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• Anticoagulant rodenticide (AR) exposure
rates are poorly studied in Australian
wildlife.

• ARs were detected in 72.6% of Southern
Boobook owls found dead or moribund
in Western Australia.

• Total AR exposure correlated with prox-
imity to developed habitat.

• ARs used only by licensedpesticide appli-
cators were detected in owls.

• Raptors with larger home ranges and
more mammal-based diets may be at
greater risk of AR exposure.
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Anticoagulant rodenticides (ARs) are commonly used worldwide to control commensal rodents. Second gener-
ation anticoagulant rodenticides (SGARs) are highly persistent and have the potential to cause secondary poison-
ing in wildlife. To date no comprehensive assessment has been conducted on AR residues in Australian wildlife.
My aim was to measure AR exposure in a common widespread owl species, the Southern Boobook (Ninox
boobook) using boobooks found dead or moribund in order to assess the spatial distribution of this potential
threat. A high percentage of boobooks were exposed (72.6%) and many showed potentially dangerous levels of
AR residue (N0.1 mg/kg) in liver tissue (50.7%). Multiple rodenticides were detected in the livers of 38.4% of
boobooks tested. Total liver concentration of ARs correlated positively with the proportions of developed areas
around points where dead boobooks were recovered and negatively with proportions of agricultural and native
land covers. Total AR concentration in livers correlated more closely with land use type at the spatial scale of a
boobook's home range than at smaller or larger spatial scales. Two rodenticides not used by the public
(difethialone and flocoumafen) were detected in boobooks indicating that professional use of ARs contributed
to secondary exposure. Multiple ARs were also detected in recent fledglings, indicating probable exposure
prior tofledging. Taken together, these results suggest that AR exposure poses a serious threat to native predators
in Australia, particularly in species using urban and peri-urban areas and species with large home ranges.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Anticoagulant rodenticides (ARs) are commonly used in residential,
commercial, and agricultural settings for the control of rodent pests
(Rattner et al., 2014b). They block the recycling of vitamin K in the
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liver, which subsequently disrupts normal blood clotting in vertebrates
(Park et al., 1984). ARs are often divided into first generation anticoag-
ulant rodenticides (FGARs) and second generation anticoagulant roden-
ticides (SGARs) based on their chemical structure and when they were
first synthesized. Unlike FGARS, SGARs are often lethalwith a single feed
and are substantially more persistent in liver tissue (Erickson and
Urban, 2004).

AR exposure and subsequent mortality have been detected in
non-target wildlife in all parts of the world where exposure has
been tested (Laakso et al., 2010). Predatory bird species are partic-
ularly vulnerable to AR poisoning due to a greater susceptibility to
most ARs than other bird species (Herring et al., 2017) and a prey
base which frequently contains rodents targeted by the use of
ARs. In some raptor species, mortality from AR exposure may
have population-level impacts (Thomas et al., 2011). Unlike in
Europe and North America, where the non-target impacts of ARs
have been extensively studied, relatively little research has been
conducted on AR exposure in Australian wildlife (Lohr and Davis,
2018; Olsen et al., 2013). This knowledge gap exists despite several
lines of evidence suggesting that patterns of regulation and usage
in combination with differences in faunal assemblages may in-
crease the incidence and severity of non-target AR poisoning in
Australia relative to better-studied areas of the world (Lohr and
Davis, 2018).

Within Australia, patterns in the spatial distribution of AR exposure
have not been studied in any wildlife species. A number of studies have
addressed the spatial ecology of anticoagulant rodenticide exposure in
non-target wildlife but have been primarily limited to North American
mammals. Of these, some have focused on impacts within specific hab-
itat types (Cypher et al., 2014; Gabriel et al., 2012). Studies examining
patterns of AR exposure between urban and rural habitats have found
correlations between the use of urban habitat and exposure rates in
San Joaquin kit foxes (Mcmillin et al., 2008) and bobcats (Riley et al.,
2007). A model developed to predict exposure patterns in San Joaquin
kit foxes found that exposure was most likely in areas of low density
housing on the urban/rural interface (Nogeire et al., 2015). Similar dy-
namics have been suggested but not tested in predatory bird species.
Studies in North America and Europe have noted that predatory bird
species which use more developed habitats tend to have greater rates
of AR exposure than thosewhich predominantly usemore natural land-
scapes (Albert et al., 2010; Christensen et al., 2012). Additionally, a
study in Spain noted a positive correlation between human population
density and AR exposure in a sample of 11 species of predatory birds
andmammals (López-Perea et al., 2015). The greater use of rodenticides
and higher prevalence of targeted commensal rodents in human-
dominated landscapes relative to natural areas is likely to drive these
observed and suggested differences in non-target exposure. However,
because AR usage patterns differ between urban and agricultural envi-
ronments (Lohr and Davis, 2018) a need exists to evaluate the possibil-
ity of differences in non-target exposure patterns between different
types of anthropogenic landscapes.

To address this knowledge gap, I sought to compare anticoagulant
rodenticide (AR) exposure across intact native bushland and two differ-
ent types of anthropogenic landscapes. Additionally, I undertook the
first large-scale targeted testing of wildlife for AR exposure in the conti-
nent of Australia (Lohr and Davis, 2018). Testing was conducted on
Southern Boobooks (Ninox boobook), which provide an excellent
model to quantify the spatial distribution of threatening processes asso-
ciated with fragmentation due to their presence across multiple habitat
types and high abundance relative to other predatory bird species. To
the best of my knowledge, no studies have directly addressed the rela-
tive impacts of different types of human land use on AR exposure in
non-target wildlife. Understanding how different types of human land
use impact the likelihood of AR exposure in non-target wildlife will be
critical in evaluating risks to wildlife on a continental scale and will en-
ablemore effective targeting ofmeasures tomitigate secondary toxicity.
2. Methods

Southern Boobooks are medium-sized hawk owls found across the
majority of mainland Australia and adjacent parts of Indonesia and
New Guinea (Olsen, 2011). They are assigned a conservation status of
“Least Concern” by the IUCN (“Ninox boobook”, 2018). Some taxonomies
consider Southern Boobooks to be synonymouswith the closely-related
New Zealand Morepork (Ninox novaseelandiae) found in Tasmania and
New Zealand but recent genetic and bioacoustic evidence suggests oth-
erwise (Gwee et al., 2017). Boobooks are dietary generalists, consuming
a wide variety of vertebrate and invertebrate prey (Higgins, 1999; Trost
et al., 2008). These dietary habits make them an ideal model species for
broad assessment of contamination of food webs by persistent pollut-
ants like ARs. Their presence in most habitat types across Australia,
with the exception of treeless deserts (Higgins, 1999), facilitates exam-
ination of differences in exposure across multiple habitat types and al-
lows for future replication of this study at sites across the continent.
2.1. Specimen collection

