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Abstract

1080 (sodium fluoroacetate)-baiting programmes are an important and often the only option for reducing the impact of invasive
vertebrate pests on biodiversity and agricultural production in Australia and New Zealand. These programmes are generally recog-
nised as being target specific, and environmentally and user safe. Nevertheless, although 1080 has few recognised long-term side-
effects, its potential to disrupt endocrine systems has been recently raised, and there is some conjecture regarding the humaneness
of 1080 for certain target species. However, the assessment of the humaneness of any vertebrate pesticide must be commensurate
with its mode of action, metabolism, target specificity, and operational use. This has not always occurred with 1080, particularly
regarding these aspects, and its overall effects. The actual risk faced by non-target species during baiting operations is not accurately
reflected simply by their sensitivity to 1080. 1080 is not endocrine-disrupting or carcinogenic, and because of the lag phase before
signs of poisoning occur, the time from ingestion to death is not a reliable indicator of its humaneness. Moreover, functional receptors
and neurological pathways are required to experience pain. However, as 1080 impairs neurological function, mainly through effects
on acetylcholine and glutamate, and as this impairment includes some pain receptors, it is difficult to interpret the behaviour of
affected animals, or to assess their ability to experience discomfort and pain. This has implications for assessing the merits of including
ameliorative agents in 1080 baits aimed at further improving welfare outcomes. We also suggest that the assessment of the humane-
ness of any vertebrate pesticide should follow the ethical pest control approach, and on this basis, believe that the use of 1080 to
reduce the detrimental impacts of invasive vertebrates is ethical, particularly with respect to the expectations of the wider community.
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With the exception of feral goats, baiting programmes with
sodium fluoroacetate (ie 1080) form an integral and, in
some cases the only, means by which the impacts of these
introduced invasive species can be managed on a large scale

Introduction

Introduced vertebrates, particularly rabbits (Oryctolagus
cuniculus), foxes (Vulpes vulpes), feral pigs (Sus scrofa), wild
dogs (Canis lupus familiaris), feral goats (Capra hircus), and

feral cats (Felis catus), have a significant and profound impact
on agricultural production and/or biodiversity in Australia.
Such impacts can include endemic and potential exotic animal
diseases and human health (Saunders et a/ 1995; Williams
et al 1995; Choquenot et al 1996; Fleming et a/ 2001; Cooper
et al 2007). In 2004, the annual cost of these species to
Australian agriculture alone was estimated at approximately
AUDS$330 million (McLeod 2004). Although the direct
impact of these and other pest species on biodiversity is
considerable, placing an accurate monetary value on these
impacts is not possible. However, over AUD$22 million were
spent on fox and feral cat control programmes in Australia in
2004 in attempts to reduce the detrimental impact of these
species on biodiversity (McLeod 2004).

(Saunders et al 1995; Williams et al 1995; Choquenot et al
1996; Fleming et al 2001). 1080 products play a vital and
important role in protecting biodiversity and agriculture in
New Zealand mainly through the management of rabbits,
and in management programmes for bovine tuberculosis
(especially through the control of introduced brushtail
possums [Trichosurus vulpecula); Eason et al 1994a,b;
Seawright & Eason 1994). In addition to these target species
(ie rabbits, foxes, wild dogs, feral pigs, brushtail possums,
and feral cats), there are indirect benefits of these control
programmes through secondary poisoning of stoats
(Mustela erminea), ferrets (M. putorius), foxes, and feral
cats (Aulerich et al 1987; Gooneratne et al 1995; Algar &
Kinnear 1996; Meenken & Booth 1997). The active ingre-
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dient of 1080, fluoroacetate, is produced naturally in biolog-
ically significant amounts by several plant genera on three
continents (Australia, Africa, South America) as a chemi-
cally mediated defence against herbivory (de Oliveira 1963;
Aplin 1971; Vickery & Vickery 1975; Twigg & King 1991).
However, 1080 is produced synthetically for use in baits.

The assessment of the need, and methods used, to reduce
the impact of pest species can be difficult because of the
wide range of emotions and ethical stances that can be
evoked. Complete agreement is unlikely to ever be
reached on what is, and is not, desirable, but an acceptable
middle ground must be found if Australia’s and New
Zealand’s agricultural production and biodiversity are to
be maintained. One way to help achieve such an outcome
is to ensure that relevant and accurate information is
available so that people are better placed to develop
informed, sound, scientifically based opinions on what is,
and what is not acceptable, including animal welfare
outcomes (ie ‘humaneness’).

Any assessment of the humaneness of vertebrate pesticides
must be commensurate with their mode of action, metabo-
lism, physiological effects, target specificity, and opera-
tional use-patterns. In addition, any assessment needs to
consider the wider rationale and implications as to why such
pests are being targeted, particularly where remedial action
results in an overall gain in animal welfare outcomes (eg
decreased lamb predation). These aspects have not been
fully considered in the two recent reviews regarding the
reported humaneness and/or appropriateness of using 1080
(see Weaver 2006 and Sherley 2007), resulting in several
misleading conclusions. These include, inappropriately
using time to death as an indicator of humaneness of 1080,
potential endocrine disruption, and suggesting laboratory-
derived toxicity data equate to actual risks to non-target
species during baiting operations. In particular, these
reviews did not fully address the mode of action of 1080 or
the known low-level persistence of 1080 in the environment
and the positive implications of these aspects for animal
welfare, or consider how 1080 is actually used in the field.
Our paper addresses these omissions by summarising the
mode of action, metabolism, and the physiological effects
of 1080, and showing how these will influence any assess-
ment of its humaneness. A case is then mounted to suggest
that the argument presented, stating that 1080 should not be
considered to be humane (Sherley 2007), is not supported
by the available scientific evidence.

Mode of action

The mode of action of fluoroacetate is complex and not yet
fully understood. However, its toxicity arises from its
conversion within the animal to fluorocitrate (Peters 1952;
Peters & Wakelin 1953; Peters 1957; Buffa et al 1973).
Synthesis of fluorocitrate ([-]-erythro-2-fluorocitrate — the
only active isomer) occurs in the mitochondria and the fluo-
rocitrate thus formed competitively inhibits the tricar-
boxylic acid cycle (TCA) enzyme, aconitase (EC 4.2.1.3
-aconitate hydratase) but does not appear to affect the cyto-
plasmic isozyme in vivo (Morrison & Peters 1954; Buffa

et al 1973). This ultimately results in decreased production
of ATP and, hence, energy. Additionally, aconitase is now
thought to be essential for maintaining the integrity of mito-
chondrial DNA (Klausner & Rouault 1993; Chen et al
2005) which is required to maintain proper cellular respira-
tory function and energy production (Buffa ef al 1973; Chen
et al 2005). As little as 0.1 to 3% of ingested 1080 needs to
be converted to fluorocitrate to exert its lethal effects (Gal
et al 1961; Clarke 1991), and if vomiting occurs, this does
not improve the survival of poisoned individuals as suffi-
cient fluoroacetate has been absorbed before this happens
(O’Brien 1988; O’Brien & Lukins 1988; Twigg et al 2005).

Fluorocitrate also inhibits citrate transport into and out of
mitochondria (Kirsten et al 1978; Kun 1982), and this inter-
feres with the metabolism of citrate, including in the brain
(Fonnum et al 1997). Although there is still some debate
over which metabolic effect is the more important, the effect
on citrate transport occurs at much lower concentrations of
fluorocitrate than do the effects on aconitase (Peters 1952,
1972; Buffa et al 1973; Kirsten et al 1978; Kun 1982;
Clarke 1991). For example, the concentration of
fluorocitrate (0.1 uM) in the mitochondria of lethally
poisoned rats is less than the inhibition coefficient (K)) for
aconitase (26 uM), but this concentration is sufficient to
inhibit citrate transport enzymes in the mitochondrial
membrane (Kun etr al 1977; Kirsten et al 1978; Twigg &
King 1991; Goncharov et al 2006).

Fluorocitrate can also have an inhibitory effect on succinate
dehydrogenase in intact mitochondria (rats: Fanshier et al
1964; fish: Zurita et a/ 2007). Although the effects may vary
slightly between tissue types (Buffa et al 1973; Fonnum et al
1997), the resulting block in the TCA cycle, and the inhibi-
tion of citrate transport mechanisms, ultimately result in the
accumulation of citrate in the tissues and plasma, energy
deprivation, and death (Peters 1957; Buffa et al 1973). In
addition, the high levels of citrate can inhibit the glycolytic
enzyme, phosphofructokinase (Peters 1972). At high concen-
trations, citrate chelates with serum calcium, resulting in
hypocalcaemia and ultimately heart failure (Roy et al 1980;
Omara & Sisodia 1990; Parton 2001; Goh et al 2005). Citrate
can chelate with magnesium, and this may also contribute to
the toxic effects of fluoroacetate (Roy et al 1980).

The actual cause of death from fluoroacetate poisoning is
not fully known, but it is a multifactorial event (Peters 1952,
1972; Buffa et al 1973; Omara & Sisodia 1990; Parton
2001; Goh et al 2005). Accumulation of citrate results in
changes in cation concentration which can cause ion
imbalance within cells (Buffa et a/ 1973). The resulting
ionic and osmotic modifications, together with the associ-
ated decline in ATP and serum calcium concentrations, may
be sufficient to induce death (Buffa er a/ 1973; Roy et al
1980). Energy, and ionic, dependent transport mechanisms
can also be affected (Buffa er al 1973). Neurotoxic effects
also occur, particularly in many highly sensitive species
(Buffa et al 1973; Kirsten et al 1978; Kun 1982). These
effects, together with the depletion of glutathione (protects
aconitase and catalyses defluorination of fluoroacetate;
Buffa et al 1973; Twigg et al 1986; Twigg & King 1991),
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are responsible for many of the clinical signs of fluoroac-
etate poisoning. The outward signs of poisoning are
generally neurological in carnivores, cardiac/respiratory in
herbivores, and a mixture of neurological and cardiac signs
in omnivores (Chenoweth 1949; Sherley 2004). However,
because of the varied responses to 1080 intoxication, the
classification of individual species into these groupings can
be problematical (see Sherley 2004). There is a latent period
(ie the lag phase) between the time fluoroacetate is ingested
and the appearance of the first signs of poisoning (at least
30 min to 3 h in endotherms: Chenoweth 1949; Mcllroy
1981; Twigg et al 1986; Twigg & King 1991), which results
from the time required for fluoroacetate to be absorbed, to
penetrate cells, be converted into fluorocitrate, and then to
disrupt cellular processes.

Fluoroacetate poisoning and neurotransmitters

The metabolic effects of fluoroacetate/fluorocitrate also
occur in nerve tissue. For example, fluoroacetate intoxica-
tion can reduce the activity of the TCA cycle in nerve tissue
(mainly the glial cells) by 35-55% (Patel & Koenig 1968),
and this can cause neurological dysfunction (Fonnum et a/
1997; Goncharov et al 2006; Sun et al 2009). Sequelae
include incoordination, tremors, and seizures (Buffa et a/
1973; Littin et al 2009). At least part of this neurological
dysfunction results from the effect of fluoroacetate
poisoning on two primary neurotransmitters, acetylcholine
and glutamate (see below).

