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Interest in the adverse effects of rodenticides on birds has focused primarily on raptors. However, non-raptor
birds are also poisoned (rodenticide exposure resulting in adverse effects including mortality) by rodenticides
through consumption of the rodenticide bait and contaminated prey. A literature search for rodenticide incidents
(evidence of exposure to a rodenticide, adverse effects, or exposure to placebo baits) involving non-raptor birds
returned 641 records spanning the years 1931 to 2016. The incidents included 17 orders, 58 families, and 190
non-raptor bird species. Nineteen anticoagulant and non-anticoagulant rodenticide active ingredientswere asso-
ciatedwith the incidents. The number of incidents and species detectedwere compared by surveillancemethod.
An incident was considered to have been reported through passive surveillance if it was voluntarily reported to
the authoritieswhereas the report of an incident found throughfieldwork thatwas conductedwith the objective
of documenting adverse effects on birds was determined to be from active surveillance. More incidents were re-
ported from passive surveillance thanwith active surveillance but a significantly greater number of species were
detected in proportion to the number of incidents found through active surveillance than with passive surveil-
lance (z = 7.61, p b 0.01). Results suggest that reliance on only one surveillance method can underestimate
the number of incidents that have occurred and the number of species that are affected. Although rodenticides
are used worldwide, incident records were found from only 15 countries. Therefore, awareness of the breadth
of species diversity of non-raptor bird poisonings from rodenticides may increase incident reportings and can
strengthen the predictions of harm characterized by risk assessments.

Published by Elsevier B.V.
1. Introduction

Rodenticides are used worldwide to protect agriculture, human
health, and ecosystems from a variety of mammalian pests (Eason et
al., 2015; United States Environmental Protection Agency, US EPA,
2008). Rodenticides are broad-spectrum vertebrate control agents and
therefore they are also hazardous to birds. Monitoring for rodenticide
exposure and adverse effects on birds has generally focused on raptors
(e.g. Christensen et al., 2012; Gómez-Ramírez et al., 2014; Thomas et
al., 2011; Walker et al., 2015). However non-raptor bird mortalities
have occurred from feeding on rodenticide bait (primary exposure)
and via secondary exposure through consumption of contaminated
prey (Berny et al., 1997; Sánchez-Barbudo et al., 2012; Spurr, 1994;
Vyas et al., 2013). Traditionally, the term ‘incident’ has been defined as
an adverse effect (e.g. http://www.hc-sc.gc.ca/cps-spc/pest/part/
protect-proteger/incident/index-eng.php). Recently, the US EPA ex-
panded this definition to include pesticide exposure or an adverse effect
(https://www.epa.gov/pesticide-incidents/introduction-pesticide-
incidents). Hereafter I use the term ‘incident’ to also include ingestion of
placebo baits that were applied using operational application tech-
niques. Placebo bait trials have been used to predict the risks to non-tar-
get birds that may occur from rodenticide applications (e.g. McClelland,
2002; Sztukowski and Kesler, 2013; Torr, 2002). I included placebo bait
exposures as incidents because the actual hazards to birds following ro-
denticide applications may exceed the risks predicted by the placebo
bait trials and because rodenticide applications may be conducted de-
spite observations of birds feeding on the placebo bait because the
risks are considered to be acceptable with respect to the long-term ben-
efits of the rodenticide application (e.g. Empson and Miskelly, 1999;
McIlroy and Gifford, 1991).

Incident data provide insight into the hazards of rodenticides follow-
ing operational applications. Below I summarize rodenticide incidents
of non-raptor bird species from literature spanning 1931–2016; provide
an overview of the anthropogenic, abiotic, and biotic factors that con-
tribute to rodenticide exposure and poisoning; and discuss the influ-
ence of active and passive surveillance methods on documenting the
incidents. The overall objective of this paper is to increase awareness
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of the breadth of rodenticide exposure and adverse effects to non-raptor
birds. Knowledge that rodenticides are hazardous to non-raptor birds
can benefit their conservation by encouraging conscientious compli-
ance with the rodenticide label; increasing incident reporting by the
public; improving or establishing incident monitoring schemes that in-
clude non-raptor birds; establishing or improving infrastructure for sur-
veillance of non-raptor bird incidents, determination of their causality,
and release of incident records for public access; clarifying routes of ro-
denticide exposure to raptors (Elliott et al., 2016); and by supporting
the predictions of harm characterized by risk assessments.
2. Methods

2.1. Literature search

I used the terms ‘rodenticide’ and ‘bird’ to search the following data-
bases to query literature on rodenticide effects on non-raptor birds: US
Geological Survey's Digital Desktop Library (http://internal.usgs.gov/
library/), United States Department of Agriculture's AGRICultural OnLine
Access (http://agricola.nal.usda.gov/), GreenFILE (greeninfoonline.com),
ScienceDirect (http://www.sciencedirect.com/), IngeniaConnect (http://
www.ingentaconnect.com/), Journal Storage (JSTOR, http://www.jstor.
org/), BioOne (http://www.bioone.org/), Scopus (https://www.scopus.
com/), Web of Science (http://apps.webofknowledge.com/), Google
Scholar (https://scholar.google.com/), United KingdomWildlife Incident
Investigation Scheme reports.

