoagulant
rodenticides. Proceedings of the Vertebrate Pest Conference
10:151-158.

Kelly, T. R.,R. H. Poppenga, L. A. Woods, Y. Z. Hernandez, W.
M. Boyce, F. J. Samaniego, S. G. Torres, and C. K. Johnson.
2014. Causes of mortality and unintentional poisoning in
predatory and scavenging birds in California. Veterinary
Record Open 1:¢000028.

Kopanke, J. H., K. E. Horak, E. Musselman, C. A. Miller, K.
Bennett, C. S. Olver, S. F. Volker, S. VandeWoude, and S.
N. Bevins. 2018. Effects of low-level brodifacoum exposure
on the feline immune response. Scientific Reports 8, Article
number 8168.

Langford, K. H., M. Reid, and K. V. Thomas. 2013. The occur-
rence of second generation anticoagulant rodenticides in non-
target raptor species in Norway. Science of the Total
Environment 450:205-208.

Marek, L. J., and W. C. Koskinen. 2007. Multiresidue analysis
of seven anticoagulant rodenticides by high-performance
liquid chromatography/electrospray/mass spectrometry. Jour-
nal of Agricultural and Food Chemistry 55:571-576.

McMillin, S. C., and B. F. Finlayson. 2010. Investigation of
chlorophacinone-related goose deaths in Monterey County,
California. Proceedings of the Vertebrate Pest Conference
24:178-180.

Poppenga, R. H.,, S. C. Chandler, and D. L. Clifford. 2018.
Anticoagulant rodenticide residues in game animals in
California. Proceedings of the Vertebrate Pest Conference
28:229-232.

Mendenhall, V., and L. Pank. 1980. Secondary poisoning of owls
by anticoagulant rodenticides. Wildlife Society Bulletin
8:311-315.

Merola, V. 2002. Anticoagulant rodenticides: deadly for pests,
dangerous for pets. Veterinary Medicine 97:716-722.

Merson, M., R. Byers, and D. Kaukeinen. 1984. Residues of the
rodenticide brodifacoum in voles and raptors after orchard
treatment. Journal of Wildlife Management 48:212-216.

Mineau, P., S. Trudeau, L. Knopper, J. Smits, S. Gallagher, J.
Beavers, and J. Jaber. 2005. Consequence in birds of sub-
lethal exposure to second generation anticoagulant rodenti-

240



cides. In Society of Toxicology and Chemistry annual
meeting, Lille, France.

Morin, D. J., S. D. Higdon, J. L. Holub, D. M. Montague, M. L.
Fies, L. P. Waits, and M. J. Kelly. 2016. Bias in carnivore
diet analysis resulting from misclassification of predator
scats based on field identification. Wildlife Society Bulletin
40:669-677.

Munday, J., and L. Thompson. 2003. Brodifacoum toxicosis in
two neonatal puppies. Veterinary Pathology 40:216-219.
Murray, M. 2011. Anticoagulant rodenticide exposure and
toxicosis in four species of birds of prey presented to a
wildlife clinic in Massachusetts, 2006-2010. Journal of Zoo

and Wildlife Medicine 42:88-97.

Murray, M. 2017. Anticoagulant rodenticide exposure and
toxicosis in four species of birds of prey in Massachusetts,
USA, 2012-2016, in relation to use of rodenticides by pest
management professionals. Ecotoxicology 26:1041-1050.

Murray, M. 2018. Monitoring anticoagulant rodenticide
exposure monitoring in birds of prey in the wildlife
rehabilitation setting. Proceedings of the Vertebrate Pest
Conference 28:253-255.

Murray, M., and F. Tseng. 2008. Diagnosis and treatment of
secondary anticoagulant rodenticide toxicosis in a red-tailed
hawk (Buteo jamaicensis). Journal of Avian Medicine and
Surgery 22:41-46.

Newton, L., I. Wyllie, and P. Freestone. 1990. Rodenticides in
British barn owls. Environmental Pollution 68:101-117.
Pain, D. J., M. d. L. Brooke, J. Finnie, and A. Jackson. 2000.
Effects of brodifacoum on the land crab of Ascension Island.

Journal of Wildlife Management 64:380-387.