Dead boobooks found in Western Australia were solicited from a
network of volunteers, wildlife care centres, and government de-
partments and were opportunistically collected when encountered.
Boobooks euthanized by veterinarians and wildlife rehabilitators
due to severe disease or injury were included. Dates and locations
where each boobook was initially collected were recorded from the
collector when possible. If liver tissue was identifiable and had a
mass N3 g, it was removed and stored frozen at 20 °C until analysed
for AR residues. A total of 73 usable boobook livers were stored for
testing. While an effort was made to obtain boobooks from a diver-
sity of geographical areas and habitat types throughout Western
Australia, most samples originated in the more densely settled
urban and peri-urban areas in the south-west of Western Australia
in and around the city of Perth.
2.2. Rodenticide analysis

Liver samples were analysed by the National Measurement In-
stitute (Melbourne, Australia) for residues of three FGARs (warfa-
rin, coumatetralyl, and pindone) and five SGARs (difenacoum,
bromadiolone, brodifacoum, difethialone, and flocoumafen) regis-
tered for use in Australia by the Australian Pesticides and Veteri-
nary Medicines Authority. For each sample, 10 ml of reverse
osmosis water and one gram of liver tissue were added to a 50 ml
analytical tube and shaken for 15 min on a horizontal shaker. A
10 ml volume of 5% formic acid in acetonitrile solution was then
added and the tube was shaken for an additional 30 min. QuEChERS
extraction salt was added and the tube was shaken for an additional
twominutes. The tube was then centrifuged for 10min at 5100 rpm.
After pipetting 3 ml of the supernatant into a 15 ml analytical tube,
5 ml of hexane was added and the tube was shaken for two minutes
then centrifuged for 10 min at 5100 rpm. The hexane layer was re-
moved using a vacuum pipette and discarded. A 1 ml aliquot of the
supernatant was transferred to a 2 ml QuEChERS dispersive tube,
shaken for one minute, and centrifuged at 13,000 rpm for three mi-
nutes. The QuEChERS supernatant was then filtered using a 0.45 μm
filter. After filtration, 3 μl of coumachlor was added as an internal
standard to 497 μl of the filtered extract and vortexed prior to LC-
MS/MS analysis. A Waters TQS Tandem Quadrupole Detector Liquid
Chromatograph-Mass Spectrometer (LC-MS/MS) and an Acquity
UPLC CSH C18 100 × 2.1 mm column were used to quantify concen-
trations of each rodenticide. Recovery rates for each AR, were calcu-
lated using chicken liver samples spiked with analytical standards
(Table 1).



Table 1
Limit of detection (LOD), limit of quantification (LOQ), average recovery, and relative stan-
dard deviation (RSD) for eight ARs in a spiked chicken liver matrix.

Compound LOD (mg/kg) LOQ (mg/kg) Average recovery % (RSD)

Warfarin 0.001 0.002 94 (8.1)
Coumatetralyl 0.001 0.002 93 (7.6)
Bromadiolone 0.005 0.010 96 (9.5)
Difenacoum 0.005 0.010 96 (11.2)
Flocoumafen 0.005 0.010 103 (11.4)
Brodifacoum 0.005 0.010 92 (8.8)
Difethialone 0.005 0.010 91 (14.6)
Pindone 0.005 0.010 36 (13.5)
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2.3. Statistical analysis

Total AR liver concentration is commonly used to compare toxic-
ity risk when individuals are exposed to multiple rodenticides
(Christensen et al., 2012) due to similarities in their modes of action
and likely cumulative effects (Hughes et al., 2013). For this reason,
the sum of all liver rodenticide concentrations above the limit of de-
tection was calculated for each individual for the purposes of com-
paring differences in exposure by age, season, and land use. In
order to compare seasonal trends in total AR concentration,
boobooks were assigned to four groups based on their collection
date: summer (December–February), autumn (March–May), winter
(June–August), and spring (September–November). All boobooks
with known collection months (n = 71) were included in the sea-
sonal analysis. The Kruskal-Wallis test was used to assess whether
significant differences existed in liver AR concentration by season.

Boobooks were assigned to age classes of less than one year (“hatch
year”) or greater than one year (“after hatch year”) based on the pres-
ence of juvenile down and by examination of fluorescence patterns
under ultraviolet light (Weidensaul et al., 2011). In one instance, it
was not possible to determine age class due to degradation of porphy-
rins caused by prolonged exposure of ventral remiges to sunlight. A
total of 72 boobooks of determined age class were available for analysis
of the relationship between age and AR exposure. I used a Mann-
Whitney-Wilcoxon test to determine whether total liver concentration
of ARs varied between the two age classes. Results were considered sig-
nificant if p b 0.05.
2.4. Exposure thresholds

The utility of rodenticide concentration in liver tissue as a means to
diagnose lethal exposure has been questioned (Erickson and Urban,
2004; Thomas et al., 2011) as susceptibility to acute toxicity can vary
among individuals and across species (Thomas et al., 2011). Exposure
to multiple ARs adds additional complexity to the assessment of likely
impacts from residual liver concentrations (Murray, 2017). However, a
need exists to estimate likely impacts across exposed individuals and
to compare themagnitude of exposure to previous studies. Accordingly,
I identified relevant literaturewhich established commonly used guide-
lines for outcomes of various exposure rates in related taxa to allow es-
timation of likely impacts on boobooks.

The Rodenticide Registrants Task Force suggested that a 0.7 mg/kg
liver concentration of brodifacoum was likely to be toxic based largely
on captive studies of Barn Owls (Kaukeinen et al., 2000), however this
threshold estimatemay be too high, as environmental conditions affect-
ingwild birdsmay increase their susceptibility to ARs relative to captive
birds (Mendenhall and Pank, 1980). Dowding et al. (1999) estimated a
lethal liver concentration for brodifacoumof 0.5mg/kgusing29 individ-
uals from 10 species of birds. Numerous studies have reported thresh-
olds of 0.2 mg/kg (Albert et al., 2010; Christensen et al., 2012; Hughes
et al., 2013; Langford et al., 2013; López-Perea et al., 2015; Stansley
et al., 2014; Walker et al., 2008) and 0.1 mg/kg (Albert et al., 2010;
Christensen et al., 2012; Langford et al., 2013; Ruiz-Suárez et al., 2014;
Shore et al., 2016; Stansley et al., 2014; Walker et al., 2008, 2011) as in-
dices of lower limits at which lethal AR toxicity was likely to occur in
predatory birds. These estimates were based on two studies examining
wild barn owls: Newton et al. (1999, 1998) respectively. I also included
a threshold of 0.01 mg/kg as this is the lowest published record of le-
thal SGAR toxicity in a predatory bird species (Stone et al., 1999).
Boobook liver concentrations were compared against these thresh-
olds (0.7 mg/kg, 0.5 mg/kg, 0.2 mg/kg, 0.1 mg/kg, and 0.01 mg/kg)
to facilitate a comprehensive understanding of overall potential im-
pacts of ARs across all sampled individuals.