(http://www.hse.gov.uk/pesticides/topics/reducing-
environmental-impact/wildlife/wiis-quarterly-reports.htm; http://
www.hse.gov.uk/pesticides/topics/reducing-environmental-impact/
wildlife/annual-report-pesticide-poisoning-of-animals.htm; https://
www.sasa.gov.uk/animal-poisoning-reports), and the US EPA Incident
Data System records (https://www.epa.gov/pesticide-science-and-
assessing-pesticide-risks/guidance-using-incident-data-evaluating-
listed-and). Awritten request to theUSEPA is required to acquire copies
of individual incidents from its Incident Data System (R. Miller, US EPA,
pers. comm.).

I reviewed all incident records retrieved by my query and discarded
incidents from laboratory experiments (e.g. acute toxicity values in
Godfrey, 1985; Spurr, 1993), duplications of incidents (e.g. an incident
involving Australasian Swamphen (Porphyrio melanotus) is cited as
Veitch, 2002a in Appendix 1, although the incident was also reported
as personal communication in Eason and Spurr, 1995), and unpublished
incidents with the exception of records from the US EPA Incident Data
System. Therefore, the incidents listed in Appendix 1 represent unique
records for free-ranging wild and domesticated non-raptor birds. Fur-
thermore, incidents in non-raptor zoo birds were also included in Ap-
pendix 1 because although these birds were not completely free-
ranging, they did consume rodenticides of their own volition, thus sug-
gesting that wild conspecificsmay also be at risk from rodenticides. The
incident records presented in Appendix 1 range in dates from 1931 to
2016.

Based on the information provided in the incident records, I catego-
rized each record, when possible, by the surveillance method (active or
passive) that initially detected the incident and by the purpose of the
application (human welfare or ecological restoration). I considered an
incident to have been documented using passive surveillance if it was,
at least initially, voluntarily reported to the authorities (ex. public's ser-
endipitous encounters with poisoned birds) and I identified an incident
to be fromactive surveillance if the initial documentation of the incident
was collected through field workwith the objective of documenting ad-
verse effects on birds. I defined field work as planned searches for inci-
dents following operational (e.g. van Klink and Crowell, 2015) or
experimental rodenticide applications (e.g. Ramey and Sterner, 1995)
and systematic interviewswith applicators and landowners aboutwild-
life mortalities they may have observed (e.g. Linsdale, 1931).
Rodenticide applications specifically purposed for habitat and spe-
cies conservation (e.g. (e.g. for eradicating invasive non-target mam-
mals on islands, Eason et al., 2015) were categorized as applications
for ecological restoration. The non-raptor bird incident records that ei-
ther stated or reasonably implied that rodenticide applications were
conducted for human enterprises (e.g. agriculture, see Bildfell et al.,
2013) were considered to be applications for human welfare. In some
cases, operational rodenticide applications were conducted to deter-
mine their risks to birds (e.g. Elliott et al., 2014; McIlroy and Gifford,
1991; Ramey and Sterner, 1995). These applications were considered
to have been conducted for human welfare because although the stud-
ies focused on bird exposure and adverse effects, the applications mim-
icked those that are operationally conducted for humanwelfare and not
for ecological restoration.

2.2. Data analysis

A Spearman's correlationwas run to assess the relationship between
the number of incidents documented and the number of species report-
ed in the incidents from 15 countries (http://www.socscistatistics.com/
tests/spearman/default2.aspx). Two-tailed, two sample z tests for pro-
portions (http://www.socscistatistics.com/tests/ztest/Default2.aspx)
were performed to compare the number of species and the number of
incidents reportedwith respect to the surveillancemethod and the pur-
pose of the application.