Although it is often unrecognised, the high citrate concen-
trations generated during fluoroacetate poisoning also result
in major metabolic interference. Citrate is an inhibitor of the
production of acetylcholine. This important neurotrans-
mitter has a wide range of key roles in the nervous system.
It is the main neurotransmitter involved in the communica-
tion between muscles and their associated nerve junctions
(Strand 1978; Rang 2003; Goncharov et al 2006), and is an
important neurotransmitter in the brain (including in
memory function), for interneural communication, and in
the autonomic nervous system (Strand 1978; Hogg et al
2003; Rang 2003; Watanabe et al 2009). The active role of
acetylcholine in memory formation may partially explain
why human patients often have no recollection of the
adverse effects which can occur during 1080 intoxication
(Chi et al 1996). Acetylcholine also has neurohumoral roles,
such as the control of insulin secretion through the activa-
tion of the phospholipase carbon and calcium signalling
pathway (Goncharov et al 2006). Although it has been
proposed that the neurotoxic effects of fluorocitrate may
result from the inhibition of cholinergic (acetylcholine)
receptors (Kun 1982), such effects are more likely to result
from the inhibition of acetylcholine synthesis in nerve cells.

The inhibition of acetylcholine synthesis by citrate seems to
occur via two main mechanisms. Firstly, hydroxycitrate,
which can be formed in the presence of fluorocitrate,
aconitase, cysteine, and Fe** (Kirsten et al 1978), is a
specific inhibitor of ATP-citrate lyase (Tucek et al 1981).
ATP-citrate lyase is required to form acetyl-CoA from
citrate or glucose. Acetyl-CoA is the ‘precursor’ of acetyl-
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choline. Hydroxycitrate concentrations of 2.5 mM can
inhibit in vitro acetylcholine production from citrate by
82-86% (Tucek et al 1981), and second, citrate itself has a
strong inhibitory effect on the synthesis of acetylcholine.
For example, the formation of acetylcholine from glucose
and pyruvate in vitro can be reduced by 43 and 66% in the
presence of 2.5 and 5 mM citrate, respectively (Tucek et al
1981). Citrate concentrations of 1-2 mM are often reached
in the plasma of animals poisoned with fluoroacetate
(Twigg & King 1991; Gooneratne ef al 1994). Further, the
action of acetylcholine was totally inhibited by ~100 mM
fluoroacetate over 24 h during in vitro studies with fish cell
lines (Poeciliopsis lucida), with an EC,; (half maximal
effective concentration) for acetylcholine of 73 mM fluo-
roacetate (Zurita et al 2007). Fluoroacetate blockage of the
TCA cycle often completely inhibits acetylcholine-induced
mobilisation of intracellular calcium (Schofl et al 2000),
further indicating the important role of acetylcholine in
maintaining homeostasis.

Glutamate is an important neurotransmitter for some noci-
ceptors (pain receptors), particularly those located in the
skin and brain (Fonnum et a/ 1997; Fundytus 2001; Platt
2007). Together with acetylcholine, glutamate is also a
modulator of memory, and an important neurotransmitter in
the spinal cord (Fundytus 2001; Watanabe et al 2009).
Fluoroacetate poisoning can result in decreased glutamate
levels in the striatum (ie brain) with resultant decreased
capacity for nocioception (ie registering pain) as glutamine
(a precursor of glutamate) synthesis is particularly sensitive
to fluorocitrate (Fonnum et a/ 1997). Functional receptors
and neurological pathways are required to experience pain.

1080 toxicosis is thought to induce seizures in rats through
alterations to neurotransmitter concentrations within the
brain (Wickstrom et al 1998). The administration of neuro-
transmitter modulating agents (eg glutamate inhibitors,
GABA and serotonergic antagonists) can significantly
ameliorate the toxic effects of 1080 (Cook et a/ 2001; Goh
et al 2005). Nitrous oxide is also involved in the develop-
ment of pathological pain and hyperalgesia in the spinal
cord (Sun et al 2009). Sun et al (2009) showed that fluo-
rocitrate significantly inhibited the up-regulation of the
nitrous oxide system, and the production of nitrous oxide,
in rats, with resultant reversible attenuation of the develop-
ment of pain and hyperalgesia.

Thus, although the modulation/regulation of the nervous
system is obviously complex, it is clear that fluoroacetate
poisoning results in the dysfunction of at least two major
neurotransmitter pathways, the cholinergic and glutamergic
systems, and also attenuates the ability to feel pain in the
spinal cord through decreased nitrous oxide production. The
dysfunction of the cholinergic and glutamergic systems ulti-
mately results in the tremors/tetanic spasms seen in some
poisoned animals. It is unclear to what extent fluoroacetate
poisoning disrupts other neurotransmitter systems but,
because of the ultimate suppression of ATP production
occasioned during fluoroacetate intoxication, the effects of
fluoroacetate are most pronounced in those cells with high
energy demands (Buffa er a/ 1973; Kun 1982; Twigg &
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King 1991). Because all these effects are quite complex, it
is not currently possible to assess the extent to which such
impairment decreases the ability of animals to experience
painful stimuli during 1080 intoxication. However, any
disruption to, or malfunction of, neurotransmitter systems
must be considered when assessing the ability of animals to
experience pain or distress during 1080 intoxication, partic-
ularly given that consciousness declines prior to death
during fluoroacetate poisoning (Kun 1982). The effect of
fluoroacetate on neurological integrity, and how this relates
to decreased neurological function and the ability to register
pain are important areas which would benefit from future
research. For example, exactly when do in vivo levels of
neurotransmitters change, and by what amount, in relation
to the recognised stages of fluoroacetate poisoning.

Time to death as an indicator of humaneness

Sherley (2007) used time to death from laboratory-based
toxicity trials as one of the main measures for assessing
the humaneness of 1080 baits during pest control opera-
tions. Time to death was taken as the time from adminis-
tration of 1080 to death. However, this approach does not
allow for the lag phase associated with 1080 toxicity, the
deliberate administration of sub-lethal or just-lethal
amounts during toxicity trials, or for how 1080 is used
during baiting operations in the field.

Lag phase

The observed and reported clinical signs of 1080 poisoning
(Mcllroy 1981, 1982a,b, 1984; Twigg 1986; Eason et al
1994a; Litton et al 2009), together with the known
metabolic effects of fluoroacetate during the lag phase of
1080 intoxication (Buffa et al 1973; Kun 1982; Goncharov
et al 2006), suggest that there is minimal discomfort or pain
to poisoned animals during this phase. The lag phase is
rarely less than 1 h, and can be much longer than this (eg
3—15 h). Thus, the time during which animal welfare has the
potential to become compromised will be overestimated
unless this characteristic of 1080 poisoning is taken into
account. A more accurate estimate of the time that animal
welfare may be potentially compromised would be from the
time that signs of poisoning appear until death (eg Littin
et al 2004). Using this definition, and estimating time to
death from ingestion to death minus the reported lag phase
(eg Mcllroy 1981, 1982a,b, 1984; Eason et al 1994a; Twigg
et al 2002; Sherley 2007), death often occurs within 2—4 h
of overt signs of poisoning becoming evident, although it
can be longer than this with some individuals. However,
such values are difficult to estimate for many species
because few published studies have recorded time to death
using the above, more accurate definition.

Toxicity data vs operational non-target risk

For the following reasons, using data from toxicity trials
designed to assess the sensitivity of animals to 1080 as an
indicator of the time to death of animals poisoned during
pest control operations is not a valid approach. Laboratory-
based assessments usually involve liquid-gavage/injection of
the active ingredient whereas, during field operations, the

active ingredient is presented in a bait matrix. The bioavail-
ability and absorption profiles are likely to differ between
these two delivery methods. Sub-lethal and just-lethal
amounts of 1080 are also used during the toxicity trials, and
yet 1080 baits are deliberately designed to deliver at least
2-3 times an LD, dose. For example, 1080 baits used in fox
and wild dog control programmes contain 3 and 6 mg of
1080 (Saunders ef a/ 1995; Fleming et al 2001), and these
concentrations equate to approximately twice the estimated
LD,, amount required for the largest individuals of each
species. Thus, animals ingesting such amounts during pest
control operations are likely to be killed more quickly than
what would be suggested using the time to death derived
from data obtained during laboratory-based toxicity trials.
That is, the time to death of an animal is inversely related to
the dose of 1080 received, up to an asymptote level which
varies with species (Mcllroy 1981, 1984; Eason et al 1994a).

Nevertheless, it is important that best practice techniques
are followed so as to maximise the number of target species
exposed to toxic baits before the level of active ingredient
declines over time. Loss or degradation of 1080 from baits
is dependent upon bait type, rainfall, time of year and the
concentration of 1080 but, in the absence of rainfall, baits
generally remain toxic for at least four weeks (Wheeler &
Oliver 1978; Oliver et al 1982; Mcllroy et al 1986, 1988;
Thomson 1986; Fleming & Parker 1991; Eldridge et al
2000; Saunders et al 2000; Twigg et al 2000; Twigg et al
2003). 1080 is readily degraded by a range of bacteria, fungi
and aquatic micro-organisms (Kelly 1965; Bong et al 1979;
Wong et al 1992; Twigg & Socha 2001; Suren 2006) and
does not persist in ground or surface waters (Eason 1993;
Twigg et al 1996; Suren 2006; Booth et al 2007; Eason &
Temple 2008), even in the presence of quite high natural
concentrations of fluoroacetate in the surrounding environ-
ment (Twigg et al 1996). Simple dilution is also an
important factor in these considerations (Eason 1993; Twigg
et al 1996; Eason & Temple 2008). Although it is likely to
be dose-dependent, should animals ingest a sub-lethal
amount of 1080 then they generally do not display obvious
signs of poisoning and most 1080 is eliminated within
824 h in mammals (eg rabbits, possums, sheep, goats,
mice) with few, if any, long-term effects (Mead et al 1979;
Eason et al 1994a; Gooneratne et al 1994, 2008).

1080 toxicosis, endocrine systems and other
tissues

It has been recently proposed that, because exposure to fluo-
roacetate can result in decreased gamete and reproductive
hormonal production, fluoroacetate acts as an endocrine
disruptor (Weaver 2006; Sherley 2007). However, this does
not consider that such a response may be simply caused by
the marked decrease in the supply of ATP which accompa-
nies fluoroacetate poisoning. Further, in all cases studied,
such effects are reversible and not permanent, and this
includes birds (Balcomb et a/ 1983), mammals (Mazzanti
et al 1965; Sullivan et al 1979; Hornshaw et al 1986;
Gooneratne et al 2008) and reptiles (Twigg ef al 1988a). The
doses required to induce such a reproductive effect are also
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often well in excess of those levels which could be ingested
from 1080 baits during pest control operations (Twigg et al
1988a; Twigg & King 1991; Gooneratne et a/ 2008).