2.5. Spatial analysis

Only boobookswith accurate location datawere included in the spa-
tial analysis. In one instance, two road-killed boobooks were recovered
at the same location. One of thesewas randomly removed from the spa-
tial analysis, leaving a total of 66 boobooks available for analysis. Land
cover for the state of WA was classified into developed, agriculture, na-
tive vegetation or open water. The developed category included all
areas with anthropogenic impervious surfaces (roads, buildings car
parks, etc.) as well as intensive land uses that did not qualify as agricul-
ture (mines, landfills, spots grounds, golf courses etc.). The agriculture
category included a diversity of irrigated and dryland crops, orchards,
and grazed areas. Intensive indoor animal agriculture was included in
the developed category rather than agriculture because it consisted pri-
marily of buildings and other impervious surfaces. Areas subjected to
silvicultural practices were classified as part of the native vegetation
category due to structural similarity. Additionally like native bushland,
the only anticoagulant permitted for use in forestry is pindone which
is used to control rabbits in areas too close to human habitation to
allow the safe use of 1080. Percentages of each classificationwere calcu-
lated within circular buffer zones (areas of influence) of three different
sizes around each locationwhere a boobookwas found. The two smaller
buffer sizes were calculated tomatch themean area of a boobook's core
home range (7.3 ha) and total home range (145.1 ha) (Olsen et al.,
2011). The largest buffer size was an arbitrarily large area with a 3 km
radius. This larger buffer was included to account for the possibility of
movement of contaminated prey into boobooks' home ranges from
adjacent areas influencing the probability of boobook exposure to ARs.
Because openwater was not considered to be usable space, the percent-
ages of the other three habitat types were calculated excluding any
open water within the buffers.

I used general linear models with a negative binomial distribution,
followingmethodology used by Christensen et al. (2012), to analyse dif-
ferences in rodenticide exposure by habitat composition at the three
different spatial scales. The Akaike Information Criterion AIC was used
to rank models for habitat proportions at each spatial scale. Only single
variable models were considered in the ranking due to nesting and
correlation of habitat proportions and spatial scales. I calculated
McFadden's pseudo-R2 values for each habitat type and spatial scale
combination. Statistical analysis was performed using RStudio 1.1.383
(RStudio, Inc., Boston, MA, USA).

3. Results

While I did not directly quantify physiological signs of rodenticide
poisoning due to most carcasses being damaged as a result of vehicle
collisions, during dissection I observed symptoms associated with
acute lethal AR toxicity in at least nine boobooks exhibiting no sign of
trauma. These symptoms included excessive bleeding fromminor lacer-
ations, pale or mottled livers, subdermal and muscular haemorrhage in
the absence of trauma, blood in the thoracic cavity, and blood around
the mouth and nares. Similar symptoms have been described in associ-
ation with lethal AR toxicity in other raptor species (Murray, 2017).



Table 2
Percentage exposure, mean exposure and total detection of eight different anticoagulant rodenticides in livers of 73 Southern Boobooks in Western Australia.

Coumatetralyl Warfarin Pindone Difenacoum Brodifacoum Bromadiolone Difethialone Flocoumafen Total

Percent exposed 0.000 2.740 0.000 15.068 72.603 31.507 8.219 2.740 72.603
Mean exposure (mg/kg) 0.000 0.000 0.000 0.004 0.260 0.019 0.015 0.011 0.310
Standard error 0.000 0.000 0.000 0.002 0.064 0.005 0.011 0.011 0.069
Maximum concentration (mg/kg) 0.000 0.002 0.000 0.097 4.002 0.214 0.775 0.818 4.002
Minimum concentration (mg/kg) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total detected (mg/kg) 0.000 0.003 0.000 0.287 18.994 1.421 1.063 0.834 22.606
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ARs were detected in 72.6% of all boobook liver samples (Table 2)
with a mean summed AR exposure of 0.310 mg/kg (SE 0.069246735)
(Table 3). Approximately 17.8% of boobook livers contained greater
than the suspected lethal threshold of 0.5 mg/kg total ARs (Fig. 1)
with 13.7% above the more conservative limit of 0.7 mg/kg. Seven of
the ten boobooks with AR liver concentrations above 0.7 mg/kg appear
to have died directly of AR poisoning and the other three showed signs
of poisoning described by Murray (2017) despite other apparent prox-
imate causes of death. More than half of the boobooks tested had liver
concentrations above 0.1 mg/kg (Fig. 1) and would likely have experi-
enced at least some degree of coagulopathy (Rattner et al., 2014a).
The majority of boobooks (65.8%) were exposed at a level above
0.01 mg/kg – the lowest observed lethal threshold in an owl (Fig. 1).

The three FGARs tested – coumatetralyl, warfarin, and pindone –
were infrequently detected and accounted for only 0.01% of all ARs de-
tected (Table 2). Coumatetralyl and pindonewere not detected in any of
the samples and warfarin was detected in two individuals at low levels
(0.0024 mg/kg and 0.0014 mg/kg). The lower of these was below the
limit of quantification. Detectable exposure to SGARs was substantially
higher (Table 2). Brodifacoum – the most commonly detected SGAR –
was found in 72.6% of samples andmade up 84.0% of all rodenticides de-
tected by mg/kg. It was detected in all liver samples containing AR res-
idues (Table 2). Difethialone and flocoumafen, which were not known
to be in use by the public were also detected in boobooks. Two or
more ARs were detected in 38.4% of boobooks tested (Fig. 2). A maxi-
mum of five different ARs was detected in two individual boobooks.

Mean total liver concentration of ARs was not significantly different
between age classes (p= 0.34). AR exposure was greatest in boobooks
collected in winter and winter concentrations were significantly differ-
ent from summer concentrations (p= 0.026) (Fig. 3). The livers of two
recentfledglings still under parental care contained lowbut quantifiable
amounts of brodifacoum (0.022 and 0.051 mg/kg) and difethialone
(0.020 and 0.022 mg/kg).

Total AR exposure was positively correlated with the amount of
developed area within buffers at all spatial scales (Table 4). Propor-
tions of agriculture and bushland habitat within buffers were
negatively correlated with total AR exposure at all spatial scales
(Table 4). The three AIC top-ranked models quantified habitat com-
position at the scale of a full boobook home range and were all statis-
tically significant (Table 4). The top-ranked model used developed
habitat at the scale of a boobook's total home range and was highly
significant (p = 0.00182). Correlations between the top three
ranked models and total AR concentration were not particularly
strong but are stronger than would be suggested by interpretation
of traditional R2 indices, as McFadden's pseudo-R2 values falling in
the range of 0.2 to 0.4 “represent an excellent fit” (McFadden, 1978).

4. Discussion

The overall proportion of boobooks with detectable AR exposure
(72.6%) and the proportion of boobooks exposed to two or more roden-
ticides (38.4%) was high but within the range of estimates generated by
studies in Europe and North America (Table 3). Mean total AR concen-
tration in boobooks (0.310 mg/kg) was substantially higher than any
other available published estimate with the exception of Red Kites
(Milvus milvus) (0.413 mg/kg) in Denmark (Christensen et al., 2012).
The extremely highmean exposure in boobooksmay result frommulti-
ple causes. A large proportion of sampleswere obtained from urban and
peri-urban areas where exposure is likely to be more prevalent. This
was also the case in several other studies documenting high exposure
rates and liver concentrations (López-Perea et al., 2015; Murray, 2017;
Stansley et al., 2014). As a consequence, the sample of boobooks used
in this study is probably not representative of Australia as a whole but
may provide a useful estimate for other large human population centres
elsewhere. Circadian activity patterns may also increase boobooks' risk
of AR exposure relative to some other raptor species. Nocturnal species
have been noted to have higher liver AR concentrations than diurnal
species (Ruiz-Suárez et al., 2014; Sánchez-Barbudo et al., 2012). If
owls using highly populated landscapes are at greater risk than other
bird species, future evaluation of Powerful Owls which use urban and
peri-urban areas and are listed as vulnerable in Victoria may be war-
ranted. Southwest populations of Masked Owls (Tyto novaehollandiae)
and Barking Owls (Ninox connivens), both of which are listed as P3 pri-
ority fauna (poorly known but thought to be possibly threatened) in
Western Australia, may also be susceptible to AR poisoning in areas
where developed habitats are encroaching on their remaining ranges.