3. Results and discussion

3.1. Overview

My query showed that non-raptor birds consumed rodenticide-con-
taining baits, placebo baits, and rodenticide contaminated prey. I found
641 rodenticide incidents involving 17 Orders, 58 Families, and at least
190 non-raptor bird species (taxa of some birds were not specified to
genus and species, ex. duck, Appendix 1). The magnitude of the inci-
dents ranged froma single bird (e.g. Stone et al., 1999) to population de-
clines in areas treatedwith rodenticides (e.g. Apa et al., 1991; Howald et
al., 1999, 2009;McClelland, 2002; Powlesland et al., 2000; Taylor, 1984).
Nineteen anticoagulant and non-anticoagulant rodenticide active ingre-
dients were associated with the incidents (Fig. 1). These rodenticides
are broad-spectrum vertebrate control agents that pose a significant
risk to all bird species.

In 532 incidents, 168 species exhibited overt adverse effects.My tally
for adverse effects included birds thatwere confirmed to have died from
rodenticides (e.g. Vyas et al., 2013), birds that were adequately pre-
sumed by the author to have died from rodenticide exposure (e.g.
Empson and Miskelly, 1999; McClelland, 2002, also see Section 3.5)
and moribund birds. The latter group included birds that ultimately
died (e.g. Blus et al., 1985) and birds that survived because of medical
treatment (e.g. James et al., 1998; Swenson and Bradley, 2013). My
query also returned 94 rodenticide incidents involving 41 species (18
of these species were in addition to the 168 tallied above) where only
the evidence of rodenticide exposure could be confirmed (Appendix
1). These incidents documented non-raptor bird exposures to rodenti-
cides but did not provide evidence of an adverse effect. Incident reports
deemed as exposure included observations of birds feeding on the ro-
denticide bait (e.g. Veitch, 2002b) or poisoned prey (e.g. James et al.,
1990); beak marks on rodenticide stations and blocks (e.g. Taylor and
Thomas, 1993); rodenticide-colored droppings (Vyas et al., 2013); pres-
ence of tracer dye in droppings (e.g. Fellows et al., 1988); rodenticide
residues in live, overtly healthy birds (e.g. Spurr et al., 2015); and roden-
ticide residues in dead birds that were below the threshold levels ex-
pected to cause an adverse effect (e.g. Pitt et al., 2015). Rodenticide
residues were measured in the last two categories but were not report-
ed for all incidents. For example, WIIS only reported the active ingredi-
ent and whether the detected rodenticides could be considered to be
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Fig. 1. Rodenticides involved in non-raptor bird incidents.
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the cause of the incident. For incidentswhere rodenticide residues were
measured, the small rodenticide concentrations or the lack of residues,
in some cases,may be artifacts of rodenticide excretion and degradation
that could have occurred between lethal exposure and mortality
(Record andMarsh, 1988) and between themortality andwhen the car-
cass was collected for analysis (Brown et al., 2007; Eason et al., 2013).
Sublethal rodenticide exposures may also contribute to the small resi-
due concentrations. Sublethal rodenticide exposures have not yet
been linked to direct or indirect adverse effects for non-raptor birds
but studies on sublethal rodenticide exposures on mammals and suble-
thal pesticide exposures on birds have shown that low level pesticide
exposures can increase an animal's susceptibility to various stressors
(e.g. Galindo et al. 1985; Vyas et al., 2017; Zeakes et al., 1981). Therefore,
necropsy of a carcass may suggest a distal cause of death (e.g. starva-
tion), whereas the ultimate cause of the mortality may be rodenticide
exposure. For example, based on post-mortem examinations, the cause
of death of a heron (spp.) and a European Badger (Meles meles) found
in a woodland was determined to be starvation although bromadiolone
and difenacoum residues were confirmed in their livers (WIIS, 2012).
Similarly, starvation was attributed as the cause of death for Little Pen-
guins (Eudyptula minor) with sublethal brodifacoum residues (Fisher et
al., 2011). The analytical detection limits for the incidents categorized as
exposure in Appendix 1 ranged 0.001 μg/g to 0.5 μg/g.

Fifteen placebo rodenticide incidents involving 13 species were
found and four of these species were in addition to the 168 species
above. Twenty-six incident records involving 21 non-raptor bird species
in zoos were found (Table 2). Zoos rely on rodenticides to control verte-
brate pests and although care is taken to protect captive birds from ac-
cidental exposure, birds have been poisoned from feeding on bait
scattered in the exhibits by rodents (Swenson and Bradley, 2013) and
from feeding on rodenticide contaminated prey (in Borst and
Counotte, 2002; Hernandez-Moreno et al., 2013).

