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Anticoagulant rodenticide brodifacoum detected in dead nestlings of an
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Abstract: The anticoagulant rodenticide brodifacoum is widely used to eradicate invasive rats from islands
for the protection and restoration of populations of native species. However, brodifacoum is also highly toxic
to birds. We report the first apparent case of secondary brodifacoum exposure and subsequent poisoning in
nestlings of an insectivorous passerine, the Stewart Island robin (Petroica australis rakiura). Thirteen dead
nestlings were collected 3—4 months after brodifacoum bait was applied to eradicate rats from Ulva Island,
New Zealand. Twelve of these composite nestling samples contained moderate concentrations of brodifacoum
(mean=0.08+0.02 ug g ';range=0.011-0.28 ug g ') at levels comparable with those associated with mortality
in adult birds of other species (0.2 pg g ! in liver), which suggests exposure in the robin nestlings was lethal.
However, we were unable to determine the definitive cause(s) of death because sampling of dead nestlings
was opportunistic and we were unable to test live nestlings for residue as a comparison. The period between
brodifacoum application and mortality in the nestlings (52-92 days) implicates secondary poisoning. Our results
highlight the potential role of invertebrates as vectors of anticoagulant rodenticides in the environment, as well
as the need for further research on this exposure pathway.
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Introduction

The second-generation anticoagulant rodenticide brodifacoum
is used extensively worldwide for the control of commensal
rodents in and around buildings, and is available over the counter
(e.g. Talon™) for such uses in New Zealand and Australia
(Clapperton et al. 2011; Gunja et al. 2011). Brodifacoum has
also emerged as the rodenticide of choice for the eradication of
invasive rodents (Rattus spp. and Mus musculus) from islands
and fenced sanctuaries, towards biodiversity conservation and
ecosystem restoration in countries such as New Zealand (e.g.
Veitch2002; McClelland2011), Australia (e.g. Burbidge 2004;
Priddel et al. 2011) and the United States (e.g. Garcia et al.
2002; Howald et al. 2005; Buckelew et al. 2011). Nearly all
rat eradication attempts on islands using brodifacoum have
been successful because of its high toxicity and persistence,
delayed onset of poisoning, and in many cases the aerial
broadcast application of bait (Parkes et al. 2011).

These characteristics also increase the risk of poisoning to
non-target species, via consumption of toxic bait or primary
exposure (e.g. Taylor & Thomas 1993; Weddingetal. 2010), or
via consumption of contaminated prey or secondary exposure
(e.g. Brown et al. 1998; Fournier-Chambrillon et al. 2004;
Riley et al. 2007). Investigations of non-target secondary
poisoning have typically focused on bird species that either
prey on rodents (e.g. Mendenhall & Pank 1980; Hegdal &
Colvin 1988; Stephenson et al. 1999) or scavenge carcasses
(e.g. Howald et al. 1999; Henny & Elliott 2007; Redig &
Arent 2008). Insectivorous birds are also at risk of secondary
poisoning if they consume invertebrates that feed on bait,
but there have been relatively few studies of this non-target
exposure pathway (Booth et al. 2001).

In contrast to the many studies that document adult

mortality in non-target wildlife following a brodifacoum
application, few investigations have examined the effect of
brodifacoum exposure on the reproduction of birds, particularly
the risk to nestlings. Exposure of nestlings to anticoagulant
rodenticides can occur if they are fed toxic bait directly. For
example, nestling South Island robins (Petroica australis)
were fed Racumin® paste (which contains the anticoagulant
rodenticide coumatetralyl) by their parents (Pryde et al.
2013). Nestlings can also be secondarily exposed if they are
fed contaminated prey items, such as rodenticide-killed mice
that were fed to turkey vulture (Cathartes aura) nestlings by
their parents (Borst & Counotte 2002). Insectivorous nestlings
could be at risk of poisoning if they are fed contaminated
invertebrates, which have been detected up to 10 weeks after
the application of brodifacoum (Craddock 2003). Nestlings
could also be at a greater risk than adults because of their
smaller size, where less toxin is required for a lethal exposure.