As a consequence of themethodology used in sample collection, this
study probably underestimates the proportion of lethal poisonings
which actually occur. Anticoagulant rodenticides induce lethargy prior
to mortality and lethally poisoned owls are more likely to die in nest
hollows or roost sites in dense vegetation where their likelihood of de-
tection by humanswould be low (Newton et al., 1990). Similar underes-
timation of lethal toxicity has been suggested in studies of mammals
exposed to ARs, as well (Mcdonald et al., 1998). Conversely, if
haemorrhaging induced by sub-lethal exposure reduced a boobook's re-
action time or ability to fly, it could increase the risk of other proximate
sources of mortality (Newton et al., 1990) such as collisions with vehi-
cles or windows. This could potentially increase its likelihood of being
killed in a conspicuous location and subsequently collected for this
study with the end result of inflating the number of sub-lethally ex-
posed birds entering this study.

4.1. Individual rodenticides

A lack of detectable pindone residues in the livers of the boobooks
sampled was unexpected because pindone is used within the Perth
metropolitan area to control rabbits in urban bushlands and previous
literature implicates similar control programs elsewhere in Australia
in secondary poisonings of native raptors (Olsen et al., 2013) though
this has recently been disputed (Olsen and Rae, 2017). Failure to detect
pindone could be the result of a short retention time relative to more
persistent SGARs (Fisher et al., 2003), its use in targeted and short-
term control efforts, low overall usage relative to commercial and resi-
dential use of other anticoagulant rodenticides, or dietary patterns of
boobooks precluding consumption of European rabbits (Oryctolagus
cuniculus) – the species targeted by pindone applications. While it is
possible that occasional localised exposure may occur, it appears that
pindone, as currently applied in urban and peri-urban areas does not
constitute a substantial threat to boobook populations relative to
other rodenticides originating from commercial and residential sources.
Future studies on impacts of pindone on native raptors should consider
testing species which are more likely to prey on rabbits (Wedge-tailed



Table 3
Published rates of multiple second generation anticoagulant rodenticide exposure and percentages of individuals with exposure above two thresholds in predatory birds.

Species Location n
individuals

%
exposed

% multiple
exposure

% N0.1
mg/kg

% N0.2
mg/kg

Mean exposure
(mg/kg) (SE)

Source

Southern Boobook (Ninox boobook) Western Australia 73 72.6 38.4 50.7 35.6 0.310 (0.069) This study
Tawny Owl (Strix aluco) United Kingdom 172 19.2 2.9 12.2 5.8 0.125 Walker et al., 2008
Barn Owl (Tyto alba) United Kingdom 100 94 72 16 Shore et al., 2016
Red Kite (Milvus milvus) Scotland 114 69.3 36 17.5 0.155 (0.017) Hughes et al., 2013
Buzzard (Buteo buteo) Scotland 479 44.3 14.2 2.1 0.047 (0.004) Hughes et al., 2013
Kestrel (Falco tinnunculus) Scotland 22 40.9 17.4 9.1 0.173 (0.082) Hughes et al., 2013
Barn Owl (Tyto alba) Scotland 63 34.9 17.5 17.5 0.076 (0.018) Hughes et al., 2013
Tawny Owl (Strix aluco) Scotland 34 38.2 5.9 2.9 0.047 (0.021) Hughes et al., 2013
Sparrowhawk (Accipiter nisus) Scotland 37 54.1 29.7 2.7 0.060 (0.016) Hughes et al., 2013
Peregrine Falcon (Falco peregrinus) Scotland 24 29.2 0 0 0.017 (0.007) Hughes et al., 2013
Barn Owl (Tyto alba) United Kingdom 58 84 52 17.2 Walker et al., 2011
Red Kite (Milvus milvus) United Kingdom 18 94 89 Walker et al., 2011
Kestrel (Falco tinnunculus) United Kingdom 20 100 95 Walker et al., 2011
Barn Owl (Tyto alba), Barred Owl (Strix varia),
and Great Horned Owl (Bubo virginianus)