3.2. Factors that contribute to non-raptor bird exposure and poisoning

The diversity of the non-raptor bird species exposed to and poisoned
by rodenticides is a reflection of the complex interactions among the an-
thropogenic, abiotic, and biotic components of the ecosystem. In addition
to developing and manufacturing rodenticide products, humans govern
the spatiotemporal availability of rodenticides to birds through pesticide
regulations, education, enforcement (Eason et al., 2015; Statham, 2005;
https://www.epa.gov/endangered-species/anticoagulant-prairie-dog-
bait-risk-mitigation-measures-protect-endangered), and compliance
with the rodenticide label (Olea et al., 2009; Proulx, 2014; Statham,
2005; Tosh et al., 2011; Vyas, 2013). The purpose of the application can
influence its timing and this in turn can affect non-raptor bird exposure.
Often rodenticide applications for ecological restoration are conducted
during the season when the birds are not breeding and many of the
bird species have migrated away in order to minimize non-target expo-
sures (DSEWPaC, 2010). However, some resident species, opportunistic
foragers, and even migrants that are either late in departing or arrive
while the bait is still potent from an earlier application, may be killed
(Dowding et al., 1999; DSEWPaC, 2010; Howald et al., 2009; Salmon et
al., 2010). The timing of rodenticide applications for human welfare (i.e.
agriculture, public health), however, is not dictated by bird biology, and
resident and migratory birds can be exposed and poisoned (e.g. Koenig
and Reynolds, 1987; Vyas et al., 2013).

Rodenticide chemistry dictates its toxicity, mode of action, pharma-
cokinetics (absorption, distribution,metabolism, excretion) and its time
course of toxic events (e.g. in Eason et al., 2002; in Record and Marsh,
1988; in Savarie, 1981). Once a rodenticide is released into the environ-
ment, its chemistry and formulation interact with abiotic factors (e.g.
weather and soil and water chemistry) to affect the rodenticide's distri-
bution andpersistence in the environment (Apa et al., 1991; Booth et al.,
1999; Eason et al., 2000, 2011, 2013; Masuda et al., 2014; McClelland,
2002; Merton et al., 2002; Spurr et al., 2005; US EPA, 1998; van Klink
and Crowell, 2015). Non-raptor bird incidents have been evoked by var-
ious rodenticide formulations includingblocks (Howald et al., 1999), ce-
real based pellets (in Spurr and Powlesland, 1997; Swenson and
Bradley, 2013), pastes and jams (Pryde et al., 2013; Spurr, 2000), liquids
(McIlroy, 1983), powders (https://www.aphis.usda.gov/publications/
wildlife_damage/content/printable_version/fs_m44_device.pdf), carrot
baits (in Morriss et al., 2016; Powlesland et al., 1999) and loose grain
baits (Proulx, 2011; Vyas et al., 2013). Non-raptor bird incidents have
occurred following rodenticide applications above ground (Brown,
1997; Hegdal et al., 1986; Sánchez-Barbudo et al., 2012), below ground
(Apa et al., 1991; Vyas et al., 2013), in bait stations (Pryde et al., 2013;
Taylor, 1984), and in meat (McIlroy, 1983).

Biotic factors that influence rodenticide exposure and poisoning of
non-raptor birds include the species present and their diet, foraging be-
havior, and morphology. Granivorous, invertivorous, carnivorous, and
omnivorous non-raptor bird species that typically or opportunistically
feed on the ground; are inquisitive and readily accept novel foods
(Spurr, 1993; Eason and Spurr, 1995; Howald et al., 1999; Robertson
et al., 1999; van Klink and Crowell, 2015); are habituated to humans
(Empson and Miskelly, 1999); forage over large areas (DSEWPaC,
2010; Koenig and Reynolds, 1987); feed on the target pest (DSEWPaC,
2010; Eason and Spurr, 1995); and/or exploit ephemeral food resources
(Dowding et al., 1999; DSEWPaC, 2010) appear to be at greater risk of
rodenticide exposure and poisoning than other non-raptor bird species
(Eason and Spurr, 1995; Ebbert and Burek-Huntington, 2010; van Klink
and Crowell, 2015). Although non-raptor bird species aremore likely to
feed on rodenticide bait when other food items are scarce (Howald et
al., 1999; Poppenga et al., 2005; Vyas et al., 2013), it is noteworthy
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Table 1
Numbers of rodenticide incidents and non-raptor bird species by country.