Nevertheless, the potential effects of 1080 on endocrine
systems are worthy of further discussion as such concern
has been raised by the wider community (Weaver 2006;
Eason & Temple 2007), and any serious effects have the
potential to influence welfare outcomes. Toxicologists
specifically refer to endocrine-disrupting chemicals
(EDCs) as synthetic chemicals that, once absorbed, have
oestrogenic or anti-androgenic activity which is mediated
by their ability to bind or block oestrogen or androgen
receptors (Colborn et al 1996; Tremblay et al 2004, 2005;
Eason & Temple 2007). In this respect, the ability of fluo-
roacetate and its toxic metabolite, fluorocitrate, to act as
EDCs has been investigated in mammals and fish. Neither
chemical had any effect on oestrogenic receptor binding in
sheep (Tremblay et al 2004; Eason & Temple 2007).
Similarly, neither fluoroacetate nor fluorocitrate displayed
androgenic activity in rainbow trout (Oncorhynchus
mykiss), and neither chemical showed androgenic or anti-
androgenic, or oestrogenic or anti-oestrogenic, activity in a
human reporter gene assay (Tremblay et a/ 2004, 2005). It
is therefore quite unlikely that either chemical would
promote oestrogenic or anti-androgenic effects (Tremblay
et al 2004; Eason & Temple 2007), particularly at the level
of fluoroacetate exposure likely to result from pest control
operations. The observed reversible effect of 1080 on some
reproductive tissue is most likely mediated through the
direct intracellular effect of fluorocitrate on the production
of ATP. The proposition that 1080 baits adversely affect the
breeding performance of native animals (Weaver 2006) is
not supported by the available evidence, particularly the
many studies where native animal populations have
responded very favourably to pest control programmes
with 1080 baits (eg Twigg & King 1991; Seawright &
Eason 1994; Morris et al 1995).

1080 is not mutagenic (Eason et al 1999; Eason & Temple
2007). Mouse lymphoma and micronucleus bone marrow
assays were used to detect chromosome anomalies in mice
given oral doses of 0.8, 1.5, 3.0, 6.0 and 7.5 mg 1080 kg'.
No mutagenic activity was observed at any dose level
(Eason et al 1999). The lack of harmful effects of fluoroac-
etate on chromosomes suggests, but is not absolute
evidence, that fluoroacetate or its metabolites are also
unlikely to act as carcinogens.

Organs most affected by fluoroacetate toxicity mainly
include those tissues with high energy requirements (Peters
1952, 1957; Buffa et al 1973). The effects of a single
exposure to fluoroacetate are relatively short-term in
endothermic animals, with most 1080 detoxified or elimi-
nated within 824 h (Buffa ef a/ 1973; Twigg et al 1988a,b;
Eason et al 1993a, 1994a; Gooneratne et al 2008; Littin et al
2009). For example, in brushtail possums, sub-lethally
dosed individuals were often seen grooming and feeding
within 19 and 26 h of dosing (Littin et al 2009). Further, no
adverse long-term effects were seen over two years in those
sheep which survived sub-lethal exposure to 1080
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(Gooneratne et al 2008). Minor damage may occur to heart
tissue and some other organs with repeated exposure to sub-
lethal doses of fluoroacetate (Buffa et al 1973; Eason et al
1999; Eason & Temple 2007) but the available evidence
suggests that such mild tissue damage does not generally
compromise the long-term survival of affected individuals
(eg Eason et al 1993a; Gooneratne et al 2008). However,
there are occasional reports that during some accidental
human 1080 poisonings some symptoms may persist for
several weeks (Gajdusek & Luther 1950). The no observ-
able effects level (NOEL) for adult rats administered 1080
for 90 days was 0.08 mg 1080 kg day ', and around 0.3 to
0.8 mg kg when relatively large doses were administered
to gestating females over their first trimester (assessed as
developmental toxicity to resultant offspring: Eason et a/
1999). A single dose of 1080 had no obvious abnormal
effects on rat teratogenic development (Spielmann et a/
1973). Bioaccumulation of fluoroacetate is very unlikely
because biodegradation or elimination of fluoroacetate
occurs at many levels in the food chain and includes micro-
organisms, invertebrates, birds, mammals and reptiles
(Kelly 1965; Bong et al 1979; Wong et al 1992; Twigg &
King 1991; Eason et al 1993a,b, 1994a; Twigg & Socha
2001; Suren 2006; Zurita et al 2007).

Thus, the available evidence indicates that fluoroacetate
(1080) or its toxic metabolite, fluorocitrate, are not
endocrine-disrupting chemicals or mutagenic. Sub-lethal
doses are generally rapidly eliminated or detoxified with no
obvious persistent harmful effects that are likely to compro-
mise long-term survival. This is particularly so when the
level of potential exposure that is likely to result from
properly conducted 1080-baiting programmes is considered.

Antidotes to 1080

One potential disadvantage of 1080 use is the current lack
of an effective antidote, although effective treatment
regimes have been developed for dogs that have been acci-
dentally poisoned. Considerable effort has been undertaken
to investigate a range of antidotal compounds, but no
compounds have been found to be effective unless they
were administered simultaneously with ingested fluoroac-
etate, although some can alleviate secondary symptoms
(Chenoweth et al 1951; Mead et al 1985; Omara & Sisodia
1990; Cook et al 2001; Goh et al 2005; Rammell et al
2005). However, as noted, clinical treatment of 1080-
poisoned dogs can be successful. Poisoned dogs may be
heavily sedated to reduce the possibility of tremors, fluid
levels are maintained and or specific treatments provided,
and the dogs allowed to metabolise and eliminate ingested
1080 (Parton et al/ 2001; Goh et al 2005). Such treatment
improves survival and welfare outcomes.

Although still experimental, calcium replacement therapy
(eg calcium gluconate) may also be effective as hypocal-
caemia is common during fluoroacetate poisoning (Roy
et al 1980; Robinson et al 2002; Collicchio-Zuanaze et al
2006). Low calcium levels ultimately lead to heart failure
(Omara & Sisodia 1990; Goh et al 2005), and calcium
deficiency is a well-known cause of epilepsy (Fonnum
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et al 1997). Low calcium levels are also implicated as a
partial cause of the fluoroacetate-induced tremors seen in
some species (Fonnum et al 1997; Goncharov et a/ 2006).
Plasma ionised calcium levels can be reduced by 27%
within 40 min in some poisoned mammals due to its
chelation with citrate (Peters et al 1972; Roy et al 1980;
Goncharov et al 2006). Such decreases are physiologi-
cally significant (eg prolonging QTc intervals in electro-
cardiograms: Roy et a/ 1980), and depleted calcium levels
have been described as the missing link between the
biochemistry of fluoroacetate poisoning and its associated
clinical manifestations (Roy et al 1980). Calcium, acetyl-
choline, and glutamate replacement therapies would
therefore provide additional research areas for potential
antidotes for fluoroacetate poisoning.

However, with respect to potential risks to animals that are
not intended targets, it needs to be remembered that 1080
use is tightly regulated in both Australia and New Zealand,
including prior notification that baiting is to occur, and the
erection of warning signs in baited areas (VPC 2002;
ERMA 2007; APVMA 2008). This helps to keep accidental
poisoning of domestic animals to a minimum (such events
often appear to be caused by the dog-owner’s failure to see
or adhere to warning notifications — see below).

1080 baits and target specificity

The specificity of any poison bait, including 1080 products,
is determined by a number of factors which include: i) the
sensitivity of target and non-target species to the active
ingredient; ii) the body mass of non-target animals relative
to that of target-species; iii) the bait medium used; iv) the
digestibility of baits; v) whether non-target animals are
exposed to the toxic baits or poisoned animals and, if so,
whether these are acceptable food items; and vi) the timing
of baiting programmes (King et a/ 1981; Calver et al 1989;
Twigg & King 1991). For instance, while some native
animals may remove 1080 baits, few are actually killed
during the operational use of 1080 (Mcllroy et al 1986;
King 1989; Mcllroy & Gifford 1991; Kortner 2007). This is
in part due to the ability of some animals to detect 1080 in
their food such that they refuse to consume it (Sinclair &
Bird 1984; Calver et al 1989; Kortner & Watson 2005). For
these reasons, sensitivity alone is not a reliable indicator of
the potential risk posed to non-target species during 1080-
based control programmes. This is supported by a number
of studies such as those with northern (Dasyurus hallucatus:
King 1989) and spotted-tailed quolls (D. maculatus:
Kortner & Watson 2005; Kortner 2007). No deaths of radio-
collared quolls were attributable to 1080 during control
programmes using 6 mg 1080 baits directed at wild dogs.

A number of native Australian animals have enhanced
tolerance to 1080 (fluoroacetate) through their evolutionary
exposure to fluoroacetate-bearing vegetation, and some
species (eg bandicoots [Isoodon and Perameles spp] and
many dasyurids [Dasyurus spp]) have a low-level innate
tolerance to fluoroacetate which is independent of any prior
exposure to these toxic plants (Twigg & King 1991).

However, provided best practice procedures are followed,
enhanced tolerance to 1080 of non-target species is not a
prerequisite for safe and effective baiting programmes.
Decreased sensitivity of such species also means that they
must find and consume multiple baits to ingest a potentially
harmful dose (Twigg & King 1991).

Longfin eels (Anguilla dieffenbachii) have been deliberately
exposed to 1080 baits, and 1080-poisoned possum tissue, in
New Zealand, and although some eels ingested 1080, there
were no ill effects (neither mortality nor abnormal
behaviour: Lyver et al 2005). Similarly exposed freshwater
crayfish (Paranephrops planifrons) also showed no ill
effects (Suren & Bonnett 2004). 1080 had no discernable
effects on native New Zealand fish in freshwater streams
deliberately treated with 1080 baits for possum control
(Suren & Lambert 2004), and there were no recorded detri-
mental impacts of the transient 1080 concentrations on the
72 invertebrate taxa included in this study. The No
Observable Effect Concentration (NOEC) for water fleas
(Daphnia magna) during USA toxicity trials was 130 mg
L™, and it was concluded that 1080 was practically non-
toxic to these water fleas (Fagerstone et al 1994). The
NOEC for rainbow trout is 13 mg L™ with an LC_ of 54 mg
L7, indicating that 1080 was only slightly toxic to these
trout (Fagerstone et al 1994). These findings, together with
the other published studies (eg King & Penford 1946),
indicate that properly conducted 1080-based pest control
programmes have negligible, if any, detrimental impacts on
aquatic organisms. Similarly, several terrestrial invertebrate
species (eg weta, flatworms, spiders, amphipods, milli-
pedes, centipedes, cockroaches, beetles, slugs), including
some that may be consumed by insectivorous predators,
have been monitored before and after 1080-baiting
programmes in New Zealand (Eason 1993; Spurr 1994;
Eason et al 1998; Lloyd & McQueen 2000; Spurr & Berben
2004; Powlesland et al 2005). There was no evidence of
significant detrimental impacts of 1080 control programmes
on terrestrial invertebrate populations, including the
potential risk for secondary poisoning, although further
research may be required for a few species (Lloyd &
McQueen 2000).

Dogs are the most often poisoned domestic off-target
species (primary or secondary poisoning) mainly due to
their high sensitivity, and because they are often in close
proximity to where baiting occurs (Orr & Bentley 1994;
VPC 2002; Goh et al 2005). However, unintentional/acci-
dental exposure to 1080 can be limited if correct procedures
are followed, and dog owners follow the warning notifica-
tion recommendations regarding baited areas.