Canada 164 92 32 15 0.107 Albert et al., 2010

Great Horned Owl Canada 123 0.016 Thomas et al., 2011
Red-tailed Hawk (Buteo jamaicensis) Canada 58 0.005 Thomas et al., 2011
Golden eagle (Aquila chrysaetos) Norway 16 73.3 31.3 25 6.3 0.051 Langford et al., 2013
Eagle owl (Bubo bubo) Norway 8 62.5 25 37.5 12.5 0.087 Langford et al., 2013
Osprey (Pandion haliaetus) Norway 3 0 0 0 0 0 Langford et al., 2013
Peregrine falcon (Falco peregrinus) Norway 2 0 0 0 0 0 Langford et al., 2013
Gryfalcon (Falco rusticolus) Norway 1 0 0 0 0 0 Langford et al., 2013
Red-tailed Hawk (Buteo jamaicensis) USA 37 97 78 Murray, 2017
Barred Owl (Strix varia) USA 24 88 42 Murray, 2017
Great Horned Owl (Bubo virginianus) USA 17 100 71 Murray, 2017
Eastern Screech-Owl (Megascops asio) USA 16 100 69 Murray, 2017
Red-tailed Hawk (Buteo jamaicensis) USA 105 81 15 47 25 0.117 Stansley et al., 2014
Great Horned Owl (Bubo virginianus) USA 22 82 18 36 9 0.07 Stansley et al., 2014
Eurasian Sparrowhawk (Accipiter nisus) Spain (Canary Islands) 14 85.7 0.0577 Ruiz-Suárez et al., 2014
Long-eared Owl (Asio otus) Spain (Canary Islands) 23 73.9 0.1322 Ruiz-Suárez et al., 2014
Common Buzzard (Buteo buteo) Spain (Canary Islands) 9 26.3 0.0368 Ruiz-Suárez et al., 2014
Barbary Falcon (Falco pelegrinoides) Spain (Canary Islands) 16 31.2 0.0915 Ruiz-Suárez et al., 2014
Kestrel (Falco tinnunculus) Spain (Canary Islands) 21 66.6 0.219 Ruiz-Suárez et al., 2014
Barn Owl (Tyto alba) Spain (Canary Islands) 21 76.2 0.1344 Ruiz-Suárez et al., 2014
All Species Spain (Canary Islands) 104 63.5 34.8 Ruiz-Suárez et al., 2014
Scops Owl (Otus scops) Spain (Majorca Island) 26 57.7 0 0.0134 López-Perea et al., 2015
Barn Owl (Tyto alba) Spain (Majorca Island) 19 84.2 57.9 0.2337 López-Perea et al., 2015
Scops Owl (Otus scops) Spain (Catalonia) 7 14.3 0 0.1584 López-Perea et al., 2015
Barn Owl (Tyto alba) Spain (Catalonia) 22 54.5 13.6 0.1178 López-Perea et al., 2015
Tawny Owl (Strix aluco) Spain (Catalonia) 27 77.8 29.6 0.0952 López-Perea et al., 2015
Eagle Owl (Bubo bubo) Spain (Catalonia) 14 100 64.3 0.2896 López-Perea et al., 2015
Long-eared Owl (Asio otus) Spain (Catalonia) 12 58.3 0 0.0111 López-Perea et al., 2015
Little Owl (Athene noctua) Spain (Catalonia) 7 71.4 28.6 0.1972 López-Perea et al., 2015
Common buzzard (Buteo buteo) Spain (Catalonia) 56 64.3 26.8 0.1253 López-Perea et al., 2015
Barn owl (Tyto alba) Denmark 80 94 37.4 13.7 0.1141 Christensen et al., 2012
Buzzard (Buteo buteo) Denmark 141 94 20.6 5.7 0.0745 Christensen et al., 2012
Eagle owl (Bubo bubo) Denmark 10 100 70 70 0.1931 Christensen et al., 2012
Kestrel (Falco tinnunculus) Denmark 66 89 27.2 13.6 0.099 Christensen et al., 2012
Little owl (Athene noctua) Denmark 9 100 33.3 22.2 0.1186 Christensen et al., 2012
Long-eared owl (Asio otus) Denmark 38 95 0 0 0.0194 Christensen et al., 2012
Marsh harrier (Circus aeruginosus) Denmark 3 100 0 0 0.0123 Christensen et al., 2012
Red kite (Milvus milvus) Denmark 3 100 0 66.7 0.413 Christensen et al., 2012
Rough-legged Buzzard (Buteo lagopus) Denmark 31 84 12.9 0 0.0408 Christensen et al., 2012
Short-eared owl (Asio flammeus) Denmark 5 100 0 0 0.015 Christensen et al., 2012
Tawny owl (Strix aluco) Denmark 44 93 20.5 9.1 0.0784 Christensen et al., 2012
All Species Denmark 430 73 Christensen et al., 2012
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Eagles (Aquila audax) and Little Eagles (Hieraaetus morphnoides))
(Olsen et al., 2006) or scavenge rabbit carcasses (Whistling Kites
(Haliastur sphenurus)) (Fuentes et al., 2005) and are at greater risk of
secondary exposure.

Failure to detect coumatetralyl in any samples and the detection
of warfarin at extremely low concentration in only two samples de-
spite commercial availability to the public suggests that their rela-
tively short half-life in liver tissue (Fisher et al., 2003) probably
reduces the incidence and severity of secondary exposure and pre-
cludes bioaccumulation and biomagnification. This result is consis-
tent with absence or low concentration and prevalence of FGARs
relative to SGARs in other wildlife species since SGARs came into
widespread use (Albert et al., 2010; Fourel et al., 2018; Murray,
2017; Ruiz-Suárez et al., 2014).
The detection of brodifacoum at rates an order of magnitude higher
than all other ARs combined is probably attributable to a combination of
its greater duration of persistence in liver tissue (Horak et al., 2018),
more prevalent use, and incorporation into a greater number of com-
mercially available rodenticide bait products. This is particularly
concerning because captive studies suggest that brodifacoum is more
likely to cause secondary toxicity in birds than any other tested ARs
due to its high toxicity and long liver retention time (Erickson and
Urban, 2004). Bromadiolone and difenacoum respectively, were the
nextmost commonly detected in samples (Table 2). This is probably be-
cause, together with brodifacoum, they comprise the three SGARs com-
monly available in WA at retail stores. At present, brodifacoum,
bromadiolone, and difenacoumprobably pose the greatest threat of sec-
ondary poisoning to non-target wildlife of all ARs in use.



Fig. 1. Percentages of Southern Boobooks (n= 73) inWestern Australia exposed to rodenticides stratified by total rodenticide liver concentration (mg/kg) thresholds indicating potential
outcomes.
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The detection of flocoumafen and difethialone –which are not read-
ily available to the public due to sale in bulk quantities but are used by
pest control professionals – indicates that at least some proportion of
wildlife exposure is directly related to commercial pest control activi-
ties. Flocoumafen was the most prevalent rodenticide detected in liver
tissue of one boobook, which died shortly after admission to a wildlife
care centre and showed physiological signs of AR poisoning (pale mot-
tled liver, subcutaneous haemorrhage, and large quantities of blood in
the abdominal cavity). These findings have potentially serious implica-
tions for legislation attempting to curtail non-target exposure by limit-
ing public access to SGARs. In the United States, legislation restricting
the use of SGARs to licensed professionals went into effect in 2011
(Bradbury, 2008). However, a subsequent study found an increase in
AR exposure in four predatory bird species in Massachusetts, USA fol-
lowing the ban (86% of 161 birds from 2006 to 2010 compared to 96%
of 94 birds exposed from 2012 to 2106) perhaps due to an increased
use of professional rodent control services (Murray, 2017). My findings
provide additional evidence that use of ARs byprofessional pesticide ap-
plicators does contribute, at least to some degree, to poisoning of non-
target raptors. However, the impacts of this source relative to private
use are difficult to assess because other SGARs which are available to
the public – particularly brodifacoum and bromadiolone – are in com-
mon use by professional pesticide applicators in WA. Taken together,
these results cast doubt on whether regulations restricting sale of
Fig. 2. Percentages of Southern Boobooks (n = 73) exposed to multiple anticoagulant
rodenticides in Western Australia.
SGARs from private use will be sufficient to reduce widespread expo-
sure and toxicity in predatory birds.

After the completion of this study, it was brought to my attention
that diphacinone was also being used inWestern Australia by commer-
cial pesticide applicators. This FGAR has a relatively short half-life of
three days in rat liver tissue and as a consequence is unlikely to
bioaccumulate and cause secondary poisoning in predatory non-target
wildlife (Fisher et al., 2003). The registration of diphacinone in
Australia has expired. However, if diphacinone is re-registered, future
monitoring projects should include diphacinone testing as it could po-
tentially contribute to overall rodenticide exposure.
Fig. 3. Mean total anticoagulant rodenticide concentration (mg/kg) in liver tissue of
Southern Boobooks (n = 71) in Western Australia by season.



Table 4
Akaike information criterion (AIC) ranking ofmodels of the association between percentage
of single land use types within buffers around collection points and total anticoagulant ro-
denticide liver concentration in Southern Boobooks (n = 66) in Western Australia at three
different spatial scales (Big=2827.4 ha buffer,Mid=145.1 ha buffer, Small=7.3 ha buffer.