Country Incidents Species

Australia 36 27
Canada 18 14
Czechoslovakia 1 1
France 5 5
Germany 5 3
Israel 5 5
Japan 1 1
Mongolia 5 5
New Zealand 138 51
Seychelles 9 9
Spain 15 12
Thailand 2 2
The Netherlands 6 3
United Kingdom 102 21
United States 293 86
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that evenwell fed birds in zoos have been poisoned (Appendix 1). These
incidents suggest that for somewild individuals and species, the risks of
rodenticide exposure due to their inquisitive nature and/or familiarity
to humans may outweigh the protection afforded by sufficient food
availability. Primary exposure through the consumption of rodenticide
baits can result in mortality from the toxicity of the rodenticide's active
ingredient and through gizzard impaction by paraffin, an inert ingredi-
ent used in some block and pellet formulations to improveweatherabil-
ity (Blus et al., 1985). Secondary rodenticide exposure and poisoning of
non-raptor birds has occurred through consumption of contaminated
invertebrate and vertebrate prey. Some examples of rodenticide expo-
sure and poisoning via invertebrates include potential exposure of
Song Sparrows (Melospiza melodia) through carrion insects on
brodifacoum poisoned Norway Rat (Rattus norvegicus) carcasses
(Howald et al., 1999); mortalities of Red-breasted Dotterels (Charadrius
obscurus) that fed on Sandhoppers (Talorchestia spp.) that had con-
sumed brodifacoum pellets (Dowding et al., 2006); mortalities of New
Zealand Robin (Petroica australis) nestlings fed brodifacoum contami-
nated invertebrates (Masuda et al., 2014); mortalities of captive Gray-
cowled Wood-rail (Aramides cajanea) and Black Grouse (Tetrao tetrix)
after feeding on snails that had consumed brodifacoumand difenacoum
bait (Hernandez-Moreno et al., 2013); and poisonings of several non-
raptor bird species in zoos via ants and cockroaches contaminated by
brodifacoum (in Erickson and Urban, 2004). Examples of rodenticide
exposure and poisoning of non-raptor bird species through contaminat-
ed vertebrate prey include observations of corvids (Corvus spp.) and a
California Gull (Larus californicus) feeding on strychnine-killed
Richardson's Ground squirrels (Urocitellus richardsonii) (James et al.,
1990); mortalities of Common Ravens (Corvus corax) that fed on
brodifacoum-poisoned rats (Howald et al., 1999); and mortalities of
seabirds that scavenged on brodifacoum-poisoned European Rabbits
(Oryctolagus cuniculus) (DSEWPaC, 2010).

Birdmorphology can facilitate access to rodenticides. Small birds can
enter bait station boxes (Elliott et al., 2014; Taylor and Thomas, 1993)
and burrow entrances (Vyas et al., 2013) to feed on the rodenticide
bait and invertebrate prey that are attracted to the rodenticide bait
(Craddock, 2003; Dunlevy et al., 2000; Spurr and Drew, 1999). Strong
billed birds can break into bait station boxes to feed on rodenticide
bait (Howald et al., 1999; Taylor and Thomas, 1993). Birds with long
necks can reach the rodenticide in some tube bait stations
(Shivaprasad and Galey, 2001; Taylor, 1984) whereas birds with short
bills that feed on the ground are more likely to be exposed after surface
application of rodenticides (Robertson et al., 1999). However, birds that
probe the ground may also encounter rodenticides that have been ap-
plied into artificial tunnels to control fossorial rodents (Giraudoux et
al., 2006; Hegdal and Gatz, 1976; Pierce and Montgomery, 1992).

3.3. Factors that contribute to documenting incidents

Despite rodenticide use worldwide, my query retrieved non-raptor
bird incidents from only 15 countries and records from the United
States, New Zealand, and The United Kingdom comprised ~83% of the
incidents (Table 1). For the 15 countries, therewas a strong positive cor-
relation between the number of incidents documented and thediversity
of affected species (rs = 0.964, p b 0.001; Table 1). When considering
the results of the correlation analysis with the fact that few or no non-
raptor bird incidents have been reported from themajority of the coun-
tries in the world that use rodenticides, it is reasonable to suggest that
there is a need for increasing the awareness of the hazards of rodenti-
cides to non-raptor birds and for establishing or improving infrastruc-
ture to document the incidents and to make the data publically
accessible. However, socio-economic conditions in some countries
may prevent monitoring for non-raptor birds incidents.