Pitt, W. C.,, A. R. Berentsen, A. B. Shiels, S. F. Volker, J. D.
Eisemann, A. S. Wegmann, and G. R. Howald. 2015. Non-
target species mortality and the measurement of brodifacoum
rodenticide residues after a rat (Rattus rattus) eradication on
Palmyra Atoll, tropical Pacific. Biological Conservation
185:36-46.

Primus, T., G. Wright, and P. Fisher. 2005. Accidental discharge
of brodifacoum baits in a tidal marine environment: a case
study. Bulletin of Environmental Contamination and
Toxicology 74:913-919.

Primus, T. M., J. D. Eisemann, G. H. Matschke, C. Ramey, and
J. J. Johnston. 2001. Chlorophacinone residues in rangeland
rodents: an assessment of the potential risk of secondary
toxicity to scavengers. Pages 164-180 (Ch. 13) in J. J.
Johnston, editor. Pesticides and wildlife. ACS Symposium
Series 771, American Chemical Society, Washington, D.C.

Pryde, M., G. Pickerell, G. Coats, G. Hill, T. Greene, and E.
Murphy. 2013. Observations of South Island Robins eating
Racumin®, a toxic paste used for rodent control. New Zea-
land Journal of Zoology 40:255-259.

Rady, G., F. El-Mahrouky, H. Abdelnabby, and H. Ahmed.
2013. Sub-lethal and teratogenicity action of bromadiolone
and chlorophacinone anticoagulant rodenticides on albino
rats. American-Eurasian Journal of Toxicological Sciences
5:7-14.

Rattner, B. A., K. E. Horak, R. S. Lazarus, K. M. Eisenreich, C.
U. Meteyer, S. F. Volker, C. M. Campton, J. D. Eisemann,
and J. J. Johnston. 2012. Assessment of toxicity and potential
risk of the anticoagulant rodenticide diphacinone using
Eastern screech-owls (Megascops asio). Ecotoxicology 21:
832-846.

241

Rattner, B. A., K. E. Horak, R. S. Lazarus, D. A. Goldade, and J.
J. Johnston. 2014a. Toxicokinetics and coagulopathy
threshold of the rodenticide diphacinone in eastern screech
owls (Megascops asio). Environmental Toxicology and
Chemistry 33:74-81.

Rattner, B. A., K. E. Horak, R. S. Lazarus, S. L. Schultz, S.
Knowles, B. G. Abbo, and S. F. Volker. 2015. Toxicity
reference values for chlorophacinone and their application
for assessing anticoagulant rodenticide risk to raptors.
Ecotoxicology 24:720-734.

Rattner, B. A., K. E. Horak, S. E. Warner, D. D. Day, C. U.
Meteyer, S. F. Volker, J. D. Eisemann, and J. J. Johnston.
2011. Acute toxicity, histopathology, and coagulopathy in
American kestrels (Falco sparverius) following administra-
tion of the rodenticide diphacinone. Environmental Toxi-
cology and Chemistry 30:1213-1222.

Rattner, B. A., R. S. Lazarus, T. G. Bean K. E. Horak, S. F.
Volker, and J. Lankton. 2018. Potential hazard of sequential
exposure to anticoagulant rodenticides in raptorial birds.
Proceedings of the Vertebrate Pest Conference 28:233-239.

Rattner, B. A.,R. S. Lazarus, J. E. Elliott, R. F. Shore, and N. van
den Brink. 2014b. Adverse outcome pathway and risks of
anticoagulant rodenticides to predatory wildlife. Environ-
mental Science & Technology 48:8433-8445.

Rattner, B. A., R. S. Lazarus, S. L. Schultz, K. E. Horak, B. G.
Abbo, and S. F. Volker. 2014c. Development of dietary-
based toxicity reference values to assess the risk of chloro-
phacinone to non-target raptorial birds. Proceedings of the
Vertebrate Pest Conference 26:347-352.

Rattner, B. A., and F. N. Mastrota. 2018. Anticoagulant
rodenticide toxicity to non-target wildlife under controlled
exposure conditions. Pages 45-86 in N. W. van den Brink, J.
E. Elliott, R. F. Shore, and B. A. Rattner, editors. Anticoagu-
lant rodenticides and wildlife. Springer International
Publishing, Cham, Switzerland.