Ulva Island (267 ha) is an open sanctuary in Paterson
Inlet, Stewart Island, New Zealand. Norway rats (Rattus
norvegicus)were initially eradicated from Ulva Island in 1996,
because their presence resulted in the local extinction of native
species such as Stewart Island robins (Petroica a. rakiura).
The initial rat eradication was followed by the reintroduction
of Stewart Island robins in 2000. Robins are insectivorous
ground-feeding passerines endemic to New Zealand and are
classified as ‘Nationally Vulnerable’ (Miskelly et al. 2008).
Robins exhibit biparental care, with both males and females
feeding offspring, and have amodal clutch size of two (Heather
& Robertson 2005). Since being reintroduced in 2000, robins
have established territories across Ulva Island, and the entire
population has been intensively monitored since the release
as part of a long-term study on inbreeding in reintroduced
populations (Jamieson 2011; Laws & Jamieson 2011; Grueber
etal. 2012).
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Since the initial eradication in 1996, an average of one rat
capture per year has indicated regular incursions onto Ulva
Island, but rats failed to establish a breeding population until
December 2010 (Masuda & Jamieson 2013). In an effort to
again eradicate rats from Ulva to protect and restore native
species, aerial applications of brodifacoum were conducted by
the New Zealand Department of Conservation on 18 August
and 20 September 2011 across the entire island. Brodifacoum
was applied in the form of cereal bait at a concentration of
20 ppm, and the total sowing density across the entire island
was 14 kg ha ! (see Masuda & Jamieson 2013).

The application of brodifacoum on Ulva Island was
followed by mortality of Stewart Island robins; adult robins
were observed feeding on toxic bait pellets and 136 of the
entire population of 473 (31.5%) were presumed to have
died within one month of bait application because they were
not observed thereafter (Masuda & Jamieson 2013). The
reproduction ofrobins could also have been negatively affected
by the application of brodifacoum if nestlings were fed bait
directly, or if nestlings were fed contaminated invertebrates.
Robins primarily feed on invertebrates, particularly large
prey such as earthworms (Family Megascolecidae), tree weta
(Hemideina spp.) and cicadas (Family Cicadidae) (Powlesland
2013), and adults feed these prey species to their nestlings as
well (BMM pers. obs.).

In this paper, we report the concentrations of residual
brodifacoum detected in the bodies of robin nestlings found
dead 3—4 months after the aerial application of brodifacoumbait,
along with observational evidence suggesting that mortality
was associated with secondary exposure to brodifacoum.

Materials and methods

As part of the long-term monitoring of robins on Ulva Island,
fieldworkers visited each robin pair (September—January) once
every 7—10 days to determine their breeding status (Laws et al.
2010). During the 2011 breeding season, approximately 3—4
months after the first of two aerial applications of brodifacoum
bait (i.e. between 11 November and 21 December 2011), we
opportunistically collected a total of 13 dead robin nestlings
from seven nests. In six of the seven nests, both nestlings were
collected and tested for residue; one nest contained only asingle
nestling. Based on body size, weight, estimated laying date, and
condition of the carcass, all nestlings were estimated to have
died at between 7 and 17 days of age. Nestling carcasses from
additional failed nests were too decomposed (i.e. found more
than 2-3 days after death) for residue testing. We also did not
collectlive nestlings from other nests as a comparison because
this would have conflicted with survival outcomes produced
from the long-term study, as obtaining liver tissue to test for
brodifacoum residue would have required lethal sampling.
As a result, we were unable to compare brodifacoum residue
concentrations present in nestlings that died and those that
survived (see Discussion). All nestling carcasses were frozen
within 8 h of being collected. A basic necropsy was conducted
on each nestling, where the whole carcasses were checked for
visible signs of external damage or injury, and then opened
and checked for visible signs of damage to tissue and organs,
lesions, or internal bleeding. The presence and appearance of
any stomach and gut contents were described.

Tissues from each nestling carcass were taken for chemical
analysis of brodifacoum concentration. In vertebrates, the liver
is typically analysed to determine brodifacoum exposure, but

the livers from individual robin nestlings were too small (< 0.5
g) to be analysed separately. To obtain an adequate quantity
of tissue from each nestling, internal organs, including the
gastrointestinal tract and its contents, were removed and
homogenised to make a composite tissue sample for each
individual nestling. These samples were extracted and analysed
by the Landcare Research Toxicology Laboratory (Lincoln,
New Zealand) for brodifacoum concentration using high
performance liquid chromatography and fluorescence detection
as described by Primus et al. (2005). The detection limit of this
methodis 0.001 pgg ', and the uncertainty (95% CI) was 6%.

Results

There was no evidence of gross internal haemorrhage at
necropsy. Evidence of haemorrhaging could be expected
because anticoagulants block the reduction of vitamins K, K,,
and K3 into biologically active vitamin K (Silverman 1980),
which ultimately results in an increase in blood clotting time
and uncontrolled haemorrhaging (Suttie 1985; Littin et al.
2000). However, in birds, the absence of haemorrhaging
does not exclude the possibility of anticoagulant poisoning
(see Discussion).

All nestlings had full gizzards and at least some digesta
present in other sections of the gastrointestinal tract, in some
cases (5/13) with faeces formed in the cloaca. Digesta was
coloured black to dark brown and of a paste-like consistency
containing distinct (2-3 mm) soft particles of unidentified
food. We did not observe any green colouration in the digesta
that may have indicated ingestion of bait pellets.