Documentation of incidents from thefield is dependent on detecting
and reporting the incident and confirming the cause of death by residue
analysis, necropsy, and histopathology (Bildfell et al., 2013; Vyas et al.,
2013). Incident detection through passive surveillance, however, is hin-
dered by the inherent challenges of observing, reporting, and
confirming the event. At the landscape level, it is not possible to search
the vast areas subjected to rodenticide applications. On a local scale, the
interactions among anthropogenic, biological, and abiotic factors often
influence the detection, reporting, and confirmation of a rodenticide in-
cident. Additionally, citizen apathy and the lack of knowledge that the
incident should be reported and to whom it should be reported can
hamper the notification of the incident to the authorities (Ward et al.,
2006; Vyas, 1999). Active surveillance can also generate biased incident
information due to limited funding for conducting the surveillance;
level of training of the human searchers; method, intensity, timing,
and frequency of the surveillance; and a focus on only selected species
(Borges et al., 2014; Ford, 2006; Linz et al., 1991; Smallwood, 2007).

Biological factors such as the habitat, scavenger population, and spe-
cies' behavior and morphology can affect incident detection by humans
(Vyas, 1999). Severe adverse effects (e.g. moribundity and mortality)
are the most likely incidents to be recognized by humans whereas sub-
tle sublethal impairments (e.g. physiological or behavioral disruption
that may harm the health and long-term survival of a bird), especially
when birds do not exhibit overt signs of rodenticide exposure, are likely
to be missed by humans. Therefore sublethal adverse effects of rodenti-
cides on non-raptor bird species are rarely documented from the field
(Hoare and Hare, 2006; Howell and Wishart, 1969).

Abiotic factors (e.g. weather) influence the rate of carcass decompo-
sition and rodenticide degradation (Eason et al., 2013; Fisher et al.,
2011; Masuda et al., 2014; Morriss et al., 2016; Towns et al., 1993)
and therefore can limit the time during which chemical analysis can
be conducted to confirm a rodenticide as the cause of the adverse effect.
A rodenticide's half-life in a bird, bioaccumulation potential, time-
course of action, vague or inconsistent clinical signs, interactions with
other stressors (e.g. starvation), absence of the toxicant in the gastroin-
testinal tract, and the absence of residues in tissue at timeof analysis can
also confound the confirmation of a rodenticide as the cause of an ad-
verse effect (Bildfell et al., 2013; Dowding et al., 1999; Fisher et al.,
2011; Masuda et al., 2014; Morgan et al., 1996; Poppenga et al., 2005;
Powlesland et al., 2000; Sánchez-Barbudo et al., 2012; Sarabia et al.,
2008). Consequently, the known incident records represent only a frac-
tion of the incidents that have occurred (Balcomb, 1986; Kostecke et al.,
2001; Peterson et al., 2001). Nevertheless, the incident records do pro-
vide invaluable insights into the hazards of rodenticides following oper-
ational applications (Vyas, 1999).

3.4. Influence of surveillancemethod and purpose of application on incident
reporting

To improve the understanding of the factors that affect the likeli-
hood of detecting non-raptor bird incidents, I analyzed the incidents
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by the surveillance method used to detect the incidents. My query net-
ted 128 species from267 rodenticide incidentswhen active surveillance
was employed and 63 species from 334 rodenticide incidents from pas-
sive surveillance. The surveillance method was not specified for 14 ro-
denticide incidents involving 12 species. Significantly greater number
of species were detected in proportion to the number of incidents
found through active surveillance than with passive surveillance (z =
7.61, p b 0.01). The greater number of rodenticide incidents found
with passive surveillance than with active surveillance may be a func-
tion of passive surveillance being usedmore commonly than active sur-
veillance because the latter is considerably more resource intensive
(Ritz et al., 2005; Vogt et al., 1983). I suggest, however, that the greater
number of species detected by active surveillance thanwith passive sur-
veillance is a reflection of the surveillance method. Passive surveillance
generally relies on serendipitous discoveries of incidents and the will-
ingness of the public to report the incidents to the appropriate authori-
tieswhereas for active surveillance, the detection and documentation of
adverse effects to non-target species is of central interest. The focused
approach of active surveillance resulted in the greater number of species
detected in proportion to the number of incidents found.

The species-incident proportions for the two surveillance methods
may be biased by the purpose of the application (ecological restoration
or human welfare). I determined 71% (425) of all incident records (not
including zoos and records with undetermined purpose of application)
to be due to rodenticide applications for human welfare whereas only
29% (177) of the incidentswere from applications for ecological restora-
tion (Table 2). All records for ecological restoration involved rodenticide
use on islands to protect native wildlife and therefore active surveil-
lance was employed to detect non-target incidents following rodenti-
cide applications. Rodenticide applications for human welfare,
however, were conducted to protect human enterprises (e.g. agricultur-
al yield, human health) and therefore detection of adverse effects to
non-target birds was not a priority (Linsdale, 1931). Thus, following ro-
denticide use for humanwelfare, only 77 incidents were detected using
active surveillance whereas 334 incidents were detected using passive
surveillance (Table 2). Because active and passive surveillancemethods
were employed after applications for human welfare but only active
surveillance followed ecological restoration applications, I compared
the species and incident numbers for the two surveillance methods fol-
lowing only human welfare applications. Despite the large difference
between the number of incidents detected by the two surveillance
Table 2
Summary of rodenticide incidents and non-raptor bird species included in Appendix 1.