For the above reasons, it is misleading to simply develop a
list of the sensitivity of various non-target species to 1080,
and then assume these species are at risk or will ingest
harmful levels of 1080 during baiting operations. Such
assessment has been demonstrated to overstate the real risk
faced by each species (Mcllroy et al 1986; King 1989;
Mcllroy & Gifford 1991; Twigg & King 1991; Booth &
Wickstrom 1999; Kortner & Watson 2005; Lyver et al 2005).
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Some ethical considerations and the relative
humaneness of 1080 use

Ethical pest control has been defined in terms of whether such
actions are necessary, that the benefits clearly outweigh
potential harmful effects (with the benefits being maximised
while any anticipated harms are minimised), there are no other
practical options besides lethal control, the most humane,
feasible and practical option must be used, the outcomes must
be measurable (ie damage mitigation not just a reduction in
pest numbers), and steps need to be implemented to maintain
the beneficial state (Littin et a/ 2004). With respect to ethical
pest control, properly conducted control programmes with
1080 products for reducing the impacts of pest animals can, in
our view, meet the above requirements, although there is still
some conjecture as to whether 1080 is a humane poison
(Oogjes 1997; Sherley 2007).

By their very nature, toxins disrupt physiological processes
in poisoned animals so as to induce death. What is at
conjecture with 1080 products is whether the disruption of
cellular processes results in an unacceptable level of
discomfort or pain, and if so, for how long. This is a difficult
question because people will have varying opinions
depending upon their knowledge, expertise, personal expe-
rience and their ability to set aside anthropomorphic-based
views. There are several papers which argue that 1080 is
humane relative to wider community expectations (eg Kun
1982; Fisher & Marks 1996; Gregory 1996; Williams 1996;
Potter et al 2006), others which state this is not the case (eg
Oogjes 1997; Marks et al 2004 [but only for canids];
Sherley 2004, 2007), and still others which present the
‘middle ground’ in that no control technique should result in
unnecessary suffering (eg Littin et al 2004; Marks et al
2004), or that 1080 is intermediate in terms of its impact on
animal welfare (at least, for brushtail possums), compared
to other poisons (Littin et al 2009). However, rather than
providing further summaries of the different views
surrounding the effects of 1080 here, we instead summarise
where there is general agreement and where additional
research is needed to clarify points of view.

Following ingestion, three main phases of fluoroacetate
toxicity are generally recognised. These can be summarised
as a lag phase, a period during which signs of poisoning are
apparent, and the terminal phase of 1080 poisoning when
animals are unconscious or virtually so with considerable
physiological disruption (Peters 1952, 1972; Buffa et al
1973; Kun 1982; Mead et al 1985; Twigg & King 1991; Chi
et al 1996; Gregory 1996; Goncharov 2006; Potter et al
2006). Since they appear to maintain normal behaviour and
physiological function, there is general agreement that
animals are unlikely to experience undue discomfort during
the lag phase associated with 1080 intoxication (Buffa et a/
1973; Gregory 1996; Williams 1996; Sherley 2004, 2007,
Potter et al 2006). Similarly, it is also generally accepted
that because of their reduced consciousness and awareness,
poisoned animals are unlikely to experience undue levels of
pain during the terminal phase of 1080 intoxication (Kun
1982; Gregory 1996; Williams 1996; Potter et al 2006;
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Sherley 2007). Thus, it is the period between the appearance
of obvious signs of poisoning and the beginning of the
terminal phase where discomfort or pain could be poten-
tially experienced which is of most concern for animal
welfare, particularly for some carnivorous mammals.

In 1080-poisoned stoats, the mean time spent in each phase
was: lag phase, ~60 min, the period with obvious signs of
poisoning was ~26 min (range, 2 to 100 min), and the period
of recumbency and non-responsiveness was ~58 min (Potter
et al 2006). Thus, following the above definitions, the mean
period where the welfare of these stoats may have been
potentially compromised was ~26 min. Similarly, in foxes,
the mean time from dosing to death was 310 min, with a
205-min lag phase. The mean time from overt signs until
death was 118 min which, once allowing for the time spent
in the terminal phase (~40 min), suggests that the time in
which the welfare of foxes could be potentially compro-
mised is around 80 min (Marks ef al 2000, 2009).

In contrast, the mean time from obvious signs of poisoning
to death in lethally poisoned brushtail possums was approx-
imately 5.5-9.5 h, and although possums were often
recumbent during this time, some individuals retained their
response to some external stimuli. Some possums also
displayed classic signs of fluoroacetate poisoning (Littin
et al 2009). However, because fluoroacetate intoxication
results in impaired neurological function, this does not
necessarily imply they were experiencing pain or distress,
or other negative impacts. In lethally poisoned sheep, severe
signs of poisoning, which included tachypnoea, dyspnoea,
and tremors, occurred for ~15 min prior to death but mainly
during the terminal phase with initial signs of poisoning
being very mild (Gooneratne et al 2008). Obviously, the
time from overt signs of poisoning to death varies between
species but the above outcomes provide further support for
the argument that time to death should be taken from the
time when overt signs of poisoning begin to when death
occurs. If the findings for poisoned stoats, foxes, possums
and sheep hold for other species, then even this more
conservative definition may lead to overestimation of the
time in which the welfare of poisoned animals could be
compromised, as they do not seem to respond to painful
stimuli during the terminal phase (Potter et al 2006;
Gooneratne et al 2008; Littin et al 2009; Marks et al 2009).
Clearly, this is an area for future research as any decrease in
the time from overt signs of poisoning to death could
benefit animal welfare outcomes (see Littin et al 2009).

A range of signs of poisoning can be invoked during fluo-
roacetate intoxication, including nausea, hypertension,
lowered respiratory and heart rates, tetanic muscle spasms,
involuntary vocalisation, disorientation, non-responsive-
ness to stimuli, hyper-excitability, ventricular fibrillation,
retching, and vomiting (Buffa er al 1973; Kun 1982;
Mcllroy 1981, 1982a, 1984; Chi et al 1996; Gregory 1996;
Littin et al 2009); inflammatory responses are not major
outcomes of 1080 poisoning (Buffa et a/ 1973; Kun 1982;
Chi et al 1996). However, it can often be difficult to assign
cause and response directly to the effects of fluoroacetate
poisoning as key neurological, and other systems (eg citrate
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transport, ATP production), are impaired. In brushtail
possums, for example, lethally poisoned individuals
gradually lost several responses to external stimuli (Littin
et al 2009), indicating that they were not fully aware for
some time before their death. Additionally, awareness or
consciousness can comprise a spectrum rather than a clearly
defined endpoint, and animals may cycle in and out of this
state (Goncharov et al 2006; Littin et al 2009).
Consequently, their ability to recognise pain will also vary
over time depending upon the length and severity of each
state, and whether their neurological function is maintained.

A further difficulty arises in trying to assess objectively
what is an acceptable level of distress or pain before the
terminal phase of 1080 toxicosis is reached. In surviving
humans, even though many can experience some nausea
and discomfort during the early stages of intoxication, few
individuals actually reported any experience of associated
pain. This was despite some individuals experiencing a
number of muscle spasms once the toxic effects became
more pronounced (Chi et al 1996). Although it can be
distressing to observers, because of the accompanying loss
of consciousness and/or awareness, the appearance of
convulsive muscle spasms which can be associated with
1080 poisoning is not indicative that animals are feeling
pain (Kun 1982; Gregory 1996). That is, just because an
animal convulses, this does not mean it is aware, is respon-
sive, feels pain, or can become consciously agitated.
However, it is not surprising that such responses can make
humans feel uncomfortable because of our often deep-
seated empathy with other animals. If animals recover
consciousness after any convulsion, it is possible that they
may regain the ability to experience pain and distress. Thus,
additional research which addresses these issues should
help to allay such concerns (eg objective measurement of
the length of the intermediate phase of 1080 intoxication,
more objective assessment of the potential for feeling pain
during the intermediate phase, the importance of impaired
key neurological systems).

It is also valid ethically to balance the welfare of pest
species against the welfare of those species protected by
management actions (eg Cooper et al 2007; ERMA 2007).
Current pest management focuses on reducing the impacts
of introduced species on biodiversity and agricultural
production but, unfortunately, the extinction of native
species is still a real possibility due to the ongoing impacts
of these pests (see, for example, Possingham et a/ 2003;
Tyndale-Biscoe 2005). However, the judicious use of 1080
products has proven effective in reducing such impacts (see
Morris et al 1995; Kinnear et al 1988, 1998; Possingham
et al 2003; Cooper et al 2007). There is also an obligation
on land managers, including the agricultural community, to
protect their livestock from harm. 1080 baiting provides an
effective means for reducing the level of predation and
competition caused by introduced vertebrate pests.
However, we are not suggesting that unacceptable or
inhumane techniques are justified, but rather that welfare
considerations must be balanced with an holistic approach.

Ways to minimise and/or avoid unnecessary suffering are
prerequisites of any pest control programme, and only best
practice  techniques, @ which are  continuously
evolving/improving, should be used (Saunders et al 1995;
Williams et al 1995; Choquenot et al 1996; Fleming et al
2001; Littin et al 2004; Saunders & Sharp 2008). To this
end, Sharp and Saunders (2008) recently developed a model
to assess the relative humaneness of pest animal control
methods. However, as their model only considers the
humaneness of the actual active ingredient, it does not
include the broader considerations required to assess ethical
pest control (eg impact of target species, lack of alterna-
tives, the intrinsic and extrinsic costs of the do nothing
option). The Australian Animal Welfare Strategy has also
been giving particular attention to vertebrate pest control in
recent years, actively promoting the development and use of
humane and effective methods to control pest animals in
Australia (Commonwealth of Australia 2008).

Thus, with respect to ethical pest control, and for the above
reasons, the use of 1080 products can, in our view, be
justified on the following basis: i) on most occasions, there
are no other effective options currently available for wide-
scale control operations, and/or the use of 1080 baits forms
an integral part of co-ordinated pest control programmes
and integrated pest management. This is despite consider-
able time and monies being expended to develop additional
control options which would reduce the reliance on 1080
products for wide-scale vertebrate pest control; ii) the
overall level of animal welfare would decrease should 1080
products be withdrawn such that the impact of introduced
predators and competitors could not be adequately
managed; iii) when used correctly, 1080 products are target
specific with few demonstrated long-lasting effects on non-
target species, either at the population level and for the vast
majority of individuals; iv) 1080 is generally considered the
most humane vertebrate pesticide currently available for
wide-scale control operations. Such assessments need to
consider the neurological impairment associated with 1080
intoxication as this suggests that the ability to register pain
will be compromised in poisoned animals; v) the active
ingredient of 1080, fluoroacetate, is a natural plant product
which is readily degraded by several species of micro-
organisms in most environments and hence does not bio-
accumulate; and vi) although it may not be always easily
demonstrated, the use of 1080 products to reduce the detri-
mental impacts of invasive animals has clear benefits to
biodiversity, agricultural production and our cultural
heritage (Seawright & Eason 1994, Saunders et a/ 1995;
Williams et al 1995; Choquenot et al 1996; McLeod 2004).
This is particularly so given that best practice techniques,
codes of practice, and standard operating procedures for
vertebrate pest control, including 1080 products, have been
developed at national levels, and that these standards are
undergoing continual development and refinement
(Saunders et al 1995; Williams et al 1995; Choquenot et al
1996; VPC 2002; ERMA 2007; Saunders & Sharp 2008).
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Use of analgesics and sedatives in baits