Model Estimate Std.
error

z value Pr(N|z|) AIC McFadden's
pseudo-R2

Mid developed 2.1439 0.6876 3.118 0.00182 751.43 0.08675021
Mid agriculture −2.4505 0.9844 −2.489 0.0128 754.28 0.05158204
Mid native vegetation −2.5139 0.9584 −2.623 0.00871 754.35 0.05081192
Big agriculture −3.0121 1.1147 −2.702 0.00689 754.51 0.04870524
Small developed 1.5092 0.6822 2.212 0.027 754.53 0.04854103
Big developed 1.7553 0.7547 2.326 0.02 754.83 0.04473145
Small agriculture −1.6016 1.0237 −1.565 0.118 756.27 0.02641717
Small native vegetation −1.364 0.9249 −1.475 0.14 756.59 0.02232542
Big native vegetation −1.9017 1.066 −1.784 0.0744 756.8 0.01968855
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Exposure tomultiple rodenticides (38.4%)was relatively common in
sampled boobooks but not as frequent as in some other predatory bird
species (Christensen et al., 2012; Murray, 2017; Walker et al., 2011).
The relatively high rate of multiple exposures and the presence of de-
tectable levels of up to five different ARs in liver tissue suggests cumula-
tive exposure frommultiple prey items over an extended period of time.
This hypothesis is supported by the finding that livers of adult raptors in
Denmark contained multiple rodenticides more frequently than those
of juveniles (Christensen et al., 2012). The prevalence of multiple expo-
sures in boobooks is particularly concerning because laboratory studies
on rats determined that warfarin sensitivity is increased after sub-lethal
exposure to brodifacoum (Mosterd and Thijssen, 1991). If ARs have a
synergistic effect rather than a purely additive effect, raptors may be
negatively impacted at a lower threshold when exposed to more than
one AR, leading to underestimates of negative impacts on non-target
wildlife.

4.2. Rodenticide thresholds

The utility of detectable rodenticide concentration in liver tissue as a
means to diagnose lethal exposure has been questioned (Erickson and
Urban, 2004; Thomas et al., 2011) as susceptibility to acute toxicity
can vary among individuals and across species (Erickson and Urban,
2004). However, it can be informative in comparing environmental ex-
posure and as an index for potential impacts at the population level. De-
pending on the threshold used (0.7mg/kg or 0.5mg/kg), either 13.7% or
17.8% of boobooks tested had rates of exposure consistentwith likely le-
thal outcomes. Confirmation of physical signs of rodenticide poisoning
in all boobooks with AR liver concentrations above 0.7 mg/kg and the
absence of other obvious causes of death in 70% of these individuals in-
dicates that this threshold is a reasonable guideline for estimating likely
lethal toxicity in boobooks. Regardless of the threshold used, the rela-
tively high frequency of exposure at levels likely to be directly lethal is
cause for concern. In combination with visible signs of AR poisoning, it
indicates that exposure to ARs contributed substantially to mortality
in boobooks found dead or brought to wildlife carers in the urban and
peri-urban areas where most samples were collected.

Exposure at potentially dangerous but not necessarily lethal levels
was also high relative to most published studies examining rodenticide
exposure in wild raptors found dead or moribund. The proportion of
boobooks exposed at levels above 0.2 mg/kg (35.6%) was higher than
all other reported estimates except for in Barn Owls (Tyto alba)
(57.9%) and Eagle Owls (Bubo bubo) (64.3%) in Spain (López-Perea
et al., 2015) and Red Kites (Milvus milvus) (66.7%) in Denmark
(Christensen et al., 2012). In all three species, the sample size was
small (n b 20). The percentage of boobooks with total AR liver concen-
trations above 0.1 mg/kg (50.7%) was substantially greater than all pre-
viously reported species except for Red-tailed Hawks in New Jersey,
USA (47%) (Stansley et al., 2014). At minimum, a threshold of
0.1 mg/kg should be considered potentially dangerous. In a laboratory
study using Eastern Screech Owls (Megascops asio), diphacinone con-
centrations of ≥0.1 mg/kg in liver tissuewere associatedwith coagulop-
athy (Rattner et al., 2014a). Coagulopathy is likely more dangerous to
wild birds due to greater amounts of movement and injuries associated
with capturing prey and may have synergistic interactions with envi-
ronmental stressors which increase the chance of mortality (Erickson
and Urban, 2004). SGARs are also more toxic than diphacinone and
can logically be expected to have at least as great of an impact at the
same threshold.

Sub-lethal exposurewas common inboobooks regardless of the cho-
sen threshold. The sub-lethal impacts of chronic AR exposure are poorly
studied in wildlife. A number of lines of evidence suggest that even ex-
posure below the threshold needed to cause lethal haemorrhage is not
benign. While Thomas et al. (2011) take issue with the uncritical use
of liver concentrations to assess likely toxicity, their probabilistic meth-
odology examining AR toxicity in four raptor species predicted that 20%
of individuals would experience quantifiable toxicity at levels as low as
0.08 mg/kg. Increased rates of parasitism and infectious disease have
also been documented in association with AR exposure in bobcats
(Lynx rufus) (Riley et al., 2007), Great Bustards (Otis tarda) (Lemus
et al., 2011), and common voles (Microtus arvalis) (Vidal et al., 2009).
In bobcats, immunosuppression and inflammatory response associated
with chronic sub-lethal AR exposure and use of urban habitatsmayhave
led to an outbreak of notoedric mange (Serieys et al., 2018). Similar dis-
ruption of immune system function may occur in other chronically-
exposed wildlife (Serieys et al., 2018). Several studies have also sug-
gested the possibility of increased mortality rates via accidents, preda-
tion, vehicle collisions, nutritional stress, and blood loss following
minor injury inwildlife exposed to sub-lethal doses of anticoagulant ro-
denticides (Albert et al., 2010; Mendenhall and Pank, 1980; Newton
et al., 1990; Stone et al., 1999, 2003). If this dynamic is indeed consistent
acrosswildlife species, the high rates of presumably sub-lethal exposure
detected in boobooks are cause for concern. If sub-lethal exposure to
ARs substantially increases the risk of parasitism and other sources of
mortality, it is not appropriate to assess the overall impacts of anticoag-
ulants on predatory bird populations based solely on documentation of
direct lethal toxicity.

4.3. Spatial correlations

We observed weak but statistically significant correlations between
AR exposure andhabitat proportions in proximity to recovered boobook
carcasses. The difference in the direction of correlations between AR ex-
posure and proportions of agricultural and developed habitats, the con-
sistency of the trends at different spatial scales, and the increasing
strength of the trends at the most biologically meaningful spatial scale
all suggest an actual difference in exposure risk between the two an-
thropogenic landscapes. Future studies on this topic should attempt to
improve sample collection across different types of anthropogenic land-
scapes or focus on species for which samples are more readily available
across study areas. A low sample size of boobook carcasses from land-
scapes predominantly comprised of native bushland or agriculture
likely contributed to the low predictive value of top models.