Incidents Species

Total 641 190

Type of effect
Mortality 532 168
Exposure 94 41
Placebo 15 13

Purpose for the application
Human welfare 425 99
Ecological restoration 177 92

Surveillance method
Active 267 128
Passive 334 63

Purpose and surveillance
Human welfare and active 77 46
Human welfare and passive 334 63
Ecological restoration and active 177 92
Ecological restoration and passive 0 0
Active surveillance but Purpose not determined 13 5
Human welfare but Surveillance method not determined 14 12

Zoo
Zoo 26 21
methods following rodenticide applications for human welfare (77 vs.
334 incidents), a significantly greater number of species were detected
in proportion to the number of incidents found through active surveil-
lance than through passive surveillance (z = 7.32, p b 0.01).

3.5. Uncertainties associated with the analyses

The vertebrate control agents and bird taxa presented here should
not be considered a comprehensive review of the hazards of rodenti-
cides to non-raptor birds. Uncertainties associated withmy analysis oc-
curred at three levels: incident collection and confirmation, incident
report accessibility, and incident record interpretation. The first two un-
certainties determined the number of incidents that were included in
my analysis. Uncertainties associated with incident collection and con-
firmation, in addition to the anthropogenic, abiotic, and biological fac-
tors discussed in Section 3.3, are depended on the presence of an
infrastructure that supports surveillance for non-raptor bird incidents
and determination of their causality. A lack of a systematic incident
monitoring infrastructure for birds is expected for poor and developing
countries. However, some developed countries with an effective roden-
ticide monitoring infrastructure have not reported non-raptor rodenti-
cide incidents. The paucity of non-raptor incident reports from these
countries may result from a bias towards raptors. For example,
Gómez-Ramírez et al. (2014) found 52 contaminant monitoring
schemes with raptors across 44 European countries and schemes from
six of the countries have included rodenticides. Of these, only one
scheme (Wildlife Incident Investigation Scheme from the United King-
dom) systematically catalogs rodenticide incidents for raptor and non-
raptor birds. I suggest that the preference for monitoring raptors over
non-raptor birds may at least be partially driven by 1) the traditional
view of a simple exposure pathwaywhere rodents eat rodenticides rap-
tors feed on the contaminated rodents (Gómez-Ramírez et al., 2014;
Ruiz-Suárez et al., 2014) and 2) the consideration that raptors are
often used as biomonitors of environmental health because raptors
are top-level predators. However, predatory (invertivorous, omnivo-
rous, and carnivorous) non-raptor species can also be exposed to antico-
agulant rodenticides through contaminated prey (e.g. Howald et al.,
1999; Dowding et al., 2006; Hernandez-Moreno et al., 2013; Masuda
et al., 2014) and therefore can also serve as biomonitors of environmen-
tal health.

Uncertainties associated with incident report accessibility are two-
fold. First, despitemy searches for incident records from several sources
(see Section 2.1) and encompassing 86 years (1931–2016), it is reason-
able to conclude that I missed some records that could be available to
me. Second, not all incident records are publically available. The latter
case is influenced by the presence of an infrastructure that promotes
dissemination of the incident records. For example, in my analyses,
the greatest numbers of incidents were reported from theUnited States,
New Zealand, and the United Kingdom, respectively. The large number
of incidents from theUnited States is attributed not only to the publical-
ly available journal publications but also to my access to the publically
unavailable US EPA's Incident Data System. Records from this database
comprised 58% of the United States reports. The large number of non-
raptor bird incidents from the United Kingdom is due to the publically
accessible Wildlife Incident Information System. Journal publications
documenting non-raptor bird incidents from New Zealand's invasive
mammal eradication program resulted in the third largest number of in-
cident compilations; although I found no bird incidents that may have
occurred following rodenticide applications conducted exclusively for
human welfare in New Zealand. The dearth of records from the coun-
tries listed in Table 1 and countries not included in the table does not
imply that no incidents have occurred but suggests a lack of or a limited
infrastructure for collecting, confirming and publishing the rodenticide
incidents of non-raptor birds in a publically accessible outlet. For exam-
ple, despite infrastructural capabilities for documenting anticoagulant
rodenticide human incidents, Denmark, Norway, and Sweden have
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only recently published on rodenticide exposure and poisoning of birds
(albeit on raptors) in journals (Christensen et al., 2012; Langford et al.,
2013; Laakso et al., 2010; Nordström et al., 2013).