It has been recently proposed that the use of analgesics or
sedatives (eg carprofen or copper indomethacin — both
non-steroidal, anti-inflammatory drugs which work by
inhibiting the production of prostaglandins) (Hart &
Boardman 1963; Nolan & Reid 1993), including anaesthetic
agents, may lead to improved animal welfare with some
1080 products (eg foxes: Marks et al 2000, 2009; Sherley
2007). However, the choice of drug is important since
inflammatory responses are not major outcomes of fluo-
roacetate intoxication (Buffa ef a/ 1973; Kun 1982). Also,
these drugs can have adverse side-effects if used incorrectly
or over a long period of time (eg ulcers, bone marrow
damage: Hart & Boardman 1963; McCann 2006), which has
implications for non-target animals that might ingest
repeated doses of 1080 products containing these drugs.
Any additive would also have to last long enough to persist
through the 1080 poisoning lag phase up until death (or
unconsciousness) occurs. That is, the analgesic would need
to be effective at the time when the effects of 1080
poisoning become most pronounced, and the timing of this
can be unpredictable. Further, these agents must not cause
additional animal welfare problems. For instance, some
analgesics/sedatives can interfere with thermoregulation
and/or animal behaviour (Rosow et al 1980; Rodgers &
Hendrie 1983; Kohn et al 1997; Paul-Murphy & Ludders
2001), and the possibility of target and non-target animals
losing their ability to adjust to changing temperatures, and
to avoid predators, needs to be considered (also see Marks
et al 2000). The target specificity of such compounds would
also need to be determined. Finally, any additive must not
interact negatively with the mode of action, or efficacy, of
1080. For example, the administration of diazepam together
with 1080 resulted in decreased sensitivity of foxes to 1080
(Marks et al 2009). Interestingly, co-administration of
diazepam also increased the time to death in treated foxes
(Marks et al 2000, 2009). Thus, although at face value the
addition of such compounds may seem an attractive option,
their use may not necessarily result in an overall gain in
animal welfare; researchers need to consider these aspects
when planning/undertaking such work. The use of such
compounds could even result in decreased welfare
outcomes as target and non-target animals lose their ability
to escape climatic extremes, and to avoid predators.

Reducing pest fertility

Fertility control of pest species is an attractive option as it
focuses on decreasing birth rates rather than increasing
death rate as do lethal control options. For this reason, the
Australian and New Zealand governments have invested
considerable monies to examine the possibility of devel-
oping target-specific, naturally disseminated, anti-fertility
agents for rabbits, house mice, foxes and introduced (New
Zealand) brushtail possums (Tyndale-Biscoe 1994; McLeod
et al 2007; Tyndale-Biscoe & Hinds 2007). However,
despite a conservatively estimated $AUD80 million
research effort spanning three Co-operative Research
Centres over approximately 15 years (T Peacock, personal
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communication 2008), the technical challenges have proven
too great with current technology, and disseminating or bait-
delivered fertility control has not been practically developed
for any pest species (Tyndale-Biscoe & Hinds 2007).
Further, models developed from field-generated data
indicate that a sustained, wide-scale, effective reduction in
pest numbers could not be achieved when fertility control
only is used (Barlow 1997; Barlow et al 1997; McLeod &
Twigg 2006; McLeod ef al 2007). That is, the efficacy and
benefit-cost of fertility control rarely compares favourably
with the outcomes generated from lethal control options
such as baiting. Bait-delivered anti-fertility agents also
appear to have limited application unless their use is
preceded by lethal control to reduce a population to rela-
tively low numbers before anti-fertility baits are used
(Barlow 1997; Barlow et al 1997; McLeod &Twigg 2006;
McLeod et al 2007). Substantial damage (eg crop losses,
predation) can still be inflicted by those sterile individuals
remaining in a population.

Chemical control of the fertility of individuals has been
developed for a few mammalian species (eg wild horses,
white-tailed deer [Odocoileus virginianus], grey kangaroos
[Macropus spp]). However, this technique requires re-
administration/re-injection (usually annually) of the anti-
fertility drug to each individual (Miller et al 1995;
Kirkpatrick et al 1997; Herbert et al 2006). For this, and
other reasons (eg practicality of targeting sufficient individ-
uals, inaccessible terrain), these techniques are not suitable
for wide-scale vertebrate pest control programmes, such as
those required in Australia and New Zealand.

Other options

Management strategies for reducing the impacts of any pest
species require as many options as possible, and the over-
reliance on any one option is less than ideal (Seawright &
Eason 1994; Saunders et al 1995; Williams et al 1995;
Choquenot 1996; Fleming et a/ 2001). For this reason alone,
it would be prudent to develop further options, both lethal
and non-lethal, for reducing vertebrate pest impacts.
However, new techniques must be efficacious, safe, consid-
ered to be humane, practical, and meet registration and
regulatory requirements. With respect to 1080 and lethal
control, a number of additional options have been
examined, but additional products are yet to have been
brought to fruition despite considerable effort. Pindone,
warfarin, cholecalciferol, coumatetralyl, salicylic acid and
several other chemicals, for example, have been assessed
for possible control of possums in New Zealand, but for a
number of reasons, none has been found suitable (Eason
et al 1994b). Cyanide has been used for ground control of
introduced possums in New Zealand but it is often not the
toxin of choice because of poor efficacy and the develop-
ment of bait/toxicant aversion (Eason et al 1994c;
Warburton & Drew 1994). The use of 1080 in pest control
has undergone significant recent reviews in Australia and
New Zealand which recommended continued use of 1080
products but with more focus on uniform labelling and/or
directions for use in Australia, and improved community
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notification and reporting procedures for off-target moni-
toring in New Zealand (ERMA 2007; APVMA 2008).

Several toxins are being currently investigated for vertebrate
pest control in Australasia, including encapsulated cyanide,
PAPP (p-aminopropiophenone), and sodium nitrite for
controlling feral pigs (Marks et a/ 2004; IACRC 2007; Aster
& Gentle 2008; Cowled er al 2008; Gentle et al 2008).
However, most still require considerable research before
they could be considered for registration and, although some
are showing promise (eg PAPP and control of canids: Marks
et al 2004), it is uncertain whether registered products will
eventuate. As mentioned above, considerable effort was also
undertaken to develop efficacious anti-fertility agents for
several vertebrate pest species but this has proven impossible
with current technology. Even if some of the above options
can be successfully developed, the number of available
options needs to be maximised to ensure that our long-term
ability to reduce the impacts of vertebrate pests is main-
tained. Because of their proven safety and success, this
includes the judicious use of 1080 products.

Conclusion

When assessed with appropriate scientific methods we do
not believe that the argument that 1080 is an inhumane
poison is supported by the evidence presented by Sherley
(2007) or by that available elsewhere in the literature. This
is particularly so when the neurological effects of 1080
intoxication, and the common field-use patterns for 1080,
are considered. Indeed, 1080 is considered more humane
than most other pesticides currently available for wide-
scale vertebrate pest control operations (Eason et al
1994a,b; Fisher & Marks 1996; Gregory 1996; Littin et al
2009). Consequently, we believe that the use of 1080
products can be considered ethical when used appropri-
ately, particularly in the absence of viable alternatives for
wide-scale pest control, and with the urgent need to reduce
the detrimental impacts of pest species (including the detri-
mental impacts of pest species on the animal welfare of
native and domesticated species). However, we do agree
that some areas of the effects of 1080 on some target
species require further research (eg the amount of time in
the various stages which result from fluoroacetate intoxica-
tion in some carnivores, the significance of the neurological
effects of 1080), and that, as with any toxin, any reduction
in the phase where overt signs of poisoning are evident
would have potential animal welfare benefits. The available
evidence does not support the contention that 1080 is an
endocrine disruptor (Weaver 2006), and nor do simple lists
of the sensitivity of species to 1080 reflect the practical/real
risk faced by each species during the operational use of
1080 products. We also accept that pest management strate-
gies need to include as many options as possible, including
lethal control, and that they are implemented within an
ethical framework. Any additional control options must be
efficacious, safe for the user and the environment, relatively
humane and provide cost-effective control, and the welfare
assessment framework developed by Sharp and Saunders
(2008) will help with this process.

Acknowledgements

We thank our many colleagues for their lively discussion of
many of the issues presented in this paper, particularly John
Mcllroy and Matt Gentle. We also thank the four referees
for their comments, and Professors Don Robertson and
Allan Harvey (University of Western Australia) for their
insightful comments on the likely consequences of the
neurological effects of 1080.

References

Algar D and Kinnear JE 1996 Secondary poisoning of foxes fol-
lowing routine 1080 rabbit-baiting campaign in the Western
Australian wheatbelt. CALM Science 2: 149-152

Aplin TEH 1971 Poison plants of Western Australia: the toxic
species of Gastrolobium and Oxylobium. Western Australian
Department of Agriculture Bulletin No. 3772: 1-66

Aster D and Gentle M 2008 Can we develop a cyanide bait for
foxes? In: Berman D and Pople T (eds) Program and Handbook of
the Queensland Pest Animal Symposium, Cairns pp 12. Queensland
Department of Primary Industries and Fisheries: Brisbane,
Queensland, Australia

Aulerich R, Ringer RK and Safronoff J 1987 Primary and
secondary toxicity of warfarin, sodium monofluoroacetate, and
methyl parathion in mink. Archives of Environmental Contamination
and Toxicology 16: 357-366

Australian Pesticides and Veterinary Medicines
Authority (APVMA) 2008 Sodium Fluoroacetate Final Review
Report And Regulatory Decision: The Reconsideration of Registrations
of Products Containing Sodium Fluoroacetate and Approvals of Their
Associated labels. Department of Agriculture, Forestry and
Fisheries, Canberra, ACT, Australia. http://www.apvma.gov.au/
products/review/completed/ | 080.php

Balcomb R, Bowen CA and Williamson HO 1983 Acute
and sublethal effects of 1080 on starlings. Bulletin of Environmental
Contamination and Toxicology 31: 692-698

Barlow ND 1997 Modelling immunocontraception in disseminat-
ing systems. Reproduction, Fertility and Development 9: 51-60
Barlow ND, Kean JM and Briggs C) 1997 Modelling the rela-
tive efficacy of culling and sterilisation for controlling populations.
Wildlife Research 24: 129-141

Bong CL, Cole AL, Walker JR and Peters JA 1979 Effect of
sodium fluoroacetate (compound 1080) on the soil microflora.
Soil Biology and Biochemistry 11: 13-18

Booth LH and Wickstrom M 1999 The toxicity of sodium
monofluoroacetate (1080) to Huberia striata, a New Zealand
native ant. New Zealand Journal of Ecology 23: 161-165

Booth LH, Fisher P and Brown L 2007 The 1080 debate:
water monitoring after aerial application of 1080 baits for pest
control, an update. Water and Wastes, November 2007: 38-39
Buffa P, Guarriero-Bohyleva V and Costa-Tiozzo R 1973
Metabolic effects of fluoroacetate poisoning in animals. Fluoride
6:224-247

Calver MC, King DR, Bradley JS, Gardner JL and Martin
GR 1989 An assessment of the potential target specificity of 1080
predator baiting in Western Australia. Australian Wildlife Research
l6: 625-638

Chen X], Wang X, Kaufman BA and Butow RA 2005
Aconitase couples metabolic regulation to mitochondrial DAN
maintenance. Science 307: 714-717

Chenoweth MB 1949 Monofluoroacetic acid and related com-
pounds. Pharmacological Reviews |: 383-424

© 2010 Universities Federation for Animal Welfare

https://doi.org/10.1017/50962728600001639 Published online by Cambridge University Press


https://doi.org/10.1017/S0962728600001639

Chenoweth MB, Kandel A, Johnson LB and Bennett DR
1951 Factors influencing fluoroacetate poisoning: Practical treat-
ment with glycerol monoacetate. Journal of Pharmacology and
Experimental Therapeutics 102: 31-48