Riley, S. P., C. Bromley, R. H. Poppenga, F. A. Uzal, L. Whited,
and R. M. Sauvajot. 2007. Anticoagulant exposure and
notoedric mange in bobcats and mountain lions in urban
southern California. Journal of Wildlife Management
71:1874-1884.

Rudd, J. L, S. C. McMillin, J. Marc W. Kenyon, R. H.
Poppenga, and D. L. Clifford. 2018. Prevalence of first-
generation and second-generation rodenticide exposure in
California mountain lions. Proceedings of the Vertebrate Pest
Conference 28:240-243.

Rueda, D., K. J. Campbell, P. Fisher, F. Cunninghame, and J. B.
Ponder. 2016. Biologically significant residual persistence of
brodifacoum in reptiles following invasive rodent
eradication, Galapagos Islands, Ecuador. Conservation
Evidence 13:38.

Ruder, M. G., R. H. Poppenga, J. A. Bryan, M. Bain, J. Pitman,
and M. K. Keel. 2011. Intoxication of nontarget wildlife with
rodenticides in northwestern Kansas. Journal of Wildlife
Diseases 47:212-216.

Sage, M., M. Cceurdassier, R. Defaut, F. Gimbert, P. Berny, and
P. Giraudoux. 2008. Kinetics of bromadiolone in rodent
populations and implications for predators after field control
of the water vole, Arvicola terrestris. Science of the Total
Environment 407:211-222.

Salim, H., H. M. Noor, D. Omar, N. H. Hamid, M. R. Z. Abidin,
A.Kasim, C. S. M. Rawi, and A. H. Ahmad. 2014. Sub-lethal
effects of the anticoagulant rodenticides bromadiolone and



chlorophacinone on breeding performances of the barn owl
(Tyto alba) in oil palm plantations. Slovak Raptor Journal
8:113-122.

Sanchez-Barbudo, I. S., P. R. Camarero, and R. Mateo. 2012.
Primary and secondary poisoning by anticoagulant rodenti-
cides of non-target animals in Spain. Science of the Total
Environment 420:280-288.

Savarie, P., D. Hayes, R. McBride, and J. Roberts. 1979. Efficacy
and safety of diphacinone as a predacide. Pages 69-79 in E.
Kenaga, editor. Avian and mammalian wildlife toxicology.
STP 693, ASTM, Philadelphia, PA.

Serieys, L. E. K., A. J. Lea, M. Epeldegui, T. C. Armenta, J.
Moriarty, S. VandeWoude, S. Carver, J. Foley, R. K. Wayne,
S. P. D. Riley, and C. H. Uittenbogaart. 2018. Urbanization
and anticoagulant poisons promote immune dysfunction in
bobcats. Proceedings of the Royal Society B: Biological
Sciences 285: 20172533.

Serieys, L. E. K., A. Lea, M. Epeldegui, J. Foley, J. G. Moriarty,
S. P. D. Riley, C. H. Uittenbogaart, D. Fraser, A. Mouton,
and R. K. Wayne. 2018. Widespread anticoagulant poison
exposure is linked with immune dysregulation and severe
notoedric mange in urban bobcats. Proceedings of the
Vertebrate Pest Conference 28:244-249.

Shore, R. F., J. D. Birks, and P. Freestone. 1999. Exposure of
non-target vertebrates to second-generation rodenticides in
Britain, with particular reference to the polecat Mustela
putorius. New Zealand Journal of Ecology 23:199-206.

Siers, S. R., A. B. Shiels, D. A. Goldade, S. F. Volker, T. W.
McAuliffe, H. L. Coad, and W. C. Pitt. 2016. Wake Atoll fish
tissue sampling and analysis three years after an island wide
rodenticide application. Unpublished Report QA 2241.
USDA, APHIS, WS, National Wildlife Research Center,
Hilo, HL.

Silberhorn, E., D. Schnabel, and T. Salmon. 2003. Ecological
risk assessment for grain-based field-use anticoagulant ro-
denticides registered by the California Department of Food
and Agriculture for special local needs. Unpublished study,
California Department of Food and Agriculture, Sacramento,
CA.

Spahr, J. E., J. S. Maul, and G. M. Rodgers. 2007. Superwarfarin
poisoning: a report of two cases and review of the literature.
American Journal of Hematology 82:656-660.