Inmy analysis, the uncertainties associatedwith interpretation of in-
cident recordswere driven by the quality of the information provided in
the records. Incident record quality ranged from results that verified the
rodenticide exposure and adverse effects through necropsy, histopa-
thology, and/or residue analysis (e.g. Bildfell et al., 2013; Vyas et al.,
2013) to reporting only that unidentified gamebirds had died after feed-
ing on a rodenticide at bait stations (e.g. Key, 1990). The latter incident
and similar records were excluded from my analysis. Within the spec-
trum of usable records, some incident reports did not confirm the
cause of death because carcasses had decomposed (e.g. Fisher et al.,
2011), had been scavenged (e.g. Brown, 1997), carcasses were found
but discarded (e.g. Veitch, 2002a), live birds banded before the rodenti-
cide application were not sighted after application (e.g. Empson and
Miskelly, 1999), or no necropsy or residue analysis were conducted
even when fresh carcasses were recovered (e.g. in Dolgormaa, 2004).
For incident records without verified cause of death, I relied on the
author's and my judgements to determine if these incidents would be
included in my analysis. Four examples follow: When birds that were
banded before rodenticide application could not be located after the ap-
plication, I relied on the authors' assessments for the possible cause of
the disappearances (Empson and Miskelly, 1999; McClelland, 2002).
Veitch (2002a) reported carcasses of 11 bird species that were found
after a brodifacoum application, but based on necropsy or residue anal-
ysis, I included only six of the species in my analysis. Nevertheless it is
possible that at least some of the birds of the remaining five species
could have died frombrodifacoumbecause these species have been poi-
soned after similar applications elsewhere (Appendix 1). By contrast, I
accepted incident records with suspected bromadiolone poisoning of
3 Ruddy Shelducks, 3Whooper Swans, 149Demoiselle Cranes, 152 Her-
ring Gulls, and 20 Daurian Jackdaws in Mongolia based on
bromadiolone's history of bird kills (Appendix 1), the incident's diversi-
ty and magnitude, and the use of aerial application over a large area (in
Dolgormaa, 2004). Similarly, although only one of 11 thallium incidents
reported by Linsdale (1931) was analytically confirmed, I considered
thallium to be the cause of the remaining 10 incidents compiled by
Linsdale. My confidence that thallium was responsible for the 10 inci-
dents was derived from thallium's toxicity, the fact that it was wide-
spread and commonly used for ground-squirrel control in California,
and Linsdale's meticulous vetting of incident data.

4. Conclusions

Rodenticideswith a variety ofmodes of action, formulations, and ap-
plications methods have adversely affected a broad diversity of non-
raptor bird taxa. In light of the above uncertainties, it is reasonable to
suggest that the 641 incident records reported in Appendix 1, neverthe-
less, underestimate the hazards of rodenticides to non-raptor birds. The
paucity of incident information onnon-raptor birds does not necessarily
imply a lack of hazard but may signify a lack of surveillance (Howald et
al., 2009; Koenig and Reynolds, 1987; Proulx, 2011; Spurr and
Powlesland, 1997; Vyas, 2013) or an insensitive surveillance design
(Veltman and Westbrooke, 2011). Several anthropogenic, abiotic, and
biotic factors (Section 3.3 above) have been studied to explain the biases
in incident detection, reporting, and confirmation. Here I analyzed an
additional variable (surveillancemethod) that can also distort the quan-
tity and quality of incident data. The species-incident proportions calcu-
lated here support that increasing active surveillance can improve our
knowledge of the diversity of the affected non-raptor bird species
whereas the less-resource intensive passive surveillance can be used
to document a greater number of incidents.

Incident data provide insight into the hazards of rodenticides follow-
ing operational applications. Knowledge that rodenticides are hazard-
ous to non-raptor birds can benefit their conservation in several ways.
First, the information may convince some rodenticide applicators to
place greater emphasis on ensuring rodenticide label compliance with
regards to application and mitigation. Second, public enlightenment of
the hazards may increase the likelihood of reporting the incidents.
Third, non-raptor birds may now be included in monitoring schemes.
Fourth, non-raptor bird incidents can clarify potential routes of rodenti-
cide exposures to their bird predators, raptors (Elliott et al., 2016). Last-
ly, an improvement in the quantity and quality of incident reports may
strengthen the predictions of harm characterized by risk assessments.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.07.004.
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