Chi CH, Chen KW, Chan SH, Wu MH and Huang }J 1996
Clinical presentation and prognostic factors in sodium monofluo-
roacetate intoxication. Clinical Toxicology 36: 707-712
Choquenot D, Mclliroy ] and Korn T 1996 Managing
Vertebrate Pests: Feral Pigs. Bureau of Resource Sciences, Australian
Government Printing Service: Canberra, Australia

Clarke DD 1991 Fluoroacetate and fluorocitrate: Mechanism of
action. Neurochemical Research 16: 1055-1058

Colborn T, Dumanoski D and Myers JP 1996 Our Stolen
Future: Are We Threatening Our Fertility, Intelligence, and Survival?: A
Scientific Detective Story. Dutton: New York, USA
Collicchio-Zuanaze RC, Sakate M, Schwartz DS, Trezza
E and Crocci A) 2006 Calcium gluconate and sodium succinate
for therapy of sodium fluoroacetate experimental intoxication in
cats: clinical and electrocardiographic evaluation. Human and
Experimental Toxicology 25: 175-182

Commonwealth of Australia 2008 The Australian Animal
Welfare Strategy (AAWS). Product Integrity, Animal and Plant
Health, Australian Government Department of Agriculture,
Fisheries and Forestry on behalf of the Primary Industries
Standing  Committee. = Commonwealth  of  Australia.
http://www.daff.gov.au/animal-plant-health/welfare/aaws

Cook CJ, Eason CT, Wickstrom M and Devine CD 200I
Development of antidotes for sodium monofluoroacetate (1080).
Biomarkers 6: 72-76

Cooper DW, Larsen E and Shields ] 2007 1080 and wildlife:
scientific and ethical issues raised by its use on Australian mam-
mals. In: Lunney D, Eby P, Hutchings P and Burgin S (eds) Pest or
Guest: the Zoology of Overabundance pp 229-232. Royal Society of
New South Wales: Mosman, NSW, Australia

Cowled BD, Elsworth P and Lapidge S) 2008 Additional tox-
ins for feral pig (Sus scrofa) control: identifying and testing Achilles’
heels. Wildlife Research 35: 651-662

Eason CT 1993 How safe is 1080? Surveillance 20: 23-24

Eason CT and Temple W 2007 Analysis of 1080 and its ability
to act as an endocrine disrupter and to have other sub-lethal effects in
humans pp 1-15. Animal Health Board: Wellington, New Zealand
Eason CT and Temple W 2008 Water sampling for sodium
fluoroacetate (1080). How much is enough? New Zealand Water
and Wastes Association Journal September 2008: 32-36

Eason CT, Gooneratne R and Rammell CG 1994a A review
of the toxicokinetics and toxicodynamics of sodium monofluo-
roacetate in animals. In: Seawright A and Eason C (eds)
Proceedings of The Science Workshop on 1080 pp 82-89. The Royal
Society of New Zealand. SIR Publishing: Wellington, New Zealand
Eason CT, Gooneratne R and Rammell CG 1994b The
advantages and disadvantages of sodium monofluoroacetate and
alternative toxins for possum control. In: Seawright A and Eason
C (eds) Proceedings of The Science Workshop on 1080 pp 159-165.
The Royal Society of New Zealand. SIR Publishing: Wellington,
New Zealand

Eason CT, Gooneratne R, Fitzgerald H, Wright G and
Frampton C 1993a Persistence of sodium monofluoroacetate in
livestock animals and risk to humans. Human and Experimental
Toxicology 12: 1-4

Eason CT, Gooneratne R, Wright GR, Pierce R and
Frampton CM 1993b The fate of sodium monofluoroacetate
(1080) in water, mammals, and invertebrates. Proceedings of the
Forty-sixth New Zealand Plant Protection Conference pp 297-301.
New Zealand

Is sodium fluoroacetate (1080) a humane poison? 259

Eason CT, Henderson R, Thomas MD and Frampton CM
1994c The advantages and disadvantages of sodium monofluo-
roacetate and alternative toxins for possum control. In: Seawright
A and Eason C (eds) Proceedings of The Science Workshop on 1080
pp 159-165. The Royal Society of New Zealand. SIR Publishing:
Wellington, New Zealand

Eason CT, Wickstrom M and Spurr EB 1998 Review of
impacts of large-scale sodium monofluoroacetate (1080) use in
New Zealand. Proceedings of the Eleventh Australasian Vertebrate
Pests Conference pp 105-110. Bunbury, Western Australia

Eason CT, Wickstrom M, Turck P and Wright GR 1999 A
review of recent regulatory and environmental toxicology studies
on |080: results and implications. New Zealand Journal of Ecology
23:129-137

Eldridge SR, Berman DM and Walsh B 2000 Field eval-
uation of four 1080 baits for dingo control. Wildlife Research
27: 495-500

Environmental Risk Management Authority (ERMA)
2007 The Reassessment of 1080: an Informal Guide to the August
2007 Decision of the Environmental Risk Management Authority,
New Zealand. Environmental Risk Management Authority,
New Zealand. http://www.ermanz.govt.nz/hs/1080resources
/index.html

Fagerstone KA, Savarie P, Ellas D) and Schaefer EW
1994 Recent regulatory requirements for pesticide registration
and the status of compound 1080 studies conducted to meet EPA
requirements. In: Seawright A and Eason C (eds) Proceedings of
The Science Workshop on 1080 pp 33-38. The Royal Society of
New Zealand. SIR Publishing: Wellington, New Zealand
Fanshier DW, Gottwald LK and Kun E 1964 Studies on spe-
cific enzyme inhibitors VI. Characterization and mechanism of
action of the enzyme-inhibitory isomer of monofluorocitrate.
Journal Biological Chemistry 239: 425-434

Fisher PM and Marks CA 1996 Proceedings of the Humaneness
and Vertebrate Pest Control Workshop. Report Series #2, Vertebrate
Pest Research Unit. Department of Natural Resources and
Environment: Victoria, Australia

Fleming P)J and Parker RW 1991 Temporal decline of 1080
within meat baits used for control of wild dogs in New South
Wales. Wildlife Research 18: 729-740

Fleming P, Corbett L, Harden R and Thomson P 2001
Managing the impacts of dingoes and other wild dogs. Australian
Government Publishing Service: Canberra, Australia

Fonnum F, Johnsen A and Hassel B 1997 Use of fluorocitrate
and fluoroacetate in the study of brain metabolism. Glia 2/: 106-113
Fundytus ME 200! Glutamate receptors and nociception: impli-
cations for the drug treatment of pain. CNS Drugs /5: 29-58
Gajdusek DC and Luther G 1950 Fluoroacetate poisoning.
American Journal of Diseases of Children 79: 310-320

Gal EM, Drewes PA and Taylor NV [96] Metabolism of flu-
oroacetic acid-2-C in the intact rat. Archives of Biochemistry and
Biophysics 93: 1-14

Gentle M, Aster D, MacMorran D and Eason C 2008
Development of a cyanide pig bait for monitoring. Final Report to the
National Feral Animal Control Program. Queensland Department of
Primary Industries and Fisheries: Queensland, Australia

Goh CS, Hodgson DR, Fearnside SM, Heller J and
Malikides N 2005 Sodium monofluoroacetate (compound 1080)
poisoning in dogs. Australian Veterinary Journal 83: 474-479
Goncharov NV, Jenkins RO and Radilov AS 2006
Toxicology of fluoroacetate: a review, with possible directions for
therapy research. Journal of Applied Toxicology 26: 148-161

https://doi.org/10.1017/50962728600001639 Published online by Cambridge University Press

Animal Welfare 2010, 19: 249-263


https://doi.org/10.1017/S0962728600001639

260 Twigg and Parker

Gooneratne R, Dickson C, Wallace C, Eason CT,
Fitzgerald H and Wright G 1994 Plasma and tissue 1080 in
rabbits after lethal and sub-lethal doses. In: Seawright A and Eason
C (eds) Proceedings of The Science Workshop on 1080 pp 67-73.
The Royal Society of New Zealand. SIR Publishing: Wellington,
New Zealand

Gooneratne R, Eason CT, Dickson CJ, Fitzgerald H and
Wright G 1995 Persistence of sodium monofluoroacetate in
rabbits and risks to non-target species. Human and Experimental
Toxicology 14:212-216

Gooneratne R, Eason CT, Milne LM, Arthur DG and
Wickstrom M 2008 Acute and long-term effects of exposure to
sodium monofluoroacetate (1080) in sheep. Onderstepoort Journal
of Veterinary Research 75: 127-139

Gregory G 1996 Perception of pain associated with 1080 poi-
soning. In: Fisher PM and Marks CA (eds ) Proceedings of the
Humaneness and Vertebrate Pest Control Workshop. Report Series #2
pp 62-64. Vertebrate Pest Research Unit, Department of Natural
Resources and Environment: Victoria, Australia

Hart F and Boardman P 1963 Indomethacin: a new non-steroid
anti-inflammatory agent. British Medical Journal 5363: 965-970
Herbert CA, Trigg TE and Cooper DW 2006 Fertility con-
trol in female eastern grey kangaroos using the GnRH agonist
deslorelin |. Effects on reproduction. Wildlife Research 33: 41-46
Hogg RC, Raggenbass M and Bertrand D 2003 Nicotinic
acetylcholine receptors: from structure to brain function. Reviews
of Physiology, Biochemistry and Pharmacology 147: 1-46

Hornshaw TC, Ringer RK, Aulerich R} and Casper HH
1986 Toxicity of sodium monofluoroacetate (compound |1080) to
mink and European ferrets. Environmental Toxicology and Chemistry
5:213-223

IACRC 2007 Annual Report 2006-07. In: Molloy K and
Henderson W (eds) Invasive Animals Cooperative Research Centre.
University of Canberra: Canberra, ACT, Australia. www.inva-
siveanimals.com

Kelly M 1965 Isolation of bacteria able to metabolise fluoroac-
etate or fluoroacetamide. Nature 208: 809-810

King DR 1989 An assessment of the hazard posed to northern
quolls (Dasyurus hallucatus) by aerial baiting with 1080 to control
dingoes. Australian Wildlife Research 16: 569-574

King DR, Oliver AJ and Mead R} 1981 Bettongia and fluoroac-
etate: a role for 1080 in fauna management. Australian Wildlife
Research 8: 521-536

King JE and Penford WT 1946 Effects of new herbicides on
fish. Science 103: 487

Kinnear JE, Onus ML and Bromilow RN 1988 Fox control and
rock-wallaby population dynamics. Wildlife Research |5: 435-450
Kinnear JE, Onus ML and Summer NR 1998 Fox control and
rock-wallaby population dynamics - Il. An update. Wildlife Research
25:81-88

Kirkpatrick JF, Turner JW, Liu IK, Fayrer-Hosken R and
Rutberg AT 1997 Case studies in wildlife immunocontraception:
wild and feral equids and white-tailed deer. Reproduction, Fertility
and Development 9: 105-110

Kirsten E, Sharma ML and Kun E 1978 Molecular toxicity of
(-) erythro-fluorocitrate Selective inhibition of citrate transport in
mitochondria and the binding of fluorocitrate to mitochondrial
proteins. Molecular Pharmacology 14: 172-184