Brodifacoum was detected in 12 of 13 nestlings tested
(mean = 0.08 £ 0.02 pg g'; range = 0.011-0.28 pg g'; Fig.
1), from six of seven nests. Brodifacoum was detected in all
dead nestlings that were collected with anestmate (n=12); the
only nestling in which brodifacoum was not detected did not
have anestmate. In general, higher brodifacoum concentrations
were present in nestlings that died earlier in the season (i.e.
sooner after the baiting operation), although the strength of
relationship is partly influenced by one outlier (Fig. 1).
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Figure 1. Brodifacoum concentration in 13 Stewart Island robin
(Petroica australis rakiura) nestlings found dead on Ulva Island
following a poison operation to eradicate Norway rats (Rattus
norvegicus). Nestmates are indicated by paired symbols on the
same day. Brodifacoum was not detected in one singleton nestling
found dead on Day 71.
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Discussion

Did the nestlings die from brodifacoum poisoning?

During necropsy of the robin nestlings, we did not observe
internal haemorrhaging that is considered a typical sign of
anticoagulant poisoning in adult birds (Rattner et al. 2011).
However, anticoagulant poisoning can also occur without any
apparent haemorrhage and histopathology is not necessarily
diagnostic of anticoagulant poisoning (DuVall et al. 1989).
Hence the absence of readily visible internal haemorrhaging
in nestlings that contained residual brodifacoum does not
preclude the possibility of brodifacoum poisoning per se.

The concentrations detected in composite tissue samples
from robin nestlings (mean = 0.08 + 0.02 pug g™') suggest
that the robins may have died due to brodifacoum poisoning.
Liver is the typical indicator tissue for monitoring exposure of
wildlife to anticoagulants (e.g. Fisheretal. 2010), and previous
studies that tested livers of adult birds for brodifacoum suggest
that concentrations greater than 0.2 ug g™' are associated
with an increased risk of mortality (Fisher et al. 2011). Our
results are not directly comparable with these previous studies
because we tested composite tissue samples of nestlings, not
liver samples of adults. As a result, we could not determine
if the brodifacoum detected was in the liver, gastrointestinal
tract and contents, other organs, or some combination of
organs. If brodifacoum was present in the liver but not in
other tissues of the nestlings, then our reported concentrations
are likely to underestimate those in liver alone. The highest
concentration of the anticoagulant rodenticide diphacinone
detected among rat organs was in the liver, while slightly
lower concentrations were detected in the lung and kidney
(Yu et al. 1982). Furthermore, lower residue levels of the
anticoagulant rodenticide coumatetratyl were detected in
the entire gastrointestinal tract (i.e. stomach, intestines and
contents) than in the rest of the body combined, although
substantial variability was observed between gastrointestinal
samples (O’Connor et al. 2003).

It is also possible that nestlings are more sensitive
than adults (weight for weight) to the metabolic effects of
brodifacoum, and thus the smaller nestlings would require
relatively less brodifacoum exposure than adults to cause
adverse effects and death. Although we have found no
previous reported studies where residual brodifacoum has
been linked to non-target mortality in avian nestlings, nestlings
have been shown to be more susceptible than adults to other
toxins (Cutkomp 1943; Grue & Shipley 1984). Considering
the potential underestimation of brodifacoum in livers of
nestlings, as well as the possible greater sensitivity, the mean
concentration of brodifacoum measured in the internal organs
of robin nestlings (0.08 ug g™') may well represent a lethal
exposure. However, we acknowledge the limitations of this
study, in that sampling of dead nestlings was opportunistic and
their subsequent testing for brodifacoum was investigative.
Furthermore, we were unable to test nestlings thathad survived
as a comparison due to the ongoing long-term study. Thus,
we were unable to robustly determine a relationship between
mortality and residue concentrations in our composite samples,
as well as the extent (if any) of haemorrhaging. As a result,
brodifacoum poisoning was implicated in the deaths of the
nestlings, but we were unable to determine the definitive
cause(s).

Brodifacoum poisoning has been documented in nestlings
of captive, predatory turkey vultures following the consumption
of contaminated mice (Borst & Counotte 2002). However,

our results could be the first reported mortality in nestlings
of a wild avian insectivore caused by secondary exposure to
brodifacoum. Direct consumption of bait containing another
anticoagulant rodenticide (coumatetralyl) appeared to result
in the mortality of four South Island robin (Petroica australis)
nestlings (Pryde et al. 2013).

How were the nestlings exposed to brodifacoum?