The three top-ranked models for boobook AR exposure used habitat
data at the scale of an average home range. Foraging behaviour likely
explains the closer correlation of AR exposure and habitat type at the
spatial scale of an average boobook home range relative to other spatial
scales. The vast majority of foraging occurs within an animal's home
range and its exposure to ARs can be expected to relate most closely
to the proportions of habitat types likely to be sources of contamination
of its prey base at this spatial scale. Boobooks have relatively small home
ranges in comparison to other Australian owl species (Kavanagh and
Murray, 1996; Soderquist and Gibbons, 2007). If risk of rodenticide ex-
posure is related to developed area at the scale of an animal's home
range, species with larger home ranges may be exposed over a broader
portion of the landscape. This hypothesis is supported by the finding
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that in bobcats – a species with a much larger home range than
boobooks – the concentration but not the presence of ARs in liver tissue
correlated with the proportion of developed habitat within their home
range (Riley et al., 2007). Taken in combination, these results suggest
that species with large home ranges are likely to be at risk of some de-
gree of AR exposure if their home range encompasses even small
areas of developed habitat. As a consequence, encroachment of human
structures into large areas of natural habitat may have an impact on
predatory species with large home ranges that is disproportionate to
the area of habitat lost through development.

The positive correlation between total AR exposure and the propor-
tion of developed area within buffers was expected due to the wide-
spread use of rodenticides in commercial and residential settings. This
pattern of exposure has been suggested following detection of high ex-
posure rates in densely populated areas (López-Perea et al., 2015;
Stansley et al., 2014) but, this appears to be the first instancewhere dif-
ferences in exposure across habitat types has been directly quantified in
a bird species. A number of other studies have examined the spatial pat-
terns of AR exposure in wildlife. The trend in boobooks was similar to
the correlation between developed areas and total AR exposure ob-
served in a study of bobcats and mountain lions in California (Riley
et al., 2007). Similarly, AR exposure was common (87%) in an urban
population of San Joaquin kit foxes but no rodenticides were detected
in individuals from a non-urban population (Mcmillin et al., 2008). Fre-
quent AR exposure in wildlife inhabiting developed habitats is typically
attributed to the “prevalent and wide-spread” use of ARs in urban areas
(Cypher et al., 2014). Higher prevalence of commensal rodents which
serve as vectors of ARs in urban areas may exacerbate this problem. A
study in Canada demonstrated a higher proportion of rats in the diet
of Barn Owls with territories containing more urban land use
(Hindmarch and Elliott, 2014). Assuming that commensal rodents are
an important vector of ARs, their higher relative proportion in the
diets of urban owls may increase the incidence and severity of AR expo-
sure. Boobooks are likely to be affected by this dynamic. In Canberra,
Australia, boobook diets contained a higher percentage of mammal bio-
mass in suburban areas (65.8%) than in woodland areas (26.0%) (Trost
et al., 2008). Both the high prevalence of rodenticide use and the greater
availability of potentially exposed commensal rodents likely contribute
to the positive correlation between rodenticide exposure and developed
habitat observed in boobooks.

A negative correlation between AR exposure and the proportion of
bushland area within simulated home ranges was expected because ro-
denticides are seldom used in native habitats, aside from the use of
pindone to control rabbits. Only one other study has tested spatial pat-
terns of AR exposure in wildlife primarily using bushland habitats. Un-
like patterns observed in boobooks, high exposure rates were
unexpectedly detected in fishers (Martes pennanti) throughout areas
of forested habitat, probably as a result of rodenticide use associated
with illegal marijuana production (Gabriel et al., 2012). Similarly a
threatened Spotted Owl (Strix occidentalis) with illegal marijuana culti-
vationwithin its home range was documented to have been exposed to
brodifacoum despite being in a remote natural area (Franklin et al.,
2018). Conservation and law enforcement professionals should be
aware of this potential source of environmental contamination when
attempting to mitigate damage caused by illegal marijuana cultivation
in remote areas in Australia. Futurework examining the distance roden-
ticides travel into bushland ecosystems from adjacent sources will be
useful in gaining a better understanding of the relationship between
fragmentation and rodenticide use. This could potentially lead to estab-
lishing appropriate sizes for SGAR exclusion zones around bushland
areas containing sensitive fauna and reduce edge effects relating to
SGARs.

The negative correlation between total AR exposure and the propor-
tion of agricultural area within simulated home ranges was somewhat
surprising, as rodenticides are known to be used in agricultural settings.
AR exposure inwildlife has been attributed to agricultural application of
ARs in the UK (Birks, 1998; Hughes et al., 2013), Spain (Lemus et al.,
2011), France (Fourel et al., 2018), and Australia (Young and De Lai,
1997). Anecdotal accounts from farmers indicate that a variety of first
and second generation products are used for asset protection around
buildings and in grain storage areas inWestern Australia (D. Thompson,
personal communication, April 9, 2017). However, they are not licensed
for use directly in crops or along crop perimeters. As a consequence, the
total amount of bait deployed per unit area is likely to be substantially
lower than in developed areas. However, in agricultural systems, total
compliance with best practice application methods for SGARs may be
rare and lack of compliance probably facilitates greater risk of secondary
toxicity to native wildlife (Tosh et al., 2011). An anecdotal report of
farmers in Western Australia requesting the FGAR pindone to control
kangaroos (Twigg et al., 1999) – a use not allowedby the labelling– sug-
gests that illegal use of ARs in agricultural contexts may be an issue in
some areas. The widespread availability of SGARs to the public in
Australia increases the risk that misuse could lead to localised impacts
on non-target wildlife.

The negative correlation between proximity to agricultural land and
AR exposure may not be consistent throughout all Australian agricul-
tural systems. In Queensland, declines in breeding owl abundance
were attributed to broad-scale application of a brodifacoum-based ro-
denticide in canefields (Young and De Lai, 1997) but this product was
subsequently removed from themarket (Twigg et al., 1999). At present,
brodifacoum is only registered for use in and around buildings in
Australia (McLeod and Saunders, 2013) but can be freely purchased
and applied without a license. While less toxic and persistent than
brodifacoum, a coumatetralyl-based product is currently licensed for
use in sugar cane, pineapple, and macadamia crops across Australia
(Australian Pesticides and Veterinary Medicines Authority, 2017).
More concerningly, during rodent plagues the SGAR bromadiolone has
been used to bait field perimeters in New South Wales (New South
Wales Department of Primary Industries, 2011; New South Wales
Government: Department of Primary Industries, 2017).

4.4. Seasonal differences

The difference in AR exposure observed between boobook carcasses
recovered in winter and those recovered in summer potentially reflects
increased risk of exposure duringwinterwhen rodentsmake up a larger
proportion of the diet. Boobooks are dietary generalists and one study
indicates that boobook diet varies seasonally and includes higher pro-
portions of vertebrates in winter than in autumn (Trost et al., 2008).
This seasonal variation in diet may reduce the risk of accumulating le-
thal levels of ARs in boobooks relative to some other raptor species. Spe-
cies preyingpredominantly on smallmammals are likely to be at greater
risk of exposure than species that prey predominantly on birds (Ruiz-
Suárez et al., 2014). This hypothesis is supported by a lack of seasonal
variation in AR exposure in TawnyOwls (Strix aluco) which feed consis-
tently on bank voles (Myodes glareolus) and field mice (Apodemus spp.)
(Walker et al., 2008). Similarly, in the United States, rodenticide expo-
sure rates and concentrations did not vary significantly by season in
Red-tailed Hawks (Buteo jamaicensis) (Stansley et al., 2014) which
feed predominantly on mammals year-round. The only other study de-
tecting seasonal variation in liver AR concentration found a significant
difference in only one of five ARs tested (Christensen et al., 2012). This
difference was attributed to an influx in autumn of migratory raptors
from more sparsely populated regions with presumably less AR expo-
sure risk (Christensen et al., 2012).