Klausner RD and Rouault TA 1993 A double life: cytosolic
aconitase as a regulatory RNA binding protein. Molecular Biology of
the Cell 4: 1-5

Kohn DF, Wixson K, White W) and Benson G) 1997
Anaesthesia and Analgesia in Laboratory Animals. American College of
Laboratory Animal Medicine Series. Academic Press: New York, USA

Kortner G 2007 Aerial baiting for the control of wild dogs and
its impact on spotted-tailed quoll (Dasyurus maculatus) populations
in eastern Australia. Wildlife Research 34: 48-53

Kortner G and Watson P 2005 The immediate impact of 1080
aerial baiting to control wild dogs on a spotted-tailed quoll popu-
lation. Wildlife Research 32: 673-680

Kun E 1982 Monofluoroacetic acid (Compound 1080), its phar-
macology and toxicology. In: Marsh E (ed) Proceedings of the Tenth
Vertebrate Pest Conference pp 34-41. University of California,
Davis, USA

Kun E, Kirsten E and Sharma ML 977 Enzymatic formation
of glutathione-cytryl thioester by a mitochondrial system and its
inhibition by (-) erythrofluorocitrate. Proceedings of the USA
National Academy of Science 74: 4942-4946

Littin KE, Gregory NG, Airey AT, Eason CT and Mellor
D) 2009 Behaviour and time to unconsciousness of brushtail pos-
sums (Trichosurus vulpecula) after a lethal or sublethal dose of
1080. Wildlife Research 36: 709-720

Littin KE, Mellor D), Warburton B and Eason CT 2004
Animal welfare and ethical issues relevant to humane control of
vertebrate pests. New Zealand Veterinary Journal 52: 1-10

Lloyd BD and McQueen SM 2000 An assessment of the prob-
ability of secondary poisoning of forest insectivores following an
aerial 1080 possum control operation. New Zealand Journal of
Ecology 24: 45-56

Lyver P, Ataria ], Trought K and Fisher P 2005 Sodium flu-
oroacetate (1080) residues in longfin eels, Anguilla dieffenbachi, fol-
lowing exposure to contaminated water and food. New Zealand
Journal of Marine and Freshwater Research 39: 1243-1252

Marks CA, Gigliotti F and Busana F 2009 Assuring that 1080
toxicosis in the red fox (Vulpes vulpes) is humane Il. Analgesic drugs
produce better welfare outcomes. Wildlife Research 36: 498-505
Marks CA, Gigliotti F, Busana F, Johnston M and
Lindeman M 2004 Fox control using a para-aminopiophenone
formulation with the M-44 ejector. Animal Welfare |3: 401-407
Marks CA, Hackman C, Busana F and Gigliotti F 2000
Assuring that 1080 toxicosis in the red fox (Vulpes vulpes) is
humane: fluoroacetic acid (1080) and drug combinations. Wildlife
Research 27: 483-494

Mazzanti L, Lopez M and Berti MG 1965 Atrofia del testi-
coio prodotta dal monofluoroacetato sodico nel ratto albino.
Experienta 21: 446-447. [Title translation: Atrophy of the testicle
produced from the administration of sodium monofluoroacetate
in the albino rat]

McCann R, Colleary G, Geddis C, Dickson G and Marsh D
2006 The effect of a single dose of nonsteroidal anti-inflammato-
ry drug (NSAID) on fracture repair in an externally fixated rat
femoral fracture model. Journal of Bone and Joint Surgery British
Volume 88B(2): 384

Mcllroy JC 1981 The sensitivity of Australian animals to 1080
poison Il. Marsupial and eutherian carnivores. Australian Wildlife
Research 8: 385-399

Mcllroy JC 1982a Sensitivity of Australian animals to 1080 poi-
son lll. Marsupial and eutherian herbivores. Australian Wildlife
Research 9: 487-502

Mcliroy JC 1982b The sensitivity of Australian animals to 1080
poison IV. Native and introduced rodents. Australian Wildlife
Research 9: 505-517

Mcliroy JC 1984 The sensitivity of Australian Animals to 1080
poison VII. Native and introduced birds. Australian Wildlife
Research I [: 373-385

Mcliroy JC and Gifford E) 1991 Effects on non-target animal
populations of a rabbit trail-baiting campaign with 1080 poison.
Wildlife Research 18: 315-325

© 2010 Universities Federation for Animal Welfare

https://doi.org/10.1017/50962728600001639 Published online by Cambridge University Press


https://doi.org/10.1017/S0962728600001639

Mcliroy JC, Gifford E] and Carpenter SM 1988 The effect of
rainfall and blowfly larvae on the toxicity of 1080-treated meat
baits used in poisoning campaigns against wild dogs. Australian
Wildlife Research 15: 473-483

Mcllroy JC, Cooper R], Gifford E)J, Green BF and
Newgrain KW 1986 The effect on wild dogs Canis f. familiaris, of
1080-poisoning campaigns in Kosciusko National Park, NSW.
Australian Wildlife Research |3: 535-544

McLeod R 2004 Counting the Cost: Impact of Invasive Animals in
Australia 2004. Cooperative Research Centre for Pest Animal
Control: Canberra, Australia

McLeod S and Twigg LE 2006 Predicting the efficacy of viral-
ly-vectored immunocontraception for managing rabbits. New
Zealand Journal of Ecology 30: 103-120

McLeod SR, Saunders G, Twigg LE, Arthur AD, Ramsey
D and Hinds LA 2007 Prospects for the future: is there a role
for immunocontraception in vertebrate pest management?
Wildlife Research 34: 555-577

Mead R}, Moulden DL and Twigg LE 1985 The role of
sulfhydryl compounds in the manifestation of fluoroacetate toxic-
ity to the rat, brush-tailed possum, woylie and western grey kan-
garoo. Australia Journal of Biological Science 38: 139-149

Mead RJ, Oliver A)J and King DR 1979 Metabolism and deflu-
orination of fluoroacetate in the brush-tailed possum (Trichosurus
vulpecula). Australian Journal of Biological Science 32: 15-26
Meenken D and Booth LH 1997 The risk to dogs of poisoning
from sodium monofluoroacetate (1080) residues in possum
(Trichosurus vulpecula). New Zealand Journal of Agricultural Research
40: 573-576

Miller LA, Johns BE and Elias D) 1995 Immunocontraception
as a wildlife management tool: some perspectives. Wildlife Society
Bulletin 26: 237-243

Morris K, Orell P and Brazell R 1995 The effect of fox con-
trol on native mammals in the jarrah forest, Western Australia.
Proceedings of the Tenth Vertebrate Pests Conference pp 177-18I.
Hobart, Tasmania, Australia

Morrison LE and Peters RA 1954 Biochemistry of fluoroac-
etate poisoning: the effect of fluorocitrate on purified aconitase.
Biochemistry Journal 58: 473-479

Nolan A and Reid ] 1993 Comparisons of the postoperative
analgesic and sedative effects of carprofen and papavertum in the
dog. The Veterinary Record 133: 240-242

O’Brien PH 1988 The toxicity of sodium monofluoroacetate
(Compound 1080) to captive feral pigs. Australian Wildlife Research
15:163-170

O’Brien PH and Lukins BS 1988 Factors influencing the intake
of sodium monofluoroacetate (Compound 1080) by free-ranging
feral pigs. Australian Wildlife Research 15: 285-291

de Oliveira MM [963 Chromatographic isolation of monofluo-
roacetic acid from Palicourea marcgravii. Experientia |9: 586-587
Oliver A), Wheeler SH and Gooding CD 1982 Field evalua-
tion of 1080 and pindone oat bait, and the possible decline in
effectiveness of poison baiting for control of the rabbit,
Oryctolagus cuniculus (L). Australian Wildlife Research 9: 125-134
Omara F and Sisodia CS 1990 Evaluation of potential anti-
dotes for sodium fluoroacetate in mice. Veterinary and Human
Toxicology 32: 427-43 |

Oogijes G 1997 Ethical aspects and dilemmas of fertility control
of unwanted wildlife: an animal welfarist’s perspective.
Reproduction, Fertility and Development 9: 163-167

Orr M and Bentley G 1994 Accidental 1080 poisonings in live-
stock and companion animals. Surveillance 21: 27-28

Parton K 2001 Sodium Monofluoroacetate (1080). Small Animal
Toxicology pp 721-727. Saunders: Philadelphia, USA

Is sodium fluoroacetate (1080) a humane poison? 261

Parton K, Bruere AN and Chalmbers JP 2001 Fluoroacetate.
Veterinary Clinical Toxicology Publication 208. Veterinary Continuing
Education: Palmerston North, New Zealand

Patel A and Koenig H 1968 Neurochemical effects of fluoroc-
itrate. Neurology 18: 296

Paul-Murphy ] and Ludders JW 2001 Avian analgesia.
Veterinary Clinics of North America: Exotic Animal Practice 4: 35-45
Peters RA 1952 The puzzle for therapy in fluoroacetate poison-
ing. British Medical Journal 2: 1165-1170

Peters RA (957 Mechanism of the toxicity of the active con-
stituent of Dichapetalum cymosum and related compounds. Advances
in Enzymology and Related Subjects of Biochemistry 18: 113-159
Peters RA 1972 Some metabolic aspects of fluoroacetate espe-
cially related to fluorocitrate. In: Elliot K and Birch | (eds) Carbon
Fluorine Compounds pp 55-70. Associated Scientific Publications:
Amsterdam, The Netherlands

Peters RA and Wakelin RW 1953 Fluoroacetate poisoning:
comparison of synthetic fluorocitric acid with the enzymically syn-
thesized fluorotricarboxylic acid. Nature (London) I71: 1111-1112
Peters R, Shorthouse M, Ward PFV and McDowell EM
1972 Observations upon the metabolism of fluorocitrate in rats.
Proceedings of the Royal Society of London 182: |-8

Platt SR 2007 The role of glutamate in central nervous system
health and disease: a review. Veterinary Journal 173: 278-286
Possingham H, Jarman P and Kearns A 2003 Independent
Review of Western Shield. Report of the Review Pane pp 1-20.
Department of Conservation and Land Management: Perth,
Western Australia, Australia

Potter MA, Barret DP and King CM 2006 Acceptance by
stoats (Mustela erminea) of 1080 (sodium monofluoroacetate) in
small-volume baits and its effect on behaviour and time to death.
New Zealand Veterinary Journal 54: 350-356

Powlesland RG, Stringer 1A and Hedderley DI 2005 Effects
of an aerial 1080 possum poison operation using carrot baits on
invertebrates in artificial refuges at Whirinaki Forest Park, 1999-
2002. New Zealand Journal of Ecology 29: 193-205

Rammell CG, Hoogenboom JJ and Julian AF 2005
Treatment of 1080 poisoning in dogs with glycerol monoacetate.
New Zealand Veterinary Journal 33: 149-150

Rang HP 2003 Pharmacology. Churchill Livingstone: Edinburgh, UK
Robinson RF, Griffith JR and Wolowich WR 2002
Intoxication with sodium monofluoroacetate (compound 1080).
Veterinary and Human Toxicology 44: 93-95

Rodgers R) and Hendrie CA 1983 Social conflict activates sta-
tus-dependent endogenous analgesic or hyperalgesic mechanisms
in male mice: Effects of naloxone on nociception and behaviour.
Physiology and Behaviour 30: 775-780