Spurr, E., and K. Drew. 1999. Invertebrates feeding on baits used
for vertebrate pest control in New Zealand. New Zealand
Journal of Ecology 23:167-173.

Stone, W., J. Okoniewski, and J. Stedelin. 2003. Anticoagulant
rodenticides and raptors: recent findings from New York,
1998-2001. Bulletin of Environmental Contamination and
Toxicology 70:34-40.

Swift, C. 1998. Laboratory bioassays with wild-caught black and
Polynesian rats to determine minimum amounts of Ramik
Green (0.005% diphacinone) and exposure times for field
broadcast applications in Hawaii. MS thesis, University of
Hawaii, Honolulu.

Thomas, P. J., P. Mineau, R. F. Shore, L. Champoux, P. A.
Martin, L. K. Wilson, G. Fitzgerald, and J. E. Elliott. 2011.
Second generation anticoagulant rodenticides in predatory

birds: probabilistic characterisation of toxic liver concentra-
tions and implications for predatory bird populations in
Canada. Environment International 37:914-920.

Tosh, D. G., R. A. McDonald, S. Bearhop, N. R. Llewellyn, W.
I. Montgomery, and R. F. Shore. 2012. Rodenticide exposure
in wood mouse and house mouse populations on farms and
potential secondary risk to predators. Ecotoxicology
21:1325-1332.

US EPA (U.S. Environmental Protection Agency). 2008. Risk
mitigation decision for ten rodenticides. U.S. EPA, Office of
Prevention, Pesticides and Toxic Substances, Washington,
D.C.

Valchev, 1., R. Binev, V. Yordanova, and Y. Nikolov. 2008.
Anticoagulant rodenticide intoxication in animals—a review.
Turkish Journal of Veterinary and Animal Sciences 32:237-
243.

van den Brink, N. W., J. E. Elliott, R. F. Shore, and B. A. Rattner.
2018. Anticoagulant rodenticides and wildlife: introduction.
Pages 1-9 in N. W. van den Brink, J. E. Elliott, R. F. Shore,
and B. A. Rattner, editors. Springer International Publishing,
Cham, Switzerland.

Vandenbroucke, V., A. Bousquet-Melou, P. De Backer, and S.
Croubels. 2008. Pharmacokinetics of eight anticoagulant
rodenticides in mice after single oral administration. Journal
of Veterinary Pharmacology and Therapeutics 31:437-445.

Vyas, N. B. 1999. Factors influencing estimation of pesticide-
related wildlife mortality. Toxicology and Industrial Health
15:187-192.

Vyas, N. B. 2017. Rodenticide incidents of exposure and adverse
effects on non-raptor birds. Science of the Total Environment
609:68-76.

Vyas, N. B. 2018. Risks and hazards of rodenticide to non-raptor
birds. Abstract. Proceedings of the Vertebrate Pest
Conference 28:260.

Vyas, N. B., C. S. Hulse, C. U. Meteyer, and C. P. Rice. 2013.
Evidence of songbird intoxication from Rozol® application
at a black-tailed prairie dog colony. Journal of Fish and
Wildlife Management 4:97-103.

Vyas, N. B., C. S. Hulse, and C. P. Rice. 2012. Chlorophacinone
residues in mammalian prey at a black-tailed prairie dog
colony. Environmental Toxicology and Chemistry 31:2513-
2516.

Vyas, N. B., J. Lockhart, B. A. Rattner, and F. Kuncir. 2014.
Coagulopathy and survival of red-tailed hawks following
exposure to the anticoagulant rodenticide Rozol®. Abstract
MP043, Society of Environmental Toxicology and
Chemistry - North America, 35" Annual Meeting.

Vyas, N. B., and B. A. Rattner. 2012. Critique on the use of the
standardized avian acute oral toxicity test for first generation
anticoagulant rodenticides. Human and Ecological Risk
Assessment: An International Journal 18:1069-1077.

Winters, A. M., W. K. Rumbeiha, S. R. Winterstein, A. E. Fine,
B. Munkhtsog, and G. J. Hickling. 2010. Residues in
Brandt’s voles (Microtus brandti) exposed to bromadiolone-
impregnated baits in Mongolia. Ecotoxicology and
Environmental Safety 73:1071-1077.

242