It is possible that consuming few rodents during a portion of the year
allows boobooks to excrete sufficient levels of highly-persistent SGARs
that total liver concentrations are less likely to accumulate to a lethal
level. In this scenario, other raptor species which consistently consume
rodents throughout the year – such asMasked Owls and Barking Owls –
may be at elevated risk of lethal poisoning relative to boobooks. Alter-
nately, seasonal variation in rodenticide exposure in boobooks could
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be correlated with seasonal differences in rodenticide use patterns. In-
formation on rodenticide sales is not publicly available, but anecdotal
accounts from some Perth residents indicate greater use of rodenticides
in winter in response to greater perceived abundance of commensal ro-
dents. Improved knowledge of rodenticide application patterns and sea-
sonal patterns of rodenticide exposure in specieswith amore consistent
mammal-based diet would be useful in addressing these questions.

The high AR exposure rates observed in boobooks despite seasonal
variation in the proportion of rodents in their diet highlights the need
for additional study of exposure rates of other taxa which may poten-
tially vector rodenticides. Documented exposure in raptors which prey
primarily on birds indicates that non-rodent vectors may substantially
contribute to AR exposure at higher trophic levels (Thomas et al.,
2011). Invertebrates have been implicated in vectoring lethal levels of
rodenticides to bird species including New Zealand Dotterels
(Charadrius obscurus aquilonius) (Dowding et al., 2006) and nestling
Stewart Island robins (Petroica australis rakiura) (Masuda et al., 2014)
as well as an insectivorous mammal, the European hedgehog
(Erinaceus europaeus) (Dowding et al., 2010). Reptiles could potentially
also be effective vectors to higher trophic levels (Lohr and Davis, 2018).
Further investigation of AR residues across more taxa is necessary to
fully understand ecosystem-wide AR contamination and the vectors
by which carnivorous species are exposed.

4.5. Rodenticide in fledglings

The detection of SGAR exposure in recent fledglings provides a pos-
sible indication as to why there was no significant difference in total AR
exposure between hatch year boobooks and older adults. AR exposure
prior to leaving the nest is particularly concerning from a conservation
perspective. Suspected brodifacoum poisoningwas previously reported
as the likely cause of death of Norfolk Island Boobook chickswhichwere
still in thenest (Debus, 2012) but therewas no indication of physical ex-
amination or direct testing for AR exposure. Birdswith growing feathers
may be at additional risk of exsanguination (Newton et al., 1990). This
may put chicks and recent fledglings at greater risk than adult birds
which do not typicallymoult large proportions of their feathers simulta-
neously. Additional sub-lethal threats to chicks have also been reported.
Stunted growth across several biometricmeasurements of nestling Barn
Owls was observed in plots treatedwith anticoagulant rodenticides rel-
ative to control plots in Indonesia (Naim et al., 2010). While reduced
prey availability due to rodent control likely had a negative influence
on growth rates, nestlings in areas treated with the SGAR brodifacoum
showed reduced growth when compared to areas where rodents were
controlled with the FGAR warfarin or a biological rodent control agent
(Naim et al., 2010), suggesting that AR exposure contributed to reduced
nestling growth. Similarly, a dramatic reduction in breeding success oc-
curred in a population of closely-relatedmoreporks onMokoia Island in
New Zealand in the breeding season immediately following a broad-
scale distribution of brodifacoum as part of an attempted mouse eradi-
cation (Stephenson et al., 1999). While Stephenson et al. (1999) con-
cede that the reduction in breeding success may have been related to
a drop in prey availability rather than a direct effect of rodenticide tox-
icity, depression of breeding success by anticoagulant rodenticides is
plausible. Laboratory testing also detectedmodest reductions in weight
gain and wing growth in juvenile Japanese Quail (Coturnix coturnix
japonica) exposed to sub-lethal doses of brodifacoum or difenacoum
(Butler, 2010). Perhaps themost conclusive evidence of negative impacts
of sub-lethal AR exposure on growing birds is the correlation observed
between concentrations of bromadiolone in blood and reduced body
condition observed in nestling Common Kestrels (Falco tinnunculus)
(Martínez-Padilla et al., 2016).

Nest successmay also be impacted in the early stages of nesting. Em-
bryo toxicity has been observed in domestic chicken eggs injected with
the anticoagulant rodenticide flocoumafen (Khalifa et al., 1992). It is
also possible that exposure to anticoagulant rodenticides could impact
egg viability via reductions in the integrity of eggshells. Exposure to
therapeutic anticoagulants has resulted in bone density loss in humans
by disruption of the vitamin K cycle and resultant suppression of calcifi-
cation (Fiore et al., 1990; Resch et al., 1991;Monreal et al., 1991) though
similar effects on bone density have not been observed in birds
(Knopper et al., 2007). Residues of bromadiolone and chlorophacinone
were detected in yolk and albumin of addled Barn Owl eggs in areas of
palm plantations treated with rodenticides but no changes to eggshell
thickness or morphology were detected (Salim et al., 2015). However,
changes to barn owl egg morphology, reduced eggshell mass and de-
creased eggshell thickness have been observed when eggs contained
higher concentrations of brodifacoum (Naim et al., 2012). While terato-
genic effects of anticoagulant rodenticides are not widely reported in
birds, one study suggested this possibility when the authors detected
a single barn owl nestling in a plot treated with brodifacoum which
failed to grow primary feathers and would have been unable to fly
(Naim et al., 2010). Haemorrhage of oviducts in associationwith roden-
ticide poisoning has been observed in female raptors carrying eggs
(Murray, 2017), suggesting that ARs may pose a particular risk to
nesting females. Future assessments of population-level impacts of an-
ticoagulant rodenticide exposure need to consider not only adult mor-
tality, but also impacts on fecundity and recruitment.

5. Conclusion

My hypothesis that total AR exposure would vary between areas
predominated by different types of anthropogenic landscape is to
some degree supported by the finding of significant, though weak, rela-
tionships trending in opposite directions between total liver AR concen-
tration and proportions of agriculture and developed land at the spatial
scale of a boobook's home range. Understanding this dynamic is key to
assessing landscape-level risk of AR poisoning across carnivores and
scavengers in Australia. It will also facilitate future attempts to model
exposure risk in endangered and priority taxawhichmay be susceptible
and will enable more specific risk assessment prior to proposed future
developments. The high rates and magnitude of AR exposure raise seri-
ous concerns about AR exposure in other Australian species. Future
work should evaluate the impact of ARs on other Australian wildlife,
particularly species utilizing urban and peri-urban areas, species with
large home ranges, and species regularly consuming commensal ro-
dents. The detection in boobooks of ARs presumed to be used only by
professionals is concerning. Ongoing review of the registration of
SGARs by the APVMA should take this into considerationwhen evaluat-
ing the efficacy of restricting SGARs to licensed pesticide applicators in
reducing poisoning in non-target wildlife.
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