Rosow CE, Miller JM, Pelikan EW and Cochin J 1980
Opiates and thermoregulation in mice |. Agonists. Journal of
Pharmacology and Experimental Therapeutics 2 13: 273-283

Roy (Shapira) A, Taitelman U and Bursztein S 1980
Evaluation of the role of ionized calcium in sodium fluoroacetate
(‘1080) poisoning. Toxicology and Applied Pharmacology 56: 216-220
Saunders GR and Sharp T 2008 The welfare of introduced
wild animals in Australia: A balanced response. Environmental and
Planning Law Journal 25: 157-163

Saunders G, Coman B, Kinnear ] and Braysher M 1995
Managing Vertebrate Pests: Foxes. Australian Government
Publishing Service: Canberra, Australia

Saunders G, McLeod S and Kay B 2000 Degradation of sodi-
um monofluoroacetate (1080) in buried fox baits. Wildlife Research
27:129-135

https://doi.org/10.1017/50962728600001639 Published online by Cambridge University Press

Animal Welfare 2010, 19: 249-263


https://doi.org/10.1017/S0962728600001639

262 Twigg and Parker

Schofl C, Borger ), Lange S, van zur Muhlen A and Brabant
G 2000 Energetic requirements of carbachol-induced Ca* signalling
in single mouse beta-cells. Endocrinology 141: 4065-407|
Seawright AA and Eason CT 1994 Proceedings of the science
workshop on 1080 pp 82-89. The Royal Society of New Zealand.
SIR Publishing: Wellington. New Zealand

Sharp T and Saunders G 2008 A Model for Assessing the Relative
Humaneness of Pest Animal Control Methods. Australian
Government Department of Agriculture, Fisheries and Forestry:
Canberra, ACT, Australia

Sherley M 2004 The traditional categories of fluoroacetate poi-
soning signs and symptoms belie substantial underlying similarities.
Toxicology Letters 151: 399-406

Sherley M 2007 Is sodium fluoroacetate (1080) a humane poi-
son? Animal Welfare |6: 449-458

Sinclair RG and Bird PL 1984 The reaction of Sminthopsis cras-
sicaudata to meat baits containing 1080: implications for assessing
risk to non-target species. Australian Wildlife Research | 1: 501-507
Spielmann H, Meyer-Wendecker R and Spielmann F 1973
Influence of 2-deoxy-D-glucose and sodium fluoroacetate on res-
piratory metabolism of rat embryos during organogenesis.
Teratology 7: 127-134

Spurr EB 1994 Impacts on non-target invertebrate popula-
tions aerial application of sodium monofluoroacetate (1080)
for brushtail possum control. In: Seawright AA and Eason CT
(eds) Proceedings of the Science Workshop on 1080 pp |16-123.
The Royal Society of New Zealand. SIR Publishing:
Wellington, New Zealand

Spurr EB and Berben PH 2004 Assessment of non-target
impact of 1080-poisoning for vertebrate pest control on weta
(Orthoptera: Anostostomatidae and Rhaphidophoriadae) and
other invertebrates in artificial refuges. New Zealand Journal of
Ecology 28: 63-72

Strand FL 1978 Physiology: A Regulatory Systems Approach.
Macmillan Publishing Co: New York, USA

Sullivan JL, Smith FA and Garman RH 1979 Effects of fluo-
roacetate on the testis of the rat. Journal of Reproduction and
Fertility 56: 201-207

Sun X-C, Chen W-N, Li S-Q, Cai J-S, Li W-B, Xian X-H,
Hu Y-Y, Zhang M and Li Q-] 2009 Fluorocitrate, an inhibitor
of glial metabolism, inhibits the up-regulation of NOS expression,
activity and NO production in the spinal cord induced by forma-
lin test in rats. Neurochemical Research 34: 351-359

Suren AM 2006 Quantifying contamination of streams by 1080
baits, and their fate in water. New Zealand Journal of Marine and
Freshwater Research 40: 159-167

Suren AM and Bonnett M 2004 Consumption of baits contain-
ing sodium fluoroacetate (1080) by the New Zealand freshwater
crayfish (Paranephrops planifrons). New Zealand Journal of Marine
and Freshwater Research 40: 169-178

Suren AM and Lambert P 2004 The Effects of 1080 on
Invertebrate Communities and Fish in West Coast Streams.
NIWA Project # AHB03501 Report, Animal Health Board and the New
Zealand and National Institute of Water & Atmosphere Research
pp 1-47, Christchurch, New Zealand. http://www.|080facts.co.
nz/upload/download _files/Effects%200f%201080%200n%20inver-
tebrates%20and%20fish.pdf

Thomson PC 1986 The effectiveness of aerial baiting for the
control of dingoes in north-western Australia. Australian Wildlife
Research 13: 165-176

Tremblay LA, Fisher P and Leusch FD 2004 Potential of
sodium fluoroacetate (1080) and fluorocitrate to bind to oestro-
gen receptor. Australasian Journal of Ecotoxicology 10: 77-83

Tremblay LA, Fisher P, Leusch FD and van den Heuvel
MR 2005 Evaluation of the potential of sodium fluoroacetate
(1080) and fluorocitrate to bind to androgen and oestrogen
receptors. Australasian Journal of Ecotoxicology | 1: 155-162
Tucek S, Dolezal V and Sullivan AC 1981 Inhibition of the
synthesis of acetylcholine in rat brain slices by (-)hydroxycitrate
and citrate. Journal of Neurochemistry 36: 1331-1337

Twigg LE 1986 The physiological, ecological and evolutionary signifi-
cance of sodium monofluoroacetic acid in relation to plant animal inter-
action in Australia. PhD Thesis, Murdoch University, Murdoch,
Western Australia, Australia

Twigg LE and King DR 1991 The impact of fluoroacetate-bearing
vegetation on native Australian fauna: a review. Oikos 6 I: 412-430
Twigg LE and Socha LV 200! Defluorination of sodium mono-
fluoroacetate by soil microorganisms from Central Australia. Soil
Biology and Biochemistry 33: 227-234

Twigg LE, King DR and Bradley AJ 1988a The effect of sodium
monofluoroacetate on plasma testosterone concentration in Tiliqua
rugosa (Gray). Comparative Biochemistry and Physiology 91C: 343-347
Twigg LE, Lowe T) and Martin GR 2002 Evidence of pesti-
cide resistance in medium-sized mammalian pests: A case study
with 1080 poison and Australian rabbits. Journal of Applied Ecology
39: 549-560

Twigg LE, Lowe T) and Martin GR 2005 Sodium fluoroac-
etate residues and carcase degradation of free-ranging feral pigs
poisoned with 1080. Wildlife Research 32: 573-580

Twigg LE, Mead R} and King DR 1986 Metabolism of fluo-
roacetate in the skink (Tiliqua rugosa) and the rat (Rattus norvegi-
cus). Australian Journal of Biological Science 39: 1-15

Twigg LE, Lowe T), Kirkpatrick WE and Martin GR
2003 Tissue residue levels in rabbits and rats, poisoned with
1080 one-shot bait, and the location of rabbit carcasses.
Wildlife Research 30: 621-631

Twigg LE, King DR, Davis H, Saunders D and Mead R}
1988b Tolerance to, and metabolism of, fluoroacetate in the emu.
Australian Wildlife Research 15: 239-247

Twigg LE, King DR, Wright GE, Eason CT and Bowen LH
1996 Fluoroacetate content of the toxic Australian plant genera,
Gastrolobium, and its environmental persistence. Natural Toxins 4:
122-127

Twigg LE, Eldridge SE, Edwards GP, Shakeshaft B), de
Preu ND and Adams N 2000 The longevity and efficacy of
1080 meat baits used for dingo control in central Australia.
Wildlife Research 27: 473-481

Tyndale-Biscoe CH 1994 Virus-vectored immunocontra-
ception of feral mammals. Reproduction, Fertility and
Development 6: 281-287

Tyndale-Biscoe CH 2005 Life of Marsupials pp 365-385. CSIRO
Publishing: Melbourne, Australia

Tyndale-Biscoe CH and Hinds LA 2007 Introduction:
virally vectored immunocontraception in Australia. Wildlife
Research 34: 507-510

Vickery B and Vickery ML 975 The synthesis and defluorina-
tion of monofluoroacetate in some Dichapetalum species.
Phytochemistry 14: 423-427

VPC 2002 Report to Vertebrate Pests Committee: 1080 Policies,
Practices and Procedures in Australia and New Zealand. 1080
Working Group of the Vertebrate Pests Committee. Department of
Agriculture, Forestry and Fisheries, ACT, Canberra, Australia.
http://www.daff.gov.au/natural-resources/invasive/vertebrates
Warburton B and Drew KW [994 Extent and nature of
cyanide-shyness in some populations of Australia Brushtail pos-
sums in New Zealand. Wildlife Research 34: 599-605

© 2010 Universities Federation for Animal Welfare

https://doi.org/10.1017/50962728600001639 Published online by Cambridge University Press


https://doi.org/10.1017/S0962728600001639

Watanabe T, Yamagata N, Takasaki K, Sano K,
Hayakawa K, Katsurabayashi S, Egashira N, Mishima K,
Iwasaki K and Fujiwara M 2009 Decreased acetylcholine
release is correlated to memory impairment in the Tg2576
transgenic mouse model of Alzheimer’s disease. Brian Research
1249: 222-228

Weaver SA 2006 Chronic toxicity of 1080 and its implications
for conservation management: A New Zealand case study. Journal
of Agricultural and Environmental Ethics 19: 367-389

Wheeler SH and Oliver A) 1978 The effect of rainfall and
moisture on the 1080 and pindone content of vacuum-impregnat-
ed oats used for control of rabbits, Oryctolagus cuniculus. Australian
Wildlife Research 5: 143-149

Wickstrom M, Ataria J, O’Halloran K and Eason CT 1998
Development of Antidotes for Improved Treatment of [080
Toxicosis. New Zealand Landcare Research Contract Report,
LC9798/47 pp 1-18. Animal Health Board: Wellington, New Zealand

Is sodium fluoroacetate (1080) a humane poison? 263

Williams D 1996 Animal welfare aspects of the use of sodium
fluoroacetate to poison wild rabbits. In: Fisher PM and Marks CA
(eds) Proceedings of the Humaneness and Vertebrate Pest Control
Workshop. Report Series #2 pp 37-42. Vertebrate Pest Research
Unit, Department of Natural Resources and Environment:
Victoria, Australia

Williams K, Parer I, Coman B, Burley J and Braysher M
1995 Managing Vertebrate Pests: Rabbits. Australian Government
Publishing Service: Canberra, Australia

Wong DH, Kirkpatrick WE, King DR and Kinnear JE 1992
Defluorination of sodium monofluoroacetate (1080) by microor-
ganisms isolated from Western Australian soils. Soil Biology and
Biochemistry 24: 833-838

Zurita JL, Jos A, Camean AM, Salguero M, Lopez-
Artiguez M and Repetto G 2007 Ecotoxicological evaluation
of sodium fluoroacetate on aquatic organisms and investigation of
the effects on two fish cell lines. Chemosphere 67: 1-12

https://doi.org/10.1017/50962728600001639 Published online by Cambridge University Press

Animal Welfare 2010, 19: 249-263


https://doi.org/10.1017/S0962728600001639