We did not monitor active nests to determine if nestlings were
being fed poison bait directly, nor did we test invertebrate
prey for brodifacoum residue. Therefore, we were unable to
determine the source of brodifacoum exposure (poison bait
or invertebrates) in the nestlings that died. Nevertheless, we
infer secondary poisoning via invertebrates fed to nestlings,
on the basis of the following evidence. First, any adults that
learned to eat brodifacoum cereal pellet baits (applied August—
September 2011) likely died of poisoning well before the start
ofthe breeding season (October), when they may have fed itto
nestlings. Second, by the time the dead nestlings had been found,
there was little sign of bait remaining on the ground (BMM
pers. obs.). Bait degradation has been monitored following
aerial applications for rodent eradications in New Zealand.
On Little Barrier Island, at four sites representing grassland
and forested/canopy habitats, 20 bait pellets were placed under
wire cages designed to exclude rodents and birds, and checked
for degradation at intervals after application. Bait pellets were
nearly completely disintegrated by 100 days after application
(Fisher et al. 2011). Also, Craddock (2003) found that most
Pestoff® bait pellets took around 80 days to completely
degrade, and all pellets were degraded by 110 days during
a study of bait degradation at Tawharanui Regional Park on
the Mahurangi coast north of Auckland. Third, if parents had
fed bait directly to offspring, we would have expected to see
evidence of the green dye used in the baits, either in nestling
faeces or gut contents, with potentially higher concentrations
of brodifacoum in the dead nestlings.

Consuming contaminated invertebrates is a viable pathway
for insectivorous birds and their offspring to be exposed to
brodifacoum. Many invertebrate species feed on brodifacoum
baitdirectly, or could ingest brodifacoum via the consumption
of rodent faeces or carcasses (Spurr & Drew 1999; Craddock
2003; Hoare & Hare 2006). Brodifacoum levels in weta
(Hemideina spp., Gymnoplectron spp.), whichareaprey species
for robins, have reached up to 7.47 ug g~! immediately after a
poisonapplication (Craddock 2003). Furthermore, wetamay act
as vectors of brodifacoum residue for a relatively long period.
Residue levels in weta were considered relatively high (0.12
ng g ') 4 weeks after bait-station applications of brodifacoum
(Craddock 2003). Furthermore, brodifacoum has been shown
to persist in weta for up to 4 days following consumption
in one study (Booth et al. 2001) and for less than 12 days
in a second study (Lloyd 1997, cited in McClelland 2002).
Because invertebrates appear less sensitive than mammals
to anticoagulant poisoning (Pain et al. 2000; Hoare & Hare
20006), we suggest that live invertebrates can act as spatial and
temporal vectors of residual brodifacoum within a food web.

Secondary brodifacoum poisoning of insectivorous adult
birds has been reported, but in far fewer cases compared with
poisoning of avian predators and scavengers from ingesting
dead rodents (Hoare & Hare 2006; Henny & Elliott 2007). On
two occasions, it appeared that insectivorous birds died in zoo
aviaries after feeding on ants and cockroaches that had eaten
brodifacoum baits (Godfrey 1985; Borst & Counotte 2002).
Secondary exposure to brodifacoum also appeared to cause
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mortality ofadult New Zealand dotterels (Charadrius obscurus
aquilonius) that consumed sandhoppers (7alorchestia spp.) that
had fed on bait pellets (Dowding et al. 2006). Individuals of
other insectivorous bird species have been found dead after
brodifacoum baiting operations, but these were believed to
have died from primary poisoning (but see Robertson et al.
1999; Robertson & Colbourne 2001; Eason et al. 2002).

Recent reviews of the literature concerning the non-target
effects of brodifacoum have suggested that most mortalities
of insectivorous or omnivorous birds are through primary
rather than secondary poisoning (Eason et al. 2002; Hoare &
Hare 2006; Sanchez-Barbudo et al. 2012). However, the few
studies that have explored the role of invertebrates as vectors
of anticoagulant rodenticides, and our inference that the robin
nestlings on Ulva Island died from secondary brodifacoum
poisoning, raise the possibility that secondary exposure of
insectivorous birds is more widespread than previously noted
and has the potential to result in mortality. Therefore, the
application of brodifacoum during or just prior to the breeding
season may lead to an elevated risk of secondary poisoning in
insectivorous birds, and baiting operations should be timed
accordingly.

Although secondary poisoning appeared to result in
the failure of at least six robin nests on Ulva Island, these
failures did not appear to have any significant impact on robin
productivity at a population scale. Nest survival during the
nestling stage was similar before (during the 2009 and 2010
seasons) and after the baiting operation (during the 2011 season)
(BMM & IGJ unpubl. data). Furthermore, had the Norway
rat population not been eradicated, the robin population was
unlikely to have been viable in the long term (see Masuda &
Jamieson 2013). Nevertheless, conservation managers should
be aware of the potential role of invertebrates as vectors of
anticoagulantrodenticides to insectivorous species, particularly
when assessing and mitigating non-target risk to brodifacoum
exposure.
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